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DRA  Dimer removal agent 

Wnt2  Protein Wnt2 

RR1  RR1 cuticle 

Sap18  Histone deacetylase complex subunit SAP18 

crtYB  Phytoene synthase 

burs  Bursicon 

JHBP  Juvenile hormone binding protein 
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Ds  Daschous 

B-H1  Homeobox protein BH-1 

Atx2  Ataxin2 

Sax-3  Protein sax-3 

Sca  Protein scabrous 

N  Notch 

PDS  Phytoene desaturase 

P300  Histone acetyltransferase p300 

Gld  Glucose dehydrogenase 

Api  Aphicarus 
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Abstract 

Polyphenism is the ability of an organism's genotype to produce multiple discrete phenotypes 

when exposed to environmental stress. Polyphenism is very important to organisms as it 

allows them to react quickly to changes in environmental stress and therefore increase their 

chance of survival in the changing environment. There are many different types of 

polyphenism, including phase polyphenism, wing polyphenism and others. Aphids are one of 

the key model organisms used in studying polyphenism. Under normal conditions, aphids 

reproduce asexually and all the offsprings are essentially clones of the mother. However, upon 

exposure to environmental stress such as crowding, predation, and depletion of food 

resources, aphids exhibit wing polyphenism whereby the offspring from the next generation 

will develop wings, which allows them to escape from poor environmental conditions. Even 

though the aphid model has been used to investigate polyphenism, the underlying 

mechanisms in regulating such wing polyphenism remain unclear. 

The main experiment in this thesis involved exposing two different aphid genotypes (N116 and 

N127) to crowding conditions to trigger alternative morph production and the degree and 

number of adult alternative morphs were recorded (mesocosm experiment). Next, we carried 

out two transfer experiments to investigate the possibility of trade-offs between dispersal and 

reproduction. At the end of this mesocosm experiment, five 4th instar nymphs of each morph 

were transferred to individual plants to allow them to reproduce for another 12 days (Transfer 

experiment 1). The total number of offspring produced by each morph was recorded. At the 

end of transfer experiment 1, five 4th instar nymphs produced by each morph were transferred 

to another individual plant and allowed to reproduce for another 12 days and the total number 

of the population was recorded. The adult morphs collected from the mesocosm experiment 

were used to investigate the underlying mechanisms of wing polyphenism in aphids and the 

role of epigenetics mechanisms in regulating pea aphid wing polyphenisms through different 

techniques: qPCR, RNA-seq, MBD-seq, pyrosequencing and mIRNA-seq. 
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The two aphid genotypes reacted very differently to starvation conditions with N116 producing 

winged offspring in the next generation while N127 changed their body colour from red to pale. 

In addition, N127 also produced a higher percentage of alternative morphs compared to N116. 

We found that in both transfer experiments the dispersal morphs have lower reproduction 

compared to the wild type. This suggests a possible trade-off between dispersal and 

reproduction and such a trade-off could last for more than one generation. Our RNA-seq and 

qPCR identify several genes that could be involved in regulating wing development, 

reproduction and stress response in the pea aphid. Pyrosequencing revealed that among the 

genes that were differentially expressed between morphs only a few were differentially 

methylated. Further, our MBD-seq shows that the pea aphid has the highest methylation in 

the gene body region. However, integrating the MBD-seq and RNA-seq suggests that there 

was no clear correlation between DNA methylation and gene expression but some genotypes 

and morphs show stronger positive trends. In addition, we found that many conserved and 

some novel miRNAs were differentially expressed between the aphid morphs. Target gene 

prediction results from these miRNAs suggest that they target many genes that were involved 

in wing development, reproduction and wing development. Together the results from this 

thesis provide insight into genes that could be regulating wing polyphenism, stress response 

and reproduction in pea aphids and the role of different epigenetic mechanisms in regulating 

this polyphenism. 
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1.1 Polyphenism, trade-offs and evolution 

Phenotypic plasticity is commonly defined as the ability of an organism genotype to produce 

a different phenotype in response to different environmental stimuli (West-Eberhard 2003). 

Phenotype changes encompass a broad range such as behavioural, physiological 

(metabolic rates) and morphological changes. Reaction norm is commonly used to describe 

the phenotypic variation of the same genotype when exposed to a range of environmental 

conditions (Arnold et al. 2019) (Figure 1.1). 

 

 

Figure 1.1 Reaction norm graph. The slope represents the distribution pattern of the plasticity 

( with either a positive response or negative response towards the environment with the lines 

representing the norm of reaction (change in the mean value of trait/phenotype in different 

conditions). For example, in genotype 1 and 3 both shows plasticity in the environment but with 

very different patterns, while genotype 2 shows no plasticity changes. (Adapted from Pigluicci 

et al., 2006). 

 

A reaction norm can be used to derive the magnitude and pattern phenotypic variation of 

an organism produced from a single genotype when exposed to multiple different 

environments (Manuck 2010). However, different genotypes in a single species can show 

very different reaction norms in response to a specific phenotypic trait and environmental 
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stimulus. Due to the complexity of the interrelationships between genetic and environmental 

factors (GxE) in determining a trait, a wide range of reaction norms exist. 

One of the most extreme cases of phenotypic variation is known as polyphenism, which is 

commonly defined as the ability of a single genotype to give rise to multiple phenotypes 

when exposed to different environmental conditions. Many different types of polyphenism 

are found among insects. One of the most commonly found polyphenism is observed in the 

Florida carpenter ant (Camponotus floridanus) which is involved in caste differentiation 

(Figure 1.2).  

 

Figure 1.2. Caste-polyphenism in carpenter ant. The different castes in the carpenter ant with 

minor/major worker, winged male and the queen. (Adapted from Chittka et al. 2012) . 

 

In these ants, female embryos can typically result in either producing minor or major worker 

ants, or a queen (Chittka et al. 2012). This caste differentiation in the embryo depends on 

environmental stimuli such as diet and temperature, and that minor and major ant workers 

share a more similar methylation profile in comparison to ant queens (Bonasio et al., 2012). 

Major and minor ant workers are important for foraging and scouting activities; with both 

worker types exhibit unique histone acetylation patterns comparison with queen ants 

(Simola et al. 2016). Simola shown that inhibiting histone acetyltransferase inhibitor C646 
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caused defects in the foraging and scouting activities of major carpenter ant workers 

(Simola et al., 2016).  

The second type of polyphenism is known as mouth-form polyphenism, which is most 

studied in roundworm (Pristionchus pacificus). Roundworm typically exhibit two different 

types of versatile teeth, i.e. denticles, which are commonly known as eursytomatous (Eu) 

or stenostomatous (St) (Ragsdale et al. 2013). Eu individual typically exhibit bigger and 

claw-like shaped dorsal teeth, which increase the beetle’s opportunities for finding prey and 

feeding on other nematodes. In comparison, St individuals have smaller and less profound 

dorsal teeth, which typically results in lower predation success. Mouth determination 

generally happens during the larval stage and is irreversible. The St and Eu types 

commonly feed on bacteria; however, the Eu individuals can also rely on other food 

resources such as nematodes, thereby increasing their chance of survival when food 

availability is low (Bento et al., 2010). 

The third type of polyphenism is commonly known as dispersal polyphenism. The primary 

difference seen in dispersal polyphenism is the presence or absence of winged 

musculature (wing polyphenism). One of the most common examples of wing polyphenism 

can be observed in pea aphids (Acyrthosiphon pisum), a type of sap-sucking insect that 

commonly feeds on legumes (Figure 1.3). 
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Figure 1.3. Life cycle and polyphenism in pea aphid. Pea aphids show wing polyphenism 

mainly during spring and summer time and the trigger of wing polyphenism depends on various 

environmental stimulus (food quality, population density, predation). In fall and winter, the 

mothers switch to sexual reproduction (sexual polyphenism) to produce males which will mate 

with the female mother to produce overwintering eggs. (Adapated from Ogawa and Miura 2014). 

 

The pea aphid mother generally produces through asexual parthenogenesis and in normal 

conditions the offspring produced are typically wingless (Simpson et al. 2011). However, 

when the asexual mother is exposed to a variety of different environments, e.g. increased 

population density and low food quality, the offspring produced in the subsequent 

generation will typically be winged. Epigenetic processes such as DNA methylation occur 

in pea aphids; however, the extent to which the morph is regulated by epigenetics remains 

unclear (Zhang et al. 2019). Apart from wing polyphenism, pea aphids also exhibit another 

form of polyphenism known as sexual polyphenism. This happens during summer and 

autumn when pea aphids switch from asexual to sexual polyphenism, whereby the mother 

will produce both winged male and wingless female offspring. In contrast to the winged 
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female, the development of winged males occurs due to genetic differences in the 

aphicarus (api) on the X-chromosomes (Braendle et al. 2006). 

 

1.2 Life history theory 

One of the most well-known theories in evolutionary ecology is known as life-history theory. 

The main aim of this theory is to explain diversity in life histories across different species. 

The study of life history is essential in evolutionary context because the adaptation of a trait 

by natural selection depends on the Darwinian fitness among individuals. Thus, it is 

important to study the life history traits that commonly affect the fitness (survival and 

reproduction) of organisms (Fabian and Flatt 2012). The fundamental aspect of life-history 

traits is to understand the influence of natural selection and other evolutionary forces on 

how organisms allocate their resources to reproduction and survival (Redneck 2010). Life 

history theory mainly revolves around the analysis of the evolution and the interaction of 

life history traits. A wide range of life-history traits can be analysed such as size at birth, 

rate of survival, lifespan, growth pattern, and reproduction rate, among others. 

 

1.2.1 The trade-off among life-history traits 

A crucial component that is essential to life-history theory is determining the trade-offs 

that occur between these traits (Hill et al. 1999). In an ideal world, the fitness of an 

organism will be at a maximum if the organism can maintain maximal survival and 

reproduction across all ages and stages. However, this will lead to a hypothetical 

organism known as a ‘Darwinian demon’, representing the absence of biological 

constraint on evolution (Law 1979). Without biological contrast on evolution, an 

organism will have maximum fitness, whereby they will be able to reproduce once they 

are born, reproduce an infinite number of offspring, and live indefinitely. In reality, we 

know that such an organism cannot exist, as there are limits to resources; additionally, 
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life history traits are affected by trade-offs and different constraints such that life history 

traits are not maximised by natural selection and thus limiting the fitness of an 

organisms (Stearns 1992).  

In simplest case, trade-offs are often defined as a negative relationship between two or 

more traits (Stearns 1989). However, trade-offs can occur at two either genetic or 

physiological level. In genetic level, trade-offs are usually caused by allele with antagonistic 

pleiotropic effect. The negative phenotypic or genetic correlation between fitness 

component across individuals in a population is usually used to described trade-offs. For 

example, If the correlation is due to genetics, the negative genetic correlation will be 

predicted to limit the evolution of another traits. Therefore, genetic trade-offs is usually 

observed in a population when the evolutionary change that of a trait that increase fitness 

is linked to the evolutionary changes in another trait that decrease fitness. Genetics 

correlation can usually be quantified using genetic breeding designs. A classic example is 

the direct artificial selection for increase adult lifespan in a genetically variable laboratory 

population of fruit flies result in the evolution of increased adult lifespan (after around 10 

generation) (Zwaan et al. 1995). However, the increase in lifespan is coupled with a 

decrease in early reproduction in fruit flies which suggest that the lifespan and early 

reproduction are negatively couple on genetic level (e.g. through antagonistic pleiotropic 

alleles). 

On the other hand, trade-offs can also occur at physiological level which usually revolved 

around the concept of competitive allocation of a finite pool of energy into one life-history 

trait result in a decrease in energy allocation for another traits. However, it is important to 

bear in mind that physiological trade-offs might also involve a genetic basis since that 

different genotypes might varies in their resource allocation. Further, at population level 

trade-offs in physiological level does not always translate into genetic (evolutionary). For 

example, when the physiological trade off (within individual) is genetically fixed across in 
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the individual across the population, the two life history traits will showed the same negative 

physiological relationship whereby the genetic correlation among individuals would be zero 

(Stearns 1989) 

 

A classic model for describing physiological trade-offs is known as the Y-model. The main 

principle of this model is that under circumstances where resources are finite, it is 

impossible to increase two different traits at a given time (King et al. 2011) (Figure 1.4). 

 

 

 

 

 

 

Figure 1.4. Y model in trade-off. R= Resource allocation, P= Allocation of resources for survival, 

(1-P) = resource allocate to fecundity. The width in arrows represents the proportion of resource 

allocated for each trait (thicker arrow= more resource allocation) (Adapted from Lailvaux and 

Husak 2014). 

 

One of the most common examples for explaining the Y-model can be observed between 

somatic and reproductive efforts. An organism must choose to invest energy in either 

somatic (growth and maintenance) or reproductive effort (increase in the number of 

offspring). One example of this that can be observed in the wild are chimpanzees (Pan 



 

 

41 

 

troglodytes schweinfurthii), where the infant typically shows a long period of dependency 

on the mother. Research showed that when the mother chimpanzee invested more energy 

in reproduction efforts, the juvenile typically showed a decreased in growth (body size) 

(Thompson et al. 2016). Another classic trade-off often observed in reproduction can be 

seen between parenting and mating efforts (Dawson 1996; Ratikainen et al. 2018). In bi-

parental care species that are socially monogamous, the male typically faces a trade-off 

between investing energy in parental care and seeking out extra-pair mating. According to 

the parental-mating effort, when the male is of higher quality (larger) he will have a greater 

chance at extra-pair mating; accordingly, they will reduce the time spent on parental care 

(Westneat et al. 1990). By analysing field data from the hair-crested drongos (Dicrurus 

hottentottus), Lei results supports the idea of trade-off in mating and parental care trade-

off. During the incubation period, male drongos with longer tarsi exhibited increased efforts 

in seeking out extra-pair mating then caring for their young (Lei et al. 2020). However, these 

trade-offs only happened when nearby fertile female drongos were high in number. Trade-

offs are often observed between predation risk and breeding investment. A classic example 

of such a trade-off can be observed involving the threespined stickleback (Gasterostues 

aculeates). When predators were introduced to the living environment of these animals, the 

males exhibited a decrease in breeding and nuptial colouration (Candolin 1998). However, 

these reproduction decisions were implemented when the future breeding probability was 

low, where the male will increase breeding despite the increase in predation risk. 

 

1.2.2 Phenotypic plasticity, ecology and evolution 

In recent years, an emerging field of study has been the interaction between phenotypic 

plasticity, ecology and evolution (eco-evolutionary dynamics). The interaction between 

ecology and evolutionary changes can occur in two different directions. First, evolutionary 

changes resulting from ecological changes can occur across variable time frames, ranging 
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from a small number of generations to hundreds of years. On the other hand, evolutionary 

changes can have a significant impact on ecosystems (Fussmann et al. 2007; Kinnison and 

Hairston 2007). A fundamental principle of eco-evolutionary dynamics is the interaction 

between an organism’s phenotype and the environment. Fundamental questions exist in 

this context that must be addressed to understand the relationship between ecological 

evolution and phenotypic plasticity. 

 

a) The adaptive nature of phenotypic plasticity 

The adaptive nature of phenotype plasticity will first be discussed. Organisms can react to 

environmental stimuli by showing a variation in phenotype; however, not all plasticity 

characteristics are adaptive (Grether 2005). It is thus essential to quantify the adaptive 

significance of plasticity. One way in which adaptive significance can be quantified is by 

inducing plasticity followed by monitoring the  fitness changes in organisms. One example 

of this is the thickness and size of a snail (Physella acute) shell. Auld and Relyea 2011 

induced the snail through the presence/absence of non-lethal predatory crayfish. Next, the 

phenotypes (both alone and combined) were exposed to selection through introducing 

lethal crayfish followed by quantifying the linear and non-linear selection differentials. The 

introduction of non-lethal crayfish results in an increase in the mall and shell thickness of 

the snails. Further, the predation rate (number of snails killed) of predator-induced snail 

were much lower compared to the uninduced snails suggesting that induced snail has 

higher survival rate compared to those that were uninduced. This study suggest that 

predator induced changes of shell thickness could be adaptive. Although it is important to 

consider the adaptive value of plasticity in one environment, to determine if the plasticity is 

adaptive overall, the adaptive value across multiple environments should be measured.  
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b) The limitations and cost of plasticity 

Second, the cost and limitations of plasticity must be addressed. Plasticity has both 

proximate and ultimate limits. The latter refers that some phenotypic changes can never be 

achieved through plasticity and selected phenotypic changes will thus never evolve. In the 

cases of proximate limits, the plasticity that can at any current point be observed within a 

population will not be sufficient for full adaptation. A good example of proximity limitations 

in plasticity can be observed during breeding time among the migratory Icelandic black-

tailed godwit population (Limosa limosa) (Both and Visser 2001). Black-tailed godwits can 

change their breeding period in response to an abundance of caterpillars; however, the 

birds cannot breed until they reach the new place; accordingly, this migratory timing serves 

as a limitation on the benefit achieved through plasticity during the breeding time (Gill et al. 

2014).  Further, The cost and limitations of plasticity should be context-dependent, whereby 

the cost might be strong only in stressful environment and the plastic response are large.. 

(Figure 1.5). An example of relationship between cost of plasticity and degree of plasticity is 

observed in the island population of common frog (Rana temporaria) which varies in 

development time and phenotypic plasticity (Lind and Johansson 2009).  Lind found that 

cost was only observed in frogs with high plasticity which suggest that the cost of plasticity 

might only present in the highly plastic population. Next, an example of relationship between 

cost of plasticity and stressful condition is investigated in the meta-analysis by van Buskirk 

and Steiner (2009). In animals the cost of plasticity is only observed when the 

environmental conditions are stressful (Figure 1.5). However, it is important to bear in mind 

that these observations is not universal and might varies depending on the organisms. 
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Figure 1.5. Distribution and pattern of selection on plasticity in animals and plants. Negative 

value= cost on plasticity, positive value= benefit of plasticity. In high stress, cost of plast icity is higher 

in animals, while in low stress plasticity is more beneficial in animals. In contrast, cost and benefi ts 

of plasticity in plants are not affected by stress levels which suggest that the cost of plasticity varies 

between organisms, traits and environment (Adapted from Hendry 2017). 

 

c) Type of environmental conditions and organism characteristics that aid the 

evolution of plasticity 

The third aspects involve determining the type of environmental conditions and organisms 

that are favourable for enhancing plasticity to evolve. As discussed above, the costs and 

limits differ across traits, environments, and organisms. Accordingly, we predict that the 

evolution of plasticity will also vary in the same manner. Using a theoretical model, 

researchers showed that the evolution of plasticity and selective conditions were closely 

related (Stomp et al.  2008; Ezard et al. 2014). The model also showed consistency in a 

few environmental aspects that favour evolution of plasticity. First aspect is the spatial 

variation whereby plasticity are more likely to evolve with higher spatial heterogeneity. 

Second aspect is the dispersal rate whereby population with higher dispersal favours 

evolution of plasticity as they might experience bigger spatial variation.  



 

 

45 

 

 

  

Figure 1.6. Plasticity in marine organisms with different dispersal rate. Marine organisms 

with high dispersal rate have higher rate of plasticity in comparison to marine organism s with 

lower dispersal rate. (Hollander 2008). Y-axis plasticity= magnitude of plasticity measured by 

Hedges’d whereby Hedges’d is a commonly used to measure the effect size (Buck et al 2022). 

 

For example, research on marine invertebrates shows that species with a higher dispersal 

rate has higher plasticity compared with those with a low dispersal rate (Hollander 2008) 

(Figure 1.6). The third aspect is temporal variation whereby greater temporal variation are 

more favourable for evolution of plasticity. Lastly, is the reliability of environmental cues, 

where a plasticity response is more readily evolved if such cues are deemed reliable (Reed 

et al. 2010). 

 

d) Plasticity, colonisation and response towards environmental changes 

The fourth question that must be addressed regarding plasticity and evolution is the role of 

plasticity in aiding colonisation and the extent of plasticity response to environmental 

changes. In the case of environmental changes, large environmental shifts are typically 

unfavourable because organisms with an existing phenotype will not be well-adapted to the 

new conditions. In these cases, it is predicted that organisms will change their phenotype 
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to adapt to the new environmental conditions, which may result in the persistence or 

extirpation of the species. This type of phenotypic rescue can be achieved through adaptive 

genetic changes (evolutionary rescue) or adaptive plasticity (plastic rescue) (Chevin et al. 

2010; Barrett and Hendry 2012; Kovach-Orr and Fussmann 2013). The principle of plastic 

rescue is that the organism will change its phenotype in response to environmental 

changes, which will subsequently give rise to an increase in mean population fitness and 

ultimately lead to survival and colonisation in the new environment (the Baldwin effect) 

(Baldwin 1902; Crispo 2007). Next, the Baldwin effect predicts that genetic changes will 

slowly follow the direction of plastic response, which will then lead to ‘genetic 

accommodation’ (West-Eberhart 2003; Schlichting and Wund 2014) (Figure 1.7). 

 

 

Figure 1.7. Baldwin effect graph. Phase 1 is plastic rescue where the fitness increases as 

plasticity is selected for when organism exposed to different environment. Phase 2 Genetic 

accommodation where the organism adapted to the environment changes and the overall 

plasticity decreases. (Ellefsen 2013). 

 

There is evidence about plants that suggest the importance of plasticity in responding to 

environmental changes. An example of this is changes in flowering time and the number of 

plant species in ‘Thoreau Woods’ in Concord, Massachusetts spanning 150 years. The 

species that were extirpated in the area had something in common, i.e. a low level of 
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plasticity during the flowering time in response to changes in temperature while the 

surviving species showed an increase in flowering time by seven days on average (Willis 

et al. 2008). In contrast, Both et al. (2006) reported a huge decline (90%) across the nine 

dutch population of the pied flycatchers (Ficedula hypoleuca) due to insufficient change in 

plasticity where the food for provisioning nestling peak earlier in the season but the birds 

were currently mistimed. Together the results suggest that sometimes plasticity is sufficient 

for phenotypic rescue but in other cases evolutionary changes will be needed. 

 

e) Plasticity and genetic evolution 

The fifth question involves determining if plasticity aids or constrains genetic evolution. 

Some predict that plasticity helps to promote evolution while an opposing view suggests 

that plasticity constrains genetic evolution. The primary notion of plasticity in promoting 

genetic evolution is that it aids in the survival and persistence of a species in a new 

environment, which can increase the selection of the traits (West-Eberhard 2003). A good 

example of how plasticity changes in one trait leads to a genetic change in other traits is 

seen in curly-tailed lizards (Leiocephalus carinatus). In response to predation, these lizards 

plastically change their habitat to narrow perches in trees, the change in habitat resulted in 

the selection of shorter legs in the curly-tailed lizards (Losos et al. 2006).  

Contrastingly, the constraint side suggests that plasticity shields the genotype from 

selection, which results in slow adaptive genetic changes (Linhart and Grant 1996; 

Ghalambor et al. 2007). An example on plastic changes restrain genetic changes is 

observed in the cichlid fish Pseudocrenilabrus multicolor victoriae (Crispo and Chapman 

2010). By collecting cichlid fish from different oxygen environment and raising their 

offspring under two different oxygen condition (low and high), Crispo found that the 

variation in the gill size was due to plasticity with no genetic difference observed across 

population. In the other hand the brain size difference observed in these population has 
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high genetic variation across population but less plastic. The results from Crispo and 

Chapman supports the arguments that plasticity constraint genetic evolution with more 

plastic trait showed lower genetic divergence. 

 

f) Plasticity and ecological speciation  

The sixth question pertains to determining the role of plasticity in ecological speciation. 

There are two opposing perspective on this topic. The first perspective is that plasticity aids 

ecological speciation. The principle supporting this notion is that plasticity allows the use of 

new resources and colonization of new environments whereby then natural selection can 

act on the phenotype resulting in adaptive genetic divergence and ultimately lead to 

ecological speciation (Skúlason and Smith 1995, Weest-Eberhard 2003, Pfennig et al. 

2010) (Figure 1.8). 

 

 

Figure 1.8. Schematic flow for ecological speciation. First the invasion of an unexploited 

niche where organisms are adapted to new discrete resources, which leads to divergent 

selection. There are two scenarios of divergent selection (with high gene glow) where the 

organism shows two different morphs. Second, divergent selection with low gene flow and 

reproduction isolation via pleiotropy (where a single locus can affect two or more unrelated 

phenotypic traits). This pleiotropic mutations can then add genetic variation and help establish 

positive genetic correlations which is requires for speciation. (Adapted from Smith and Skúlason 

1996). 
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A way that plasticity promote ecological speciation is through polyphenism whereby same 

genotype give rise to different phenotypes under environmental stress which can result in 

sharpening of reproductive barrier and lead to ecology speciation. An example of this can 

be observed between the two species of spade toads (Spea bombifrons and Spea 

multiplicata), where plasticity in feeding behaviour (being either herbivorous or 

carnivorous) can be observed in both species. Under the common-garden environment, 

Pfennig and Murphy (2002) S.multiplicata produce less carnivores when the population of 

S.bombifrons is high suggesting that the selection has enhanced ancestral polyphenism 

which then exaggerated species divergence. 

Contrasting arguments propose that plasticity prevents ecological speciation. A supporting 

argument for this idea, as previously discussed, is where plasticity prevents natural 

selection on targeting on genotype, which results in lower genetic divergence, hence 

slowing speciation (Svanbäck et al. 2009). Evidence suggesting that plasticity prevents 

ecological speciation is scarce. An example plasticity constrain speciation is observed in 

the Misty Lake and Outlet stickleback population which shows high level of plastic 

differences but only minor reproductive isolation (Roesti et al. 2012). However further 

rigorous testing is needed to support the idea that plasticity hampers speciation. 

 

g) The rate of plasticity evolution 

A seventh aspect concerns plasticity evolution is the need to determine the rate of evolution 

of plasticity and the factors that influence this rate. An example of study in the rate of 

plasticity in carried out in the marine mussels (Mytilus edulis). During 1988, the Asian 

shore crab, Hemigrapus sanguineus, invaded northern New England and fed on these 

mussels, which lead to the mussels thickening their shell whereas the southern population 

has never encounter the Asian shore crab (Freeman and Byers 2006). Freeman and Byers 

2006 showed that the southern population induce shell thickening when exposed to 
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waterborne cues from Hemigrapsus whereby the southern population which previously has 

never encounter the Asian shore crab showed no response to the waterborne cues. The 

result suggests a rapid evolution of shell thickening response towards Hemigrapsus within 

15 years of introduction to the northern population. 

Despite significant supporting evidence, some research also claims that plasticity has not 

evolved, even after long periods. An example is whereby some organisms retain anti-

predator behavior even when predator were no longer present. This observation could 

possibly due to relaxed selection (where the trait is not expressed in the absence of cues) , 

where the evolution of the trait will take a longer time to develop through drift and mutation 

(Lahti et al. 2009).  

 

h) The effect of plasticity on communities and ecosystems 

Finally, how plasticity impacts evolution at community and ecosystem level must be 

considered. Since plasticity can change the life-history traits of a species, which will 

affect their interaction with other organisms in an ecosystem, we predict that plasticity 

will have an impact at both the community and ecosystem level. However, empirical 

studies on the effect of plasticity at these levels are limited. As noted above, many fish 

species exhibit plasticity in terms of foraging traits (jaw size, gill length) in response to 

changes in diet. For example, fish that adopt a zooplankton diet increase their foraging 

efficiency by increasing the length of their gill rakers and change their jaw morphology 

compared to fish with a benthic diet (Day and McPhail 1996). Since plasticity in fish 

can increase their foraging efficiency and influence aquatic prey communities, we 

propose that this plasticity will also impose an effect on their prey communities 

(Lundsgaard-Hansen et al. 2014). That’s because improve efficiency in obtaining a 

given-food type should reduce the availability of the food type (which could induce its 

evolution) and thereby influencing further plasticity and selection. 
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1.3 The history of epigenetics 

Epigenetics is a term commonly used in the study of development and evolution. The term 

epigenetics was first used by British embryologist Conrad Waddington (1942) in the 1940s. 

The definition of epigenetics has progressively changed since the term was first introduced. 

Epigenetic was first used to describe the interaction between genes that results in 

phenotypes (Waddington 1968). However, as science has progressed and our 

understanding of biological processes and development has deepened, the term 

epigenetics has been redefined. The most common definition of epigenetics in the 20th 

century was differences in phenotype that are not caused by changes in the DNA sequence 

(Wu and Morris 2001). Although the term epigenetics was coined in the 1940s, the 

involvement of epigenetic in regulating gene expression was not described until 1969, when 

Griffith and Mahler (1969) found that epigenetics could impact long-term memory in mice. 

One of the most common models of epigenetics explains that they regulate gene expression 

through methylation of the cytosine base in DNA (Riggs 1975; Holliday and Pugh 1975). 

Pugh described how the cytosine base is affected by DNA methylation, which helps regulate 

gene expression during development and results in phenotype differences. The main 

element in Pugh’s model is specialised enzymes involved in DNA methylation. There is a 

lot of evidence, especially from Bird, that supports Pugh’s model. For example, because 

DNA methylation usually only targets the sequence CpG, Bird have taken this advantage 

and introduced the idea that methylation-sensitive enzymes are responsible for detecting 

the DNA methylation state (Doskocil and Sorm 1962; Bird 1978). Other studies support 

Bird’s proposal and find that endogenous CpG is usually found in two states: completely 

methylated or completely unmethylated (Bird 1978). Since the discovery of DNA 

methylation, there has been great interest in understanding the extent that DNA methylation 

could be preserved through germlines and found that the ability of DNA methylation to be 
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preserved in the germline is dependent on the CpG sites that survive demethylation events 

(Felsenfeld 2014). There are many studies that show the importance of epigenetic 

mechanisms in regulating gene expression. For example, the Igf2/H19 gene is expressed 

due to methylation in one allele (Kanduri et al. 2000; Hark et al. 2000). Other evidence that 

DNA methylation is involved in regulating gene expression is seen in the nucleoside 

analogue 5-azacytidine. The nucleoside 5-azacytidine is incorporated into DNA, which 

could covalently bind to DNMT and thereby reducing is biological activity and even 

deactivating DNA methyl transferase and resulting in DNA demethylation (Holliday 2006). 

By using 5-azacytidine to inhibit DNA methylation, we can observed if there is any changes 

in the methylation level of and also gene expression of relevant genes that is involved in 

the phenotypic changes. 

There are many differences between traditional Mendelian genetics and epigenetics. 

Traditional genetics usually revolves around the concepts of cell lineage and clonal 

inheritance. During gametogenesis, a germ cell will usually undergo meiosis that resulting 

in haploid cell that will develop into gametes. Then the two haploid cells will fuse together 

to form a diploid zygote. This suggests that organisms usually start from a single cell, which 

is cloned, so if the somatic cell carries a mutation or chromosomal change, its descendants 

will carry the mutation as well. In contrast, epigenetics usually occurs in a specific group of 

cells (Holliday 2006). For example, induction of the muscle tissue is usually found in the 

mesoderm cells, because the mesoderm cells contain a receptor that reacts to the specific 

signals. Another difference is that, in Mendelian genetics, genetic mutations are usually 

stable and non-reversible. In contrast, epigenetic processes such as genomic imprinting 

are often reversible. In genomic imprinting, during gametogenesis, DNA changes can be 

either lost or erased and reset (Paoloni-Giacobino and Chaillet 2004). Additionally, 

genotypes are usually not affected by environmental conditions aside from mutagens. In 

epigenetic changes, the environment plays an essential role in determining an organism’s 
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development, which in this sense encompasses Lamarckian inheritance. Lastly, the 

difference between epigenetic and genetic is that epigenetic does not involved an 

alteration on the DNA sequence while genetic usually involves mutation that alters the 

DNA sequence (Figure 1.9). 

 

 

 

 

 

Figure 1.9. Difference between Mendelian genetics and epigenetics. Protein A production is 

dependent on the expression of gene A and B. When there are no genetic or epigenetic changes in 

gene A, protein A is produced successfully. When epigenetic changes occur in gene A, the sequence 

is not altered but protein A is not produced. Protein A is not produced when there are genetic 

changes (mutation) which alters the sequence of gene B (Adapted from Deans and Maggert 2015) .   

 

The difference between genetics and epigenetics led to the introduction of the term 

dual inheritance by scientist Maynard Smith (1990). The term dual inheritance refers to 

two types of inheritance: genetic inheritance that involves changes to the DNA sequence, 
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and epigenetic inheritance that does not modify the DNA sequence. Smith’s introduction of 

this term is based on Jablonka and Lamb’s (1995; 1989) proposal that phenotypic changes 

caused by epigenetic changes due to changes in environmental stimuli could be heritable. 

There is a lot of evidence supporting Jablonka and Lamb’s proposal that many 

transgenerational effects could be explained by epigenetic modification (Dubrova 2000). 

There are a few mutations in plants from epigenetic rather than genetic changes. A common 

example is the Linaria vulgaris, which changes between bilateral and radial floral symmetry 

based on the methylation of the Lcyc gene (Cubas et al. 1999). 

 

1.3.1 Mechanisms involved in epigenetics 

There are many mechanisms involved in epigenetics. DNA methylation is the most studied 

mechanism. The main principle of DNA methylation involves the covalent transfer of a 

methyl group to the C-5 position of the cytosine ring with the help of specific family of 

enzymes know as DNA methyltransferases (Dnmt) (Roberston, 2005) (Figure 1.10).  

 

 

 

Figure 1.10. Summary of the mechanism of DNA methylation. SAM=S-adenosylmethionine, 

SAH=S-adenosylhomocysteine (adapted from Zakhari 2013). DNA methyltransferase (DNMT) is a 
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family of enzymes that are involved in methylation. Specifically DNMT3a/3b  transfer the methyl 

group from S-adenosyl methionine to the C-5 position of the pyrimidine ring. 

 

CpG methylation accounts for almost 98% of methylation. Other methylation includes non-

CpG methylation in embryonic stem cells (Lister et al. 2009). The Dnmt family includes 

enzymes such as Dnmt1, Dnmt2, Dnmt3A, Dnmt3B and Dnmt3L. Each DnmtT has specific 

role and function (Jeltsch and Gowher 2019; Okano et al. 1999). The presence of Dnmt 

enzymes varies between species. For example, the honeybee (Apis mellifera) has two 

copies of the DNMT1 enzyme, while fruit flies (Drosophila melanogaster) lost Dnmt1 and 

Dnmt3 during evolution, and the round worm (Caenorhabditis elegans) has lost the Dnmt 

enzyme family entirely (Li et al. 2018). During synthesis phase (S phase), the 

maintenance methyltransferase Dnmt1 is usually localised in the replication foci (the site 

where newly synthesised DNA usually accumulates) and shows a tendency to methylate 

hemimethylated DNA in vitro. This tendency has led to the proposal that the maintenance 

methyltransferase Dnmt1 is essential for copying DNA methylation patterns to the daughter 

strands during DNA replication (Probst et al. 2009). The necessity of Dnmt1 in organism 

development and survival is shown in the mouse model (Li 2002). Li found that mice with 

both Dnmt1 alleles deleted are lethal at embryonic stage 9. In contrast to Dnmt1, Dnmt2, 

Dnmt3A and Dnmt3B are classified as de novo methyltransferases. Instead of methylating 

DNA, Dnmt2 shows a preference for methylating Cytosine 38, located in the anticodon loop 

of aspartic acid tRNA (Goll et al., 2006), and Dnmt3A and Dnmt3B have a preference for 

methylating unmethylated CpG during development. 

The importance of de novo methyltransferases Dnmt3A and Dnmt3B is shown by knockout 

mice (Okano et al. 1999). Okona found that mice could survive up to 4 weeks without 

Dnmt3A, while mice without Dnmt3B were lethal between the embryonic age of 14.5 and 

18.5 weeks. Dnmt1, Dnmt3A and Dnmt3B were also found to be involved in controlling 

telomere integrity. Gonzalo et al. (2006) found that mice with Dnmt1, Dnmt3A and 
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Dnmt3B knockout had elongated telomeres and increased telomeric recombination, 

which suggests the importance of Dnmts in maintaining genome stability. Dnmt3L is 

homologous to Dnmt3A and Dnmt3B and possesses no catalytic activity. Dnmt3L plays 

an important role in increasing the binding affinity of Dnmt3A and Dnmt3B to S-

adenosyl-L-methionine (SAM) and increasing its activity in vitro (Kareta et al. 2006). 

Bourc’his et al. (2001) found that mice with homozygous DNMT3L survived; however, the 

heterozygous embryos produced from the homozygous DNMT3L mom oocyte were found 

to be lethal at embryonic stage 9 with severe impairments in maternal methylation. All this 

evidence suggests that DNMTs are essential to organism development and survival and 

each DNMT enzymes has different role (Figure 1.11). 

 

Figure 1.11. Function of the DNMT family. DNMT=DNA methyltransferase, TET=Ten-eleven 

translocation methylcytosine dioxygenase. DNMT1 involves in maintaining the methylation mark 

while DNMT3A/3B involves in setting up the methylation pattern (denovo methylation) and TET1-3 

is involved in the process of demethylation (Adapted from Ambrosi et al., 2017) . 

 

1.3.2 Histone modifications 

In eukaryotes, there is a complex known as chromatin comprised of DNA and proteins 

(Mondal et al. 2010). Chromatins can usually be divided into two categories: 

heterochromatin and euchromatin. Heterochromatins are usually densely packed and 
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contain repetitive sequences, low numbers of gene sequences and are mostly inactive for 

transcription (Tamaru 2010). In contrast, euchromatins have a looser and less dense 

chromatin structure, contain more genes and are mostly transcriptionally active. The basic 

unit of chromatins is the nucleosome, a structure containing 147base pair (bp) of DNA that 

usually wraps around the histone octamer. There are four core histones: H2A, H2B, H3 

and H4 (Peterson and Laniel 2004) (Figure 1.12). 

 

 

 

 

Figure 1.12. Nucleosome structure. Nucleosome bead structure that are formed by histone 

octamer wrapped around by 147bp of DNA. (Adapted from Lu et al. 2017).  

 

Histone modification, usually found in the core histone tail, can affect cellular process such 

as gene transcription, DNA replication and DNA repair. There are many types of histone 

modification, including acetylation, methylation, phosphorylation and ubiquitination 

(Santos-Rosa and Caldas 2005). Lysine (K) acetylation affects the chromatin structure 

and accessibility of protein which ultimately affects gene transcription. Lysine 

methylation could have different effects depending on two factors: the amount of lysine 

methylated and the number of methyl groups (Kim et al. 2009). Examples of methylation 
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include trimethylation of H3K9 and H3K27, usually found in inactive genes, and 

trimethylation of lysine 4 H3K4, involved in active transcription (Pray-Grant et al. 2005). 

Since the accessibility of euchromatin for protein is essential for gene transcription, 

high levels of lysine trimethylation, such as H3K4, are usually found in genes that are 

transcriptionally active (Sims et al. 2003). 

Arginine methylation can either activate or repress transcription. The coactivator-

associated arginine methyltransferase CARM1/PRMT4 is essential for regulating NF-

kappaB. For example, the expression of a subset of NF-kappaB-dependent genes is 

affected when CARM1 is knocked out of cells (Covic et al. 2005). Another example is 

how the forced expression of arginine methyltransferase PRMT5 leads to a reduction 

in the promoter activity of the E1 cyclin (Fabbrizo et al. 2002). Histone lysine 

methyltransferase G9A shows a preference for methylating histone H3 lysine 9 (H3-K9). 

Mice studies have shown that embryonic cells that lack H3-K9 methylation exhibit severe 

growth impairment and early fatality (Tachibana et al. 2002). Tachibana found that 

embryonic cells that lack the methyltransferase G9A also show a reduction in methylation 

of H3-K9, which suggests that G9A is important in regulating H3-K9 methylation. The 

importance of G9A in transcriptional regulation is also supported by research. Yuan et al. 

(2007) found that knocking out G9A caused the H3-K9 level to decrease, leading to a 

reduction in pre-rRNA synthesis. 

In addition to regulating gene transcription, histone modification can affect cellular 

process such as DNA damage response. For example, the phosphorylation of H2A.X 

plays an essential role in marking DNA damage sites. When DNA double strands break, 

H2A.X responds by providing a signal for the end joining repair pathway (Chowdhury 

et al. 2005). Methylation of histone 4 lysine 20 (H4K20) plays an important role in 

healing DNA damage caused by ionising radiation. Botuyan found that methylation of 

H4K20 interacts with the DNA repair factor 53BP1 and Crb2 to form the 53BP1/H4- 
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K20me2 complex at the DNA damage site (Botuyan et al. 2006). The above clearly 

shows that DNA methylation and histone modification play important roles in organism 

development through affecting several aspects of cellular processes such as transcription, 

DNA repair and replication (Figure 1.13). It is also clear that the epigenetic mechanisms of 

DNA methylation and histone modification are closely linked to recruiting specific protein 

factors into chromatin. 

  

Figure 1.13. Summary of cellular processes affected by histone modification. Ub=mono-

ubiqutination, Ac=acetylation, Me=methylation, P=phosphorylation. (A-C) impact of histone 

modification on transcription, (d) DNA damage repair and (e) DNA replication. (Adapted from Vissers 

et al., 2008). 

 

1.3.3 Methylation differences between vertebrates and invertebrates and 

within invertebrates 

Although methylation is found in both vertebrates and invertebrates, there are huge 

differences in methylation between them. One of the biggest differences is the percentage 

of methylated CpG. In mammals, roughly 60%–90% of CpG is targeted by DNA methylation 
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(Lister et al. 2009). In comparison, DNA methylation is much lower in invertebrates such as 

fruit flies (Drosophila melanogaster) and round worms (Caenorhabditis elegant).  

The methylation target region is also different in invertebrates and vertebrates. In 

vertebrates, most methylation occurs in the promoter region and is associated with gene 

repression (Cedar and Bergman 2009; Mandrioli 2004). In most invertebrates, such as 

insects, methylation occurs in the gene body (intron and exon) region and is generally 

associated with gene activation. Another difference between methylation of invertebrates 

and vertebrates is that invertebrates have higher levels of methylation in repetitive 

transposable elements than vertebrates (Schaefer and Lyko 2010; Zemach et al. 2010). 

The methylation distribution pattern also differs between vertebrates and invertebrates. 

Methylation distribution can be determined through CpG content analysis. Using this 

technique, Okamura et al. (2010) showed that insects such as pea aphids (Acyrthosiphon 

pisum) and honeybees (Apis mellifera) exhibit a bimodal distribution pattern, while 

invertebrates exhibit a global methylation pattern (Walsh et al., 2010) (Figure 1.14).  

 

 

Figure 1.14. Distribution of the methylation pattern of genes across insects. Dashed line= 

mean of each component (adapted from Glastad et al., 2011). Drosophila melanogaster (lacks DNA 

methylation) shows a unimodal normalized CpG content (CpG o/e) distribution. On the other hand, 

genes in the honeybee (Apis mellifera) and pea aphid (Acyrthosiphon pisum) which have DNA 
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methylation show a bimodal distribution pattern. The distribution with a lower mean represents genes 

with lower levels of methylation.  

 

The bimodal methylation pattern shows that genes can be classified in two categories: 

genes with low methylation (high mean normalised CpG content) and genes with high 

methylation (low mean normalised CpG content; Elango et al. 2009). In addition to showing 

the methylation distribution pattern, the normalised CpG analysis technique can be used to 

infer the presence of DNA methylation. 

In addition to the methylation differences between invertebrates and vertebrates, 

there are many differences in methylation patterns between invertebrate species. For 

example, the presence of DNA methylation Dnmt varies between invertebrates. Research 

using phylogenetic analysis has shown that Dnmt1 are lost in some insect orders, such as 

Collembola, Strepsipteran and Diptera (Provataris et al. 2018), and these events are very 

rare (Figure 1.15). 
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Figure 1.15. DNMT family distribution pattern in different species of insects . DNMT = DNA 

methyltransferase, ?=not tested/still unknown; MBD=methyl-binding domain, MYA=million years ago 

the branches show difference insect order with species representing each order. Loss of specific 

DNMT is indicated on the specific insect order branches. (Adapted from Glastad et al., 2011). 

 

Dnmt3 is also absent in some insect groups, such as Neuropterida, Palaeoptera and 

Mecopterida. However, the absence of Dnmt3 could be due to it being very lowly expressed. 

For example, Dnmt3 is not detected in the brown plant hopper (Nilaparvata lumens), 

however, Dnmt3 is lowly expressed across the plant hopper life stages (Zhang et al. 2015). 

DNA methylation levels vary depending on the insect order (Figure 1.16). 
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Figure 1.16. DNA methylation level across insect order. Blue=solitary insects, Green=Communal 

insects, Pink= Subsocial insects, Orange= Eusocial insects. DNA methylation in coding exon insects 

order ranges from 0% (Diptera), 25%(Hemiptera) and 42% (Blattodea). The genome methylation of 

insect ranges from 0% (Diptera), 5%(Hemiptera) and 14% (Blattodea). (Adapted from Bewick et al., 

2017). 

Hymenopteran insects usually have lower DNA methylation levels than insects from orders 

such as Hemiptera and Blattodea. Additionally, many species within Hymenoptera, such as 

parasitoid wasps (Microplitis demolition, Aphids ervi), show no or extremely low levels of 
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DNA methylation (Standage et al. 2016). In Blattodea, the asian cockroach (Blattela 

asahinai) has the highest level of methylation (Bewick et al. 2017), and in Hemiptera, the 

pea aphid (Acrythosiphon pisum) has the highest DNA methylation level (Bewick et al., 

2017). 

 

1.3.4 The role of epigenetics in insect development 

Epigenetic regulation plays an important role in insect development and polyphenism. In 

social insects such as honeybees, epigenetics plays an essential role in queen and worker 

caste differentiation (Smith et al. 2008). Most honeybee larvae will develop into workers, 

while only a   few larvae will be selected to develop into queens through environmental 

stimulus (Wheeler 1986). The role of epigenetic mechanisms in regulating caste 

differentiation is supported through the knockdown of the Dnmt3 gene in honeybee larvae, 

which leads to the production of queens (Kucharski et al., 2008). Epigenetics is also 

important in regulating insect reproduction. In a knockout Dnmt1 in the large milkweed bug 

(Oncopeltus fasciatus), most eggs produced were inviable and the number of eggs 

produced declined slowly (Bewick et al., 2019). However, the absence of Dnmt1 in 

milkweed bugs does not lead to any gene expression changes, which suggests that DNA 

methylation might have an important function in development independent of gene 

expression. The importance of epigenetics in development can also be seen in the 

parasitoid wasp (Nasonia vitripennis). When Dnmt1A is lowered in the embryo, most 

embryos show early lethality during the gastrulation stage (Zwier et al. 2012). In addition 

to their role in development, there is evidence showing that epigenetic mechanisms are 

important for ensuring insecticide resistance in green peach aphids (Myzus precise). 

Field (2000) found that pesticide-resistant green peach aphids showed high level of 

methylation on the insecticide-detoxifying esterase E4 gene. 
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1.3.5 Ecological epigenetics 

Since epigenetics was introduced, it has received a lot of attention, as much that epigenetic 

changes are important to organisms’ development. Recently, there has been an increased 

interest in the study of epigenetics in the context of ecology and evolution. This increase in 

interest is because that non-genetic phenotypic variation can be transgenerationally 

inherited and affect the speed of evolution (Bonduriansky 2012; Scoville et al. 2011). There 

are two pathways for epigenetics to affect the microevolution of a natural population (Figure 

1.17). 

 

 

Figure 1.17. Pathway of genetics and epigenetics in ecological context. Pathway of ecological 

epigenetic (grey arrow) and ecological genetics (black arrow). Epigenetic variation can directly  alter 

by ecological interactions and therefore provide alternative pathway for accelerated evolution. 

Genetic variation on the other hand only regulates epigenetic variation and evolution only through 

natural selection. (Adapted from Bossdorf et al., 2008). 

Epigenetics could cause a change in gene expression that leads to phenotypic variation 

and affects the fitness of the individuals (Bossdorf et al. 2008). If epigenetic changes are 

inherited transgenerationally, they could be targeted by natural selection. The role of 
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epigenetic inheritance is discussed by Jablonka (2013). However, there are a few 

fundamental questions in the study of ecological epigenetics, namely the percentage of 

marked alleles that are transferred to the next generation, the reliability of epigenetic marks 

in response to environmental stimuli and the number of generations that the epigenetic 

mark can be inherited before being reset (Becker et al. 2011). Even though there is no 

empirical evidence of the evolutionary consequences of epigenetic effects, there are 

similarities in the mechanism of epigenetics and genetics and their evolutionary outcome. 

These similarities suggest that it is possible to derive some information from the link 

between epigenetics and evolution through studying genetic accommodation (Herman et 

al. 2014, Schlichting and Wund 2014). 

