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Abstract 

Insects pose large problems for health and agriculture; several major diseases are 

transmitted by insect vectors, and huge losses in food production occur due to insect 

pests. Current strategies for insect control are inadequate, with several disadvantages. 

Various novel approaches are being developed, aimed at either suppressing wild 

populations, or replacing them with insects refractory to disease-causing pathogens. 

    Some possible strategies utilise Wolbachia, a genus of maternally inherited intracellular 

bacteria. Wolbachia can manipulate host reproduction through a phenomenon known as 

cytoplasmic incompatibility (CI), which leads to spread of Wolbachia through populations. 

CI could potentially be used as a gene drive system for spread of pathogen-resistance 

genes, or for population suppression via the release of incompatible males. Furthermore, 

some strains of Wolbachia have been found to inhibit virus transmission by mosquitoes; 

there have been successful field trials of population replacement exploiting this inhibition. 

    At present, little is known about the mechanisms of CI, or viral inhibition by Wolbachia. 

Discussed in Chapter 2, candidate genes for CI involvement were identified by sequencing 

the genome of the non-CI strain wAu and comparing it to that of the CI strain wMel. One 

candidate was used to transform Drosophila melanogaster, but it did not induce a CI 

phenotype. Chapter 3 discusses further identification and investigation of candidate genes 

for CI involvement by comparing RNA-seq data from wAu and the CI strain wRi, and from 

D. simulans either uninfected or infected with one of these two strains. Similarly, candidate 

genes for viral inhibition were identified and investigated by comparing RNA-seq data 

from Aedes albopictus mosquitoes that were uninfected, naturally infected with wAlb, or 

transinfected with wMel, which inhibits dengue in this species. 

    Other potential insect control strategies involve the release of modified insects with a 

genetic system that leads to population suppression. Discussed in Chapter 4, attempts 

were made using comparative genomics to identify the sex-determining locus in the 

mosquito Ae. aegypti , which could be utilised in genetic control systems. Some possible 

regions were identified, but the locus was discovered by another group before the work 

was completed. Chapter 4 also discusses the identification using RNA-seq of germline-

specifically expressed or spliced genes in Ae. aegypti and the agricultural pest Ceratitis 

capitata; these could be used to control gene expression in various genetic insect control 

systems. 

    Overall this thesis demonstrates the use of high-throughput sequencing analyses to 

identify and investigate candidate genes of importance to insect control. It will hopefully 

serve as a platform for further research in this important field.
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    1  Introduction 
 

1.1. Pest insects 

1.1.1. Disease vectors 

Insect vectors transmit several major global diseases, causing a large negative impact on 

global health due to high morbidity and mortality. Many of these diseases are increasing in 

prevalence, distribution and severity1-3. Mosquitoes are the main vectors. Malaria, caused 

by the Plasmodium parasite, transmitted by mosquitoes in the Anopheles genus, causes the 

most fatalities; in 2015 there were an estimated 214 million cases annually and 438,000 

deaths4. However, numerous other diseases transmitted by mosquitoes and other insect 

species also impose a significant global disease burden.  

 

1.1.1.1. Aedes aegypti and Aedes albopictus 

The disease vectors used in this work were two mosquitoes in the Aedes genus, Ae. aegypti 

and Ae. albopictus (Figure 1.1). These are both vectors of dengue fever, the most prevalent 

mosquito-borne viral disease5. Dengue fever is caused by an RNA flavivirus with four 

serotypes (DENV1-4)6. The mortality rate is 1-5 %, but secondary infections with a 

different serotype can lead to dengue haemorrhagic fever, a more severe form of the 

disease with a mortality rate of around 26 %7. Over half the world’s population has been 

estimated to be at risk of dengue fever8, with an estimated 390 million cases annually, 96 

million showing clinical symptoms9, and 20,000 fatalities10. Trials of a candidate vaccine 

have shown partial effectiveness11,12 but currently there is no licensed vaccine and no 

specific treatment6. Ae. aegypti and Ae. albopictus also vector other diseases, including 

chikungunya, another widespread viral disease for which there is no vaccine or cure13, and 

yellow fever, for which there is a vaccine but which still causes an estimated 30,000 deaths 

annually14. Ae. aegypti is the primary vector of the above diseases, but Ae. albopictus is a 
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secondary vector of increasing importance given that its cold tolerance15-17 combined with 

increased international travel18 has allowed it to spread beyond the range of Ae. aegypti to 

North America19 and Europe20. 

 

 

Figure 1.1. Ae. aegypti (A) and Ae. albopictus (B). Images from Wikipedia. 
 

1.1.2. Agricultural pests 

In addition to their role in disease transmission, there are also many insect species that act 

as agricultural pests, causing huge losses in food production and costing the agricultural 

industry billions of pounds. It is estimated that insects cause a loss of between 20 % and 

40 % of potential food production, with damage occurring during growing, storage, and in 

consumers’ homes21. Pest insects cause damage both by feeding on crops, and by 

spreading plant diseases.   

 

1.1.2.1. Ceratitis capitata 

The agricultural pest insect used in this work was the Mediterranean fruitfly (also known 

as medfly), Ceratitis capitata (Figure 1.2). C. capitata is one of the most destructive 

agricultural pests, affecting more than 250 types of crop and being present across the 

world22. Female C. capitata lay eggs in fruit; aside from the damage caused by the resulting 

larvae feeding on the fruit, this leaves holes that make the fruit more vulnerable to 

infection and rot22. 

A B 
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Figure 1.2. C. capitata. Image from Wikipedia. 
 

1.2. Control of pest insects 

Given that there is no vaccine or cure for many insect-borne diseases, control of the insect 

vectors is currently the only option for disease control. Even if vaccines or specific 

treatments were available, vector management might be a more cost-effective strategy. 

Control of pest insects is also of huge importance to the agricultural industry, especially 

given the increasing demands on food production due to a growing world population. 

 

1.2.1. Current control methods 

One of the most widely used methods for the control of both disease vectors and 

agricultural pests is the use of insecticides. This can be effective in some cases, but its 

implementation can be logistically difficult and expensive23, particularly for species such 

as Ae. aegypti that live closely with humans, even breeding inside houses24. Population re-

expansion or re-invasion can occur rapidly without continued application25, and 

development of insecticide resistance is also a serious problem26. Ae. aegypti, for example, 

has developed resistance to all common chemical classes of insecticides, such as 

organophosphates, pyrethroids, carbamates and organocholrines27. In addition to 

problems with implementation and effectiveness, insecticides can have a number of 

undesirable side effects. They can affect non-target insect species, which may result in 
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undesirable consequences, and there may also be general environmental toxicity. 

Furthermore, there are concerns about risks to human health, particularly in an 

agricultural setting, as insecticides may leave a residue on crops.  

 

 Alternative approaches that have been used for mosquitoes include removal of breeding 

sites28,29, use of odour-baited traps30,31, use of biological toxins32, introduction of mosquito 

predators28,33-35 and personal protection such as bednets36. However, these strategies can 

also be expensive, often require continual intervention, can be logistically difficult in 

urban areas, may be subject to development of resistance, and can have environmental 

effects. In addition, bednets are ineffective against day-biting species such as Ae. aegypti 

and Ae. albopictus. 

 

A genetic approach that has seen some success with agricultural pests, although less so 

with disease vectors, is the sterile insect technique (SIT). This involves releasing males of 

the target species that have been  sterilised by irradiation. When these males mate with 

wild females, no viable offspring are produced, leading to a decline in population size37. In 

the case of mosquitoes, it is important that only males are released, as males do not feed 

on humans and so do not transmit disease, whereas females do. In the case of agricultural 

pests such as C. capitata, male-only release is also advantageous, as it is females that cause 

crop damage. Release of males only also removes the possibility that the modified males 

will mate with modified rather than wild-type females38. 

 

The SIT was used to successfully eradicate the livestock pest New World screwworm39, 

and has also been used to control C. capitata and other tephritid fruit flies40-42. In 

mosquitoes, it has been successful against Culex quinquefasciatus43 and Anopheles 

albimanus44, and recently there have been promising results of pilot studies in Ae. 

albopictus45,46, but it was unsuccessful in Ae. aegypti47. 
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The SIT has a number of disadvantages, a major problem being damaging effects of the 

irradiation on the males leading to reduced fitness and mating competitiveness48, 

particularly in mosquitoes49. Furthermore, levels of sterility were relatively low in some 

cases, as not all mutations caused by irradiation result in complete sterility50. Aside from 

problems with effectiveness, there are also logistical issues with the SIT in some cases. Sex 

separation is required prior to release; this can be achieved by pupal sorting in Aedes and 

Culex mosquitoes as female pupae are larger than males, but in Anopheles mosquitoes 

there is little pupal size discrepancy, making sex separation difficult51. A transgenic line of 

An. stephensi mosquitoes expressing enhanced green fluorescent protein (EGFP) only in 

males has been developed52, allowing sex separation with a fluorescence detection device, 

but this would be expensive to implement on a large scale, and still requires potentially 

damaging handling of the insects, as does pupal sorting. 

 

1.2.2. Novel control methods 

Given the impact of pest insects on public health and agriculture, and the inadequacies of 

current control methods described above, novel control methods for both disease vectors 

and agricultural pests are clearly needed. With this in mind, various new strategies are 

being developed which aim to overcome the problems of current control methods. Like 

the SIT, these methods use the target insect itself as the control agent, involving release of 

modified insects that mate with wild insects. They are therefore species-specific like the 

SIT and so remove the off-target effects of other methods. However, they lack the issues 

associated with irradiation in the SIT, and have other advantages, such as enabling genetic 

sex separation, and in some cases are self-sustaining. These methods can be broadly 

divided into two categories – population suppression and population replacement. 
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1.2.2.1. Population replacement 

Population replacement strategies can be used for disease vectors, and aim to replace the 

natural population with insects that do not transmit disease, or at least with reduced 

vectorial capacity. Mosquitoes are the main targets of these strategies. 

 

1.2.2.1.1. Using transgenic methods 

One strategy for population replacement involves the introduction of transgenes that 

render mosquitoes refractory to the disease-causing pathogens. To date, Ae. aegypti has 

been engineered with transgenes conferring resistance to dengue virus53-55  and An. 

stephensi56-64 and An. gambiae65,66 have been engineered with transgenes conferring 

resistance to Plasmodium.  

 

1.2.2.1.2. Using Wolbachia 

Certain strains of the endosymbiotic bacterium Wolbachia, which can infect mosquitoes, 

display traits that could lead to reduced disease transmission, most notably inhibitory 

effects against disease-causing pathogens. Wolbachia thus have the potential to be used as 

an alternative to refractory transgenes. This is discussed in more detail later. 

 

1.2.2.1.3. Gene drive 

Generation of mosquitoes with reduced ability to transmit disease is only part of a 

successful population replacement strategy. There must be a way to effect replacement of 

the wild population with these modified mosquitoes. The transgenes used in transgenic 

methods are unlikely to confer a strong enough advantage to be spread to fixation within 

an appropriate timescale, and transgenesis may even be associated with a fitness cost, as 

found in some studies61,67,68. It has been  theorised that population replacement with a 

transgenic strain showing Mendelian inheritance of the transgene would require release 

of the modified mosquitoes on a scale that would be impractical given the wide 
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geographical distribution of disease-carrying mosquitoes69. Although recent  modelling has 

suggested otherwise70, strategies would certainly be more effective if they implemented a 

way to spread the transgenes through the population via super-Mendelian inheritance; 

this is known as gene drive. Gene drive mechanisms could also be useful in population 

suppression strategies (see below) in which not all progeny are killed, such as sex 

distortion, female-specific lethality, or decreasing female fertility; for example gene drive 

has been used to spread genes disrupting female reproduction in An. stephensi71. In the 

case of sex distortion systems targeting the X chromosome or other female-specific 

sequences, such as that developed in An. gambiae, gene drive could actually be achieved 

simply by inserting the effector gene on the Y-chromosome, or linked to the male-

determining locus in species lacking sex chromosomes. Other strategies, however, require 

more complex mechanisms. 

 

There are several selfish genetic elements that display super-Mendelian inheritance and 

have been  theorised as possible gene drive mechanisms72. Initially efforts were made to 

use transposable elements for gene drive in mosquitoes, but these were unsuccessful73. 

Maternal-effect dominant embryonic arrest (Medea) is a gene drive system found in the 

beetle Tribolium castaneum, in which mothers carrying the Medea allele express a toxin in 

their germline that kills her progeny unless they also carry the Medea allele, thus 

promoting the spread of this allele74. A synthetic Medea system has been shown to drive 

population replacement in Drosophila melanogaster75, but to date no system has been 

developed in mosquitoes. Underdominance is another technique that has been 

successfully demonstrated in D. melanogaster76,77. This is a system in which individuals 

that are heterozygous for a certain gene are less fit than homozygous individuals, resulting 

in spread of the dominant allele to fixation. Engineered underdominance systems use two 

genes encoding toxins each linked to a gene encoding an antidote for the other toxin; 

individuals that do not possess both alleles are inviable. Homing endonuclease genes 
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(HEGs), which encode endonucleases that cut DNA and cause a copy of the HEG to be 

inserted by homologous recombination, have been successfully used in An. gambiae78. 

More recently, the CRISPR/Cas9 genome editing system has been used for gene drive in D. 

melanogaster79 and to spread anti-Plasmodium genes in An. stephensi80 and genes causing 

female sterility in An. gambiae71.  

 

In addition to individual genetic elements, some endosymbiotic microorganisms display 

super-Mendelian inheritance, including Wolbachia. Given that certain strains of Wolbachia 

also display anti-pathogen inhibition, as mentioned above, this makes it an attractive 

overall possibility for population replacement. It has also been  theorised that pathogen 

resistance transgenes could be spread  utilising Wolbachia, or components of the 

cytoplasmic incompatibility (CI) mechanism it employs to promote its spread in 

mosquitoes69,81,82. This is discussed in more detail later. 

 

1.2.2.2. Population suppression 

Population suppression strategies aim to reduce the numbers of pest insects. For disease 

vectors, population suppression could be used alone or in combination with population 

replacement. For agricultural pests that directly damage crops it is the only option. 

 

1.2.2.2.1. Using transgenic methods 

Several population suppression strategies in development are analogous to the SIT, but 

use synthetic transgenic constructs to induce sterility rather than irradiation, which can 

improve male fitness and allows more flexibility. Prevention of sperm development is one 

such approach, and has been achieved in An. gambiae83. Generation of modified sperm that 

are incapable of viable  fertilisation is another approach, and has also been achieved in An. 

gambiae84. 
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Another promising strategy under development in both mosquitoes and agricultural pests 

is Release of Insects carrying a Dominant Lethal (RIDL). There are two versions of RIDL, 

known as bisex RIDL and female-specific RIDL. Bisex RIDL is similar in concept to the SIT 

but with transgene expression occurring during development of the offspring of modified 

males rather than in the germline of the modified males. In this system, modified males 

carry a dominant lethal gene that is passed onto offspring from matings with wild females, 

resulting in their death. Unlike the suppression methods above, this provides the 

opportunity for transgenes to interact with genes from the wild population, meaning that 

it may be easier for resistance to develop. However, it has the advantage that expression 

timing of the transgene can be varied. Death at late larval or pupal stages has the 

advantage that offspring of modified males will contribute to larval competition, which 

may enhance population suppression85,86. However, for agricultural pests death at a late 

stage is less desirable, as larval stages cause crop damage. 

 

Expression of the lethal gene must be repressible to allow rearing of the line. This is 

currently achieved using the TetOff system87,88, developed from components of the gene 

expression response to the antibiotic tetracycline in bacteria. In the two component 

version of this system (Figure 1.3), the lethal gene is placed under the control of a minimal 

promoter and the regulatory sequence tetO. Transcription of the gene occurs when tetO is 

bound by the tetracycline-repressible transactivator (tTA), a protein generated by fusion 

of the tetracycline repressor found in bacteria to the viral transcriptional activation VP16 

domain89. This binding is blocked by tetracycline. Thus, insects carrying the gene can be 

reared successfully using a diet supplemented with tetracycline. A simplified one 

component version of this system has been developed in which tTA itself acts as the lethal 

gene90 (Figure 1.4). In the absence of tetracycline, the minimal promoter produces a basal 

amount of tTA, which then promotes further tTA expression by binding to tetO, resulting 

in a positive feedback loop. Death is thought to occur by transcriptional squelching91,92. 
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Figure 1.3. Two component RIDL. (A) In the absence of tetracycline, tTA is expressed and 
binds to tetO, driving expression of the lethal effector gene. (B) In the presence of 
tetracycline, tTA is expressed, but binding of tTA to tetO is blocked, preventing expression 
of the lethal effector gene. 
 

 

Figure 1.4. One component RIDL. (A) In the absence of tetracycline, basal tTA expression 
is driven by a minimal promoter. This tTA binds to tetO, driving its oxn expression. This 
positive feedback cycle results in lethal amounts of tTA. (B) In the presence of tetracycline, 
basal levels of tTA are expressed, but binding of tTA to tetO is blocked, preventing the 
positive feedback cycle. 
 



 23 

Bisex RIDL has been implemented in Ae. aegypti86, and has shown success in suppressing 

wild populations in field releases in Grand Cayman93,94, Malaysia95 and Brazil96.  

 

Female-specific RIDL functions as described above for bisex RIDL, except with an effector 

gene affecting only females. This has the advantage of allowing genetic sexing – removal of 

tetracycline in the last generation prior to release results in the generation of only viable 

males. This overcomes the problems with other methods of sex separation discussed 

above. Female-specific RIDL has been implemented in Ae. aegypti97, Ae. albopictus98, C. 

capitata99, Bactrocera oleae (olive fly)100, Plutella xylostella (diamondback moth)101 and 

Pectinophora gossypiella (pink bollworm)101. In the mosquito lines, females are rendered 

flightless rather than being directly killed; however, this phenotype incapacitates the 

females by restricting access to sugar resources and the ability to escape from predation 

to such an extent that the effects are equivalent to lethality98. In addition, flightless females 

are effectively sterile as courtship and mating require wing oscillations102, and flight is also 

required to acquire a blood meal98. 

 

Other systems that are conceptually similar to female killing are sex distortion systems, 

which result in the production of all or mostly male offspring from crosses of wild females 

with modified males. These systems either involve the prevention of development of 

female offspring, or conversion of genetic females to phenotypic males. Both result in a 

reduction in the number of females, leading to fewer matings, and thus the population 

declines. The former has been achieved in An. gambiae, using endonucleases that shred 

the X chromosome in sperm, and population suppression demonstrated103. Conversion of 

genetic females to phenotypic males has recently been achieved in Ae. aegypti104, but is a 

way from application. As for female-specific RIDL, conversion of genetic females to 

phenotypic males would eliminate the need for sex separation. It would also increase the 

efficiency of mass rearing; current female-specific RIDL systems are late-acting, so 
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resources are still spent rearing females in the last generation before release that serve no 

purpose. If these females were converted to males the number of males for release would 

in theory be doubled for the same resources. 

 

1.2.2.2.2. Using Wolbachia 

In addition to transgenic synthetic constructs, population suppression could potentially be 

achieved by a method known as the Incompatible Insect Technique (IIT). This involves 

releasing male insects infected with Wolbachia, which produce inviable offspring upon 

mating with wild uninfected females or females infected with a different strain. This is due 

to CI, and is discussed in more detail below.  

 

1.3. Wolbachia 

Wolbachia is a genus of maternally inherited intracellular bacteria that were first 

identified in Culex mosquitoes105. They are very widespread, with estimates of the 

proportion of insect species infected as high as 66 %106; other arthropods and nematodes 

are also infected107. Mosquito genera infected include Culex and Aedes108-110; no natural 

infections had been reported in the Anopheles genus until a recent finding of Wolbachia in 

An. gambiae111. Several artificial transinfections have been generated, including in An. 

stephensi, which is naturally uninfected112, Ae. aegypti113-116, which is naturally uninfected, 

and Ae. albopictus117-123 which has a natural superinfection of two strains124,125. 

 

Wolbachia display characteristics that give them potential to be used in both population 

suppression and population replacement strategies, mentioned above. Firstly, Wolbachia 

can induce reproductive manipulations in their hosts that confer a selective advantage on 

infected females, thus promoting the spread of the bacteria via maternal inheritance126. 

These manipulations include parthenogenesis, in which infected females produce only 

daughters, feminisation, in which genotypic males are transformed into phenotypic 
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females, and male killing, in which infected male embryos die while females develop 

normally127. The most common manipulation, and the only reproductive phenotype 

observed in mosquitoes, is CI107,127, discussed further below. In addition to reproductive 

manipulation, Wolbachia can also display pathogen inhibition, also discussed further 

below. 

 

1.3.1. Cytoplasmic incompatibility 

In its simplest form, known as unidirectional, CI is a phenomenon in which uninfected 

females produce inviable offspring when mated with Wolbachia-infected males, while 

Wolbachia-infected females produce viable offspring when mated with both infected and 

uninfected males (Figure 1.5). Infected females therefore produce a greater number of 

offspring, and because Wolbachia are maternally inherited, in a previously naïve 

population the frequency of Wolbachia increases with each generation until it reaches an 

equilibrium, which can be close to fixation106.  

 

CI can also occur between hosts infected with different strains of Wolbachia. In this case, 

the CI can be either unidirectional or bidirectional. When it is unidirectional, females 

infected with one of the strains are compatible only with males infected with the same 

strain, but females infected with the other strain are compatible with any males. This is 

equivalent to the unidirectional CI described above in which only one strain of Wolbachia 

is present. In bidirectional CI, females infected with either strain are only compatible with 

males infected with the same strain (Figure 1.6). In a freely interbreeding population, 

females infected with the most prevalent Wolbachia strain have a reproductive advantage 

and this strain should spread128,129, though differences in fitness effects, speciation 

resulting from the incompatibility and stochastic effects may impact this. 
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Figure 1.5. Unidirectional cytoplasmic incompatibility. Green = uninfected; red = 
Wolbachia-infected. Matings between uninfected females and infected males are 
incompatible, producing inviable offspring. Uninfected females are only compatible with 
uninfected males. In contrast, infected females are compatible with both infected and 
uninfected males, producing infected offspring in both cases. 
 

 

Figure 1.6. Biidirectional cytoplasmic incompatibility. Blue = Wolbachia strain 1; red = 
Wolbachia strain 2. Matings between males and females with different Wolbachia strains 
are incompatible, producing inviable offspring. Matings between males and females with 
the same Wolbachia strain are compatible, producing infected offspring in both cases. 
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The penetrance of CI may be complete, i.e. no embryos from incompatible crosses develop, 

or partial, i.e. a percentage of embryos from incompatible crosses develop normally. In 

some insect species, such as Drosophila, CI penetrance of natural infections is often 

relatively low130-132, but incompatible crosses with naturally infected mosquitoes often 

show complete sterility133,134. Penetrance in transinfections is variable. Most show 

complete or almost complete penetrance, but some display lower penetrance than that for 

the natural host of the transinfected Wolbachia and/or the natural Wolbachia infection in 

the transinfected species114,119. 

 

1.3.1.1. Molecular mechanisms of CI 

The exact molecular mechanisms of CI have not been elucidated, but are thought to fit 

what is known as the ‘modification – rescue’ (‘mod-res’) model135. According to this model, 

Wolbachia infection in males leads to a modification in sperm that prevents normal 

development of embryos arising from matings with these males, unless the female is 

infected with a compatible Wolbachia strain, in which case ‘rescue’ occurs in the fertilised 

ovum. Wolbachia can be classified based on their ability to perform the modification and 

rescue functions. Strains that can both induce and rescue CI, termed mod+/res+, are the 

most common136, but all combinations of presence and absence of modification and rescue 

have been observed135,137-139 . The fact that CI can occur in matings between males and 

females infected with different Wolbachia strains suggests that the precise nature of 

modification and/or rescue functions varies between Wolbachia strains140. In addition, Cx. 

pipiens embryos from different incompatible crosses were shown to develop to varying 

degrees141, again suggesting that modification and rescue are likely to be a complex set of 

functions rather than single straightforward effects.  
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1.3.1.1.1. Mechanisms of modification 

The modification in sperm results in severe disruption of the first mitotic division 

following fertilisation136. Paternal chromosomes in embryos from incompatible crosses 

show defects in condensation142, and in D. simulans the maternal chromosomes were 

observed to enter the metaphase/anaphase transition while the paternal chromosomes 

did not segregate and were arrested in anaphase143. 

 

In prophase, prior to condensation defects, a delay in nuclear envelope breakdown and 

cyclin-dependent kinase 1 (Cdk1) activation has been observed in the male pronucleus in 

Wolbachia infection144. As mutations in cell cycle checkpoint proteins can lead to impaired 

chromosome condensation145, this suggests that disruption of the cell cycle may contribute 

to the defects in paternal chromosome condensation observed in Wolbachia infection. This 

disruption could be caused either by direct interference with cell cycle proteins, or it could 

be caused indirectly via DNA damage, which leads to arrest at cell cycle checkpoints146. 

Consistent with the latter hypothesis, numerous studies have found markers of DNA 

damage in Wolbachia infection. For example, paternal chromosomes have been found to 

become fragmented during the first mitotic division147,148. In Drosophila studies have 

found chromosome bridging during anaphase143,148,149, which indicates damaged or 

incompletely replicated DNA. One study found that levels of a marker of oxidative DNA 

damage were higher in Wolbachia-infected Ae. albopictus cells than in uninfected cells, and 

that there are an increased number of DNA strand breaks in meiotic spermatocytes in 

Wolbachia-infected D. simulans150.  

 

Another study has suggested that the defects in chromosome condensation and delay in 

Cdk1 activation are due to impaired deposition of histones H3.3 and H4 in the male 

pronucleus in interphase151. This study also found that in the pronuclei of sperm from 

Wolbachia-infected males there is prolonged retention of the replication factor 
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Proliferating Cell Nuclear Antigen (PCNA) into metaphase, indicating progression to 

mitosis with incompletely replicated DNA.  