There are some fundamental questions about ecological epigenetics. The first and most 

important factor to understand is the distribution pattern and structure of epigenetic 

variation both within and between natural populations (Richards et al. 2012). Understanding 

the epigenetic distribution in a natural population could provide insight into the extent of the 

transgenerational effect of epigenetic variation. The second question in the study of 

ecological epigenetic is the relationship between phenotypic and epigenetic variation in 

traits that are ecologically important (Bossdorf et al. 2008). The purpose of this question is 

to determine if phenotypic traits resulting from epigenetic changes have any effect on 

organisms’ fitness and therefore effects in ecological and evolutionary contexts (Kiltivis et 

al. 2014). The third question in the study of ecological epigenetics is on the role of 

epigenetic variation in ecological interactions. It is important to understand the relationship 

between abiotic factors, such as pollution, salinity and other stimuli, on animals and plants 

(Cramer et al. 2011). The last question is on the heritability of epigenetic variation induced 

by biotic and abiotic factors. Transgenerational epigenetic inheritance is commonly known  
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as ‘soft inheritance’, in contrast to traditional Mendelian inheritance (Chong and Whitelaw  

2004). As such, it is crucial to understand the extent to which evolutionary responses 

triggered by environmental stimuli are mediated by epigenetic inheritance. 

In the study of ecological epigenetics, there are many problems faced by researchers. 

First, many of the ecological and evolutionary consequences found in laboratories 

cannot be generalised to natural conditions. This is because the fitness in an organism 

is environment-dependent and epigenetic variation could differ considerably depending 

on environmental conditions (Ledón-Rettig 2013). For example, in low-stress 

conditions, adult mice who received high maternal care as pups showed more 

hippocampal-dependent learning than mice that received low maternal care. However, 

in high-stress conditions, mice that had lower maternal care as pups showed faster 

learning (Champagne et al. 2008). Therefore, it is hard to determine if the phenotypes 

caused by maternal care are adaptive without knowing the environmental conditions 

the mice will face as adults. Second, in the real world multiple complex cues interact to 

create the phenotypic variation. However, when studying one environmental effect in 

laboratory settings, other environmental conditions are maintained to avoid influence 

(Pigliucci 2005). Therefore, there are many discrepancies between phenotypic variations in 

laboratory study and field study. In a real-world scenario, multiple environmental factors 

might cancel each other out or exacerbate the phenotype produced. Third, natural 

populations are genetically heterogeneous. In laboratory studies, the genetic background 

is standardised (recombinant inbred line) to allow researchers to attribute phenotypic 

variation to specific environmental stimuli and assess the interactions of genes and 

environment across several lines (Churchill 2007; Johannes et al. 2009). However, the 

number of recombinant inbred lines used in most studies is too small to encompass the 

amount of variation in the natural population (Churchill 2007). This is particularly 
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problematic for the study of ecological epigenetics, as the evolutionary implications of 

epigenetic variation will vary depending on the genetic variation available. 
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1.3.6 miRNA regulation 

Apart from DNA methylation, there are other epigenetic mechanism such as histone 

modifications, chromatin remodelling and microRNA (miRNA). miRNAs are non-coding 

RNA and are usually 18-25 nucleotides long. miRNA was considered junk DNA previously 

but with new technology and techniques in molecular biology, researchers found that 

miRNAs play a role in regulating gene expression. They do this through binding to the 

untranslated region (UTR) resulting in decay of mRNA or suppressing protein translation. 

However, recent research has also found that miRNA not only down-regulate transcripts 

level but can also up-regulate the transcript level of the target gene (Hussain et al. 2012), 

and can bind to another region apart from the 3’UTR (Rigoutsos 2009).  

miRNAs have been considered as epigenetic modulators because they have the ability to 

regulate the protein level in target mRNAs without modifying any of the gene sequences. 

miRNA can contribute to and consider as an important part of epigenetic regulation in three 

different ways. Firstly, the expression of miRNA is often regulated by the other epigenetic 

mechansims. Second, miRNA has the ability to repress the expression of other epigenetic 

factors. Third, some common target genes are modulated through the cooperation of both 

miRNA and other epigenetic machinery. miRNA variation may affect the heritable variation 

thorugh its effect on the epigenetics mechanisms mentioned above such as DNA 

methylation , histone modification through controlling expression of proteins involved in 

these modification. Next, miRNA usually binds to the 3’UTR and genome wide analysis has 

showed that gene with high level of miRNA binding at 3’UTR have low level of methylation 

level. In contrast, gene with low level of miRNA of binding at 3’UTR usually have high level 

of methylation at promoter region. This suggest that both miRNA and DNA methylation can 

reciprocally regulate gene expression at the genome level. Further, miRNA is also able to 

regulate the expression of HDAC enzyme which is a key component of histone modification. 

Taken together the role of miRNA in regulating gene expression and also involvement in 
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other epigenetic machinery it is possible that miRNA could be an important epigenetic 

factors in regulating wing polyphenism in insects. 

In insects, mRNA is transcribed by RNA polymeraseII (pol II) which then results in the 

formation of primary miRNA (pri-miRNA; Lee et al. 2004). pri-miRNA will undergo a series 

of processing events to produce mature miRNA which then targets mRNAs (Figure 1.18). 

In the nucleus, pri-miRNA is processed by RNAse III enzyme Drosha together with Pasha 

resulting in a short hairpin structure around 70 bases, which is known as precursor 

miRNA(pre-miRNA) (Bartel 2009). Next, Exportin-5 will transport pre-miRNA into the 

cytoplasm for further processing whereby the terminal loop will be cleaved by the 

ribonuclease enzyme known as Dicer1 (Dcr-1). This cleavage results in a miRNA:miRNA 

duplex consisting of two nucleotide overhangs on both ends (Hutvágner et al. 2001). After 

the cleavage, miRNA duplex will be loaded to the Argonaute (Ago) protein and complete its 

action on the target sequences aided by the RNA-induced silencing complex (RISC). 
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Figure 1.18. miRNA biogenesis pathway. First, RNA poly II will aid in the expression of miRNA 

gene expression in the nucleus (grey circle) resulting in primary miRNA (pri-miRNA) that consists of 

one or more stem-loop structures. Next, the RNase III enzyme Drosha together with Pasha will 

cleave the stem-loop structure producing a hairpin structure that is 70nt, which is known as precursor 

miRNA (pre-miRNA). Exportin 5 will then transport pre-miRNA into the cytoplasm (brown circle) 

followed by dicing of the hairpin terminal loop by the Dicer-1 enzyme resulting in a miRNA-miRNA 

duplex followed by incorporation into the RISC complex. The mature miRNA-RISC complex then 

interacts with the target sequences of the mRNA target resulting in protein degradation, translational  

repression or transcription upregulation. Adapted from Asgari 2013. 
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a) Role of miRNA in insect growth and development 

The role of miRNA in insects has gained a lot of attention because of their conserved 

function in regulating signalling pathways that are essential for animal development. For 

example, studies have shown that dme-miR-8 can influence cell growth by regulating 

multiple peptide hormones in the fat body (Jin et al. 2012; Lee et al. 2015). Not only that, 

in the cockroach Blattella germanica miR-8 has been shown to regulate atrophin and 

thereby influence motor coordination (Rubio et al. 2013). Apart from that miR-14 has also 

been shown to regulate the gene hedgehog (hh) in the Hg signalling pathway, which is 

essential for many insects’ developmental processes (Kim et al. 2014). Next, in Drosophila 

miR-305 has been shown to interact with both Notch signalling and insulin signalling 

pathway in intestinal stem cells to regulate self-renewal and differentiation. Next, the 20-

hydroxyecdysone (20E) is essential for insect development and metamorphosis. By using 

Bombyx mori, Jiang et al. 2013 showed that the miR-281 was involved in Malpighian tubule 

regulation through suppressing the EcR-B gene. 

 

b) Role of miRNA in insect behaviour 

Apart from its role in growth and development, miRNA plays an important role in regulating 

insect behaviour. Recently, a study by Yang et al. (2014) using Locusta migratoria has 

shown that miR-133 was responsible for regulating the behavioural changes observed in 

the social and solitary phase of locusts by targeting key genes that were involved in the 

dopamine synthesis pathway. Apart from that, another study by Cristino et al. (2014) has 

shown that absence of miR-932 impacts the learning and memory in the honeybee Apis 

mellifera. 
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c) Role of miRNA in insect oogenesis and embryogenesis 

Next, miRNA also plays an important role in oogenesis and embryogenesis. In Drosophila, 

miR-989 is responsible for the migration of border cells toward oocytes during oogenesis 

(Kugler et al. 2013). Apart from that, Drosophila lacking the miR-124 also showed reduced 

fertility while flies lacking miR-282 showed a reduction in viability and egg-laying, 

suggesting the importance of miRNA in embryogenesis (Vilmos et al. 2013). In the mosquito 

Aedes albopictus, lower levels of miR-286b embryos result in delayed hatching rate 

(Puthiyakunnon et al. 2013). Further, depletion of Argonaute 1 (Ago1) in Locusta migratoria, 

a key gene in regulating miRNA, has shown a huge impact on oocyte maturation and 

ovarian development (Song et al. 2013). Together, these studies show that miRNA plays 

an important role in regulating embryogenesis and oogenesis in insects.  

 

d) Role of miRNA in insects wing development 

In insects, wing development requires tight regulation of genes involved in cell-cell 

interactions and cell signalling. In Drosophila wing imaginal disc, the bantam miRNA is 

suppressed by the Notch gene, which would otherwise induce cell proliferation (Becam et 

al. 2011). Apart from that, bantam also targets Enabled, which then reduces the level of 

bantam through Notch, therefore limiting the proliferation rates and help to maintain the 

dorsal-ventral boundary. Next, another miRNA let-7 is also shown to impact wing 

development in Drosophila. By using mutant flies, Caygill and Johnston (2008) showed that 

flies lacking let-7 produce smaller wings. Apart from that, the wing imaginal disc in 

Drosophila usually stopped dividing after 24hr, but flies lacking let-7 showed continued 

division of cells in wing imaginal disc resulting in more but smaller cells in wing imaginal 

disc. In Drosophila, another miRNA miR-9a is also shown to be important in regulating wing 

development whereby mutant flies lacking miR-9a show a substantial loss of wing tissues 

(Biryukova et al. 2009). Drosophila LIM-only (dLMO) is a transcription factor that inhibits 
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the activity of the wing development gene Apterous that is responsible for dorsal identity of 

wings. Biryukova et al. (2009) showed that miR-9a regulates wing development by inhibiting 

wing cell apoptosis by repressing the transcription factor Drosophila LIM-only (dLMO). 

 

e) Role of miRNA in insect phenotypic plasticity 

Many insects can produce distinct phenotypes when exposed to environmental stress. For 

example, female aphids usually produce asexually under favourable conditions. However, 

when exposed to stressful conditions aphids can produce winged offspring. Further, female 

aphid can also switch to sexual reproduction when expose to low temperature.  A study by 

Legeai et al., 2010 showed that seventeen miRNA were differentially expressed between 

sexual and asexual morphs in pea aphids, showing a potential role of miRNA in regulating 

sexual polyphenism in insects. Further, by studying termites Reticulitermes.speratus, 

Matsunami et al. 2019 reported eight miRNAs were differentially expressed between the 

soldier and workers suggesting that miRNA might play a role in regulating caste 

differentiation in insects. 
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1.4 General introduction and history of Buchnera 

Buchnera was first characterised by the scientist Paul Baumann and was named after the 

German scientist Paul Buchner. Buchnera aphidicola is a primary endosymbiont found in 

sap-sucking insects, such as the pea aphid (Acyrthosiphon pisum) and other aphid species. 

Buchnera aphidicola is usually found in specialised aphid cells called bacteriocytes 

(Charles et al. 2011). Buchnera aphidicola is categorised under the phylum 

Gammaproteobacteria. All bacteria within this phylum are gram-negative. Many 

researchers have suggested that the Buchnera ancestor is similar to Enterobacteriaceae 

(Douglas, 1998). There is evidence that supports this argument; a study of 16S rRNA found 

that the two families have very closely related 16S rRNA structures (Munson et al., 1991). 

(Figure 1.19). 

 

 

Figure 1.19. Phylogenetic tree from eubacteria and mitochondria using 16S rRNA gene. 

Number on the nodes represents the bootstrap values on neighbour joining analysis. The Bar 0.1 

represents the sequence divergence (Adapted from Itoh et al. 2002). 

 

Buchnera aphidicola is very small in size (around 3μm) and has a gram-negative cell wall, 

a common characteristic of Enterobacterales. However, a key component in Buchnera that 
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is very different from the majority of gram-negative bacteria is that it lacks the genes 

required to produce lipopolysaccharides for the outer membrane. 

 

1.4.1 Genome structure of Buchnera aphidicola 

Buchnera aphidicola has an extremely small genome (<1Mb), one of the smallest known 

genomes in living organisms. The reason for this small genome could be due to its 

association with aphids and the transmission mode (vertical transmission) that limits 

crossover events. This leads to the deletion of many genes, especially those involved in 

anaerobic respiration and the synthesis of fatty acids and complex carbohydrates. The loss 

of these genes is predicted to have occurred after a symbiont relationship was established 

between aphids and Buchnera. Buchnera aphidicola has one circular chromosome and 

contains either one or two plasmids (Thomas et al. 2009). The genome structure of 

Buchnera also shows a few unique characteristics, including a high G+C and low A+T ratio 

in the chromosome. This is due to the substitution of many A+T nucleotides with G+C pairs 

upon the divergence of the species (Gómez-Valero et al. 2007). As mentioned above, the 

Buchnera genome also lacks genes that produce lipopolysaccharides due to the long 

association with aphids, which began around two million years ago (MYA). Buchnera is a 

mutualistic endosymbiont that is often found in a host (aphid) and the pattern of gene 

reduction in Buchnera is similar to other small-genome bacteria (Moran and Wernegreen, 

2000). However, one difference between the Buchnera genome pattern and other small-

genome bacteria is that 55 loci (around 10% of the Buchnera genome) is related to the 

synthesis of amino acids required by the host pea aphid (Shigenobu et al. 2000). As well 

as a reduced number of genes involved in metabolism, Buchnera also have fewer genes 

involved in other cellular processes, such as transcription, translation and replication. 
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1.4.2 Genome evolution in Buchnera 

One of the questions surrounding the reduced genome size in Buchnera is whether 

genes were lost gradually or through several bulk losses. Endosymbionts usually live 

within host tissues that provide a metabolite-rich environment and a low growth rate. 

These factors often lead to a more relaxed selection on many loci, with genetic drift 

more frequently affecting the genome. This is clearly reflected in the pattern of 

sequence evolution in Buchnera and many other endosymbionts (Wernegreen and 

Moran 1999; Spaulding and van Dohlen 2001). This relaxed selection is expected to 

increase the loss of genes that are both superfluous and beneficial. The small genome 

size seen in Buchnera is predicted to be due to the lack of gene retention through 

selection, rather than direct selection for a reduced genome size (Mira et al. 2001). The 

Buchnera cell contains roughly 50-200 chromosomes, in which non-functional 

pseudogenes can exist for a long period of time. This suggests that direct selection for 

a smaller genome is very unlikely.  

By comparing the Buchnera genome to a reconstructed ancestral genome, researchers 

found that the reduction in the Buchnera genome involved a large deletion, followed by 

chromosome rearrangements (Moran and Mira 2001) (Figure 1.20). 
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Figure 1.20. Genome of Buchnera aphidicola and reconstructed ancestor. White box= 

gene lost, colour fragments= syntenic fragments, lost fragments between syntenic fragments 

is represented by grey line (Adapted from Moran and Mira 2001). 

 

This reduction through a large deletion is supported by the distribution of the size region 

in the ancestor genome. The genes in Buchnera are aggregated, rather than a mix of 

retained and lost genes from the ancestral genome. The absence of a positive 

association between spacer length and number of genes lost through deletion in the 

syntenic fragments further supports the fact that the Buchnera genome reduction is more 

likely to have occurred through a large deletion that involved many genes, than through a 

gradual process. The genome structure of Buchnera is also unique in the sense that there 

is only one copy of each gene that encodes for 16S, 23S and 5S rRNA, instead of the 

multiple rRNA genes seen in most bacteria (Baumann et al. 1989). 
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The Buchnera genome also shows a significant loss of tRNA (32 tRNAs), with most amino 

acids only containing one tRNA; in comparison, Escherichia coli has 86 tRNAs. As 

discussed above, many endosymbionts have lost genes involved in DNA repair and this 

applies to the Buchnera genome as well. However, one unique characteristic in the 

Buchnera genome is the loss of the gene RecA (important for recombination and repair; 

Moran and Wernegreen 2000). However, the Buchnera genome retained the gene RecBCD, 

which was lost among several other small-genome bacteria (Latorre et al. 2005). The 

retention of RecBCD could have been promoted by the flanking gene argA, which is also 

retained in Buchnera and lost in other small-genome bacteria. The reason for argA retention 

might be related to the need to synthesise the essential amino acid arginine for the host. 

Buchnera is also unusual in that the genes involved in repairing UV damage to DNA (uvrA, 

uvrB, uvrC) are absent. The gene uvrA is part of the synthetic region, while uvrB and uvrC 

fall between the synthetic regions. One explanation for the loss of these genes could be 

due to an initial large deletion accompanied by a gradual loss of genes involved in the 

same pathway. 

 

1.4.3 Relationship between Buchnera and pea aphids 

Endosymbiosis is one of the most common phenomenon seen in insects and plays an 

important role in the ecological and evolutionary success of many species. One of the most 

studied endosymbiotic relationships is that of the endosymbiont bacteria Buchnera 

aphidicola and its host, the pea aphid (Acyrthosiphon pisum) (Moran et al. 2003). Aphids 

feed on the phloem sap of plants, which often lacks essential amino acids (these cannot be 

synthesised by the insect). In order to survive on this diet, the aphid is very dependent on 

the endosymbiont Buchnera to compensate for the lack of the essential amino acids 

(Gündüz and Douglas 2009). Previous research by Wilson et al., 2010 has shown that the 

nutritional needs in aphids are compensated by the holosymbiont relationship between the 
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aphid and the Buchnera. This suggest that aphids and the Buchnera are dependent on 

each other for survival. The nutritional-dependent relationship of aphids and Buchnera 

was suggested by Paul Buchner between the 1960s and the 1990s, using artificial diet 

experimentation. As technology advanced, and with the release of the full genome 

sequence of pea aphids, the nutritional relationship between aphids and Buchnera has 

been confirmed. There are four central issues involved in aphid-Buchnera symbiosis. 

 

a) Lateral gene transfer 

First, the large reduction in the Buchnera genome and the fact that the aphid genome has 

undergone transposition of mitochondrial genes to the nuclear genome has led to the 

prediction that some genes of Buchnera origin may be detected in the pea aphid genome. 

However, recent research has provided evidence in contrast to this and has concluded that 

the aphid genome does not contain any genes of Buchnera origin (Nikoh et al. 2010) (Figure 

1.21). 

  

Figure 1.21. Expression profile of genes that are thought to be laterally transferred. Yellow= 

aphid whole body, blue=bacteriocyte, green=aphid embryo, orange=aphid midgut. The expression 

profile shows that the expression of these genes that are thought to be laterally transferred are 
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only highly expressed in bacteriocytes (where Buchnera is found) and not in the aphid itself. 

(Adapted from Nikoh et al., 2010). 

The absence of Buchnera genes within the aphid genome rejects the idea that lateral gene 

transfer is the cause of the genome reduction in Buchnera.  

Although pea aphids do not contain any genes of Buchnera origin, they have acquired some 

genes through lateral gene transfer from multiple sources. First, the aphid genome contains 

56 different mitochondrial genes, but most of these are pseudogenised. Second, the genes 

in the carotenoid biosynthesis that are required for body colour polymorphism were 

obtained through lateral gene transfer from fungi. Lastly, 12 genes were obtained from an 

α-proteobacteria that is not of Buchnera origin. Among the groups of genes obtained 

through lateral gene transfer, the gene from the a-proteobacteria plays an important role in 

the symbiotic relationship between Buchnera and aphid. This includes the gene LdcA (LD-

carboxypeptidase), RlpA (rare lipoprotein A) and AmiD (N-acetylmuramoyl-L-alanine 

amidase). LdcA and AmiD are essential for the production of peptidoglycan, which forms 

the essential component of the bacterial membrane in Buchnera (Houk et al., 1977). Whole 

genome analysis of the aphid genome suggests that the RlpA gene contains N-terminal 

eukaryotic-type signal peptides, indicating that the bacterial gene has fused with the aphid 

signal peptide; these are predicted to target secretory pathway proteins. However, more 

examination of the structure and function of genes from the α-proteobacteria is required 

to provide further insight on the importance of these genes in symbiotic regulation . 

 

b) Host immunity 

The second important aspect of the Buchnera-aphid symbiosis is host immunity. The 

majority of insects have immune systems that protect them from pathogenic and 

parasitic organisms. Therefore, the presence of Buchnera in an aphid host requires the 

modification of the aphid’s immune system. Research conducted by wounding aphids 

with a bacteria-contaminated needle found that aphids show no immune response or 
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gene expression related to protection against bacteria (Altincicek et al. 2008). In fact, 

the pea aphid genome has lost many genes that are essential for immunity functions, 

but retained some, such as the JAK/STAT and JNK signalling pathway (Gerardo et al. 

2010). The aphid genome also shows an absence of immunodeficiency (IMD) pathway 

genes, such as dFADD and Dredd. The peptidoglycan receptor proteins (PGRPs) that 

are critical for detecting bacterial invasion are also missing in the pea aphid genome. 

This suggests that the reduced immune response in pea aphids might reflect the 

success of the symbiotic relationship with Buchnera throughout evolution (Shigenobu 

and Wilson 2011). 

 

c) Symbiotic metabolism (nutritional relationship) 

The third aspect is the nutritional relationship between aphids and Buchnera. One of the 

main factors of the symbiosis between Buchnera and aphids, this relationship has allowed 

the successful coevolution of both species. The pea aphid phloem sap diet is not enough 

to ensure its survival, as phloem sap lacks many amino acids, such as histidine, leucine, 

methionine, valine and arginine, that are critical for the urea cycle pathway (Sandström and 

Pettersson. 1994). The amino acid obtained from phloem sap is asparagine, which is 

processed by the Buchnera to provide the essential amino acids. The asparagine ingested 

by the aphid will first be converted to aspartate by the enzyme asparaginase, followed by a 

process called transamination with the help of the enzyme aspartame transaminase; this 

leads to the production of glutamate (Wilson et al. 2010). Both aspartate and glutamate are 

required for the production of essential (arginine, isoleucine, lysine, threonine, histidine, 

phenylalanine and valine) and non-essential (serine, tyrosine and alanine) amino acids. 

The non-essential amino acid serine can be further processed by the Buchnera to produce 

another two essential amino acids (methionine and tryptophan) (Figure 1.22). 
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Figure 1.22. Simplified schematic diagram of amino acid production in the Buchnera-aphid 

symbiosis. EAA=essential amino acid, non-EAA=non-essential amino acid, Gln=Glutamine, 

Glu=Glutamate. Asparagine and glutamine are the most common amino acid that is usually obtain 

by pea aphid from the phloem sap. Next, both asparagine and glutamine is transferred from the 

aphid into the bacteriocyte in which Buchnera resides and undergoes a series of reactions to 

produce EAA and non- EAA, where the EAA will be transferred out to the hemolymph of the host 

(aphid). (Adapated from Price et al., 2015). 

 

Although the Buchnera genome has retained almost all genes necessary for the synthesis 

of essential amino acids, the genome has lost some genes involved in producing non-

essential amino acids, such as IlvE (the branch-chain amino acid transaminase), IlvA 

(isoleucine pathway synthesis) and MetB/C (methionine biosynthesis pathway; Shigenobu 

et al. 2000). (Figure 1.23). 
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Figure 1.23. Amino acid pathway in Buchnera with aphid gene complementation. Light 

blue=genes that are absent in Buchnera, dark blue=genes that are present in Buchnera, Light 

red=genes absent in aphid, dark red=genes present in aphid.  Number circle=enzymes that are 

absent in Buchnera that are complemented by increased expression in aphid enzymes. Buchnera 

is missing genes such as IIvA (1), IIvE (2), TyrB (3), MetC (4) (Adapted from Hansen and Moran 

2011). 

 

Further analysis of the Buchnera genome has shown that this loss of genes required for 

non-essential amino acid production is compensated by the functions of other genes. As 

mentioned above, the main amino acid asparagine is converted to glutamine by the aphid. 

Glutamine is further processed and converted to glutamate by glutamate-ammonia ligase 

through Buchnera (Sasaki and Ishikawa 1995). Glutamate-ammonia ligase plays an 

important role in nitrogen recycling and is one of the five most highly expressed genes in 

Buchnera. Buchnera usually uptake glutamate (that was converted from glutamine in the 

bacteriocyte) through the symbiosomal membrane which can act as an amino donor for the 

synthesis of the essential amino acid phenylalanine (Whitehead and Douglas 1993) . Sasaki 

and Ishikawa found that the symbiosomal membrane in Buchnera is the most metabolically 
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active area, with the lowest synthesis of alanine, aspartate and proline (Sasaki and 

Ishikawa 1995).  

The fact that Buchnera is essential for the survival of aphids can be seen by disrupting the 

endosymbiont dynamic in the aphid. Buchnera in aphids can be eliminated through 

antibiotics, allowing research into the effect of Buchnera absence on aphids (Zhang et al. 

2015; Machado-Assefh et al. 2015). One aspect of aphids that is affected is the fresh 

weight, as the weight of antibiotic-treated aphids is significantly lower (around 28%) than 

control aphids (Adams et al. 1996). This obvious reduction seen in the absence of Buchnera 

is due to protein content, as Buchnera are involved in producing essential amino acids. It 

is not surprising that an absence of Buchnera leads to a reduced protein level in aphids. 

Antibiotic-treated pea aphids also have a lower reproduction rate, as protein content is 

associated with reproduction ability (Raikhel and Dhadialla 1992).  

The soluble sugar and glycogen content is also reduced in antibiotic-treated aphids. 

Glycogen and soluble sugar are essential for providing energy for pea aphid muscle 

movement (Hansford and Johnson 1975). Although the effect of low soluble sugar and 

glycogen levels on pea aphid behaviour has not yet been investigated, some research  

shown that disruption of the glycogen and soluble sugar content affects green peach aphid 

feeding behaviour. There is also an increase in neutral fats and lipids as a consequence of 

transforming extra soluble sugar for lipid synthesis (Febvay et al., 1999).  

The evidence above demonstrates that the endosymbiont Buchnera and aphids are 

dependent on each other for survival. The absence of Buchnera in aphids could have a 

huge impact on aphid evolution (Ning et al., 2018), as it can affect multiple aspects, such 

as reproduction, energy levels and host acceptance. Future strategies for controlling crop 

damage could focus on endosymbiont disruption in aphids. 
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d) Regulation of gene expression in Buchnera and aphids 

The fourth aspect is the regulation of gene expression in both Buchnera and aphids. 

Research on the Buchnera genome has found that the endosymbiont lacks genes that 

encode for regulatory proteins, such those seen in other small-genome bacteria (Fraser et 

al. 1995). Although Buchnera has many genes involved in amino-acid biosynthesis, its 

genome only retains one amino acid biosynthesis gene, known as MetR (Moran et al.  

2005). The Buchnera genome also lacks regulatory genes involved in responses to 

environmental changes (Hoch 2000). In contrast to the endosymbiont, the host aphid 

genome possesses a great diversity of regulatory genes in comparison to other arthropods. 

Some of the transcription factors in aphids, such as Distal-less, are expressed in the 

bacteriocytes; however, the function of the gene in regulating the symbiotic relationship 

remains unknown (Braendle et al. 2003). Another aspect that needs to be determined is if 

the lack of regulatory genes in Buchnera is associated with reduced regulatory capacities. 

Analysis of the transcriptional profile of Buchnera through microarray has shown that 

Buchnera gene expression does not change significantly when exposed to 

environmental stress. For example, when exposed to heat stress, only a small number 

of genes are expressed differently (five of 20; Wilcox et al. 2003). This suggests that 

the transcriptional dynamics of Buchnera are stable. 

The evidence discussed above shows that the endosymbiont bacteria and aphids are 

co-dependent for survival and have evolved together. However, a recent study has 

shown that the host (aphid) is usually the dominant player in the symbiotic relationship. 

By reconstructing the metabolic network of aphids and Buchnera, Thomas found that 

carbon and nitrogen intake could affect amino acid production, even though 

transcriptional regulation is absent (Thomas et al. 2009). This observation suggests 

that aphids change their feeding behaviour to regulate the amount of carbon and 

nitrogen provided to the Buchnera, controlling the production of essential amino acids 
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by the Buchnera. Therefore, further studies on this symbiotic relationship could focus 

on feeding behaviours and gene regulation in the pea aphid. 

 

1.4.4 Secondary endosymbionts in aphids 

Apart from the primary endosymbiont, some biotypes of pea aphid also contain 

secondary endosymbionts, such as Rickettsia, Hamiltonella and Wolbachia. 

 

a) Rickettsia 

One of the secondary endosymbionts in pea aphids is known as Rickettsia, of the genus 

Rickettsia. The endosymbiont Rickettsia is commonly found across a wide range of 

arthropod species and is usually associated with host cells (Dasch and Weiss 1992). The 

specific cells that host the Rickettsia endosymbiont remain elusive. However, some studies 

have suggested that Rickettsia in pea aphids is commonly found in the haemolymph – 

whereby an infected pea aphid transfers the Rickettsia to an uninfected pea aphid through 

haemolymph (Chen and Purcell 1997). Some research has also found that the Rickettsia 

endosymbiont can be localised in secondary mycetocytes and sheath cells (Sakurai et al. 

2005).  

The effect of the Rickettsia symbiont on pea aphids has been investigated using antibiotic 

ampicillin to specifically eliminate the Rickettsia bacteria without affecting the Buchnera 

(Tsuchida et al. 2004). Tsuchida shown that Rickettsia has a negative impact on pea aphid 

fitness. Aphids infected with Rickettsia have fewer offspring and a lower fresh body 

weight in comparison to uninfected aphids. Research has also shown that Buchnera 

population dynamics are affected by Rickettsia, with infected aphids having a lower 

density of Buchnera. There are two possible explanations for these observations. One is 

that Rickettsia directly affects Buchnera through suppression, which leads to decreased 

aphid fitness. The second is that Rickettsia affects the pea aphid host directly, which 
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indirectly leads to a decrease in Buchnera density. More research is needed to confirm how 

Rickettsia affects pea aphid fitness and Buchnera population dynamics.  

Rickettsia has been shown to have a positive effect on pea aphid fitness when the host 

aphids are subject to environmental stress (Montlor et al. 2002). Montlor subjected 

Rickettsia-infected pea aphids and uninfected pea aphids to heat stress and found that the 

Rickettsia-infected pea aphid showed increased reproduction. Buchnera are more sensitive 

to heat stress and, therefore, the increase in reproduction in Rickettsia-infected pea aphids 

could be due to the rescue of the Buchnera by the Rickettsia . However, the increase in pea 

aphid reproduction could also be a direct effect of the Rickettsia on the host. More research 

is needed to confirm these relationships. There are some observations consistent with 

Rickettsia benefitting pea aphids –pea aphid populations in warmer climate have higher 

levels of Rickettsia in comparison to those in cooler climates. Since Rickettsia could have 

both positive and negative impacts on pea aphid fitness, it is essential to determine the 

effect of Rickettsia in pea aphids in different environmental contexts (Chen et al. 2000). 

 

b) Hamiltonella defensa  

Another secondary endosymbiont found in pea aphids is Hamiltonella defensa. 

Hamiltonella is a type of Gammaproteobacteria that can also be found in other sap-

sucking insects, such as whiteflies and psyllids (Russell et al. 2003). The presence of 

Hamiltonella defensa protects the pea aphid in the presence of parasitoid enemies 

(such as Aphidius ervi) by killing the parasitoid larvae. The ability of Hamiltonella to 

decrease parasitoid attack is associated with a lambda-like bacteriophage (APSE). 

Hamiltonella with low level APSE confers lower protection against parasitoids, further 

supporting the fact that the genes encoded in APSE are essential for protection against 

parasitoids (Degnan and Moran 2008). The normal functioning of Hamiltonella defensa 

requires essential amino acids that are not found in the phloem diet of the pea aphid, 
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which suggest that Hamiltonella defensa might be dependent on Buchnera for the 

synthesis of these essential amino acids.  

Apart from conferring protection against parasitoid wasps, Hamiltonella defensa is 

effective in defending the pea aphid against predators such as ladybirds (Hippodamia 

convergens). Costopoulos et al. (2014) showed that Hamiltonella defensa protects pea 

aphids by affecting several aspects of the predator. Ladybird larvae that preyed on pea 

aphids with Hamiltonella defensa had a decreased rate of survival from egg hatching 

to pupation. However, ladybird adults that fed on Hamiltonella defensa-infected pea 

aphids had a higher fresh weight in comparison to those that fed on pea aphids without 

Hamiltonella defensa. This observation is particularly interesting as Hamiltonella 

defensa decreases ladybird larvae survival but increases the adult weight. One of the 

possible explanations for this observation is that ladybird mothers who feed on 

Hamiltonella defensa-infected pea aphids evaluate the environment (diet) as being 

detrimental to their fitness (Fox and Czesak, 2000). Therefore, the larger size in 

ladybirds could be a response to changes in the environment, by producing bigger eggs 

that develop into bigger adults when food resources are of poor quality (Fischer et al., 

2011). 

 

c) Wolbachia pipientis 

Wolbachia pipientis is another secondary symbiont endosymbiont found in pea aphids. 

Wolbachia is commonly transferred through the mother and is found in 65% of arthropod 

species (Jeyaprakash and Hoy 2000). Wolbachia is usually found in somatic tissues and is 

usually localised in reproductive tissues and organs. However, Wolbachia is very rare in 

aphid species and studies have shown that this endosymbiont is absent in the pea aphid 

(Nirgianaki et al. 2003). The role of Wolbachia in aphid species remains largely unknown, 

but Wolbachia is usually involved in reproductive alterations in its host. Since a lot of aphid 
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species have complex lifecycles, such as sexual polyphenism, the impact of Wolbachia 

on these alterations needs to be investigated (Stouthamer et al. 1999). 

 

d) Regiella insecticola 

The final secondary endosymbiont in aphids discussed here is Regiella insecticola. The 

main role of Regiella insecticola is similar to the secondary endosymbiont Hamiltonella 

defensa, which protects pea aphids against parasitoid wasps. A recent study has shown 

that Regiella insecticola protects pea aphids from fungal infection (Łukasik et al. 2013). 

Fungi are commonly used as a biocontrol against pea aphids and pea aphids usually 

encounter a wide range of fungal infections in their natural habitat. To determine the role of 

Regeilla insecticola, one study exposed pea aphids to two fungal pathogens, known as 

Zoophthora occidentalis and Beauveria bassiana (Parker et al. 2013). Zoophthora 

occidentalis is a type of entomopathogen that is highly specific towards aphids, while 

Beauveria bassiana is a general fungal pathogen that can affect a wide range of insects. 

Parker et al. found that aphids harbouring Regeilla insecticola had higher survival rates 

upon infection with Zoophthora occidentalis (2013). This supports results from previous 

research, which found that Regale insect cola confers protection against another aphid-

specialised pathogen, Pandora (Scarborough et al. 2005). In contrast, Regale insect cola 

does not have any effect on aphid survival when exposed to the generalist fungal pathogen 

Beaveries basin. 
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1.5 Summary 

Pea aphids have been widely used as a model to study polytheisms due to their fast 

reproductive time and easy maintenance. Most studies on trade-offs between reproduction 

and dispersal in pea aphids have only focused on the winged and wingless morphs. Since 

pea aphids exist in many different genotypes, with some genotypes changing their body 

colour instead of producing wings, it is important to understand whether trade-offs also exist 

in the genotype that cannot produce wings. Trade-offs in dispersal and reproduction could 

play an important role in animal adaptation to stressful conditions and possibly affect 

evolutionary trajectories. However, most studies on trade-offs in insects have only been 

investigated for one generation. Such studies rarely investigate the effect of trade-offs on 

the subsequent generation. Further, most studies on pea aphid wing polytheism only 

focused on gene expression differences but not expression regulation. Since pea aphids 

reproduce asexually (daughters are clones of the mother) under optimal conditions, 

polytheism in aphids could be predicted to be regulated through epigenetic mechanisms. 

Furthermore, there is mounting evidence that epigenetic mechanisms play a role in 

regulating polytheisms in insects. This thesis aims to address the significant gaps in our 

understanding of trans-generational trade-offs in pea aphids with a particular focus on two 

different genotypes that respond to environmental stress differently by producing distinct 

morphs. This thesis also aims to understand the mechanisms in regulating wing polytheism 

in aphids, the transcriptome and methylene profile of different pea aphid morphs and the 

relationship between gene expression and DNA methylation in pea aphids.  Finally, this 

thesis also aims to understand the role of other epigenetic mechanisms microRNA in 

regulating wing polytheism and their relationship with gene expression. 

 

1.6 Hypothesis 



 

 

92 

 

Different pea aphid genotypes respond differently to environmental stress and trade-offs of 

reproduction. The ability to disperse in pea aphids could last more than one generation. I 

predict that the aphid development genes were differentially expressed between the 

dispersal and non-dispersal morphs. Next, I predict that epigenetic mechanisms such as 

DNA methylation, miRNA regulation could play an important role in regulating wing 

polytheism and development in pea aphids. 

 

1.7 Thesis aims 

The principal aim of the experiments presented in this thesis is to understand the role of 

epigenetic mechanisms in regulating wing polytheism in insects and the trade-offs of 

reproduction and dispersal in pea aphids. Crowding conditions were used to trigger the 

different morphs in two aphid genotypes and the subsequent reproduction success of the 

F0 and F1 generations was measured. Next, we investigated the genes involved in multiple 

pea aphid development processes at DNA methylation and gene level. Next, we 

investigated the transcriptome and methylene profiles of different pea aphid morphs. 

Finally, we investigate the miRNA profile of different pea aphid morphs. The aims of each 

chapter in this thesis are presented below. 

 

Chapter 3 - Response of pea aphid genotypes to environmental stress and the trade-

offs between reproduction and dispersal morphs 

 Investigate the degree of alternative morph production between the two pea aphid 

genotypes 

 Investigate the trade-offs between aphid morphs in two genotypes (N116 winged vs 

N116 wingless and N127 pale vs N127 red) 

 Investigate possibility of transgenerational trade-offs in pea aphids 

 



 

 

93 

 

Chapter 4 – Investigate the expression of genes involved in different pea aphid 

developmental processes (wing development, reproduction, stress response) and 

the transcriptome profiles of different pea aphid morphs 

 Measure the expression level of genes involved in different pea aphid 

developmental processes such as reproduction, wing formation, carotene 

production and stress response by qPCR 

 Investigate the transcriptome profile of different pea aphid morphs in two genotypes 

(N116 winged vs N116 wingless and N127 pale vs N127 red) by RNA-seq 

 Investigate the differences in GO and KEGG pathways in pea aphid morphs 

 Integrate the results of transcriptome profile (RNA-seq) with MBD-seq (data 

reported in Chapter 5) 

 Investigate the protein expression of candidate gene  

 

Chapter 5 Investigate the DNA methylation level of genes involved in different pea 

aphid developmental processes (wing development, reproduction, stress response), 

and the methylome profile of different pea aphid morphs 

 Measure the DNA methylation level of genes involved in different pea aphid 

developmental processes such as reproduction, wing formation, carotene 

production and stress response by pyrosequencing 

 Investigate the methylome profile of different pea aphid morphs in two genotypes 

(N116 winged vs N116 wingless and N127 pale vs N127 red) by MBD-seq 

 Integrate the results of transcriptome profile (chapter 5) and methylome profile to 

provide an insight into the correlation between gene expression and DNA 

methylation 

 

Chapter 6- The role of miRNA in regulating aphid polyphenism 
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 Investigate the miRNA profile of different pea aphid morphs in two genotypes (N116 

winged vs N116 wingless and N127 pale vs N127 red) 

 Determine the possible roles of novel miRNA in pea aphids in pea aphid polyphenism  
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Chapter 2: Methods 
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2.1 Materials 
Two different genotypes of pea aphid (Acyrthosiphon pisum) are used in the experiment 

because of their phenotypic differences (body colour morphs, virulence level and 

reproduction rate). The aphid genotype (N116) has green body colour (origin: near Slough, 

Berkshire, UK) while the N127 genotype has red body colour (origin: near Slough, 

Berkshire, UK) (Table 2.1). Both aphid genotypes were obtained from Dr Colin Turnbull 

from Imperial College London since 2019 and has been kept in separate mesocosms at low 

density for many generations to avoid any alternative morphs formation (Kanvil et al. 2014). 

Table 2.1. Differences between life-history traits of two aphid genotypes (N116 vs N127) 

 

2.1.1 Aphid stock maintenance 

The minor cultivar of faba bean Vicia faba minor obtained from Lebanon (Abido.com) is 

used for stock aphid maintenance. Three faba plants are placed in a plastic container 

(H25cm x L17cm). Next, the aphids are placed onto the plant and then the top of the 

container is covered with a polyethylene UV stabilised fine mesh (0.25mm x 0.8mm) 

(Allotment-garden, UK) to prevent any aphids from escaping (Figure 2.1). The aphid cages 

were kept in growth chambers (LMS Cooled Incubation, UK) with a 16h/8h light dark cycle, 

22oC±0.3 and 80%±3% humidity. The plants are changed every five to six days to ensure 

the food quality is optimal. Some aphids are transferred to a test tube to prevent 

N116 N127 

Very virulence (aphid that can feed on non-

host plant) (Kanvil et al. 2014) 

Less virulence 

Green colour (1st nymphal- adult stage) Red colour (1st nymph – adult stage) 

Higher reproduction rate Lower reproduction rate 

Respond to environmental stress by 

producing winged offspring 

Respond to environmental stress by 

changing body colour from pale to red 
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overcrowding, which can lead to wing induction. When changing the food for the aphids, 

the stems of the previous plants are cut and placed into a beaker. They are then gently 

shaken to remove the aphids. A paintbrush is used to brush the plant to ensure there are 

no remaining aphids on the plant. The two different aphid lines are transferred to different 

sides of the working benches to avoid mixing up the two different lines. Two containers of 

stock aphids are set up for each aphid biotype with two plants per container. 

 

Figure 2.1. Stock aphid maintenance. Two/Three plants are placed in the plastic container and 

infested with pea aphids. The top is covered with a superfine mesh followed by the lid.  

 

2.1.2 Faba bean sowing (stock plant) 

Plastic pots (9cm diameter) were filled up to two thirds with soil (Levington advance seed 

and modular F2 compost) (ICL Specialty Fertilizers, Ohio, United States) with four seeds 

placed in the soil. Additional soil is added to cover up the seeds to avoid any exposure of 

seeds to bacteria and humidity from the environment, which will result in rotten seeds. Next, 

the pots are placed on a plastic tray and filled with around 500ml of water (Figure 2 .2). 
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Water is added onto the tray every four days to ensure that plants do not dry out. The seeds 

will take around seven to eight days for germination. 
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Figure 2.2. Features of stock plant maintenance. Six pots were filled with two-third of soil 

followed by placing four seeds onto the soil. The seeds were further covered with some so il to 

prevent exposure to humidity and bacteria from the environment. All pots were placed on a tray 

and filled with water every three days. 

 

2.1.3 Stock plant and experiment plant maintenance 

Upon germination, the plant is left to grow to around 4cm before they are transferred to 

individual plants to avoid competition for resources in the same pot. Next, the pots are 

squeezed gently on both sides to gently loosen the soil. The plants are gently shaken to 

remove the excess soil and plant roots are carefully separated from each other to avoid 

any damage to the plants. Next, the plant is placed into individual pots and filled with soil 

followed by watering the soil. Further, the pots are placed on a tray followed by filling the 

tray with water and placed in a growth chamber 22oC±0.3 to grow. For all the experiments, 

plants were grown for another three weeks before being infested with aphids.  
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2.2 Mesocosm experiment 

2.2.1 Alternative morph production through crowding condition 

Six (three weeks old) fava bean plants were placed into a mesocosm container and the 

alternative morph inducing crowding conditions were triggered by placing 50 4th instar 

female pea aphids on the fava plant for 15 days (Figure 2.3A, B). The plants were watered 

every 3 days followed by randomisation of the mesocosm position in the chamber to 

eliminate any possible light regime effect on the aphid. Starvation is essential because it 

increases the mobility of aphids, thereby increasing the chance of aphids coming in contact 

with one another which ultimately leads to the production of alternative morphs (Sutherland 

1969). At the end of the experiment, both dispersal and non-dispersal morphs were counted 

and flash frozen in liquid nitrogen followed by storing at -80oC for further analysis. For 

winged morph collection only adult aphid with fully expanded wing were collected, while for 

pale morphs only adult aphid with >80% body colour becoming pale is collected (Wang et 

al. 2019). 

 

Figure 2.3. Mesocosm container set up for triggering alternative morphs in pea aphids. A) 

from above and B) Front view of set up mesocosm cage including plants, superfine mesh and 

plastic tray for plants. 
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2.3 Microcosm experiment 

2.3.1 Reproductive success of alternative morphs (F0 generation) and the 

subsequent offspring (F1) 

On the last day of the mesocosm experiment, five 4 th instar female aphids of each morph 

(wingless, winged, red, and pale) were transferred to an individual plant and allowed 

infestation for another 12 days (transfer experiment 1), followed by counting all aphids (total 

population) on the plants (Figure 2.4). On the 12th day of transfer experiment 1, five 4th 

instar aphids (F1 generation) were transferred to another individual plant for another 12 

days (transfer experiment 2) followed by counting all aphids (total population) on the plants. 

All aphid samples were collected during the same time of the day (3pm-4pm) to avoid 

photoperiod effects on the collections. The experiment setup was repeated seven times 

(n=7 replicates). 

 

Figure 2.4. Transfer experiment set up. A) Transfer experiment material with a plastic cylinder 

(9cm diameter) and an open top covered with superfine mesh . B) Transfer experiment front view 

after microcosm set up, a bamboo stick is used to support the plant to prevent the plants  from 

collapsing to the side. 
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2.4 Molecular analyses 

2.4.1 Tissue collection 

At the end of the mesocosm experiment, aphids were collected and frozen instantly using 

liquid nitrogen followed by storing in a -80oC freezer for further analyses. 

 

2.4.2 Quantitative Reverse Transcriptase qPCR 

a) RNA extraction 

Total RNA from each adult aphid sample (pools of seven individual aphids from each 

mesocosm) was extracted using the Qiagen RNeasy Kit (Qiagen, UK) according to the 

manufacturer’s instructions, which includes an additional gDNA eliminations step using the 

RNase-Free DNase kit (Qiagen, UK). Briefly, the frozen aphids were ground into fine 

powder in liquid nitrogen using a pestle and mortar followed by homogenization in RLT 

buffer (Qiagen, UK) with 10μL/ml β-mercaptoethanol. gDNA elimination consisted of the 

addition of DNase I followed by incubation at room temperature (20-30oC) for 15min and 

centrifugation at 10000 xg. After washing the column, 40μL of RNase-free water was added 

directly to the column membrane and incubated at room temperature for 1min. RNA was 

eluted by centrifugation at 10000 xg for 1min. Total RNA samples were transferred into -

80oC until further analyses. 

 

b) RNA quantification and purity 

RNA purity was assessed using a Nanodrop (Thermo Fisher Scientific, USA). For each 

biology replicate, 1μL RNA was loaded on the machine and the ratio of absorbance value 

260nm/280nm were recorded. Next, the total RNA concentration was measured using the 

Qubit RNA HS Assay Kits (Qiagen, UK) and Invitrogen Qubit 3.0 Fluorometer (Thermo 

Fisher, UK) according to the manufacturer’s instructions. Briefly, 1μL of sample were added 

to 199μL of Qubit working solution (RNA HS reagent diluted in 1:200 with RNA HS buffer) 
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in a thin-walled PCR tube followed by incubation at room temperature for 2min. Total RNA 

concentration (ng/μL) was calculated using the average of three readings from the Qubit 

Fluorometer.  

 

c) RNA integrity assessment  

RNA integrity was assessed using a non-denaturing RNA agarose gel. A 1.5% agarose gel 

was prepared in 1x TBE buffer containing 0.01% gel red stain. 4μL of samples were mixed 

with 1μL of 5x Loading Buffer (Bioline, UK) and loaded into the wells of the gel. Samples 

were separated by electrophoresis for approximately 1h at 115V until there was a clear 

separation of the ribosomal RNA (rRNA) bands. Good RNA integrity is signified by presence 

of two distinctive 28S and 18S rRNA bands with 28S rRNA having twice the fluorescent 

intensity compared to the 18S band. 

 

d) Complementary DNA (cDNA) synthesis 

RNA samples were reversed transcribed into cDNA using QuantiFast Reverse 

Transcription (Qiagen, UK) according to the manufacturer’s instructions which includes an 

additional gDNA elimination step. 2μg of total RNA were used as in the input and sample 

volume was then made up to 28μL in RNAase-free water and 4μL of 7x gDNA wipeout 

buffer. A negative control was included to ensure that there is no contamination: no 

template control (NTC), where the RNA input is replaced with water; also a no reverse 

transcriptase (-RT) is included where the reverse transcription enzyme is replaced with 

(RNase free-H2O). Samples and negative control were thoroughly mixed in a mini centrifuge 

and incubated at 42oC for 2min and immediately placed on ice. Next, a final volume reaction 

volume of 40μL was made up by adding 2μL of Quantiscript Reverse Transcriptase, 8μL of 

5x Quantiscript RT buffer and 2μL of RT primer mix into the samples. For the –RT control, 

the reverse transcriptase enzyme is replaced with water. All the samples were mixed 
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thoroughly followed by incubation at 42oC for 15min and 95oC for 3min. Samples were 

quickly mixed using a mini centrifuge and stored at -20oC for further use. 

 

e) Reference gene selection by geNorm analysis 

A geNORM analysis was conducted to determine the best reference genes that are stable 

across different experimental conditions (aphid genotypes, morphs) (Vandesompele et al. 

2002). geNORM analysis is commonly used software package to determine most stable 

(housekeeping genes) from a list of tested candidate reference genes which is used for 

normalization of qPCR data on the later steps (relative expression analysis).Five genes 

(SDBH, NADH, 16S, RPL12, 18S, summarised in (Table 2.2) were selected based on a 

previously published paper by (Yang et al., 2014). All samples were run for each gene on 

a single 96-well plate to decrease the effect of inter-assay variation on sample reference 

gene expression. The reaction is prepared using the QuantiFast Reverse Transcription kit 

(Qiagen, UK). A final reaction volume of 25μL is made up by adding 12.5μL of 2x QuantiFast 

SYBR Green PCR Master Mix, 5μL of primers, 2.5μL of cDNA template (diluted 1:20) and 

5μL of RNase-free water. The sample was mixed vigorously by flicking and picofuged until 

no bubbles remained. All reactions were run on the AriaMx qPCR machine (Agilent, USA) 

with the following conditions: activation of HotStar Taq Plus DNA Polymerase with 1 cycle 

at 95oC for 15min, 40 cycles of cDNA denaturation at 95oC, followed by primers annealing 

at 59oC for 30s and lastly extension at 60oC for 30s. At the end of the run, a dissociation 

(melt) curve analysis of the PCR is included with the following conditions: 95oC for 1min, 

55oC for 30s and lastly increasing to 95oC in 0.5oC intervals/s. The cycle threshold (Ct) 

value was automatically calculated by the machine and is defined as the cycle number 

whereby the reaction generated the fluorescence that crosses the fluorescence threshold. 

The Ct value obtained from the machine is then entered into the qBase+ software v3.2 

(Biogazelle, Belgium), which uses a pair-wise analysis algorithm to determine the most 
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stable reference genes (Table 2.2). Any genes with the M-value <0.5 is consider stable and 

is suitable to be used for qPCR data  normalization. 
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Table 2.2. List of pea aphid reference genes used in the geNorm analysis 

Gene name Gene symbol Gene product function M-value 

16S ribosomal RNA 16S Initiation of protein synthesis  0.68 

succinate dehydrogenase B SDHB Plays a role in Krebs cycle and 

part of the respiratory chain 

0.44 

NADH dehydrogenase NADH Catalyse the transfer of electrons 

from NADH to ubiquinone 

0.35 

Ribosomal protein L12 RPL12 Involved in protein synthesis 0.37 

18S ribosomal RNA 18S Activeof protein synthesis in 40S 

ribosomal subunit 

1.040 
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f) Gene expression analysis using SYBR Green 

Candidate genes and references gene initial template values were assayed using 

QuantiFast SYBR Green Kit with the standard curve constructed using the pooled aphid 

cDNA. A series of different cDNA dilutions (1:100, 1:50 1:2) were used to establish the most 

appropriate dilution for qPCR amplification producing Ct values between 15-33. For each 

qPCR plate, the standard curve was generated using pooled aphid cDNA with an eight -

point 2-fold serial dilution with the cDNA input values ranging from 50ng-0.391ng (assuming 

100% of the reverse transcription efficiency). A NTC and –RT negative control is included 

in every plate and all the standard, samples and negatives were run in duplicate.  

The two most stable geNORM primers were used as reference genes. Candidate genes for 

analysis include flightin (fl), Heat shock protein 83 (Hsp83), Acyl-CoA dehydrogenase, 

(SCAD), vestigial (vg), engrailed (en), apterous (ap1), carotene dehydrogenase (tor), 

Acyrthosiphon pisum densovirus (Apns-1). These genes were selected based on their 

involvement in stress response, wing development, and metabolic processes as 

summarised in (Table 2.3). Apart from that, a further eight genes Troponin C (TnC), 

Krueppel-homolog 1 (Kr-h1), Mothers against decapentaplegic homolog 4 (Mad), Partner 

of bursicon (Pburs), DNA methyltransferase 1-associated protein 1 (DMAP1), Histone 

deacetylase Rpd3 (Rpd3), ecdysone 20-monooxygenase (shd), Trehalase (Treh), were 

selected based on the results from our RNA-seq analysis (Table 2.4). Primers for candidate 

genes (Thermo Fisher, UK) were reconstituted with RNase-DNase free water according to 

the manufacturer's instructions. A final reaction volume of 25μL is made up of 12.5μL of 2x 

QuantiFast SYBR Green PCR Master mix, 5μL of primers, followed by 2.5μL of samples, 

and the remaining volume with RNase-free H2O. The initial template values were obtained 

by interpolating the mean Ct of samples to standard curves followed by normalisation to 

the reference genes to calculate the relative gene expression. A dissociation (melt) curve 

was included for each gene to ensure that only a single qPCR product is amplified.   
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Table 2.3. Candidate genes for qPCR analysis. 

Gene name Gene symbol Predicted amplicon size (bp) Gene product function 

Flightin fl 124 Involved in thick filament assembly and 

sarcomere stability in flight muscle and 

essential proper flight muscle function 

Heat shock protein 83 Hsp83 139 Involved in heat stress, bacterial and fungal 

infection and involves in aphid lifespan, 

fecundity and embryogenesis. 

Short chain specific acyl-coA 

dehydrogenase                

SCAD 93 Involved glycose biosynthetic process 

Vestigial vg 83 Involved in wing development  

Engrailed en 79 Involved in wing development such as 

anterior-posterior (A-P) pattern 

Apterous ap1 147 Involved in wing development such as dorsal-

ventral (D-V) patterning 

carotene dehydrogenase tor 90 Involved in carotenoid biosynthesis 
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Table 2.4. Candidate gene selected from Differentially expressed gene (DEG) list that are used for qPCR validation  

Gene name Gene symbol Amplicon size (bp) Gene product function 

Troponin C TnC 124 Stretch activation /indirect flight muscle, helps with binding 

of Ca2+ for flight 

Mothers against decapentaplegic 

homolog 4 

Mad4 139 Involved in wing margin morphogenesis (dpp signalling 

pathway) 

Ecdysone 20-monooxygenase isoform 

X2 

Shd 93 Involved in ecdysteroid production 

Partner of bursicon Pburs 83 involved in sclerotization, pigmentation and wing expansion 

behavior, KO in Drosophila shows defects in wing 

expansion 

DNA methyltransferase 1-associated 

protein 1 

DMAP1 79 Involved in DNA methylation (silencing in ladybird causes a 

reduction in the ovaries numbers) 

Krueppel homolog 1 isoform X3 Kr-h1 100 Kr inhibit ecdysone (lower ecdysone= higher winged off 

springs), Kr downregulated in workers with under-develop 

bee workers, Kr KO will also reduce fecundity 

Histone deacetylase Rpd3 Rpd3 90 Required for resistance against starvation conditions, 

HDAC knockdown Drosophila shows lower survival under 

starvation 
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Trehalase Treh 159 Involved in metabolism during starvation (increase until the 

end of starvation period) 
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2.4.3 Pyrosequencing analysis  

a) DNA extraction 

Total DNA from each adult aphid sample (pools of seven individual aphids from each 

mesocosm) was extracted using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, UK) 

according to the manufacturer’s instructions, which includes an additional RNA elimination 

step using the RNase (4mg/mL) (Qiagen, UK). Briefly, the frozen aphids were ground into 

fine powder in liquid nitrogen using a pestle and mortar followed by homogenization in ALT 

buffer (Qiagen, UK) with 20μL of proteinase K followed by overnight incubation at 56oC. 

RNA elimination consisted of the addition of RNase A followed by incubation at room 

temperature (20-30oC) for 5min. Next, 200μL of buffer AL and ethanol (96-100%) were 

added to the samples and mix by vortexing followed by centrifugation at 10000 xg for 1min. 

After washing the column, 100μL of buffer AE was added directly to the column membrane 

and incubated at room temperature for 1min. DNA was eluted by centrifugation at 10000 

xg for 1min. DNA samples were transferred into -80oC until further analyses. 

 

b) DNA quantification and purity 

DNA purity was assessed using a Nanodrop, (Thermo Fisher Scientific, USA). For each 

biological replicate, 1μL DNA was loaded on the machine and the ratio of absorbance value 

260nm/280nm was recorded. Next, the total DNA concentration was measured using the 

Qubit DNA BR Assay Kits (Qiagen, UK) and Invitrogen Qubit 3.0 Fluorometer (Thermo 

Fisher, UK) according to the manufacturer’s instructions. Briefly, 1μL of sample were added 

to199μL of Qubit working solution (DNA HS reagent diluted in 1:200 with DNA BR buffer) 

in a thin-walled PCR tube followed by incubation at room temperature for 2min. DNA 

concentration (ng/μL) was calculated using the average of three readings from the Qubit 

Fluorometer (Qiagen, UK). 
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c) DNA integrity assessment  

DNA integrity was assessed using a non-denaturing DNA agarose gel. A 1.5% agarose gel 

was prepared in 1x TBE buffer containing 0.01% gel red stain. 4μL of samples were mixed 

with 1μL of 5x Loading Buffer (Bioline, UK) and loaded into the wells of the gel. Samples 

were separated by electrophoresis for approximately 1h at 115V until there was a clear 

distinctive band. Good DNA integrity is signified by presence of a distinctive band above 

10kb using HyperLadderTM 1kb (Bioline, UK). 

 

d) Bisulfite conversion 

DNA samples were bisulfite converted using EZ DNA Methylation-Gold Kit (Zymo 

Research, UK) according to the manufacturer’s instructions. 350ng of DNA were used as 

in the input followed by addition of 130μL of CT conversion reagent and sample volume 

was then made up to 150μL in RNase-free water. All reactions were run on the 3Primer 

Thermal Cycler machine (Techne, UK) with the following conditions: 1 cycle at 98 oC for 

10min, 1 cycle at 64oC for 150min. Next, samples were transferred to a spin column 

containing 600μL of binding buffer followed by centrifugation at 12500 xg for 30s. After 

washing the column, 200μL of M-Desulphonation Buffer were added to the column and 

incubated at room temperature (20-30oC) followed by centrifugation at 12500 xg for 30s. 

The spin column was washed again one more time and 10μL of M-Elution Buffer were 

added directly to the column. DNA was eluted by centrifugation at 12500 xg for 30s. DNA 

samples were transferred into -80oC until further analyses. 
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Table 2.5. Candidate gene used for pyrosequencing analysis. 

Gene  Forward Primer  Reverse primer Sequencing primer 

Heat shock protein 83                                                    GTTATTATGAAGGTAATTGATGATGTTGA

G 

CCAAATTCCAATTTAAATAAATCAAT

CAAC (biotin) 

TTTTATTTTAATAAAGAAATTT

T 

fligthin GATTTTGATGTATTTGTTTGGATGTT ACAACCAACTTATAAATTTTCCTCCA

TTC (biotin)   

GTTGATGTAGGTGGTGAT 

vestigial AGATGGATAATAATTGTAGATTATATAGAT AGATGGATAATAATTGTAGATTATAT

AGAT (biotin)   

ATAATTGTAGATTATATAGAT

TTAT 

engrailed     TAGTTGGTTAGGTTTAAGAAAGAGTTTAT   CAAACCCTAAACCATCAACTACAAAA 

(biotin)                     

GAGAATAGGTATTTGATTGAG

AGA 

apterous1   GTGTGTTTGGAGGTGTTGATTAAG ACTATTACTATTACTAAACCTACAAC 

(biotin)                      

TTTGTTAGTATTATTATTAGTA

GTT 

Short chain specific 

acyl-coA 

dehydrogenase                

AATTAGGAAGGAAAAGGGATAGTA   ATTTAATTTTTAATTCCAATAATAACC

TAT (biotin)               

AAGGAAAAGGGATAGTATT 

Insulin-like receptor                                                        GTTGTTTAAGTGATAGTTGTTTTGGTTTG  ACTATACATAAAAAATCAAACTTCCA

TACA (biotin)             

TTTAAAAGTGAATTTAAAATAT 
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carotene 

dehydrogenase                                              

GGGGGAGGATATTAAAAATTATATAGAG   AATCCCTCTTAAAATACTTACTCACT

TTAT (biotin)              

GTGTTTTATTAATTATTTTGTA

TAT 

Spalt major                                                                    TGGTAGAGTAATGATGGTTAGTTTA              AAAATAACAAATCCTACCATAAACC 

(biotin)                         

GATGTTTTTTTATAATAGTAG

ATA 

Troponin C                                                                    TGTATAGTATTAAGTTTTGAGAAAGGGTTT       ATAACATAACCCAACATATCCAAAAT 

(biotin)                      

GATATTGAGAAAAATGGTAAA

AT 

Mothers against 

decapentaplegic 

homolog 4                   

TTGGTTAAATAATTAGTTAAAGAGATGAGT                  TCCAAATACATCACTATTCATATTAA

AACT (biotin)              

AGTTAAAGAGATGAGTATATA

GT 

Ecdysone 20-

monooxygenase                                    

GGTATGGTGTAAAAAAATTTTTGGATTAA    ACTTCAACACCAATTTTACCAAAATT

ATAA (biotin)             

GGTGTAAAAAAATTTTTGGAT

TAAA 

Partner of bursicon                                                       TGAAAAGTTTTTGAGGGAGAGAATGA ACCAATTTATCACTAATCAATCTTAC 

(biotin)                       

TGAGGGAGAGAATGAT 

Krueppel homolog 1                                                       AAGTTGAATTTAGTATGGATGTGTTTTA 

(biotin)   

ACCAATAACTCCCTACCTAAAAACAA

TT 

ATAACTCCCTACCTAAAAACA

ATTT 

Histone deacetylase 

Rpd3                                           

AGGAAATTATTATTATGGATAAGGTTATT   ATCAAACTTAACTTACATATATTTCC

ATTT (biotin)                 

AAGGTTATTTAATGAAATTAT

ATAG    
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Trehalase      AGTATATGTGAGGGAAAGTGTG      AAAACCAAATAATAACCTACTAAACC 

(biotin)                      

GGAAAAGGAGGTTTTGTTG   

DNA 

methyltransferase 1-

associated protein 1           

AGGTTTTATTTATAAGTTTTAAAAAGTTAG                    TTAACAAATAAATACTCTTTACCCTC

ATC (biotin)       

GTTTTAAAAAGTTAGATTGGG 

Phytoene desaturase                                                    GGAGTGGTAAAAGGAATAAAATTGTAG AATCCTCCAATATTTAATCAAAACTT

AACT (biotin)                

AAAAATTAGGTAAAAAGAAAT

TGA 
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e) Pyrosequencing analysis 

The PCR product that has been successfully amplified is then used for methylation analysis 

by pyrosequencing. First, the master mix containing sepharose beads and binding buffer 

are prepared (Composition: 26.4μL of sepharose beads, 1056μL of binding buffer, 766μL 

of ddH20). 10–15μL of the PCR product is mixed with 70μL of the master mix in a 24-well 

PCR plate. The plate is then shaken for 10–15min at 1400rpm. Next, 0.3μM of sequencing 

primer for each genes (Table 2.5) mix is prepared and 25μL of the mix is added to each 

well of a Q24 sequencing plate. The beads are subsequently collected using a vacuum 

preparation workstation and then sequencing primer is added and heated to 80oC for 2min. 

Sequencing primer that has annealed to the biotinylated DNA strand is cooled to room 

temperature. Samples are pyrosequenced using the PyroMarkQ24 machine with PyroMark 

Q24 Software 2.0 (Qiagen, UK) and CpG methylation is analysed using the PyroMark CpG 

software. 

 

2.5 Western blot analysis 

a) Protein lysate extraction 

Protein solutions were obtained by grinding whole aphid sample in a 1.5mL Eppendorf tube 

with a pestle and mortar. A pooling for seven aphids was used in each extraction with a 

total of three biological repeats. The protein solution was then sonicated and centrifuged at 

10000 xg to remove any debris. 

 

b) Protein loading quantification  

Protein lysate quantification was assessed using the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Massachusetts, USA), according to the manufacturer’s 

instructions. A standard curve was generated using albumin standard with concentrations 

ranging from 0-2000 (μg/mL). 25μL of each standard and samples were loaded into each 
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well in a 96-well plate, followed by addition of 200μL of working reagent onto each well and 

mixed well by placing on a plate shaker for 30s. Next, the plate was incubated for 30min at 

37oC and absorbance at 595nm was read using a Synergy H1 Multi-Mode Microplate 

Reader (Biotek, USA). 

 

c) Western blot  

Samples were separated by SDS-PAGE (45min, 200V), (4-12% Bis-Tris gels, Thermo 

Fisher Scientific) and transferred to nitrocellulose membrane (10h, 30V, 4°C) (Whatman, 

Maidstone, UK). Membranes were blocked for 1h at room temperature using casein-

blocking buffer (Sigma-Aldrich, Missouri, USA, 1:10 dilution) in TBST (10 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 0.05% [wt/vol] Tween-20). Membranes were incubated with HSP70 3A3 

monoclonal mouse primary ab (Thermo Fisher, 1:1000 dilution) on blocking buffer overnight 

at 4°C. Subsequently, membranes were washed three times for 5min per wash using TBST 

and then incubated with polyclonal goat anti-mouse secondary Alexa Fluor 680 (Thermo 

Fisher Scientific, Massachusetts, USA, 1:10000 dilution) on blocking buffer in the dark at 

room temperature for 2h. Membranes were washed again three times for 5min per wash 

using TBST and then scanned using Odyssey Infrared Imaging System (LI-COR 

Biosciences, Nebraska, USA) at 700nm. Band signal intensity was determined based on 

the median pixel intensity signal of the bands using Odyssey software (LI-COR 

Biosciences, Nebraska, USA).  
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2.6 Statistics 

All statistics were performed using SPSS v23 (IBM, USA). For the phenotype data (chapter 

3), general linear models (GLMs) were used to investigate predictors of alternative morph 

production in aphids and general linear mixed models (GLMMs) were used investigate 

predictors of reproductive success of the morphs and subsequent offspring. All models 

include morph as fixed factor with other relevant fixed effect predictors (e.g., genotype) 

included where appropriate. For transfer experiments 1 and 2, Parental ID or Grandparental 

ID were included as covariates where appropriate. For both qPCR (chapter 4) and 

pyrosequencing analyses (chapter 5), morphs type and genotype, alternative morph vs wild 

type (AM_WT) were used as fixed factors. Subsequently, a post-hoc Tukey HSD test was 

applied to examine multiple pair-wise comparisons. All other statistical analysis for RNA-

seq, MBD-seq and miRNA-seq will be discussed in the method sections for each chapter, 

respectively. The F statistic is rounded to two decimal places for all analyses. In all the 

analyses, the minimal number of significant numbers in a model is analysed used using the 

exploratory factor analysis (EFA). 

Data are presented with mean ± standard error of the mean (SEM) with errors bars shown 

in black unless otherwise stated. The aphid genotype N116 is presented in green bars while 

the N127 genotype is presented in red bars unless otherwise stated. All graphs were 

produced using GraphPad Prism v.9.4.1 (GraphPad, USA) apart from the results from RNA-

seq, MBD-seq and miRNA-seq.  
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2.7 Summary 

The experimental design, timeline and sample collection for phenotype and molecular experiment presented in Chapter 3 -6 of the thesis are 

shown in Figure 2.5. 

 

Figure 2.5. Experimental design for crowded conditions and transfer experiments.  
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Chapter 3: Response of pea aphid 

genotypes to environmental stress 

and the trade-offs between 

reproduction and dispersal morphs 
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3.1 Introduction 

Phenotypic plasticity is the ability of organisms to change their phenotypes when exposed 

to different environments. Virtually all organisms will exhibit some degree of plasticity 

(West-Eberhard 2003). One of the most extreme cases of phenotypic plasticity is known as 

polyphenism. Polyphenism is the phenomenon whereby a single genotype gives rise to 

multiple discrete phenotypes. Polyphenisms play a key role in the success of insects as 

they allowed insects to adopt different phenotypes in response to environmental changes 

without altering their genome. There are many types of polyphenism in insects, for example, 

seasonal polyphenism in the southern African butterfly Bicylus anayana where several 

prominent marginal eyespots usually appear under the surface of the butterfly's hind winds 

during the wet season. In contrast, the number of spots will usually decrease and the 

butterfly changes its body colour to brown during the dry months. The reason behind the 

phenotypes changes during the dry season is to help them camouflage to the environment 

and reduced the chances of being preyed upon by predators (Lyytinen et al. 2004). Another 

widely studied polyphenism observed in insects is known as phase polyphenism. Phase 

polyphenism is usually observed in a specific species of grasshopper known as locusts 

such as the migratory locust Locusta migatoria. Locusts will respond to the population 

density around them by shifting between the low-density ‘solitarious’ phase or the high-

density, swarm-forming ‘gregarious phase’ (Pener et al. 2009). The changes in this phase 

usually involved a range of transitions in the locust morphology such as body shape, body 

colour, metabolic function and reproduction success.  

Another example of polyphenism that is commonly observed in insects is known as wing 

polyphenism. Wing polyphenism is most widely studied in aphids, a type of soft -bodied 

insects that commonly feed on the sap of plants. Aphids possess a remarkable complexity 

in their life cycles. In aphids, there are usually two different life cycles known as anholocyclic 

and holocyclic (Agrawal 2007). In holocyclic cycle (usually during wintertime), aphids 
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produce sexually with a single sexual generation, producing an overwintering egg that will 

hatch when conditions become more favourable (Figure 3.1A). In contrast, aphids 

reproduce asexually in the anholocyclic life cycle (mostly summertime) with only wingless 

female offspring being produced. During the anholocyclic life cycle, the aphids exhibit wing 

polyphenism when exposed to environmental stress (crowding, predation) whereby the 

mother will transmit the environmental signals to the offspring resulting in winged offspring 

in the next generation (Figure 3.2B, Vellichirammal et al. 2017). 

 

 

Figure 3.1. Aphid life cycle. A) Holycyclic life cycle consisting of single generation of male aphids 

and overwintering eggs. B) Anholocyclic life cycle consisting of only female aphids and alteration 

between winged and wingless offspring depending on environmental conditions.  
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Even though wing polyphenism is common when aphids are exposed to environmental 

stress, it is important to bear in mind that the aphid response towards environmental stress 

varies across genotypes with some aphids unable to produce wings but rather changing 

their body colour morph in response to environmental stress. This made aphids a good 

model to study the interaction between genotype and environment (Braendle et al. 2005). 

The ability to fly in insects has been a major contribution to the evolutionary and ecological 

success of aphids (Dingle 1996). However, according to the life history theory prediction, 

when two traits are energetically costly, organisms can only invest energy into one of the 

traits resulting in a trade-off between the two traits (Zera and Harshman 2001). One of the 

major trade-offs in winged aphids is observed between the ability to disperse and 

reproduction. Winged aphids have lower reproductive success in comparison to wingless 

aphids. The trade-offs in dispersal and reproduction are mainly due to the allocation of 

energy to ovarian growth versus the maintenance of flight muscle/wing or storage of fuel 

for flight (Zera and Denno 1997). Most winged morphs possess large functional flight 

muscles and require large quantities of lipid as flight fuel. In contrast, most flightless morphs 

have non-functional flight muscles with reduced lipid storage. The differences observed 

between reproduction and flight are generally large which makes them a good experiment 

model in investigating physiological trade-offs. For example, Zhang et al. 2008 measured 

the flight distance in soybean aphid and found  a significant decrease in reproduction as 

the flight distance increases. 

In our laboratory, we maintained two different genotypes of pea aphids (Kanvil et al. 2014) 

with differences in their body colour. The genotype N116 has green body colour while the 

N127 has red body colour. These two genotypes also differ in other key traits as described 

in section 2.1. 

In this chapter, I investigated the differences in response to environmental 

(crowding/starvation) between two aphid genotypes. The degree of alternative morph 
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production and the phenotypes (N116 winged morphs and N127 pale morphs) were 

measured. Next, we investigated the reproduction rate in different aphid morphs to provide 

insights into trade-offs. Most trade-offs have only been investigated in one generation; thus 

to provide insight into the trans-generational effect of trade-offs we investigated the 

reproductive success of subsequent offspring.  

The aims of this chapter were to: 

 Investigate the degree of alternative morphs production between the two pea 

aphid genotypes. 

 Investigate the possibility of trade-offs between dispersal and non-dispersal aphid 

morphs in two genotypes (N116 winged vs N116 wingless and N127 pale vs N127 

red). 

 Investigate transgenerational trade-offs in pea aphids 
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3.2 Methods 

3.2.1 Aphid colony 

Two aphid genotypes N116 and N127 are used in the experiment. The genotypes are kept 

and raised in separate individual colonies with two colonies for each genotype.  The details 

and differences in traits between these two polymorphic aphid genotypes are described in 

section 2.1. 

 

3.2.2 Experiment plant maintenance 

Faba bean plants (Vicia faba minor) were used in the experiment. All plants used in the 

experiment are three weeks old after germination and details about the plant maintenance 

and growth is described in Section 2.1.3 and 2.1.4. 

 

3.2.3 Crowded conditions for triggering of alternative morphs 

A pilot study conducted in our lab showed that predation failed to trigger alternative morphs 

in the pea aphids (no data shown).  In the predation experiment, we put a ladybird Adalia 

bipunctata on a plant with 10 fourth instar aphid. However, no winged offspring were 

observed in the next generation. Apart from that, the changes of body colour to pale were 

not observed in the predation experiment either. Therefore, we conducted a pilot study 

under crowded conditions and showed that alternative morphs are successfully produced 

from both genotypes. All aphids used in the experiment are of adult stage and are obtained 

from the stock colony maintained under low density conditions (15 aphids per plant 

maximum). The details of the experimental setup and traits measured are described in 

section 2.2.1. 
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3.2.4 Reproductive success of alternative morphs (F0 generation) and their 

subsequent offspring (F1 generation) 

At the end of the crowded condition experiment, five 4th star instar aphids from each morph 

were used in the crowded conditions as described in section 2.3.1. A second transfer 

experiment is carried out using five 4th star instar aphid offspring produced from each 

morph as described in section 2.3.1. 

 

3.2.5 Statistics 

All statistics were performed using SPSS v23 (IBM, USA) as described in section 2.6. Data 

are presented as mean ± SEM, with errors bars shown in black unless otherwise stated. 

The two genotype N116 and N127 are presented as green and red bars, respectively. All 

graphs were produced using GraphPad Prism v9.1.2 (GraphPad, USA). 

GLMs were used for degree of alternative morphs production and total population in the 

crowded conditions experiments. GLMMs were used for the total population size in both 

transfer experiment 1 and 2 with either parental ID or grandparental ID as the random effect 

to account for the variation of reproduction due to the difference in population size the aphid 

were collected from. For all experiments, fixed factors (morphs, genotype, alternative morph 

vs wild type) were included in the models where relevant (section 2.6). 
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3.3 Results 

3.3.1 Morph production in different pea aphid genotypes 

The two pea aphid genotypes N116 and N127 are able to produce alternative morphs under 

crowded conditions, with N116 producing winged offspring and N127 changing their body 

colour from red to pale but rarely producing winged morphs (where no winged morphs were 

observed during the course of experimental and only one were observed over the period 

across all experiment in the laboratory. A stepwise regression model (including all the 

independent variable and start removing those that are not statistically significant) is used 

to analyse the percentage of morph production in two different pea aphid genotypes. We 

first analysed the proportion of alternative morphs after 14 days of infestation, which is 

highly dependent on the genotype with N127 producing a greater percentage of alternative 

morphs compared to N116 (GLM, F(1,12)=74.29, P<0.001; Figure 3.2A). 

 

Figure 3.2. Percentage of morph production in two different pea aphid morph. A) Bar 

represents standard error of means. Green=pea aphid N116, Red=pea aphid N127. Values 

represent the mean ± SEM of seven replicates. **P-value <0.01, ***P-value <0.001. 
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Although total population size does not significantly affect the percentage of morphs when 

the genotype is also a predictor in the model, total population as the only main effect also 

has a significant effect (GLM, F(1,12)=5.930, P=0.031; Figure 3.2B). This is because N116 

has a higher population size than N127 (GLM, F(1,12)=5.054, P=0.044; Figure 3.3). 

 

Figure 3.3. Total population size in two different pea aphid morphs and the interaction 

effect of genotype and population on the percentage of morphs . A) Bar represents standard 

error of means. Green=pea aphid N116, Red=pea aphid N127. Values represent the mean ± SEM 

of seven replicates. **P-value <0.01, ***P-value <0.001. 

 

3.3.2 Total population size of different pea aphid genotypes 

Apart from the percentage of morphs, the total population size of pea aphids was also 

measured at the end of the experiment. The total population size of aphids was measured 

by counting all aphids in the mesocosm. A stepwise regression model is then used to 

analyse the total population size in two different pea aphid genotypes. The total population 

size of aphids is dependent on the genotype with N116 having a higher population size 

compared to N127(GLM, F(1,12)=5.054, P=0.044; Figure 3.3). Although the percentage of 

morphs does not significantly affect the total population size when genotype is also a 

predictor in the model, percentage of morphs as the only main effect also has a significant 
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effect (GLM, F(1,12)=5.930, P=0.031; Figure 3.4). Further, we investigated the effects of 

three plant traits (plant shoot root ratio, plant dry weight, and plant survival rate) on aphids’ 

total population. None of these factors, either alone or as interaction with aphid genotype 

and population size, had a significant effect (GLM, F(1,12)=1.858, P=0.198).

 

Figure 3.4. Effect of percentage of morphs on aphid total population size. Green line=pea 

aphid N116, Red line=pea aphid N127. Each point circle for N116 and square for N127 represents 

a data point. 

 

3.3.3 Plant fitness 

Apart from aphid traits, plant traits are also measured to determine the effect of aphid 

genotypes on plants’ fitness since the two aphid genotypes have very different virulence 

level and come from different host plant (N116 from Medicago Sativa and N127 from 

Medicago lupulina). Plant fitness is approximated by the shoot-to-root ratio and is measured 

by dividing the dry weight of the plant shoot by the dry weight of plant root (Eller and Brix 

2012). A stepwise regression model is then used to analyse the plant shoot-to-root ratio 

(S:R) in two different genotypes. Aphid genotypes, total population size and degree of 

alternative morphs had no effect on S:R ratio (GLM, F(1,12)=1.516, P=0.242, F(1,12)=2.456, 

P=0.143, F(1,12)=1.858, P=0.198). The S:R ratio in plants is dependent on the survival rate 
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of the plant whereby higher plant survival generally results in higher S:R in plant (GLM, 

F(1,12)=4.875, P=0.03, Figure 3.5) 

 

Figure 3.5. Effect of plant survival rate on plant S:R ratio. Black line= plant survival rate 

 

3.3.4 Reproductive success of different pea aphid morphs (T1) 

The ability of aphid to disperse has contributed to the major success of aphid evolution as 

it allows them to escape stressful environmental conditions. According to life-history trade-

offs theory, when organisms invest energy in a trait that increases its fitness always comes 

with a decrease in energy investment in another trait that reduces its fitness. Therefore, a 

transfer experiment was carried out at the end of the mesocosm experiment to determine 

the reproductive output (measured by total population after 14 days) in the four pea aphid 

morphs (N116 winged, N116 wingless, N127 pale and N127 red) to provide insight into 

possibility of trade-offs between reproduction and ability to disperse. The total population 

of aphids was measured by counting all aphids in the mesocosm after 12 days of infestation. 

A mixed model with Parental ID as random effect was used to determine if the population 
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size from which the aphid morphs come from has any effect on their reproductive output . 

The reproductive success of aphids are dependent on the interaction of both genotype and 

alternative morph vs wild type (AM_WT) (GLMM, F(1,12)=20.766, P=0.001, Figure 3.6, Table 

1) with wild-type morphs (wingless in N116 and red in N127) having a higher reproductive 

success. Apart from that, the N116 genotype also had a high reduction in reproductive 

success (measured by total population of wild type / total population of dispersal morphs)  

(43.4%) compared to the N127 genotype (24.1%). The total population size of the 

mesocosm from which the aphids originated did not have any effect on the reproductive 

success of the morphs.  

 

Figure 3.6. Differences in reproduction between offspring from dispersal and non-dispersal 

mothers in two genotypes and the interactions between alternative morphs vs wild type and 

genotype. AM= alternative morphs (dispersal), WT=wild type (non-dispersal), green line with circle 

symbol=N116, red line with square symbol= N127. Values represent the mean ± SEM of seven 

replicates. 
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Table 3.1. Summary of statistical model used for the transfer experiment 1 and 2 analysis and 

the significant predictors for each gene and random effects in each model. 

Experiment Model Predictors Random effect F-value P-

value 

Reproductive 

success of different 

pea aphid morphs 

GLMM Interaction of morphs and 

genotype 1AM_WT 

Parental ID 24.277 <0.001 

Reproductive 

success of offspring 

(F1) from different 

aphid morphs 

GLMM Interaction of morphs and 

genotype 1AM_WT 

GrandParental 

ID 

32.930 <0.001 

 

 

3.3.5 Reproductive success of offspring (F1) produced from different aphid 

morphs  

A second transfer experiment was carried out at the end of transfer experiment 1 to 

determine the trans-generational reproductive success (measured by total population) of 

each of the four pea aphid morphs. The total population of aphids was measured by 

counting all aphids in the mesocosm after 12 days of infestation. A mixed model with 

parental ID or grandparent ID as random effect was used to analyse if the total population 

size the four different pea aphid morphs originated from had any effect on reproductive 

success. The reproductive success of the F1 generation was dependent on both the 

genotype and morph type of the mother and their interaction, with wild-type morphs 

(wingless in N116 and red in N127) having a higher reproductive success compared to 

N127 (GLMM, F=184.267, P<0.001, Figure 3.7, Table 1). The total population size of the 

mesocosm from which the aphid originated did not have any effect on the reproductive 

success of the morphs. 
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Figure 3.7. Differences in reproduction between offspring (F1) from dispersal and non-

dispersal mothers in two genotypes. AM= alternative morphs (dispersal), WT=wild type (non-

dispersal), green line with circle symbol=N116, red line with square symbol= N127. Values represent 

the mean ± SEM of seven replicates. 

 

3.4 Discussion 

In this chapter, the first aim was to investigate the degree of alternative morph production 

between the two pea aphid genotypes. Our results showed that the N127 red genotype 

produced a higher degree of alternative morphs in comparison to the N116 genotype. The 

second aim was to investigate the possibility of trade-offs between the dispersal and non-

dispersal morphs. Our results showed a lower reproduction output between the dispersal 

morphs across two genotypes (N116 winged vs N116 wingless and N127 pale vs N127 

red). However, due to some limitation of the study such as not measuring the actual 

metabolites level in aphids or life time reproduction in the aphid morphs (further details 

discussed in Chapter 7) we can only suggest a possibility of trade-off but not a definite 

conclusion. Lastly, I sought to investigate the possibility of transgenerational trade-offs in 

pea aphids. Our results suggest that the reproductive output of the F1 generation (offspring 
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from different mother morphs) were also reduced. However, due to the same limitation in 

the transfer experiment we can only suggest that possibility of trade-off lasting more than 

one generation. 

 

3.4.1 Aphid genotype response to environmental stimulus and the degree of 

alternative morphs production 

This chapter investigated the response of two different pea aphid genotypes to 

environmental stress (crowding). Organisms usually react to environmental stimulus by 

altering some of their traits. Sometimes exposure of different genotypes to the same 

environment stress will result in different phenotypes suggesting that there might a role of 

genetic variation in these traits. In our study, we found that the aphid genotype N116 

genotype and N127 react differently when exposed to environmental stress. N116 usually 

produced winged offspring while N127 rarely produced any winged offspring but changed 

their body colour from red to pale. Previous studies have described differences in herbivore 

reactions to predation stress, for example the production of winged offspring in aphids is 

dependent on genotype (Braendle et al. 2005) with some genotypes able to produce winged 

offspring while others were unable to produce wings. One explanation for the differences 

in the response of genotype to crowding is due to population growth rate differences, 

whereby fast developing populations usually crowd faster in comparison to slower 

developing populations (Grantham et al. 2016). Another explanation for the different 

responses may be due to differences in virulence between the two aphid genotypes. N116 

is more virulent than N127 which means they have a higher resistance (measured by 

survival fecundity and growth rate) on different host genotypes (Kanvil et al. 2014) . In our 

experiment, both N116 and N127 were raised on Vicia faba, which is a common host plant 

for both genotypes. N127 is one of the least virulent genotypes, which means they might 

have lower developmental success on different plant genotype (Kanvil et al. 2014). 
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Together with the crowding conditions, it might be more beneficial for N127 to respond to 

environmental stress by changing body colour instead of producing winged offspring 

(changing body colour does not require trans-generational signal) to maximize their chance 

of survival (Grantham et al. 2016). 

Another possible explanation for the difference in response to the same environmental 

stimulus is the presence of different densoviruses and endosymbiont strains in pea aphids. 

In crowded conditions, Parker et al. (2019) reported that aphid genotypes that produced 

lower winged offspring has lower expression of the densovirus. Next by, knocking out the 

densovirus gene in highly wing inducible aphid genotypes leads to a lower percentage of 

winged offspring production. Apart from densovirus, aphids usually harbour the primary 

endosymbiont on their gut. Some recent study shows that Buchnera plays a role in 

mediating aphid polyphenism. For example, Zhang et al. (2015) showed that aphids with 

Buchnera eliminated produced a lower proportion of winged offspring in comparison to 

those with harbour Buchnera. The reduction of winged aphid production in aphid could be 

due to the role of Buchnera in regulating nutrients in aphids. Further, Hardie and Leckstein 

(2007) also showed that the deletion of a few essential amino acids such as isoleucine, and 

histidine, greatly impacts the number of winged offspring production in aphids.  Further, the 

aphid N127 also has lower Buchnera density compared to N116. The results together 

suggest that instead of a direct effect of Buchnera density on aphid wing polyphenism, it is 

more likely that the lower Buchnera density results in a reduction in the essential amino 

acid that aphids could obtain and therefore affects the proportion of winged offspring 

produced. 

A further possible explanation for the difference in winged plasticity is that the wing trait is 

considered a bet-hedging trait. The difference between bet-hedging and adaptive 

phenotypic plasticity is that in bet-hedging traits there are no predictive cues whereby 

different phenotypes are always produced (Seger and Brockmann 1987). Simons (2011) 
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suggested a number of characteristics for a trait to be categorised as bet-hedging. First is 

the identification of bet-hedging traits, which in our study will be the production of winged 

and wingless offspring. The second is the identif ication of unpredictable environmental 

factors. Winged offspring are usually induced by crowding, starvation and interspecific 

interactions. However, aphids do not fully expand their wing until they reached the adult 

stage which suggests that winged offspring are not capable of flight until they reach 

adulthood. The time lag between the environmental signal and the ability to fly suggests 

that the environment is not 100% predictive of the future whereby the environment stress 

could change such that a predator can leave or aphid could walk to nearby plants with 

better quality. The next evidence is that there is genotype-level candidate bet-hedging. By 

using multiple genotypes of aphids, Grantham et al. (2016) showed that there is significant 

variability in winged production between aphid genotypes suggesting that there is some 

genetic variability in winged polyphenism in aphids. These three levels of evidence have 

shown to be sufficient to categorise a trait as bet-hedging in other systems (Bradford et al. 

1993). The other remaining category of evidence for bet hedging required further studies 

and includes demonstrating variable fitness consequences of the trait, indication of the 

advantage of the bet-hedging trait under fluctuation selection, and, lastly, quantifying the 

fitness of bet-hedging trait to the degree of fluctuating selection. 

Next, I measured the degree of alternative morph production in the two aphid genotypes. 

Our results show that the red genotype N127 produced a greater proportion of alternative 

morphs compared to the green genotype N116. A study by Wang et al. (2019) has shown 

that it only takes 10h of starvation for the red pea aphid to start changing its body colour. 

In contrast, winged production in aphids is usually trans-generation in that the mother 

experiences the environmental signal but it is her offspring that develop into winged morphs 

(Mehrparvar et al. 2013). The ability to change its body colour rapidly (10h starvation is 

enough to start triggering body colour change) and without the need for trans-generational 



 

 

137 

 

signal transmission to offspring could explain the higher alternative morph production in 

N127. Migration or dispersal is an essential part of the life cycle of aphids as they need to 

escape from various environmental changes such as decreasing plant quality, crowding, 

and the presence of natural enemies to maximize their reproductive success (Weisser and 

Stadler 1994; Weisser et al.1999). Since N127 is able to react to environmental stimuli more 

quickly by changing body colour with increased locomotion compared to N116, it might 

increase their chance of survival (e.g. dispersal more quickly to look for food resources) 

when exposed to this abiotic stress. Another possible explanation for the difference in the 

proportion of alternative morph production is that N116 might be a genotype with lower 

production of winged offspring since studies have shown that variability of winged 

production in aphids is dependent on genotype possibly due to the presents of different 

expression level of densovirus (Parker et al. 2019). In contrast, in N127 the change in body 

colour is reversible in any stage, therefore it might be beneficial to quickly change a higher 

proportion of the population to pale with increased locomotion so they can quickly disperse 

to another plant. 

 

3.4.2 Reproductive success in different pea aphid morphs 

In this chapter, I found that the dispersal morph in both genotypes has significantly reduced 

reproduction (as measured by total population) compared to the non-dispersal (wild type) 

suggesting that a trade-off might present between dispersal and reproduction. Our results 

are in line with the prediction of life history trade-off theory whereby an increase in one life 

history trait (improving fitness) is usually accompanied by a reduction in another life history 

trait (reducing fitness). Some of the main evidence that supports the trade-off hypothesis in 

wing polymorphic species is that there is a negative correlation between flight muscle mass 

and ovarian mass (Roff 1986). For example, Lorenz (2007) showed that in the two-spotted 

cricket, Gryllus bimaculatushas, the flight activity peaked at the second day after adult wing 
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formation accompanied by increase flight muscle mass. After flight, the flight muscle usually 

undergoes histolyse resulting in an increase in oocyte development. This result suggests a 

competition in allocating nutrients to the maintenance of the flight apparatus and egg 

production in insects. Another study by Zhang et al. (2008) using soybean aphid, Aphis 

glycines, also further supports the presence of trade-offs between flight ability and 

reproduction. By using a flight mill system (a tool commonly used in measure different 

aspect of insect flight such as speed, distance), Zhang showed a positive correlation 

between the amount of flight and reduction in reproduction with longer flight resulting in 

lower reproduction. I also found a difference in reproductive success between the 

alternative morphs in N127 with the pale morphs having lower reproduction compared to 

the red morphs suggesting that trade-offs might be present between increased locomotion 

and reproduction. Instead of producing winged offspring, N127 usually changes its body 

colour from red to pale (with increased locomotion) (Tabadkani et al. 2013). Our results 

suggest a possibility of trade-off in aphids between increased locomotion and reproduction 

as most trade-off studies on aphids usually focus on flight and reproduction. It is possible 

that the trade-off observed between increased locomotion and reproduction is due to the 

energy allocation as observed in those with flight capability (Tabadkani et al. 2013). For 

example, Tabadkani showed that pale aphids have a lower content of lipids and 

carbohydrates in comparison to the red aphid. This suggests that the trade-off in 

reproduction and increased locomotion could be due to the utilization of a higher amount 

of energy reserve to stimulate the aphid to walk more actively in search of a better host 

quality plant. Another study by Samietz and Köhler (2012) investigated the effect of mobility 

and female fitness (egg-laying) in a non-migratory, wing monomorphic grasshopper, 

Stenobothurs lineatus, and reported a negative relationship between daily activity radius 

with egg-laying number. Together with the studies above, our data is in agreement with the 
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fact that limited internal energy resources are the main explanation for such trade-offs 

(Harshman and Zera 2006).  

Apart from lower reproduction in dispersal morph in both genotypes, our results showed 

that the reduction of reproductive success in the N116 genotype (43.4%) is significantly 

higher compared to the N127 genotype (24.1%). One of the possible explanations for such 

a big decrease in reproduction between dispersal and non-dispersal morphs in N116 

compared to N127 might be the results of higher energy requirement in flight compared to 

increased walking. Heinrich (1975) has shown that in pollinator insects the metabolic cost 

rate of walking per unit time is much lower compared to flight. However, the metabolic rate 

of flight is also affected by the type of flight such as hovering and gliding and the distance 

of the flight. Therefore, future studies are needed to determine if the higher reduction is due 

to lower metabolic rate cost in increased walking or if such observation is due to the 

distance of flight and type of flights in aphids. 

 

 

3.4.3 Reproductive success of offspring from different aphid morphs  

In this Chapter, the reproductive success of offspring is dependent on the mother morphs 

with offspring coming from dispersal morphs having lower reproductive output compared to 

those from a non-dispersal mother. Our study is the first to report such a difference in aphids 

suggesting that trade-offs in aphids might be trans-generational and last more than one 

generation. One explanation for the reduced reproduction in the offspring from dispersal 

mothers could be due to maternal or grand-maternal effects. For example, Pers and Hansen 

et al. (2019) showed that stressed granddaughter aphids took a significantly longer time to 

complete nymphal development in comparison to the non-stressed granddaughter. 

Therefore, the lower reproduction in offspring from dispersal mothers (reared in good 

conditions) observed in our study might be due to the high level of crowding and starvation 



 

 

140 

 

conditions experienced by their grandmother. Next, Kangassalo et al. (2020) also reported 

trans-generational effects of larval diet on body size and developmental timing in the greater 

wax moth, Galleria mellonella. Kangassalo showed that both male and female offspring 

from low nutrition parents showed a longer development time. Apart from that, the host 

plant quality might play a role in this observation. Leather (1989) reported differences in 

offspring reproduction in bird-cherry oat aphids from different mother morphs depending on 

the quality of the host plant. In the normal host plant, the offspring from the winged mother 

has higher fecundity and faster development time. In contrast, lower fecundity and 

prolonged development in offspring from winged mothers were observed on poor host 

plants. Therefore, the difference in fecundity of offspring from different morph mothers 

observed in our experiment might be due to the host plant used.  
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3.5 Summary 

In this Chapter, the response of two different aphid genotypes to crowding was investigated 

with a focus on the degree of alternative morph production and the type of alternative morph 

produced. The two aphid genotypes N116 and N127, obtained from Kanvil et al., 2014, has 

a high variability in the degree of alternative morph production as well as the type of 

alternative morph produced with the former producing winged offspring while the latter 

changing their body colour. A reduction in the offspring produced by different aphid morphs 

was observed in the transfer experiment with dispersal morphs in both genotypes having 

lower reproductive output compared to the non-dispersal morphs regardless of the 

population size from which the morphs were obtained. Finally, the reproductive output of 

the offspring produced by the dispersal mother was also found to be lower than those 

offspring that were produced by the non-dispersal mother.  

The results from this Chapter strongly support the idea that aphid plasticity varies when 

exposed to the same environmental stress and the type of plasticity is dependent on the 

aphid genotype with some aphids changing their body colour instead of producing wings.  

By understanding how a given aphid genotype reacts to stress we may potentially 

understand the prevalence of different aphid genotypes in the wild. Apart from that, the 

results of this chapter also suggest a possibility of trade-offs between dispersal and non-

dispersal regardless of the type of alternative morph (winged production or changing body 

colour with increased locomotion). Our result is the first to report such possibility of trade-

off in an aphid genotype that does not produce wings, suggesting that trade-off in insects 

not only occur between flight and reproduction but also potentially between increased 

locomotion and reproduction as well. This is important and can potentially explain the 

prevalence of both genotypes in wild even though the changing of body colour morph (with 

increased locomotion) requires less time compared to winged production.  
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Lastly, our results showed the reproductive output of the offspring produced from different 

aphid mothers is also affected, suggesting trans-generational effects of plasticity, possibly 

caused by grandmaternal/maternal effects and the host plant genotype. Our result are the 

first to reveal such a decrease in reproductive output in the offspring from different aphid 

morphs. Since all aphids have telescopic generations, therefore understanding the potential 

grandmaternal effect on the future offspring reproduction can help provide insight into the 

evolutionary success of aphid under different environmental stress. For the remainder of 

this thesis, the different morphs induced in this experiment are used to investigate the 

candidate genes involved in aphid development, the transcriptome and methylome profile 

of the different pea aphid morphs and the role of epigenetic mechanisms in regulating aphid 

polyphenism. 