 

In addition to the characteristics discussed above, Wolbachia infection has been found to 

result in an excess of centrosomes in the fertilised egg that are not associated with the 

male and female pronuclei143,149. One cause of this phenotype is the absence of mitotic 

kinases which co-ordinate the centrosome replication cycle152, suggesting that 

interference with these kinases may play a role in the CI modification. In some cases of 

Wolbachia infection, absence of centrosomes has been observed136. These findings suggest 

that Wolbachia may disrupt the association of male pronuclei with centrosomes136. 

Interference with this association has been shown to result from defects in chromosome 

condensation and cell cycle delays149, thus the centrosome abnormalities observed in 

Wolbachia infection may be a consequence of the condensation and cell cycle defects 

described above. 

 

It is of note that the embryonic defects associated with CI are not caused directly by 

Wolbachia, as the bacteria are not present in mature sperm153,154; rather Wolbachia must 

modify the sperm during development in a way that leads to effects after fertilisation. Such 

a modification could in theory be mediated via a diffusible factor secreted by Wolbachia 

into the sperm, or alternatively via a molecular imprint on the paternal chromatin136. In a 

study using gynogenetic Drosophila females155, which produce diploid embryos that 

require extranuclear paternal factors for development but not a male pronucleus, crosses 

between uninfected gynogenetic females and Wolbachia-infected males resulted in viable 

progeny, suggesting that CI is due to an effect on the male pronucleus, consistent with the 

observed nuclear defects discussed above. 
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1.3.1.1.2. Mechanisms of rescue 

If a female mating with a Wolbachia-infected male is infected with a compatible strain, 

rescue occurs and viable progeny are produced. On a cellular level, the paternal 

chromosomes condense and segregate normally during anaphase143,144,147,149. As for 

modification, the molecular mechanisms of rescue are poorly understood. However, a 

number of models have been proposed, which fall into three main classes136. 

 

In the first class of models, rescue is caused by a direct effect on the male pronucleus. An 

example is the ‘lock and key’ model; this hypothesises that Wolbachia in sperm produce a 

factor that binds to the male pronucleus (the ‘lock’), which is removed by a factor 

produced by maternal Wolbachia (the ‘key’)135,156,157. In contrast, the ‘titration-restitution’ 

model proposes that paternal Wolbachia remove an essential factor from the male 

pronucleus which is restored by maternal Wolbachia135,157,158. 

 

In the second class of models, rescue is caused by compensatory modification of the 

female pronucleus. An example is the ‘mistiming’ model, which proposes that embryonic 

lethality is due to an effect on the male pronucleus causing asynchrony between the male 

and female pronuclei, and rescue is achieved via a compensatory change in timing of the 

female pronucleus143,144,159. 

 

The third class of models postulates that maternal Wolbachia induce rescue by affecting 

cytoplasmic events. A modified version of the ‘mistiming’ model is an example in this 

category, synchrony being restored in this case not by effects on the female pronucleus but 

by effects on cytoplasmic processes such as spindle assembly136. 

 

Cytological studies have been performed in attempts to determine the mechanisms of 

rescue, but so far there is little evidence to suggest which one of the three classes of model 
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is correct, let alone the molecular mechanisms involved. It has been demonstrated that 

rescue restores the synchrony of nuclear envelope breakdown and Cdk1 activation144, but 

this could be due to a restoration of normal timing in the male pronucleus or a 

compensatory delay in the female pronucleus and so this finding cannot distinguish 

between the first two classes of models described above. An experimental distinction can 

be made between the ‘lock and key’ and ‘titration’ models and the ‘mistiming’ models, as 

the former suggests that the male pronucleus is incapable of normal development without 

rescue, while the latter suggests that the pronucleus could develop normally, it is just not 

synchronised with the female pronucleus. To distinguish between these models the 

number of androgenetic progeny (those that develop solely from the male pronucleus) 

arising from Drosophila crosses with disrupted pronuclear fusion was compared between 

compatible and incompatible crosses160. It was found that CI significantly reduced the 

frequency of androgenetic progeny, suggesting that in CI the male nucleus is rendered 

incapable of normal development without rescue. 

 

1.3.1.2. Genes involved in CI 

Several studies have attempted to identify genes involved in CI, using genomic, 

transcriptomic and proteomic analyses.  

 

1.3.1.2.1. Genomic analysis 

Genomic analysis has been facilitated by the genome sequencing of several strains of 

Wolbachia, including wMel from D. melanogaster161, wRi162, wHa163 and wNo163 from D. 

simulans, wRec from D. recens164, wPip from Cx. pipiens165,166, wAlbB from Ae. albopictus167, 

wBm from Brugia malayi168, wDi from Diaphorina citri169, and wDacA and wDacB from 

Dactylopius coccus170. Analysis of these genomes has revealed candidates for genes 

involved in CI. 
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Wolbachia genomes contain a large number of genes encoding proteins with ankyrin 

repeat (ANK) domains. ANK domains mediate protein-protein interactions171, and while 

common in eukaryotes they are relatively rare in bacteria172. This suggests that they may 

play a role in Wolbachia-specific behaviour such as CI. Further evidence for a role of ANK 

proteins in CI is that of the Wolbachia genomes sequenced, the largest number of ANK 

genes was found in the genome of wPip165, the strain that results in the most complex CI 

crossing patterns observed173,174. In addition, variation in ANK genes was found between 

incompatible strains of Wolbachia in Cx. pipiens, along with differential expression in male 

and female mosquitoes175,176, and ANK genes were found to differ between wMel and wAu, 

a closely related Wolbachia strain that does not induce CI177. However, a large study in Cx. 

pipiens failed to reveal a correlation between ANK gene variability and CI crossing type174, 

and transformation of D. melanogaster with various ANK genes did not induce or modify 

CI phenotypes178, failing to support the hypothesis that ANK genes are involved in CI. 

 

Bacteriophage-related genes have also been proposed as CI candidates. Several prophage 

regions have been identified in the sequenced genomes of Wolbachia strains that infect 

arthropods161,162,165, with phages in the WO-B family being active. In contrast, the genome 

of the Wolbachia strain wBm, which infects the nematode B. malayi and does not cause CI, 

contains no prophage regions168, supporting a role of phage genes in CI. In addition, it was 

found that CI characteristics could be transferred to uninfected hosts by injecting egg 

cytoplasm from infected hosts after filtering through a membrane with a pore size that 

would exclude Wolbachia, suggesting that a virus particle can carry the factors responsible 

for CI179. However, several studies found no correlation between WO phylogeny and CI 

characteristics in Cx. pipiens180-184 and transformation of D. melanogaster with several 

phage genes did not induce or modify CI phenotypes178. Genome sequencing showed that 

the wRec strain in D. recens, which does cause CI, lacks some WO genes, and thus at least in 

this interaction the absent phage genes can be excluded as CI candidates164. 
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1.3.1.2.2. Transcriptomic analysis 

It is possible that in addition to Wolbachia genes, host genes may also be involved in CI. 

Several studies provide evidence for this hypothesis. For example, the Wolbachia strain 

wCauA induces CI in the host Cadra cautella, the almond moth, but when transferred into 

Ephestia kuehniella, the Mediterranean flour moth, a male killing phenotype is induced185. 

Similarly, the strains wMelPop and wTei induce CI when transferred to D. simulans, but not 

in their native hosts139,186. In mosquitoes, bidirectional CI in two strains of Cx. pipiens was 

reduced by backcrossing females infected with one Wolbachia strain so that their nuclear 

genomes were almost identical to those of males infected with the other Wolbachia 

strain175.  

 

Potential host genes involved in CI can be identified by comparing gene expression in 

uninfected and Wolbachia-infected hosts, or between hosts infected with incompatible 

strains of Wolbachia. Such comparisons have been made in Drosophila, firstly in an in vitro 

system, by performing microarrays on Wolbachia-infected and uninfected Drosophila cell 

cultures, and subsequently in vivo by analysing expression of the genes found to be 

differentially expressed in vitro187. This study identified the gene for Angiotensin 

Converting Enzyme (Ance) as being differentially expressed in infected and uninfected 

hosts, with differential expression also observed between male and female flies. In 

addition, mutating the gene affected CI. This gene is required for spermatogenesis in 

Drosophila188; the fact that it has a reproductive function, combined with the above 

experimental results, suggest that Ance is involved in CI. Wolbachia infection in D. simulans 

was found to upregulate the non-muscle myosin II gene zipper, and when this gene was 

overexpressed in uninfected D. melanogaster an effect mimicking CI was produced189. The 

Drosophila gene Hira was found to be downregulated in Wolbachia infection, with the 

degree of downregulation correlated with the strength of CI, and mutation of this gene 

produced a CI-like effect190. Another study identified a number of candidates differentially 
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expressed between Wolbachia and uninfected testes and involved in spermatogenesis, 

including Mst484Db and Juvenile hormone-inducible protein 26 (JhI-26)191. A CI-like 

phenotype was induced upon overexpression of JhI-26 and the gene CG10433, encoding a 

male accessory protein whose expression is upregulated by JhI-26192. Further work and 

similar studies in mosquitoes will hopefully lead to the identification of more host genes 

involved in CI. 

 

Potential Wolbachia genes involved in CI could also be identified using transcriptomic 

analyses, but prior to the work here no such analysis had been performed, likely due to 

difficulties in obtaining sufficient pure Wolbachia RNA. 

 

1.3.1.2.3. Proteomic analysis 

In addition to genomic and transcriptomic analyses, proteomics studies have revealed 

candidates for involvement in CI. Wolbachia proteins WPIP0282193 and Hu beta194, a DNA-

binding protein, were identified as candidates based on detection in mosquito 

spermathecae and gonads. From the host perspective, a recent study suggests that CI 

modification may involve changes in seminal fluid proteins (Sfps) rather than or in 

addition to changes in sperm195. Sfps were found to be differentially expressed between 

extracts from spermathecae and seminal receptacles of D. melanogaster females mated 

with wMel-infected or uninfected males, and knocking down two Sfp genes resulted in a 

partial CI phenotype in uninfected males. 

 

1.3.1.3. Use of CI in insect control 

As mentioned previously, CI could be utilised in different ways for insect control, for both 

population replacement and population suppression strategies. In population replacement 

strategies, it has been proposed as a gene drive mechanism to spread pathogen resistance 
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transgenes69,81,82. It also provides a convenient way to spread Wolbachia themselves in 

strategies making use of the disease refractory properties of Wolbachia. 

 

There are in theory a variety of possible approaches to using CI to spread refractory 

transgenes, each with strengths and weaknesses. One theoretical strategy would be to 

genetically transform Wolbachia with pathogen resistance transgenes, then release 

mosquitoes carrying the transformed Wolbachia into the wild. Mathematical modelling 

indicates that this strategy would require a relatively small release of transgenic 

individuals81. Wolbachia have been successfully introduced into both infected and naïve 

mosquito species, as discussed previously, and have been shown to spread in laboratory, 

semi-field, and field populations113,116,196. However, Wolbachia genetic transformation is 

technically challenging, complicated by the inability to culture Wolbachia outside its host. 

Although methods for transformation have been suggested197,198, it has not to date been 

accomplished. In addition, although cultured cell199 and tissue200 and transient 

somatic201,202 infections have been achieved, and a natural infection has recently been 

found111, it has so far not been possible to establish a stable Wolbachia transinfection in 

An. gambiae, which as the main vector of malaria is one of the most important species for 

vector control. Given the difficulties, this strategy seems to have little promise for 

application. 

 

A similar strategy but one that overcomes the difficulties with Wolbachia transformation 

is to transform another maternally inherited cytoplasmic element, such as another 

obligate endosymbiont or a virus, and release individuals of the target species co-infected 

with this element and Wolbachia. The transformed cytoplasmic element should invade the 

target population together with the Wolbachia. As with direct transformation of 

Wolbachia, modelling suggests that this approach would require a relatively small release 

size81. Obligate endosymbionts have been successfully transformed203, and evidence for 
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the feasibility of this approach for spreading transgenes is the concurrent spread of an 

mtDNA variant and the wRi Wolbachia infection in D. simulans in California204. However 

this approach still requires generation of Wolbachia infections in host populations, which 

as discussed above may not be feasible in all cases. 

 

An alternative strategy that eliminates the requirement for Wolbachia altogether is to 

transform the host nuclear genome with both a transgene for pathogen resistance and the 

gene(s) responsible for CI. Importantly this method would allow control of An. gambiae. 

However, it would require a large release of transgenic individuals81 that would be 

impractical in most cases205. A variation of this approach which might reduce the release 

size required has been suggested for populations already containing Wolbachia, in which 

the pathogen resistance transgene would be linked to the gene(s) that restore 

compatibility of females with infected males82. While the germline transformation of 

several mosquito species has been accomplished206-208 and is now commonly performed, 

these nuclear transformation strategies require the identification of the gene(s) 

responsible for CI, which so far has not been achieved. 

 

With regards to population suppression strategies, CI also underpins the IIT, mentioned 

previously. This involves release of Wolbachia-infected males that are incompatible with 

the wild females; it is effectively a Wolbachia-mediated version of the SIT. This method has 

shown success in field trials with Cx. quinquefasciatus128,209 and Ae. polynesiensis210,211, but 

has yet to be fully explored in other species. Using CI to induce sterility has the advantage 

over traditional SIT that no irradiation is required. However, for naturally Wolbachia-free 

target species the potential for inadvertent release of females is a major drawback, as it 

could lead to invasion of the target population by Wolbachia, meaning that the released 

males would no longer be incompatible with wild females, and there is a possibility that 

the new infected population could be more competent vectors212. It may be possible to 
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combine this method with genetic sexing, discussed previously. Alternatively irradiation 

may be used to sterilise females213-215; while this may have some detrimental impact on 

fitness, females require less irradiation for sterilisation than males, so the effects are not 

as large as in traditional SIT. 

 

For strategies in which population replacement or suppression is dependent on CI, 

knowledge of the mechanism(s) of CI is of central importance, and in some cases a 

requirement. In addition, population replacement strategies based on the disease-

refractory properties of Wolbachia may require successive population invasions with 

different, incompatible Wolbachia strains or strain combinations, so improved 

understanding of CI would also be beneficial to these approaches. 

 

1.3.2. Pathogen inhibition 

Wolbachia has been found to directly induce resistance to a variety of pathogens, which 

gives it potential for use in population replacement strategies. In Drosophila, native 

Wolbachia strains confer resistance to Drosophila C virus, cricket paralysis virus, Flock 

house virus and Nora virus216-218 and the fungus Beauveria bassiana219. In mosquitoes, 

native Wolbachia strains have been found to confer resistance to RNA viruses, such as 

West Nile virus (WNV) in Cx. quinquefasciatus and D.melanogaster220, and to a degree, 

dengue virus in Ae. albopictus221. 

 

Wolbachia in artificial transinfections have also been shown to inhibit pathogens. The Ae. 

albopictus strain wAlb confers some resistance to dengue virus in Ae. aegypti222, and to P. 

falciparum in An. stephensi112. The virulent D. melanogaster strain wMelPop was shown to 

inhibit dengue virus, chikungunya, Plasmodium223, WNV224 and the filarial nematode B. 

pahangi225 in Ae. aegypti, and P. gallinaceum202 and P. falciparum226 in An. gambiae. Dengue 

resistance in Ae. aegypti has also been shown to be induced by the less virulent Wolbachia 
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strain wMel116, which also inhibits chikungunya and yellow fever viruses227. As well as 

reducing infection frequency and virus titres in Ae. aegypti, this transinfection also 

lengthens the extrinsic incubation period, the time taken for virus to reach the saliva 

following an infected bloodmeal, which reduces disease transmission as the mosquito is 

infectious for less of its lifespan228. This transinfection is the most advanced in 

development as a population replacement method, having demonstrated stability and 

success in reducing disease transmission in field trials196,229,230. 

 

Pathogen inhibition is dependent on the Wolbachia-host combination. For example, 

wMelPop but not wMel was found to inhibit WNV in Ae. aegypti224, and wAlbB inhibits 

dengue virus to a much higher degree in Ae. aegypti than in its native host Ae. albopictus231. 

Some Wolbachia-host combinations may actually lead to increased susceptibility to 

pathogens of Wolbachia-infected hosts relative to uninfected hosts; for example, the 

natural wPip infection in Cx. pipiens may slightly increase susceptibility to P. relictum232, 

though the lines compared were not properly backcrossed to eliminate host effects. 

Somatic infections of wAlbB, which has inhibitory effects in other hosts, can slightly 

enhance susceptibility to WNV in Cx. tarsalis233 and to P. berghei in An. gambiae234, though 

the relevance of these data to stable inherited infections is unknown.  

 

Several studies suggest that density is another factor affecting pathogen inhibition. The 

degree of antiviral protection conferred by different Wolbachia strains in Drosophila 

positively correlated with their density, and reducing the abundance of the high density 

wAu strain removed its protective effects235. Similarly, antiviral resistance in Drosophila 

correlated with Wolbachia density in variants of the single Wolbachia strain wMel236. 

Resistance to WNV was found to correlate with Wolbachia density in different populations 

of Cx. quinquefasciatus and Cx. pipiens237. The greater inhibition of dengue by wAlbB in Ae. 

aegypti than Ae. albopictus was suggested to be a result of the lower density of wAlbB in 
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Ae. albopictus – more inhibition was found at higher densities in Ae. albopictus cells231. As 

well as density, tissue distribution of Wolbachia may play a role in pathogen inhibition. 

For example, the natural infections in Ae. albopictus and Ae. fluviatilis, which both transmit 

viruses, are more restricted in their distribution than inhibitory Wolbachia such as 

wMelPop238. 

 

 1.3.2.1. Molecular mechanisms of pathogen inhibition 

The molecular mechanisms of Wolbachia-mediated pathogen inhibition are currently 

unclear. Several hypotheses have been proposed. Experimental studies have yielded 

conflicting evidence, and it may be that different mechanisms function in different 

Wolbachia-host combinations. The theories are not mutually exclusive, and there may be 

multiple mechanisms involved.  

 

1.3.2.1.1. Immune upregulation 

One mechanism that has been proposed for pathogen inhibition is upregulation of the host 

immune system by Wolbachia. Several studies have yielded evidence consistent with this. 

For example, expression of several immune genes was found to be upregulated by 

wMelPop in Ae. aegypti223,225 and in a somatic An. gambiae infection202. It might be 

expected that Wolbachia would activate antibacterial rather than antiviral pathways, but 

some antimicrobial peptides are common to both pathways, such as cecropins, some of 

which were highly upregulated by wMelPop225.  

 

In addition to antimicrobial peptides, reactive oxygen species (ROS) also function as insect 

immune effectors239, and have been suggested to play a role in Wolbachia-mediated 

pathogen inhibition. ROS are produced during oxidative phosphorylation, and can cause 

damage to proteins, lipids, and nucleic acids, known as oxidative stress240. They have been 

shown to confer resistance to various bacteria, fungi and Plasmodium240. Less is known on 
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whether ROS have a role in insect antiviral immunity, though increased oxidative stress 

was observed following viral infection in two lepidopteran insect pest cell lines241, and 

they have been implicated as a viral defence in other species242. 

 

Upregulation of ROS by Wolbachia was found in naturally infected Ae. albopictus cell 

line243, and in a transinfection of wAlb in Ae. aegypti244. In the latter study, increased ROS 

production was linked to activation of the Toll pathway and its activation of cecropins and 

defensins, another class of antimicrobial peptide. RNAi knockdown of these peptides 

reduced inhibition of dengue virus, directly suggesting a role for ROS in Wolbachia-

mediated pathogen inhibition. Consistent with this, a recent study showed a positive 

correlation of oxidative stress and antiviral protection in Wolbachia-infected 

Drosophila245. 

 

In addition to effects on the humoral immune response, wMel and wMelPop in D. 

melanogaster, D. simulans and Ae. aegypti were found to upregulate melanisation246, a 

component of the cellular immune response. 

 

These studies provide evidence for a role of immune upregulation in Wolbachia-mediated 

pathogen inhibition. However, immune upregulation has mostly been observed in artificial 

transinfections, with the exception of elevated ROS production in Drosophila infected with 

protective Wolbachia strains247. In naturally wMel-infected D. melanogaster, another study 

found no upregulation of any of the three humoral response pathways or their associated 

antimicrobial peptides, but antiviral protection was still observed248. Antibacterial 

immune pathways were activated by transinfections of wMelPop and wMel in Ae. 

aegypti249, but not by the natural wMel infection in D. melanogaster245. More generally 

wMel and wMelPop were found to induce immune upregulation in Ae. aegypti but not D. 

melanogaster, despite conferring resistance to dengue virus in both hosts250. Furthermore, 
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immune upregulation induced by transinfected wMel was much lower in Ae. albopictus 

than Ae. aegypti, despite both transinfections showing viral inhibition, with findings 

suggesting this was due to immunotolerance of the naturally infected Ae. albopictus to 

Wolbachia122. Taken together, these studies suggest that immune upregulation may not be 

a result of Wolbachia presence per se, but rather the introduction of a novel microbe. This 

suggests that other mechanisms are responsible at least in some cases.  

 

1.3.2.1.2. Resource competition 

The other main theory for the mechanism of Wolbchia-mediated pathogen inhibition is 

competition for resources between the pathogen and Wolbachia. Consistent with this is 

the strong inhibition shown by wMelPop; as it replicates more than other strains it is likely 

to consume more resources.  Similarly, the correlation of Wolbachia density with pathogen 

inhibition, discussed above, is also consistent with the resource competition hypothesis.  

Resources proposed to be subject to competition include cholesterol and fatty acids. 

Cholesterol is required for Wolbachia replication251 and possibly survival252, as well as for 

several functions in insects253-255. Both insects and Wolbachia lack the biosynthetic 

pathways to produce cholesterol, so both depend on and compete for dietary cholesterol. 

Host cholesterol is also required for cell entry and replication of many viruses, including 

WNV256 and dengue virus257 in mosquitoes. Consistent with a role for cholesterol 

competition in Wolbchia-mediated pathogen inhibition, cholesterol-enriched diets 

reduced antiviral protection in Wolbachia-infected D. melanogaster258. Other studies have 

suggested that fatty acids are sequestered by Wolbachia223,238,259,260; these are thought to 

be essential for viral replication at least in dengue virus261 and so competition between 

Wolbachia and viruses could lead to viral inhibition. 

 

Wolbachia-mediated pathogen inhibition may also involve indirect competition for 

resources, through the modulation of autophagy. This is a pathway responsible for 
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degradation and recycling of cellular components. It has been shown to be required for 

replication of dengue virus, by allowing degradation of lipid droplets to fatty acids, which 

are thought to be used for energy by the viral replication machinery259,260 and for virus 

particle assembly262. Replication of chikungunya virus has also been found to be promoted 

by autophagy263. Wolbachia in filarial nematodes and Drosophila was found to activate 

autophagy, and activation of autophagy by rapamycin in Ae. albopictus cells reduced 

Wolbachia density264. These findings are consistent with a possible competition between 

Wolbachia and viruses in the activation of autophagy and the resources resulting from 

this. Also consistent with this theory is the lack of inhibition by Wolbachia of the DNA 

virus Insect Iridovirus VI (IIV-6) in Drosophila, despite inhibition of a range of RNA 

viruses217. Unlike RNA viruses, replication of most DNA viruses occurs in the nucleus, so is 

less likely to require autophagy. 

 

1.3.2.1.3. Other mechanisms 

Other theories for the mechanism pathogen inhibition by Wolbachia include the 

hypothesis that Wolbachia sterically hinders pathogens, by blocking reconfiguration of 

cellular components required for viral replication265,266. This theory would be consistent 

with the density dependence of pathogen inhibition described above.  

 

Manipulation of host microRNAs may play a role in pathogen inhibition. In Ae. aegypti 

cells, wMelPop was found to downregulate expression of the DNA methyltransferase gene 

AaDnmt2 via upregulation of the microRNA aae-miR-2940; experimental upregulation of 

the AaDnmt2 gene resulted in enhanced dengue virus replication, suggesting a link 

between this Wolbachia phenotype and dengue viral inhibition267. 
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1.4. Aims 

Given the impact of pest insects and the inadequacies of current control methods, novel 

control methods are required. The aims of this thesis are to identify and investigate genes 

of potential interest to novel control methods. Chapter 2 and Chapter 3 aim to identify and 

investigate Wolbachia and host genes involved in Wolbachia-host interactions. The focus 

of Chapter 2 is the identification and investigation of Wolbachia genes involved in the CI 

phenotype, using comparative genomics and D. melanogaster transformation for 

functional investigation. An improved understanding of CI would be beneficial for its use 

in insect control, and is also of interest from a basic biology perspective. Chapter 3 uses 

comparative transcriptomics to further identify and investigate candidate Wolbachia and 

host CI genes. Comparative transcriptomics is also used to identify and investigate host 

genes that may be involved in viral inhibition, which also has potential applications in 

novel control strategies. Again an improved understanding of this phenotype would be 

beneficial for these applications, as well as from a basic biology perspective. Chapter 4 

aims to identify genes for use in transgenic control constructs. Firstly attempts are made 

using genomic analysis to identify the sex-determining locus in Ae. aegypti, then using 

transcriptomic analysis to identify genes that could be used to restrict expression to the 

male germline in transgenic constructs. Overall it is hoped that the identification and 

investigation of genes here will provide important mechanistic insights and platforms for 

further development of methods for control of pest insects. 
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2   Identification and investigation of candidate 

genes involved in CI using comparative genomics  
 

2.1. Introduction 

2.1.1. Wolbachia comparative genomics 

One approach to identifying genes involved in CI is genomic analysis of Wolbachia, 

comparing closely related incompatible strains with each other, or comparing CI-inducing 

strains with related strains that do not induce CI. In D. simulans the Wolbachia strain wAu 

expresses neither sperm modification in males, nor rescue of CI in females132,268,269,270,271; 

in other words wAu is mod- resc-, while CI-inducing strains are designated mod+ resc+126. 

The wMel strain, from D. melanogaster, is most closely related to wAu and does induce CI; 

thus genes differing between these strains are candidates for involvement in CI177. The 

genome sequence of wMel has already been reported161, so here wAu genome sequencing 

was undertaken to enable a comparative analysis.  This work has been published - see 

Sutton et al. (2014)272. 