  



 

 

143 

 

 

 

 

Chapter 4: Expression of 

developmental genes and 

transcriptome profiles of dispersal 

and non-dispersal aphid in two 

aphid genotypes 
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4.1 Introduction 
The ability to disperse (e.g. flight) is one of the major reasons behind the unparalleled 

diversity of insects and their evolutionary success. The advantages of wing evolution in 

insects are beneficial, for example due to increasing their ability to access novel resources 

and ecosystems and escape from predators (Wagner and Liebherr. 1992). The underlying 

developmental process of adult wing production has diverged significantly between insect 

orders. In holometabolous development, pupal reorganization usually occurs between the 

juvenile to adult stage, and the insect's wings are developed directly from the ectoderm 

(Jockusch and Ober 2004). One of the most used models to study wing development in 

holometabolous insects is Drosophila melanogaster (Serrano and O’Farrell 1997). During 

the embryonic development of Drosophila, the primordia cell for wing formation are set 

aside and the patterning event of these cells in the wing disc does not occur until they reach 

the larval instars (Bryant 1978; Cohen 1993). In the pupation stage, the wing appears 

similar to the adult stage but is usually found in a compacted form (Turner and Adler 1995).  

On the contrary, during hemimetabolous development or otherwise known as incomplete  

metamorphosis, the insects usually go through a sequence of juvenile stages that resemble 

the adult version without any pupal reorganization process. In hemimetabolous insects, the 

nymph possesses wing buds that extend from the thoracic body wall. The wing buds will 

slowly develop as the nymph grows followed by fully extended wings when they reach 

adulthood. As opposed to the widely studied holometabolous insects, the underlying 

molecular biology of wing development in hemimetabolous insects remains widely unknown 

(Jockusch and Ober 2004). Aphids, an insect in the order Hemiptera, became one of the 

best models to study wing development in hemimetabolous insects as they exhibit wing 

polyphenism. Aphids reproduce through parthenogenesis; therefore, all the daughters are 

essentially clones of their mother. A single aphid genotype can give rise to winged or 

wingless offspring depending on the environmental conditions experienced by the mother 
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(Müller et al. 2001, Braendle et al. 2006). The winged morphs differ f rom the unwinged 

morph not only in the presence of wings but also in other life-history traits such as 

reproductive output, immunity, developmental timing and others (Dixon and Howard 1986).  

In aphids, all nymphs usually possess the wing primordia (Johnson and Birks 1960; Tsuji 

and Kawada 1987). The nymph that will become winged and unwinged nymph cannot be 

distinguished by investigating the outer morphology during the 1st and 2nd instar stage. It 

is only at the 3rd instar stage that the two can be distinguished as the winged destined 

nymph will maintain and continue to grow their wing bud while the wingless nymph wing 

bud will be completely degenerated (Ganasi et al. 2005; Ishikawa et al. 2008). With the 

availability of the full genome sequence of the pea aphid, Brisson et al. (2010) have 

deduced the wing-patterning gene network and gene homologs for wing development in 

pea aphids based on the wing development pathways in Drosophila melanogaster (Figure 

4.1). 

 

Figure 4.1. The wing-formation gene network of pea aphids deduced from Drosophila 

melanogaster. (Adapted from Brisson et al., 2010). Abbreviations: en, engrailed; hh, hedgehog; 

dpp, decapentaplegic; sal, spalt major; Ubx, Ultrabithorax; vg, vestigial; hth, homothorax; ap, 

apterous; Ser, Serrate; wg, wingless; Dll, Distalless; ac/sc, achaete/scute. Arrowheads indicate 

activation of genes, while arrowheads with a cross symbol indicate the repression of the gene.  

(Adapt and edited from Brisson et al. 2010). 
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The winged morph production in pea aphid is also highly dependent on the genotypes with 

some triggering a high proportion of winged offspring while others producing none, and 

some genotypes only change their body colour and increase locomotion as seen in previous 

study by (Tabadkani et al., 2013) 

Apart from differences in their response to environmental stimulus, the two genotypes N116 

and N127 are also quite different morphologically and physiologically (Section 2.1). For 

example, the genotype N116 usually exists in green body colour morphs while the N127 

has a bright red/pink body colour. Next, the N116 is also more virulent and has higher 

reproductive output in comparison to the N127 (Kanvil et al. 2014). The molecular 

mechanisms that regulate this variation in life history traits between aphid genotypes remain 

poorly studied. Apart from less understood variation of molecular mechanism regulating life 

history traits between aphid genotypes, most studies on aphid polyphenism have been 

focused on just wingless and winged development. However, our results from Chapter 3 

show that the N127 genotype rarely produces any winged offspring but changes their body 

colour with increased locomotion (Tabadkani et al. 2013). The mechanisms regulating 

locomotion and any difference in transcriptome profile between the two different dispersal 

morphs remain largely unknown. 

This chapter investigates the candidate genes involved in aphid development including 

wing development, stress response, metabolite regulation and hormone regulation building 

upon the data from previous Chapter and previous studies (Brisson et al. 2010). The overall 

aim of this chapter was to investigate whether the candidate genes involved in aphid 

development are differentially expressed in the dispersal and non-dispersal morphs and 

between genotypes. Recent work has also focused on understanding the difference in aphid 

genotype and the differences in degree of phenotypic plasticity between aphid genotype 

(Kanvil et al. 2014; Parker et al. 2019; Sentis et al. 2019). Because of the critical role of the 

ability to disperse in aphid evolutionary success, this chapter also aimed to assess the 
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transcriptome profile between the aphid morphs and genotypes to provide insight into 

genes that could possibly regulate the difference in life-history traits between the morphs 

and genotypes. Specifically, the aims of this Chapter were to: 

 Measure the expression level of genes involved in different pea aphid 

developmental processes such as reproduction, wing formation, carotene 

production and stress response by qPCR 

 Investigate the transcriptome profile of different pea aphid morphs in two genotypes 

(N116 winged vs N116 wingless and N127 pale vs N127 red) by RNA-seq 

 Investigate the differences in GO and KEGG pathways in pea aphid morphs 

 Integrate the results of transcriptome profile (RNA-seq) with MBD-seq (data 

reported in Chapter 5) 

 Investigate the protein expression of a candidate gene (Hsp70) 
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4.2 Methods 

4.2.1. Materials 

All samples used in the experiment were obtained from the mesocosm experiment 

described in section 2.2.1. The number of samples used in the qPCR analysis is outlined 

in (Table 4.1), stratified by genotype and morphs. The number of biological replicates used 

in the experiment is determine based on the minimum requirement of three biological 

replicates commonly used in qPCR analysis (Taylor et al. 2019). 

Table 4.1. Summary of morph numbers used for molecular analysis in Chapter 4. 

Assay Genotype Morphs Replicates 

qPCR N116 wingless x5 (pooled samples)  

N116 winged x5 (pooled samples) 

N127 red x5 (pooled samples) 

N127 pale x5 (pooled samples) 

 

4.2.2 Candidate gene expression by qPCR 

Total RNA was extracted from whole adult aphids obtained as described in in Chapter 2 

(section 2.4.2), quantified (section 2.4.2b), quality checked for integrity and quali ty (section 

2.4.2c) and converted into cDNA (section 2.4.2d). Reference gene(s) used for data 

normalisation were selected based on a the top 5 most stable genes that were suitable to 

be use as endogenous control as determine by multiple analytical tool such as (geNorm, 

Normfinder, BestKeeper) as published in the study by Yang et al. (2014). geNorm calculate 

the stability of reference genes  using pairwise variation between each reference genes 

and other reference with stability indicate by M-value. Further, NormFinder calculate the 

stability value (SV) among samples in the given group and select genes with lower SV. 

Then, BestKeeper calculate the stability of the reference genes based on a few parameters 

such as standard deviation of the Cq values, correlation coefficient (r), coefficient of 
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variance (CV) and also the p-value. Next, the reference genes selected were validated 

using our sample and analysed using qBase+ software v3.2 (Biogazelle, Belgium; section 

2.4.2e). Candidate genes were quantified using a 1:20 cDNA dilution assay while the 

reference gene was quantified using 1:2 dilution and SYBR green as the fluorescent dye 

(both section 2.4.2f) with a melting curve analysis included to check for a single amplicon.  

 

4.2.3 Transcriptome sequencing 

Total RNA was submitted to the Genomic Technologies Core Facility (GTCF). The quality 

and integrity of the RNA samples was assessed using a 2200 TapeStation (Agilent 

Technologies) and then libraries were generated using the TruSeq® Stranded mRNA assay 

(Illumina, Inc.) according to the manufacturer’s protocol. Briefly, total RNA (0.1-4μg) was 

used as input material from which polyadenylated mRNA was purified using poly-T, oligo-

attached, magnetic beads. The mRNA was then fragmented using divalent cations under 

elevated temperature (3 minutes at 94°C) and then reverse transcribed into first-strand 

cDNA using random primers. The second strand of cDNA was then synthesised using DNA 

Polymerase I and RNase H. Following a single 'A' base addition, adapters were ligated to 

the cDNA fragments, and the products were then purified and enriched by PCR to create 

the final cDNA library. Adapter indices were used to multiplex libraries, which were pooled 

prior to cluster generation using a cBot instrument. The loaded flow cell was then paired 

end sequenced (76 + 76 cycles, plus indices) on an Illumina HiSeq4000 instrument. Finally, 

the output data was demultiplexed (allowing one mismatch) and BCL-to-Fastq conversion 

was performed using Illumina’s bcl2fastq software, version 2.20.0.422. 

 

4.2.4 Sequence assembly and annotation 

Unmapped paired-end sequences from an Illumina HiSeq 4000 sequencer were assessed 

by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequence 
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adapters were removed, and reads were quality trimmed using Trimmomatic_0.36 (Bolger 

et al. 2014). The reads were mapped against the reference Acyrthosiphon pisum genome 

v3.0 obtained from Bioinformatics Platform for Agroecosystem Arthropods (BIPAA) and 

counts per gene were calculated using Structural Annotation OGS3.0 using STAR_2.7.2b 

(Dobin et al. 2013). The genome assembly and structural annotation were obtained from 

the Bioinformatics Platform for Agroecosystem Arthropods (BIPAA). Normalisation, 

Principal Components Analysis, and differential expression were calculated in 

DESeq2_1.20.0 using default settings (Love et al. 2014). Blast2GO software 

(http://www.geneontology.org) was used for gene ontology (GO) annotations.  Kyoto 

Encyclopedia of Genes and Genomes (KEGG) analysis was used to identify significantly 

enriched metabolic pathways or signal transduction pathways in DEGs based on the 

database with the criteria of p-value < 0.1 and log2 fold change>1 (Corchete et al. 2020). 

 

4.2.5 Protein expression by Western blot 

Tissue lysates were prepared from different adult aphid morphs from Chapter 2 (section 

2.2.1). Lysate protein concentration was quantified using Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Massachusetts, USA). Samples were separated using SDS-

PAGE followed by transferring to nitrocellulose member. Next, Membranes were incubated 

with HSP70 3A3 monoclonal mouse primary ab (Thermo Fisher, 1:1000 dilution) followed 

by polyclonal goat anti-mouse secondary Alexa Fluor 680 (Thermo Fisher Scientific, 

Massachusetts, USA, 1:10000 dilution), Lastly, the membrane is read using Odyssey 

Infrared Imaging System (LI-COR Biosciences, Nebraska, USA) at 700 nm and analysed 

using Odyssey software (LI-COR Biosciences, Nebraska, USA). 
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4.3 Results 

4.3.1 RNA-seq analysis 

Four different morphs from two genotypes were selected for whole transcriptome profiling: 

genotype N116 (wingless and winged) and genotype N127 (red and pale). The two 

genotypes have very different body morph colours: N116 is usually green, while N127 is 

usually red, and they respond differently to crowded conditions, with N116 producing 

winged offspring and N127 changing their body colour from red to pale.  

 

4.3.2 Differentially expressed genes, Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis between 

genotype and morphs 

The transcriptomes of four different pea aphid morphs were compared based on the gene 

expression results. Many genes and pathways were identified that could play a key role in 

wing development, body colour, the trade-off between reproduction and flight, cuticle 

synthesis, and metabolism in the pea aphid. 79 million reads were obtained for N116 

(winged), 81 million reads for N116 (wingless), 97 million reads for N127 (pale), and 82 

million reads for N127 (red) (Table 4.2). After filtering (includes trimming and mapping to 

the reference genome), 38 million, 53 million, 80 million, and 68 million high-quality reads 

were obtained for each morph, respectively.  Apart from that, principal analysis plot was 

carried out to visualise the overall patterns of gene expression across morphs (Figure 4.2). 

 

Table 4.2. Number of raw reads and unique mapped reads for obtained from RNA seq. 

Strain Number of input reads Uniquely mapped read   

N116 winged 78,611,329 37,785,919 

N116 wingless 80,283,756 52,690,343 

N127 pale 96,893,751 79,957,269 

N127 red 82,289,189 67,687,920 
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Figure 4.2. Principal component analysis of gene expression of five pea aphid morphs . Each 

dot represents one biological replicate from the RNA-seq experiment. 

 
 
For gene expression measurements, a range of 35%–88% of the total reads were uniquely 

mapped to the genes in the reference database. The significantly DEGs for all groups was 

then further annotated for GO by using the Blast2Go parameters. The functions of the DEG 

by Blast2Go (P-adjust < 0.1) were then classified using GO assignments. For further 

functional categorisation, KEGG pathway analysis was performed using the pea aphid 

KEGG database. The DEG was then categorized into different KEGG Ontology (KO) terms. 
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a) Differentially expressed genes between different group comparison 

Based on the results of RNA-seq we found 2308 genes that were differentially expressed 

between the N116 winged aphid vs N116wingless aphid, 2076 genes between N127 pale 

aphid vs N127 red aphid, 5108 genes between N127 red aphid vs N116 wingless aphid and 

3153 genes between N127 pale vs N116 winged aphid (Figure 4.3). Then, we only found 

533 overlapping genes between the N116 winged aphid vs N116wingless aphid group with 

N127 pale vs N127red aphid group. Further, we found 1102 genes overlap between 

N127pale vs N127red aphid group vs N127red vs N116wingless aphid group. Most 

overlapping genes 1214 were observed between the N127red vs N116wingless aphid 

group vs N127pale vs N116 winged aphid group. Then, 409 overlapping genes were found 

between N116winged vs N116 wingless group vs N127pale vs N116winged aphid group. 

Finally, 59 overlapping genes were found across all the group comparisons (Figure 4.3). 

All of the differentially expressed genes were obtained based on the parameter of (P-value 

<0.1 and -0.3<log2fold>0.3). 
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Figure 4.3. Venn diagram comparing DEG identified by RNA-seq between different aphid 

morphs. Blue=N116 winged +N116wingless morphs, Green=N127red +N116winglesss, Yellow= 

N127 pale + N127 red morphs, Red=N127 pale+ N116 winged morphs.. Each sub-category 

represents the overlapping genes that were found between the two or more different group 

comparisons. 

 

b) Differentially expressed genes, GO and KEGG between N116 winged and 

N116 wingless aphids 

44 differentially expressed genes were filtered out from the list of 2308 genes based on 

their potential role in aphid development. These genes were involved in wing development, 

reproduction, metabolism, longevity and cuticle formation. 19 genes involved in the 

formation of wing muscles, lipid metabolism, the behaviour and stability of wing expansion, 

cuticle formation, longevity, pigmentation, DNA methylation, insect hormone synthesis, and 
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trehalose metabolism were upregulated in the winged morphs. In contrast, 25 genes that 

were involved in fatty acid metabolism, insecticide resistance, carotene production, wing 

expansion, stress response, reproduction, glycogen metabolism, and immune response 

were downregulated in the winged morph (Table 4.3).   

Next, 382 genes with (P-adjust<0.1 and log2fold>1) from the DEGS gene list were 

subjected to GO analysis. Significant enrichment was obtained for 179 genes that fall under 

15 functional groups (Figure 4.4). The 179 genes were classified into three categories: 85 

genes in biological process (BP), 89 in molecular function (MF) and five in cellular 

components (CC). Of the genes in the biological processes category, 40% were involved 

in transmembrane transport; 34% in proteolysis processes; and the remaining genes in ion 

transport, receptor signalling, and metabolic processes. In molecular function category, 

34% of genes were involved in the structural integrity of the cuticle, 25% in transmembrane 

transporter activity; and the remaining genes in G-protein coupled activity, vitamin 

transportation and other function. Lastly, all genes in cellular components were involved in 

nucleosome activity. 

In addition to the GO analysis, the 382 genes with (P-adjust<0.1 and log2fold>1) from DEG 

gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichments were obtained for 36 genes that fall under 5 different KEGG 

function description (Figure 4.5). The top four KEGG functional description group with the 

highest gene count is lysosome, autophagy (animal), arginine and proline metabolism, and 

ABC transporter. The KEGG function description can be further categorised under three 

wider categories with 67% of genes in metabolism, 22% in environmental information 

processing and 11%in cellular processes.  
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Table 4.3. Differentially expressed genes between N116 winged and N116 wingless aphids. 38 genes has been filtered out from the 2308 genes 

based on their functions such as (metabolites, flight development, ecdysteroid pathway signalling)  

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100570344 esterase E4 -2.11 0.0003 

LOC100160034 phenoloxidase 1 -1.18 0.0008 

LOC100159050 phytoene desaturase -1.15 0.0135 

LOC100160397 heat shock protein 83 -0.90 0.0034 

LOC100167672 protein dachsous -0.79 0.0184 

LOC100168026 heat shock protein 70 B2 -0.74 0.0068 

LOC100162796 homeotic protein spalt-major isoform X2 -0.63 0.0166 

LOC100159778 glycogen phosphorylase isoform X1 -0.59 0.0085 

LOC100164739 acetyl-CoA carboxylase -0.56 0.0210 

LOC100158806 protein held out wings isoform X1 -0.53 0.0149 

LOC100165557 trithorax group protein osa isoform X4 -0.50 0.0288 

LOC100167980 homeobox protein homothorax isoform X2 -0.50 0.0342 

LOC100163455 heat shock 70 kDa protein 4 -0.47 0.0018 

LOC100158703 optomotor-blind protein -0.44 0.0058 

LOC100574903 histone-lysine N-methyltransferase eggless -0.41 0.0337 

LOC100162023 histone deacetylase Rpd3 -0.40 0.0320 

LOC100160060 protein gustavus isoform X4 -0.36 0.0148 

LOC100159933 isocitrate dehydrogenase -0.35 0.0027 

Atpcl ATP citrate lyase -0.34 0.0413 
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Awd2 abnormal wing discs 2 isoform X1 0.37 0.0014 

LOC100165833 ecdysone 20-monooxygenase isoform X2 0.41 0.0155 

LOC100169493 mitogen-activated protein kinase p38b isoform X1 0.42 0.0191 

LOC103309827 DNA methyltransferase 1-associated protein 1 0.42 0.0776 

LOC100159349 G-protein coupled receptor Mth2 0.43 0.0081 

LOC100161983 apolipoprotein D isoform X1 0.46 0.0279 

LOC100162614 mothers against decapentaplegic homolog 4 0.49 0.0073 

LOC100161202 lipase 3 0.51 0.0018 

ORF2 chemosensory protein-like precursor 0.54 0.0293 

LOC100168129 histone-lysine N-methyltransferase, H3 lysine-79 specific 0.59 0.0207 

ORF4 chemosensory protein-like 0.65 0.0461 

LOC100166282 partner of bursicon 0.67 0.0222 

LOC100164834 Krueppel homolog 1 isoform X3 0.69 0.0303 

LOC100166489 eclosion hormone-like 0.93 0.0014 

LOC100158736 facilitated trehalose transporter Tret1 isoform X1 1.04 0.0191 

LOC100570184 nose resistant to fluoxetine protein 6 isoform X1  1.13 0.0002 

LOC100160700 phosphoenolpyruvate carboxykinase 1.60 1.87E-05 

LOC100168346 troponin C 3.25 7.75E-06 

LOC100161369 flightin 5.28 0.0001 
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Figure 4.4. GO enrichments between N116 winged and N116 wingless aphids. Gene ontology was classified into three main categories: 

BP=Biological process (blue), MF=Molecular Function (green), CC=Cellular Components (grey).  There are 85 genes in the biological process, 89 genes 

in molecular function and 5 genes in cellular component.  
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Figure 4.5. KEGG classification between N116 winged and N116 wingless aphids. X-axis represents the number of unigenes in the corresponding 

functional class. The genes were classified into three different wider categories, blue=metabolism, green=environmental infor mation processing, 

purple=cellular processes.  There are 24 genes in the cellular processes, 8 genes in environmental information processing and 4 genes in metabolism.
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c) Differentially expressed genes, GO and KEGG between N127 pale and N127 

red aphids 

40 differentially expressed genes were filtered out from the list of 2076 based on their 

potential role in aphid development. These genes were involved in carotene production, 

reproduction, metabolism, longevity and cuticle formation. 23 genes involved in juvenile 

hormone production, lipid metabolism, fatty acid metabolism, response to starvation, 

longevity, pigmentation, DNA methylation, locomotion, and trehalose metabolism were 

upregulated in the pale morphs. In contrast, 17 genes involved in fatty acid metabolism, 

insecticide resistance, carotene production, stress response, reproduction, glycogen 

metabolism, and immune response were downregulated in the pale morphs (Table 4.4). 

Next, 332 genes with (P-adjust<0.1 and log2fold>1) from the DEG gene list were subjected 

to the GO analysis. Significant enrichment was obtained for 100 genes that fall under 11 

functional groups (Figure 4.6). The 100 genes were classified into three categories: 34 

genes in biological process (BP), 66 molecular function (MF) and 0 cellular components 

(CC). Of the genes in the biological process, 74% were involved in transmembrane 

transport with the remaining genes involved in different amino acid catabolic process. In 

molecular function, 24% of genes were involved in transmembrane transporter activity, 15% 

in both glucuronosyltransferase activity and iron binding activity; and the remaining genes 

in acyl group transfer activity, monooxygenase activity and heme binding. 

In addition to the GO analysis, the 332 genes with (P-adjust<0.1 and log2fold>1) from DEG 

gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichments were obtained for 118 genes that fall under 16 different KEGG 

function descriptions (Figure 4.7). The top four KEGG functional description group with the 

highest gene count in is the biosynthesis of cofactors, drug metabolism - cytochrome P450, 

metabolism of xenobiotics by cytochrome P450, drug metabolism - other enzymes. The 
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KEGG function description can be further categorised under two wider categories with 94% 

of genes in metabolism pathways and 6% in cellular processes.   
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Table 4.4. Differentially expressed genes between N127 pale and N127 red aphids. 40 genes were filtered out from the 2076 genes based on function 

such as (metabolites, flight development, ecdysteroid pathway signalling). 

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100159914 cuticular protein-like precursor -5.40 0.0017 

LOC100570344 esterase E4 -1.70 0.0045 

LOC100574272 actin-1, partial -1.25 0.0054 

LOC100574964 bifunctional lycopene cyclase/phytoene synthase -1.19 0.0060 

LOC100163179 protein takeout isoform X2 -0.82 0.0521 

Y-y yellow-y precursor -0.74 0.0372 

LOC100166877 UDP-glucose 6-dehydrogenase -0.59 0.0002 

LOC100159795 protein phosphatase 1 regulatory subunit 3B isoform X1 -0.50 0.0421 

LOC100574903 histone-lysine N-methyltransferase eggless -0.44 0.0018 

cprr1-4 RR1 cuticle protein 4 precursor -0.42 0.0507 

LOC100574964 juvenile hormone acid O-methyltransferase isoform X2 -0.40 0.0059 

LOC100162429 dihydrolipoyl dehydrogenase, mitochondrial -0.37 0.0013 

LOC100162792 isocitrate dehydrogenase -0.35 0.0226 

LOC100166213 succinate dehydrogenase -0.32 0.0111 

LOC100167046 probable phosphoglycerate kinase -0.32 0.0138 

LOC100164251 pyruvate dehydrogenase E1 component subunit beta, mitochondrial -0.32 0.0157 

LOC100159778 glycogen phosphorylase isoform X1 -0.31 0.0324 

Usp ultraspiracle isoform X2 0.34 0.0068 

LOC103309827 DNA methyltransferase 1-associated protein 1 0.34 0.0099 

LOC100168659 insulin-like receptor 0.36 0.0214 

LOC100169464 insulin-like peptide receptor isoform X1 0.39 9.26E-05 

LOC100168097 forkhead box protein O 0.40 0.0067 

LOC100161983 apolipoprotein D isoform X1 0.43 0.0016 

LOC100160300 juvenile hormone epoxide hydrolase 1 0.50 0.0001 

LOC100160300 juvenile hormone epoxide hydrolase 1 0.50 0.0001 

LOC100161832 Insulin 0.51 0.0415 

LOC100165833 ecdysone 20-monooxygenase isoform X2 0.53 0.0003 

LOC100161380 phytoene desaturase 0.53 0.0464 
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LOC100159065 heat shock 70 kDa protein cognate 4 0.57 8.94E-07 

LOC100167145 heat shock protein 68-like 0.64 0.0481 

LOC100159349 G-protein coupled receptor Mth2 0.68 7.67E-06 

LOC100168129 histone-lysine N-methyltransferase, H3 lysine-79 specific 0.75 0.0003 

LOC100569479 insulin receptor substrate 1 isoform X1 0.76 4.97E-06 

LOC100160293 Phosphoglucomutase 0.86 2.84E-05 

LOC100166514 octopamine receptor 0.88 0.0205 

LOC100161594 short-chain specific acyl-CoA dehydrogenase, mitochondrial 1.09 4.19E-07 

LOC100574398 trehalase-like 1.10 0.0136 

LOC100165228 Galactokinase 1.60 2.41E-06 

LOC100167084 lipid storage droplets surface-binding protein 1 isoform X2 1.69 1.22E-15 

LOC100169576 facilitated trehalose transporter Tret1 isoform X1 3.43 1.07E-08 
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Figure 4.6. GO enrichment between N127 pale and N127 red aphids. The gene ontology was classified into three main categories: BP=Biological 

process (blue), MF=Molecular Function (green), CC=Cellular Components (grey). There are 34 genes in the biological process, 66 genes in molecular 

function.
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Figure 4.7. KEGG classification between N127 pale and N127 red aphids. X-axis represents the number of unigenes in the correponding functional 
class. The genes were further classified into two wider categories, blue=carbohydrate metabolism, purple=cellular processes.  There are 7 genes in cellular 
processes and 111 in metabolism. 
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d) Differentially expressed gene, GO and KEGG between N127 red and N116 

green wingless aphids 

50 differentially expressed genes were filtered out from the list of 5108 genes. These genes 

were involved in carotene production, reproduction, metabolism, longevity and cuticle 

formation. 22 genes that were involved in eye pigmentation, insecticide resistance, stress 

response, metabolism, starvation response, virus attenuation, histone modification and 

cuticle synthesis were upregulated in N127 red morphs. In contrast, 28 genes involved in 

carotene production, wing morphogenesis, ATP synthesis, longevity, cuticle synthesis, 

survival, reproduction, insect hormone and wing development were downregulated in the 

N127 red morphs (Table 4.5). 

Next, 1737 genes with (P-adjust<0.1 and log2fold>1) from the DEG gene list were subjected 

to GO analysis. Significant enrichment was obtained for 662 genes that fall under 26 

functional groups (Figure 4.8). The 662 genes were classified into three categories: 364 

genes in biological process (BP), 285 molecular function (MF) and 13 cellular components 

(CC). Of the genes in the biological process category, 24% were involved in proteolysis, 

22% in transmembrane transport, 15% in DNA integration process and the remaining genes 

in response to oxidative stress, lipid and carbohydrate metabolic process and nucleotide 

catabolic process. In the molecular function category, 15% of genes were involved in heme 

binding, 14% in transmembrane transporter activity, 10% in serine endopeptidase activity, 

and the remaining genes in G-couple receptor activity, hydrolase activity, ion-channel 

activity and other amino acid activity. Lastly, all genes in the cellular components category 

were involved in egg chorion activity. 

In addition to the GO analysis, the 1737 genes with (P-adjust<0.1 and log2fold>1) from 

DEG gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichment was obtained for 277 genes that fall under 17 different KEGG 

function descriptions (Figure 4.9). The top four KEGG functional description group with the 
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highest gene count is biosynthesis of cofactors, lysosome, drug metabolism - other 

enzymes and metabolism of xenobiotics by cytochrome P450. The KEGG function 

description can be further categorised into three wider categories with 86% of genes in 

metabolism pathways 5% in environmental information processing and 9% in cellular 

processes.  
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Table 4.5. Differentially expressed genes between N127 red and N116 green wingless aphids. 49 genes were filtered out from 5108 genes based on 

their function such as (metabolites, flight development, ecdysteroid pathway signalling)  

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100167145 heat shock protein 68-like -3.32 8.52E-06 

cprr1-2 RR1 cuticle protein 2 precursor -3.10 8.23E-24 

LOC100160300 juvenile hormone epoxide hydrolase 1 -2.19 3.40E-24 

LOC100161104 bifunctional lycopene cyclase/phytoene synthase -2.03 1.32E-27 

LOC100159332 bifunctional lycopene cyclase/phytoene synthase -1.41 0.0077 

LOC100161475 fructose-1,6-bisphosphatase 1 -1.27 7.62E-05 

LOC100161380 phytoene desaturase -1.14 1.95E-07 

LOC100572714 V-type proton ATPase subunit B -0.98 3.37E-09 

LOC100169464 insulin-like peptide receptor isoform X1 -0.90 5.78E-14 

LOC100574964 bifunctional lycopene cyclase/phytoene synthase -0.87 0.0269 

LOC100161594 short-chain specific acyl-CoA dehydrogenase, mitochondrial -0.85 0.0048 

LOC100161043 trehalase isoform X2 -0.82 0.0002 

LOC100159050 phytoene desaturase -0.76 0.0157 

Idgf imaginal disk growth factor precursor -0.75 0.0005 

LOC100161053 ecdysone-induced protein 78C isoform X3 -0.73 4.35E-05 

LOC100164834 Krueppel homolog 1 isoform X3 -0.73 0.0007 

LOC100162796 homeotic protein spalt-major isoform X2 -0.68 0.0001 

LOC100169645 heat shock protein 75 kDa, mitochondrial -0.61 6.75E-12 

LOC100159694 DNA N6-methyl adenine demethylase -0.46 0.0088 

LOC100168097 forkhead box protein O -0.45 0.0137 

LOC100165557 trithorax group protein osa isoform X4 -0.45 0.0012 

LOC100166128 fructose-bisphosphate aldolase -0.44 0.0015 

LOC100167980 homeobox protein homothorax isoform X2 -0.37 0.0316 

LOC100168563 heat shock protein 60A isoform X2 -0.36 0.0009 

Awd1 abnormal wing discs 1 isoform X1 -0.31 0.0156 

LOC100160060 protein gustavus isoform X4 -0.30 0.0009 

Ecr ecdysone receptor isoform A -0.30 0.0134 

LOC100160060 protein gustavus isoform X4 -0.30 0.0009 
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LOC100158682 set1/Ash2 histone methyltransferase complex subunit ASH2 0.38 0.0038 

LOC100569254 juvenile hormone acid O-methyltransferase isoform X2 0.44 0.0022 

LOC100168026 heat shock protein 70 B2 0.47 0.0251 

LOC100163097 histone deacetylase complex subunit SAP18 0.52 6.10E-10 

LOC100166213 succinate dehydrogenase 0.56 0.0002 

LOC100168479 esterase E4 0.83 1.08E-15 

LOC100574469 heat shock 70 kDa protein cognate 4 0.88 5.59E-14 

ORF3 chemosensory protein-like precursor 1.20 0.0004 

LOC100159282 cuticle protein 7 1.29 0.0003 

LOC100162620 leucine-rich repeat extensin-like protein 2 1.63 0.0013 

LOC100168775 histone deacetylase 8 isoform X1 1.70 1.69E-16 

cp60 cuticular protein 60 precursor 1.70 4.03E-06 

LOC100568695 G-protein coupled receptor Mth2 2.05 5.60E-11 

LOC100162836 cytochrome P450 4C1-like isoform X1 2.46 3.91E-06 

LOC100168000 probable G-protein coupled receptor Mth-like 2 3.39 1.63E-18 

LOC100158748 histone acetyltransferase KAT7-like 3.48 9.23E-05 

LOC100165740 retinol dehydrogenase 13 4.08 4.08E-19 

LOC100167954 glyceraldehyde-3-phosphate dehydrogenase-like 4.46 0.0221 

LOC100159685 takeout-like precursor 6.48 4.87E-25 

LOC100570971 protoheme IX farnesyltransferase, mitochondrial-like, partial 6.60 7.86E-32 

Tor carotene dehydrogenase 7.34 6.16E-24 

LOC100168987 UDP-glucuronosyltransferase 2B13 isoform X1 8.48 1.13E-20 
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Figure 4.8. GO enrichment between N127 red and N116 green wingless aphids. The gene ontology was classified into three main categories: 

BP=Biological process (blue), MF=Molecular Function (green), CC=Cellular Components (grey).  There are 364 genes in the biological process, 285 genes 

in molecular function and 13 in cellular component.
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Figure 4.9. KEGG classification between N127 red and N116 green wingless aphids. X-axis represents the number of unigenes in the corresponding 

functional class The genes were classified into three different wider categories, blue=metabolism, green=environmental information processing, 

purple=cellular processes.  There are 25 genes in cellular processes, 13 genes in environmental information processing and 239 genes in metabolism.
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e) Differentially expressed genes, GO and KEGG between N127 pale and N116 

winged aphids 

33 differentially expressed genes were filtered out from the list of 3153 genes. These genes 

were involved in carotene production, reproduction, metabolism, longevity and cut icle 

formation. 16 genes involved in extended lifespan, eye pigmentation, insecticide resistance, 

insect hormone synthesis, response to stress, cuticle formation, metabolism and response 

to starvation, were upregulated in N127 pale aphids. In contrast,17 genes involved in wing 

development, wing muscle and wing bud development, wing expansion, insect hormone, 

trehalose transport, and reproduction genes were downregulated in the N127 pale morphs 

(Table 4.6). 

Next, 1832 genes with (P-adjust<0.1 and log2fold>1) from the DEG gene list were subjected 

to the GO analysis. Significant enrichment was obtained for 496 genes that fall under 23 

functional groups. The 496 genes were classified into three categories: 199 genes in 

biological process (BP), 257 molecular function (MF) and 28 cellular components (CC) 

(Figure 4.10). Of the genes in the biological process category, 33% were involved in 

proteolysis, 23% in DNA integration activity, 15% in carbohydrate metabolic process and 

the remaining genes in response to oxidative stress, apoptotic process, and cell surface 

receptor signalling. Next, 16% of genes in the molecular function category were involved in 

heme binding, 11% in transmembrane transporter activity, 10% in serine endopeptidase 

activity, and the remaining genes in oxidoreductase activity, monooxygenase activity, 

peptidase activity and others. 61% of genes in cellular component category were involved 

in nucleosome activity and the remaining genes in egg chorion activity.  

In addition to GO analysis, the 1832 genes with (P-adjust<0.1 and log2fold>1) from the 

DEG gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichment was obtained for 220 genes that fall under 16 different KEGG 

function descriptions (Figure 4.11). The top four KEGG functional description group with 
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the highest gene count is biosynthesis of cofactors, pentose and glucuronate 

interconversions, lysosome, drug metabolism - other enzymes. The KEGG function 

description can be further categorised under three wider categories with 90% of genes in 

metabolism pathways 1.5% in environmental information processing and 8.5% in cellular 

processes. 
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Table 4.6. Differentially expressed genes between N127 pale and N116 winged aphids. 33 genes were filtered out of 3153 genes based on their 

functions such as (metabolites, flight development, ecdysteroid pathway signalling)  

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100161369 Flightin -5.33 4.27E-09 

LOC100168346 troponin C -2.95 7.72E-07 

cprr1-2 RR1 cuticle protein 2 precursor -2.71 1.21E-17 

LOC100166624 gustatory receptor for sugar taste 64f-like isoform X3 -2.52 0.0013 

LOC100161104 bifunctional lycopene cyclase/phytoene synthase -1.82 2.06E-22 

LOC100574964 bifunctional lycopene cyclase/phytoene synthase -1.62 4.75E-05 

LOC100160300 juvenile hormone epoxide hydrolase 1 -1.55 1.87E-12 

LOC100169115 facilitated trehalose transporter Tret1 -1.55 1.30E-12 

Rlpa RlpA family protein-like precursor -1.06 0.0089 

LOC107882419 trehalase-like -0.92 0.0413 

LOC100163068 S-adenosylmethionine sensor upstream of mTORC1 -0.73 0.0003 

LOC100169645 heat shock protein 75 kDa, mitochondrial -0.72 1.03E-15 

LOC100159920 histone deacetylase Rpd3-like -0.68 0.0041 

LOC100166282 partner of bursicon -0.64 0.0040 

LOC100164578 octopamine receptor Oamb -0.49 0.0003 

LOC100169464 insulin-like peptide receptor isoform X1 -0.43 0.0012 

LOC100169493 mitogen-activated protein kinase p38b isoform X1 -0.30 0.0142 

LOC100162071 protein Wnt-1 0.36 0.0328 

LOC100168026 heat shock protein 70 B2 0.58 0.0067 

LOC100168479 esterase E4 0.74 5.26E-12 

LOC100574469 heat shock 70 kDa protein cognate 4 0.88 8.44E-14 

cp60 cuticular protein 60 precursor 0.99 0.0183 

LOC100168775 histone deacetylase 8 isoform X1 1.14 2.00E-07 

Jhamt juvenile hormone acid methyltransferase isoform X1 1.78 0.0034 

LOC100166187 farnesyl pyrophosphate synthase-like 1.91 1.08E-05 

LOC100165740 retinol dehydrogenase 13 3.17 1.03E-13 

LOC100568695 G-protein coupled receptor Mth2 3.31 3.89E-13 

LOC100162620 leucine-rich repeat extensin-like protein 2 4.50 1.81E-21 
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LOC100168000 probable G-protein coupled receptor Mth-like 2 4.52 1.16E-16 

LOC100159685 takeout-like precursor 7.62 3.67E-28 

LOC100570971 protoheme IX farnesyltransferase, mitochondrial-like, partial 7.98 1.16E-20 

tor carotene dehydrogenase 9.63 2.53E-17 

LOC100168987 UDP-glucuronosyltransferase 2B13 isoform X1 9.79 7.90E-21 
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Figure 4.10. GO enrichments between N127 pale and N116 winged aphids. The gene ontology was classified into three main categories: BP=Biological 

process (blue), MF=Molecular Function (green), CC=Cellular Components (grey).  There are 199 genes in biological process , 257 molecular function and 

28 cellular components.  
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Figure 4.11. KEGG classification between N127 pale and N116 winged aphids. X-axis represents the number of unigenes in the corresponding 

functional class The genes were classified into three different wider categories, blue=metabolism, green=environmental inform ation processing, 

purple=cellular processes. There are 19 genes in cellular processes, 5 genes in environmental information processing and 196 genes in metabolism.  
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f) Differentially expressed genes, GO and KEGG between N127 (red+pale) and 

N116 (winged+wingless) aphids 

38 differentially expressed genes were filtered out from the list of 5262 genes based on 

their potential role in aphid development. 18 genes that were involved in response to stress, 

insect hormone synthesis, insecticide resistance, longevity, response to starvation, and 

metabolism of tricarboxylic acid cycle were upregulated in the N127 aphid (red+pale). In 

contrast, 20 genes that were involved in carotene production, wing morphogenesis, ATP 

synthesis, longevity, cuticle synthesis, survival, reproduction, insect hormone synthesis and 

wing development were downregulated in the N127 aphid (red+pale) (Table 4.7). 

Next, 2257 genes with (P-adjust<0.1 and log2fold>1) from the DEG gene list were subjected 

to the GO analysis. Significant enrichment was obtained for 626 genes that fall under 26 

functional groups (Figure 4.12). The 626 genes were classified into three categories: 334 

genes in biological process (BP), 266 molecular function (MF) and 26 cellular components 

(CC). Of the genes in the biological process category, 24% were involved in proteolysis, 

18% in transmembrane transport activity, 17% in DNA integration activity and the remaining 

genes in lipid and carbohydrate metabolic process, response to oxidative stress, apoptotic 

process and also cell surface receptor signalling pathway. In the molecular function 

category, 18% of genes were involved in heme binding, 13% in transmembrane transporter 

activity, 11% in peroxidase activity, and the remaining genes in peptidase activity, 

semaphoring-plexin receptor activity, monooxygenase activity, and hydrolase activity. In 

the cellular components category, 54% of genes were involved in egg chorion activity and 

46% in nucleosome activity.  

In addition to the GO analysis, the 2257 genes with (P-adjust<0.1 and log2fold>1) from the 

DEG gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichment was obtained for 248 genes that fall under 16 different KEGG 

function descriptions (Figure 4.13). The top four KEGG functional description group with 
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the highest gene count is biosynthesis of cofactors, lysosome, drug metabolism - other 

enzymes and metabolism of xenobiotics by cytochrome P450. The KEGG function 

description can be further categorised into three different wider categories with 87.5% in 

metabolism, 3.5% in environmental information processing and 9% in cellular processes. 
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Table 4.7. Differentially expressed genes between N127 (red+pale) and N116 (winged+wingless) aphids. 38 were filtered out from 5262 genes based 

on their function such as (metabolites, flight development, ecdysteroid pathway signalling) 

 

Gene ID Protein Information from NCBI 
log2fold 

p-value adjusted 

LOC100161369 flightin 
-3.57 

0.0012 

LOC100164416 nose resistant to fluoxetine protein 6 
-3.03 

0.0027 

LOC100166624 gustatory receptor for sugar taste 64f-like isoform X3 
-2.93 

7.46E-09 

LOC100161380 phytoene desaturase 
-2.70 

1.21E-04 

LOC100159920 histone deacetylase Rpd3-like 
-2.16 

0.0053 

LOC100169645 heat shock protein 75 kDa, mitochondrial 
-1.92 

5.45E-16 

LOC100169464 insulin-like peptide receptor isoform X1 
-1.85 

1.24E-08 

LOC100158771 glycogen 
-1.24 

0.0387 

LOC100163068 S-adenosylmethionine sensor upstream of mTORC1 
-1.15 

0.0007 

LOC100168346 troponin C 
-1.15 

0.0016 

LOC100574964 bifunctional lycopene cyclase/phytoene synthase 
-0.73 

0.0011 

Rlpa RlpA family protein-like precursor 
-0.66 

7.54E-06 

LOC100168413 heat shock protein 68-like 
-0.66 

0.0002 

Idgf imaginal disk growth factor precursor 
-0.62 

0.0047 

LOC100159332 bifunctional lycopene cyclase/phytoene synthase 
-0.51 

0.0470 

LOC100161043 trehalase isoform X2 
-0.50 

0.0012 

LOC100159050 phytoene desaturase 
-0.46 

0.0157 

LOC100161104 bifunctional lycopene cyclase/phytoene synthase 
0.34 

4.55E-42 
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LOC100163097 histone deacetylase complex subunit SAP18 
0.36 

1.96E-06 

LOC100166213 succinate dehydrogenase 
0.38 

0.012178 

LOC100168026 heat shock protein 70 B2 
0.44 

0.037763 

LOC100160300 juvenile hormone epoxide hydrolase 1 
0.51 

2.87E-26 

LOC100166984 protein phosphatases pp1 regulatory subunit-like isoform X1 
0.63 

6.98E-46 

LOC100168479 esterase E4 
0.79 

8.07E-28 

LOC100574469 heat shock 70 kDa protein cognate 4 
0.88 

3.71E-14 

cprr1-2 RR1 cuticle protein 2 precursor 
1.15 

1.32E-36 

LOC100168775 histone deacetylase 8 isoform X1 
1.43 

3.60E-20 

Jhamt juvenile hormone acid methyltransferase isoform X1 
1.46 

7.92E-05 

LOC100169473 pupal cuticle protein C1B-like 
1.47 

2.40E-05 

LOC100569361 cuticle protein 7 
2.21 

2.30E-05 

LOC100568695 G-protein coupled receptor Mth2 
2.44 

9.10E-22 

LOC100571987 trehalase-like 
3.57 

0.000543 

LOC100570971 protoheme IX farnesyltransferase, mitochondrial-like, partial 
6.60 

7.71E-51 

LOC100159685 takeout-like precursor 
6.94 

1.03E-53 

Tor carotene dehydrogenase 
7.34 

2.10E-33 
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Figure 4.12. GO enrichments between N127 (pale+red) and N116 (wingless+winged) aphids. The gene ontology was classified into three main 

categories: BP=Biological process (blue), MF=Molecular Function (green), CC=Cellular Components (grey). There are 334 genes in biological process, 

266 molecular function and 26 cellular components. 
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Figure 4.13. KEGG classification between N127 (red+pale) and N116 (winged+wingless) aphids. X-axis represents the number of unigenes in the 

corresponding functional class The genes were classified into three different wider categories, blue =metabolism, green=environmental information 

processing, purple=cellular processes. There are 22 genes in cellular processes, 9 genes in environmental information processing and 217 genes in 

metabolism.  
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g) Differentially expressed genes, GO and KEGG between alternative morphs 

(N127 pale+N116 winged) and wild type (N127red+N116 wingless) 

23 differentially expressed genes were filtered out from the list of 5287 genes. 12 genes 

involved in wing muscle development, volatile reception, ecdysone hormone, longevity, 

DNA methylation and metabolism were upregulated in the aphid morphs (N127 pale + N116 

winged). In contrast, 11 genes that were involved in response to stress, carotenoid 

biosynthesis, reproduction and tricarboxylic acid cycle were downregulated in the aphid 

morphs (N127 pale + N116 winged). (Table 4.8). 

Next, 163 genes with (P-adjust<0.1 and log2fold>1) from DEG gene list were subjected to 

the GO analysis. Significant enrichment was obtained for 116 genes that fall under 15 

functional groups (Figure 4.14). The 116 genes were classified into three categories: 45 

genes in biological process (BP), 71 molecular function (MF) and 0 cellular components 

(CC). Of the gene in the biological process category, 51% were involved in transmembrane 

transport activity, 31% in proteolysis, and the remaining genes in riboflavin metabolic 

process, vitamin transmembrane transport and oligopeptide transport. In molecular function 

category, 30% of genes were involved in structural constituent of cuticle, 23% in 

transmembrane transporter activity, 8% in both heme binding and cysteine-type peptidase 

activity, and the remaining genes in ATPase coupled transmembrane transporter activity, 

acid phosphatase activity, iron binding, oxidoreductase activity and vitamin transmembrane 

transporter activity. 

In addition to the GO analysis, the 163 genes with (P-adjust<0.1 and log2fold>1) from 

DEGS gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichment was obtained for 23 genes that fall under four different KEGG 

function descriptions. The top four KEGG functional description group with the highest gene 

count is lysosome, autophagy – animal, ABC transporters and biosynthesis of amino acids. 

The KEGG function description can be further categorised into three different wider 
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categories with 17% in metabolism, 18% in environmental information processing and 65% 

in cellular processes. (Figure 4.15). 
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Table 4.8. Differentially expressed genes between alternative morphs (N127 pale+N116 winged) and wildtype (N127 red+N116 wingless).  23 genes 

were filtered out from 5262 genes based on their function such as (metabolites, flight development, ecdysteroid pathway signalling)  

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100570344 esterase E4 -1.99 0.0001 

LOC100574272 actin-1, partial -1.11 0.0019 

LOC100574951 cuticle protein 7 -1.10 0.0091 

LOC100160736 heat shock protein 83 -0.68 0.0054 

LOC100168026 heat shock protein 70 B2 -0.65 0.0040 

LOC100159050 phytoene desaturase -0.65 0.0515 

LOC100165352 histone-lysine N-methyltransferase eggless -0.44 0.0011 

LOC100162792 isocitrate dehydrogenase -0.41 0.0008 

LOC100163748 heat shock 70 kDa protein cognate 4 -0.39 0.0004 

LOC100162429 dihydrolipoyl dehydrogenase, mitochondrial -0.36 9.34E-06 

LOC100168563 heat shock protein 60A isoform X2 -0.36 0.0042 

LOC100159682 Catalase 0.38 0.0305 

LOC103309827 DNA methyltransferase 1-associated protein 1 0.39 0.0015 

LOC100162614 mothers against decapentaplegic homolog 4 0.45 0.0039 

LOC100165833 ecdysone 20-monooxygenase isoform X2 0.48 0.0007 

LOC100159349 G-protein coupled receptor Mth2 0.54 0.0124 

LOC100568675 nose resistant to fluoxetine protein 6 isoform X3 0.79 0.0039 

ORF1 chemosensory protein-like precursor 1.23 0.0007 

LOC100160700 phosphoenolpyruvate carboxykinase 1.51 0.0002 

LOC100169576 facilitated trehalose transporter Tret1 isoform X1 2.15 6.07E-05 

LOC100168346 troponin C 2.36 0.0023 

LOC100161369 Flightin 3.01 0.0018 
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Figure 4.14. GO enrichment between alternative morphs (N127 pale+N116 winged) and wildtype (N127 red+N116 wingless). BP=Biological process 

(blue), MF=Molecular Function (green), CC=Cellular Components (grey). There are 45 genes in biological process and 71 genes in molecular function  
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Figure 4.15. KEGG classification between alternative morphs (N127 pale+N116 winged) and wildtype (N127 red+N116 wingless). X-axis represents 

the number of unigenes in the corresponding functional class The genes were classified into three different wider categories,  blue=metabolism, 

green=environmental information processing, purple=cellular processes. There are 15 genes in cellular process, 4 genes in environmental information 

processing and 4 genes in metabolism.
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h) Differentially expressed genes, GO and KEGG between interaction of the 

aphid genotype and aphid morphs 

1986 genes were significantly differentially expressed (P-adjust<0.1, -0.3<log2fold>0.3) 

between the interaction of aphid genotype and aphid morphs. 22 differentially expressed 

genes were filtered out from the list of 1986 genes. These genes were involved in wing 

development, reproduction, metabolism, longevity and cuticle formation. 14 genes involved 

in lipid storage, aphid endosymbiont systems, glycolysis, locomotion, trehalose 

transportation, stress response, and wing morphogenesis were upregulated. In contrast, 

seven genes that were involved in aphid immune system, wing muscle development, 

epigenetic maintenance, histone modification, pigmentation and wing expansion behaviour 

were downregulated (Table 4.9).  

Next, 498 genes with (P-adjust<0.1 and log2fold>1) from the DEG gene list were subjected 

to a GO analysis. Significant enrichment was obtained for 116 genes that fall under 15 

functional groups resulting in 13 functional groups (Figure 4.16). The 150 genes were 

classified into three categories: 68 genes in biological process (BP), 82 molecular function 

(MF) and 0 cellular components (CC). Of the gene in the biological process category, 44% 

were involved in transmembrane transport activity, 35% in proteolysis, 10% in ion 

transmembrane transport and the remaining genes in potassium ion transport and 

nucleotide catabolic process. In the molecular function category, 17% of genes were 

involved in catalytic activity, 16% in both iron ion binding and heme binding, and the 

remaining genes in oxidoreductase activity, glucuronosyltransferase activity, 

transmembrane signalling receptor activity, monooxygenase activity and also extracellular 

ligand-gated ion channel activity. 

In addition to the GO analysis, the 498 genes with (P-adjust<0.1 and log2fold>1) from the 

DEGS gene list were subjected to the Kyoto Encyclopedia of Genes and Genomes analysis. 

Significant enrichment was obtained for 107 genes that fall under 11 different KEGG 
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function descriptions (Figure 4.17). The top four KEGG functional description group with 

the highest gene count is lysosome, autophagy – animal, ABC transporters and 

biosynthesis of amino acids. The KEGG function description can be further categorised into 

three different wider categories with 77% in metabolism, 9% in environmental information 

processing and 14% in cellular processes. 
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Table 4.9. Differentially expressed gene between interaction of aphid genotypes and aphid morphs.  22 genes were filtered out from 1986 genes 

based on their function such as (metabolites, flight development, ecdysteroid pathway signalling) 

Gene ID Protein Information from NCBI log2fold p-value adjusted 

LOC100161369 Flightin -5.29 0.0008 

LOC100168346 troponin C -3.09 0.0044 

LOC100166282 partner of bursicon -0.74 0.0470 

LOC100169493 mitogen-activated protein kinase p38b isoform X1 -0.58 0.0018 

LOC100162657 histone deacetylase 8 isoform X1 -0.57 0.0297 

LOC100167839 polycomb protein EED -0.54 0.0055 

LOC100163097 histone deacetylase complex subunit SAP18 -0.31 0.0435 

LOC100169464 insulin-like peptide receptor isoform X1 0.47 0.0365 

LOC100159065 heat shock 70 kDa protein cognate 4 0.66 0.0061 

LOC100162796 homeotic protein spalt-major isoform X2 0.73 0.0186 

Samdc S-adenosylmethionine decarboxylase isoform X1 0.75 0.0006 

LOC100164834 Krueppel homolog 1 isoform X3 0.80 0.0371 

LOC100169318 nose resistant to fluoxetine protein 6 0.86 0.0196 

LOC100163393 phenoloxidase 2 1.04 0.0374 

LOC100571236 locomotion-related protein Hikaru genki isoform X1 1.11 0.0013 

LOC100160293 Phosphoglucomutase 1.15 0.0048 

LOC100159380 facilitated trehalose transporter Tret1 1.20 0.0086 

LOC100160570 protein yellow-like 1.68 0.0147 

LOC100167084 lipid storage droplets surface-binding protein 1 isoform X2 1.69 1.22E-15 

cprr1-8 RR1 cuticle protein 8 isoform X1 1.81 0.0050 

LOC100161878 esterase E4 isoform X1 2.15 0.0009 
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Figure 4.16. GO enrichment in the interaction of aphid genotypes and aphid morph. BP=Biological process (blue), MF=Molecular Function 

(green), CC=Cellular Components (grey). There are 68 genes in biological process and 82 genes in molecular function. 
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Figure 4.17. KEGG classification in the interaction of aphid genotypes and aphid morph. X-axis represents the number of unigenes in the 

corresponding functional class The genes were classified into three different wider categories, blue=metabolism, green=environmental information 

processing, purple=cellular processes. There are 15 genes in cellular processes, 10 genes in environmental information processing and 82 genes in 

metabolism.
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4.3.3 Gene expression 

We selected eight genes from the differentially expressed gene list obtained from RNA-

seq from the (N116 winged vs N116 wingless) group based on their potential role in aphid 

development such as wing formation, stress response, ecdysone signalling, reproduction 

for qPCR validation. Another additional eight genes were selected to investigate their 

expression level between aphid morphs and genotypes based on their role in aphid 

development (wing development, stress response, carotene production, reproduction) 

(Table 4.10) as published in previous studies (Brisson et al. 2010; Zhang et al. 2017; 

Parker et al. 2019; Zhang et al. 2019). 

 

a) geNorm analysis 

Analysis of the list of reference genes commonly used in aphid sample determined a 

geNorm M-value (stability of each reference gene where a lower value represents higher 

stability across experimental groups, Figure 4.18) threshold for which all three of the five 

reference genes fell below (M<0.5), resulting in the combinations to the two-reference 

genes with lowest M-value being used for normalisation. 
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Figure 4.18. Representative geNorm analysis using qBase+ software to identify the optimal number of reference genes. The geNorm M-value 

relates to stability of each reference gene, where a lower M-value signifies increased stability (Yang et al. 2014). The genes selected here are those with 

the lowest M-value and highest stability. 
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b) RNA-seq gene validation 

The expression of 8 different genes selected from RNA-seq based on the group comparison 

of (N116 winged vs N116 wingless). The genes were validated using qPCR and the overall 

visualising of gene expression is presented in (Figure 4.19). Next, the gene expression of 

another 8 different is also analysed and were selected based on their function in pea aphids 

reported in previous studies (such as stress response, wing formation, carotenoid 

production) (Figure 4.20). Lastly, the significant predictors for each gene were reported in 

(Table 4.10). 

 

Table 4.10. Summary of statistical model used for gene expression analysis and the 

significant predictors for each gene. The graph representing first 8 genes (validation 

from RNA-seq results) is presented in Figure 4.19 and the remaining genes were presented 

in Figure 4.20 (selected based on previous literature and research). 

Gene Model Significant predictors F-

value 

P-value 

Troponin C GLM Interaction of morphs and genotype 19.899 <0.001 

Trehalase GLM Main effect (morphs) 8.186 0.011 

Krueppel-homolog 1 GLM Main effect (morphs) 16.861 <0.001 

Mother against 

decapentaplegic 

homolog 4 

GLM Main effect (morphs) 16.861 <0.001 

Partner of Bursicon GLM Interaction of morphs and genotype 10.845 0.002 

DNA 

methyltransferase 1 

associated protein 1 

GLM Main effect (morph) 5.493 0.009 

Histone deacetylase 

Rpd3 

GLM Main effect (morph) 5.493 0.009 
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Ecdysone 20-

monooxygenase  

GLM Interaction of morphs and genotype 6.097 0.025 

Flightin GLM Interaction of morphs and genotype 19.899 <0.001 

Apterous 1 GLM Interaction of morphs and genotype 6.369 0.023 

Engrailed GLM None of the predictors were significant. 

**reported value here is from the 

interaction of morphs and genotype 

0.371 0.551 

Vestigial GLM Interaction of morphs and genotype 4.063 0.037 

Short-chain specific 

acyl-coA 

dehydrogenase 

GLM Main effect (morphs) 7.031 0.011 

Heat Shock Protein 

83 

GLM None of the predictors were significant. 

**reported value here is from the 

interaction of morphs and genotype 

0.789 0.388 

Carotene 

dehydrogenase 

GLM Main effect (morphs)  

** morphs here represent only pale vs 

red aphid in N127 genotype as no 

expression of these genes for N116 

genotype 

1.732 0.225 

Acyrthosiphon pisum 

densovirus 

GLM Main effect (morphs)  

** morphs here represent only pale vs 

red aphid in N127 genotype as no 

expression of these genes for N116 

genotype 

0.29 0.605 
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Figure 4.19. Validation through qPCR of RNA-seq differentially expressed genes between aphid morphs. AW= adult wing, WG= adult wingless, PA= pale 

adult, RA= red adult. Each of the bars represents the average measurement of expression from five biological replicate with e rror bars indicating the SEM. 

The Y-axis scale is specific to each gene. *P-values <0.05, **P-values <0.01, ***P-values<0.001 obtained from Tukey’s post-hoc test. From left to right: 

Troponin C (TnC), Trehalase (Treh), Kruppel-homolog1 (Kr-h1), Mothers against decapentaplegic homolog 4 (Mad), Partner of bursicon (Pburs), DNA 

methyltransferase 1 associated protein 1 (DMAP1), Histone deacetylase Rpd3 (Rpd3), Ecdysone 20-monooxygenase(shd). The p-value, F-value and 

predictors of each model for the genes is tabulated in Table 4.10.
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Figure 4.20. Expression level of candidate genes between aphid morphs. AW= adult wing, WG= adult wingless, PA= pale adult, RA= red adult. Each 
of the bar represents the average measurement of expression from five biological replicates with error  bars indicating the SEM. The Y-axis scale is specific 
to each gene. *P-values <0.05, **P-values <0.01, ***P-values<0.001 obtained from Tukey’s post-hoc test. From left to right: Flightin (fl), Apterous (ap1), 
Engrailed (en), Vestigial (vg), Short chain specific acyl-coA dehydrogenase (SCAD), Heat shock protein 83 (Hsp83), Carotene dehydrogenase (tor), 
Acyrthosiphon pisum desnovirus (Apns-1). The p-value, F-value and predictors of each model for the genes is tabulated in Table 4.10.
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4.3.4 Protein expression 

Protein samples from different aphid morphs were quantifiedy using western blotting with 

the Hsp70 antibodies. Although, all the morphs showed a higher protein expression for 

Hsp70 against N116 wingless morphs, there are no significant differences between the 

expression level between the morphs. (GLM, F(2,9)=1.554, P=0.286) (Figure 4.21). 

 

  

Figure 4.21. Protein level of Hsp70 (against N116 wingless). AW=N116 adult winged (green), 

PA=N127 pale aphid (PA), RA=N127 red aphid (yellow). Each of the bars represents the average 

measurement of expression from three replicates with error bar indicating the SEM.  
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4.4 Discussion 

This chapter had several aims. First, we aimed to investigate the transcriptome profile 

between different pea aphid morphs and genotypes. Our RNA-seq suggest that many 

genes were differentially expressed between the alternative morphs in N116 genotype 

(N116winged vs N116 wingless). For examples, many genes that were upregulated in the 

N116 winged morphs compared to N116 wingless were involved in the wing formation and 

also neuroendocrine signaling, while downregulated genes were mostly involved in histone 

modifications and also metabolites. Further, our RNA-seq also reveals thousands of genes 

that were differentially expressed between the N127 genotype (N127pale vs N127 red) with 

most genes that were upregulated in the N127 pale morphs were involved trehalose and 

insulin production with most genes downregulated involved in glycogen fatty acid pathway 

and cuticular production. In contrast to the N116 alternative group comparison, most genes 

in the N127 alternative group comparison were involved metabolites rather than wing 

development. Next, our RNA-seq also reveals many genes that were differentially regulated 

between the alternative morphs from the two different genotypes (N127 pale vs N116). One 

of the major differences between the alternative morph in N127 and N116 is that N127 

changes it body colour but does not produce wing while the N116 genotype usually 

produces wing. Our RNA-seq support this as most upregulated gene in the N127 were 

involved in metabolism, carotene production and down-regulated genes were involved in 

wing formation. Additionally, our RNA-seq also reveals many differentially expressed genes 

between the wild type of two different genotype (N127ered vs N116 wingless). Most of the 

genes that were upregulated in the N127 were involved in carotene production, histone 

modifications, cuticle formation. In contrast, most genes that were downregulated were 

involved in neuroendocrine signalling (ecdysteroid pathway) and wing formation. The 

neuroendocrine signaling are essential for wing triggering and wing development 

suggesting that these pathways might explain the different in response between the two 

aphid genotype wild type. 
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Apart from that, we found that 533 overlapping genes between the N116 winged vs N116 

wingless group comparison and N127 pale vs N127 red comparison. Most of the 

overlapping genes between this two group comparisons has uncharacterized protein 

whereby the function of the gene is unknown. Next, a lot of the overlap genes were involved 

in metabolite regulation. For example, the facilitated trehalose transporter Tret1 is involved 

in the transfer of newly synthesized trehalose to the hemolymph. Trehalose has been 

shown to regulate the feeding behaviour of pea aphids suggesting this might be responsible 

for the different feeding behaviour observed in the pea aphid morphs (Wang et al. 2021). 

Next, the metabolite genes such as phosphoenolpyruvate carboxykinase (PEPCK) were 

also found to overlap across the group comparisons. PEPCK is usually involved in 

gluconeogenesis and has been reported to be differentially regulated between the alate 

and apterous morphs in brown citrus aphids (Shang et al. 2016). Shang also showed that  

inhibiting the PEPCK genes through RNAi resulted in underdeveloped and impaired flight 

function in the brown citrus aphid. Then, the G-couple receptor Mth2 were also found to 

overlap across different group comparison. Mth2 gene has been reported to be involved in 

increasing the lifespan of pea aphids during starvation (Li et al. 2014) and also involved in 

other crucial development such as growth, and immunity. Further, some of the overlapping 

genes were involved in extracellular communication function such as kelch-like protein 

(KLHL). Next, some other genes that were overlapped between these two groups 

comparison were involved in ecdysone signalling such as shd, EcR, Kr-h1. These genes 

plays important role in regulating the ecdysone signalling and juvenile hormone in pea aphid 

which has shown to be important in regulting wing development. Apart from that, Kr-h1 has 

always been shown to regulate oocyte reproduction in insects. Together, the results 

suggest that these genes might be important in regulating pea aphid morph development 

and reproduction. 

My second aim was to investigate some the expression of aphid development gene such 

as (wing formation, stress response) based on previously published studies. Our results 
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suggest that most of the wing development genes were differentially expressed between 

aphid morphs and genotypes with the N116 winged having highest expression for wing 

development genes compared to other morphs. Lastly, I aimed to investigate the protein 

expression of the candidate gene Heat shock protein 70 (due to lack of availability of 

antibody for pea aphid). Although our RNA-seq showed that Hsp70 was differentially 

expressed between aphid morphs and genotype, our western blot analysis showed no 

difference in protein expression. 

 

4.4.1 Gene expression 

Gene expression was assessed by qPCR on whole adult aphids of each morph (N116 

winged, N116 wingless, N127 red, N127 pale) from Chapter 3 with specific primers for 

genes involved in different aspects of aphid development. Pea aphid morphs showed 

differential expression on gene expression involved in wing formation, stress, response, 

carotene synthesis and ecdysteroid pathway. 

 

fl 

In insects, the muscle responsible for wing movements falls into two different categories 

known as the direct flight muscles (DFM) and indirect flight muscles (IFM). The flight 

capacity in the insect order Hemiptera, Hymenoptera, Diptera are usually powered by the 

asynchronous IFM. Flightin is a protein that is uniquely expressed in the IFM and was first 

reported in Drosophila (Vigoreaux et al. 1993). Flightin plays an essential role in maintaining 

the integrity of IFM sarcomere which is important for the assembly of thick filament and 

sarcomere integrity. Apart from that, fligthin is also important in regulating the myof ilament 

stiffness and stretching of flight muscles (Henkin et al. 2004). In aphids, IFM helps move 

the wing indirectly through the deformation of thoracic exoskeleton (Crossley et al. 1978) 

that contains three different types of muscle known as dorsoventral muscles (DVM), dorsal 

longitudinal muscles (DLM) and oblique dorsal muscle (ODM) (Ishikawa et al. 2008, Ogawa 
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et al. 2012). The main function of DLM is to act as wing depressors (downstroke) that cause 

the stretching of DVM which results in a contraction that helps elevate the wings (upstroke) 

and stretching of DLM (Ogawa and Miura 2013). A recent paper by Chang et al. (2022) 

showed that knocking out flightin in pea aphids results in severely deformed wings. The 

most prominent changes in flightin knockdown aphid were observed in DLM where it 

becomes significantly wider and looser resulting in an abnormal flight apparatus where the 

wings were tilted to one side. The data presented here further support the role of flightin in 

aphid wing development whereby the N116 winged aphid has the highest expression in 

comparison to all other morphs. 

 

ap1 

Apterous (ap) is a LIM-homeodomain protein that is first reported to play a role in regulating 

wing development in Drosophila. Ap is usually expressed in the dorsal cells of Drosophila 

wing disc and plays an essential role in the establishment of the dorsal-ventral boundary 

during wing formation in Drosophila. In the dorsal-ventral boundary of Drosophila, ap1 helps 

activate notch signalling, which then induces the expression of the wingless gene (wg) 

which in turn activate the vg expression at different threshold (Tomoyasu et al. 2009). The 

importance of ap in wing development is shown by Cohen et al. (1992), whereby Drosophila 

with ap1 knockout showed a severe defect in wing and haltere imaginal disc development. 

Recently, Brisson et al. (2010) reported wing development gene homologs network in 

aphids deduced from the wing development genes in Drosophila 

melanogaster. Interestingly, in aphids there are two copies of ap gene (ap1 and ap2) in 

comparison to Drosophila and Apis mellifera, which only had one copy. Brisson reported 

only significant gene expression of ap1 in the 1st and 2nd nymphs from crowded and non-

crowded mothers. The data presented here showed that ap1 also showed a significant 

morph effect in adult aphids with N116 winged morphs having the highest expression in 

comparison to the other morphs. One of the explanations is that winged-destined aphid and 
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wingless aphid nymphs are physically impossible to be distinguished between the 1st and 

2nd nymph stage, therefore the sample in Brisson et al. (2010) might have contained the 

opposite morphs which would result in the underestimate of the true-difference in the 

expression of the genes. Apart from that, by using RNAi in early last larval stage of 

Tribolium castaneum, Tomoyasu et al. (2009) showed that the formation of the hindwing in 

the beetle was repressed. This suggests that the expression of ap during insect 

development might vary depending on the species. In aphids, the wings are only fully 

formed once the 4th instar stage moult to adult stage, therefore the expression of ap1 is 

still highly expressed at the adult stage in the winged morph in comparison to the other 

wingless morphs (Song et al. 2018). Our results are in contrast to previous results that 

showed lower expression of ap1 in adult macropterous strain (long-winged) of planthopper 

in comparison to branchypterous strain (short-winged) (Liu et al. 2015). However, the 

difference in expression could be due to adult branchypterous strain planthopper still have 

wings while in wingless aphid does not have any wings as the wing bud has been 

completely degenerated by the 2nd nymph instar stage. 

 

en 

In the aphid wing gene network deduced from Drosophila, the gene that orchestrates the 

anterior-posterior (AP) compartment in wing development is known as engrailed (en). En is 

an important transcription factor that is involved in wing patterning and neurodevelopment 

in Drosophila (Morata and Lawrence 1975). One of the main functions of en is to help 

establish and maintain the P cell identity. Apart from that, en has also previously been 

described to regulate the expression of other AP genes such as decapentaplegic (dpp) and 

hedgehog (hh) (Solano et al. 2003). The data presented here suggest that there is no morph 

effect for engrailed expression in the adult stage. Our data is in addition to the results from 

Brisson et al. (2010) which showed no morph effect for engrailed expression during the 

embryo stage to the 4th instar nymph stage. Interestingly, our results disagree with a 
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previous study by Zhang et al. (2019). Zhang found that en is differentially expressed 

between the bird cherry-oat aphid with higher expression of en in the wingless morphs in 

comparison to the winged morph. Dufour et al. (2020) showed that en only affects wing 

morphology in Drosophila at a critical time point whereby loss or gain of function of en after 

this time point does not have any effect on wing morphology. Apart from wing development, 

engrailed is also involved in neurodevelopment. In Drosophila, overexpression of engrailed 

results in collapsed motor neurons and thereby affecting the central nervous system 

(Siegler and Jia 1999). However, the role of engrailed in aphid neurons remains widely 

unknown. Together with the results above, it is possible engrailed expression is lowered in 

the winged aphid after the critical timepoint in wing development to avoid any negative 

effect on the neuron development in aphids. 

 

vg 

One of the most well-known and studied genes in Drosophila wing development is known 

as vestigial. Vg is often referred to as a ‘master gene’ in aphid wing development whereby 

it can trigger and initiate wing development regardless of the tissues where it is expressed 

(Baena- López and García-Bellido 2003). Vg has been reported to interact with other wing 

development genes such that the expression of vg at wing margin were controlled by wg 

and Notch while in the proximal part of wing blade, the expression of vg is regulated by 

itself and another gene dpp (Williams et al. 1994; Kim et al. 1996). Next, vg is also able to 

form a complex with the gene scalloped (sd) to regulate downstream genes involved in wing 

development. Even though the role of vg in other insects remains understudied, the role of 

principal wing development homologs remains highly conserved across different insects. 

Simmonds et al. (1997) reported that Drosophila with vg knockout showed a severe defect 

in wing development whereby the wing and haltere imaginal disc fail to proliferate normally. 

Next, a similar observation in wing deformity is also observed in the red flour beetle  

Tribolium castaneum when vg is inhibited (Courtney et al. 2013). Further, a recent study by 



 

 

207 

Zhang et al. (2021) showed that green peach aphids with vg suppress through RNAi 

showed severe defects in the wing apparatus Our results showed significant morphs effect 

of vg expression with N116 adult winged having highest expression level in comparison to 

other morphs. Our result is the first to report a difference in vg expression between winged 

morph and wingless morph and agrees with a previous study that reported higher 

expression of vg in winged bird-cherry oat aphid (Fan et al. 2020). Apart from that, Fan also 

reported the highest expression of vestigial in bird-cherry oat aphids during the 3rd instar 

stage. In pea aphids, Brisson et al. (2010) investigated 11 wing development genes across 

different aphid instar stages and morphs and reported no significant difference. However, 

the expression level of vg was not investigated in the paper, therefore it would be interesting 

to look at the expression level of vg between the early stage of winged-destined nymphs 

and wingless nymphs to determine if a similar pattern is observed. Together, the results 

suggest that vg might play a vital role in pea aphid wing development. 

 

SCAD 

SCAD is a “mitochondrial-like” gene that is involved in energy production specifically in fatty 

acid/ lipid metabolism. In insects, lipids are mainly stored in the fat body as triacylglycerol 

and they are hypothesised to be the main fuel used during flight. The content of 

triacylglycerol has been reported to be higher in multiple winged insects’ species such as 

long-winged planthopper (Itoyama et al. 1999), crickets (Zera et al. 1994) and also aphids 

(Xu et al. 2011). Interestingly, our results showed that N127 pale aphid has the highest 

expression for SCAD in comparison to all the other morphs. Although not significant, SCAD 

also showed a higher expression in N116 winged morphs compared to the N116 wingless 

morphs. Our results indicate that aphids use lipids as the main fuel for dispersal rather than 

sugar or glycogen (Yang et al. 2014). The higher expression of SCAD in N127 in pale 

aphids agrees with previous studies that reported fatty acid oxidation level increase when 

insects are exposed to starvation stress (McCue et al. 2015). In aphids, the lifespan of 
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winged aphids is usually longer in comparison to the wingless aphid (Li et al. 2016). 

However, the difference in the lifespan of pale vs red aphids remains unknown. A previous 

study by Lee et al. (2012) reported an increased level of genes involved in fatty-acid 

oxidation in Drosophila when exposed to starvation. The overexpression of fatty-acid genes 

in Drosophila helps increase the stress tolerance to oxidation and starvation stress. 

Therefore, it might be possibile that the higher expression of SCAD in N127 pale aphids 

observed in our experiment could be related to increasing lifespan and starvation tolerance. 

However, further research on the lifespan and starvation tolerance differences in N127 pale 

with other morphs is needed to confirm this speculation. 

 

Hsp83 

Heat shock proteins (Hsps) are molecular chaperones that play an important role in 

preventing protein misfolding and denaturation resulting from environmental stressors such 

as heat, oxidative stress and others (Miao et al. 2020). The ecological role of Hsp suggests 

that their expression is triggered by environmental stressors and could play a role in 

influencing fitness parameters of organisms such as lifespan, fecundity and development 

(Freitak et al. 2012). The homolog of Hsp83 known as Hsp90 has shown to be involved in 

different developmental processes in insects such as spermatogenesis, oogenesis and 

embryogenesis (Song et al. 2007). A recent paper by Will et al. (2017) reported the 

pleiotropic roles of Hsp83 in pea aphid fecundity, longevity and embryogenesis whereby 

aphids with a reduction in Hsp83 showed lower survival and fecundity. Our results showed 

that there is no significant difference in Hsp83 expression levels between all the morphs. 

This suggests that the lower fecundity in dispersal morphs might be regulated by other 

genes or pathways rather than Hsp83. Apart from that our results also agree with a previous 

study that showed that crowding does not induce any expression of large heat shock genes 

(Hsp40, Hsp90) (Chapuis et al. 2011). Since large Hsps are constitutively expressed it is 

plausible that they might still be involved in resistance to stress when exposed to crowded 
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conditions without altering their expression. Next, a recent study has shown that Hsp83 

plays an important role in caste-specific ovary development in honeybees with the queen 

ovary showing significantly higher expression of Hsp83 in comparison to the worker ovary 

(Lago et al. 2016). In our experiment, the whole aphid is used which could result in 

underestimation of the expression of the Hsp83 since Hsp83 is ubiquitously expressed 

across tissues. Therefore, further study of the expression of Hsp83 in the ovary of dispersal 

and non-dispersal aphid morphs would be needed to determine their role in morph-specific 

ovary development in the aphid. Lastly, in our experiment two different aphid genotypes 

N116 green and N127 red aphid were used. One of the main differences is that N127 has 

a lower fecundity compared to N116. Although we did not find a significant difference in 

Hsp83 between the N116 wingless and N127 red, our data showed that N127 has a lower 

expression. In Drosophila a mutant strain with lower Hsp83 reduction showed less fecundity 

compared to the normal flies (Chen et al., 2012) Therefore, future work on manipulation of 

Hsp83 expression would be needed to determine if Hsp83 could be a potential gene that 

regulates the differences of fecundity observed between these two aphid genotypes. 

 

tor 

Carotenoids are pigments that play an important physiological function in many organisms. 

Carotenoids are usually biosynthesised in photosynthetic organisms such as plants, and 

algae with most animals unable to synthesize carotenoids. Surprisingly, carotenoid 

biosynthesis gene is found in a few insect species such as aphids resulting in a range of 

body colour (Takemura et al. 2021). In aphids, the carotenoids torulene is responsible for 

the red pigmentation and is only found in the red morphs, while the remaining carotenoid 

such as β- carotene is observed across aphid of different body colour morphs (Moran et al. 

2010). We investigate the carotene biosynthesis gene tor and find no significant morph 

effect between the pale and red morph and no expression in N116 (winged and wingless) 

since they do not express this gene. A study by Wang et al. (2019) has suggested that the 
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changes from red to pale morph when exposed to starvation is a result of the breakdown 

of the red pigment to increase energy reserve. The fact that we found no significant 

difference in the tor gene might indicate that the red pigmentation is still being synthesised 

by aphids but is subsequently broken down to increase their energy reserve in starvation 

conditions. Further research on other genes involved in carotenoid process is needed to 

determine if changes from red to pale morph is due to higher expression in other carotenoid 

gene resulting in paler colour or due to a higher breakdown rate of carotenoid pigments in 

starvation conditions. 

 

Apns-1 

Densovirus falls under the family of Parvoviridae and is a type of virus that possesses a 

single-stranded DNA genome often found in arthropods (van Munster et al. 2003). The role 

of densovirus in aphid phenotypic plasticity was first reported in the rosy apple aphid 

(Ryabov et al. 2009). Ryabov found that rosy apple aphids infected with densovirus were 

able to produce winged morphs compared to virus-free clones. In our experiment, we 

investigated the expression of this gene in two different genotypes (N116 and N127) that 

showed differences in response to crowding. Our data presented showed that there is no 

significant expression of APNS between the N127 pale and N127red and the N116 

genotype showed no expression for this gene. Our results disagree with a previous study 

by Parker et al. (2019) that reported the ability to trigger wing formation in different pea 

aphid genotypes is dependent on the densovirus gene (Apns-1) and (Apns-2) expression 

with highly inducible genotype having a higher expression of Apns. One possible 

explanation for the observation in our data could be due to the fact that whole organisms 

were used, which could underestimate the expression of this gene as Parker et al. 2019 

reported that Apns-1 is more highly enriched in aphids' heads in comparison to the whole 

body. 
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TnC 

Myofilament is an important protein in the flight muscle conserved in both invertebrates and 

vertebrates. Myofilament usually contains three main proteins known as the F-actin 

activated myosin motors, thin filament regulatory proteins tropomyosin and troponin (Tn) 

(Cao and Jin 2020). Tn complex is made up of three different protein subunits known as 

the inhibitory subunit troponin I (TnI), thin filament anchoring subunit troponin T (TnT) and 

the Ca2+ binding subunit troponin C (TnC). Our data showed that TnC showed is highly 

expressed in the N116 winged morphs in comparison to the other morphs. Our results agree 

with the previous study which showed that TnC plays an essential role in insects flight 

whereby Drosophila with the TnC knockout showed a defect in flying and result in flightless 

phenotypes (Chechenova et al.2017). Apart from that, a study in planthoppers also showed 

that long-winged planthoppers showed higher expression for TnC in comparison to short-

winged planthopper which further support that TnC is essential for flight and its function is 

also conserved in aphids (Gao et al. 2019). TnC also plays important role in regulating 

insect fitness apart from its function in flight muscle contraction. A recent study by Lan et 

al. (2018) showed that rice dwarf virus reduced the survival and fecundity of its host 

leafhopper Nephotettix cincticeps by downregulating the expression of TnC. Therefore, the 

higher lifespan observed in the winged morphs might be a result of the upregulation of the 

TnC expression. Further research on the manipulation of TnC in different morphs is needed 

to confirm its role in survival in aphid morphs. 

 

Treh 

Trehalose is a non-reducing disaccharide that plays a major role as energy resource in 

insects. The hydrolysis of trehalose to produce glucose molecules is regulated by an 

enzyme known as Trehalase (Treh). Studies have shown that inhibition of trehalase activity 

influences insect development such as flight capacity, and chitin synthesis (Silva et al. 

2004; Shukla et al. 2015). We found Tre at a significantly higher level in winged adults 
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compared to N127 red aphids. Even though Tre is not significant between N116 winged 

and wingless, the winged morphs still showed higher expression. The role of Treh in winged 

development has been studied in several insect species. For example, Li et al. (2019) 

reported wing deformity in Harmonia axyridis when Treh is silenced. Next, Zhang et al. 

(2017) also reported similar wing deformity in Nilapavarta lugens when Treh is inhibited. 

Apart from wing deformity, Zhang found that the expression of the wing development gene 

ap is significantly reduced after the injection of dsTreh. This suggests that Treh might play 

a role in regulating wing development genes and therefore affecting wing development in 

insects. Further studies on silencing Treh in pea aphids are needed to shed light on the 

role of Tre in aphid wing development. 

 

Kr-h1 

In insects, two hormonal systems known as juvenile hormone (JH) and 20-

hydroxyecdysone (20E) play an essential role in insects' metamorphosis and development. 

Kr-h1 is a juvenile hormone response transcription factor that was first discovered in 

Drosophila (Schuh et al. 1986). The expression of Kr-h1 varies between insects for e.g. in 

B.mori the level increased during larval stages and disappeared during the final larval instar 

star. Next during the prepupal stage Kr-h1 reappears and completely disappears again in 

pupae. At the end of the late pupal stage, the expression increased again and was 

maintained at an elevated level during adult stage (Kayukawa et al. 2014). In 

hemimetabolous insects, the level usually increased in early nymphal stage followed by 

complete disappearance for several days and reappears after the adult has moulted 

(Konopova et al. 2011; Liu et al. 2018). Our data showed that Kr-h1 is highly expressed in 

the N116 winged morph in comparison to other morphs during adult stage. To our 

knowledge, this is the first-time differences in Kr-h1 have been reported in aphids.  

In brown planthoppers, the disruption of Kr-h1 expression during the critical wing formation 

stage (3rd and 4th instar) results in adults with stunt wing development and malformation 
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in genitalia (Jin et al. 2014). In aphids, the critical stage of winged development happens 

during the 2nd instar whereby wing buds from wingless nymph degenerated while the 

winged-destined nymph wing buds continue to grow. However, the wing formation in winged 

morphs is not completely formed until they reached the adult which could possibly explain 

why we observed the highest expression of Kr-h1 in N116 winged morph. Further support 

for the role of Kr-h1 in wing development is also observed in the German cockroach B. 

germanica whereby roaches with reduced expression of Kr-h1 showed deformity in wing 

structure such that the wing pad does not expand perfectly. (Lozano and Belles 2011). 

Next, Strassburger et al. (2021) also reported defects in wing growth and formation in 

Drosophila with reduced Kr-h1 levels. Interestingly, Kr-h1 also plays a role in the ecdysone 

hormone pathway whereby it represses the insect ecdysone through regulating primary 

genes involved in ecdysone response such as ecdysone receptor (EcR), BR-C and 

ecdysone-inducible protein E93 (Liu et al. 2018). Apart from that, Kr-h1 also acts on 

steroidgenic enzymes such as Spok to reduce ecdysone synthesis (Zhang et al. 2018). It 

is important to note that, although Kr-h1 represses the gene involved in ecdysone 

biosynthesis, the expression of Kr-h1 is also inducible by 20E in a tissue-specific manner. 

Next, some studies have shown that Kr-h1 can regulates oocyte production in insects. (Yue 

et al. 2018; Tang et al. 2020; Hu et al. 2020). For example, Hu et al. (2020) show that 

knocking out Kr-h1 in insects leads to a reduction in oocyte production However, 

contradicting results have been reported whereby knocking out Kr-h1 does not affect insect 

ovarian development (Smykal et al. 2014; Gujar and Palli 2016). Taken together, the results 

from these studies suggest that the role of Kr-h1 might be species-dependent and reveals 

the importance and a complex crosstalk between the JH-20E pathways in insect 

development. In aphids, the function of Kr-h1 remains widely unknown and future studies 

on manipulation of the expression level of Kr-h1 across different developmental stages and 

tissues could shed light on wing development and reproduction in different aphid morphs.  
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Mad 

Next, dpp is another gene that is involved in morphogenesis and has been well 

characterised in Drosophila (Teleman and Cohen 2000; Zecca and Struhl 2021). In 

Drosophila, dpp is expressed in a precise gradient to regulate multiple aspects of 

Drosophila such as cell morphogenesis, cell survival and cell differentiation during wing 

development (Teleman et al. 2000; Akiyama et al. 2008; Zhang et al. 2013). Dpp usually 

binds to the gene Thickviens (Tkv) and forms a complex known as the Dpp-Tkv complex 

(Nahmad et al. 2008). The complex will further trigger phosphorylation in Mad which in turn 

acts as the transcription activator of dpp (Nahmad et al. 2008). Here we investigate another 

gene Mad that is hypothesised to mediate dpp signalling and therefore influences the wing 

development and insect ecdysis process (Tanimoto et al. 2000; Santos et al. 2016). We 

found that Mad is highly expressed in the adult winged morph compared to the other 

morphs. This is in accordance with a study by Sekelsky et al., 1994 which shows that 

Drosophila lacking Mad gene shows a defect in wing development corresponding to the 

dpp mutant phenotype. Next, Santos et al. (2016) also showed that german cockroaches 

that had a depleted level of Mad showed defects when molting to adult stages whereby the 

cockroach showed an unextended wing. Other studies on RNAi of Mad in the cricket Gryllus 

bimaculatus also reported defects in wing extension (Ishimaru et al. 2016). Above we 

discussed the role of Kr-h1 in wing development; interestingly a recent study by Ishimaru 

et al. (2019) showed that Mad might play a role in regulating the expression of Kr-h1 

whereby Mad depleted cricket showed a lower level of Kr-h1. Kr-h1 is involved in wing and 

ovary development through regulating the 20E induced Broad complex BR-C (Kayukawa 

et al. 2014). Therefore, it is possible that there is a crosstalk between the Mad and Kr-h1 

expression in regulating wing polyphenism in aphids. Our results above also showed that 

the level of Kr-h1 is also highly expressed in the N116 winged morph in comparison to the 

other morphs. In aphids, the role of Mad remains unknown and future studies on 
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manipulating its expression and the gene it interacts with might shed light on the wing 

development in aphids.  

 

Pburs 

In insects, molting is an important process that allows them to shed and replace their 

exoskeleton as they grow (Luo et al. 2005). The neurohormone required in this process is 

known as bursicon and is encoded by the gene burs and the newly identified homologous 

gene known as partner of bursicon (Pburs) (Luo et al. 2005). Burs are important in the 

synthesis of (burs-α) protein, while Pburs are responsible for encoding the (burs-β) protein. 

Burs-α and burs-βprotein will dimerize to form the bursicon neurohormone (Melnattur et al. 

2020). In our study, we found that Pburs was significantly highly expressed in the N116 

winged morphs in comparison to the other morphs. Our results are in accordance with other 

studies that found that Drosophila mutants without the Pburs gene showed a defect in wing 

expansion (Lahr et al. 2012). Next, Peabody et al. (2008) showed that the alteration of the 

neurohormone burs in Drosophila results in failure of wing expansion. Another study by 

Arakane et al. (2008) showed that the reduction of Pburs and burs in red flour beetles 

results in incomplete expansion of the wing. Apart from wing development, Pburs also plays 

an important role in cuticle sclerotization. Sclerotization is an important process that results 

in the hardening and stiffness of tissues. In winged aphids, the head and thorax are heavily  

sclerotized in comparison to other morphs. Taken together, Pburs might play an essential 

role in wing development and also cuticle sclerotization in aphids and future research on 

manipulation of expression Pburs is needed to confirm this. 

 

DMAP1 

DNA methyltransferase 1 plays an important role in epigenetic regulation. The activation of 

DNMT 1 is regulated by the DNA methyltransferase 1 associated binding protein 1 (DMAP1) 

such that knocking out the gene will result in hypomethylation (Lee et al. 2010). 
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Interestingly, our results showed that N116 winged aphid had the highest expression of 

DMAP1 in comparison to all the other morphs. The function of DMAP1 has been widely 

studied in mammals whereby DMAP1 knockout mice showed severe embryonic lethality 

(Mohan et al. 2011) while the role of DMAP1 in insects remains largely unknown. Recently, 

a study has found that DMAP1 might play a role in insect reproduction (Gegner et al. 2020). 

Gegner showed that silencing of the DMAP1 gene in the harlequin ladybird Harmonia 

axyridis leads to a reduction in fertility and fecundity. Next, Li et al. (2021) showed that 

DMAP1 might also play a role in thermal tolerance in the predatory mite Neoseiulus barkeri 

whereby silencing the expression of DMAP1 in high temperature acclimated strains (HTAS) 

of predatory mites results in decreased thermal tolerance and increase mortality rate. Apart 

from that, a study by Xu et al. (2020) showed that silencing the expression of Dnmt1 affects 

the wing formation in the silkworm Bombyx mori. Our results are the first to report such 

differences in DMAP1 expression between aphid morphs. Taken together these studies 

and our findings, it is possible that DMAP1 might play an important role in regulating wing 

development and also fecundity in aphids. 

 

Rpd3 

Apart from DNA methylation, histone acetylation is another epigenetic mechanism that 

plays an important role in eukaryotes. In eukaryotes, histone acetylation is usually involved 

in gene regulation, cell signalling and metabolism regulation (Ali et al. 2018). The process 

of histone acetylation is tightly regulated by the activities of histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) (Kirfel et al. 2020). Rpd3 is one of the major 

histone deacetylases that primarily target H3 and H4 (lysine 5 and 12). Ehrentraut et al. 

(2010) showed that reducing levels in Rpd3 will lead to an increase in global acetylation. In 

our study, we found that the histone deacetylases Rpd3 (Rpd3) are highly expressed in the 

N116 winged morphs in comparison to the other morphs. A previous study by Nakajima et 

al. (2016) reported that Rpd3 helps increase starvation resistance in Drosophila. In aphids, 
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the winged morphs are usually more resistant to starvation stress in comparison to the 

wingless morphs, suggesting that Rpd3 could also be regulating the starvation tolerance in 

aphids. 

Rpd3 is also involved in regulating lifespan in Drosophila (Kopp and Park 2019). Kopp 

showed that flies with a reduced level of Rpd3 have a longer lifespan. Our study agrees 

with the results as winged morphs usually have a longer lifespan in comparison to wingless 

morphs. Apart from regulating lifespan, another study by Kirfel et al (2020), has shown that 

inhibiting Rpd3 results in a reduction in the number of viviparous offspring and the number 

of premature nymphs in pea aphids. However, our results disagree with this study as we 

found that N116 winged morphs have the highest expression in comparison to the other 

morphs. In addition to the role mentioned above, Rpd3 has also been shown to be involved 

in wing formation in Drosophila. In Drosophila, the dpp gene plays an important role in wing 

development. Zhang et al. (2013) showed that in Drosophila the gene Atrophin (Atro) can 

recruit the Rpd3 to form an Atro-rpd3 complex which then binds to the dpp locus and reduce 

dpp transcription through histone acetylation. Lastly, Rpd3 also seems to be involved in 

regulating caste-specific behavior. Simola et al. (2016) showed that major workers ants with 

reduced Rpd3 levels exhibit minor worker-specific behavior. Together this study shows a 

remarkably diverse function of Rpd3 in insects and future studies in manipulating Rpd3 

expression are needed to elucidate the function of Rpd3 in aphids.  

 

shd 

20-hydroxyecsdyone (20E) is a type of insect molting hormone and plays an essential role 

in insect molting process and development. In most insects, the prothoracic gland usually 

secretes the ecdysone (Lafont et al. 2012; Qu et al. 2015). The ecdysone will be further 

hydroxylated to 20E by the enzyme ecdysone 20-monooxygenase (shd). In our data, we 

found that the expression of shd is highest in the N116 winged morph in comparison to the 

other morphs. Recent studies have reported that knocking down shd in the small brown 
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planthopper Laodelphax striatellus leads to delayed development and also nymphal 

lethality (Jia et al. 2013). Similar results have also been observed in the silkworm Bombxy 

mori when shd is knocked down. (Fujinaga et al. 2020). Further, a recent study by Liu et al. 

(2020) reported higher expression of shd in the high fecundity genotype of brown 

planthoppers Nilaparvata lugens in comparison to the low fecundity genotype suggesting 

that ecdysone might also play a role in regulating insects’ fecundity. Apart from that 

ecdysone also plays an important role in butterfly eyespot plasticity; a study by Tian and 

Monteiro (2022) reported higher expression of shd in butterflies producing larger eyespots 

suggesting that shd helps induce the production of 20E which in return regulates eyespot 

plasticity. In aphids, ecdysone plays an important role in transgenerational wing 

polyphenism (Vellichirammal et al. 2017). Vellichirammal reported that knocking down the 

gene involved in ecdysone signalling resulted in an increase in winged progeny production 

while increasing 20E resulted in more wingless progeny. In the pea aphid, the winged 

morph usually produces higher wingless offspring in comparison to the wingless morph; it 

is possible that shd plays a role in this through increasing the expression of 20E. Apart from 

that, a study has shown that English grain aphid Sitobion avenae feeding on resistant plants 

showed downregulation of shd (Lan et al. 2012). This suggests that ecdysone signalling 

might have a role in regulating aphid feeding bevaiour. Taken together, ecdysone seems 

to play an essential role in insect development and further studies on manipulating 

ecdysone through manipulating shd expression are needed to elucidate their role in other 

aspects of aphid development such as fecundity and embryogenesis.  

                                                                                                                                                                                                                                                                                                                                

 

 

4.4.2 Transcriptome profile expression 

N116 winged vs N116 wingless 
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The transcriptomic difference between N116 winged and N116 wingless was examined 

using RNA-seq to explore the underlying molecular mechanisms in regulating wing 

polyphenism, reproduction and behavior of winged morphs. We found 2308 genes that were 

differentially expressed between winged and wingless morphs. Next, we filtered out 44 

genes from 2308 genes based on their function in different aphid development. 19 of the 

44 were upregulated in the N116 winged morph. For example, we found some genes that 

are involved in wing formation such as fl, TnC, Mad, Pburs were upregulated in the winged 

morph in comparison to the wingless morph. The function of fl, TnC, Mad, Pburs on wing 

development has been discussed above. Apart from the wing development genes, we found 

that some chemosensory genes such as ORF2, and ORF4 are highly expressed in the 

winged morphs. The chemosensory system in insects plays an important role in plant 

selection in herbivorous insects. Our data agree with other studies that found higher 

expression of the chemosensory genes in cotton aphid Aphis gossypii (Peng et al. 2020). 

During dispersal, winged morphs usually locate the new host plant through volatile cues. 

Therefore, the winged morph may require a more fully developed chemosensory system to 

detect these volatile cues. Apart from that, winged morphs are usually more resistant to 

starvation and also have longer lifespan compared to the wingless morph. The N116 winged 

morphs showed higher expression such as apolipoprotein D (ApoD), and G-protein coupled 

receptor Mth2 which has been shown to extend lifespan and survival during starvation in 

other insects (Walker et al. 2006; Li et al. 2014). Apart from the wing development and 

hormone gene discussed in section (6.4.2), some other wing-related and hormone genes 

such as abnormal wing disc 2 (Awd2), p38 mitogen-activated protein kinase (p38) and 

eclosion hormone-like (EH) were also upregulated in winged morph. These genes have 

been reported to play an important role in moulting process and wing development (Adachi-

Yamade et al. 1999; Romani et al. 2017). 

In contrast, 25 of the 44 genes were downregulated in the winged morphs (Supplementary). 

For example, phenoloxidase 1 (PO) was downregulated in the winged morphs. PO is an 
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important enzyme and plays an essential role in insect immunity whereby reduced 

expression results in lower immunity toward fungal and bacterial infection (Ma et al. 2020). 

In aphids, winged morphs usually have lower immunity toward pathogens REF compared 

to wingless aphids therefore the phenoloxidase gene might be important in regulating 

immunity in insects. Further, many genes involved in epigenetic modification such as DNA 

N6-methyl adenine demethylase (DMAD), histone-lysine N-methyltransferase E(z) E(z), 

histone acetyltransferase p300 (EP300) were also downregulated in the winged morphs. 

These genes are involved in regulating chromatin accessibility, histone modification and 

methylation process (Maksimoka 2014; Stepanik and Harte 2012; Yao et al. 2018). These 

studies suggest that epigenetic regulation might play an important role in regulating wing 

polyphenism in pea aphids. 