 

Although the genomes of several Wolbachia strains have been sequenced161-170,273,274, 

acquisition of sequence data has been limited by the difficulty in obtaining a sufficient 

quantity and purity of Wolbachia genomic DNA (gDNA). Wolbachia are obligate 

endosymbionts that cannot be cultured outside their hosts, and are often present in 

relatively low abundance. Obtaining enough gDNA has thus required time-consuming 

amplification and purification protocols to minimize contamination with host gDNA. In 

addition, assembly has been complicated by numerous repeated sequences. Here the 

Pacific Biosciences (PacBio) RS II platform was utilised for sequencing; the long reads 

generated by this technology facilitate assembly through genomic repeats.  
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Previous comparative analysis of the genomes of mutual incompatibility-generating 

Wolbachia wPip sub-strains infecting Culex pipiens mosquitoes revealed highly similar 

genomes with a small number of whole gene differences165,166. Most notably this included a 

transcriptional regulator gene designated wtrM identified in wPip from Cx. molestus 

(wPipMol) but absent in wPip from Cx. quinquefasciatus Pel and JHB (wPipPel and 

wPipJHB), which are bidirectionally incompatible with Cx. molestus166. Transfection of Cx. 

quinquefasciatus females with wtrM resulted in significant upregulation of CPIJ005623, a 

host gene implicated in CI based on knockdown studies166. Eight paralogous putative 

transcriptional regulator genes are present in wMel (WD0254, WD0255, WD0296, 

WD0508, WD0622, WD0623 and WD0626 and WD0627). A specific comparison of these 

transcriptional regulator genes in wMel and their homologues in wAu was therefore 

conducted to further investigate the hypothesis that disruptions to these genes could be 

responsible for the different CI phenotypes of these strains. 

 

2.1.2. Candidate CI gene functional testing 

Computational analysis can identify candidate genes that may be involved in a phenotype, 

but validation requires functional testing – manipulating the expression of the candidate 

genes and assessing the resulting phenotype. Due to the current inability to culture 

Wolbachia outside cells, direct manipulation of Wolbachia genes is not possible. 

Expression vectors have been used for transfection of Wolbachia genes and shown to 

change transcription levels of a host cell cycle regulator, but their tissue distribution is 

uneven, limiting their use for examining whether a CI-like phenotype can be induced166. 

The best approach may be to transform hosts with target Wolbachia genes and assess 

whether a CI phenotype can be induced, as has been performed for ankyrin repeat-

encoding genes previously178. Of the host species in which CI occurs, D. melanogaster is the 

most amenable to transformation. Thus, D. melanogaster was transformed with a 

candidate CI gene, WD0626, chosen as it is the closest wMel orthologue to the wtrM gene 
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discussed above. Crossing experiments were then performed to determine whether 

expression of this gene has an effect on CI phenotype. 

 

2.2. Methods 

2.2.1. Wolbachia comparative genomics 

2.2.1.1. D. simulans 

D. simulans flies infected with wAu from Coffs Harbour, Australia, were maintained at 25 

°C with a 12:12 hour light: dark cycle, in plastic bottles containing 25 ml food (see Recipe 1 

in Appendix 1), and transferred to fresh containers when necessary. 

 

2.2.1.2. Cell culture 

Ae. albopictus Aα23 cells transinfected with wAu, provided by Dr Sofia Pinto, were 

maintained using standard cell culture techniques. Cells were maintained in an incubator 

at 28 °C, in flasks containing 10 ml Schneider’s medium with 10 % fetal bovine serum, 

penicillin and streptomycin, and passaged when required. 

 

2.2.1.3. gDNA extraction 

gDNA for genome sequencing was extracted using two different methods. To extract gDNA 

from whole flies, a slightly modified version of the protocol used by Iturbe-Ormaetxe et 

al.275 was used. Approximately 10–25 ml flies were collected, sterilised in 50 % bleach for 

3 minutes, rinsed in filter-sterilised dH2O, then further sterilised in 70 % ethanol and 

rinsed again in filter-sterilised dH2O. The flies were then homogenised in cold SPG buffer 

(3.8 mM KH2PO4, 4.9 mM L-glutamate, 7.2 mM K2HPO4, 218 mM sucrose) using a Polytron 

homogeniser (Kinematica, Switzerland). After homogenisation the sample was centrifuged 

at 3,200 g for 15 minutes. The supernatant was collected and the centrifugation repeated. 

The supernatant from the second centrifugation was sequentially filtered through 5 μm, 

2.7 μm and 1.2 μm syringe filters. The filtrate was centrifuged at 18,000 g for 20 minutes 
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to pellet Wolbachia, which were resuspended in cold SPG buffer. The suspension was then 

incubated with 600 ng of DNase I (Roche, UK) at 37 °C for 30 minutes and subsequently 

with 5 μl of RNase A (Fermentas, UK) at 37 °C for 15 minutes to remove host DNA and 

RNA contamination. Cells were then lysed by incubation with 200 μg of proteinase K 

(Sigma-Aldrich, UK) at 56 °C. gDNA was purified using two phenol/chloroform/isoamyl 

alcohol extractions and one chloroform/isoamyl alcohol extraction. 

 

To extract gDNA from cells, Wolbachia were first purified from the cells. Cells were 

dislodged from flasks by pipetting and scraping, and lysed by vortexing with borosilicate 

beads. The lysate was centrifuged at 2,500 g for 10 minutes at 4 °C, then filtered 

sequentially through 5 μm and 0.2 μm filters. Sucrose gradient centrifugation was 

performed at 18,500 g for 10–20 minutes at 4 °C to pellet the Wolbachia. gDNA was 

purified using the method described by Livak276. The Livak method was also used to 

extract gDNA from adult wAu-infected flies for polymerase chain reaction (PCR). 

 

gDNA concentration and quality was assessed using a NanoDrop 1000 spectrophotometer 

(Thermo Scientific, USA). 

 

2.2.1.4. gDNA purity assessment 

Extracted wAu gDNA was analysed for contamination with host gDNA using quantitative 

PCR (qPCR). qPCR was performed on a PTC-200 Thermo Cycler with a Chromo4 

continuous fluorescence detector (MJ Research, USA) using iQ™ SYBR® Green Supermix 

(Bio-Rad, UK) according to the manufacturer’s instructions. The reaction parameters were 

95 °C for 15 minutes, followed by 40 cycles of 95 °C for 15 seconds, primer-specific 

annealing temperature for 15 seconds and 60 °C for 15 seconds. Reactions were 

performed on five serial dilutions of the extracts, using primers specific for a wAu gene 

(wsp), a host nuclear gene (RpL32 for D. simulans and hth for Ae. albopictus) and a host 
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mitochondrial sequence (mitochondrial rRNA). Primers were designed using Primer-

BLAST277. Primer sequences are listed in Appendix 2. 

 

Primer efficiency values were calculated from the C(t) values of the five dilutions. At each 

dilution, the relative C(t) values for each primer pair, corrected for differences in primer 

efficiencies, were calculated. Taking into account the different sizes of the genomes, these 

values were used to calculate ratios of the amount of wAu gDNA to host nuclear and 

mitochondrial gDNA. The mean ratios were determined and combined to give an overall 

ratio of wAu gDNA to host gDNA, then the figures in this ratio were converted into 

percentages. 

 

2.2.1.5. Sequencing 

wAu gDNA extracted from whole files was sequenced using the Illumina HiSeq 2000 

platform. Library preparation and sequencing were performed at the Wellcome Trust 

Sanger Institute (Hinxton, UK). A ~200-300 base pair (bp) paired end library was 

constructed following the methods described by Quail et al.278,279, using Kapa HiFi 

polymerase for PCR to reduce GC bias280. The library was given a unique index and 

sequenced as part of a lane with other samples. 

 

wAu gDNA extracted from cells was sequenced using the PacBio RS II platform. Library 

preparation was performed with the assistance of Dr Paul Coupland at the Wellcome Trust 

Sanger Institute (Hinxton, UK). A ~10 Kbp library was constructed following standard 

protocols using a PacBio DNA Template Prep Kit. Sequencing was performed at the 

Wellcome Trust Sanger Institute (Hinxton, UK). Three SMRT® cells from this library were 

sequenced, with a movie length of 2 hours. 
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2.2.1.6. Genome assembly 

Assembly of the Illumina data was performed with the assistance of Dr Simon Harris in the 

Pathogen Genomics Group at the Wellcome Trust Sanger Institute (Hinxton, UK). 

Assembly was performed using Velvet281, with the wMel genome as a reference.  

 

Assembly of the PacBio data was performed by Dr Paul Coupland at the Wellcome Trust 

Sanger Institute (Hinxton, UK). Filters were set to exclude reads of quality <0.8, 

polymerase read length <500 nucleotides (nt) and sub-read length <500 nt. A de 

novo assembly was generated from the resulting sub-reads using the Hierarchical Genome 

Assembly Process (HGAP) version 1.0282, with the genome size parameter set to 1.2 Mb 

(the approximate size of the wMel genome). 

 

Errors in the PacBio assembly were corrected using the data from the Illumina 

sequencing, with the assistance of Dr Simon Harris at the Wellcome Trust Sanger Institute 

(Hinxton, UK). The Illumina reads were mapped to the assembly using SMALT283, then the 

assembly sequence was modified based on the mapped reads using Iterative Correction of 

Reference Nucleotides (iCORN)284 with four iterations, resulting in the correction of 1 SNP 

and 88 indels. 

 

2.2.1.7. Genome annotation 

The final genome assembly was annotated by Dr Simon Harris at the Wellcome Trust 

Sanger Institute (Hinxton, UK), using the Automated Annotation Pipeline at the Wellcome 

Trust Sanger Institute, with the software Prokka285. Infernal286 was used to identify RNA 

structures, followed by ARAGORN287, RNammer288 and Prodigal289 to identify transfer 

RNAs (tRNAs) and transfer messenger RNAs (tmRNAs), ribosomal RNAs (rRNAs) and 

proteins, respectively. The predicted genes were compared against Wolbachia sequences 
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from RefSeq290, using CD-HIT291 to create a non-redundant protein database, then against 

UniProtKB/SwissProt292. Some annotations were edited manually. 

 

2.2.1.8. Comparative analysis 

The wMel and wAu genomes were compared using Artemis Comparison Tool (ACT)293. 

Sequences of individual genes of interest were extracted and alignments and translations 

generated using Geneious (7.0.5)294. Predicted protein domains were identified using 

InterPro295. SNP analysis was performed with the aid of Synonymous Non-synonymous 

Analysis Program (SNAP) v1.1.1296,297. The Gene Ontology (GO) project298 was used to aid 

categorisation of genes. The dot plot comparing wAu and wMel genomes was generated 

using Dotter299 with default parameters. 

 

2.2.1.9. Statistical analysis 

Statistical analysis was performed using R. 

 

2.2.2. Candidate CI gene functional testing 

2.2.2.1. D. melanogaster 

wMel-infected D. melanogaster of the line yw67c23 and uninfected D. melanogaster of the 

line w1118 and the GAL4 driver lines yw;ActGAL4/Cyo, w;BamGAL4, and yw;NosGAL4 were 

reared as described above. Flies were transferred to fresh containers fortnightly or when 

necessary. 

 

2.2.2.2. Plasmid construction 

Plasmid construction was performed with the assistance of Dr Kirsty Stainton.  
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2.2.2.2.1. Plasmid design 

The plasmid used for transformation was designated pUAST-WD0626, and consisted of 

the WD0626 gene ligated into the vector pUAST. This vector contains 5 repeats of the 

Upstream Activation Sequence (UAS), a regulatory sequence that promotes gene 

expression through binding of the protein GAL4300. Genes inserted into the pUAST vector 

are integrated into host genomes via P element-mediated transformation; pUAST contains 

P element inverted repeats flanking the gene of interest, which are recognised by the P 

element transposase, encoded on a separate helper plasmid which is injected 

simultaneously. pUAST also contains the marker gene white, which produces a dominant 

red-eyed phenotype. Figure 2.1 illustrates the main features of the plasmid pUAST-

WD0626. 

 

2.2.2.2.2. Gene amplification 

The WD0626 gene sequence was amplified by PCR from gDNA extracted from wMel-

infected flies using the Livak method276. PCR was performed on a 2720 Thermal Cycler 

(Applied Biosystems, UK) using standard PCR conditions, except for use of a Phusion Hot 

Start high-fidelity polymerase. The primers used had 5’ tails containing recognition sites 

for the restriction enzymes EcoRI (forward primer) and KpnI (reverse primer). 

 

2.2.2.2.3. PCR product purification 

PCR products were run on a 0.5 % agarose gel made with low melting point agarose, 

visualised using a transilluminator, excised using a clean scalpel, and placed into 

microcentrifuge tubes. DNA was then purified using a QIAquick Gel Extraction Kit (Qiagen, 

UK), according to the manufacturer’s instructions. DNA concentration and quality was 

assessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA). 
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Figure 2.1. Features of pUAST-WD0626 plasmid. The ampicillin resistance gene allows 
selection of bacterial colonies containing the plasmid when cultured on LB-agar plates 
containing ampicillin. The P-element inverted repeats allow transposition of the transgene 
and associated sequences into the host genome, upon injection with a helper plasmid 
containing a transposase. The five copies of the regulatory element UAS promote 
expression of the transgene only when GAL4 is present, allowing control of expression. 
The SV40 polyA signal promotes polyadenylation of the transgene transcript. The white 
gene leads to a dominant red-eyed phenotype and is used to detect transformants. 
 

2.2.2.2.4. Digestion 

Purified PCR products and the pUAST vector were digested with EcoRI and KpnI (New 

England Biolabs, UK). The reactions were performed as double digests in a total volume of 

50 μl, containing 1 μl of each enzyme, 0.5 μl of bovine serum albumin (BSA), 5 μl of 10x 

NEBuffer 1, and up to 1 μg of DNA. Reactions were incubated at 37 °C for 1 hour, then at 

65 °C at 20 minutes for restriction enzyme inactivation. 
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2.2.2.2.5. Ligation 

Digested pUAST and PCR products were ligated together in 20 μl reactions containing 2 μl 

of T4 DNA ligase (New England Biolabs, UK), 2 μl of 10x T4 DNA ligase buffer, 100 ng of 

digested pUAST, and quantities of digested PCR products resulting in molar insert:vector 

ratios of between approximately 2:1 and 6:1. Reactions were incubated at 16 °C for 16 

hours. 

 

2.2.2.2.6. Transformation 

Ligation mixtures were used to transform competent E. coli. 5 μl of ligation mixture was 

added to 25 μl or 50 μl of cells in 15 ml Falcon tubes and the mixture incubated on ice for 

30 minutes. Cells were then heat-shocked at 42 °C for 30 seconds, followed by another 2 

minute incubation on ice. 950 μl of SOC medium was added and the cells incubated at 37 

°C for 1 hour with shaking at 200 rpm. 100 μl or 200 μl of the mixtures was spread on an 

LB-agar plate containing 100 μg/ml ampicillin, and the plates incubated at 37 °C 

overnight. 

 

2.2.2.2.7. Colony screening 

Colonies were screened the day following transformation for the presence of the desired 

plasmid, using PCR with primers annealing to pUAST either side of the insertion site, 

followed by analysis of the PCR products by gel electrophoresis. PCR was performed on a 

2720 Thermal Cycler (Applied Biosystems, UK) using standard PCR conditions and with 

bacterial colonies used directly as templates. The primers used enabled the desired 

plasmids to be distinguished from undigested or self-ligated pUAST, which resulted in a 

much smaller product. 
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2.2.2.2.8. Plasmid purification 

Colonies containing the desired plasmid were inoculated into 5 ml of LB broth containing 

100 μg/ml ampicillin and incubated at 37 °C for 12-16 hours with shaking at 200 rpm. 

Plasmid DNA was then extracted using a QIAprep Spin Miniprep Kit (Qiagen, UK) 

according to the manufacturer’s instructions. Plasmids were sent for sequencing by GATC 

Biotech (Cologne, Germany) and results analysed for the presence of errors. 

Plasmids with no errors were used to re-transform E. coli using the method described 

above. Resulting colonies were inoculated into 5 ml of LB broth containing 100 μg/ml 

ampicillin and incubated at 37 °C for 8 hours with shaking at 200 rpm. 500 μl of these 

cultures was then inoculated into 250 ml of LB broth containing 100 μg/ml ampicillin, 

followed by incubation at 37 °C for 12-16 hours with shaking at 200 rpm. Plasmid DNA 

was then extracted using an EndoFree Plasmid Maxi Kit (Qiagen, UK) according to the 

manufacturer’s instructions. 

 

2.2.2.3. Embryo microinjection 

2.2.2.3.1. Injection mix preparation 

Volumes of DNA solutions containing 12 μg of the plasmid containing the gene of interest 

and 6 μg of the helper plasmid were added to a 1.5 ml microcentrifuge tube, along with 

dH2O to a volume of 100 μl, followed by 200 μl of 100 % ethanol and 10 μl of 3M sodium 

acetate. The mixture was incubated on ice for 30 minutes, then centrifuged at maximum 

speed for 5 minutes. The supernatant was discarded and the pellet rinsed with 100 μl of 

70 % ethanol and then resuspended in 20 μl of filter-sterilised injection buffer (0.1 mM 

Na3PO4 pH 6.8, 5 mM KCl). The mixes were left at room temperature for approximately 

one hour to aid dissolution of the DNA, then stored at -20 °C until use. 
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2.2.2.3.2. Embryo preparation 

A minimum of one day prior to embryo collection flies were transferred from rearing 

bottles to empty plastic bottles with the bottoms replaced with mesh, which were placed 

inside sealed plastic containers. A food source was provided in the form of yeast paste on 

the cotton wool sealing the bottle, and a moistened paper towel was placed in the 

container to provide a suitable humidity level. Fresh yeast paste was provided daily. 

 

For embryo collection the cotton wool sealing the bottle was replaced with a small pot or 

Petri dish of agar containing 30 % fruit juice, with yeast and a drop of acetic acid added on 

top to encourage oviposition. The first embryos of the day to be laid were discarded due to 

the possibility of overly mature embryos being present. After this, embryos laid within 

periods of approximately one hour were collected by rinsing into a small sieve. 

 

Embryos were transferred to a strip of double-sided tape on a microscope slide, then 

chorions detached using another slide with double-sided tape. Embryos of a suitable age 

(judged by colour and general appearance) were transferred to a coverslip coated with a 

glue-like substance made by soaking double-sided tape in heptane overnight. All embryos 

were aligned in the same orientation. When embryos were suitably desiccated (judged by 

appearance and resistance), they were covered with Voltalef 10S oil (VWR International, 

UK). 

 

2.2.2.3.3. Embryo microinjection 

Embryos were injected with injection mix under 20x magnification using a FemtoJet 

microinjector system (Eppendorf, UK) with type II Femtotip microinjection needles 

(Eppendorf, UK). Injection was performed into the posterior end of the embryo, the region 

that eventually gives rise to gametes in adults. Dr Kirsty Stainton assisted with injections. 
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2.2.2.4. Rearing of injected flies 

After injection embryos were incubated at 37 °C for one hour on at least one occasion to 

activate expression of the P element transposase, which was under the control of an hsp70 

promoter. Coverslips of embryos were transferred to plates of agar containing 30 % fruit 

juice and smeared with yeast paste. Plates were placed inside sealed plastic containers 

with a moistened paper towel and were subject to the same rearing conditions described 

previously. From one day after injection plates were inspected under a microscope for the 

presence of larvae. Any larvae present were transferred to vials of Drosophila food, with a 

maximum density of approximately 30 larvae per vial. 

 

2.2.2.5. Screening for transformants 

Adult male and female injection survivors were collected shortly after eclosion and 

crossed individually to flies of the opposite sex from the w1118 strain. Virgin w1118 females 

were used. Virgin injection survivor females were used when possible, and if not a note 

was made of which males the female may have mated with. The progeny of these crosses 

were screened for red-eyed flies. Any red-eyed males were crossed to w1118 virgin females. 

The ratio of red-eyed flies to white-eyed flies in the progeny of these crosses was assessed. 

A ratio much greater than 1:1 suggests multiple insertions of the transgene, while a ratio 

much lower than 1:1 suggests that the insertion is detrimental. Thus for any crosses in 

which ratios varying greatly from 1:1 were observed the transformed parents were 

discarded. The transformed parents were also discarded in any crosses in which all the 

progeny of one sex were white-eyed and all the progeny of the other sex were red-eyed, as 

this suggests that the insertion is on the X chromosome (if all females red-eyed) or Y 

chromosome (if all males red-eyed), which would be problematic for future crosses. In all 

other cases the transformed parents were used to generate balanced transformed lines. 
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2.2.2.6. Insert location determination 

Insert location determination was determined using a molecular approach based on an 

adapter ligation-mediated PCR method developed for mapping T-DNA inserts in 

Arabidopsis301. The molecular details of this strategy are illustrated in Figure 2.2 and 

adapter sequences listed in Table 2.1. 

 

Figure 2.2. Adapter ligation-mediated PCR for insert location determination. In this 
method, gDNA containing the insert (i) was digested into fragments with EcoRI and 
HindIII (ii). The fragments were ligated to short double-stranded DNA molecules with 5’ 
overhangs known as adapters, creating adapter-flanked templates (iii). The longer arm of 
the adapters (dark blue) contained a sequence identical to that of a primer known as an 
adapter primer, but there were no binding sites for this primer (crosses) unless synthesis 
of the complementary sequence of the 5’ overhang occurred. This was achieved in 
fragments containing the insertion (tick) by the use of a primer (known as an insertion 
primer) complementary to part of the insertion sequence (yellow). The short strand of the 
adapter had a 3’ C7 amino modification to prevent polymerase extension of this strand, 
which would create binding sites for the adapter primer in all fragments and allow pairs of 
adapter primers to amplify the sequence between them. Thus when PCR was performed 
using the adapter and insertion primers, DNA was amplified selectively in fragments 
containing the insertion (iv). The amplified sequence spanned the junction of the insertion 
and host gDNA. This junction was sequenced using a primer complementary to the 
insertion sequence (v), and the results analysed to determine on which chromosome the 
insert was located. Adapted from O’Malley et al. (2007)301. 

gDNA gDNA 

Digestion with EcoRI and HindIII 

Ligation with adapters 

PCR 

Sequencing to identify insertion site 
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Oligonucleotide Sequence 

Adapter long strand GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGC 

EcoRI adapter  

short strand 

5’-phosphate-AATTGCAGCCCG-amino C7-3’ 

HindIII adapter  

short strand 

5’-phosphate-AGCTGCAGCCCG-amino C7-3’ 

 
Table 2.1. Sequences of adapters used for adapter ligation-mediated PCR. Dotted 
underscore indicates the sequence complementary to the binding site for adapter primer 
1 (see main text). Solid underscore indicates the sequence complementary to the binding 
site for adapter primer 2 (see main text). Bold text indicates the complementary regions 
between long and short adapter strands that anneal to form the double-stranded adapters. 
 

DNA was extracted from transformants using the Livak method276. DNA was then digested 

with EcoRI and HindIII and ligated to EcoRI and HindIII adapters in 20 μl reactions 

containing 6 μl of DNA solution, 0.1 μl of T4 DNA ligase, 2 μl of T4 DNA ligase buffer, 0.5 μl 

of each adapter, 0.2 μl of each enzyme, and 0.1 μl of ATP. Adapters were prepared prior to 

this by adding 20 μl of the adapter long strand and 20 μl of the adapter short strand to 

1.21 ml of 1mM Tris (pH 8.3) in a 1.5 ml microcentrifuge tube, vortexing, placing the tube 

on a wet heat block at 96 °C for 2 minutes, then turning off the heat and leaving the block 

to cool to room temperature to allow the long and short strands to anneal to each other. 

After digestion and ligation, PCR was performed on the DNA using primers specific for the 

adapter (adapter primer 1) and insertion sequence. A second nested PCR reaction using 

further primers specific for the adapter (adapter primer 2) and insertion sequence was 

performed to enrich for the desired product. PCR products were purified using a QIAquick 

PCR Purification Kit (Qiagen, UK) and sent for sequencing by GATC Biotech (Cologne, 

Germany). Results were used as queries in a search of D. melanogaster chromosome 

sequences with the BLAST program. PCR mixtures were also visualised on an agarose gel, 

made with TAE buffer (64 mM EDTA, 1 M acetic acid, 2 M Tris base) containing 1 μl 

ethidium bromide per 100 ml buffer. 
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2.2.2.7. Generation of balanced lines 

Balanced transformed lines were generated to prevent recombination of the insertion, 

which could lead to separation of the white gene marker from the gene of interest, or 

separation of the UAS from the gene of interest, for example. Balanced lines were created 

by crossing transformed males to virgin females with a balancer on the relevant 

chromosome. Red-eyed progeny with the correct phenotype were crossed to each other; 

offspring from these crosses will either contain the transgene balanced with a marker 

gene, or will be homozygous for the transgene (if it is homozygous viable). The lines were 

self-maintaining from this point. 

 

2.2.2.8. Generation of GAL4/UAS flies 

Genes under the control of UAS are usually not expressed in the absence of GAL4, which is 

not endogenous to Drosophila. Thus to generate transformed flies expressing the gene of 

interest, transformed males were crossed to virgin females from lines expressing GAL4. 

Because Wolbachia exert their effects in the germline, it was desired to express the genes 

of interest in these tissues. For expression in testes the GAL4 line w:BamGAL4 was used, 

which expresses GAL4 under the control of the germline-specific Bam promoter. For 

expression in ovaries initially the GAL4 line yw;NosGAL4 was used, which expresses GAL4 

under the control of the ovary-specific Nanos (Nos) promoter. This line was chosen 

because the Nos promoter is known to drive high levels of expression and at the early 

stages most likely to be important for CI302,303. However, after the first set of crossing 

experiments the yw;NosGAL4 line was found to have become infected with Wolbachia, and 

so as the Bam promoter is active in the female as well as the male germline304 the 

w;BamGAL4 line was subsequently used to drive expression of the transgene in ovaries. 