Next, most DEGs between N116 winged and N116 wingless aphids were distributed to GO 

terms such as transmembrane transport, proteolysis, structural constituent of cuticle and 

transmembrane transport activity and similar units were observed in KEGG such as 

transport and catabolism, membrane transport, signalling molecules and interactions and 

amino acid metabolism. The results suggest that these functional terms and units might be 

important in regulating aphid wing polyphenism and the genes that fall under these terms 

may be the key that underlies the difference between N116 winged and N116 wingless 

morph. 

 

N127 pale vs N127 red 

The transcriptomic difference between N127 pale and N127 red was examined using RNA-

seq to explore the underlying molecular mechanisms that regulate the red and pale morphs 

in aphids. We found 2076 genes that were differentially expressed between pale and red 

morph. Next, we filtered out 40 genes from 2076 genes based on their potential function in 

different aphid development (e.g. stress response, neuroendocrine signalling, wing 

formation, metabolite regulation and carotene production). 23 of the 40 genes were 
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upregulated in the pale morphs. For example, a lot of the genes that were involved in lipid 

and insulin regulation were upregulated in the pale morphs. For example, lipid storage 

droplets surface-binding protein 1 (LSD-1), short-chain specific acyl-CoA dehydrogenase, 

mitochondrial (SCAD), insulin receptor substrate 1 (IRS), and insulin-like peptide receptor 

(IGF). These genes play a major role in regulating metabolism such as carbohydrates, lipids 

and were shown to be upregulated in insects during starvation stress (Xu et al. 2015, Wood 

et al., 2018). Our result also agrees with a previous study by Tabadkani et al. (2013) that 

showed a big difference in metabolite levels between the red and pale aphids. Next, similar 

to the N116 winged morphs, N127 also has increased resistance to starvation in 

comparison to the red morphs. N127 pale morphs also showed an increase in genes such 

as apolipoprotein D (ApoD), and forkhead protein O (FoxO). These genes have shown to 

be upregulated in insects during starvation and are essential for survival during these 

conditions (Kramer et al. 2008; Johnson and Stolzing 2019). 

In contrast, 17 genes were downregulated in the pale morph (Supplementary). For example, 

succinate dehydrogenase (FH), isocitrate dehydrogenase (OXCT1), pyruvate 

dehydrogenase E1 component subunit beta, mitochondrial (PDHB), probable 

phosphoglycerate kinase (PGK), were all downregulated in the pale morphs in compar ison 

to the red morphs. All of these were involved in the glycolysis-tricarboxylic acid (glycolysis-

TCA) pathway which is important for energy metabolism. Our findings support the 

observation from previous studies whereby starvation in the cotton leafworm Spodoptera 

litura shows similar expression profiles in these genes (Hu et al. 2016). Next, genes 

involved in carotene production such as phytoene desaturase and phytoene synthase were 

also differentially expressed which could be responsible for the difference in body colour 

observed between the two morphs. Lastly, genes that are involved in cuticle formation such 

as RR1 cuticle protein 4 (RR1), and cuticular protein like-precursor were downregulated. A 

similar observation in these cuticle genes expression was reported in soybean aphids when 

exposed to starvation (Enders et al. 2014). It is possible that the reduction of expression of 



 

 

222 

CP was metabolically costly and the reduction in this protein production is related to energy 

conservation during environmental stress. 

Next, most DEG between winged and wingless aphids was distributed to GO terms such 

as transmembrane transport, proteolysis, glucuronosyltransferase activity and 

transmembrane transport activity and similar units were observed in KEGG such as 

transport and catabolism, carbohydrate metabolism, metabolism of other amino acids and 

xenoiotics biodegradation and metabolism. The results suggest that these functional terms 

and units might be important in regulating differences in aphid locomotion and body colours 

and the genes that fall under these terms may be the key that underlies the difference 

between N127 pale and N127 red morphs. 

 

N127 red vs N116 wingless 

Two polymorphic pea aphid genotypes (N116 and N127) were used in the experiments, 

and they respond very differently to environmental stress. The transcriptomic difference 

between the N127 red and N116 wingless was examined using RNA-seq to explore the 

underlying differences in these two genotypes in their wildtype forms. We found 5108 genes 

that were significantly differentially expressed between N127 red wingless aphid and N116 

green wingless aphid. 50 differentially expressed genes were filtered out from the list of 

5108 genes. These genes were involved in carotene production, reproduction, metabolism, 

longevity and cuticle formation. 28 of the 50 genes were upregulated in N127 red morphs. 

For example, protoheme IX farnesyltransferase, mitochondrial-like, partial (Cox10), 

carotene dehydrogenase (tor) was upregulated in red morphs. Our result agrees with the 

study by Zhang et al. (2018) which reported a similar expression profile of these genes 

between red and green pea aphids of different genotypes. tor is essential in producing the 

carotenoid pigment torulene which gives the red colour pigment only found in the red aphid 

which suggests that this gene is responsible for the body colour differences observed 

between the two aphid genotypes. On the other hand, the absence of protoheme IX 
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farnesyltransferase, mitochondrial-like has been reported to decrease virus attenuation and 

enhance pigmentation in S.auerus (Xu et al. 2016). However, their role in aphids remains 

unknown. Next, many genes involved in histone modification such as histone deacetylase 

8 (HDAC 8), histone deacetylase complex subunit SAP18 and histone acetyltransferase 

KAT7-like (KAT-7) were upregulated in the red morphs. A study by Kirfel et al. (2020) 

showed that silencing the HDAC 8 and SAP18 has no effect on aphid life-history traits 

(survival, total number of offspring and total number of premature offspring) but silencing 

Kat-7 results in significantly more offspring. Our results also showed that Kat-7 is more 

highly expressed in the N127 red morphs. Since the N127 red morphs usually have lower 

reproduction than the N116 green morph, it is possible this gene might be responsible for 

the reproduction differences observed in these two genotypes. Apart from that, some genes 

involved in insecticide resistance such as esterase E4 (E4) and cytochrome P450 4C1-like 

(p450) were upregulated in red morphs. Previous studies have shown that aphids with 

increased expression in this gene have higher resistance to insecticide (Silva et al. 2012; 

Hirata et al. 2017) However, differences in insecticide resistance between these two 

genotypes remain unknown and further study is needed to elucidate the role of these genes 

in pea aphid insecticide resistance. 

Apart from that, 28 of the 50 genes involved in carotene production, wing morphogenesis, 

ATP synthesis, longevity, cuticle synthesis, survival, reproduction and insect hormone and 

wing development were downregulated in the N127 red morphs. For example, a lot of the 

genes involved in ecdysone signalling such as ecdysone-induced protein 78C (Eip78C), 

ecdysone receptor (EcR), Krueppel homolog 1 (Kr-h1) were downregulated in red morphs. 

Ecdysone plays an essential role in insect development (Cruz et al. 2006). In Drosophila, 

knocking down Ecdysone related genes has been shown to result in a decrease in 

oogenesis (Ables et al. 2015). Since red morphs have lower reproduction in comparison to 

green morphs it is possible that ecdysone might play a role in regulating the reproduction 

between these two genotypes. Apart from that, ecdysone also plays an important role in 
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regulating wing polyphenism in aphids. Aphids with higher ecdysone levels usually produce 

more wingless offspring (Vellichirammal et al. 2017). Even though the red morphs have a 

lower expression for EcR and Eip78c they also have a lower level of expression of Kr-h1 

which is usually involved in ecdysone inhibition (Zhang et al. 2018). Since the red morph 

has lower expression Kr-h1 it means that there is less inhibition of ecdysone which could 

result in higher ecdysone levels despite lower expression of ecdysone related genes. 

Therefore, it is possible that the inability of red morphs to produce winged offspring when 

exposed to environmental stress is related to the ecdysone pathway and further study is 

needed to confirm this. Apart from that, another gene Gustavus (Gus) was also 

downregulated in the red morph. Gao et al. (2021) showed that silencing this gene in 

Drosophila leads to a reduction in reproduction in the green peach aphid. Therefore, it is 

possible that the reduction of expression of this gene could be responsible for the lower 

reproduction observed in N127 red morphs. 

Next, most DEGs between N127 red wingless morph and N116 green wingless aphid were 

distributed to GO terms such as transmembrane transport, proteolysis, DNA integration and 

transmembrane transport activity and similar units were observed in KEGG such as 

transport and catabolism, nucleotide metabolism, metabolism of cofactors and vitamins and 

xenobiotics biodegradation and metabolism. The results suggest that these functional terms 

and units might be important in regulating differences in life history traits between the two 

genotypes. 

 

N127 pale vs N116 winged morphs 

Two alternative morphs were produced from each genotype (pale morphs in N127 and 

winged morphs in N116) respectively when exposed to environmental stress. The 

transcriptomic difference between the N127 pale and N116 winged morph was examined 

using RNA-seq to explore the underlying differences between the alternative morphs in two 

genotypes. We found 3153 genes that were significantly differentially expressed between 
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N127 pale aphid and N116 winged aphid. 33 differentially expressed genes were filtered 

out from the list of 3153 genes. These genes were involved in carotene production, 

reproduction, metabolism, longevity and cuticle formation. 16 of the 33 genes were 

upregulated in the N127 pale morphs compared to N116 winged morphs. For example, the 

gene G-protein coupled receptor Mth2 (Mth2) was upregulated in the pale morphs. This 

gene has been reported to increase lifespan and survival during starvation (Li et al. 2014). 

Both pale and winged morphs have increased lifespan compared to their counterpart (N127 

red and N116 wingless). However, the lifespan and survival differences between these two 

alternative morphs are unknown and further research is needed to elucidate the role of this 

gene in the lifespan and survival of the alternative morphs. Interestingly, the gene 

responsible for the red pigmentation in aphid tor was highly upregulated in the pale morph. 

The pale morph is usually formed by breaking down the red pigmentation for energy when 

exposed to starvation stress (Tadbakani et al. 2013). Therefore, it is possible that the red 

pigmentation is still being produced in aphids but subsequently broken down to produce 

more energy in the pale morph. Interestingly, the gene Wnt-1 was also highly upregulated 

in the pale morphs. Wnt-1 plays an essential role in insect development, especially wing 

development (Murat et al. 2010; Ding et al. 2019). This is surprising such that the pale 

morph does not possess any wing appendages. However, Wnt-1 also has other roles such 

as the development of central nervous system, trachea and eye, therefore the higher 

expression in the pale morph might be related to this development rather than wing 

development. 

In contrast, 17 of the 33 genes were downregulated in the N127 pale morphs. For example, 

fligthin (fl), partner of bursicon (Pburs), and mitogen-activated protein kinase p38b (p38 

MAPK) were downregulated in N127 pale morph. These genes are involved in wing 

development in insects (Adachi-Yamada et al., 1999; Peabody et al. 2008). This is not 

surprising as the N127 pale morph does not possess any wing appendages in comparison 

to the N116 winged morphs. Apart from that, the gene gustatory receptor for sugar taste 
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64-like (Gr64f) was also downregulated in the pale morph. Gr64f plays an important role in 

feeding motivation during starvation and for detection for detecting sugars such as fructose, 

sucrose and others (Mishra et al. 2013). The N127 pale aphid only has increased motion 

and cannot fly in comparison to the N116 winged morph. Therefore, the lower expression 

might be due to the fact they require a less heightened sensitivity in detecting sugar as they 

cannot disperse as far compared to the winged morph. Lastly, the gene histone deacetylase 

Rpd3-like was also downregulated in the N127 pale morphs. Kirfel et al. (2020) showed 

that knocking out the Rpd3 results in a reduction in reproduction in pea aphids. In our study, 

we found that the N127 pale morphs have lower reproduction in comparison to the N116 

winged morphs (Chapter 3) and the lower expression of this gene might be responsible for 

the difference in the reproduction observed between these two morphs. Lastly, genes such 

as trehalase-like (Treh) and facilitated trehalose transporter Tret1 (Tret1-1) are 

downregulated in N127 pale morph. Both genes are involved in glucose production and 

transport (Shi et al. 2017). Since N127 pale morph only increases its locomotion in 

comparison to the N116 winged morphs which usually fly away, it is possib le that flying 

requires more energy consumption compared to increase locomotion.  

Next, most DEGs between the N127 pale morph and the N116 winged morphs were 

distributed to GO terms such as transmembrane transport, proteolysis, DNA integration, 

heme binding and carbohydrate metabolic process and similar units were observed in 

KEGG such as amino acid metabolism, carbohydrate metabolism, metabolism of cofactors 

and vitamins and xenobiotics biodegradation and metabolism. The results suggest that 

these functional terms and units might be important in regulating differences in life history 

traits and development between the two alternative morphs across two genotypes.  

 

N127 (N127 red+N127 pale) genotype vs N116 genotype (N116 winged+N116 

wingless) 
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The transcriptomic difference between the N127 genotype (both red and pale morphs) and 

N116 (both winged and wingless morph) were examined using RNA-seq to explore the 

underlying difference in transcriptome profile for the genotype as a whole. We found 5262 

genes that were significantly differentially expressed between N127 and N116 aphids. 39 

differentially expressed genes were filtered out from the list of 5262 genes based on their 

potential role in aphid development. Some of the genes that were highly upregulated in the 

N127 morphs are involved in carotenoid pigmentation (tor). As discussed above, this gene 

is mainly involved in producing the torulene which is responsible for the red pigmentation 

observed in the red morphs therefore is not surprising that the N127 genotype has a higher 

expression for this gene. Next, the N127 genotype also showed higher expression for the 

gene histone-lysine N-methyltransferase, H3 lysine-79 specific (H3K79). This gene is 

involved in H3 lysine 79 methylation and is usually associated with gene activation 

(Dottermusch-Heidel et al. 2014). However, the role of H3K79 methylation function in 

aphids remains unclear and requires further study. Apart from that, N127 also showed 

upregulation for the heat shock protein 70 (Hsp70). Interestingly, N127 always showed 

higher expression even in individual group comparison (N127 pale vs N116 winged) and 

(N127 red vs N116 wingless). Heat shock protein plays important role in reaction to 

environmental stress such as heat stress, starvation and others (Farahani et al. 2020). 

Previous studies on Rhodnius prolixus and Harmonia axyridis have shown that Hsp70 plays 

an important role in insect development and resistance to starvation (Shen et al. 2015, Paim 

et al. 2016). Next, Freitak et al. (2012) reported a difference in Hsp expression in Tribolium 

castaneum when exposed to starvation and heat stress. The role of Hsp70 in aphids 

remains widely unclear and further research is needed to elucidate the role of Hsp70 in 

regulating aphid starvation resistance.  

In contrast, 20 of the 38 genes were downregulated in the N127 genotype in comparison to 

the N116 genotype. Some of the downregulated genes in N127 were involved in wing 

development such as imaginal disk growth factor precursor (Idgf), fligthin (fl) and the 
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function of these genes has been discussed above. Since only the N116 genotype can 

produce winged offspring, it is not surprising that these genes were downregulated in the 

N127 genotype. Next, we found that apart from heat shock protein 70, other heat shock 

proteins such as heat shock protein 68 (Hsp68), and heat shock protein 75 (Hsp75) were 

downregulated in the N127 morphs. Most studies on Hsp75 and Hsp68 have been reported 

in the context of thermal stress. For example, Chen et al. (2015) reported an increased  

expression of Hsp75 in Neoseiulus cucumeris when exposed to heat stress. Chen et al. 

2019 also reported a similar trend in Hsp68 expression when exposed to heat stress. 

Therefore, Hsp75 and Hsp68 may play a major role in thermal stress reaction rather than 

starvation stress. Apart from that, Rank et al. (2007) reported differences in the expression 

of heat shock protein expression across the willow beetle Chrysomela aeneicollis 

genotypes. Therefore, different Hsp may be expressed across aphid genotypes when 

exposed to starvation stress. 

Next, most DEGs between N127 and N116 were distributed to GO terms such as 

transmembrane transport, proteolysis, DNA integration, heme binding and zinc ion binding 

and similar units were observed in KEGG such as transport and catabolism, carbohydrate 

metabolism, metabolism of cofactors and vitamins and xenobiotics biodegradation and 

metabolism. The results suggest that these functional terms and units might be important 

in regulating differences in life history traits and development between the two genotypes. 

 

Morphs (N127 pale+N116 winged) vs wildtype (N127 red+N116 wingless). 

The transcriptomic difference between the alternative morphs (both N116 winged and N127 

pale morphs) and wild-type (both N116 wingless and N127 red morph) was examined using 

RNA-seq to explore the underlying difference in transcriptome profile between dispersal vs 

non-dispersal morphs. We found 1467 genes that were significantly differentially expressed 

between alternative morphs (N127 pale aphid + N116 winged aphid) vs wild types (N127 

red + N116 wingless). 23 differentially expressed genes were filtered out from the list of 
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5287 genes. Some of the genes that were upregulated in the alternative morphs were 

involved in resistance to starvation. For example, the gene phosphoenolpyruvate 

carboxykinase (Pepck). Pepck is an enzyme that is usually involved in the gluconeogenesis 

process resulting in phosphoenol pyruvate (PEP) (Yang et al. 2009). PEP can be used to 

generate pyruvate that can be used for cellular respiration and therefore could play a 

potential role in response to stress such as starvation. A recent study by Spacht et al. (2018) 

showed that Pepck was upregulated in the flesh fly Sarcophaga bullata when exposed to 

starvation conditions. Our results agree with this study as the alternative morphs both 

showed higher expression for this gene in comparison to the wild type. Apart from that, 

other genes such as chemosensory protein-like precursor (Csp) are also upregulated in the 

alternative morphs. Csp plays an important role in volatile detection and searching for a 

new habitat (Song et al. 2018). Since dispersal morphs need to disperse to other plants 

and look for new habitats, therefore it is possible that Csp might play an essential role in 

aphids in detecting suitable host plants to colonise. 

In contrast, genes that were downregulated in the alternative morphs were involved in 

stress response. A lot of heat shock protein genes such as Hsp60, Hsp70, and Hsp83 were 

all downregulated in the alternative morphs. Heat shock protein plays an important role in 

stress response but can also regulate other aphid development such as reproduction, 

resistance to starvation and other functions (discussed above). Apart from that, cuticle 

genes such as cuticle protein 7 (Cp7) were downregulated in the alternative morphs. Since 

the production of cuticles can be energetically costly, it is possible that the alternative 

morphs reduced the production of energy to invest energy for dispersal (both flight and 

increase locomotion). 

Next, most DEGs between alternative morphs and wild type were distributed to GO terms 

such as transmembrane transport, proteolysis, structural constituent of cuticle, 

transmembrane transporter activity and heme binding. Similar units were observed in 

KEGG such as ABC transporter, biosynthesis of amino acids, autophagy-animal and 
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lysosome. The results suggest that these functional terms and units might be important in 

regulating differences in life history traits and development between the alternative morphs 

and wild type. 

 

4.5 Summary 

In this chapter the expression of candidate genes involved in wing development, stress 

response and metabolite regulation were investigated between different pea aphid morphs. 

Our results are the first to reveal that the candidate genes involved in wing development 

for e.g., vg, ap1 were differentially expressed between the pea aphid morphs with the N116 

winged aphids having the highest expression in these genes. This suggests that these 

genes could be important in helping the understanding the underlying mechanism 

regulating wing development in aphids. From an agroecology perspective, understanding 

wing development in aphids is important as it could help us develop potential insecticide or 

pesticide in controlling aphid migration to prevent the huge damage in agriculture. 

Further, the transcriptome profiles between the pea aphid morphs were also investigated 

in this chapter. We found many DEGs between the genotype group comparison which could 

play an important role in wing polyphenisms and aphid development. In the within-genotype 

comparison (e.g., N116 winged vs N116 wingless) and (N127 pale vs N127 red), we found 

that the transcriptome profiles are very different such that N116 shows many genes that 

are involved in wing development while the N127 group comparison shows mostly genes 

that are involved in metabolite regulation and carotene productions. This is the first time 

such a difference in transcriptome profile is reported between aphid genotypes that either 

produce winged offspring or changes their body colour. Our transcriptome profile not only 

reveals potential candidate genes in regulating aphid response to environmental stress but 

also potential underlying mechanisms in regulating their development. Wing development 

has been contributing to the evolutionary success of aphids. Our results not only help 

provide insight into genes in regulating wing development in aphids but also alternative 
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genes that help regulate aphid responses to stress for genotypes that do not produces wing 

which could contribute to their evolutionary success in the wild. 

This chapter also reveals many DEG between the genotype group comparison (e.g., N127 

red vs N116 wingless) that are involved in carotene production, metabolite regulation, 

stress response and reproduction. This is important as it could help us understand the 

prevalence of both genotypes in the wild. Future research on manipulating these genes 

(e.g., RNA interference, knockout gene) and the effect on aphid development (e.g., 

developmental time, reproduction, survival, wing development) should be investigated to 

provide insight into the role of these genes in regulating pea aphid life-history traits and 

also polyphenisms. 
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Chapter 5: DNA methylation of pea 

aphid developmental genes and 

methylome profile in different pea 

aphid morphs 
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5.1 Introduction 

Most organisms will experience changes in the environment during their lifetime. Organisms 

usually perceive changes in environmental conditions and adjust their phenotype. The 

phenotypic changes can range from minor metabolite changes to modifying their 

morphology and physiology, which increase their ability to survive in the environment. This 

phenomenon is also known as phenotypic plasticity (Fordyce 2006). Phenotypic plasticity 

is commonly defined as the ability of an organism’s genotype to produce multiple discrete 

phenotypes under different conditions (West-Eberhard 2003). One of the most extreme 

cases of phenotypic plasticity is known as polyphenism. In polyphenism, the output is 

usually discrete which as opposed to continuous (usually observed in plasticity) resulting in 

distinct phenotype (Yang et al. 2019). Polyphenism is widely observed across the insect 

species, ranging from phase polyphenism in the migratory locust Locusta migatoria to wing 

polyphenism in aphids Acyrthosiphon pisum (Ma et al. 2011; Ogawa and Miura 2014). In 

insects, environmentally induced polyphenism plays an important role in the evolutionary 

success as it allows the insects to quickly adapt to environmental changes. Polyphenism in 

insects can be triggered by a wide range of abiotic factors such as temperature and food 

resources. However, the trigger can also be biotic such as increase population density, the 

presence of predators, and others (Roessingh et al. 1998). Although there are many 

different types of environmental factors that can induce polyphenism, they all share a 

common regulatory scheme. First, the environmental signal is perceived by various groups 

of cells (e.g. nerve cell, muscle cells) followed by signal transduction through different 

endocrine systems such as ecdysteroid pathways, insulin pathways, juvenile hormone 

pathways and others. Next, the target tissues and cells will undergo epigenetic changes 

such as DNA methylation, histone modification, and non-coding RNAs which in turn 

regulate the expression profile of genes required for the alternative phenotype 

(polyphenism) (Figure 5.1) 
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Figure 5.1 The regulation framework for insect polyphenism. Firstly, the environmental signal 

is detected and integrated by a specific group of cells/tissues in the organisms after exposure to 

different environmental conditions. Next, the signal will be transduced to target tissues or cell groups 

through different neuroendocrine systems. After that, different epigenetic mechanisms such as DNA 

methylation, and histone modifications, are involved in modulating the gene expression which in turn 

results in the production of alternative phenotypes. 

 

One of the main epigenetic mechanisms is DNA methylation. DNA methylation has been 

the most studied epigenetic mechanism in the context of polyphenisms and has been 

shown to regulate the genome of many species (Bewick et al. 2017). DNA methylation 

usually involves the addition of the methyl group to the C-5 position of the cytosine ring. 
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The process of DNA methylation is facilitated by a family of enzymes known as DNA 

methyltransferase (Dnmt) such as Dnmt1, Dnmt 2, and Dnmt 3. In most organisms, DNA 

methylation can be observed in any of the cytosine throughout the genome but is more 

commonly found in the CpG dinucleotide area and is established through the help of Dnmt 

3. Furthermore, DNA methylation status is usually maintained by Dnmt 1 (Goll and Bestor 

2005; Cheng and Blumenthal 2008; Kim et al. 2009; Morandin et al. 2021). The Dnmt family 

also varies across insect species. For example, the honeybee Apis mellifera possesses two 

copies of Dnmt1, the parasitoid wasp Nasonia vitripennis has three copies of Dnmt1 and 

Drosophila has lost both Dnmt1 and Dnmt3 (Bird 2002; Wang et al. 2006). In insects, DNA 

methylation is often found in the gene body (exon + intron) compared to mammals where 

most DNA methylation occurs throughout the genome (Suzuki and Bird 2008, Lyko et al. 

2010; Bonasio et al. 2012). DNA methylation has also been reported to regulate insect 

development, ranging from embryogenesis, memory processing to age-related changes in 

worker behavior (Kay et al. 2018; Herb et al. 2012). The first reported case of DNA 

methylation in aphids was found in the E4 esterase gene in the insecticide-resistant green 

peach aphid, Myzus persicae (Field 2000).  

 

Aphids are an excellent model for studying epigenetic mechanisms underlying 

polyphenisms for a number of reasons. First, aphids show multiple polyphenism such as 

sexual polyphenism and wing polyphenism. Second, aphids usually reproduce 

parthenogenetically, therefore all offspring are essentially clones of the mothers, which 

makes them an excellent model to study the role of epigenetic changes in polyphenism. 

Third, the aphid genome has also been fully sequenced, which is beneficial when it comes 

to next-generation sequencing. Apart from that, aphids also possess a large number of 

genes (~35000 genes) with many genes having undergone duplication events (Srinivasan 

and Brisson 2012). Some of the genes that were duplicated were involved in multiple 

epigenetic mechanisms such as DNA methylation, histone modification, chromatin 
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remodelling and others (Srinivasan and Brisson 2012). Interestingly, the aphid genome also 

possesses one of the lowest G/C contents (29.6%) in comparison to other fully sequenced 

insect genomes. Finally, the pea aphid also possesses all the necessary Dnmt enzymes 

required for the DNA methylation. 

This chapter investigates methylation patterns of candidate genes involved in aphid 

development including wing development, stress response, metabolite regulation and 

hormone regulation building upon the data from previous Chapters and previous studies 

(Brisson et al., 2010).  

The overall aim of this chapter was to investigate whether the candidate genes involved in 

aphid development are differentially methylated in the dispersal and non-dispersal morphs, 

and between genotypes. Recent work has also focused on understanding the difference in 

aphid genotype and the differences in the degree of phenotypic plasticity between aphid 

genotypes (Kanvil et al. 2014, Parker et al. 2019, Sentis et al., 2019). Because of the critical 

role of the ability to disperse in aphid evolutionary success, this chapter also aimed to 

assess the methylation status between the aphid morphs and genotype to provide insight 

into the role of epigenetics in regulating aphid polyphenism. Furthermore, we integrated the 

transcriptome results from (Chapter 4) to provide an insight into the relationship between  

DNA methylation and gene expression. Specifically, the aims of this Chapter were to:  

 Measure the DNA methylation level of genes involved in different pea aphid 

developmental processes such as reproduction, wing formation, carotene 

production and stress response by pyrosequencing 

 Investigate the methylome profile of different pea aphid morphs in two genotypes 

(N116 winged vs N116 wingless and N127 pale vs N127 red) by MBD-seq 

 Integrate the results of transcriptome profile (chapter 4) and methylome profile to 

provide an insight into the correlation between gene expression and DNA 

methylation  
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5.2 Methods 

5.2.1 Materials 

All samples used in the experiment were obtained from the mesocosm experiment 

described in section 2.3.3. The number of samples used in the pyrosequencing analysis is 

outlined in the (Table 5.1), stratified by genotype and morphs. 

Table 5.1. Summary of aphid numbers used for molecular analysis in Chapter 5. 

Assay Genotype Morphs Replicates 

Pyrosequencing 

analysis 

N116 wingless x5 (pooled samples) 

N116 winged x5 (pooled samples) 

N127 red x5 (pooled samples) 

N127 pale x5 (pooled samples) 

 

5.2.2. DNA methylation level by pyrosequencing 

Total DNA was extracted from whole adult aphids obtained as described in Chapter 2 

(section 2.4.2), quantified (section 2.4.3b), quality checked for integrity (section 2.4.3c) and 

undergone bisulfite conversion (section 2.4.3d). DNA methylation of candidate genes is 

quantified using pyrosequencing (section 2.4.3e). 

 

5.2.3 MBD-seq library preparation 

DNA was extracted from seven adult aphids using the Qiagen DNeasy Blood & Tissue Kit 

(Qiagen, UK) according to the manufacturer’s instructions. DNA concentration and quality 

checks were done using nanodrop, gel electrophoresis and Qubit (Thermo Fisher Scientific, 

USA). Genomic DNA was sheared using Next Gen Bioruptor to a size range of 400bp and 

was checked using TapeStation System 4200 (Agilent Technologies, USA). DNA 

enrichment was performed using the MethylMiner™ Methylated DNA Enrichment Kit 

(Thermo Fisher Scientific, USA) with an initial input of 1µg of sheared DNA per reaction. 

Briefly, DNA was bound to the MBD-biotin protein containing Dynabeads M-280 
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Streptavidin followed by a series of washing. Lastly, the methylated beads were eluted from 

the capture beads using a High Elution Buffer. Next, the library was prepared using the 

Next Gen DNA library kit (Active Motif, USA). Briefly, the eluted DNA undergoes two rounds 

of repair steps and washing, followed by a ligation step with the addition of a specific index 

for each sample using the Next Gen Indexing Kit (Active Motif, USA), followed by another 

round of washing. Lastly, the sample containing a specific index undergoes a last round of 

ligation with washing and amplified using PCR at 98oC for 30s, followed by six cycles of 

DNA denaturation at 98oC for 10s, followed by annealing at 60oC for 30s and lastly 

extension at 68oC for 60s. The amplified library is then washed, and the library size is 

analysed using TapeStation System 4200 (Agilent Technologies, USA). The library is 

sequenced on the Illumina Next Seq 550 Series (Illumina, USA) using the NextSeq 500/550 

v2.5 Kits (75 cycles) (Illumina, USA). Finally, the output data was demultiplexed (allowing 

one mismatch) and BCL-to-Fastq conversion was performed using Illumina’s bcl2fastq 

software, version 2.20.0.422. 

 

5.2.4 Sequence assembly and annotation 

Unmapped single ended reads of 76bp from an Illumina NextSeq550 sequencer were 

checked using a quality control pipeline consisting of FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FastQ Screen 

(https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/). The reads were 

trimmed to remove any adapter or poor-quality sequence using Trimmomatic v0.39. The 

reads were mapped against the reference Acyrthosiphon pisum genome v3.0. Next, 

MACS2 v2.2.5 (Zhang et al. 2008) was used to identify MBD regions and programs from 

the UCSC repository (http://hgdownload.soe.ucsc.edu/admin/exe/) were used to convert 

bedGraph files from MACS2 to bigWig, including bedClip and bedGraphToBigWig. 

Differential binding analysis was performed using DiffBind v3.4.11 (Stark and Brown 2011) 

in R v4.1.2 (R Core Team 2021). The 'read' input were the final filtered BAM files used in 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/
https://paperpile.com/c/K8mZJ8/5Avs
http://hgdownload.soe.ucsc.edu/admin/exe/
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the MACS2 peak calling. The annotation of differentially bound regions was performed 

using ChIPseeker v1.30.3 (Yu et al. 2015). Differentially bound MBD regions from were 

filtered by log2 fold change (positive >0.3 and negative <-0.3, or either separately) and the 

'conc' value (mean normalised reads) of 6.64 (~100 reads). The relative location of each 

differentially bound region to associated genes were determined using the annotatePeak 

function. Gene Ontology enrichment analysis was performed using the enricher function of 

clusterProfiler v4.2.2 (Wu et al. 2021) in R v 4.1.2 and GO annotation for the aphid genes 

was obtained from the Bioinformatics Platform for Agroecosystem Arthropods (BIPAA). 

 

5.2.5 Integration of RNA-seq and MBD-seq data 

The data from RNA-seq and MBD-seq were integrated to provide insight into the 

relationship between DNA methylation and gene expression. First, for differentially 

methylated genes (DMGs) from MBD-seq, I searched for the corresponding gene 

expression level in RNA-seq with the criteria of (P<0.05 and <-0.3<fold change>0.3). Next, 

the relationship between DNA methylation and gene expression was listed as the same 

trend (increased methylation and increased expression in gene body, increased 

methylation and decreased gene expression in promoter region) or the opposite trend 

(increased methylation and decreased expression in gene body, increased methylation and 

increased gene expression in promoter region) for both hypermethylated and 

hypomethylated genes. Genes that have multiple regions methylated (promoter, 3’UTR and 

gene body) or only (3’UTR and 5’UTR) methylated were listed as overlapped and not 

available (NA), respectively, for the analysis. 

 

  

https://paperpile.com/c/K8mZJ8/c0OJ
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5.3 Results 

5.3.1 DNA methylation levels 

We measured DNA methylation of all the genes discussed in (Chapter 4) to provide insight 

into the role of DNA methylation in gene expression. Our results reveals that most of the 

genes have low levels of methylation (1-3%) with some intermediate level (30-40%) and 

only a few highly methylated genes (70-100%). Among the lowly methylated genes, the 

DNA methylation levels were consistently low across the CpG sites examined. In contrast, 

there is a bigger variation level in individual CpG methylation level for genes that were 

intermediate and highly expressed. Further a few genes (APNS1, Hsp70 and INR) were not 

tested due to failure to design primers. The DNA methylation level of 8 different genes 

selected based on the (N116 winged vs N116 wingless expression) RNA-seq experiment 

were analysed (Figure 5.2). Next, the DNA methylation of another 8 different is also 

analysed and were selected based on their function in pea aphids reported in previous 

studies (such as stress response, wing formation, carotenoid production) (Figure 5.3). 

Lastly, the significant predictors for each genes were reported in (Table 5.2). 

 

Table 5.2. Summary of statistical model used for gene expression analysis and the significant 

predictors for each genes. 

Gene Model Significant predictors F-

value 

P-value 

Troponin C GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

1.8 0.198 

Trehalase GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

2.148 0.162 

Krueppel-homolog 1 GLM None of the predictors were significant 0.000 1.000 
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**reported value here is from the 

interaction of morphs and genotype 

Mother against 

decapentaplegic 

homolog 4 

GLM Main effect (morphs) 11.545 <0.001 

Partner of Bursicon GLM Interaction of morphs and genotype 5.031 0.039 

DNA 

methyltransferase 1 

associated protein 1 

GLM Interaction of morphs and genotype 8.793 0.009 

Histone deacetylase 

Rpd3 

GLM Main effect (morph) 8.593 0.010 

Ecdysone 20-

monooxygenase  

GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

0.000 1.000 

Flightin GLM Main effect (genotype) 7.443 0.015 

Apterous 1 GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

0.400 0.536 

Engrailed GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype  

1.361 0.260 

Vestigial GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

1.670 0.215 

Short-chain specific 

acyl-coA 

dehydrogenase 

GLM None of the predictors were significant 

**reported value here is from the 

interaction of morphs and genotype 

0.000 1.000 
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Heat Shock Protein 

83 

GLM Interaction of morphs and genotype 5.458 0.033 

Carotene 

dehydrogenase 

GLM Main effect (morphs)  

** morphs here represent only pale vs 

red aphid in N127 genotype as no 

expression of these genes for N116 

genotype 

0.007 0.934 
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Figure 5.2. DNA methylation level of candidate genes between aphid morphs (from RNA-seq). AW=adult wing, WG=adult wingless, PA=pale adult, 

RA=red adult. Each of the bars represents the average measurement of expression from five biological replicate with error bars indicating the SEM. The 

Y-axis scale is specific to each gene. *P-values <0.05, **P-values <0.01, ***P-values<0.001 obtained from Tukey’s post-hoc test. From left to right: TnC 

(Troponin C), Treh (Trehalase), Kr-h1 (Krueppel-homolog 1), Mad (mothers against decapentaplegic homolog 4), Pburs (partner of bursicon), DMAP1  

(DNA methyltransferase 1-associated protein 1), Rpd3 (Histone deacetylase Rpd3), shd (Ecdysone 20-monooxygenase). 
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Figure 5.3. DNA methylation levels of candidate genes between aphid morphs. AW=adult wing, WG=adult wingless, PA=pale adult, RA=red adult. 

Each of the bars represents the average measurement of expression from five biological replicates with error bars indicating the SEM. The Y-axis scale is 

specific to each gene. *P-values <0.05, **P-values <0.01, ***P-values<0.001 obtained from Tukey’s post-hoc test. From left to right: fl (Flightin), ap1 

(apterous1), en (engrailed), vg (vestigial), SCAD (Short-chain acyl-CoA dehydrogenase), Hsp83 (Heat shock protein 83), tor (carotene dehydrogenase).
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5.3.2 MBD-seq analysis 

Four different morphs from the two genotypes were selected for whole methylome profiling: 

genotype N116 (wingless and winged) and genotype N127 (red and pale). The two 

genotypes have very different body morph colours: N116 is usually green, while N127 is 

usually red. Apart from that, they respond differently to crowded conditions, with N116 

producing winged offspring and N127 changing their body colour from red to pale.  

 

5.3.3 Methylome profiles of pea aphid genotypes and their morphs 

The methylation profile of four different pea aphid morphs was compared. 196 million reads 

were obtained for N116 (winged), 195 million reads for N116 (wingless), 394 million reads 

for N127 (pale), and 365 million reads for N127 (red) (Table 5.3). After filtering (includes 

trimming and mapping to reference genome), 124 million, 127 million, 248 million, and 226 

million high-quality reads were obtained for each morph, respectively. Apart from that, 

principal analysis plot was carried out to visualise the overall patterns of DNA methylation 

across morphs (Figure 5.4). 

Table 5.3. Number of raw reads and unique mapped reads obtained from MBD- seq. 

 

Strain Number of inputreads  Uniquely mapped read   

N116 winged 196,085,634 123,873,182 

N116 wingless 194,873,237 126,961,032 

N127 pale 394,240,334 247,478,037 

N127 red 364,744,675 226,039,832 
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Figure 5.4. Principal component analysis of gene expression of four pea aphid morphs. 

Each dot represents one biological replicate from the MBD-seq experiment. 

 

For DNA methylation level measurements, a range of 62%–65% of the total reads were 

uniquely mapped to the genes in the reference database. The significant DMGs for all 

groups were then further annotated for GO by using the ClusterProfiler (p-adjust <0.1). For 

further functional categorisation, KEGG pathway analysis was performed using the aphid 

KEGG database. DEGs were then classified into different KO terms. 

 

a) Differentially methylated genes between different all group comparison 

Based on the results of MBD-seq we found 77 genes that were differentially expressed 

between the N116 winged aphid vs N116wingless aphid, 410 genes between N127 pale 

aphid with N127 red aphid, 1967 genes between N127 red aphid vs N116 wingless aphid 
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and 1675 genes between N127 pale vs N116 winged aphid (Figure 5.5). Then, we only 

found 1 overlapping genes between the N116 winged aphid vs N116wingless aphid group 

with N127 pale vs N127red aphid group. Further, we found 197 genes overlap between 

N127pale vs N127red aphid group vs N127red vs N116wingless aphid group. Most 

overlapping genes (1390) were observed between the N127red vs N116wingless aphid 

group vs N127pale vs N116 winged aphid group. Then, 41 overlapping genes were found 

between N116winged vs N116 wingless group vs N127pale vs N116winged aphid group. 

No overlapping genes were found across all the other comparisons.  All differentially 

methylated genes were obtained based on the parameter of (P-value <0.1 and -

0.3<log2fold>0.3). 

 

Figure 5.5. Venn diagram comparing DMG identified by MBD-seq between different aphid 

morphs. Blue=N116 winged +N116wingless morphs, Green=N127red +N116winglesss, Yellow= 

N127 pale + N127 red morphs, Red=N127 pale+ N116 winged morphs. Each sub-category 

represents the overlapping genes that were found between the two or more different group 

comparisons. 
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b) GO and KEGG analysis of differentially methylated regions and 

differentially methylated genes in N116 winged and N116 wingless aphids 

Our DMR analysis showed that gene body (exon + intron) (39.5%) and distal intergenic 

region (39.5%) is the most methylated region followed by UTR (13.5%) and promoter (7%) 

(Figure 5.6A, B). Most of the methylated regions are located on the X chromosome (79%), 

followed by the A2 chromosome (9%), A1 chromosome (4%), A3 chromosome (4%) and 

unplaced scaffold regions (4%) (Figure 5.6C, D). We found four genes to be 

hypermethylated and 147 hypomethylated in the N116 winged morphs in comparison to the 

N116 wingless morphs (Figure 5.6E). The top 10 most hypermethylated genes in N116 

winged were involved in cellular development. In contrast, the top 10 most hypomethylated 

genes were involved in ubiquitin processes (Table 5.4). 

Next, the genes were subjected to GO analysis. None of the genes showed significant 

enrichment. In addition to the GO analysis, the genes were also subjected to KEGG 

analysis, and no significant enrichment was obtained for KEGG analysis either.  
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Table 5.4. Top 10 most hypermethylated and hypomethylated in N116 winged and N116 wingless aphids 

Gene Chromosome Fold-change 

Uncharacterized X 0.48 

disks large homolog 1 X 0.62 

myocardin-related transcription factor A X 0.55 

nucleotide exchange factor SIL1 X 0.38 

Uncharacterized X -0.47 

sentrin-specific protease 1-like X -0.47 

Uncharacterized X -0.45 

kelch-like protein 2 X -0.45 

E3-independent) E2 ubiquitin-conjugating enzyme UBE2O-like X -0.45 

peroxisomal membrane protein PEX13-like X -0.44 

Uncharacterized X -0.44 

eukaryotic translation initiation factor 4 gamma 3-like X -0.43 

Uncharacterized X -0.43 

 26S proteasome regulatory subunit 4 X -0.42 
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Figure 5.6. MBD-seq results for N116 winged and N116 wingless aphids. A)  The DMR region between N116 winged and wingless. Black=promoter, 

green=3’UTR, red=5’UTR, purple=intron, blue=exon, grey=distal intergenic  (DNA region between the coding genes), yellow=downstream Y-axis 

(percentage)=The number of site for each region for both hypomethylation and hyper methylation together (Percentage calculate d as the number of sites 

for region divided by the total number of sites). B) The methylation status of the DMR. Green=hypermethylated, yellow=hypomethylated. C) The distribution 

of the methylation sites by chromosome. Red=X chromosome, green=A1 chromosome, yellow=A2 chromosome, blue=A3 chromosome, grey=unplaced 

scaffold. D) The methylation status of DMR by chromosome. Green=hypermethylated, yellow=hypomethylated . E) The total number of genes that are 

differentially methylated. Green=hypermethylated, yellow=hypomethylated
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c) GO and KEGG analysis of differentially methylated regions and 

differentially methylated genes in N127 pale and N127 red aphids 

Our DMR analysis showed that the gene body (exon + intron) (40%) is the most methylated 

region followed by distal intergenic (31%), UTR (19%), promoter (9%) and downstream 

(1%) (Figure 5.7A, B). Most of the methylated regions are located on the A1 chromosome 

(31%) followed by A2 chromosome (26%), X chromosome (24.5%), unplaced scaffold 

region (11%) and A3 chromosome (7.5%) (Figure 5.7C, D). We found 192 genes to be 

hypermethylated and 153 hypomethylated in the N127 pale morphs in comparison to the 

N127 red morphs (Figure 5.7E). The top 10 most hypermethylated genes were involved in 

histone process, cellular development, and signalling. In contrast, the top 10 most 

hypomethylated genes were involved in cellular development, cell adhesion and signalling. 

(Table 5.5). 

Next, the genes were subjected to GO analysis. None of the genes showed significant 

enrichment. In addition to the GO analysis, the genes were also subjected to KEGG 

analysis, and no significant enrichment was obtained for KEGG analysis either.  

  



 

 

252 

Table 5.5. Top 10 most hypermethylated and hypomethylated in N127 pale and N127 red aphids.  

   

Gene Chromosome Fold-change 

soluble guanylate cyclase 88E A3 1.95 

UPF0454 protein C12orf49 homolog A1 1.44 

translocase of outer mitochondrial membrane 20 A1 0.91 

V-type proton ATPase 116 kDa subunit a A1 0.91 

Uncharacterized A2 0.79 

mitogen-activated protein kinase 13-A A1 0.79 

collagen alpha-1(XI) chain A1 0.69 

Uncharacterized X 0.63 

rad23 protein A1 0.62 

Histone H2AV A3 0.62 

zinc finger protein OZF-like A2 -1.25 

uncharacterized X -1.19 

mitochondrial ribosomal protein S18A X -1.00 

dystonin A2 -0.96 

f-box only protein 9-like A2 -0.89 

adapter molecule Crk X -0.67 

tyrosine-protein phosphatase Lar A2 -0.66 

Uncharacterized X -0.61 

Uncharacterized Unplaced scaffold -0.60 

coiled-coil domain containing 44 A2 -0.56 
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Figure 5.7. MBD-seq results for N127 pale and N127 red aphids. A) The DMR region between N127 pale aphid vs N127 red aphid. Black= promoter, 

green=3’UTR, red=5’UTR, purple=intron, blue=exon, grey=distal intergenic  (DNA region between the coding genes), yellow=downstream. Y-axis 

(percentage)=The number of site for each region for both hypomethylation and hyper methylation together (Percentage calculated as the number of sites 

for region divided by the total number of sites).  B) The methylation status of the DMR. Green=hypermethylated, yellow=hypomethylated. C) The distribution 

of the methylation sites by chromosome. Red=X chromosome, green=A1 chromosome, yellow=A2 chromosome, blue=A3 chromosome, grey=unplaced 

scaffold. D) The methylation status of DMR by chromosome. Green=hypermethylated, yellow=hypomethylated. E) The total number of genes that are 

differentially methylated. Green=hypermethylated, yellow=hypomethylated . 
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c) GO and KEGG analysis of differentially methylated regions and 

differentially methylated genes in N127 red and N116 green wingless aphids 

Our DMR analysis showed that the gene body (exon + intron) (50%) is the most methylated 

region followed by distal intergenic (29%), UTR (16.5%), promoter (11.5%) and downstream 

(0.5%) (Figure 5.8A, B). Most of the methylated regions are located on the X chromosome 

(33.5%), followed by A1 chromosome (24%), A2 chromosome (21%), unplaced scaffold 

region (14.5%) and A3 chromosome (7%) (Figure 5.8C, D). We found 1210 genes to be 

hypermethylated and 807 hypomethylated in the N127 red morphs in comparison to the 

N116 wingless morphs (Figure 5.8E). The top 10 most hypermethylated genes have 

uncharacterized functions and with some involved in cellular signalling and development. 

In contrast, the top 10 most hypomethylated genes were mostly uncharacterized functions  

with some involved in protein sorting and translation (Table 5.6). 

Next, the genes were subjected to GO analysis. Significant enrichments were obtained for 

120 genes which all fall under three functional groups. The 120 genes were classified into 

two categories: 16 genes in biological processes (BP), and 104 genes in molecular function 

(MF) (Figure 5.9). In addition to the GO analysis, the genes were also subjected to KEGG 

analysis, and no significant enrichment was obtained for KEGG analysis.  
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Table 5.6. Top 10 most hypermethylated and hypomethylated in N127 red and N116 green wingless aphids.  

 
 
 
  

Gene Chromosome Fold-change 

Uncharacterized A2  11.92 

Uncharacterized A2  11.22 

Uncharacterized A2  11.15 

Uncharacterized A2  10.92 

kelch-like protein 2 A2 10.85 

Uncharacterized X 10.41 

peroxidase  A3 10.40 

Uncharacterized A2 10.34 

protein unc-119 homolog B A1 10.32 

Uncharacterized A1  9.80 

zinc finger protein OZF-like A1 -12.10 

Uncharacterized A2 -11.27 

mitochondrial ribosomal protein S18A A1 -11.17 

Dystonin X -10.96 

f-box only protein 9-like A2 -10.90 

adapter molecule Crk X -10.68 

tyrosine-protein phosphatase Lar A1 -10.54 

Uncharacterized X -10.50 

Uncharacterized A2 -10.47 

coiled-coil domain containing 44 Unplaced scaffold -10.38 
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Figure 5.8. MBD-seq results for N127 red vs N116 green wingless aphids. A) The DMR region between N127 red aphid vs N116 wingless aphid. 

Black= promoter, green=3’UTR, red=5’UTR, purple=intron, blue=exon, grey=distal intergenic  (DNA region between the coding genes), 

yellow=downstream, Y-axis (percentage)=The number of site for each region for both hypomethylation and hyper methylation together (Percentage 

calculated as the number of sites for region divided by the total number of sites) .. B) The methylation status of the DMR. Green= hypermethylated, yellow= 

hypomethylated. C) The distribution of the methylation sites by chromosome. Red=X chromosome, green=A1 chromosome, yellow=A2 chromosome, 

blue=A3 chromosome, grey=unplaced scaffold. D) The methylation status of DMR by chromosome. Green= hypermethylated, yellow=hypomethylated . E) 

The total number of genes that are differentially methylated. Green=hypermethylated, yellow=hypomethylated.  
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Figure 5.9. GO enrichment analysis between N127 red and N116 green wingless aphids. Gene ontology was classified into two main categories: 

BP=Biological process (blue), MF=Molecular Function (green).  
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d) GO and KEGG analysis of differentially methylated regions and 

differentially methylated genes in N127 pale and N116 winged aphids 

Our DMR analysis showed that the gene body (exon + intron) (41.5%) is the most 

methylated region followed by distal intergenic (32%), UTR (14.5%), promoter (11%) and 

downstream (0.5%) (Figure 5.10A, B). Most of the methylated regions are located on the X 

chromosome (41.5%), followed by A1 chromosome (20.5%), A2 chromosome (18%), 

unplaced scaffold region (14%) and A3 chromosome (6%) (Figure 5.10C, D). We found 

1109 genes to be hypermethylated and 615 hypomethylated in the N127 pale morphs in 

comparison to the N116 winged morphs (Figure 5.10E). The top 10 most hypermethylated 

genes have uncharacterized functions and with some involved in cellular signalling and 

development. In contrast, the top 10 most hypomethylated genes were mostly involved in 

catalytic process, cellular development and ion channel transportation (Table 5.7). 

Next, the genes were subjected to GO analysis. Significant enrichments were obtained for 

13 genes which all fall under one functional group. All the genes were classified into the 

biological process (BP) category (Figure 5.11). In addition to the GO analysis, the genes 

were also subjected to KEGG analysis, and no significant enrichment was obtained for 

KEGG analysis. 
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Table 5.7. Top 10 most hypermethylated and hypomethylated in N127 pale and N116 winged aphids.  

 

Gene Chromosome Fold-change 

kelch-like protein 2 A2  10.86 

Uncharacterized X 10.57 

Uncharacterized A2 10.44 

DNA topoisomerase 2-binding protein 1-A A1  10.18 

kelch-like protein 2 A2 10.10 

Uncharacterized A2 10.04 

Uncharacterized A3 9.88 

Peroxidase A1 9.86 

protein unc-119 homolog B A1 9.82 

Uncharacterized X 9.59 

Uncharacterized A2 -10.29 

Uncharacterized X -10.25 

transient receptor potential cation channel trpm A1 -9.98 

Uncharacterized A1 -9.93 

enoyl-CoA hydratase domain-containing protein 3, mitochondrial A2 -9.92 

kelch-like protein 3 A1 -9.92 

gem-associated protein 5 A1 -9.90 

DNA polymerase delta catalytic subunit A1 -9.84 

kelch-like protein 3 A2 -9.59 

AP-1 complex subunit gamma-1 A1 -9.58 
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Figure 5.10. MBD-seq results for N127 pale and N116 winged aphids. A) The DMR region between N127 pale aphid vs N116 winged aphid. Black= 

promoter, green=3’UTR, red=5’UTR, purple=intron, blue=exon, grey=distal intergenic  (DNA region between the coding genes), yellow= downstream, Y-

axis (percentage)=The number of site for each region for both hypomethylation and hyper methylation together (Percentage calc ulated as the number of 

sites for region divided by the total number of sites). B) The methylation status of the DMR. Green=hypermethylated, yellow=hypomethylated. C) The 

distribution of the methylation sites by chromosome. Red=X chromosome, green=A1 chromosome, yellow=A2 chromosome, blue=A3 chr omosome, 

grey=unplaced scaffold. D) The methylation status of DMR by chromosome. Green=hypermethylated, yellow=hypomethylated. E) The total number of 

genes that are differentially methylated. Green=hypermethylated, yellow=hypomethylated.
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Figure 5.11. GO enrichments analysis between N127 pale and N116 winged morphs. Gene ontology was classified into one main category: 

BP=Biological process (blue). 
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e) GO and KEGG analysis of differentially methylated regions and 

differentially methylated genes in N127 (red+pale) and N116 

(winged+wingless) aphids 

Our DMR analysis showed that gene body (exon + intron) (42.5%) is the most methylated 

region followed by distal intergenic (30%), UTR (15.5%), promoter (11.5%) and downstream 

(0.5%) (Figure 5.12A, B). Most of the methylated regions are located on the X chromosome 

(38%), followed by A1 chromosome (22.5%), A2 chromosome (19.5%), unplaced scaffold 

region (14%) and A3 chromosome (6%) (Figure 5.12C, D). We found 1165 genes to be 

hypermethylated and 688 hypomethylated in the N127 genotype in comparison to the N116 

genotype (Figure 5.12E). The top 10 most hypermethylated genes have uncharacterized 

functions and with some involved in cellular signalling and development. In contrast, the 

top 10 most hypomethylated genes were mostly involved in catalytic process, cellular 

development and uncharacterized function (Table 5.8). 

Next, the genes were subjected to GO analysis. Significant enrichments were obtained for 

30 genes which all fall under two functional groups. The 30 genes were classified into two 

categories: 15 in biological process (BP) and 15 in molecular function (MF) (Figure 5.13). 

In addition to the GO analysis, the genes were also subjected to KEGG analysis, and no 

significant enrichment was obtained for KEGG analysis. 
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Table 5.8. Top 10 most hypermethylated and hypomethylated in N127 (red+pale) and N116 (winged+wingless) aphids. 

 

Gene Chromosome Fold-change 

kelch-like protein 2 A2 11.13 

Uncharacterized A2 10.95 

Uncharacterized A2 10.91 

Uncharacterized X 10.76 

Uncharacterized A2 10.66 

Uncharacterized A3 10.41 

protein unc-119 homolog B A1 10.36 

Uncharacterized A2 10.23 

Uncharacterized A1 10.06 

DNA topoisomerase 2-binding protein 1-A-like A1  9.98 

kelch-like protein 3 A1 -10.77 

Uncharacterized A1 -10.72 

Uncharacterized X -10.61 

enoyl-CoA hydratase domain-containing protein 3, mitochondrial A2 -10.46 

kelch-like protein 3 A2 -10.34 

Uncharacterized X -10.10 

protein angel Unplaced scaffold -10.07 

gem-associated protein 5 A1 -10.04 

AP-1 complex subunit gamma-1 A1 -10.03 

DNA polymerase delta catalytic subunit A1 -10.01 
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Figure 5.12. MBD-seq results for N127 (pale+red) and N116 (winged+wingless) aphids. A) The DMR region between N127 genotype vs N116 

genotype. Black=promoter, green=3’UTR, red=5’UTR, purple=intron, blue=exon, grey=distal intergenic  (DNA region between the coding genes), yellow= 

downstream, Y-axis (percentage)=The number of site for each region for both hypomethylation and hyper methylation together (Percentage calc ulated as 

the number of sites for region divided by the total number of sites). B) The methylation status of the DMR. Green=hypermethylated, yellow=hypomethylated. 

C) The distribution of the methylation sites by chromosome. Red=X chromosome, green=A1 chromosome, yellow=A2 chromosome, blue=A3  chromosome, 

grey=unplaced scaffold. D) The methylation status of DMR by chromosome. Green=hypermethylated, yellow=hypomethylated. E) The total number of 

genes that are differentially methylated. Green=hypermethylated, yellow=hypomethylated.  
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Figure 5.13. GO enrichment analysis between N127 (pale+red) and N116 (wingless+winged) aphids. Gene ontology was classified into two main 

categories: BP=Biological process (blue), MF=Molecular Function (green). 
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5.3.4 Correlation between DNA methylation and gene expression between pea 

aphid morphs and genotypes 

The transcriptome profile of the four different pea aphid morphs (Chapter 4) was integrated 

with the methylome profile (by searching if the differentially methylated genes were also 

differentially expressed in the RNA-seq) to provide insight into the relationship between 

DNA methylation and gene expression. The overlapping gene were selected based on the 

criteria of (P-adjust<0.5 and <-0.3log2fold>0.3) for both differentially expressed gene 

(DEG) and differentially methylated gene (DMG). The correlation between DNA methylation 

and gene expression (for gene body only) is analysed using Pearson correlation coefficient 

for each group comparison (Figure 5.14A-E) as the function of promoter methylation in 

insects remain unclear. Among the group comparison only the N127red vs N116 wing less, 

N127 pale vs N116 winged and N127 vs N116 showed significant correlation between DNA 

methylation and gene expression (P-value <0.001). All three group showed a positive 

correlation between DNA methylation and gene expression ranging from moderate 

correlation to strong correlation. 
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Figure 5.14. Correlation between DNA methylation and gene expression (gene body region only) for different group comparisons .  Pearson’ r 

value   0.1-0.3 (low correlation), 0.3-0.5 (moderate correlation), 0.5-1.0 (strong correlation).  + Pearson’s r= positive correlation, -Pearson’s r= negative 

correlation. X-axis = any genes that has methylation difference of log2fold change between -0.3<log2fold>0.3 and the p-adjusted value of <0.05, Y-axis= 

any genes that has expression of log2fold between -0.3<log2fold>0.3 and the p-adjusted value of <0.05. Positive correlation = Increase methylation with 

increase gene expression in gene body. Negative correlation= Inrease methylation but decrease gene expression in gene body.
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a) Differentially methylated genes and differentially expressed genes overlap 

between N116 winged and N116 wingless aphids 

We integrated the results of MBD-seq with RNA-seq (Chapter 4) to provide insight into the 

correlation between DNA methylation and gene expression. For hypermethylated genes, 

there was no overlap with the RNA-seq data. Next, for hypomethylated genes we found a 

total of 9 genes overlap with RNA-seq data. Of the nine genes, two show a similar trend in 

DNA methylation and gene expression (increase methylation with higher gene expression 

for gene body and increase methylation with lower gene expression for promoter region 

and vice versa), five genes show the opposite trend (increase methylation with lower gene 

expression for gene body and increase methylation with higher gene expression for 

promoter region and vice versa). Further, two genes were not analysed due to having 

multiple regions methylated (e.g. 3’UTR, promoter, gene body all methylated) as we do not 

know about the effect of DNA methylation on multiple regions of genes. (Figure 5.15A-C).
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Figure 5.15. MBD-seq and RNA-seq for N116 winged and N116 wingless aphids. A) Integration of results for MBD-seq and RNA-seq for the gene 

body region. Green=genes following the same trend for DNA methylation and gene expression in gene body (increased methylation associated with 

increased expression and decreased methylation with decreased expression). Yellow=genes with opposite trend in gene body (increased methylation with 

decreased expression and decreased methylation with increased expression). B) Integration of results for MBD-seq and RNA-seq for the promoter region. 

Green= genes following the same trend for DNA methylation and gene expression ( increased methylation with decreased expression and decreased 

methylation with decreased expression). Yellow=genes with opposite trend in the promoter region (increased methylation with increased expression and 

decreased methylation with decreased expression). C) Genes with multiple regions methylated or unclear relationship between methylated regions and 

gene expression. Red=overlap (genes with different region methylated such as promoter, gene body and 3’UTR). Blue=NA (genes w ith only 3’UTR or 

5’UTR methylated). 
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b) Differentially methylated genes and differentially expressed genes overlap 

between N127 pale and N127 red aphids 

For hypermethylated genes, we found 16 genes that overlap with RNA-seq data. Of the 16 

genes, eight showed a similar trend for DNA methylation and gene expression and eight 

genes showed the opposite trend. For hypomethylated genes we found a total of nine genes 

overlapping with the RNA-seq data. Two of the genes show a similar trend in DNA 

methylation and gene expression (increase methylation with higher gene expression for 

gene body and increase methylation with lower gene expression for promoter region and 

vice versa), and seven genes show the opposite trend (increase methylation with lower 

gene expression for gene body and increase methylation with higher gene expression for 

promoter region and vice versa). Further, 13 genes across both hypermethylated and 

hypomethylated were not analysed due to multiple methylated regions (e.g. 3’UTR, 

promoter, gene body all methylated) as we do not know about the effect of DNA methylation 

on multiple regions of genes or unclear relationship between the methylated region and 

gene expression (e.g. 3’UTR and 5’UTR were methylated only but we do not know the effect 

of methylation on these two region in insects) (Figure 5.16A-C). 
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Figure 5.16. MBD-seq and RNA-seq for N127 pale vs N127 red aphids. A) Integration of results for MBD-seq and RNA-seq for the gene body region. 

Green=genes following the same trend for DNA methylation and gene expression in gene body (increased methylation associated with increased 

expression and decreased methylation with decreased expression). Yellow=genes with opposite trend in gene body (increased methylation with decreased 

expression and decreased methylation with increased expression). B) Integration of results for MBD-seq and RNA-seq for the promoter region. 

Green=genes following the same trend for DNA methylation and gene expression ( increased methylation with decreased expression and decreased 

methylation with decreased expression). Yellow=genes with opposite trend in the promoter region (increased methylation with increased expression and 

decreased methylation with decreased expression). C) Genes with multiple regions methylated or unclear relationship between methylated regions and 

gene expression. Red=overlap (genes with different region methylated such as promoter, gene body and 3’UTR). Blue=NA (genes with only 3’UTR or 

5’UTR methylated). 
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c) Differentially methylated genes and differentially expressed genes overlap 

between N127 red and N116 green wingless aphid 

For hypermethylated genes, we found 200 genes that overlap with RNA-seq data. Of the 

200 genes, 103 showed similar trend for DNA methylation and gene expression and 97 

genes showing the opposite trend. For hypomethylated genes we found a total of 156 genes 

that overlap with RNA-seq data. Of the 156 genes, 101 show a similar trend in DNA 

methylation and gene expression (increase methylation with higher gene expression for 

gene body and increase methylation with lower gene expression for promoter region and 

vice versa) and 55 genes showed the opposite trend (increase methylation with lower gene 

expression for gene body and increase methylation with higher gene expression for 

promoter region and vice versa). Further, 520 genes across both hypermethylated and 

hypomethylated were not analysed due to multiple methylated regions (e.g. 3’UTR, 

promoter, gene body all methylated) as we do not know about the effect of DNA methylation 

on multiple region of genes or unclear relationship between methylated region and gene 

expression (e.g. 3’UTR and 5’UTR were methylated only but we do not know the effect of 

methylation on these two region in insects)  (Figure 5.17A-C). 
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Figure 5.17. MBD-seq and RNA-seq for N127 red and N116 wingless aphids. A) Integration of results for MBD-seq and RNA-seq for the gene body 

region. Green=genes following the same trend for DNA methylation and gene expression in gene body (increased methylation associated with increased 

expression and decreased methylation with decreased expression). Yellow=genes with opposite trend in gene body (increased methylation with decreased 

expression and decreased methylation with increased expression). B) Integration of results for MBD-seq and RNA-seq for the promoter region. Green= 

genes following the same trend for DNA methylation and gene expression (increased methylation with decreased expression and decreased methylation 

with decreased expression). Yellow=genes with opposite trend in the promoter region (increased methylation with increased expression and decreased 

methylation with decreased expression). C) Genes with multiple regions methylated or unclear relationship between methylated regions and gene 

expression. Red=overlap (genes with different region methylated such as promoter, gene body and 3’UTR). Blu e=NA (genes with only 3’UTR or 5’UTR 

methylated). 
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d) Differentially methylated genes and differentially expressed genes overlap 

between N127 pale and N116 winged aphids 

For hypermethylated genes, we found 129 genes that overlap with RNA-seq data. Of the 

129 genes, 86 showed a similar trend for DNA methylation and gene expression and 43 

genes showed the opposite trend. For hypomethylated genes we found a total of 94 genes 

overlapped with RNA-seq data. Of the 94 genes, 65 showed a similar trend in DNA 

methylation and gene expression (increase methylation with higher gene expression for 

gene body and increase methylation with lower gene expression for promoter region and 

vice versa) and 29 genes show the opposite trend (increase methylation with lower gene 

expression for gene body and increase methylation with higher gene expression for 

promoter region and vice versa). Further, 362 genes across both hypermethylated and 

hypomethylated were not analysed due to multiple methylated regions (e.g. 3’UTR, 

promoter, gene body all methylated) as we do not know about the effect of DNA methylation 

on multiple regions of genes or unclear relationship between the methylated region and 

gene expression (e.g. 3’UTR and 5’UTR were methylated only but we do not know the effect 

of methylation on these two region in insects)   (Figure 5.18A-C). 
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Figure 5.18. MBD-seq and RNA-seq for N127 pale vs N116 winged aphids. A) Integration of results for MBD-seq and RNA-seq for the gene body 

region. Green=genes following the same trend for DNA methylation and gene expression in gene body (increased methylation associated with increased 

expression and decreased methylation with decreased expression). Yellow=genes with opposite trend in gene body (increased methylation with decreased 

expression and decreased methylation with increased expression). B) Integration of results for MBD-seq and RNA-seq for the promoter region. Green= 

genes following the same trend for DNA methylation and gene expression ( increased methylation with decreased expression and decreased methylation 

with decreased expression). Yellow=genes with opposite trend in the promoter region (increased methylation with increased expression and decreased 

methylation with decreased expression). C) Genes with multiple regions methylated or unclear relationship between methylated regions and gene 

expression. Red=overlap (genes with different region methylated such as promoter, gene body and 3’UTR). Blu e=NA (genes with only 3’UTR or 5’UTR 

methylated). 
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e) Differentially methylated genes and differentially expressed genes overlap 

between N127 (red+pale) and N116 (winged+wingless) aphids 

For hypermethylated genes, we found 288 genes that overlap with RNA-seq data. Of the 

288 genes, 200 showed a similar trend for DNA methylation and gene expression and 88 

genes showed the opposite trend. For hypomethylated genes we found a total of 189 genes 

overlapped with RNA-seq data. Of the 189 genes, 129 showed a similar trend in DNA 

methylation and gene expression (increase methylation with higher gene expression for 

gene body and increase methylation with lower gene expression for promoter region and 

vice versa) and 60 genes showed the opposite trend (increase methylation with lower gene 

expression for gene body and increase methylation with higher gene expression for 

promoter region and vice versa). Further, 476 genes across both hypermethylated and 

hypomethylated were not analysed due to having multiple regions methylated (e.g. 3’UTR, 

promoter, gene body all methylated) as we do not know about the effect of DNA methylation 

on multiple regions of genes or unclear relationship between the methylated region and 

gene expression (e.g. 3’UTR and 5’UTR were methylated only but we do not know the effect 

of methylation on these two region in insects)  (Figure 5.19A-C). 
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Figure 5.19. MBD-seq and RNA-seq for N127 (pale+red) and N116 (winged+wingless) aphids. A) Integration of results for MBD-seq and RNA-seq for 

the gene body region. Green=genes following the same trend for DNA methylation and gene expression  in gene body (increased methylation associated 

with increased expression and decreased methylation with decreased expression). Yellow=genes with opposite trend in gene body (increased methylation 

with decreased expression and decreased methylation with increased expression). B) Integration of results for MBD-seq and RNA-seq for the promoter 

region. Green=genes following the same trend for DNA methylation and gene expression ( increased methylation with decreased expression and decreased 

methylation with decreased expression). Yellow=genes with opposite trend in the promoter region (increased methylation with increased expression and 

decreased methylation with decreased expression). C) Genes with multiple regions methylated or unclear relationship between methylated regions and 

gene expression. Red=overlap (genes with different region methylated such as promoter, gene body and 3’UTR). Blu e=NA (genes with only 3’UTR or 

5’UTR methylated). 
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5.4 Discussion 

In this Chapter, the DNA methylation levels of candidate genes involved in pea aphid 

development between different pea aphid morphs was investigated using whole aphid 

tissues from Chapter 3. In addition, the methylome profile of aphid morphs was investigated 

using tissue from Chapter 3. The specific aims were to investigate the role of epigenetic 

mechanisms, specifically DNA methylation, in regulating polyphenism in insects. Our 

results reveal that most of the genes were lowly methylated and were not differentially 

methylated between aphid morphs or genotype. Second, I aimed to investigate the 

methylome profile of different pea aphid morphs in two genotypes. Our MBD-seq reveals 

that the methylome profile differs between aphid genotype and morphs. Further, we also 

found that at a chromosome level, the X-chromosome was the most highly methylated. 

Lastly, we found that only 1 overlapping gene were observed between the N116 winged vs 

N116 wingless group compared to N127 pale vs N127 red group. The gene that was overlap 

in the Bruton tyrosine kinase (Btk). Btk has very diverse role in insects function including 

cellularization, morphogenesis and also germ cell patterning. 

 

5.4.1 DNA methylation level of candidate genes 

DNA methylation level was assessed by pyrosequencing of whole adult aphids of each 

morph (N116 winged, N116 wingless, N127 red, N127 pale) from Chapter 3, with specific 

primers for genes involved in different aspects of aphid development. Of the 15 genes 

analysed only four genes (Hsp83, Mad, Rpd3 and DMAP1) showed significant differences 

in methylation between morphs. In addition, of the four significantly differentially methylated 

genes only one gene (Rpd3) showed a positive relationship between DNA methylation and 

gene expression. Even though DNA methylation has been speculated to play an important 

role in regulating insect polyphenism, the evidence to date remains unclear and no definite 

conclusion can be drawn from these results regarding the exact role of epigenetic regulation 

in insect polyphenism. For example, a study by Ferreira et al. (2013) showed no significant 
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differences in DNA methylation of genes involved in caste differentiation of Polistes 

canadensis wasps. Further, juvenile hormone-associated genes have been speculated to 

play an important role in regulating trans-generational polyphenism and wing development 

in insects. However, a study by Walsh et al. (2010) reported no significant differences in 

the methylation of JH-associated genes between winged and unwinged pea aphids. A study 

of methylation profiles in different insects such as Apis mellifera and Bombyx mori by Hunt 

et al. (2010) suggested that genes that are ubiquitously expressed are usually more heavily 

methylated. In contrast, genes differentially expressed between different developmental 

stages or involved in regulating different morphs usually exhibit lower methylation levels. 

Our results agree with this study as the genes that are involved in regulating wing 

development and ecdysone signalling are lowly methylated between all the morphs (1 – 

3%). A possible explanation for the low level of methylation observed in these genes could 

be related to the flexibility in regulating gene expression between alternative morphs.  For 

example, studies have proposed that lowly methylated gene allows a wider flexibility in 

transcription by allowing access to alternative transcription start sites, increasing mutation 

and exon skipping (Gavery and Roberts 2010, Roberts and Gavery 2012).  

One of the reasons that we did not find any differences in methylation level in genes 

involved in the endocrine system (e.g., ecdysone pathway) or wing development between 

morphs might be due to the fact these genes are tissue-specific. For example, Mukherjee 

et al. (2019) found tissue-specific differences in DNA methylation in the greater wax moth 

Galleria mellonella between the parasitic resistance and susceptible line. Apart from that, 

another study by Xu et al. (2018) reported that DNA methylation act in a tissue-specific 

manner in regulating silkmoth Bombyx mori wing development. Keller et al. (2016) also 

reported similar tissue-specific DNA methylation in the sea vase Ciona Intestinalis. In our 

analyses the whole aphid organism is used, therefore the methylation level for the gene 

might be underestimated such that the methylation differences in genes involved in wing  

development might be higher if only the wing tissues are used for the analysis.  
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An alternative explanation for the low methylation level could be due to the developmental 

stage. For example, Feliciello et al. (2013) showed that the red flour beetle Tribolium 

castaneum showed a higher level of DNA methylation in the embryonic stage in comparison 

to other developmental stages. Another study by Kronforst et al. (2008) also showed that 

the DNA methylation pattern in social Hymenoptera varies between developmental stages 

with young larvae to young pupae stage showing higher methylation levels in comparison 

to the adult stage. A study by Morandin et al.  (2019) showed that many genes involved in 

caste differentiation in the ant Formica exsecta are dependent on the developmental stage. 

In aphids, all the newly born nymphs possess wing buds and it is only until the 3 rd instar 

stage that the wing-destined nymph will continue to grow their wing bud while the wingless 

destined nymph will degenerate their wing buds. Since in our experiment only adult aphids 

are used for the analysis, therefore the methylation level of the genes might be 

underestimated as they might show developmental specific methylation differences.  

 

5.4.2 Methylome profile expression 

The methylome profile of different pea aphid morphs was investigated in this Chapter using 

MBD-seq. First, we analysed the differently methylated regions in the aphid morphs to 

determine the most highly methylated regions in the aphid genome. Our result suggests 

that across all the group comparisons the gene body (exon + intron) is the most methylated 

region. In contrast, most methylation in mammals is located in the promoter region. For 

example, a study by Wang et al. (2013) on the parasitoid wasp Nasonia vitripennis reveals 

that most of the methylated regions were found in the gene body with most found 

specifically in the coding region. Another study by Flores et al. (2012) also reported a similar 

methylation pattern in honeybee Apis mellifera.  

Next, we found that the intron methylation is slightly higher in comparison to the exon region 

in the pea aphid across all different group comparisons. Although the methylation in insects 

is mostly observed in the gene body (exon + intron), the methylation location varies across 
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different insect species. For example, studies have shown that in Drosophila melanogaster 

and Tribolium castaneum, DNA methylation is found to be higher in the intron region rather 

than the exon (Song et al. 2017; Guan et al. 2019). In contrast, studies on social insects 

such as the Florida carpenter ant Camponotus floridanus, Nevada termite Zootermopsis 

nevadensis, the carpenter bee Ceratina calcarata, and the honeybee Apis mellifera showed 

that exon methylation is more common in comparison to intron methylat ion (Bonasio et al. 

2012; Glastad et al. 2016; Rehan et al. 2016; Wang et al. 2020). In addition to social insects, 

some other non-social insects such as the parasitoid wasp Nasonia vitripennis and 

silkworm Bombyx mori also showed higher methylation in exon compared to intron (Xiang 

et al. 2010; Beeler et al. 2014). 

One of the biggest differences between gene body methylation and promoter methylation 

is that CpG in the promoter region is largely free of methylation. In contrast, gene body 

methylation is usually associated with genes that show medium to high levels of expression 

across both vertebrates, invertebrates and plants (Suzuki and Bird. 2008; Zemach et al. 

2010; Bonasio 2014; Zilberman et al. 2007). Some recent studies have suggested a link 

between gene body methylation and alternative splicing (Yan et al. 2015). For example, 

Herb et al. (2012) reported around 51% of the changes in gene body methylation are 

associated with alternative splicing and are involved in the transition from foraging to 

nursing in honeybees. Marshall et al. (2019) also reported the link between gene body 

methylation and alternative splicing in regulating reproduction between sterile and 

reproductive bumblebee workers Bombus terrestris. Furthermore, Harrison et al. (2022) 

also reported the link between gene body methylation and alternative splicing in regulating 

the caste differentiation in drywood termite Zootermopsis nevadensis. However, 

contradicting results have also been reported by many studies as well whereby no 

relationship was found between gene body methylation and alternative splicing (Arsenault 

et al. 2018; Standage et al. 2016; Harris et al. 2019). Therefore, further research across 
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more and different insect species is needed to elucidate the link between gene body 

methylation and alternative splicing.  

Apart from alternative splicing, gene bodies have also been reported to be correlated with 

chromatin accessibility. For example, Gatzmaan et al. (2018) reported that in marbled 

crayfish, low-methylated genes were often found in chromatin and are associated with an 

increase in chromatin accessibility and increased expression variations. Gene body 

methylation might also regulate insect gene expression through histone modification. For 

example, Xu et al. (2021) reported that in Bombyx mori, the methyl binding domain protein 

2/3 binds specifically to the intragenic region and is involved in promoting the methylation 

of histone 3 at position 27 (H3K27) and gene expression. 

After gene body methylation, we found that the distal intergenic region is the second most 

methylated region in pea aphids across all the group comparisons. An intergenic region is 

defined as the region that is located between genes and may contain important functional 

elements and junk DNA. Interestingly, the distal intergenic region has been speculated to 

be inconsequential to gene expression (Jaenisch and Bird 2003; Jones 2012). However, 

some studies in humans have shown that distal intergenic methylation plays an important 

role in cancer progression (Yegnasubramanian et al. 2011). Weber et al. (2016) also 

reported the importance and possibility of distal intergenic methylation in regulating plant 

traits. However, to date, there is no reported association between distal intergenic region 

and gene expression in insects. 

As mentioned above, promoter methylation is usually associated with gene repression and 

is usually more common in mammals than in insects. Our results showed a substantial level 

of promoter methylation (7-12%) in pea aphids across all group comparisons. Recently, 

Keller et al. (2016) reported promoter methylation in the sea vase Ciona intestinalis, and 

the promoter methylation was tissue and cell-type specific. Another study by Zhang et al. 

(2019) reported that the gene Kr-h1 was able to regulate the activity of steroidogenic 

enzymes through binding to their promoter sites and inducing promoter methylation. Xu et 



 

 

283 

al. (2018) also showed that promoter methylation plays an important role in Bombyx mori 

wing development but is tissue and developmental stage specific. Together the results 

suggest that promoter methylation might play an important role in regulating insects’ 

development. Further research on manipulating promoter methylation in aphid 

developmental genes is needed to elucidate their role in regulating aphid polyphenism. 

Next, we investigated the distribution of methylation at the chromosome level. Our result 

showed that the X-chromosome is the most methylated chromosome across all groups, 

apart from the group N127 pale vs N127 red where the most highly methylated chromosome 

was the A1 chromosome. In aphids, the methylation at a chromosome level has mostly 

been studied in the context of sexual polyphenism. For example, a recent study by Mathers 

et al. (2019) showed that high levels of hypermethylation in male aphids were located at 

the X-chromosome in comparison to the autosomes. Apart from that the function of X- 

chromosome methylation and its function in regulating wing polyphenism remain largely 

unknown. 

We filtered out the top ten most significantly methylated genes (both hypomethylation and 

hypermethylation) to determine if any of them are involved in regulating polyphenism in pea 

aphids. Across most of the group comparisons, our results showed that the top ten most 

significantly differentially methylated genes have uncharacterized function or are involved 

in the cellular and translation process. Our DMR results also did not detect any genes that 

could potentially be responsible for regulating the polyphonic morph in aphids. One of the 

possible explanations for our result is that genes that are responsible for polyphenism are 

lowly methylated compared to those of housekeeping genes. For example, a study by Foret 

et al. (2009) showed that most differentially methylated genes in honeybees were those 

that were ubiquitously expressed in comparison to tissue or condition specific. A study by 

Hunt et al. (2010) also reveals that genes that are responsible for polyphenism all have 

lowly methylation in comparison to those that are ubiquitously expressed. Arsenault et al. 

(2018) also reported only small changes in DNA methylation between genes responsible 
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for developmental plasticity in the small carpenter bee, Ceratina calcarata. Our result 

agrees with these studies as no genes that are responsible for regulating the polyphenism 

in pea aphids are found to be differentially methylated. 

Another possible explanation is that genes responsible for plasticity usually have low 

methylation to allow more flexibility in their expression. Another study by Entrambasaguas 

et al. (2021) reported that in the seagrass Cymodocea nodosa, genes with lower 

methylation usually showed higher flexibility in their gene expression and plasticity under 

changing environmental conditions. Gatzmann et al. (2018) show that in marbled crayfish 

the low methylated genes usually have higher chromatin accessibility compared to those 

that are heavily methylated. Therefore, the genes responsible for polyphenism in aphids 

may be lowly methylated to allow for higher chromatin accessibility that could allow for a 

wider range of expression and more flexible plasticity when exposed to stressful conditions.  

Many of the DMR in our results are uncharacterized and these genes could potentially play 

an important role in regulating polyphenism in aphids. Lastly, since the MBD-seq usually 

only captures the highly methylated region fragments, genes with low methylation might not 

be detected in the study. 

 

5.3.3 DNA methylation and gene expression 

In this study, we also aimed to identify the relationship between DNA methylation and gene 

expression to understand their role in regulating pea aphid polyphenism. Firstly, we 

quantified the changes in gene expression in different pea aphid morphs using RNA-seq 

(Chapter 4). Then we characterized the DMR in the pea aphid genome using MBD-seq. 

Finally, we integrated the RNA-seq data and MBD-seq to provide insight into the complex 

relationship between DNA methylation and gene expression in different pea aphid morphs.  

Across all our group comparisons, we found no clear association between gene body 

methylation and gene expression. However, it is important to note that in some group 

comparisons there is a stronger positive relationship between gene body methylation and 
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gene expression (increase methylation with increased expression). The complex 

relationship between DNA methylation and gene expression has been reflected by many 

studies across a wide range of different species. For example, Cunningham et al. (2019) 

found no association between gene expression and cytosine methylation in the burying 

beetle Nicrophorus vespilloides that are exposed to different parental care conditions. Apart 

from that, Morandin et al. (2019) reported some overlap between methylation and gene 

expression at a functional level between different ant-caste Formica exescta and there was 

no clear association between DNA methylation and gene expression. Further, another 

study by Cardoso-Júnior et al. (2021) also reported a high number of differentially 

expressed genes but a similar methylome profile for honeybees raised with and without a 

queen. Furthermore, a similar observation has also been reported in the silkmoth Bombyx 

mori, whereby many genes were differentially methylated but only a small portion of these 

genes were also differentially expressed with no consistent upregulation or downregulation 

patterns (Li et al. 2020). Similar observations were also reported by Herb et al. (2018) 

whereby no association between gene expression and methylation in honeybees upon 

exposure to an intruder. Taken together, our results agree with most studies and suggest 

no clear association between gene expression and methylation in regulating pea aphid 

polyphenism.  

Although most studies have reported no direct correlation between DNA methylation and 

gene expression, some studies support the association between DNA methylation and gene 

expression. For example, Mashoodh et al. (2021) found that around 51% of the differentially 

methylated gene in the burying beetle, Nicrophorus vespilloides brain were associated with 

gene expression. However, it is important to note that in the study, the association between 

gene expression and methylation in these genes was absent after more than 30 generations 

of selection (Mashoodh et al. 2021). Apart from that, some studies have suggested the 

possibility of DNA methylation in regulating gene expression in the honeybee, but no direct 
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association between methylation and gene expression has been shown in these studies 

(Li-Byarlay et al. 2020; Herb et al. 2018). 

One of the most direct ways to investigate the causal relationship between DNA methylation 

and gene expression is to use the functional genetics approach by knocking down the 

essential enzyme that is required for the DNA methylation process. For example, some 

studies have shown that knocking down the Dnmt1a gene in the jewel wasp, Nasonia 

vitripennis results in a global reduction of DNA methylation and this reduction is usually 

associated with a reduction in gene expression (Arsala et al. 2022). Hou et al. (2020) 

reported a similar observation in the reduction of gene expression and DNA methylation in 

the migratory locust Locusta migratoria when Dnmt3 was knocked down. However, another 

study of knocking down Dnmt1 in milkweed bug Oncopeltus fasciatus showed a significant 

change in methylation patterns of genes but these changes are not associated with gene 

expression (Bewick et al. 2019). Taking together our studies and these results, we suggest 

a complex relationshipp between DNA methylation and gene expression.  

Apart from that, some studies suggest that DNA methylation does not influence gene 

expression directly but instead acts on the transcription factor affinity for cis-regulatory 

elements (Bludau et al. 2019). The modification could affect multiple aspects of 

transcription such as increasing the transcription stability or improving the fidelity of 

transcription through a reduction in gene expression variability. Other studies have also 

suggested that DNA methylation might have other functions unrelated to genomic function 

such as maintaining the genome structure and integrity (Bewick et al. 2019) and Harris et 

al. (2019) reported only an association between DNA methylation and gene expression in 

a tissue-specific manner in the honeybee. Based on this observation, Harris suggested that 

methylation might not be regulating gene expression in honeybees but rather acting as a 

homeotic function to help maintain normal gene expression through suppressing intergenic 

transcript initiation. Therefore, further investigation on other epigenetic mechanism such as 
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histone modification, miRNA could help provide insight into the role of epigenetic regulation 

in gene expression. 
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5.5 Summary 

In this chapter the DNA methylation levels of genes involved in wing development, stress 

response and metabolite regulation were investigated between the different pea aphid 

morphs. We found that most genes were not significantly differentially methylated between 

the aphid morphs. Our results agree with many previous studies that suggest that in the 

pea aphid genes responsible for polyphenism are usually lowly methylated. The methylome 

profile of different pea aphid morphs was also investigated in this chapter. We found that, 

as observed in most insect species, the pea aphid also has the highest methylation in the 

gene body region (exon + intron) across all group comparisons. Next, we found that in most 

group comparisons most of the methylated regions are located on the X-chromosome. 

Further, this chapter also reveals many DMG genes among pea aphid morphs. However, 

most of the genes have an uncharacterized function with some involved in cellular 

development and signalling. Lastly, we integrated the transcriptome results from Chapter 4 

to provide insight into the relationship between DNA methylation and gene expression. Our 

results reveal no clear association between DNA methylation and gene expression in the 

pea aphid. However, it is important to note that our result did show that gene body 

methylation and gene expression has a more tightly correlated positive relat ionship. In 

contrast, promoter methylation seems to have a more tightly correlated negative 

relationship with gene expression. Our results also reveal that many genes have multiple 

regions methylated which provides additional complexity in understanding the relationship 

between DNA methylation and gene expression. The results from this Chapter suggest that 

DNA methylation by itself might not be the most important epigenetic mechanisms in 

regulating polyphenism in pea aphids, and further research including investigation of 

different epigenetic mechanisms such as mIRNA, histone modification and crosstalk 

between these epigenetic mechanisms with DNA methylation provide further insight into 

the role of epigenetic regulation in insects polyphenism. Lastly, as discussed above due to 

the limitation of the MBD-seq, future research on capturing these lowly methylated genes 
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might help to further understand the role of DNA methylation in regulating aphid 

polyphenism. 
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Chapter 6: miRNA-profile of 

dispersal and non-dispersal 

morphs in two aphid genotypes 
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6.1 Introduction 

The non-coding region in genomes has always been considered junk DNA and speculated 

to be inconsequential in regulating gene expression (Asgari 2013). However, with the 

advancement in scientific technology and molecular approaches, many studies have 

started reporting the significant role of this non-coding region in regulating gene expression. 

miRNA is defined as small non-coding RNA, usually around 22 nucleotides long. The 

presence of miRNAs was first reported in the roundworm Caenorhabditis elegans (Lee et 

al. 1993; Wightman et al. 1993). To date, microRNAs have been reported across both 

vertebrates, invertebrates, plants and viruses (Kozomara and Griffiths-Jones 2011). The 

discovery of miRNA has added another layer of complexity to the role of post-transcriptional 

modification in regulating gene expression. miRNA has been reported to be essential in 

ensuring optimise gene expression level and target tuning (Bartel and Chen 2004).  

miRNA can be encoded by different regions including introns, non-coding transcripts and 

coding regions. In insects, RNA polymerase II will first transcribe the miRNA loci, which 

results in the formation of the primary miRNA transcript (pri-miRNA) (Lee et al. 2004). Next, 

the primary miRNA transcript will undergo a series of processing and sorting events before 

becoming mature miRNA and acting on target genes. miRNA has been reported to regulate 

multiple aspects of insect development ranging from growth and development, 

embryogenesis, and sex determination to behaviour (Lee et al. 2015; Yang et al. 2014; 

Kugler et al. 2013; Fagegaltier et al. 2014), see Chapter 1 (Section 1.3) for more details.  

Recently, miRNA has been reported to play an important role in regulating the development 

of polyphenism in aphids and other insects (Fan et al. 2020; Xu et al. 2020). In Chapter 5, 

we investigated the role of DNA methylation in regulating polyphenism and found no 

significant correlation between DNA methylation and polyphenism. Therefore, in this 

chapter, we investigate the miRNA profile in different pea aphid morphs and genotypes. 

The overall aim of this chapter was to investigate the potential role of miRNA in regulating 

aphid polyphenisms. Recent work has also focused on understanding the difference in 
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aphid genotypes and the differences in the degree of phenotypic plasticity between aphid 

genotypes (Kanvil et al. 2014; Parker et al. 2019; Sentis et al. 2019). Because of the critical 

role of the ability to disperse in aphid evolutionary success, this chapter also aimed to 

assess the miRNA profile between the aphid morphs and genotype to provide insight into 

different and novel miRNAs that could regulate the difference in life-history traits between 

the morphs and genotype. Specifically, this Chapter aimed to: 

 Investigate the miRNA profile of different pea aphid morphs in two genotypes (N116 

winged vs N116 wingless and N127 red vs N116 wingless)  

 Determine the possibility of novel miRNA in pea aphids that could play an important 

role in pea aphid polyphenism  

 Integrate the results of transcriptome profile (Chapter 4) and miRNA to provide 

insight into the role of miRNA in polyphenism. 
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6.2 Methods 

6.2.1. Materials 

All samples used in the experiment were obtained from the mesocosm experiment 

described in section 3.3.3. The number of samples used in the miRNA analysis is outlined 

in (Table 6.1), stratified by genotype and morphs. 

Table 6.1. Summary of morph numbers used for molecular analysis in Chapter 6. 

Assay Genotype Morphs Replicates 

miRNA-seq N116 wingless x3(pooled samples) 

N116 winged x3 (pooled samples) 

N127 red x3 (pooled samples) 

 

6.2.2 miRNA library preparation 

Total RNA was extracted from whole adult aphids obtained from Chapter 2 (section 2.4.2) 

and was submitted to RealSeqbiosciences (USA) for miRNA library preparation and 

sequencing. The quality and integrity of the RNA samples were assessed using a 2200 

TapeStation (Agilent Technologies) and only RNA with an Integrity Number (RIN) >7 will 

be used for the library preparation and sequencing using the RealSeq®-AC library kit 

(Realseqbiosciences, USA). Briefly, total RNA (100ng) was used as the input material. First, 

the total RNA sample will undergo the adapter ligation process. Total RNA will be mixed 

with the Realseq adapter and RNA buffer followed by heating for 2min at 70oC and 

transferred immediately to ice for another 2min. Then, samples were mixed with ligation 

buffer followed by incubating at 25oC for 60min and 65oC for 5min. After the adapter ligation, 

the samples proceeded to adapter blocking steps immediately. Briefly, blocking agents 

were added to the sample followed by incubating at 65oC for 5min and a step down from 

65oC to 37oC at the rate of 0.1oC per second. Next, samples were added with blocking 

enzymes and buffer followed by incubation at 37oC for 60min and 65oC for 20min. After 

ligation blocking, samples proceeded to circularization steps immediately. Realseq enzyme 
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and buffer were added to the samples followed by incubation at 37oC for 60min. After 

ciruclarization, samples proceeded to the dimer removal steps. Dimer removal agents 

(DRA) were added to the samples and incubated at 37oC for 10min followed by 

resuspending the samples with the SPRIselect beads and incubation for a further 10min at 

37oC. Then, the samples with beads were transferred to a magnetic rack and the 

supernatant was transferred to a new tube for reverse transcription. The samples were 

added with RT primers and dNTPs followed by incubation at 65oC for 5min and transferred 

to ice for another 2min. Then, RT enzymes were added to the samples with Rnase inhibitor 

and buffer solution followed by incubation at 42oC for 60min and 65oC for 20min. Then, the 

samples were mixed with PCR master mix and reverse primer index followed by PCR at 

the following conditions: 94oC at 30sec, 15 cycles of cDNA denaturation at 94oC for 15sec, 

followed by primers annealing at 62oC for 30s and lastly extension at 70oC for 15s and 

holding at 700C for 5min. Lastly, the samples underwent size selection and were quantified 

with Tapestation 4200 (Agilent, USA) and Qubit ((Thermo Fisher, UK) and sequenced on 

the Illumina NextSeq 500v2 (1 x 75 cycles). 

 

6.2.3 Sequence assembly and miRNA annotation 

The raw fastq files were processed using Cutadapt to remove adapter sequences and any 

reads that were shorter than 5bp to determine degraded RNAs. After trimming, the reads 

with a minimum length of 15bp were aligned to the miRNA sequence of pea aphid from the 

miRbase (miRNA database) and novel miRNAs from the miRDeep2 (Friedländer et al. 

2012). miRNAbase contains all the known miRNA sequences and annotations with 

information on the location and sequence of the mature miRNA. Next, the differential 

expression miRNA was determined using the DeSeq2 software using the default setting 

(PMID:25516281). Only miRNA with a p-value adjusted of <0.05 is considered to have a 

significant change of expression. Then, the differentially expressed miRNAs between 

groups were analysed for target gene prediction using the RNAhybrid software on the 
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BiBiServ2 using the default settings. RNAhybrid is a tool that is usually used to calculate 

the minimum free energy hybridization between the long and short RNA. (Rehmsmeier et 

al. 2004). Blast2GO software (http://www.geneontology.org) was used for gene ontology 

(GO) annotations. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was used 

to identify significantly enriched metabolic pathways or signal transduction pathways in 

DEGs based on the database. 
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6.3 Results 

6.3.1 miRNA-seq analysis 

Three different morphs from two genotypes were selected for miRNA profiling: genotype 

N116 (wingless and winged) and genotype N127 (red); the pale morph was not included in 

the analysis due to lack of resources (budget). The two genotypes have very different body 

morph colours: N116 is usually green, while N127 is usually red. Apart from that, they 

respond differently to crowded conditions, with N116 producing winged offspring and N127 

changing their body colour from red to pale (see also Chapter 2 Section 2.1).  

 

6.3.2 Differentially expressed genes, Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis between 

genotype and morphs 

The miRNAs of three different pea aphid morphs were compared based on the gene 

expression results. We identified many known miRNAs and novel miRNAs that could 

potentially be important in regulating aphid polyphenism. 13.6 million reads were obtained 

for N116 (winged), 15.8 million reads for N116 (wingless), and 10.5 million reads for N127 

(red) (Table 6.2). After filtering, 13 million, 15 million, and 9.4 million high-quality reads 

were obtained for each morph, respectively. Interestingly, only a low number of reads were 

uniquely mapped to the database with most of the remaining reads being tRNA and rRNA 

(Figure 6.1). Our microRNA-seq reveals 13 differentially expressed miRNA between N116 

winged vs N116 wingless and 19 differentially expressed mIRNA between N127 pale vs 

N127 red (Figure 6.2). Then, there are 3 overlap miRNA there wree found between the 

N116winged vs N116wingless group vs N127red vs n116wingless group. 
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Table 6.2. Number of raw reads and uniquely mapped reads obtained from miRNA seq. 

Strain Number of input reads Uniquely mapped reads   

N116 winged 78,611,329 57,104 

N116 wingless 80,283,756 80,667 

N127 red 82,289,189 169,824 

 

 

 

Figure 6.1. Distribution of different type of RNA in the microRNA-seq. miRNA are usually 

between 18-25 in nucleotide length with and average of 22 nucleotides. The figures shows that 

between these range most of the read were composed of tRNAs and rRNA. 
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Figure 6.2. Venn diagram comparing number of differentially expressed miRNA identified by 

microRNA-seq between different aphid morphs. Blue=N116 winged +N116wingless morphs, 

Yellow=N127red +N116winglesss. Each sub-category represents the overlapping genes that were 

found between the two or more different group comparisons. 

 

For miRNAs expression measurements, a range of 0.5-2% of the total reads was uniquely 

mapped to the genes in the reference database. The significant differentially expressed 

miRNAs for all groups were then further annotated for GO by using the Blast2Go 

parameters. The functions of the DEG by Blast2Go (Fisher’s exact test, FDR<0.05) were 

then classified using GO assignments. For further functional categorisat ion, KEGG pathway 

analysis was performed using the pea aphid KEGG database. The DEG was then classified 

into different KEGG Ontology (KO) terms. 

 

a) Differentially expressed miRNAs, GO and KEGG between N116 winged and 

N116 wingless aphids 
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We identified 13 different miRNA that were significantly differentially expressed (p<0.05, -

0.3<log2fold>0.3) between the N116 winged and N116 wingless. Ten of the miRNAs were 

identified from the known miRNA database (miRbase) while the three remaining miRNAs 

were novel miRNAs detected from miRDeep2 (Table 6.3). The differentially expressed 

miRNA were subjected to RNAhybrid for target gene predictions. 1131 target genes were 

found to be regulated by four different miRNAs with 154 genes in miR-184a, 449 genes in 

miR-2765, 459 genes in miR-252a and 69 genes in miR-100. (Figure 6.2). Interestingly, 

some of the genes that were predicted to be regulated by miRNA-100 were involved in wing 

development, metabolite regulation and cuticular formation such as apterous(ap1), protein 

Wnt2(Wnt2), Trehalase (Treh), RR1 cuticle (RR1), glucose dehydrogenase (Gld). Some 

genes that were regulated by the miR-184a were involved in wing development, methylation 

process and stress response such as daschous (ds), N6-adenosine-methyltransferase 

catalytic subunit (METTL3), Notch (N), heat shock protein 70(Hsp70). Then, genes that 

were regulated by miR-252a were involved in histone modification, stress response, and 

carotene production such as histone deacetylase rpd3-like (Rpd3), histone deacetylase 

complex subunit SAP18 (SAP18), heat shock protein 68-like (Hsp68), phytoene synthase 

(crtYB). Lastly, some of the genes that were regulated by the mIR-2765 were involved in 

wing development such as bursicon (burs), juvenile hormone binding protein-like (JHBP), 

protein decapentaplegic (Dpp), protein distaless (Dll), protein daschous(ds), ecdysone 

receptor (Ecr).  