 

Crosses were performed by transferring approximately 30 males and 30 females to empty 

plastic bottles with the bottoms replaced with mesh, which were placed inside sealed 
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plastic containers. A food source was provided in the form of yeast paste on the cotton 

wool sealing the bottle, and a moistened paper towel was placed in the container to 

provide a suitable humidity level. 

 

After flies had been left for one day to mate, embryos were collected by replacing the 

cotton wool sealing the bottle with a small Petri dish of agar containing 30 % fruit juice, 

with yeast and a drop of acetic acid added on top to encourage oviposition. Embryos were 

transferred to bottles containing 25 ml of Drosophila food, at a maximum density of 125 

embryos per bottle. Bottles were maintained under standard rearing conditions. 

 

2.2.2.9. Confirmation of transgene presence 

gDNA was extracted from flies used in crossing experiments using the Livak method276. 

PCR was performed as described previously, using primers specific for WD0626, and PCR 

products were visualised on an agarose gel, as described previously. Primers were 

designed using Primer-BLAST277. Primer sequences are listed in Appendix 2. 

 

2.2.2.10. Screening for Wolbachia infection 

gDNA was extracted from flies using the Livak method276. PCR was performed as described 

previously, using primers specific for the Wolbachia gene for Wolbachia surface protein 

(wsp), and PCR products were visualised on an agarose gel, as described previously. 

Primers were designed using Primer-BLAST277. Primer sequences are listed in Appendix 2. 

 

2.2.2.11. Expression analysis 

2.2.2.11.1. Dissection and RNA extraction 

Virgin flies were used for dissection of abdomens at 8-10 hours after eclosion. Total RNA 

was extracted using a protocol based on chloroform extraction and isopropanol 

precipitation. Samples were placed in 1.5 ml microcentrifuge tubes and homogenised with 
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a sterile pestle in 200 μl of TRI Reagent (Sigma-Aldrich, UK). 40 μl of chloroform was 

added to each sample, followed by centrifugation at 20,000 g at 4 °C for 15 minutes. The 

resulting aqueous phases were transferred to new microcentrifuge tubes, 80 μl of 

isopropanol was added to each tube, and samples were centrifuged at 20,000 g at 4 °C for 

30 minutes to pellet the RNA. The supernatants were removed and the pellets washed 

with 200 μl of 75 % ethanol (in RNase-free filter-sterilised dH2O, prepared by autoclaving 

dH2O with 0.01 % diethylpyrocarbonate), air-dried, then resuspended in 30 μl of RNase-

free filter-sterilised dH2O. The samples were then treated to remove DNA contamination. 1 

U of DNase I was added to each sample, along with 10x DNase I buffer to a final 

concentration of 1x. Samples were incubated at 37 °C for 10-15 minutes to allow 

degradation of any DNA present, then at 65 °C for 10 minutes to inactivate the DNase I. 

Abdomens were pooled in groups of 6 for males and 4-5 for females. 

 

2.2.2.11.2. cDNA synthesis 

Complementary DNA (cDNA) was synthesised from RNA using an iScript cDNA Synthesis 

Kit (BioRad, UK) according to the manufacturer’s instructions. cDNA concentration and 

quality was assessed using a NanoDrop spectrophotometer (Thermo Scientific, USA). 

 

2.2.2.11.3. qRT-PCR 

Quantitative reverse transcriptase PCR (qRT-PCR) was performed as described previously 

for qPCR. Primers were designed using Primer-BLAST277. Primer sequences are listed in 

Appendix 2. 

 

2.2.2.12. Crossing experiments 

Two sets of crossing experiments were performed, largely according to the method used 

by Yamada et al.178,305. Adult GAL4/UAS flies produced as described above were collected 

and crossed to flies of the opposite sex from the strains w1118 and wMel, and GAL4/UAS 
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flies of the opposite sex from the same transformed line. Because CI penetrance in D. 

melanogaster decreases rapidly with increasing male age130,132,306 and with increasing male 

development time305, males were collected and crossed to females within 24 hours of 

eclosion, and only males eclosing on the first or second day of eclosion were used. In the 

second set of experiments males were collected and crossed to females within eight hours 

of eclosion in an effort to optimise conditions for CI, due to CI in control crosses being 

weaker than expected in the first set of experiments. Females were used at 2-5 days old. It 

was aimed to perform at least 20 replicate crosses of each type; when there were 

insufficient flies for this as many crosses as possible were performed. 

 

To perform the crosses, for the first set of crossing experiments, single pairs of flies were 

placed in vials containing Drosophila food and left to mate for approximately 24 hours. 

Females were then transferred to compartments of plates containing agar with 30 % fruit 

juice, with yeast paste smeared on top. The plates were sealed with parafilm in which 

small holes were made for ventilation and maintained under standard rearing conditions. 

Females were transferred to new compartments approximately every 24 hours for two 

days. For the second set of crossing experiments, crosses were performed in vials 

containing agar with 30 % fruit juice rather than in plates. 

 

After use, male and female GAL4/UAS flies were frozen at -20 °C to use later for 

confirmation of WD0626 transgene presence. Approximately two days after removal of 

females from compartments or vials the number of larvae and the number of unhatched 

eggs in each compartment or vial were counted. Any crosses in which fewer than 25 eggs 

were laid in total were discounted from analysis. For females in crosses in which more 

than 25 eggs were laid but none hatched, spermathecae were dissected and studied under 

a microscope for the presence of sperm to check that the females had mated. Mean hatch 
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rates (the number of larvae as a proportion of the number of larvae plus the number of 

unhatched eggs) were calculated for each cross. 

 

2.2.2.13. Statistical analysis 

Statistical analysis was performed using online Wilcoxon307 and Kruskal-Wallis308 tests. 

 

2.3. Results 

2.3.1. Wolbachia comparative genomics 

2.3.1.1. gDNA purity 

Approximate calculations based on qPCR C(t) values for wAu and host genes were 

performed to estimate the degree of contamination with host gDNA in wAu gDNA samples 

extracted from cultured cells and whole adult flies. The estimated purity of wAu gDNA was 

~60 % for the extract from cultured cells, and > 90 % for the extract from whole adult 

flies. 

 

2.3.1.2. Sequencing and assembly 

DNA sequencing was initially performed using the Illumina platform. However, the 

resulting assembly was fragmented in the regions of most interest, with scaffold positions 

uncertain. A second round of sequencing was therefore performed using the PacBio RS II 

system to obtain longer reads in an attempt to improve the assembly. 

 

DNA sequencing using the Illumina HiSeq 2000 platform was performed on gDNA 

extracted from whole adult flies. In total 3,565,172 reads of 100 nt were generated, 

corresponding to 357 Mb of data. An assembly was generated from these reads with 

Velvet281, using the wMel genome as a reference. The final assembly comprised 77 contigs, 

with an N50 of 29.5 Kbp, a total size of 1.22 Mbp, and a mean coverage of 283X. 
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DNA sequencing using the PacBio RS II platform was performed on gDNA extracted from 

cells. In total 75,456 sub-reads (from 39,514 polymerase reads) were generated, with a 

mean sub-read length of 1,847 nt, corresponding to 139 Mb of data. A de novo assembly 

was generated from these sub-reads using HGAP (version 1.0)282. The final assembly 

comprised a single contig of 1.27 Mbp, with a mean coverage of 62X. Errors in the 

assembly were corrected using the Illumina data; this resulted in the correction of one 

single nucleotide polymorphism (SNP) and 88 indels. 

 

2.3.1.3. wAu genome features 

The wAu genome is a single circular chromosome of 1,268,461 bp. It has 1,266 predicted 

genes, corresponding to a coding content of 84 %. The major features of the genome, along 

with those of the wMel genome, are shown in Table 2.2. Overall, the wAu and wMel 

genomes are similar, but with a significant amount of rearrangement (Figure 2.3).  

 

 
wAu wMel 

Genome size (bp) 1,268,461 1,267,782 

G + C content ( %) 35.22 35.23 

Predicted CDSs 1,266 1,195 

Coding density ( %) 83.9 80.2 

Mean gene size (bp) 840 850 

Transfer RNAs 34 34 

Ribosomal RNAs 1 of each 1 of each 

Prophage regions 3 3 
 
Table 2.2. General features of wAu and wMel genomes. 
 

Like wMel, there is a large amount of DNA corresponding to mobile genetic elements in the 

wAu genome, including numerous insertion sequence (IS) elements. For example, 27 

putative IS5 elements were identified, although most are likely to be inactive due to 

mutations or frameshifts. Some elements appear to have been active since the divergence 

of wMel and wAu, as their locations in the genome differ between the two strains. In some 

cases their movement has resulted in disruption of genes in one strain. In many cases 
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where there are structural differences between the genomes of the strains, it seems that 

mobile elements have provided a mechanism for the rearrangement. 

 
 

 
 
Figure 2.3. Dot plot illustrating the similarity between wAu and wMel genomes. Axes 
show position in the genome (bp). Lines indicate regions of similarity. Lines on the 
diagonal from top left to bottom right indicate regions with the same location and 
arrangement in both genomes. Lines in the same orientation as this diagonal but located 
elsewhere indicate regions that are translocated in one genome relative to the other. Lines 
at right angles to the diagonal indicate regions that are inverted in one genome relative to 
the other. Parallel lines indicate repeated or similar regions. 
 

2.3.1.4. Genes potentially inactive in wAu 

Various other wMel genes were also identified with large differences potentially causing 

inactivation in wAu, or which are absent from wAu entirely, as listed in Table 2.2. Any 

genes with differences between CI and non-CI strains are possible candidates for 
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involvement in the process, but it seems reasonable to focus more attention on genes that 

are entirely absent or potentially inactivated. As has previously been reported177, a region 

corresponding to genes WD0506 to WD0518 is absent in wAu. No other indel of 

comparable size to the WD0506 to WD0518 segment was found to be absent in the wAu 

genome. However, of note was the absence in wAu of two genes, WD0631 and WD0632, 

that have recently been identified as CI candidates due to the detection in Cx. pipiens 

spermathecae of a protein corresponding to the WD0631 orthologue in the wPip strain193; 

the WD0631 and WD0632 orthologues are transcribed as an operon193. Various other 

genes are potentially inactivated in wAu relative to wMel, by truncation, frameshift, mobile 

element insertion, nonsense mutation or start codon mutation, as shown in Table 2.3. 

 

2.3.1.5. Comparison of prophage regions 

There are three prophage regions in the wAu genome, as for wMel, although the location 

and structure of these regions differs between the two strains (Figure 2.4, Figure 2.5, 

Figure 2.6 and Figure 2.7). The prophage region designated WO-A (Figure 2.4) in wMel 

(spanning WD0259 – WD0294) is inverted in wAu relative to wMel, and is further from the 

origin of replication (spanning WPWAU0631 – WPWAU0666). Several genes in this region 

differ in one strain relative to the other beyond SNPs (Figure 2.4). Four genes are 

disrupted in wAu relative to wMel, due to truncation (a shortened gene sequence due to 

partial deletion or genome rearrangement), frameshift, nonsense mutation, or start codon 

mutation, two are disrupted in wMel relative to wAu, and two contain small in frame 

indels. 

 

The region designated WO-B (Figure 2.5) in wMel (spanning WD0582 – WD0644) is closer 

to the origin of replication in wAu (spanning WPWAU0282 – WPWAU0318). This region 

contains two segments, one closely related to P2 phage and the other to lambdoid 

phage158. In wAu the P2-like segment is inverted relative to its orientation in wMel. In 
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addition, in wMel there are intervening genes between the lambdoid-like block and P2-like 

block, whereas in wAu the two blocks are contiguous. These differences mean that unlike  

wMel WO-B, the gene order of wAu WO-B is highly conserved with that of WO phage in  

 

wMel 
gene Function Matching wAu gene(s) Difference in wAu 

WD0092 
DNA processing 
chain A WPWAU0139/WPWAU0140 Frameshift 

WD0139 

Transcriptional 
activator, tenA 
family, putative WPWAU0095 Start codon mutation 

WD0196 Hypothetical protein No match Truncation 

WD0254 
Transcriptional 
regulator, putative 

WPWAU0256/WPWAU0257/
WPWAU0686/WPWAU0687 Frameshift 

WD0274 
Conserved 
hypothetical protein WPWAU0651 Start codon mutation 

WD0284 
Conserved 
hypothetical protein WPWAU0640/WPWAU0641 Frameshift 

WD0288 

Prophage 
LambdaW1, site-
specific 
recombinase, 
resolvase family WPWAU0636 Nonsense mutation 

WD0294 
Ankyrin repeat 
domain protein WPWAU0631 Truncation 

WD0295 Hypothetical protein WPWAU0322/WPWAU0323 Frameshift 

WD0382 
Conserved 
hypothetical protein 

WPWAU0417/WPWAU0418/
WPWAU0419 Frameshift 

WD0383 Hypothetical protein WPWAU0420/WPWAU0421 Frameshift 

WD0385 
Ankyrin repeat 
domain protein 

WPWAU0423/WPWAU0426/
WPWAU0427 

Mobile element 
insertion 

WD0446 Hypothetical protein WPWAU0481/ WPWAU0482 Frameshift 

WD0462 Hypothetical protein WPWAU0494/WPWAU0495 Frameshift 

WD0463 ATPase, AAA family WPWAU0496 
Mobile element 
insertion 

WD0472 ATPase, AAA family WPWAU0507/WPWAU0508 Nonsense mutation 

WD0507 
DNA repair protein 
RadC, truncation No match Absent 

WD0508 
Transcriptional 
regulator, putative No match Absent 

WD0509 

DNA mismatch 
repair protein MutL-
2 No match Absent 

WD0511 
Conserved 
hypothetical protein No match Absent 

WD0512 Hypothetical protein No match Absent 

WD0513 Hypothetical protein No match Absent 
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WD0514 
Ankyrin repeat 
domain protein No match Absent 

WD0548 Hypothetical protein WPWAU0565 Frameshift 

WD0572 
Conserved 
hypothetical protein WPWAU0271 Frameshift 

WD0582 
Regulatory protein 
RepA, putative 

WPWAU0282/WPWAU0283/
WPWAU0284 Frameshift 

WD0591 
Conserved 
hypothetical protein WPWAU0289 Frameshift 

WD0594 

Prophage 
LambdaW4, DNA 
methylase WPWAU0291/WPWAU0292 Frameshift 

WD0609 
Regulatory protein 
RepA, putative WPWAU0669/WPWAU0670 Frameshift 

WD0610 
Helicase, SNF2 
family WPWAU0671/WPWAU0672 Nonsense mutation 

WD0619 

GlpT/PgpT/UhpT 
transporter family 
protein WPWAU0681 Frameshift 

WD0622 
Transcriptional 
regulator, putative 

WPWAU0256/WPWAU0257/
WPWAU0686/WPWAU0687 Frameshift 

WD0630 Hypothetical protein WPWAU0249 Truncation 

WD0631 Hypothetical protein No match Absent 

WD0632 Hypothetical protein No match Absent 

WD0636 

Prophage 
LambdaW5, ankyrin 
repeat domain 
protein WPWAU0314/WPWAU0315 Frameshift 

WD0638 
Conserved 
hypothetical protein WPWAU0311/WPWAU0312 Frameshift 

WD0682 
Ribosomal protein 
S10 WPWAU0607 Nonsense mutation 

WD0686 
Conserved domain 
protein 

WPWAU0613/WPWAU0614/
WPWAU0618 

Mobile element 
insertion 

WD0696 Hypothetical protein WPWAU0698 Nonsense mutation 

WD0766 
Ankyrin repeat 
domain protein WPWAU0768 Nonsense mutation 

WD1041 
Surface protein-
related protein 

WPWAU1092/WPWAU1093/
WPWAU1094 Frameshift 

WD1111 Hypothetical protein WPWAU0887/WPWAU0888 Frameshift 

WD1180 
Recombination 
protein RecR WPWAU1182 Nonsense mutation 

WD1187 Hypothetical protein WPWAU1187 Frameshift 

WD1320 
Multidrug resistance 
protein D WPWAU1315 Frameshift 

 
Table 2.3. wMel genes potentially inactive in wAu. Truncation refers to shortening of the 
gene sequence due to partial deletion or genome rearrangement. Small hypothetical genes 
with multiple matches are not included, as these are likely to be remnants of mobile 
elements. Genes annotated as truncations in wMel are not included, as these are likely to 
be inactive in wMel. 
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Figure 2.4. Comparison of WO-A in wAu and wMel. Alignment of the WO-A prophage region between wAu and wMel. Matching sequences 
corresponding to predicted CDSs, identified using ACT and Geneious alignments, are connected by grey blocks. Genes whose sequences differ 
between strains such that a CDS is not predicted in one strain are not represented in the strain lacking the predicted CDS, but their corresponding 
sequences are still connected to the CDSs in the other strain by grey blocks. The double-headed black arrow indicate regions that have been drawn 
inverted relative to their orientation in the genome, for clarity of alignment visualisation. Asterisks indicate genes with differences other than SNPs 
between wAu and wMel. Internal indels less than 20 bp in size are not shown. Predicted CDSs are colour coded as follows: green, phage structural or 
replication genes; yellow, conserved hypotheticals; red, hypotheticals; blue, ankyrin repeat genes; magenta, transposases or reverse transcriptases. 
White arrows indicate sequences that are not annotated in one of the two strains and are probable pseudogenes or mis-annotations. Predicted CDSs 
that result from interruptions, frameshifts or nonsense mutations, which are combined into a single CDS in the other strain, are coloured the same as 
the CDS from which they are derived, even though they may also be pseudogenes. 
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Figure 2.5. Comparison of WO-B in wAu and wMel. Alignment of the WO-B prophage region between wAu and wMel, constructed and presented as 
for Figure 2.4, with the same CDS colour coding, namely: green, phage structural or replication genes; yellow, conserved hypotheticals; red, 
hypotheticals; blue, ankyrin repeat genes; magenta, transposases or reverse transcriptases. 
 
 
 
 
 
 

See Figure 2.6 
for genes here 
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Figure 2.6. Comparison of genes inserted within wMel WO-B in wAu and wMel. Alignment of genes inserted within wMel WO-B between wAu and 
wMel, constructed and presented as for Figure 2.4, with the CDS colour coding: green, phage structural or replication genes; yellow, conserved 
hypotheticals; red, hypotheticals; blue, ankyrin repeat genes; magenta, transposases or reverse transcriptases; orange, enzyme genes; brown, 
membrane protein genes; purple, radC; black, transcriptional regulator genes; grey, others.
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Figure 2.7. Comparison of pyocin-like element in wAu and wMel. Alignment of the pyocin-
like prophage region between wAu and wMel, constructed and presented as for Figure 2.4, 
with the CDS colour coding: green, phage structural or replication genes; yellow, 
conserved hypotheticals; red, hypotheticals; blue, ankyrin repeat genes, grey, others. 
  

wKue309, from which WO-A and WO-B were named161. As in WO-A, a high proportion of the 

genes in WO-B are disrupted in one of the two strains. Five genes are disrupted in wAu 

relative to wMel, due to truncation or frameshift; another five are disrupted in wMel 

relative to wAu, due to frameshift, IS element insertion or start codon mutation. Several of 

the genes between the lambdoid-like and P2-like blocks in wMel, which include three of 

the transcriptional regulator genes discussed below, also differ significantly between 

wMel and wAu (Figure 2.6). In addition to a higher than average frequency of SNPs 

between the two strains, five genes are disrupted in wAu relative to wMel, due to 

truncation, frameshift or nonsense mutation, while two are disrupted in wMel relative to 

wAu. Two genes contain small indels, and two more (WD0631 and WD0632) are absent in 

wAu, discussed further below. 
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The third prophage region, a small pyocin-like element comprising WD0565 – WD0574 in 

wMel (Figure 2.7), is closer to the origin of replication in wAu (comprising WPWAU0263 – 

WPWAU0275). One gene is disrupted in wAu relative to wMel, by a nonsense mutation, 

and four genes are disrupted in wMel relative to wAu, by frameshift, nonsense mutation or 

truncation. In addition, there is an insertion after the first gene in wAu relative to wMel, in 

which two additional genes are annotated. Overall the level of difference between wMel 

and wAu in these three prophage regions is much higher than elsewhere in the genome. 

 

2.3.1.6. Comparison of transcriptional regulator genes 

Following a prior comparative genomic study of substrains of wPip Wolbachia from Cx. 

pipiens mosquitoes, which implicated a transcriptional regular gene designated wtrM in 

CI166, a comparison of the family of transcriptional regulator genes between wAu and wMel 

constituted a focus of this study. These transcriptional regulator genes were found to 

differ in both organisation in the genome and sequence. Figure 2.8 illustrates the 

homology between wAu and wMel transcriptional regulator genes; also shown is a 

comparison between wMel and wRi, a CI-inducing strain found in D. simulans. Figure 2.9 

illustrates the differences between proteins that would be produced from the wMel 

transcriptional regulator genes and their corresponding sequences in wAu. Of particular 

note is that the orthologue of WD0622 is highly disrupted by a frameshift in wAu. The two 

identical sequences corresponding to WD0622 (WPWAU0256 and WPWAU0687) have a 1 

bp insertion in wAu relative to wMel, after bp 212, which causes a frameshift that would 

lead to premature termination of translation after 85 amino acids. Genes corresponding to 

the last 82 amino acids of WD0622 (WPWAU0257 and WPWAU0686) are also predicted 

since a substitution has produced a new start codon, although these may be 

mispredictions, as numerous SNPs and deletions have accumulated relative to WD0622. 

None of these genes include the DNA binding domains present in WD0622, suggesting that 

even if they are functional their activity is likely to differ significantly from that of their 
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counterpart in wMel. Furthermore, there are IS5 elements inserted immediately 

downstream of the wAu genes corresponding to WD0622, so it may be that the regulation 

of the genes differs between the two strains. Genes such as this, which are conserved 

between multiple CI-inducing strains (WD0622 has two orthologues in the CI-inducing wRi 

strain) but disrupted in a non-CI strain, are prime candidates for involvement in CI. 

 

In the wMel genome, WD0254, WD0255, WD0622, WD0623 and WD0626 are in two regions 

that appear to be paralogous; WD0254 is a truncated paralogue of WD0622 (with the 

truncation appearing to be due to a transposase insertion) and WD0255 a paralogue of 

WD0623. In the wAu genome, there also appear to be two genome segments containing 

paralogous sequences at approximately the same genomic positions as in wMel. However, 

the segment at a similar position to WD0254 and WD0255 is inverted relative to its 

orientation in wMel and is adjacent to genes that match WD0628-WD0630 in wMel, 

suggesting that one or more translocations have occurred, encompassing WD0622 to 

WD0630; flanking IS elements provide a putative mechanism for its translocation and 

inversion. In wMel there are sequence differences between the paralogues in the two 

paralogous transcriptional regulator regions. In wAu, however, WPWAU0687, 

WPWAU0686 and WPWAU0688 are identical to WPWAU0256, WPWAU0257 and 

WPWAU0255 respectively, while WPWAU0691 is identical to WPWAU0252 after the first 

84 bp; this suggests that replacement by intragenomic recombination has occurred. 

WD0296 appears to have an orthologue in wAu, WPWAU0324, in a similar genomic 

position, while there is no orthologue of WD0508 present in wAu, consistent with a 

previous study that found that the region spanning WD0506 to WD0518 in wMel is absent 

from wAu177. This gene is also absent in several other CI-inducing Wolbachia strains177.  
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Figure 2.8. Homology between transcriptional regulator genes. An illustration of the wMel transcriptional regulator genes and their homologues in 
wAu (A) and wRi (B), identified using ACT and Geneious alignments. Genes depicted in the same colour are thought to be paralogous within an 
individual strain, and either orthologous or paralogous between strains. Numbers indicate the percentage amino acid similarity between any 
proteins produced from these genes.
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Figure 2.9. Differences in proteins from transcriptional regulator genes between wAu and 
wMel. An illustration of the differences between proteins that would be produced from the 
wMel transcriptional regulator genes and their corresponding sequences in wAu. Proteins 
predicted from the wAu sequences are shown. Green indicates identity with the wMel 
translated sequence. Blue indicates substitution with a similar amino acid. Red indicates 
substitution with a dissimilar amino acid. Yellow indicates inserted amino acids that are 
present in the wAu protein but not the wMel protein. White indicates deleted amino acids 
that are present in the wMel protein but not the wAu protein. The locations of DNA 
binding domains predicted from the translated wMel sequences are shown. Substitutions 
involving proline residues are indicated with arrows. – p: loss of a proline residue; + p: 
gain of a proline residue. 
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Analysis of the other transcriptional regulator gene sequences indicates that protein 

products from these genes would be different between wAu and wMel (Figure 2.9), 

particularly WD0623 and WD0626. The two identical wAu genes corresponding to 

WD0623 (WPWAU0255 and WPWAU0688) both have three small insertions in the putative 

DNA binding domains that result in an extra four amino acids and one amino acid 

substitution; there are 37 further amino acid substitutions, 23 of which are located in the 

putative DNA binding domains. There are substitutions involving proline residues; due to 

the unique conformational rigidity of the proline side chain, this could have a large impact 

on the secondary structure of any protein produced, and thus probably also its function. 

There are also SNPs and a 6 bp insertion in 5′ upstream regions where promoter elements 

have been shown to occur in prokaryotes, centred at −45 and −52310. In the wAu 

homologue of WD0626, WPWAU0252, two small insertions in the putative DNA binding 

domains would result in an extra three amino acids and one amino acid substitution. In 

addition there are 48 amino acid substitutions, 27 of which are located in the putative 

DNA binding domains. There are also SNPs and a 16 bp deletion in the 5′ upstream region 

spanning the −45 and −52 positions. Another factor that may affect expression is their 

different genomic location; in wMel, WD0622, WD0623 and WD0626 are located within a 

prophage region, whereas in wAu this is not the case. The precise impact of all these 

differences described on protein function is hard to predict, but given in particular the 

changes in DNA binding domains it seems highly likely that their activity will be affected.  