In addition to the target gene predictions, the predicted target genes regulated by different 

miRNAs were also subjected to gene ontology (GO) analysis. Significant enrichment was 

obtained for 45 genes that fall under three functional groups. The 45 genes were classified 

into the molecular function (MF) categories: Of the genes in the cellular components 

category, 42% were involved in RNA polymerase II transcription factor activity, 42% in 

calcium ion binding and 16% in fatty-acyl-CoA reductase (alcohol-forming) activity (Figure 

6.4). 
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Next, the list of the targeted gene was also subjected to KEGG analysis, but no significant 

enrichments were obtained. 

 

 

Figure 6.3. Number of genes regulated by each miRNA. Green=miR-184a, blue=miR-2765, 

red=miR-252a, yellow=miR-100. The number of genes in the graphs represent individual unique 

genes with duplicated genes removed.  
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Table 6.3. Differentially expressed conserved and novel miRNA in N116 winged vs wingless aphids . miR= miRNA that were obtained from the miRNA 

database (miRbase). NC/NW= novel miRNA from the study and not reported in the database yet.  

miRNA Log2fold p-adj 

api-miR-277 2.29 <0.001 

api-miR-100 2.05 <0.001 

NC_042494.1_chromosome_A1_13821 1.40 <0.001 

NW_021769689.1_unplaced_genomic_scaffold_39370 1.35 <0.001 

api-miR-14 -0.92 <0.001 

api-let-7 1.23 <0.001 

NC_042493.1_chromosome_X_3747 1.09 <0.001 

api-miR252a 1.40 <0.001 

api-miR184b 1.04 0.018 

api-miR-184a 1.04 0.018 

api-miR-8 -0.76 0.033 

api-miR-3027 -1.43 0.033 

api-miR-2075 -0.58 0.039 

 

 



 

 

302 

 

 

 

Figure 6.4. GO enrichment analysis between N116 winged and N116 wingless aphids. All of the gene ontology falls under the category molecular 

function (MF)  
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b) Differentially expressed miRNAs, GO and KEGG between N127 red and 

N116 green wingless aphid 

We identified 19 different miRNAs that were significantly differentially expressed (p<0.05, -

0.3<log2fold>0.3) between the N127 red aphid and N116 wingless aphids. Six of the 

miRNAs were identified from the known miRNA database (miRbase) while the 13 remaining 

miRNAs were novel miRNAs detected from miRDeep2 (Table 6.3). Next, the differentially 

miRNA were subjected to RNAhybrid for target gene predictions. 1495 target genes were 

found to be regulated by four different miRNAs with 103 genes by miR-278, and 1392 genes 

by NW_021769971.1_unplaced_genomic_scaffold_39500(Figure 6.5). Interestingly, some 

of the genes that were predicted to be regulated by miRNA-278 were involved in eye 

development and external sensory organs development, actin filament formation, oocyte 

formation and neuronal development such as Homeobox protein BH-1 (B-H1), ataxin 2-

homolog (Atx2), titin (sls), protein sax-3 (sax-3), protein scabrous (sca). The novel miRNA 

NW_021769971.1_unplaced_genomic_scaffold_39500 was involved in the regulation of 

many genes including those involved in wing development, hormone regulation, ecdysis 

process, sugar detection, fecundity, metabolite regulation, carotene regulation, stress 

response and histone modification such as Krueppel homolog 1(Kr-h1), homeotic protein 

distal-less(Dll), gustatory receptor for sugar taste-64f-like (Gr64f), apterous (ap1), 

ecdysone-induced protein 75 (Eip75), homeotic protein ultrabithorax(Ubx), ecdysone 

receptor (EcR), homeotic protein homothorax (hth), protein Gustavus (gus), protein Wnt-1 

(wg). G-protein coupled receptor Mth2 (mth2), neurogenic locus Notch protein (N), protein 

Wnt-2 (Wnt-2), phytoene desaturase (PDS), histone acetyltransferase p300(P300), 

mothers against decapentaplegic (Mad), trehalase (Treh), heat shock protein 70kDa protein 

14 (Hsp70), protein dacshous(ds), protein decapentaplegic (dpp), histone deacetylase 

Rpd3(Rpd3), homeobox protein engrailed-2 (en), heat shock protein 68-like (Hsp68). 

In addition to the target gene predictions, the predicted target genes regulated by different 

miRNAs were also subjected to gene ontology (GO) analysis. Significant enrichment was 



 

 

304 

obtained for 206 genes that fall under nine functional groups (Figure 6.6). The 206 genes 

were classified into three categories: 51 genes in biological process (BP), 133 in molecular 

function (MF) and 22 in cellular components (CC). Of the genes in the biological processes 

category, 45% were involved in signal transduction, 39% in the regulation of transcription, 

and the remaining in cell surface receptor signalling pathway. In the molecular function 

category, 26% of genes were involved in the transmembrane transporter activity, 24% RNA 

polymerase II transcription factor activity, sequence-specific DNA binding, and the 

remaining in transcription factor activity, sequence-specific DNA binding sequence-specific 

DNA binding and G-protein coupled receptor activity. Lastly, all genes in cellular 

components were involved in extracellular activity (Figure 6.6). 

Next, the target genes were also subjected to the Kyoto Encyclopedia of Genes and 

Genome (KEGG) analysis. Significant enrichment was obtained for 29 genes that fall under 

two different KEGG function descriptions, namely MAPK signalling pathway-fly, and the 

TGF-beta signalling pathway (Figure 6.7). 
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Figure 6.5. Number of genes regulated by each miRNA. Green=miR-278, blue= 

NW_021769971.1_unplaced_genomic_scaffold_39500. The number of genes in the graphs 

represent each individual unique gene with duplicated genes removed 
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Table 6.4. Differentially expressed conserved and novel miRNA in N127 red and N116 green wingless aphids. miR= miRNA that were obtained from 

the miRNA database (miRbase). NC/NW= novel miRNA from the study and not reported in the database yet.  

miRNA Log2fold p-adj 

NC_042494.1_chromosome_A1_13821 -2.74 <0.001 

NW_021769971.1_unplaced_genomic_scaffold_39500 -3.25 <0.001 

NC_042493.1_chromosome_X_3747 -2.65 <0.001 

NC_042494.1_chromosome_A1_8551 -2.96 <0.001 

NC_042493.1_chromosome_X_4914 -3.04 <0.001 

api-miR-100 1.98 <0.001 

api-miR-278 1.26 <0.001 

NC_042493.1_chromosome_X_19 -1.35 <0.001 

NC_042494.1_chromosome_A1_16979 2.00 <0.001 

api-let-7 1.37 0.001 

NW_021769689.1_unplaced_genomic_scaffold_39370 -0.88 0.018 

NC_042494.1_chromosome_A1_18069 0.57 0.039 

api-miR-14 -0.56 0.039 

NC_042495.1_chromosome_A2_29278 -0.64 0.039 
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api-miR-993 -0.74 0.039 

api-miR-2765 0.52 0.044 

NC_042493.1_chromosome_X_4087 3.85 0.046 

NC_042493.1_chromosome_X_4091 3.85 0.046 

NC_042493.1_chromosome_X_4081 3.85 0.046 
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Figure 6.6. GO enrichment analysis between N127 red and N116 green wingless aphids. The gene ontology was classified into three main categories: 

BP=Biological process (blue), MF=Molecular Function (green), CC=Cellular Components (grey). 

  



 

 

309 

 

 

Figure 6.7. KEGG classification between N127 red and N116 green wingless aphids. X-axis represents the number of unigenes in the corresponding 

functional class. The genes were classified into three different wider categories, green=environmental information processing.  
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6.3.3 Integration of miRNA-seq and RNA-seq 

The transcriptome profile of the four different pea aphid morphs (Chapter 4) was integrated 

with the miRNA target gene prediction profile to provide insight into the relationship between 

miRNA and gene expression. 

 

a) miRNA targets genes that overlap with RNA-seq (differentially expressed 

genes) in N116 winged and N116 wingless aphids. 

Based on the miRNA target gene predictions obtained from RNAhybrid, we found a total of 

145 genes that overlap with RNA-seq data across four different miRNAs. Of the 69 target 

genes regulated by miRNA-100, nine genes overlap with the RNA-seq data with seven 

genes downregulated and two upregulated. Of the 154 genes regulated by miRNA-184a, 

24 genes overlap with RNA-seq data with 20genes downregulated and four upregulated. 

Further, of the 459 genes regulated by miRNA-252a, 61 genes overlap with the RNA-seq 

data with 44 genes downregulated and 17 genes upregulated. Finally, of the 449 genes 

regulated by miRNA-2765, 66 genes overlap with the RNA-seq data with 51 genes 

downregulated and 15 genes upregulated (Figure 6.8A-B). 
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Figure 6.8. Integration of miRNA with RNA-seq data between N116 winged and N116 wingless aphids. A) Total number of genes that overlapped 

between miRNA target gene prediction and RNA-seq, Green=upregulated (increase expression in N116 winged), blue=downregulated (decrease 

expression in N116 wingless). B) Total number of genes that overlapped between individual miRNA target gene prediction and RNA-seq. 

Green=upregulated (increase expression in N116 winged), blue=downregulated (decrease expression in N116 winged).  miRNA can both upregulate 

and downregulate the gene expression depending on the region they bind to (e.g miRNA bind in promoter region can upregulate expression, 

miRNA binding in 5’UTR and coding region and repress gene expression).
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b) miRNA targets genes that overlap with RNA-seq (differentially expressed 

genes) in N127 red and N116 green wingless aphids. 

Based on the miRNA target gene predictions obtained from RNAhybrid, we found a total of 

145 genes that overlap with RNA-seq data across four different miRNAs. Of the 103 target 

genes regulated by miRNA-278, 26 genes overlap with the RNA-seq data with 20 genes 

downregulated and six upregulated. Of the 1392 genes regulated by 

NW_021769971.1_unplaced_genomic_scaffold_39500, 478 genes overlap with RNA-seq 

data with 378 genes downregulated and 100 upregulated (Figure 6. 9A-B). 
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Figure 6.9. Integration of miRNA with RNA-seq data between N127 red and N116 green wingless aphids. A) Total number of genes that overlapped 

between miRNA target gene prediction and RNA-seq, Green=upregulated (increase expression in N127 red aphid), blue=downregulated (decrease 

expression in N127 red aphid). B) Total number of genes that overlapped between individual miRNA target gene prediction and RNA-seq. 

Green=upregulated (increase expression in N116 winged), blue=downregulated (decrease expression in N116 winged). miRNA can both upregulate 

and downregulate the gene expression depending on the region they bind to (e.g miRNA bind in promoter region can upregulate expression, 

miRNA binding in 5’UTR and coding region and repress gene expression).   
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6.4 Discussion 

Wing polyphenism plays an essential role in the evolutionary success of many different 

insect species. In aphids, wing polyphenism seems particularly important as they allow 

aphids to quickly escape from stressful environmental conditions such as increased 

population density, predators and poor host-plant quality. Since aphids usually reproduce 

asexually, all offspring are clones of the mother which makes them an excellent model for 

studying the role of epigenetic regulating in wing polyphenism. The most widely stud ied 

epigenetic mechanism in regulating insect polyphenism is DNA methylation, which has 

been discussed above (Chapter 5).  

However, the role of other epigenetic mechanisms in regulating wing polyphenism has been 

understudied, especially the role of miRNAs in insect polyphenism. By sequencing small 

RNA libraries, we identified 13 miRNAs including ten conserved and three novel miRNAs 

that were significantly differentially expressed between N116 winged morphs and N116 

wingless morphs. Most miRNA are usually found between the range of (18-25) nucleotide 

length. Further, we found that most miRNAs were represented by the 22nt reads which is 

the common average size after Dicer digestion as observed in Drosophila melanogaster 

and Spodoptera litura (Lai et al. 2003, Ge et al. 2013). Interestingly, our sequencing results 

showed that the majority of the libraries were composed of tRNA across all the different 

nucleotides length (18-30). Next, Sattar et al. (2012) reported similar observations in the 

small RNA libraries for the greenfly Aphis gossypii where most of the reads between 18-30 

were also composed of tRNA. 

 

N116 winged vs N116 wingless 

Among the differentially expressed miRNAs, miR-277 and miR-100 showed the highest fold 

change between N116 winged morphs and N116 wingless (fold change>2) with both miR 

being upregulated in N116 winged morphs. Interestingly, miR-277 has been shown to play 

an essential role in regulating insect lifespans. For example, Esslinger et al. (2013) showed 
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that Drosophila with higher increased expression of miR-277 showed a shorter lifespan and 

is usually accompanied by a reduction in insulin signalling. Our results showed that the 

miR-277 was upregulated in the N116 winged morphs. This observation suggests that miR-

277 might play a vital role in regulating lifespan in different pea aphid morphs as the winged 

aphids usually showed a longer lifespan in comparison to the wingless aphid. Next, a similar 

observation is also reported by Li et al. (2016) in the English grain aphid Sitobian avenae 

whereby the winged morphs showed higher expression for this miRNA in comparison to the 

wingless morph. Apart from their role in lifespan, miRNA-277 has also been reported to 

play a role in lipid storage and ovarian development. For example, Ling et al. (2017) showed 

that depletion of miR-277 in the mosquito Aedes aegypti results in impairment of lipid 

storage and ovarian development. In aphids, the winged aphids usually showed higher lipid 

storage and lower reproduction in comparison to the wingless morphs, therefore miR-277 

plays a key role in regulating the lipid regulation and reproduction in different aphid morphs. 

Next, miRNA-277 is also reported to play a key role in wing vein development. For example, 

Shen et al. (2020) showed that the cotton ballworm Helicoverpa armigera with depleted 

miR-277 showed a defect in wing veins development. Our results reported a higher level of 

miR-277 in the winged morphs, which suggests that miR-277 might play an essential role 

in aphid wing veins formation. 

The miR-100 and let-7 are also highly expressed in the N116 winged morphs in comparison 

to N116 wingless morphs. miR-100 has been reported to play a significant role in wing 

morphogenesis in insects. For example, Rubio et al. (2013) reported that depletion of miR-

100 and let-7 results in a reduction in the wing size of the german cockroach Blattela 

germanica. Soares et al. (2021) reported an elevated level of miR-100 and let-7 at the wing 

disk of honeybee workers and suggested that miR-100 could potentially regulate the wing 

formation in the honeybee. In Drosophila, let7, miR-100 and miR-125 are usually expressed 

together as a single transcript and have been reported to play an essential role in regulating 

Drosophila wing development (Caygill et al. 2008). Furthermore, let-7 has been reported to 
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regulate larval pupal in insects by targeting the ecdysone pathway. For example, Peng et 

al. (2019) reported that silencing the let-7 led to a downregulation of the expression of 

ecdysone in the oriental fruit fly Bactrocera dorsalis. Song et al. 2018 also reported that let-

7 -plays a role in regulating the expression of Kruppel-homolog 1. Ecdysone has been 

reported to play an essential role in transgenerational wing polyphenism in pea aphids. For 

example, Vellichirammal et al. (2017) reported that an increase in ecdysone signalling 

usually results in more wingless progeny. In contrast, Krueppel homolog 1 has been 

reported to inhibit the synthesis of ecdysone (Zhang et al. 2018). In our results, we found 

that let-7 was highly expressed in the N116 winged morph in comparison to the N116 

wingless morphs. Therefore, let-7 may regulate the wing polyphenism in aphids by 

regulating the expression of the ecdysone pathway gene and Krueppel homolog-1.  

Next, our result found that miRNA-252a is also upregulated in the N116 winged morphs. 

miR252a has been reported to play a role in regulating the shell color of the pacific oyster 

Crassostrea gigas (Li et al. 2021). Apart from that, mIR-252a has been reported to play a 

role in seasonal polyphenism. For example, Mukherjee et al. (2020) reported that miR-252a 

was differentially expressed between larvae and pupae in the European map butterfly 

Araschinia levana that were raised under different daylight regimes. Together these results 

suggest that miR-252a could potentially play a role in regulating wing polyphenism and 

body colour changes in aphids and further research is needed to elucidate this. Next, miR-

184a and miR-184b is also upregulated in the N116 winged morphs. miR184 has been 

reported to play a role in wing polyphenism and survival in aphids. For example, Li et al. 

(2022) reported that miR-184a were differentially expressed between different 

developmental stages of winged and wingless destined English grain aphid nymph with no 

differences between the adult stage. Our results disagree with this study as we found that 

miR-184a was differentially expressed between N116 winged and wingless morphs in the 

adult stage and future research is needed to elucidate the role of this miRNA in regulating 

wing polyphenism and survival in pea aphids. Furthermore, miR-184a and miR184b has 
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also been reported to play a role in immune response in the pea aphid. For example, Ma et 

al. (2020) reported the downregulation of both miRNAs upon infection by P.aeruginosa and 

M.luteus. Ma proposes that both miRNA negatively downregulate the JNK signalling 

pathway, which is involved in a major event such as phagocytosis and PPO activation. 

Although in our study, no infection induction was involved, the winged morphs usually have 

lower immune system function than the wingless morphs and these two miRNAs could play 

a role in regulating the immune response observed between the morphs. 

Our results reveal that the miR-3027 was downregulated in the N116 winged morphs in 

comparison to N116 wingless morphs. This miRNA has only been reported only in aphids 

and it is likely that this miRNA is Hemiptera-specific (Legeai et al. 2010). However, the role 

of miRNA in aphids remains unknown and has not been studied till the present. Then, our 

results also reveal that miR-14 was downregulated in the N116 winged morphs in 

comparison to the wingless morphs. miR14 has been reported to play a role in regulating 

the ecdysone level in insects. For example, Liu et al. (2018) reported that miR-14 regulates 

the ecdysone titre in the silkworm Bombyx mori with overexpression and depletion resulting 

in delayed development and precocious wandering stage respectively. Next, similar 

observations were also reported in the Asiatic rice borer Chilo suppressalis (He et al. 2019). 

As discussed above, ecdysone plays a key role in aphid wing polyphenism and it is possible 

that this miRNA together with the other miRNA discussed above (miR-let7 and miR-100) 

helps regulate wing polyphenism in aphids by modulating the ecdysone titre. Furthermore, 

Chen et al. (2021) also reported that miR-14 plays a role in regulating the reproduction of 

honeybees by targeting the ecdysone pathway. Apart from that, some study has shown that 

ecdysone plays a role in the trade-off. For example, Wang et al. (2022) reported that 

ecdysone plays a crucial role in mediating the trade-off between reproduction and immunity 

in mosquito Aedes aegypti. Since winged aphids usually have lower reproduction than 

wingless aphids, it is possible that this trade-off might be regulated by the miR through 

regulating the ecdysone signalling.  
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Our results have shown that the miR-8 is downregulated in the N116 winged morphs. miR-

8 has been reported to play a role in regulating the juvenile hormone regulation in insects. 

For example, Zhang et al. (2021) showed that the reduction of miR-8 in Drosophila leads 

to a decrease in the juvenile hormone gene expression. Further, Lucas et al. (2015) also 

reported similar observations in the mosquito Aedes aegypti whereby reduction of miR-8 

expression leads to a decrease in reproduction through targeting the wingless signalling 

pathway. In aphids, the juvenile hormone has been reported to regulate fecundity and adult 

size weight (Gao et al. 2018). The winged aphid usually has lower reproduction compared 

to the wingless morphs; therefore, it is possible that miR-8 might play a role in regulating 

these fecundity differences between the morphs. Then, miR-8 has also been reported to 

play other functions in insect development, such as regulating pigmentation and eclosion 

(Kennell et al. 2012). 

Then, our results also showed that the miR-2765 were downregulated in the N116 winged 

morphs in comparison to the wingless morph. The role of miR-2765 in insects remains 

widely unknown. However, some research has reported that this miRNA was differentially 

expressed between the female and males across a few different insect species (Jain et al. 

2015; Li et al. 2021). 

Our target gene prediction results showed that among the ten conserved and differentially 

expressed miRNAs, four miRNAs (miR-100, miR184, miR252a, miR2765) showed 

significant results. We found that many of the genes that were targeted by these miRNAs 

were involved in many different aspects of aphid development. For example, Wnt-2, Dll, 

ap1, Dpp, ds, and burs are known to play an essential role in many roles in insects wing 

development (Brisson et al. 2010; Elias-Neto et al. 2022; Zhang et al. 2022; Long et al. 

2022). Further, some of the target genes were also involved in histone modification such 

as Rpd3. Sap18. These genes have been reported to play an important role in regulating 

starvation resistance and reproduction in Drosophila and pea aphids respectively (Nakajima 
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et al. 2016; Kirfel et al. 2019). Some of the target genes were also involved in stress 

response in insects such as Hsp68, and Hsp70 (Kausar et al. 2020; Beasley-Hall et al. 

2022). Finally, many of the target genes were also involved in other aphid development 

processes such as metabolite regulation, carotene production and others. Together the 

results suggest that miRNA might be an important epigenetic regulation in modulating gene 

expression in aphids. 

 

N127 red vs N116 green wingless 

Among the differentially expressed miRNAs between N127 red and N116 wingless, miR-

100 and let-7 had the highest fold change between N127 red aphid and N116 wingless. 

Interestingly, both miRNAs were upregulated in the N127 red morph in comparison to the 

N116 wingless. As discussed above, let-7 and miR-100 play an essential role in wing 

development. However, the N127 red aphid usually does not produce winged offspring but 

changes their body colour when exposed to environmental stress, therefore it is surprising 

to see that both miRNAs were upregulated in N127 rather than N116 which usually 

produces winged offspring under stress. However, it is also possible that this miRNA has 

other functions in aphids that have not been discovered yet. Next, we found that miRNA-

278 was also upregulated in N127 red morphs compared to N116 wingless morphs. miRNA-

278 has been reported to work together with let-7 in regulating metamorphosis in insects. 

For example, Song et al. (2018) reported that let-7 and miRNA-278 work together to 

suppress the expression of Kr-h1 which leads to precocious metamorphosis in locusts 

L.migratoria. As mentioned above, Kr-h1 is usually involved in suppressing ecdysone 

synthesis. Since miR-278 and let-7 reduce the Kr-h1 expression, this could result in higher 

ecdysone titre which usually results in more wingless progeny (Vellichirammal et al. 2017). 

Further, miR-278 has been reported to play a role in metabolite regulation. For example, 

Teleman et al. (2006) reported that Drosophila lacking miR-278 show a defect in energy 

homeostasis and result in an insulin resistance phenotype (increase insulin production but 
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reduced sensitivity). Insulin plays an important role in regulating insects’ reproduction 

(Silva-Oliveria et al. 2021; Pan et al. 2022). The N127 red aphid usually has a lower 

reproduction rate in comparison to N116 wingless, therefore it is possible that miR-278 

might play an important role in the reproduction difference observed between these two 

genotypes by manipulating the insulin sensitivity. 

Our results also showed that miR-2765 was upregulated in the N127 red morph in 

comparison to the N116 wingless morphs. The miRNA-2765 is usually not found in 

Drosophila and the function of this miRNA remains unknown. However, a recent study by 

Matsunami et al. (2018) has suggested that this miRNA is differentially expressed between 

different castes in termites and might be important in regulating caste differentiation. 

Further, a study has also reported that miRNA-2765 was a group of miRNAs that were 

highly conserved and specific to Hymenoptera (Søvik et al. 2015). Next, the miR-2765 has 

been shown to be differentially expressed in different developmental stages across different 

insect species such as the predatory bug Arma chinesis and Colorado potato beetle 

Leptinotarsa decemlineata (Yin et al. 2021; Weibe et al. 2020). However, the precise 

function of the miRNA in these insects across the developmental stage remains unknown. 

Our study is the first to report the differential expression of this miRNA between different 

aphid genotypes and further research is needed to elucidate the function of  this miRNA in 

aphids. 

Our results reveal that the miR-993 was downregulated in the N127 red morphs compared 

to the N116 wingless morphs. The precise function of miR-993 remains unclear. 

Furthermore, the miR-993 is specific to invertebrates only and was not present in any 

vertebrate organism. A recent study by Quah et al. (2015) reported that miR-993 was 

upregulated in the ovary of the speckled wood butterfly Pararge aegeria in comparison to 

the other body part. Although the function of these miR-993 in the ovary remains unclear, 

it might be involved in regulating reproduction. In aphids, the N127 red morph usually has 

a lower reproductive rate compared to the N116 wingless, therefore it is possible that this 
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miRNA might be responsible for regulating the reproduction between these two genotypes. 

Furthermore, target gene prediction in the silk Bombyx mori suggests that miR-993 could 

also target ecdysone which suggests that they could play an important role in 

metamorphosis in insects (He et al. 2019). 

Lastly, our results reveal that miR-14 is also downregulated in the N127 red morph in 

comparison to the N116 green morph. As discussed above, the miR-14 plays an important 

role in regulating the ecdysone level in insects by acting on the ecdysone receptor (EcR) 

and Spook (He et al. 2019). Ecdysone plays an important role in insect development 

ranging from metamorphosis to reproduction. For example, Zhou et al. (2020) reported that 

in the rice planthopper Nilaparvata lugens with ecdysone enzyme knockdown showed a 

lower reproduction rate and a defect in embryonic development. Similar observations in 

reproduction rate were also observed in the blood-gorging insect Rhodnius prolixus when 

the ecdysone receptor was knockdown (Benrabaa et al. 2022). Taken together, this 

suggests that the role of ecdysone in manipulating insect reproduction might be conserved 

across insects. In aphids, the N127 genotype usually has lower reproduction compared to 

the N116 genotype and ecdysone might play a role in regulating the reproduction between 

these two genotypes. 

Then, our target gene prediction results showed that among the differentially expressed 

miRNA, two miRNAs showed significant results (miR-278 and 

NW_021769971.1_unplaced_genomic_scaffold_39500). Some of the target genes 

regulated by miR-278 were involved in metabolism regulation, and insect development such 

as Facilitated trehalose transporter Tret 1 (Tret1), and glucose dehydrogenase (Gld). These 

genes have been reported in many studies in regulating insect reproduction, regulation of 

energy balance, and metamorphosis (Leyria et al. 2021; Liu et al. 2021; Li et al. 2022). 

Next, the novel miRNA NW_021769971.1_unplaced_genomic_scaffold_39500 seems to 

be involved in regulating many genes such as apterous1 (ap1), Krueppel homolog 1 (Kr-

h1), ultrabithorax (Ubx), homothorax (hth), ecdysone receptor (EcR), wingless (Wnt-1), 
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spalt-major (salm). Ecdysone induced protein 75 (E75). Gustatory receptor for sugar taste 

64f-like (Gr64f). These genes have remarkably diverse functions ranging from wing 

development, ecdysone regulation, metabolism regulation to sugar sensing. Taken 

together, this suggests that miRNA might play an important role in regulating different 

development aspects of aphids and might be responsible for the difference we observed 

between genotypes. 

 

Correlation between miRNA and DEG 

To provide some insight into the correlation between miRNA and DEG we integrated the 

results from the target gene prediction by miRNA with DEG from RNA-seq. In the group 

comparison of N116 winged and wingless, most genes were by three upregulated 

miRNAs (miRNA-100, miR-184a, miR-252a) and one downregulated miRNA (miRNA-

2765). Most of the genes that overlap with DEG were downregulated. In the group 

comparison of N127 red vs N116 wingless, the gene was mostly targeted by one 

regulated miRNA (miR-278) and the downregulated miRNA 

(NW_021769971.1_unplaced_genomic_scaffold_39500). We observed a similar trend 

with the previous group comparison and found that most genes that overlap with DEG 

were downregulated. Our results are concordant with the consensus of a negative 

relationship between miRNA and gene expression. However, it is also important to note 

that recent studies have shown that miRNA is also able to induce gene expression and 

further studies are needed to elucidate the role of miRNA in insects (Xiao et al. 2017).   
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6.5 Summary 

In this chapter, the potential role of miRNA in regulating pea aphid polyphenism and 

polymorphism was investigated between the different pea aphid morphs. We found that a 

few conserved miRNAs were differentially regulated between different pea aphid morphs. 

We also discovered many novel miRNAs that could potentially play an important role in 

regulating pea aphid polyphenism and polymorphism. Apart from that, we also investigated 

the potential target genes that could be targeted by these differentially expressed miRNAs. 

We found that many genes were differentially regulated by these miRNAs and some of 

these genes were involved in important processes such as wing development, stress 

response, ecdysteroid pathway regulation and metabolite regulation. Lastly, we integrated 

the transcriptome results from Chapter 4 to provide insight into the relationship between 

miRNAs and gene expression. Our results showed that there is a consensus of a negative 

relationship between miRNA and gene expression whereby most overlapped genes 

between target gene prediction in miRNA and DEG in RNA-seq were downregulated. 

Lastly, due to the limitation of low reads we obtained from the miRNA sequencing, it is 

possible that we have missed some of the miRNAs that could play an important role in pea 

aphid polyphenism. However, this does not undermine that we found many conserved 

miRNAs and novel miRNAs that could be important in regulating pea aphid polyphenism 

and polymorphism. 
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Chapter 7: General discussion 
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7.1 General discussion 

The ability to fly has been an essential part of the evolutionary success of many insects as 

this allows the insects to escape from stressful conditions such as predators, a decline in 

food resources and increased temperature. According to the life-history theory, an increase 

in one life history trait that is beneficial to the organisms always comes with a decrease in 

another life history trait that is detrimental to the organisms or otherwise known as a trade-

off. One of the most common trade-offs in insects is between the ability to fly and 

reproduction (Chang et al. 2021). Trade-offs play an important role in helping our 

understanding of evolutionary trajectories. A specific focus of the experiments presented 

here was to provide insight into the potential trade-offs between the ability to fly and the 

trade-off between different pea aphid morphs. By using two genotypes of aphids (N116 and 

N127) that react differentially to environmental stress, a major finding of this thesis is that 

the dispersal morphs always showed lower reproduction in comparison to the non-dispersal 

morphs. Although our experiment did not directly measure the reproductive success 

through the whole lifespan of the aphid, the lower reproductive success of the dispersal 

morphs observed in our experiment suggests that a potential trade-off between flight and 

reproduction might be involved in the pea aphids. This agrees with existing literature on the 

trade-offs between flight and reproduction that have been reported across a wide range of 

insect species (Nasu et al. 2021; Ge et al. 2021; Chang et al. 2021). One of the limitations 

of most studies is that the trade-offs have only been investigated in one generation. My 

thesis extended the investigation of the reproductive output of the offspring born to either 

dispersal morph or non-dispersal mothers to determine the possibility of trade-offs in more 

than one generation. We found that offspring that came from dispersal mothers still shows 

lower reproduction in comparison to those that came from the non-dispersal mothers. As 

mentioned above we did not measure the reproduction of the aphid throughout its lifespan. 

Therefore, our results may also suggest that potential trade-offs between the ability to 

disperse and reproduction in aphid might occur over more than one generation. Some 
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studies have shown that the parent's phenotypes play an important role in influencing the 

offspring's performance through a process known as a non-genetic inheritance 

(Bonduriansky et al. 2012). 

Furthermore, my thesis also investigated the degree of dispersal morph production in 

different pea aphid genotypes. Aphids respond to stress very differently, and, depending 

on the genotypes, the production of winged and wingless morphs can range from 0% to 

100% (Parker et al. 2019). Our experiments show that the two aphid genotypes react very 

differently to environmental stress, with the N116 genotype producing winged offspring and 

the N127 genotype changing their body colour from red to pale. Apart from that, our 

experiment also revealed that the degree of dispersal morph production is vastly different 

between the two genotypes, with N127 producing a higher level of dispersal morphs (pale) 

than N116 genotypes. This result agrees with previous studies that suggest that the 

changes in body colour in red aphid only requires 10h of starvation and does not require 

the transgenerational signalling that is usually seen in winged production (Wang et al. 

2019). The differences in genotypic responses to environmental stress have been reported 

across plants, and mammals as well. For example, the salt stress response in the sugar 

beet Beta vulgaris is dependent on the genotypes (Geng et al. 2019). Then, Rohde et al. 

(2021) showed that in Drosophila exposed to rapamycin treatment, the increase in heat 

stress tolerance and reduction in fecundity is genotype dependent. Furthermore, Hidalgo 

et al. (2019) also showed that parasitic wasp (Nasonia vitripennis) genotypes react 

differently towards thermal stress. 

The major focus of chapter 4 was to provide insight into the potential underlying 

mechanisms for wing development in aphids. Brisson et al. (2010) deduced the network of 

aphid wing development pathways based on Drosophila but found no significant difference 

in any wing development gene across developmental stages (embryo - fourth instar) apart 

from ap1, which shows a significant level during the 1st and 2nd nymph. The data presented 

in Chapter 4 showed that some of the wing development genes such as (ap1, and vestigial) 
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did show a significant difference in expression between the adult winged morphs and 

wingless morphs.  

Since N127 does not produce wings but changes its body colour we investigated the 

expression of carotenoid genes. Our results revealed no significant difference in the 

carotenoid gene (tor, Figure 4.18G) but the N127 red morph does show a higher expression 

than the pale morphs. However, we still do not clearly understand the mechanisms behind 

the carotenoid breakdown in aphids and it is possible that both red and pale morphs are 

still producing the red pigments but were being subsequently broken down to provide 

energy for the aphids. In contrast to the wing dimorphism in male aphids which is known to 

be controlled by a single locus on the X-chromosome known as aphicarus (api), the wing 

polyphenism in female aphids remains largely unclear (Braendle et al. 2005). Therefore, in 

Chapter 4, we also carried out transcriptomic profiling of all different pea aphid morphs to 

provide further insight into the possible genes that could play an important role in aphid 

development and polyphenism. Our transcriptomic data revealed many genes that could 

potentially play an important role in wing polyphenism and stress responses in aphids. 

Many genes that could potentially explain the difference in life-history traits were observed 

between the two genotypes of aphids used in the experiment. Further, our data revealed a 

major difference in gene expression between the dispersal morphs across the two 

genotypes, whereby the N127 genotype morphs do not show any difference in wing 

development gene expression. Although densovirus has been reported to play a role in this 

genotype's ability to produce winged offspring, we found no difference in expression 

between morphs. Therefore, it is possible that the wing developmental pathway was 

repressed in certain aphid genotypes resulting in non-wing-producing genotypes, but 

further experiments are needed to confirm this. Finally, the data in this thesis chapter 

reinforce that some of the major wing developmental genes that were indeed differentially 

expressed between pea aphid morphs can be responsible for regulating wing development 

in the aphid. Our data also provide many novel genes that were differentially expressed 
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between pea aphid morphs that were shown to regulate wing development in other insect 

species, and further in vivo manipulation of the expression of these genes could provide a 

clearer understanding of the mechanisms of wing polyphenism and stress response in the 

aphid. 

Following the gene expression and transcriptomic profile data in chapter 4, the methylation 

level of the candidate genes and the methylome profile of the different pea aphid morphs 

was investigated in Chapter 5. DNA methylation provides an epigenetic mechanism that 

has been reported to play a role in regulating polyphenism in insects. Since aphids 

reproduce asexually, therefore, all the offspring are clones of the mother, which makes 

them excellent in studying the role of epigenetic regulating in insect polyphenism. 

Surprisingly, the pyrosequencing of candidate genes from Chapter 5 reveals that only four 

out of the 16 genes investigated were significantly differentially methylated between the 

morphs. Further, our results in Chapter 5 also showed that genes that were involved in wing 

development and signalling process such as Fl, vg, ap1, en (Figure 5.3A-D) have a low 

level of methylation (1%-3%) compared to those that are ubiquitously expressed such as 

Hsp83, DMAP1, rpd3 (Figure 5.2 F-G, Figure 5.3F)ffigur which has intermediate (30-40%) 

to high level of methylation (70-100%) . Our results in chapter 5 are consistent with other 

studies which reported higher methylation in genes involved in housekeeping functions and 

low methylation in genes responsible for cellular signalling and polyphenism (Sarda et al. 

2012; Glastad et al. 2011). Next, another study showed that heavily methylated genes 

across different insect species showed enriched gene ontology for functions such as RNA 

splicing, and protein localization, which further suggest that housekeeping genes have been 

consistently heavily methylated throughout the invertebrate evolution (Sarda et al. 2012). 

The higher methylation seen in housekeeping genes could be due to the need to control 

and reduce transcriptional noise (Wedd et al. 2022). Interestingly, a study by Zeng and Yi 

(2010) showed a relationship between the level of methylation and gene length in 

honeybees with longer genes having lower DNA methylation. A further study by Sarda et 
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al. (2012) reported similar observations in the silkworm and suggest that the relationship 

between gene length and DNA methylation might be specific to insects. However, in our 

study we did not include any analysis of the correlation between gene length and DNA 

methylation level. Therefore, further study is needed to confirm if a similar pattern is 

observed in pea aphids.  

In Chapter 5 we utilised the MBD-seq to provide insight into the genome-wide methylation 

profile of aphids. Our results show that the methylation pattern of aphids was similar to 

most insects with gene body (intron+exon) having the highest level of methylation in 

comparison to other regions. Our results reveal that the X-chromosome is the primary target 

of methylation in aphids although it varies depending on genotypes and morphs. A recent 

study by Mathers et al. (2021) showed that X-linked genes were preferentially 

hypermethylated in the male aphids and hypomethylated in autosomal-related genes. 

Interestingly, our results found that X-linked genes were hypomethylated in winged morphs 

compared to wingless morphs while all the other group comparisons showed 

hypermethylation for the X-linked gene. A study by Gatzmann et al. (2018) reported that 

different tissue in marble crayfish showed that gene bodies is usually highly 

hypomethylated. A study of salinity stress in Daphnia magna also reported hypomethylation 

of genes responsible for stress response (Jeremias et al. 2018). An explanation for this 

observation may be that hypomethylation allows for a broader range of gene expression 

variation. However, further studies are needed to determine why such methylation patterns 

are only observed between the morphs in N116 genotype and not N127. Since we know 

that the phenotype outcomes are usually based on the changes in gene expression, one of 

the most important questions is how the environmental signal is translated to the changes 

in gene expression. Therefore, we integrated our MBD-seq and RNA-seq to determine the 

relationship between DNA methylation and gene expression and the role of DNA 

methylation in aphid wing polyphenism. Overall, our results reveal no clear link between 

DNA methylation and gene expression. However, some group comparisons in our results 
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did suggest a tendency of a positive relationship between gene body methylation and gene 

expression. To date, no clear conclusion can be drawn about the link between DNA 

methylation and gene expression with a lot of studies reporting contradicting results 

regarding the link between DNA methylation and gene expression (Duncan et al. 2022). 

Then, a functional analysis by Xu et al. (2021) showed that DNA methylation in Bombyx 

mori acts on the histone modification (H3K27) which regulated gene expression. Therefore, 

it is possible that DNA methylation and histone modification both interact to modulate gene 

expression. However, further studies are needed to determine if such a link is conserved 

between different insect species or specialised for the silkworm only.  

Based on the results we obtained from Chapter 5, we decided to investigate the possibility 

of the role of other epigenetic mechanisms known as small non-coding RNA (miRNA) in 

regulating wing polyphenism (Chapter 6). miRNA plays an essential role in regulating gene 

expression at the post-transcriptional level (Neshat et al. 2020). Our results from Chapter 

6 reveal that several differentially expressed miRNA between winged and wingless pea 

aphid morphs. Among these differentially expressed miRNAs, some have been shown to 

regulate wing development across multiple insect species (Li et al. 2022; Soares et al. 

2021). We conducted target gene prediction to determine the possibility of these miRNAs 

in regulating genes that were responsible for wing development and reproduction. To our 

surprise, the results show that many wing development genes and reproductive genes were 

targeted by these differentially expressed miRNAs. These results suggest, in contrast to 

the general belief of DNA methylation as the main epigenetic mechanism in regulating 

insect polyphenism, miRNA might also play a very important role in regulating this 

polyphenism. In humans, some studies have shown that miRNAs are regulated by DNA 

methylation in regulating cancer progression and other diseases. (Aure et al. 2021; Mao et 

al. 2021). However, to date in insects, there is still no study that has integrated miRNA 

analysis and DNA methylation yet. Therefore, future work integrating miRNA analysis and 

DNA methylation might provide some new insight into the crosstalk of different epigenetic 
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mechanisms in regulating polyphenism in insects. One of the main functions of miRNA is 

to silence translation through destabilizing mRNA, resulting in repressing protein 

production. Therefore, we integrated the results from Chapter 4 (RNA-seq) with the miRNA-

seq to determine the role of miRNA in insect gene expression. Our results reveal that most 

target genes that overlap with DEG in RNA-seq were downregulated. This agrees with most 

studies that show that miRNA is involved in gene repression (Mengistu et al. 2021). 

 

7.2 Future directions 

7.2.1 The trade-offs between different pea aphid morphs 

The experiments presented in this thesis focus on determining the degree of alternative 

morph production between two different genotypes and the reproductive success of the 

alternative morphs and the subsequent generation. A major finding was that the aphid 

genotypes react differently to environmental stress and the reproductive output of the 

morphs varies between the morphs. These findings warrant further investigation of winged 

production of more different aphid genotypes and their associated reproductive output. 

Many studies have reported the variation of winged production in the aphid’s genotype 

(Parker et al. 2019; Parker et al. 2021). However, the reproductive output of the winged 

morphs from different genotypes was not analysed. Therefore, it would be interesting to 

compare the reproductive output of dispersal morphs produced from different aphid 

genotypes to see if the variation in the number of winged morphs production affects the 

reproductive output of the dispersal morphs. A further major finding of this thesis reveals 

that the reproductive output of offspring from dispersal morphs was also reduced. In aphids’ 

telescopic generations are very common, therefore the grandmaternal environment in our 

thesis (crowding) may cause the decrease in the reproduction output observed. The 

grandmaternal effect has been reported in other species such as Physa acuta whereby 

exposure of grand-parental exposure to predators causes changes in offspring shell 

thickness (Tariel et al. 2020). Further, similar observations were also reported in the 
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common lizard Zootoca vivipara whereby the grandmaternal age affects the grand offspring 

reproduction and survival irrespective of the maternal age (Bleu et al. 2021). Therefore, 

future studies in measuring the reproductive output throughout the aphid reproductive 

period and across genotypes are needed to elucidate if such a decrease in reproductive 

output is constant throughout the lifespan of an aphid and if the grandmaternal effect varies 

across genotypes. 

 

7.2.2 The transcriptome profile and mechanisms of aphid development and 

polyphenism 

The development of wings in Drosophila is well studied. In contrast, the underlying 

mechanism for regulating pea aphid wing development remains largely unclear. In this 

thesis, the qPCR and RNA-seq together show several known wing development genes and 

some novel genes that could play an important role in regulating pea aphid development 

and wing development (Chapter 4). For example, the master gene vestigial has been 

reported to play an important role in the wing development of many insect species (Zhang 

et al. 2021). In this thesis, our qPCR is the first to reveal vestigial was also differentially 

expressed in the winged aphid in comparison to other morphs and could play an important 

role in wing development in the aphid. However, future in vivo studies manipulating the 

expression of the genes are needed to elucidate their role in aphid wing development. 

Further, our RNA-seq also reveals some potential target genes such as Mad, Pburs that 

could potentially be important for wing development and further research is needed to 

determine their actual role in aphid wing development. Next, the ecdysone pathway was 

found to be important for wing development in some previous studies (Vellichirammal et al. 

2017). In this thesis, we found ecdysone genes were differentially expressed between 

winged and wingless which agrees with the previous study. However, we also found some 

novel genes, for example, Kr-h1, a transcription factor, that can repress insect ecdysone 

signalling and therefore could play an important role in regulating transgenerational wing 
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polyphenism in aphids. The results of our RNA-seq provide a foundation for future studies 

in manipulating these target genes which can further our understanding of wing 

polyphenism in aphids. 

7.2.3 The role of epigenetic mechanisms in regulating pea aphid wing 

polyphenism and development 

Epigenetic mechanisms have been reported to play a major role in regulating gene 

expression across many organisms (Glastad et al. 2019). In this thesis, our data reveal that 

although some genes are differentially methylated between different aphid morphs, most of 

the genes, especially those involved in wing development, were not differentially 

methylated between aphid morphs. Further, the genome-wide results from my thesis 

(Chapter 5) suggest that there is no clear link between DNA methylation and gene 

expression. However, it is important to note that we did find a stronger positive trend in 

gene expression and DNA methylation, but this was dependent on genotype and morph 

type. However, a recent functional study by Xu et al. (2021) reported crosstalk between 

histone modification, DNA methylation and gene expression in the silkworm. Xu reported 

that insect gene body methylation regulates gene expression through histone acetylation 

specifically (H3K27). The results of Chapter 4 did reveal many histones that were 

differentially expressed between the winged and wingless morphs. Together the results of 

these studies and our thesis warrant further studies of histone modification together with 

DNA methylation, which might provide valuable insight into the crosstalk between DNA 

methylation, histone modification and gene expression. Uncovering more about the link 

between these epigenetic mechanisms and gene expression might help us to understand 

more about the role of methylation in insect polyphenism and development. Our MBD-seq 

results also reveal that the gene body is the most targeted region for methylation in aphids, 

which is similar to most insects (Xu et al. 2021; Pozo et al. 2021). Future studies of 

methylation studies on aphids should focus on these gene body regions to provide more 
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insight into the role of gene body methylation in regulating aphid development and 

polyphenism.  

Based on the results we obtained from Chapter 5, we decided to further investigate other 

epigenetic mechanisms (miRNA) to determine their role in aphid development and wing 

polyphenism (Chapter 6). Our results reveal that a few conserved miRNAs such as miR-

100 and let-7, which were differentially expressed between winged and wingless morphs, 

have also been shown to regulate wing development in other insects (Zhang et al. 2020; 

Soares et al. 2021). Further, we also identified some novel miRNAs that were highly 

expressed in the winged morphs compared to the wingless morphs. The target gene 

prediction in Chapter 6 also reveals many wing development target genes (e.g., Ubx, Dll, 

ap1) that were regulated by these miRNAs. These results together with those of previous 

studies further support the fact that miRNAs might play an important role in wing 

development in insects than previously thought. Therefore, future studies on manipulating 

the expression of these miRNAs could help to further our understanding of the role of 

miRNAs in aphid development and wing polyphenism.  

 

7.3 Limitations 

There are a few limitations of the data presented here in this thesis. In Chapter 3, we 

showed that the reproductive output of the dispersal morphs in both genotypes was lower 

compared to the non-dispersal morph. However, we did not measure reproduction of aphids 

throughout their lifespan nor the changes in energy or metabolites; therefore we can only 

suggest the possibility of trade-offs between reproduction and dispersal but are unable to 

demonstrate this directly. A similar limitation applies to the transgenerational experiment 

where we cannot clearly conclude that decreased reproduction in the offspring is due to the 

grand-parental effect nor that trade-offs in the dispersal morphs last more than one 

generation since most aphids have telescopic generations (Durak et al. 2016). Another 

limitation is that we did not collect the winged and wingless aphids once they emerge. We 
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could have included aphids of different reproductive ages, which may affect their 

reproductive output, noting that the mother's reproductive age has been reported to affect 

their reproduction in some organisms (Singh et al. 2020). 

Further, there are also limitations that apply to Chapter 4, Chapter 5 and Chapter 6. For 

example, in all three chapters we only investigated gene expression, DNA methylation, and 

miRNA expression in whole adult aphids. This might result in a dilution effect whereby 

certain cells are over or under-represented in the samples, therefore, underestimating gene 

expression, DNA methylation and miRNA levels, as some of these might show cell/tissue-

specific expression (Maleszka and Kucharski 2022). A further limitation is that only adult 

aphids were used in this thesis. Studies have shown that the critical period of wing 

development in aphids is between the 2nd and 3rd instar age whereby wingless destined 

nymph will histolyse their wing buds (Braendle et al. 2006). Therefore, the difference in 

gene expression, DNA methylation and miRNA might be more prominent during this nymph 

stage. However, it is important to bear in mind that it is physically impossible to distinguish 

the winged and wingless nymph during the 1st and 2nd instar. Therefore, future studies, 

which should incorporate aphids of different developmental stages and cell -type specific 

analysis might provide clearer information into the role of epigenetic and underlying 

mechanism in aphid development and wing polyphenism. 

 

7.4 Summary 

In summary, this thesis has established that the aphid genotype varies in its ability to trigger 

wing polyphenism. There might also be a possibility of trade-offs between different pea 

aphid morphs and this effect might last more than one generation. We also showed 

differential expression in candidate genes involved in aphid development and wing 

polyphenism between different aphid morphs and genotypes. Further, we found overall no 

evidence of a clear association between DNA methylation and gene expression in 

regulating aphid development and wing polyphenism. However, DNA methylation did show 
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a stronger positive relationship with increased gene expression in some cases, but this was 

dependent on genotype and morph type. Lastly, my thesis showed that other epigenetic 

mechanisms such as miRNA could be important in regulating wing polyphenism as shown 

by the target gene prediction results.  
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