 

The total SNP density and the density of non-synonymous SNPs (dN) for WD0623 and 

WD0626 relative to their wAu orthologues are at the extreme end of the distributions of 

these measures over the genome (Figure 2.10). Comparing these measures between gene 

categories shows that the transcriptional regulator genes as a whole have a much higher 

density of total SNPs and non-synonymous SNPs than all other categories, as well as a 

higher density of synonymous SNPs (dS) (Figure 2.11). A Kruskal-Wallis test showed a 
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statistically significant difference between groups for total SNP density, dN and dS (P < 

0.05 in all cases). dS was not significantly different between transcriptional regulator 

genes and other groups, except the structural protein and hypothetical protein groups. 

These findings suggest that the transcriptional regulator genes may be under positive 

selection. 

 

Figure 2.10. Frequency distribution of SNP density and dN. Graph showing the number of 
protein-coding genes in the wMel genome within each SNP density (A) and dN (B) 
category. The frequency axis is drawn on a log scale. The bins containing the 
transcriptional regulator genes included in the analysis are indicated. Pseudogenes, genes 
that are potentially inactivated in wAu, IS elements and other genes with multiple 
ambiguous matches are excluded. The transcriptional regulator gene WD0255 is excluded 
as its closest wAu sequence contains a frameshift and is more similar to WD0623. dN, 
number of non-synonymous SNPs per potential site. 
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Figure 2.11. Mean SNP density, dN and dS by gene category. Graph showing the mean SNP 
density, dN, and dS for different categories of protein-coding gene in the wMel genome. 
Error bars represent the standard error of the mean. Pseudogenes, genes that are 
potentially inactivated in wAu, IS elements and other genes with multiple ambiguous 
matches are excluded. The transcriptional regulator gene WD0255 is excluded as its 
closest wAu sequence contains a frameshift and is more similar to WD0623. dN, number of 
non-synonymous SNPs per potential site; dS, number of synonymous SNPs per potential 
site. 
 

2.3.2. Candidate CI gene functional testing  

2.3.2.1. Transformation 

Two lines with independent insertions of the WD0626 construct were produced 

(designated lines 1 and 2). 

 

2.3.2.2. Insert location determination 

In order to generate balanced transformed lines it was necessary to know into which 

chromosome the transgene had been inserted. Insert location was determined using 
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adapter ligation-mediated PCR. For both lines there was only one PCR product (Figure 

2.12), indicating a single insertion of the transgene. Using the sequences of these PCR 

products as queries in a BLAST search of D. melanogaster chromosome sequences 

revealed that for both lines the insertion was on chromosome 2. 

 

 

Figure 2.12. Gel showing products of adapter ligation-mediated PCR for determination of 
insert location.  
 

2.3.2.3. WD0626 expression 

qRT-PCR was performed in an attempt to confirm expression of WD0626 in transformants, 

and determine its level relative to that in the natural wMel infection. However, the primers 

used to amplify WD0626 did not function as expected, producing poor standard curves, 

large variation between both biological and technical replicates, and showing 

amplification in control w1118 samples, in which there should be no WD0626 expressed. In 

some cases the amplification in the w1118 samples was greater than in the wMel-infected 

samples. Unfortunately it is therefore not possible to have confidence in the results of this 

analysis. 

markers 

line 1 

line 2 
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2.3.2.4. Crossing experiments 

Two sets of crossing experiments were performed. In the first set males were used in 

crosses up to 24 hours after eclosion. In this set of experiments, control crosses of 

uninfected females with wMel–infected males displayed weaker CI than expected, so in the 

second set of experiments males were used in crosses within eight hours of eclosion, as CI 

penetrance is stronger in younger males130,132,306 .  

 

Figure 2.13 shows the results of the first set of crossing experiments for male 

BamGAL4/UAS-WD0626 flies. Female NosGAL4/UAS-WD0626 flies were found to be 

infected with Wolbachia, so crosses with these flies were excluded from analysis. Figure 

2.14 shows the results of the second set of crossing experiments for male (A) and female 

(B) BamGAL4/UAS-WD0626 flies. In the second set of experiments the numbers of crosses 

in which mating occurred and sufficient eggs were laid were insufficient for analysis for 

BamGAL4/UAS flies from line 2 and for female BamGAL4/UAS flies from line 1 crossed to 

w1118 males, so these crosses were excluded from analysis. A Kruskal-Wallis test revealed 

no significant difference between the different crosses in the first set of experiments (P > 

0.05 in all cases).  There were, however, significant differences between the different 

crosses in the second set of experiments. For crosses involving transformed males, a 

Kruskal-Wallis test revealed a significant difference between crosses (P = 6.6x10-4). Post-

hoc Wilcoxon tests with Bonferroni correction showed a significant difference between 

crosses with wMel-infected females and BamGAL4/UAS-WD0626-1 males and w1118 

females and wMel-infected males (P = 1.4x10-3). For crosses involving transformed 

females, a Wilcoxon test revealed a significant difference between crosses with 

BamGAL4/UAS-WD0626-1 females and wMel males and wMel females and wMel males (P 

= 2.9x10-3). 



 82 

 

Figure 2.13. Hatch rates of crosses of male BamGAL4/UAS-WD0626, w1118 and wMel flies 
from first set of crossing experiments. Error bars show standard error of the mean (SEM). 
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Figure 2.14. Hatch rates of crosses of BamGAL4/UAS-WD0626, w1118 and wMel flies from 
second set of crossing experiments. (A) Hatch rates for crosses with male BamGAL4/UAS-
WD0626 flies. (B) Hatch rates for crosses with female BamGAL4/UAS-WD0626 flies. Error 
bars show SEM. * P < 0.05 versus control cross (w1118 x wMel or wMel x wMel). 
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2.4. Discussion 

Here comparative genomics has been used to identify and investigate Wolbachia genes 

potentially involved in CI, followed by functional testing of one candidate gene. Previous 

work has compared the genomes of wMel and wBm, which infects the nematode Brugia 

malayi, to identify genes involved in host-specific adaptations311, and some wMel and wAu 

genes have been compared on an individual basis178, but this is the first work known to 

compare whole Wolbachia genomes to identify candidate CI genes. There are also other 

noteworthy aspects to the methodology used, in addition to interesting findings. 

 

2.4.1. Wolbachia comparative genomics 

2.4.1.1.  gDNA extraction 

For the second round of sequencing, Wolbachia gDNA was extracted from infected cell 

lines, which represents a methodological departure from most previous studies, and is 

more convenient than techniques in previous Wolbachia genome sequencing projects,  all 

of which except the sequencing of wBol1274 have used Wolbachia gDNA extracted directly 

from their native hosts. It is a time-consuming and often laborious process to rear 

sufficient numbers of host insects for Wolbachia gDNA extraction, particularly for species 

with demanding rearing requirements. In contrast, transinfection of cells with Wolbachia 

is fairly easy to achieve, and amplification of cells to a suitable number is easier, quicker, 

and requires less space than whole organisms; this study used 24 flasks of cells, which 

were generated from a single flask in a few weeks. There were concerns that the sequence 

of the wAu from cultured cells might have accumulated differences compared to the wAu 

genome found in flies, due to a relaxation in cell lines of the selective pressures that apply 

in its native host. Even in native hosts, Wolbachia genomes can change in a short space of 

time; a recent study found a high level of variation in copy number of a region of eight 

genes known as ‘Octomom’ in wMelPop, and a line was identified in which a copy had been 

lost over the course of the study312. However, concerns over the fidelity of the wAu 
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genome sequence produced were alleviated by the observation of only one SNP between 

the sequence obtained using wAu from cultured cells and that using wAu from its native 

host. It is possible that after a longer period of time more differences from Wolbachia in 

vivo would accumulate, so use of recently generated Wolbachia-infected cell lines, as 

employed here, is advisable. 

 

At ~60 %, the estimated purity of wAu versus host gDNA for the extract from cultured 

cells was lower than the >90 % for the extract from whole adult flies, which is comparable 

to the figure of up to 97 % reported previously using the same extraction method275. One 

explanation for the lower purity could be that Wolbachia densities may be lower within 

cultured cells than in vivo. Consistent with this, another study in which Wolbachia gDNA 

was purified from cells reported a higher level of host contamination274, though at  <20 % 

it was less than half that found here. A different cell line and different Wolbachia strain 

were used in this study; Wolbachia densities are known to vary in vivo between strains235, 

and it could be that when Wolbachia is present in cell lines its density also varies 

depending on the cells used, which could explain the discrepancy in purities. 

 

2.4.1.2. Sequencing and assembly 

The achievement of a single contig assembly for wAu demonstrates that the PacBio RS II 

sequencing platform can be a very useful tool for rapid generation of complete bacterial 

assemblies. Furthermore, the generation of this single contig from a very small amount of 

DNA (approximately 2 ng), containing a substantial amount of host DNA contamination 

(~40 %), suggests that PacBio is well suited to use in cases where it is hard to obtain a 

large amount of gDNA, including obligate endosymbionts, like Wolbachia, that cannot be 

cultured outside host cells.  
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The sequence generated was largely consistent with data produced using the Illumina 

platform, with only one SNP between the two datasets. There were 88 indels relative to 

Illumina data; these were mostly single nucleotide insertions in the PacBio sequence, and 

were located in homopolymeric tracts, regions that are known to be prone to insertion 

errors in PacBio sequencing313,314. These were corrected after mapping the Illumina reads 

to the PacBio assembly. Combining the PacBio reads with the shorter but more accurate 

Illumina reads was found to be a very useful approach, consistent with other findings315. 

 

2.4.1.3. Comparative analysis 

Comparison of the sequenced wAu genome to that of wMel, which does induce CI, revealed 

a number of differences that could be involved in CI. Firstly, there were significant 

structural differences in the prophage regions, including disruption of a number of genes 

in both strains. Previous work has yielded conflicting evidence for involvement of 

prophage genes in CI. In contrast to the genomes of CI strains, the genome of the 

nematode-infecting non-CI strain wBm contains no prophage regions168, supporting a role 

for phage genes in CI. In addition, CI characteristics were transferred to uninfected hosts 

by injecting egg cytoplasm from infected hosts after filtering through a membrane with a 

pore size that would exclude Wolbachia, suggesting that a virus particle can carry the 

factors responsible for CI179. However, several studies found no correlation between WO 

phylogeny and CI characteristics in Cx. pipiens180-183, the CI-inducing wRec strain in D. 

recens lacks phage genes164, and transformation of D. melanogaster with several phage 

genes did not induce or modify CI phenotypes178.  

 

Comparative analysis also suggested loss or potential inactivation of a number of genes 

outside the prophage regions in wAu. Transcriptional regulator genes in particular 

displayed considerable differences between wAu and wMel, both in terms of genomic 

location and sequence; of these the wMel gene WD0622 may be the most promising to 
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examine as a CI candidate. Given that a transcriptional regulator gene has previously been 

implicated in CI166, these represent important targets for further functional studies on the 

mechanism of CI. The wMel genome region containing the transcriptional regulator 

genes WD0622, WD0633, WD0626 and WD0627 is also of particular interest with respect 

to CI given the proximity of WD0631-2, absent in wAu, because a WD0631 orthologue 

protein was recently identified in mosquito spermathecae193. 

 

To confirm whether any of these transcriptional regulator genes are involved in CI, 

functional studies are required, as was performed for WD0626 here. As more Wolbachia 

genomes are sequenced, further comparison of these genes between different strains will 

also be useful. 

 

2.4.2. Candidate CI gene functional testing 

Further investigation was performed for one member of the family of transcriptional 

regulator genes discussed above, WD0626. Results of the crossing experiments with 

WD0626 transformants do not support a role for WD0626 in CI. For WD0626-transformed 

males, there were no significant differences in hatch rate between crosses with wMel-

infected or uninfected females, suggesting that WD0626 does not induce modification. The 

mean hatch rates were lower for uninfected females though, and in one cross the hatch 

rate was lower (57 %) than that of the control incompatible cross of wMel-infected males 

with uninfected females. The sample sizes of suitable crosses for analysis was fairly small, 

and it would be interesting to see if a significant difference between crosses of 

transformed males with wMel-infected or uninfected females could be observed with a 

larger sample size. Interestingly, the hatch rates for crosses of WD0626-transformed males 

with uninfected females were more variable than those for crosses with wMel-infected 

females. It is possible that other factors such as male age were impacting on the ability of 
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WD0626 to cause sterility, and that penetrance of sterility is more sensitive to this than in 

control crosses. 

 

The hatch rate of crosses with wMel-infected males was significantly lower for WD0626-

transformed females than for wMel-infected females, and was actually lower on average 

than that of incompatible crosses of uninfected females with wMel-infected males, 

suggesting that WD0626 does not induce rescue. However, as for crosses with WD0626-

transformed males and uninfected females, the hatch rate was variable, and in one case 

was 100 %. Again the sample size of suitable crosses for analysis was fairly small, and it 

would be interesting to see if any rescue effect could be observed with a larger sample 

size. 

 

The results here do not rule out a role of WD0626 in CI, for a number of reasons. Firstly, it 

should be borne in mind that the messenger RNA (mRNA) expression levels of WD0626 in 

the transformants could not be determined, and even if this had been successful, the level 

of protein expression would still have been uncertain; mRNA levels do not always 

correlate with protein levels, and this correlation can be weakened in transgenic systems 

due to different codon usage between the source of the transgene and the host, and the 

fact that transgene products might be less stable in the host cell. Proper protein folding 

may also have been impaired in D. melanogaster due to the absence of required co-factors 

present in Wolbachia. It could be that functional WD0626 protein was expressed at a low 

level relative to that in the natural wMel infection, and that at higher levels an effect on CI 

would have been observed. In addition to expression levels, expression timing and 

location, both at the organism level and cellular level, may differ for WD0626 in the 

transformants compared to in the natural wMel infection, and these could all affect CI. The 

different genomic context of WD0626 in the transformants may affect expression and 

function characteristics, in addition to potentially unknown factors. 
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It is also worth noting that hatch rates are not the only measure of an effect on CI. It could 

be that WD0626 was exerting an effect which was not manifest in hatch rates but which 

nonetheless affects embryo development. Consistent with this, work in Cx. 

quinquefasciatus found that knocking down the host candidate CI gene CPIJ005623 did not 

affect hatch rates but did significantly increase the proportion of embryos surviving until 

later stages in incompatible crosses166. 

 

A major limitation of this work is the study of a single gene in isolation. CI is likely to be a 

complex process involving many genes, both Wolbachia and host. It could be that WD0626 

does have a role in CI, but works in combination with other genes. When Yamada et al. 

found no effect of expressing wMel candidate CI genes individually, they tried expressing 

them in a wAu-infected background178. Similarly, it would be interesting to cross the 

WD0626 transgene into a Wolbachia-infected background to investigate whether 

expression of WD0626 could modify CI induction or rescue in the presence of other 

Wolbachia genes. 

 

2.4.3. Conclusions 

Here novel methodology has been used for Wolbachia genome sequencing, followed by the 

first comparison of whole genomes to identify genes potentially involved in CI. A number 

of candidate genes were identified, and although functional testing of one candidate failed 

to provide evidence for a role in CI, the work provides a useful platform for further 

investigation. Overall it contributes to the important aim of gaining an improved 

understanding of the molecular basis of CI. 
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  3   Identification and investigation of candidate   

genes involved in Wolbachia-host interactions 
using comparative transcriptomics  
 

3.1. Introduction 

While comparative genomics is useful for identifying genes differing in presence/absence, 

sequence or genomic position, comparative transcriptomics identifies genes differing in 

mRNA expression (and thus, in most cases, levels of protein expression). This is also a 

useful way to identify candidate genes involved in a phenotype, as well as confirming 

transcription of genes identified by genomic analysis. Here, it was applied using RNA-seq 

to further identify and investigate candidate genes for CI involvement, as well as candidate 

genes for viral inhibition by Wolbachia. 

 

3.1.1. Identification and investigation of candidate host CI genes 

In addition to Wolbachia genes, host genes are likely to play a role in CI, as discussed in 

Chapter 1. Several studies have identified candidate host CI genes by comparing gene 

expression between Wolbachia-infected and uninfected hosts187,189-191. However, while 

functional analysis of these genes was consistent with a role in CI, in general genes 

identified by this methodology could have altered expression due to some other aspect of 

Wolbachia-host interaction, rather than being involved in CI. Comparing gene expression 

between a host infected with a CI strain and the same host infected with a non-CI strain 

would narrow down identified genes to those most likely to be involved in CI. No such 

comparison is known to have been performed previously; this analysis was therefore 

undertaken here, with gene expression in the absence of Wolbachia also measured to 

provide an extra control.  
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As described in Chapter 2, wAu is a non-CI strain, and the sequencing of its genome 

described in Chapter 2 made it more amenable to transcriptomic analysis. While the CI 

strain wMel is the most closely related Wolbachia strain to wAu, hence why it was chosen 

for the comparative genomics discussed in Chapter 2, the two strains are not naturally 

present in the same host species – wMel infects D. melanogaster while wAu infects D. 

simulans. However, other CI strains are found in D. simulans, one of the most common 

being wRi316. Thus, to identify and investigate candidate host CI genes, RNA-seq was 

performed on D. simulans gonads that were uninfected, infected with wRi, or infected with 

wAu. RNA was extracted from gonads rather than whole flies, as this is where CI-related 

effects are most likely to occur. Separate samples were taken comprising adult male testes 

and adult female ovaries, as Wolbachia is likely to have differing effects on gene 

expression in these tissues. 

 

3.1.2. Identification and investigation of candidate Wolbachia CI genes 

Comparing expression of orthologous Wolbachia genes between wAu and wRi would allow 

further identification and investigation of Wolbachia candidate CI genes. There are 

relatively few studies that have analysed Wolbachia gene expression, and none known that 

have compared expression between a CI and a non-CI strain. Difficulty in obtaining 

sufficient suitable Wolbachia RNA is a factor in this, given it has so far proven impossible 

to culture Wolbachia outside a host, Wolbachia RNA comprises only a small fraction of the 

total RNA present in host cells, and bacterial RNA degrades much faster than eukaryotic 

RNA. Some in vitro studies have performed RNA-seq on purified Wolbachia317,318, but non-

native cell lines were used, which may change gene expression, as may the stressful 

purification protocol. Other studies have performed RNA-seq on Wolbachia from cultured 

cells without purification319,320, and Woolfit et al. also analysed wMelPop and wMelCS 

strains in native host tissues (D. melanogaster heads), but only small non-coding RNAs 

were sequenced, and differential analysis was not performed320.  
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There were therefore concerns that it may be difficult to obtain enough Wolbachia-derived 

reads at an affordable sequencing depth. However, differential expression analysis with 

Wolbachia RNA-seq data from native hosts has been successfully performed previously 

without purification and at a reasonable sequencing depth321,322. It was found that the D. 

melanogaster strain used to generate transcriptome data for the modENCODE project323-

325 was infected with Wolbachia, and the depth of sequencing here (calculated as 

maximum < 6 Gb per condition) was sufficient to perform differential expression analysis 

of Wolbachia genes322. Another study, on wOo in the nematode Onchocerca ochengi, used 

an even lower sequencing depth, calculated as maximum <2 Gb per condition321. In this 

study, only 5 % of reads mapped to the Wolbachia genome, but this was still sufficient for 

almost 98 % of Wolbachia predicted gene models to be classified as transcribed. A more 

recent study of wDi in the nematode Dirofilaria immitis used a total sequencing depth of 

only 0.15 Gb over seven conditions, and still detected up to 97 % of predicted wDi 

transcripts326.  

 

The number of Wolbachia reads depends not just on sequencing depth, but also on 

Wolbachia density and the relative sizes of the Wolbachia and host transcriptome in the 

tissue used. Wolbachia density is generally higher in the reproductive tissues than 

elsewhere, and there is no reason to suppose the D. simulans transcriptome in these 

tissues is significantly larger or the wAu or wRi transcriptomes significantly smaller than 

the corresponding transcriptomes in the successful studies. Thus, to identify and 

investigate candidate Wolbachia CI genes, RNA-seq was performed on D. simulans gonads 

infected with wRi or wAu, as described above. To maximise the proportion of reads from 

Wolbachia, a novel protocol was used involving reverse polyA selection prior to 

ribodepletion, which should eliminate mature host mRNA as well as rRNA. 
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3.1.3. Identification and investigation of candidate host viral inhibition genes 

As discussed in Chapter 1, in addition to causing CI, Wolbachia can also inhibit the 

transmission of pathogens, most notably RNA viruses. Previous studies have suggested 

various theories for this inhibition, such as immune stimulation202,222,225,249,327, more 

specific elements of immune response such as increased concentration of ROS243,244 and 

modulation of autophagy328,329, competition for resources223,258, and steric hindrance265, 

but the exact mechanism(s) are unclear. Viral inhibition is dependent on both the host and 

Wolbachia strain. Thus a better understanding of the mechanisms of inhibition would 

allow a more informed choice before undertaking the time-consuming process of 

generating a transinfection, as well of being of general interest for use of such 

transinfections in insect control, and from a basic biology perspective. Genes potentially 

involved in the Wolbachia inhibitory phenotype may be identified through high-

throughput transcriptomics comparing gene expression in hosts with inhibitory 

Wolbachia strains against that in uninfected hosts or those with non-inhibitory Wolbachia 

strains. Microarray experiments have been performed to this end225,327 but no known 

RNA-seq studies. 

 

One Wolbachia transinfection that has been found to inhibit virus transmission by the host 

is that of wMel in the mosquito Ae. albopictus122. This mosquito is a major vector of 

dengue, chikungunya and other diseases330. All known Ae. albopictus populations carry a 

superinfection of the Wolbachia strains wAlbA and wAlbB124,125. An uninfected line of the 

Uju strain of Ae. albopictus has been produced using tetracycline curing331. This uninfected 

strain was used to generate the artificial transinfection with wMel122, which was found to 

completely abolish transmission of dengue122 and chikungunya332. Thus, to identify and 

investigate genes that may be involved in viral inhibition, RNA-seq was performed on Ae. 

albopictus mosquitoes that were uninfected, infected with wAlb, or infected with wMel.  
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3.2. Methods 

3.2.1. Insects 

3.2.1.1. D. simulans 

D. simulans flies in a Brisbane genetic background were used. The maternal lineage of the 

uninfected and wAu-infected lines derive from several isofemale lines that were field 

collected from Perth in 2011/12. The maternal lineage of the wRi-infected line derives 

from isofemale lines collected from Brisbane in 2013. The uninfected and wAu-infected 

lines were outbred over several generations to a Brisbane genetic background prior to 

acquisition for this work. Once acquired, they were backcrossed for three generations 

(uninfected females crossed with the three different types of males) to further 

homogenise the genetic backgrounds. Flies were reared mainly by Dr Vincent Geoghegan 

in Prof. Steven Sinkins’s group at Lancaster University (Lancaster, UK), as described in 

Chapter 2, though using a diet containing white sugar rather than oats and treacle (see 

Recipe 2 in Appendix 1). Flies used for experimental samples were reared at low density 

(100 eggs per bottle). Eggs were collected as described in Chapter 2. Flies used for 

experimental samples were collected within 2 hours of eclosion, and males and females 

separated.  

 

3.2.1.2. Ae. albopictus 

Ae. albopictus mosquitoes in an Indonesian background (Uju line) were used. Mosquitoes 

were reared by Dr Caroline Harris in Prof. Steven Sinkins’s group at Lancaster University 

(Lancaster, UK), at 27 +/-2 °C and 70 +/-10 % relative humidity with a 12:12 hour 

light:dark cycle. Adults were kept in 30 cm3 cages (BugDorm, Taiwan) and provided ad 

libitum access to water and sucrose in the form of a moistened ball of cotton wool and a 

sugar cube placed on top of the cage. Females were fed with defibrinated sheep blood 

approximately 5-10 days after eclosion, using Hemotek artificial membrane feeders 
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(Discovery Workshops, UK). Generation of the wMel-infected and uninfected lines has 

been described previously122.  

 

3.2.2. Dissection and RNA extraction 

3.2.2.1. D. simulans 

For host RNA-seq, virgin males were used for dissection of testes at 24 +/- 1 hours after 

eclosion, and virgin females were used for dissection of ovaries at 3 days after eclosion. 

For Wolbachia RNA-seq, virgin males were used for dissection of testes at ~1 day after 

eclosion, and virgin females were used for dissection of ovaries at ~3 days after eclosion. 

Gonads were dissected in phosphate-buffered saline (PBS), transferred into lysis buffer 

from a Norgen Total RNA Purification Kit (Norgen Biotek Corp., Canada) containing 1 % β-

mercaptoethanol, then flash frozen in liquid nitrogen. Samples were stored at -80 °C until 

RNA extraction. After thawing, samples were homogenised by vortexing with borosilicate 

beads. Total RNA was then extracted using a Norgen Total RNA Purification Kit (Norgen 

Biotek Corp., Canada), according to the manufacturer’s instructions. Contaminating DNA 

was removed with Ambion Turbo DNase, according to the manufacturer’s instructions. 

RNA concentration and quality was assessed using a NanoDrop spectrophotometer 

(Thermo Scientific, USA). 

 

For each condition (wAu-infected, wRi-infected and uninfected), three biological replicates 

were prepared. Each replicate for host RNA-seq comprised pooled gonads from five flies. 

Each replicate for Wolbachia RNA-seq comprised pooled ovaries from 10 females or 

pooled testes from 20 males. 

 

3.2.2.2. Ae. albopictus 

Dissection and RNA extraction was performed by Dr Caroline Harris at Lancaster 

University (Lancaster, UK). For each condition (wAlb-infected, wMel-infected and 
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uninfected), three biological replicates were prepared, each consisting of a pool of seven 

mosquitoes. 

 

3.2.3. Sequencing 

3.2.3.1. D. simulans and Wolbachia 

Library preparation and sequencing were performed at the Wellcome Trust Institute for 

Human Genetics (Oxford, UK). For the samples for host RNA-seq, stranded paired-end 

libraries were generated using standard polyA selection. For the samples for Wolbachia 

RNA-seq, stranded paired-end libraries were generated using a custom preparation 

comprising reverse polyA selectiol. In both cases ribodepletion was performed using a 

Ribo-Zero Gold rRNA Removal Kit (Epidemiology) (Illumina, UK), and libraries were 

completed using an Illumina TruSeq Stranded Total RNA Library Prep Kit (Illumina, UK). 

Sequencing was performed on the Illumina HiSeq 2000 platform, using a read length of 

100 nt. D. simulans libraries were split across two lanes.  

 

3.2.3.2. Ae. albopictus 

Library preparation and sequencing were performed at Imperial College (London, UK). 

Unstranded paired-end libraries were generated using standard polyA selection. Libraries 

were sequenced on the Illumina HiSeq 1500 platform, using a read length of 101 nt. 

Libraries were split across multiple lanes. 

 

3.2.4. Sequence data processing 

3.2.4.1. D. simulans and Wolbachia 

Sequence data processing up to and including alignment of reads to genomes was 

performed at the Wellcome Trust Institute for Human Genetics (Oxford, UK). Quality 

control was performed separately for separate lanes to identify any problematic technical 

variation between lanes. Reference indexes of the D. simulans genome assembly release 
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2.0.1 (downloaded from FlyBase333) and the wAu and wRi genome assemblies 

(downloaded from GenBank334) were constructed using Bowtie2 (v2.1.0)335. Reads were 

aligned to the D. simulans index using TopHat2 (v2.0.12)336, and to the wAu and wRi 

indexes using Bowtie2 (v2.1.0)335. PCR and optical duplicate reads were removed using 

Picard Tools337. 

 

3.2.4.2. Ae. albopictus 

The overall quality of the sequencing reads was assessed using FastQC (v0.11.2)338. 

Quality control was performed separately for separate lanes to identify any problematic 

technical variation between lanes. Raw reads were processed to remove adapter 

sequences and sequences of poor quality using cutadapt (v1.7.1)339. A reference index of 

the Ae. albopictus genome assembly, kindly provided by Jiabao Xu (University of California, 

Irvine, USA), was constructed using Bowtie2 (v2.2.1)335. Trimmed reads were aligned to 

this index using TopHat2 (v2.0.11)336.  A transcript assembly was generated from the 

alignments using Cufflinks (v2.2.1)340 with RABT methodology341 followed by Cuffmerge 

(v1.0.0)342. In addition, a de novo assembly was generated using Trinity (version 

2014/07/17)343. The assemblies were evaluated using the script contig_stats.pl344 and the 

program RSEM-EVAL345. 

 

3.2.5. Expression analysis 

Expression quantification and differential expression analysis was performed using 

Cuffdiff2 (v2.2.1)346. For D. simulans and Wolbachia, the alignment files provided by the 

Wellcome Trust Institute for Human Genetics were used, along with downloaded 

reference annotation files corresponding to the genome assemblies described above. For 

Ae. albopictus, the assembly and annotation produced by Cufflinks and Cuffmerge was 

used. Expression levels were quantified in units of fragments per kilobase of transcript per 

million mapped reads (FPKM); this accounts for the fact that longer transcripts will 
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produce more reads, and normalises expression levels to the amount of total input RNA. A 

false discovery rate (FDR) value of 0.05 was used as the threshold for significance. Global 

expression was visualised using CummeRbund (version 0.1.3)347. 

 

3.2.5.1. Identification of Wolbachia orthologues 

To enable comparison of expression between wAu and wRi, orthologues between the two 

strains were identified. BLAST searches were performed using wAu gene sequences as 

queries against wRi gene sequences, and vice versa. Orthologues were defined as genes 

displaying reciprocal best hits. 

 

3.2.6. Assignment of functional information 

D. simulans GO annotations were already present in the downloaded reference annotation. 

Wolbachia and Ae. albopictus GO annotations were assigned using BLAST2GO (version 

3.0.10 or 3.1.3, respectively)348, based on BLASTx searches of predicted gene sequences. 

For Wolbachia, the search was performed against the nr database. For Ae. albopictus, it 

was performed against protein sequences from the Ae. aegypti AaegL3.3 geneset 

(downloaded from VectorBase). For Wolbachia, the May 2015 version of the gene ontology 

files was used. For Ae. albopictus, the September 2015 version was used. In both cases the 

InterProScan function was used to add annotations based on similarity to domains in 

InterPro295. Functional enrichment analysis using GOSeq (see below) required assignment 

of all ancestral GO terms as well as the most specific; this was performed in R using the 

Bioconductor package GO.db (version 3.0.0)349. Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) pathway annotations were assigned using BLAST2GO, based on GO 

annotations.  
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3.2.6.1. Ae albopictus dengue virus host factors 

The names of Ae. aegypti orthologues of D. melanogaster genes identified as putative 

dengue virus host factors (DVHFs) by Sessions et al.350 were downloaded from FlyBase, 

and their protein sequences downloaded from VectorBase. BLAST searches were 

performed using these protein sequences as queries against predicted Ae. albopictus 

transcript sequences, and vice versa. Putative Ae. albopictus DVHFs were defined as genes 

displaying reciprocal best hits. 

 

3.2.7. Functional enrichment analysis 

Functional enrichment analysis was performed using GOSeq (version 1.20.0)351. A two-

sided test with Benjamini-Hochberg multiple testing correction was used. An FDR value of 

0.05 was used as the threshold for significance. 

 

3.3. Results 

3.3.1. Identification and investigation of candidate host CI genes 

3.3.1.1. Sequencing and read alignment 

RNA sequencing was performed on RNA extracted from separate ovaries and testes 

samples from D. simulans infected with wRi, wAu or uninfected. Three replicates were 

sequenced for each sample type. In total 720,932,532 paired end reads of 100 nt were 

generated, corresponding to 72.1 Gb of data. 84.7 % of these reads mapped to the D. 

simulans genome using TopHat2 (v2.0.12)336. 

 

3.3.1.2. Global expression analysis 

Following alignment, quantification was performed using Cuffdiff2 (v2.2.1)346. In total, 

14,946 annotated genes were identified as being expressed in at least one of the samples. 

13,711 of these were expressed in at least one ovary sample, and 14,850 in at least one 

testes sample.  
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Global results were visualised using CummeRbund (v0.1.3)347. A heatmap representing 

expression levels of all expressed genes in each of the six sample types is shown in Figure 

3.1. At first glance this suggests that overall gene expression among the different 

Wolbachia infection statuses is fairly similar; there is a much greater overall difference 

between ovaries and testes, with a large number of genes expressed quite highly in testes 

but at very low levels in ovaries. The clustering in the heatmap shows that in terms of 

global expression, wRi-infected and wAu-infected ovaries are more similar to each other 

than to uninfected ovaries, but wRi-infected testes are more similar to uninfected than to 

wAu-infected testes. This is shown more clearly by the dendrogram in Figure 3.2. 

 

Scatter plots and volcano plots between the samples show the direction of this 

pronounced difference in wAu-infected testes – there is a large subset of genes that show 

significant downregulation in wAu-infected versus both wRi-infected and uninfected 

testes (Figure 3.3 and Figure 3.4). As in Figure 3.1, it is apparent there are much larger 

differences between testes and ovaries than between different Wolbachia infection 

statuses. In all comparisons between testes and ovaries there appears to be a large subset 

of genes upregulated in the testes compared to the ovaries. 
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Figure 3.1. Heatmap illustrating expression levels for all expressed host genes in ovaries 
and testes from uninfected, wRi-infected and wAu-infected D. simulans. U = uninfected. 
FPKM, fragments per kilobase of transcript per million mapped reads. 
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Figure 3.2. Dendrogram showing similarity in terms of host gene expression among 
ovaries and testes from uninfected, wRi-infected and wAu-infected D. simulans, based on 
Jensen-Shannon distances, with biological replicates combined (A) or separate (B). U = 
uninfected. 
 

 

 

	

	

A 

B 
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Figure 3.3. Scatter plots comparing host gene expression in ovaries and testes from 
uninfected, wAu-infected and wRi-infected D. simulans. Plots between identical samples 
show the distribution of FPKM values for that sample. Dotted lines are identity lines. U = 
uninfected. FPKM, fragments per kilobase of transcript per million mapped reads. 
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Figure 3.4. Volcano plots comparing host gene expression in ovaries and testes from 
uninfected, wAu-infected and wRi-infected D. simulans. Red = significantly differentially 
expressed. Black = not significantly differentially expressed. U = uninfected. 
 

3.3.1.3. Differential expression analysis 

Differential expression analysis was performed using Cuffdiff2 (v2.2.1)346. In total 446 

genes (of 13,711 expressed; 3.3 %) in ovaries and 1,320 (of 14,850 expressed; 8.9 %) in 

testes were identified as being significantly differentially expressed (FDR < 0.05) between 

at least two of the different Wolbachia infection statuses. The numbers of significantly 

upregulated and downregulated genes in each comparison are shown in Table 3.1 and 



 105 

Table 3.2. Again it can be seen that there are a disproportionately large number of genes 

downregulated in wAu-infected versus wRi-infected and uninfected testes. Additional 

comparisons were made between wRi-infected versus uninfected and wAu-infected 

gonads combined, as these are the genes most likely to be involved in CI as opposed to 

some other Wolbachia-host interaction. Lists of these genes along with their functional 

annotations, if any, and expression information, are in Supplementary file 1, available in 

the Oxford University Research Archive (ORA) at 

http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0. 

.  

 
  Higher expression 

 
  Uninfected wAu 

Uninfected 
and wAu wRi 
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Uninfected - 155 - 89 

wAu 106 - - 91 

Uninfected 
and wAu - - - 16 

wRi 103 152 40 - 
 
Table 3.1. Numbers of significantly differentially expressed host genes in ovaries from 
uninfected, wAu-infected and wRi-infected D. simulans. 
 

 
  Higher expression 

 
  Uninfected wAu 

Uninfected 
and wAu wRi 
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o
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Uninfected - 171 - 100 

wAu 634 - - 732 

Uninfected 
and wAu - - - 39 

wRi 119 336 50 - 
 
Table 3.2. Numbers of significantly differentially expressed host genes in testes from 
uninfected, wAu-infected and wRi-infected D. simulans. 
 

http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
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3.3.1.3.1. Genes differentially regulated by wRi in both ovaries and testes 

Three genes were found to have significantly altered expression in wRi-infected versus 

both wAu-infected and uninfected gonads for both ovaries and testes. These were 

FBgn0190622, FBgn0194931, and FBgn0195967. Their expression was lower in wRi-

infected versus both wAu-infected and uninfected gonads in all cases. FBgn0195967 is 

annotated with cytochrome P450 domains. FBgn0190622 and FBgn0194931 are both 

annotated with a molecular function of fatty-acyl-CoA reductase (alcohol-forming) 

activity, and with a male sterility, NAD-binding domain. This represents the C-terminal 

NAD-binding region of the male sterility protein from Arabidopsis and Drosophila.  

 

3.3.1.3.2. Genes exclusively expressed or unexpressed in wRi-infected gonads  

Genes that are expressed exclusively in or have no expression exclusively in wRi-infected 

gonads compared to both wAu-infected and uninfected gonads may be particularly good 

candidates for involvement in CI.  

 

One gene, FBgn0184169 was expressed in wRi-infected but not in wAu-infected or 

uninfected ovaries. It was not annotated with any functional information. One gene, 

FBgn0268675, was expressed in wRi-infected but not in wAu-infected or uninfected testes. 

Again it was not annotated with any functional information. Four genes were expressed in 

wAu-infected and uninfected but not wRi-infected ovaries – FBgn0188360, FBgn0182430, 

FBgn0183080, and FBgn0189900. Three of these genes had annotated molecular functions 

- FBgn0188360, serine-type endopeptidase activity; FBgn0182430, phosphatase activity; 

FBgn0189900, transferase activity, transferring acyl groups other than amino-acyl groups. 

One gene, FBgn0187164, was expressed in wAu-infected and uninfected but not wRi-

infected testes. It was not annotated with any functional information. Even in the tissues in 

which they were expressed, all of these genes had relatively low (<10 FPKM) expression, 

so may not be that functionally important, or could even be false positives. 
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3.3.1.3.3. Genes identified as candidate CI genes in other studies 

Other studies have identified candidate CI genes from comparative expression 

analyses166,187,189-192. The expression of these genes or their D. simulans orthologues was 

assessed to determine whether they were significantly differentially expressed among 

different Wolbachia statuses here (Table 3.3). One candidate gene, Ance, was significantly 

differentially expressed in wRi-infected versus both wAu-infected and uninfected ovaries. 

However, the direction of differential expression was the opposite to that previously 

observed in D. melanogaster, with lower expression in wRi-infected than wAu-infected and 

uninfected ovaries. Two other candidate genes, JhI-26 and CG10433 were upregulated in 

wRi-infected versus wAu-infected testes, but not versus uninfected testes. They also 

displayed higher expression in uninfected than wAu-infected testes, so it seems that the 

difference is likely due to a downregulation in the presence of wAu rather than an 

upregulation by wRi. 

 

3.3.1.4. Functional enrichment analysis 

Functional enrichment analysis determines whether particular gene categories are over-

represented among a set of genes relative to what would be expected by chance. Here, 

using GOSeq (version 1.20.0)351, it was applied to two types of classification, GO terms and 

KEGG pathways, to determine whether any categories were over-represented among 

differentially expressed genes. All comparisons shown in Table 3.1 and Table 3.2 were 

tested. 

 

3.3.1.4.1. GO enrichment analysis 

GO terms are a set of descriptions of gene products developed by the Gene Ontology 

Consortium298. There are three branches, which comprise terms for describing gene 

products in terms of their associated biological process, molecular function, or cellular 

component, respectively. The numbers of significantly over-represented GO terms (FDR <  
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Gene D. simulans 

gene ID 

Reference Differentially 

expressed between 

Wolbachia infection 

statuses? 

Differentially expressed 

between testes and 

ovaries? 

Ance FBgn0262093 Xi et al. 

(2008)187 

wRi < uninfected ovaries 

wRi < wAu ovaries 

In all comparisons 

zipper FBgn0196215 Clark et al. 

(2006)189 

No In all comparisons 

Hira FBgn0188437 Zheng et al. 

(2011)190 

No In all comparisons 

grau FBgn0196547 Pinto et al. 

(2013)166 

No In all comparisons 

JhI-26 FBgn0182937 
 

Zheng et al. 

(2011)191 

Liu et al. 

(2014)192 

wRi > wAu testes 

uninfected > wAu testes 

uninfected testes > ovaries 

wRi testes > ovaries 

CG10433 FBgn0196498 
 

Liu et al. 

(2014)192 

wRi > wAu testes 

uninfected > wAu testes 

In all comparisons 

 
Table 3.3. Differential expression status of candidate host CI genes identified by other 
studies, in ovaries and testes from uninfected, wAu-infected and wRi-infected D. simulans. 
 

0.05) in each comparison are shown in Table 3.4 and Table 3.5. Lists of the terms are in 

Supplementary file 2, available in the ORA at http://ora.ox.ac.uk/objects/uuid:eb49f3cf-

cfdf-40c9-a56c-f1a05985b4c0. 

 

 

 

http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
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  Higher expression 

 
  Uninfected wAu 

Uninfected 
and wAu wRi 

L
o

w
er

 e
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Uninfected - 16 - 6 

wAu 0 - - 2 

Uninfected 
and wAu - - - 0 

wRi 11 9 0 - 
 
Table 3.4. Numbers of significantly over-represented GO terms in host genes differentially 
expressed among ovaries from uninfected, wAu-infected and wRi-infected D. simulans. 
 

 
  Higher expression 

 
  Uninfected wAu 

Uninfected 
and wAu wRi 

L
o

w
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 e
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Uninfected - 0 - 3 

wAu 68 - - 79 

Uninfected 
and wAu - - - 3 

wRi 4 0 0 - 
 
Table 3.5. Numbers of significantly over-represented GO terms in host genes differentially 
expressed among testes from uninfected, wAu-infected and wRi-infected D. simulans. 
 

The numbers of over-represented GO terms are largely consistent with the numbers of 

differentially expressed genes for each comparison, with the largest numbers of over-

represented GO terms found among genes with significantly lower expression in wAu-

infected than wRi-infected or uninfected testes. Only three GO terms were found to be 

over-represented among genes differentially expressed between wRi-infected and both 

wAu-infected and uninfected gonads. These were ‘serine-type endopeptidase activity’, 

‘serine-type peptidase activity’, and ‘serine hydrolase activity’, and were over-represented 

among genes upregulated in wRi-infected versus both wAu and uninfected testes. These 

terms are all related to each other, with ‘serine-type endopeptidase activity’ being a child 
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of ‘serine-type peptidase activity’, which is in turn a child of ‘serine hydrolase activity’, so 

it is probable that the latter two are over-represented due to their association with the 

first.  These three terms (in the order stated above) were also the most significantly 

enriched terms among genes with higher expression in wAu-infected than uninfected 

ovaries, and genes with higher expression in wAu-infected than wRi-infected ovaries. 

 

3.3.1.4.2. KEGG pathway enrichment analysis 

KEGG pathways are biological pathways defined by the Kyoto Encyclopaedia of Genes and 

Genomes, which maintains a database of the associations between genes and 

pathways352,353. No KEGG pathways were significantly enriched (FDR < 0.05) among genes 

differentially expressed between wRi-infected and both wAu-infected and uninfected 

gonads. The only KEGG pathway that was significantly enriched in any comparison was 

‘arginine and proline metabolism’, which was over-represented in genes downregulated in 

wAu-infected versus uninfected testes (FDR = 3.07x10-13). 

 

3.3.2. Identification and investigation of candidate Wolbachia CI genes 

3.3.2.1. Sequencing and read alignment 

RNA sequencing was performed on RNA extracted from separate ovaries and testes 

samples from D. simulans infected with wRi or wAu. Three replicates were sequenced for 

each sample type. In total 353,615,930 paired end reads of 100 nt were generated, 

corresponding to 35.4 Gb of data. After deduplication there were 350,548,800 reads. Using 

Bowtie (v2.1.0) for genome alignment, 4.2 % of deduplicated wRi-infected reads mapped 

to the wRi genome, and 2.1 % of deduplicated wAu-infected reads mapped to the wAu 

genome. 
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3.3.2.2. Global expression analysis 

Following alignment, quantification was performed using Cuffdiff2 (v2.2.1)346. Excluding 

tRNA and rRNA, 1,141 annotated wRi genes were identified as being expressed in wRi-

infected gonads, 1,136 in ovaries and 1,135 in testes. Excluding tRNA and rRNA, 1,233 

annotated wAu genes were identified as being expressed in wAu-infected gonads, 1,188 in 

ovaries and 1,221 in testes. 

 

Global results were visualised using CummeRbund (v0.1.3)347. There are a number of 

issues with comparing gene expression across different species, discussed in more detail 

below, and it is not possible to perform such a comparison with Cuffdiff. Therefore, 

comparisons were made between testes and ovaries for each strain; analysis of differences 

between the results of these comparisons acts as a proxy for directly comparing gene 

expression between the two species. Heatmaps representing expression levels of all 

expressed genes in testes and ovaries for each strain are shown in Figure 3.5. These 

suggest that, unlike for the host genes, overall Wolbachia gene expression in ovaries and 

testes is quite similar, though one feature that particularly stands out is the upregulation 

of a small subset of genes in wAu-infected testes compared to wAu-infected ovaries.  

 

Scatter plots show that in general expression is more dissimilar between ovaries and 

testes infected with wAu than those infected with wRi, with the trend line for the wAu plot 

being further from the line of identity (Figure 3.6). The plots also illustrate that there are 

relatively large number of genes expressed in wAu-infected testes but not at all in wAu-

infected ovaries; on the other hand, there are only a few genes with exclusive expression 

in wRi-infected testes. 
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Figure 3.5. Heatmap illustrating expression levels for all expressed Wolbachia genes in 
ovaries and testes from wAu-infected and wRi-infected D. simulans. FPKM, fragments per 
kilobase of transcript per million mapped reads. 
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Figure 3.6. Scatter plots comparing Wolbachia gene expression in ovaries and testes from 
wAu-infected (A) and wRi-infected (B) D. simulans. Bars adjacent to axes show the 
distribution of FPKM values for that sample. Dotted lines are identity lines. Blue lines are 
trend lines. 
 

3.3.2.3. Differential expression analysis 

In theory, differential expression analysis between species could be performed by directly 

comparing expression values of orthologues, accounting for interspecies differences such 

as gene length and GC content. However, as stated above, there are issues with this 

approach, and it seems it is rarely used in practice. The main problem is that differences in 

mappability between species, for example due to the presence of paralogues that cause 

reads to multiply map in one species but not the other, can make genes appear to be 

falsely differentially expressed between species354,355. Therefore differential expression 

analysis was performed between testes and ovaries in each strain separately. Orthologues 

were identified by reciprocal best hit BLAST analysis, and the lists of differentially 

expressed genes were compared to identify genes that were differentially expressed 

between ovaries and testes in one strain but whose orthologues were not differentially 

expressed in the other strain. Genes involved in CI may not necessarily be differentially 

expressed between testes and ovaries and so this approach may lead to false negatives, 
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but this was deemed to be preferable to the false positives that would likely arise from 

direct interspecies comparison. 

 

Differential expression analysis was performed using Cuffdiff2 (v2.2.1)346. In total, 289 

genes (of 1,141 expressed; 25 %) were identified as being significantly differentially 

expressed between wRi-infected testes and ovaries, and 132 genes (of 1,233 expressed; 11 

%) were identified as being significantly differentially expressed (FDR < 0.05) between 

wAu-infected testes and ovaries. The differential expression did not seem to be biased in a 

particular direction for either strain; in wRi 134 genes showed higher expression in 

ovaries and 155 showed higher expression in testes, while in wAu 65 genes showed higher 

expression in ovaries and 67 showed higher expression in testes. Lists of these genes 

along with their functional annotations, if any, and expression information, are in 

Supplementary file 3, available in the ORA at http://ora.ox.ac.uk/objects/uuid:eb49f3cf-

cfdf-40c9-a56c-f1a05985b4c0. 

 

Reciprocal best hit BLAST analysis identified 924 pairs of putative orthologues between 

wAu and wRi (excluding rRNA and tRNA), 921 of which were expressed in at least one of 

the strains. 61 (46 %) of the 132 wAu genes differentially expressed between ovaries and 

testes had putative wRi orthologues that were not differentially expressed in the same 

manner between ovaries and testes (Figure 3.7). Of these 61 genes, 33 had higher 

expression in wAu-infected ovaries and 28 had higher expression in wAu-infected testes. 

196 (68 %) of the 289 wRi genes differentially expressed between ovaries and testes had 

putative wAu orthologues that were not differentially expressed in the same manner 

between ovaries and testes (Figure 3.7). Of these 196 genes, 90 had higher expression in 

wRi-infected ovaries and 106 with higher expression in wRi-infected testes. Differentially 

expressed genes with orthologues that were not differentially expressed in the other 

Wolbachia strain are highlighted in red in the lists of genes in Supplementary file 3.  

http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
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Figure 3.7. Orthologues differentially expressed between testes and ovaries in wAu and 
wRi. Pink indicates genes upregulated in ovaries versus testes. Blue indicates genes 
upregulated in testes versus ovaries. The size of the coloured circles is proportional to the 
number of genes they represent. 
 

3.3.2.4. Functional enrichment analysis 

Functional enrichment analysis was performed using GOSeq (version 1.20.0)351 as 

described above for host genes, except unlike for D. simulans, the Wolbachia genome 

annotations do not contain GO information, so this was obtained based on BLAST hits 

using BLAST2GO (version 3.1.3)348. Genes differentially expressed between ovaries and 

testes in each Wolbachia strain were tested (upregulated and downregulated separately), 

as well as genes from these lists with orthologues that were not differentially expressed in 

the same way in the other Wolbachia strain. 

 

3.3.2.4.1. GO enrichment analysis 

No GO terms were found to be significantly over-represented (FDR < 0.05) in any set of 

genes tested. 
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3.3.2.4.2. KEGG pathway enrichment analysis 

No KEGG pathways were found to be significantly over-represented (FDR < 0.05) in any 

set of genes tested. 

 

3.3.2.4.3. Other enrichment analysis 

Further analysis was also performed to determine whether gene categories with previous 

evidence for involvement in CI – transcriptional regulators, phage genes, and ankyrin 

repeat genes – were enriched in any of the gene sets described above. None of the gene 

categories were found to be significantly over-represented (FDR < 0.05) in any set of 

genes tested. 

 

3.3.2.5. Analysis of transcriptional regulator gene expression 

As discussed in Chapter 2, the family of transcriptional regulator genes in Wolbachia are 

promising candidates for CI. One of these genes is present in the CI-inducing strain wMel 

but not in wAu (a non-CI strain)177,272, while another varies in presence between 

incompatible strains of Cx. pipiens166, and others, as demonstrated in Chapter 2, show large 

differences in sequence and organisation between wMel and wAu272. Here, the expression 

levels of these transcriptional regulator genes in wAu and wRi were analysed; firstly to 

confirm whether or not they are being expressed, and how much, and secondly to perform 

a crude comparison of expression levels between these two strains. 

 

The results show varying levels of expression among the transcriptional regulator genes, 

with some very highly expressed (Table 3.6 and Table 3.7). Three wRi transcriptional 

regulator genes – wRi005890, wRi015000 and wRi010550 – are significantly differentially 

expressed between ovaries and testes, with the paralogous genes wRi005890 and 

wRi010550 displaying higher expression in testes, and wRi015000 displaying higher 
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expression in ovaries. No wAu transcriptional regulator genes are significantly 

differentially expressed between testes and ovaries. 

 

Gene 

Expression 
in ovaries 
(percentile) 

Expression 
in testes 
(percentile) 

Log2(fold 
change) FDR 

WPWAU_0251 86 90 0.26 0.26 

WPWAU_0252 6 8 -0.03 1.00 

WPWAU_0255 10 10 -0.32 0.69 

WPWAU_0256 32 19 -1.19 0.34 

WPWAU_0257 8 0 -inf 1.00 

WPWAU_0324 91 91 0.02 0.95 

WPWAU_0686 7 0 -inf 1.00 

WPWAU_0687 37 23 -0.94 0.39 

WPWAU_0688 10 11 -0.16 0.83 

WPWAU_0691 3 5 0.23 1.00 
 
Table 3.6. Expression levels of wAu transcriptional regulator genes. Expression levels are 
given as percentile of overall expression of all genes in that tissue. Log2(fold change) and 
FDR values are for FPKM values in testes relative to those in ovaries. Genes are colour-
coded as in Figure 2.8, with genes thought to be paralogous within strains and paralogous 
or orthologous between strains depicted in the same colour. 
 

Gene 

Expression 
in ovaries 
(percentile) 

Expression 
in testes 
(percentile) 

Log2(fold 
change) FDR 

wRi005840 19 16 -0.46 0.14 

wRi005850 11 8 -0.45 0.28 

wRi005880 14 16 0.36 0.34 

wRi005890 79 89 0.60 0.00 

wRi010500 20 15 -0.70 0.02 

wRi010510 14 9 -0.69 0.07 

wRi010540 13 16 0.42 0.24 

wRi010550 77 88 0.69 0.00 
 
Table 3.7. Expression levels of wRi transcriptional regulator genes. Expression levels are 
given as percentile of overall expression of all genes in that tissue. Log2(fold change) and 
FDR values are for FPKM values in testes relative to those in ovaries. Significant FDR 
values are highlighted in bold. Genes are colour-coded as in Figure 2.8, with genes thought 
to be paralogous within strains and paralogous or orthologous between strains depicted 
in the same colour. 
 

The genes colour-coded in red in Table 3.6 and Table 3.7 were identified in Chapter 2 as 

particularly promising candidates for CI. In wAu, these genes are predicted as coding 
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sequences (CDSs) even though there has been a frameshift relative to the orthologous 

genes in wRi that would cause premature termination. The wAu paralogues WPWAU_0257 

and WPWAU_0686 are predicted CDSs downstream of the frameshift. These genes had 

relatively low expression (8th and 7th percentile) in ovaries and no expression in testes. 

The wAu paralogues WPWAU_0256 and WPWAU_0687 are predicted CDSs upstream of the 

frameshift, and appeared to have a reasonable level of expression (32nd-38th percentile). 

These results suggest that these genes may still be active, but they likely have different 

functions to their counterparts in wRi due to their truncation. The wRi counterparts of this 

gene, wRi005840 and wRi01550 are also expressed (16th-20th percentile), and interestingly 

wRi015500 has significantly higher expression in ovaries than testes. 

 

There also appear to be differences between strains in the most highly expressed 

transcriptional regulator genes. The most highly expressed of the transcriptional regulator 

genes in wAu, WPWAU_0324 (91st percentile in both testes and ovaries) lacks an 

orthologue in wRi. WPWAU_0251 is also highly expressed in wAu; its two orthologues 

wRi005890 and wRi010550, are also highly expressed in wRi, but unlike in wAu, in wRi the 

expression is significantly higher in testes for both orthologues. 

 

3.3.3. Identification and investigation of candidate host viral inhibition genes 

3.3.3.1. Sequencing and read alignment 

RNA sequencing was performed on RNA extracted from whole adult Ae. albopictus 

mosquitoes. Three replicates were sequenced for each sample type. In total 904,411,738 

reads of 101 nt were generated, corresponding to 91.3 Gb of data. After trimming and 

quality filtering a total of 896,792,764 paired end reads were used for genome alignment 

with TopHat2 (v2.0.11). 67.9 % of these mapped to the Ae. albopictus genome. 
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3.3.3.2. Transcript assembly 

Unlike the completed D. simulans and Wolbachia genome assemblies used above, the 

genome of Ae. albopictus is relatively poorly assembled, having only been recently 

sequenced, and comprises 401,027 scaffolds356. The genome annotation was completed at 

the same time, and is also likely to be of lower quality than those of organisms that have 

better genome assemblies and/or are more well studied. For these reasons, it was decided 

to generate a transcript assembly for expression quantification, rather than simply 

quantifying expression of pre-annotated transcripts as for D. simulans and Wolbachia 

above. Due to the very fragmented genome assembly, it was decided to generate a de novo 

assembly with Trinity, in addition to an assembly based on alignment to the genome, and 

compare the assemblies to decide which to take forward. The de novo assembly was 

generated using Trinity (version 2014/07/17)343. The alignment-based assembly was 

generated using Cufflinks (v2.2.1)341 with RABT methodology341, followed by merging of 

assemblies from different samples with Cuffmerge (v1.0.0)342. Basic assembly statistics 

were evaluated, in addition to an assembly score using RSEM-EVAL345. The results are 

shown in Table 3.8, along with assembly statistics for the Ae. aegypti AaegL3.3 

transcriptome assembly from VectorBase; as the two species are closely related, Ae. 

albopictus transcriptome statistics should be similar to those of Ae. aegypti. 

 
Table 3.8. Assembly statistics for Ae. albopictus de novo and alignment-based 
transcriptomes and Ae. aegypti transcriptome. nt, nucleotide. 
 

Assembly 
Assembly 
size (nt) 

Number 
of genes 

Number of 
transcripts 

Mean 
transcript 
length (nt) 

N50 
transcript 
length (nt) 

RSEM-
EVAL 
score 
(x109) 

Alignment-
based 
assembly 129,369,955 40,568 67,586 1,914 3,067 -48.4 

De novo 
assembly 46,521,043 51,757 74,934 1,090 2,071 -35.1 

Ae. aegypti 
transcriptome 
assembly 
AaegL3.3 32,498,104 17,478 18,840 1,725 2,392 - 
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The alignment-based assembly was taken forward for further analysis, based on these 

results and for ease of downstream analysis – the de novo assembly contains only newly 

predicted transcripts and genes with no associated information, whereas the alignment-

based assembly contains many transcripts and genes derived from the pre-existing 

annotation, which is useful for determining information about the transcripts, and 

reciprocally for adding information to the geneset that will be used as a reference by 

others in future. 

 

3.3.3.3. Global expression analysis 

Following alignment, quantification was performed using Cuffdiff2 (v2.2.1)346. Global 

results were visualized using CummeRbund (v0.1.3)347. A heatmap representing 

expression levels of all expressed genes in each of the three sample types is shown in 

Figure 3.7. At first glance this suggests that overall gene expression among the different 

Wolbachia infection statuses is fairly similar, particularly between wMel-infected and 

uninfected mosquitoes. The dendogram in Figure 3.8 shows more clearly that these are 

closer to each other than to wAlb-infected mosquitoes in terms of global gene expression. 

 

Scatter plots and volcano plots between the samples do not reveal a pronounced direction 

for the differences (Figure 3.9 and Figure 3.10), indicating both significant upregulation 

and downregulation in all comparisons.  
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Figure 3.7. Heatmap illustrating expression levels for all expressed host genes in 
uninfected, wAlb-infected and wMel-infected Ae. albopictus. FPKM, fragments per kilobase 
of transcript per million mapped reads. 
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Figure 3.8. Dendrogram showing similarity in terms of host gene expression among 
uninfected, wAlb-infected, and wMel-infected Ae. albopictus, based on Jensen-Shannon 
distances, with biological replicates combined (A) or separate (B). 
 

 

 

 

 

	

A 

B 



 123 

 

Figure 3.9. Scatter plots comparing host gene expression in uninfected, wAlb-infected and 
wMel-infected Ae. albopictus. Plots between identical samples show the distribution of 
FPKM values for that sample. Dotted lines are identity lines. FPKM, fragments per kilobase 
of transcript per million mapped reads. 
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Figure 3.10. Volcano plots comparing host gene expression in ovaries and testes from 
uninfected, wAlb-infected and wMel-infected Ae. albopictus. Red = significantly 
differentially expressed. Black = not significantly differentially expressed. 
 

3.3.3.4. Differential expression analysis 

Differential expression analysis was performed using Cuffdiff2 (v2.2.1)346. In total, 11,901 

genes (of 40,568 expressed; 29 %) were identified as being significantly differentially 

expressed between at least two of the different Wolbachia infection statuses. The numbers 

of significantly upregulated and downregulated genes in each comparison are shown in 

Table 3.9. Additional comparisons were made between wMel-infected versus uninfected 
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and wAlb-infected mosquitoes combined, as these are the genes most likely to be involved 

in viral inhibition as opposed to some other Wolbachia-host interaction. Lists of these 

genes along with their functional annotations, if any, and expression information, is 

available at https://www.dropbox.com/sh/3rpx4dsss6xnh46/AACHJYAWS1Be-ynz-

X37NG8ua?dl=0. 

 
  Higher expression 

 
  Uninfected wAlb 

Uninfected 
and wAlb wMel 

L
o

w
er

 e
xp

re
ss

io
n

 

Uninfected - 3,388 - 2,539 

wAlb 2,346 - - 3,858 

Uninfected 
and wAlb - - - 1,583 

wMel 2,450 4,912 1,381 - 
 
Table 3.9. Numbers of significantly differentially expressed host genes in uninfected, 
wAlb-infected and wMel-infected Ae. albopictus. 
 

3.3.3.4.1. Genes exclusively expressed or unexpressed in wMel-infected mosquitoes 

Genes that are expressed exclusively or have no expression exclusively in wMel-infected 

mosquitoes compared to both wAlb-infected and uninfected gonads may be particularly 

good candidates for involvement in viral inhibition. The numbers of exclusively expressed 

or unexpressed genes in each comparison are shown in Table 3.10. List of these genes 

along with their functional annotations, if any, and expression information, are in 

Supplementary file 4, available in the ORA at http://ora.ox.ac.uk/objects/uuid:eb49f3cf-

cfdf-40c9-a56c-f1a05985b4c0. 

 

Many of these genes had low expression levels even in the samples in which they were 

expressed, and so could represent false positives. Therefore the number of genes with a 

mean expression level above 10 FPKM in the sample types in which they were expressed  

 

http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
http://ora.ox.ac.uk/objects/uuid:eb49f3cf-cfdf-40c9-a56c-f1a05985b4c0
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  Expression 

 
  Uninfected wAlb 

Uninfected 
and wAlb wMel 

N
o

 e
xp

re
ss

io
n

 Uninfected - 601 (171) - 138 (34) 

wAlb 440 (128) - - 501 (157) 

Uninfected 
and wAlb - - - 64 (19) 

wMel 299 (68) 879 (262) 164 (35) - 
 
Table 3.10. Numbers of exclusively expressed or unexpressed host genes in uninfected, 
wAlb-infected and wMel-infected Ae. albopictus. Numbers in brackets indicate the number 
of genes with a mean expression level above 10 FPKM in the sample types in which they 
are expressed. 
 

was also determined. Most genes exclusively expressed in wMel-infected mosquitoes were 

not annotated and could not be assigned anyfunctional information. However, seven of the 

nine genes that were exclusively expressed in wMel-infected mosquitoes and were 

annotated with a molecular function were annotated with the function of odorant binding 

(a significantly over-represented category in genes upregulated in wMel-infected versus 

both wAlb-infected and uninfected mosquitoes; see below). 

 

3.3.3.5. Functional enrichment analysis 

Functional enrichment analysis was performed using GOSeq (version 1.20.0)351 as 

described above for investigation of candidate CI genes. The Ae. albopictus genome 

annotation does not contain GO information, so again this was obtained based on BLAST 

hits using BLAST2GO (version 3.1.3)348. 

 

3.3.3.5.1. GO enrichment analysis 

For genes upregulated in wMel-infected versus both wAlb-infected and uninfected 

mosquitoes, 43 GO terms were found to be significantly over-represented (FDR < 0.05) 

(Table 3.11). For genes downregulated in wMel-infected versus both wAlb-infected and 
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uninfected mosquitoes, 33 GO terms were found to be significantly over-represented (FDR 

< 0.05) (Table 3.12). 

GO ID Term Category FDR 
GO:0004252 serine-type endopeptidase activity MF 6.57E-13 
GO:0008236 serine-type peptidase activity MF 1.41E-12 
GO:0017171 serine hydrolase activity MF 1.41E-12 

GO:0016705 
oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen MF 1.32E-10 

GO:0020037 heme binding MF 1.87E-10 
GO:0046906 tetrapyrrole binding MF 1.91E-10 
GO:0004497 monooxygenase activity MF 7.27E-10 
GO:0005506 iron ion binding MF 9.34E-09 
GO:0005576 extracellular region CC 9.34E-09 
GO:0006508 proteolysis BP 2.73E-08 
GO:0003824 catalytic activity MF 3.74E-08 
GO:0055114 oxidation-reduction process BP 3.91E-08 
GO:0016491 oxidoreductase activity MF 9.68E-08 
GO:0005549 odorant binding MF 2.29E-07 
GO:0004175 endopeptidase activity MF 1.07E-06 
GO:0016787 hydrolase activity MF 1.31E-06 
GO:0008233 peptidase activity MF 2.20E-06 
GO:0070011 peptidase activity, acting on L-amino acid peptides MF 7.07E-06 
GO:0006040 amino sugar metabolic process BP 1.83E-05 
GO:0008061 chitin binding MF 4.75E-05 
GO:0006030 chitin metabolic process BP 4.75E-05 
GO:1901071 glucosamine-containing compound metabolic process BP 6.52E-05 
GO:0006022 aminoglycan metabolic process BP 1.11E-04 
GO:0006760 folic acid-containing compound metabolic process BP 1.62E-04 
GO:0042558 pteridine-containing compound metabolic process BP 4.60E-04 
GO:0042302 structural constituent of cuticle MF 7.24E-04 
GO:0005215 transporter activity MF 7.95E-04 
GO:0016798 hydrolase activity, acting on glycosyl bonds MF 9.26E-04 

GO:0009396 folic acid-containing compound biosynthetic process BP 1.35E-03 
GO:1901607 alpha-amino acid biosynthetic process BP 1.88E-03 
GO:0005615 extracellular space CC 1.88E-03 

GO:0004553 
hydrolase activity, hydrolyzing O-glycosyl 
compounds MF 2.15E-03 

GO:0008237 metallopeptidase activity MF 2.40E-03 
GO:0042559 pteridine-containing compound biosynthetic process BP 3.19E-03 
GO:0016053 organic acid biosynthetic process BP 3.19E-03 
GO:0046394 carboxylic acid biosynthetic process BP 3.19E-03 
GO:0008652 cellular amino acid biosynthetic process BP 8.49E-03 
GO:0044421 extracellular region part CC 1.12E-02 

GO:0016646 
oxidoreductase activity, acting on the CH-NH group of 
donors, NAD or NADP as acceptor MF 1.44E-02 

GO:0042398 cellular modified amino acid biosynthetic process BP 1.91E-02 

GO:0016701 
oxidoreductase activity, acting on single donors with 
incorporation of molecular oxygen MF 2.42E-02 

GO:0044283 small molecule biosynthetic process BP 2.57E-02 
GO:0016998 cell wall macromolecule catabolic process BP 3.18E-02 

 
Table 3.11. GO terms significantly over-represented among genes upregulated in wMel-
infected versus both uninfected and wAlb-infected Ae. albopictus. BP = biological process. 
CC = cellular component. MF = molecular function 
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GO ID Term Category FDR 
GO:0005634 nucleus CC 1.64E-07 
GO:0016568 chromatin modification BP 4.21E-04 
GO:0003677 DNA binding MF 5.50E-04 
GO:0051276 chromosome organization BP 6.12E-04 
GO:0006325 chromatin organization BP 6.12E-04 
GO:0016569 covalent chromatin modification BP 8.40E-04 
GO:0016570 histone modification BP 8.40E-04 
GO:0005488 binding MF 1.55E-03 
GO:0000123 histone acetyltransferase complex CC 1.55E-03 
GO:0031248 protein acetyltransferase complex CC 1.55E-03 
GO:1902493 acetyltransferase complex CC 1.55E-03 
GO:0018205 peptidyl-lysine modification BP 1.55E-03 
GO:0043231 intracellular membrane-bounded organelle CC 2.06E-03 
GO:0043227 membrane-bounded organelle CC 2.06E-03 
GO:0004402 histone acetyltransferase activity MF 7.79E-03 
GO:0090595 acetyl-CoA:L-lysine N6-acetyltransferase MF 7.79E-03 
GO:0043189 H4/H2A histone acetyltransferase complex CC 1.03E-02 
GO:1902562 H4 histone acetyltransferase complex CC 1.03E-02 
GO:0016573 histone acetylation BP 1.16E-02 
GO:0003676 nucleic acid binding MF 1.17E-02 
GO:0006473 protein acetylation BP 1.40E-02 
GO:0006475 internal protein amino acid acetylation BP 1.40E-02 
GO:0018393 internal peptidyl-lysine acetylation BP 1.40E-02 
GO:0018394 peptidyl-lysine acetylation BP 1.40E-02 
GO:0005694 chromosome CC 1.79E-02 
GO:0006338 chromatin remodeling BP 1.79E-02 
GO:0043543 protein acylation BP 1.84E-02 
GO:0044428 nuclear part CC 2.03E-02 
GO:0005654 nucleoplasm CC 2.09E-02 
GO:0005657 replication fork CC 2.14E-02 
GO:0006260 DNA replication BP 2.66E-02 
GO:0046872 metal ion binding MF 3.82E-02 
GO:0044427 chromosomal part CC 3.95E-02 

 
Table 3.12. GO terms significantly over-represented among genes downregulated in 
wMel-infected versus both uninfected and wAlb-infected Ae. albopictus. BP = biological 
process. CC = cellular component. MF = molecular function. 
 

3.3.3.5.2. KEGG pathway enrichment analysis 

No KEGG pathways were significantly enriched (FDR < 0.05) among genes differentially 

expressed between wMel-infected and both wAlb-infected and uninfected mosquitoes. The 

‘oxidative phosphorylation’ and ‘taurine and hypotaurine metabolism’ pathways were 

significantly over-represented in genes upregulated in wMel-infected versus wAlb-

infected mosquitoes (FDR = 2.02x10-5 and 2.62x10-2 respectively). The ‘oxidative 

phosphorylation’ pathway was also significantly over-represented in genes upregulated in 

uninfected versus wAlb-infected mosquitoes (FDR = 1.34x10-6). 
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3.3.3.5.3. Dengue virus host factor enrichment analysis 

Genome-wide screening has previously identified putative dengue virus host factors 

(DVHFs) implicated in dengue virus propagation in D. melanogaster cells350. To determine 

whether such DVHFs might be involved in dengue inhibition by wMel, Ae. albopictus 

orthologues were determined, and enrichment analysis performed to establish whether 

these genes are over-represented among genes differentially expressed between 

uninfected, wAlb-infected and wMel-infected Ae. albopictus.  

 

With multiple testing correction, putative Ae. albopictus DVHFs are not significantly over-

represented (FDR < 0.05) in any set of differentially expressed genes, though without 

multiple testing correction, DVHFs are significantly over-represented in genes 

upregulated in wMel-infected versus uninfected Ae. albopictus. 

 

3.4. Discussion 

Here comparative transcriptomics has been used to identify and investigate host and 

Wolbachia genes potentially involved in CI, as well as candidate host genes potentially 

involved in viral inhibition by Wolbachia. This high-throughput, genome-wide approach 

represents the first known time that RNA-seq has been used for these purposes. 

Furthermore, while RNA-seq has been performed to identify genes involved in Wolbachia-

host symbiosis in filarial nematodes321,326,357 and D. melanogaster322, this represents the 

first known transcriptomic analysis of any kind aiming to identify Wolbachia genes 

involved in viral inhibition and CI. 

 

3.4.1. Identification and investigation of candidate host CI genes 

Candidate host CI genes were identified and investigated by comparative transcriptomic 

analysis in D. simulans ovaries and testes infected with wAu or wRi, or uninfected. Global 

expression analysis revealed that for neither testes nor ovaries was wRi-infected tissue 
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more different to wAu-infected than to uninfected tissue, suggesting that most genes 

whose expression is affected by Wolbachia are not involved in CI, but another Wolbachia-

host interaction. wRi-infected testes were actually more similar to uninfected than to wAu-

infected testes, with a large number of genes downregulated in wAu-infected testes. There 

were a wide variety of GO terms over-represented among these downregulated genes, 

several associated with metabolism but also some associated with mating and 

reproduction. At first glance this seems a surprising result; it might be expected that wRi-

infected testes would be the most different, as wRi induces the additional phenotype of CI. 

Different densities of wAu and wRi in the testes may play a role in this observation. wAu 

has been found to be at higher titres in various tissues, including testes (no information 

for ovaries), than a number of other Wolbachia strains, including wRi235. It might be 

expected that higher densities of Wolbachia would have a greater effect on global gene 

expression. Interestingly, wAu has been found to confer greater protection against viruses 

than does wRi218. The degree of protection was found to correlate with wAu density235, 

which could be consistent with the idea of greater Wolbachia densities having a larger 

effect on host gene expression. It is also possible that there are other factors involved in 

the viral inhibition that may help to explain the more pronounced effect on host gene 

expression by wAu than wRi.  

 

Another factor that could affect regulation of host gene expression by Wolbachia is the age 

of the association between the Wolbachia and its host. It is difficult to comment further on 

this, however, as it is not clear which direction, if any, the effect would take, or which 

association is older, with some evidence suggesting wAu is a relatively recent acquisition 

by D. simulans358, and other evidence suggesting it is ancient272.  

 

KEGG pathway enrichment analysis did not reveal any significantly over-represented 

pathways among host genes differentially expressed between wRi-infected and both wAu-
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infected and uninfected gonads. A low number of genes associated with a pathway was 

likely a factor in this. However, GO enrichment analysis revealed that serine-type 

endopeptidase activity (along with two of its ancestral terms) was enriched in genes 

upregulated in wRi-infected versus both wAu-infected and uninfected testes, and was also 

the most significantly enriched term among genes upregulated in wAu-infected versus 

wRi-infected or uninfected ovaries. One of the four genes with expression in wAu-infected 

and uninfected but not wRi-infected ovaries was also annotated with this function. 

 

Serine-type endopeptidases (also known as serine proteases) are enzymes that catalyse 

the cleavage of peptide bonds in proteins, using the amino acid serine at the active site359. 

They can be categorised as either trypsin-like or subtilisin-like360. InterPro annotations 

suggest that the products of all seven serine protease genes upregulated in wRi-infected 

versus uninfected and wAu-infected testes are trypsin-like. Members of this family 

perform a wide range of functions361-363, with evidence suggesting roles in immune 

response, development, and other processes in Drosophila (summarised by Shah et al.364). 

Consistent with their identification here as candidate CI genes, serine proteases are also 

heavily involved in reproduction in Drosophila. A high proportion of proteins in Drosophila 

seminal fluid are serine proteases or serine protease inhibitors of unknown function365-367, 

like the predicted products of the genes found here to be upregulated in wRi-infected 

versus uninfected and wAu-infected testes. Proteases expressed in Drosophila females are 

also thought to play a role in mating, by cleaving proteins transferred by the male368-373. 

Reproduction in other insects374,375, as well as mammals376, also involves proteases. There 

is insufficient evidence to conclude that the serine endopeptidase genes identified here 

have a role in CI, and enrichment of serine-type endopeptidase activity among genes 

upregulated in ovaries by wAu but not wRi fails to support a role for these proteins in CI in 

this tissue. However, enrichment of this category in wRi-infected testes combined with its 
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known involvement in reproduction make them promising candidates for further 

investigation. 

 

Other promising host candidates include FBgn0190622 and FBgn0194931, which are 

downregulated in both wRi-infected testes and ovaries compared to their wAu-infected 

and uninfected counterparts, and are annotated with a domain associated with male 

sterility in Arabidopsis and Drosophila. In Arabidopsis, the protein with this domain, MALE 

STERILITY 2, is involved in male gametogenesis, and leads to abnormalities in pollen 

development when mutated377. This is consistent with the effective sterility of males with 

incompatible females in CI. It is interesting that wRi appears to regulate all three of these 

genes in the same direction in both testes and ovaries. Other studies have found candidate 

CI genes that appear to be regulated in opposite directions in male and female hosts, for 

example Ance, which was upregulated in ovaries and downregulated in testes187. Such a 

pattern fits with a model of CI in which modification involves alteration of host gene 

expression in males and rescue involves a compensatory opposing alteration in females. 

However, it is also possible that the compensatory alteration could be in the same 

direction, to bring expression in females ‘in line’ with that in males. Consistent with this, 

the host gene grauzone, which affected CI when knocked down, was found to be 

upregulated by Wolbachia infection in both ovaries and testes in the mosquito Cx. 

quinquefasciatus166.   

 

FBgn0262093 (Ance), mentioned above, is another interesting candidate. This gene was 

previously identified as being differentially expressed in infected and uninfected 

Drosophila, with upregulation in Wolbachia-infected versus uninfected ovaries, and 

downregulation in Wolbachia-infected versus uninfected testes187. This was consistent for 

a number of Wolbachia strains, including wRi. In addition, the penetrance of CI was 

reduced in incompatible crosses with females carrying a loss-of-function mutation in Ance. 
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This gene is required for spermiogenesis in Drosophila188, consistent with a role in CI. 

However, the differential expression of Ance here was found to be in the opposite 

direction to that of the previous study, with significantly lower expression in wRi-infected 

versus both uninfected and wAu-infected ovaries. There was no significant difference 

among testes. The inconsistency of the findings with those of the previous study could 

reflect differences between D. melanogaster and D. simulans associations with Wolbachia, 

or the older adult females used here, but downregulation by CI-inducing Wolbachia in 

ovaries would seem to be more consistent with the finding that loss of function of the gene 

partially rescues CI. Analysis of other candidate genes identified in other studies also 

revealed different results. JhI-26 and CG10433, identified as being upregulated in wMel-

infected D. melanogaster testes191,192, appeared to be downregulated by wAu, but were not 

upregulated in wRi-infected versus uninfected testes. It should be borne in mind that the 

candidate genes identified in other studies were identified in other species, and there may 

be differences in the mechanisms of CI between different Wolbachia strains and different 

hosts. 

 

3.4.2. Identification and investigation of candidate Wolbachia CI genes 

Candidate Wolbachia CI genes were identified and investigated by comparative 

transcriptomic analysis in D. simulans ovaries and testes infected with wRi or wAu. Global 

expression analysis suggested that there was more of an overall difference between gene 

expression in testes and ovaries for wAu. Possibly consistent with the effect on host gene 

expression in wAu-infected testes, a relatively large number of wAu genes were expressed 

in testes but not in ovaries.  

 

In contrast to the results of the global analysis, the number of genes significantly 

differentially expressed between testes and ovaries was actually higher in wRi. A high 

proportion of differentially expressed genes in both strains had orthologues in the other 
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strain that were not differentially expressed in the same manner, consistent with the 

differing phenotypes of the strains. 

 

Functional enrichment analysis did not identify any significantly over-represented 

categories among the differentially expressed genes. Insufficient functional annotations 

were likely a factor in this. Analysis of transcriptional regulator gene expression, however, 

did yield interesting results. The most promising genes identified in Chapter 2, containing 

a frameshift that would lead to premature termination in wAu, appeared to be expressed 

in both strains. Some transcriptional regulator genes, including two with relatively high 

expression, were differentially expressed between testes and ovaries in wRi, but none 

were in wAu. The most highly expressed transcriptional regulator gene in wAu is one that 

is absent in wRi. Taken together, these findings lend support to the hypothesis that these 

genes are involved in CI. 

 

3.4.3. Identification and investigation of candidate host viral inhibition genes 

Candidate host genes involved in viral inhibition by Wolbachia were identified by 

comparative transcriptomic analysis in Ae. albopictus infected with its natural strains 

wAlbA and wAlbB, wMel, which inhibits dengue and chikungunya viruses, or uninfected 

with Wolbachia. Global expression analysis revealed a greater difference between wAlb-

infected and uninfected mosquitoes than between wMel-infected and uninfected 

mosquitoes, suggesting that viral inhibition does not involve as many host genes as other 

Wolbachia-host interactions. 

 

Nonetheless, large numbers of genes were found to be differentially expressed between 

wMel-infected and both wAlb-infected and uninfected mosquitoes. Several gene categories 

were found to be enriched among these genes. For genes upregulated by wMel, 

interestingly the top three over-represented GO terms were ‘serine-type endopeptidase 
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activity’, ‘serine-type peptidase activity’ and ‘serine-hydrolase activity’, the same three 

terms found to be over-represented in D. simulans testes infected with the CI strain wRi 

versus those infected with the non-CI strain wAu or uninfected, as discussed above. It is 

possible that the enrichment of these terms here also represents their involvement in CI; 

wMel-infected Ae. albopictus displays unidirectional incompatibility with uninfected and 

bidirectional incompatibility with wAlb-infected Ae. albopictus122. Though as discussed 

previously, serine-type endopeptidases do have a wide variety of roles, so it is also 

possible that they are involved in the viral inhibition phenotype. 

 

The other most significantly over-represented terms could be consistent with a role of 

ROS in viral inhibition by Wolbachia, as suggested by previous studies243,244, although 

work on this particular transinfection failed to support this hypothesis378. ROS are 

produced as a by-product of oxidative phosphorylation or as a response to 

pathogens379,380. Consistent with a role of ROS in viral inhibition, genes involved in the 

KEGG pathway ‘oxidative phosphorylation’ were over-represented in wMel-infected 

versus uninfected Ae. albopictus. This pathway was also strongly implicated in the 

response to dengue infection in Ae. aegypti381. In addition, several of the over-represented 

terms, including some of the most significant, are related to redox reactions, such as 

‘oxidoreductase activity’ and ‘oxidation-reduction process’. Heme, which is an iron-

containing tetrapyrrole, is a pro-oxidant molecule that has shown to be involved in redox 

homeostasis in insects382, and is also found in NADPH oxidase, one of the enzymes 

responsible for generation of ROS383,384. Consistent with this, ‘heme binding’, ‘tetrapyrrole 

binding’ and ‘iron ion binding’ were three of the most significantly over-represented 

terms. However, over-representation of these terms does not necessarily imply increased 

generation of ROS. Other studies have also supported an effect of Wolbachia on host iron 

metabolism, but in a way that suggests it protects hosts from oxidative stress385,386. Iron 
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metabolism is involved in many cellular processes, and its alteration by Wolbachia may 

reflect various host-symbiont interactions387.  

 

The terms mentioned above are also related to metabolism, as were many of the other 

over-represented terms associated with genes upregulated by wMel. This could be 

consistent with the theory that pathogen inhibition by Wolbachia is mediated by 

competition for resources, such as cholesterol223,258 with increased metabolic demands 

from wMel compared to wAlb limiting resources available to viruses. Support for 

alteration of metabolism by wMel in Ae. albopictus comes from work showing that wMel-

infected as well as wMelPop-infected Ae. albopictus cell lines displayed altered host lipid 

composition, with a reduced availability of lipids that may be important to virus 

propagation388. A possible explanation for higher metabolic demands of wMel is that it is 

found at much higher titres in Ae. albopictus than is wAlb122. Other studies have also found 

protective Wolbachia to be at higher titres than Wolbachia that do not display pathogen 

inhibition112,223,231,235-237. 

 

Another quite significantly over-represented term was ‘odorant binding’, and this function 

was also associated with a high proportion of genes with functional information expressed 

exclusively in wMel-infected mosquitoes. It is not certain why this should be the case, or 

whether it has a role in viral inhibition by Wolbachia. It is hard to envisage a mechanism 

by which this would be the case, though it is conceivable that Wolbachia might upregulate 

the feeding behavior of its hosts in order to meet increased metabolic demands, which 

might involve upregulation of odorant binding. Increased feeding and foraging behavior 

due to infection has been observed in other insects389,390. However, this is only speculation 

here, and in fact the Wolbachia strain wMelPop was found to decrease blood-feeding 

success in Ae. aegypti, albeit only in older mosquitoes391. Nonetheless, this finding does 
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raise an interesting ethical point regarding the use of Wolbachia transinfections for 

disease control, as increased feeding behavior would be an undesirable characteristic. 

 

Interestingly, none of the over-represented GO terms were obviously immune-related, and 

only three of the 2,964 genes differentially expressed in wMel-infected versus both wAlb-

infected and uninfected Ae. albopictus had the word ‘immune’ in either their annotation or 

associated GO terms. Several other studies have suggested a role for an immune response 

in pathogen inhibition by Wolbachia202,222,225,249,327. However, previous work on this 

particular wMel transinfection found that while upregulation of three immune genes was 

observed initially, there was no significant upregulation after ten generations122, and 

further work on a wider range of immune genes also failed to reveal immune 

upregulation388, consistent with the apparent lack of immune upregulation shown here. 

Furthermore, the scale of even the initial upregulation found by Blagrove et al.122 was 

much lower than that observed for wMelPop in Ae. aegypti225 and An. gambiae202. A 

transinfection of Ae. aegypti with wMel also displayed lower immune upregulation than 

the Ae. aegypti wMelPop transinfection250. In its native host D. melanogaster, wMel was 

found to confer viral resistance without any observed immune upregulation250. Along with 

other studies, these results suggest that the combination of host and Wolbachia affects 

whether immune upregulation occurs or not, and it has been proposed that chronic 

immune upregulation may only occur when a previously Wolbachia-naïve host is 

transinfected with Wolbachia. Consistent with this, the results here do not support 

immune upregulation as a mechanism for viral inhibition by wMel in Ae. albopictus. 

 

There was also enrichment of many GO terms in genes downregulated in wMel-infected 

versus both wAlb-infected and uninfected Ae. albopictus. These mostly constituted terms 

associated with chromatin modification, particularly histone acetylation. This process 

relaxes the structure of chromatin, making the DNA more accessible to transcription 
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factors and increasing the level of transcription. Previous studies have also found 

epigenetic effects of Wolbachia – cytosine methylation, associated with decreased 

transcription, was altered by wMelPop in Ae. aegypti392, and methylation profiles 

correlated with the Wolbachia-induced trait of feminisation in a leafhopper393. 

Furthermore, in Ae. aegypti cells, wMelPop was found to downregulate the Ae. aegypti 

methyltransferase responsible for cytosine methylation, and this was linked to dengue 

inhibition by wMelPop267. Our findings here provide supporting evidence for epigenetic 

regulation of gene expression by Wolbachia, though it is the first known time an effect on 

acetylation has been suggested. 

 

Overall, our results do not support immune upregulation as a mechanism for Wolbachia-

induced viral inhibition at least in this particular transinfection, but are consistent with 

other theories such as generation of ROS and effects on metabolism. Of course it is 

possible that several mechanisms may be involved, and different Wolbachia-host 

combinations may display different mechanisms. Transcriptomic analysis of Wolbachia 

genes involved would also be beneficial, as discussed above for investigation of CI. 

 

3.4.4. Conclusions 

These analyses represent the first known use of RNA-seq to identify and investigate 

candidate host and Wolbachia genes involved in CI, and host genes involved in viral 

inhibition by Wolbachia. It is the first known time that any transcriptomic analysis has 

been performed in Wolbachia to identify genes involved in these Wolbachia-host 

interactions. 

 

It should be noted that there are limitations to the interpretation of the findings presented 

here. Firstly, while the host insects were backcrossed to homogenise the genetic 

background, there could still have been extraneous variables resulting from different host 
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strains that affected gene expression. For example, Wolbachia density has been shown to 

increase with lab adaptation394,395, so variations in time since lab colonisation could have 

affected Wolbachia density, which may in turn have affected gene expression. In addition, 

due to the expense of RNA-seq, only one time point was taken for each sample type in all 

cases. It could be that there are genes involved in CI or viral inhibition that are active at 

different ages that have been missed here. Furthermore, developmental stage is likely to 

affect expression of genes involved in CI in germ cells. The samples here were timed to 

provide a mix of stages of germ cells, but this could obscure important differences in gene 

expression in individual stages. For the investigation into the mechanism of pathogen 

inhibition, whole mosquitoes were used for RNA-seq. Analysis of individual tissues, such 

as midgut, haemocel and salivary glands, may yield improved understanding of the 

pathogen inhibition mechanism. 

 

In addition to limitations relating to the samples, there were also limitations to the 

computational analysis. Wolbachia genes were only classed as candidate CI genes if they 

were differentially expressed between ovaries and testes in one Wolbachia strain but not 

the other, which may exclude some valid candidates.  In addition, the host transcriptomic 

analyses here have focused on protein-coding genes; it could be that non-coding RNAs 

play a role in Wolbachia-host interactions. Consistent with this, several studies have found 

differences in host microRNA expression in Wolbachia infection319,396,397, and suggested a 

role for host microRNAs in dengue inhibition by Wolbachia267,398. 

 

It should also be noted that quantification by RNA-seq is not always accurate, and 

promising findings on individual genes would benefit from qRT-PCR validation. 

Furthermore, expression at the mRNA level does not necessarily correlate with expression 

at the protein level; proteomic analysis would be useful in all cases. Nevertheless, this 
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work has yielded interesting results on Wolbachia-host interactions and provided several 

candidates for further investigation. 
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  4   Identification of candidate genes for 

transgenic control of pest insects  
 

4.1. Introduction 

An alternative strategy to the use of Wolbachia for insect control is the release of 

transgenic insects carrying synthetic constructs that lead to population suppression, as 

discussed in Chapter 1. This chapter focuses on the identification of components that 

could be used in such synthetic constructs. 

 

4.1.1. Searching for Ae. aegypti sex locus 

4.1.1.1. Sex determination in Ae. aegypti 

Unlike many species, including most other insects, Ae. aegypti does not possess 

heteromorphic sex chromosomes, with sex determined instead by a region on a 

chromosome399. Males are the heterogametic sex, with a dominant allele designated M and 

a recessive allele designated m, while females have the genotype mm400. At the time this 

work was undertaken, linkage and physical mapping had revealed the sex locus to be close 

to the centromere of chromosome 1, in region 1q21401-405, but its nature, mechanism, and 

sequence had not been determined. Y chromosomes are highly repetitive and 

heterochromatic, leading to difficulties in sequencing and assembly406. It is likely that 

discovery of the sex locus has been impeded for the same reasons; consistent with this, 

intense staining of region 1q21 suggests that it is also heterochromatic405. Since this work 

was performed, a gene designated Nix has since been determined to be the male-

determining M factor104, but the efforts here to identify the sex locus prior to this 

discovery will be discussed nonetheless.  
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4.1.1.2. Potential uses of sex locus for transgenic control 

There are various ways in which the sex locus could be used for transgenic control. Most 

obviously, it could be used in sex distortion systems. Expressing the male-determining M 

factor in females during development could potentially turn them into genetic males, 

resulting in a biased sex ratio that would lead to population suppression; ectopic 

expression of Nix was indeed found to have this effect104. A sex-distorting system could 

also potentially be created by targeting the recessive m allele, with an effector such as an 

engineered site-specific nuclease. The effector could be active during development, or 

alternatively in spermatogenesis, so that only functional sperm containing the M allele 

would be produced. As mentioned in Chapter 1, an equivalent to the latter system has 

been produced in An. gambiae, using a homing endonuclease that targets the X 

chromosome in sperm103. Similar to the former system, siRNA silencing of doublesex, a 

downstream gene involved in sex development, resulted in interference with female-

specific traits in Ae. aegypti407.  However, in another study RNAi-mediated knockdown of 

Ae. aegypti doublesex was found to prevent the development of females altogether408. Thus 

it is possible that targeting the m allele during development would lead to the death of 

females rather than turning them into phenotypic males, but such an effect would still be 

useful for population suppression. 

 

These applications all require knowledge of the sequence of the sex locus M or m alleles. 

Thus, given that this was unknown at the time, genome sequencing of multiple male and 

female Ae. aegypti was performed and the sequences compared to identify differences that 

could potentially represent the sex locus. 
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4.1.2. Identification of Ae. aegypti and C. capitata testis-specifically expressed or 

spliced genes 

Transgenic control systems require expression of an effector transgene in a particular 

tissue and/or at a particular developmental stage, and usually require that the transgene 

not be expressed elsewhere or at another time. For some insect control strategies, 

germline-specific transgene expression is required, male germline-specific expression 

being of particular interest. These include sex distortion systems targeting sperm that 

would result in female offspring103, prevention of sperm development83, or systems in 

which embryos fertilised by sperm from modified males are inviable84.  

 

Expression can be controlled with tissue- or stage-specific regulatory regions (promoters 

and/or untranslated regions (UTRs)), such as those of the Actin-4 gene, which have been 

used for female-specific transgene expression in Ae. aegypti97, Ae. albopictus98 and An. 

stephensi409. In addition, alternative splicing may be exploited; for example sex-specific 

introns have been utilised to add additional specificity to the Actin-4 regulatory regions in 

the species above, and to achieve female-specific expression in C. capitata99, Bactrocera 

oleae (olive fly)100, Plutella xylostella (diamondback moth)101 and Pectinophora gossypiella 

(pink bollworm)101. Analogous components to drive germline-specific expression, 

particularly in males, would be useful for the applications described above. Conserved 

components that could be used across multiple species would be particularly useful.  

 

Several insect genes with testis-specific expression have been identified, often first in D. 

melanogaster, for example β2-tubulin410. Homologues of β2-tubulin have been identified 

and the promoters found to drive testis-specific expression in other species, including An. 

gambiae53, Ae. aegypti411 and C. capitata412. However, studies on D. melanogaster suggest 

that expression timing in male germline cells must be taken into consideration when 

building synthetic constructs. In D. melanogaster, transcription is repressed with the onset 
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of the meiotic divisions413,414. Barring a few exceptions415-417, genes whose product is 

required after this transcriptional repression are transcribed in primary spermatocytes, 

before the meiotic divisions – the transcripts are then stored and translated as required418. 

To achieve conditional transgene expression, synthetic constructs often utilise bipartite 

expression systems, such as the GAL4-UAS300 or the TetOff87,88 system used in RIDL, 

discussed in Chapter 1. In these systems, expression of the effector transgene is driven by 

binding of a transcription factor, and it is this transcription factor rather than the 

transgene directly that is under the control of the regulatory elements restricting 

expression. If testis-specific regulatory regions were to be used in such systems, they 

would need to drive pre-meiotic protein expression, otherwise the transcription factor 

would not be translated early enough to drive transcription of its target. 

 

High-throughput transcriptional profiling419 and subtractive hybridisation408 studies have 

recently yielded a number of potential germline-specific transcripts in Ae. aegypti, and a 

number of microarray experiments have yielded candidates in other species such as An 

gambiae420,421 and D. melanogaster422-424.  However, no known studies have been 

performed with sufficient time resolution to determine the activity of regulatory regions 

at different stages of spermatogenesis. Information on insect testis-specific splicing is even 

more sparse; testis-specific splice forms of the genes achi and vis have been discovered in 

D. melanogaster425, but no testis-specific splice forms are known to have been identified in 

Ae. aegypti, C. capitata, or any other pest insect. 

 

Thus, here RNA-seq was performed on staged testis samples from Ae. aegypti and C. 

capitata, to identify genes with testis-specific expression peaking early in 

spermatogenesis, whose regulatory regions are therefore likely to be suitable for pre-

meiotic protein expression. Using a novel computational pipeline, testis-specific splice 

forms were also identified. Data from D. melanogaster was used as a control, and to 
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facilitate interspecies comparison to identify conserved components that may function in 

constructs across multiple species. 

 

4.2. Methods  

4.2.1. Searching for Ae. aegypti sex locus 

4.2.1.1. Ae. aegypti 

Ae. aegypti of the Asian wild-type strain (originating from Malaysia, colonised by the 

Institute of Medical Research (Kuala Lumpur) in 1977) were reared by Dr Kelly Matzen at 

Oxitec Ltd (Abingdon, UK), at 27 +/-2 °C and 70 +/-10 % relative humidity with a 12:12 

hour light:dark cycle. Larvae were reared in trays and fed with Tetramin® (Tetra GmbH, 

Germany). Males and females for experimental samples were separated as pupae. Adults 

were maintained in cages with ad libitum access to a 10 % sucrose solution supplemented 

with 14 U mL-1 penicillin and 14 µg mL-1 streptomycin (Sigma-Aldrich, UK). Adult females 

for both colony maintenance and experimental work were fed defibrinated horse blood 

(TCS Biosciences Ltd, UK) 3-5 days after eclosion. Ae. aegypti used for gDNA extraction 

were inbred for four generations, using a single male and a single female for each 

generation. 

 

4.2.1.2. gDNA extraction 

gDNA extraction was performed by Dr Ian Goodhead at the University of Liverpool 

(Liverpool, UK) using the CTAB method426. 12 individual male and 12 individual female 

samples were prepared. 

 

4.2.1.3. Sequencing 

Library preparation was performed with the assistance of Dr Ian Goodhead and Frances 

Blow in Dr Alistair Darby’s group at the University of Liverpool (Liverpool, UK). 

Unstranded paired-end libraries were prepared using a NEBNext Ultra DNA Library Prep 
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Kit (New England Biolabs, UK), according to the manufacturer’s instructions. 

Fragmentation was performed using a Covaris S2 SonoLAB Single machine (Covaris Inc., 

USA). Libraries were evaluated using an Agilent 2100 Bioanalyzer (Agilent, UK), according 

to the manufacturer’s instructions. Sequencing was performed at the Centre for Genomic 

Research at the University of Liverpool (Liverpool, UK) on the Illumina HiSeq 2500 

platform, using a read length of 150 nt.  

 

4.2.1.4. Sequence data processing 

Raw reads were processed to remove adapter sequences and sequences of poor quality 

using cutadapt339. A reference index of the Ae. aegypti genome assembly AaegL2 

(downloaded from VectorBase427) was constructed and reads aligned to this using 

Bowtie2 (v2.1.0)335. Reads were also aligned to a reference index generated from contigs 

rather than scaffolds, using the same tools. 

 

4.2.1.5. Coverage analysis 

Coverage for each scaffold or contig was computed using BEDTools (v2.18.2)428. Scaffolds 

and contigs with significantly different coverage between males and females were 

identified using edgeR429. An FDR value of 0.05 was used as the threshold for significance. 

A BLASTn search of male-biased scaffolds against female-biased scaffolds was performed 

using the BLAST+ package430. 

 

4.2.1.6. Variation analysis 

Alignment files were processed prior to variant calling using PicardTools (v1.98)337 to add 

read group information, remove duplicate reads and create a sequence dictionary for indel 

realignment. Indel realignment and variant calling were performed using GATK (2.8.1)431. 

Variant sites with two haplotypes in all male samples and one haplotype in all female 

samples were extracted using vcftools (version 0.1.9)432 and awk. 
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4.2.1.7. Assembly analysis 

De novo assemblies were generated using Velvet (v 1.2.07)281 with VelvetOptimiser. Male 

and female sequencing reads were aligned to assemblies using Bowtie2 (v2.1.0)335. The 

male-exclusive assembly was aligned with the reference assembly AaegL2 using Mugsy 

(v1r2.3)433.  

 

4.2.1.8. Statistical analysis 

Statistical analysis was performed using R, and an online calculator for Chi-squared 

tests434.  

 

4.2.1.9. Searching for Nix 

BLAST databases were generated from the male assembly and male-exclusive assembly 

and tBLASTx searches of the gene sequence of Nix performed using the BLAST+ 

package430. 

 

4.2.2. Identification of Ae. aegypti and C. capitata testis-specifically expressed or 

spliced genes 

4.2.2.1. Insects 

4.2.2.1.1. Ae. aegypti 

Ae. aegypti of the Asian wild-type strain were reared by Dr Yachuan Yu at Cardiff 

University (Cardiff, UK) and Dr Jenny Molloy at Oxitec Ltd (Abingdon, UK), as described 

above. 

 

4.2.2.1.2. C. capitata 

C. capitata of the Toliman wild-type strain (originating from Guatemala, colonised in 

1990) were reared by Dr Romisa Asadi, Ryan Turkel and Peter Elphick at Oxitec Ltd 

(Abingdon, UK), at 26 +/- 1 °C and 65 +/- 10 % relative humidity with a 12:12 hour 
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light:dark cycle. Larvae and adults were kept in plastic containers with ad libitum access to 

a diet containing maize meal, sucrose and yeast. Pupae were allowed to eclose in a Petri 

dish containing sand. Males and females for experimental samples were separated shortly 

after eclosion, before mating. 

 

4.2.2.1.3. D. melanogaster 

D. melanogaster of the w1118 strain were reared by Dr Yachuan Yu at Cardiff University 

(Cardiff, UK), at 25 +/- 1 °C with a 12:12 hour light:dark cycle. All stages were kept in 

plastic containers with ad libitum access to a diet containing cornmeal, dextrose and yeast. 

Males and females used for experimental samples were separated shortly after eclosion, 

before mating. 

 

4.2.2.2. Dissection and RNA extraction 

4.2.2.2.1. For sequencing 

Dissection and RNA extraction for RNA-seq was performed by Dr Yachuan Yu and Dr 

Romisa Asadi in Prof. Helen White-Cooper’s group at Cardiff University (Cardiff, UK). 

Virgin Ae. aegypti, C. capitata and D. melanogaster males were used for dissection of staged 

testis and gonadectomised carcass at three days after eclosion. For Ae. aegypti, two staged 

testis samples (referred to as ‘early’ and ‘late’) were prepared by bisecting testes; the 

apical region contains cysts of male germline cells in earlier stages of development, up to 

late spermatocytes, and the basal region contains spermatid cysts in later stages of 

development. Both of these samples also contained somatic cells from the testis sheath. 

For C. capitata, four staged testis samples were prepared – early spermatocytes, late 

spermatocytes, round spermatids and elongated spermatids – by spilling cysts out of the 

testes and examining isolated cysts with a Nikon Eclipse Ti-S inverted microscope (Nikon, 

Surrey, UK). Cysts at specific stages were identified based on cell size and morphology, and 

collected manually with a pulled-out Pasteur pipette. A C. capitata ovary sample was also 
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prepared from virgin females five days after eclosion. For D. melanogaster, three staged 

testis samples were prepared – early spermatocytes, late spermatocytes and spermatids – 

using the same method as for C. capitata. All tissues were dissected into PBS. Total RNA 

was extracted using TRIzol® (Life Technologies Ltd, Paisley, UK), according to the 

manufacturer’s instructions. A single replicate was prepared for each sample type. Tissues 

from multiple individuals were pooled for each sample. 

 

4.2.2.2.2. For RT-PCR 

Virgin Ae. aegypti and C. capitata males were used for dissection of testis and 

gonadectomised carcass at 0-3 days after eclosion. Virgin Ae. aegypti and C. capitata 

females were used for dissection of ovary and gonadectomised carcass at 4-6 days after 

eclosion and ~24 hours post-blood meal (PBM). For qRT-PCR, staged testis samples were 

also prepared as described above, except in this instance only two samples – 

spermatocytes and spermatids – were prepared for C. capitata. All tissues were dissected 

into PBS, then either stored in RNALater (Qiagen, Manchester, UK) or lysis buffer (Life 

Technologies Ltd, Paisley, UK or Norgen Bioteck Corp., Ontario, Canada) at -20 °C until 

RNA extraction, or used immediately for RNA extraction. Total RNA was extracted using 

either a Norgen Total RNA Purification Kit (Norgen Biotek Corp., Ontario, Canada) or an 

Ambion RNAqueous Kit (Life Technologies Ltd, Paisley, UK), according to the 

manufacturer’s instructions. Three replicates were prepared for each sample type. Tissues 

from multiple individuals were pooled for each sample. 

 

4.2.2.3. cDNA synthesis 

cDNA for RT-PCR was synthesised using a RevertAid First Strand cDNA Synthesis Kit 

(Thermo Scientific, Pittsburgh, USA) with random hexamer primers, according to the 

manufacturer’s instructions. cDNA concentration and quality was assessed using a 

NanoDrop spectrophotometer (Thermo Scientific, Pittsburgh, USA). 



 150 

4.2.2.4. Sequencing 

Library preparation was performed by Dr Yachuan Yu in Prof. Helen White-Cooper’s 

group at Cardiff University (Cardiff, UK). Unstranded single end libraries were prepared 

using an Illumina TruSeq RNA Sample Preparation Kit (Illumina, UK), according to the 

manufacturer’s instructions. Sequencing was performed at the NGS facility at Glasgow 

Polyomics (University of Glasgow, Glasgow, UK) on the Illumina Genome Analyzer II 

platform, using a read length of 73 nt. 

 

4.2.2.5. Data from other studies 

RNA-seq data from other studies were downloaded from the SRA435 (Table 4.1). 

Species Sample 
Data 

number(s) 
Sample 
number 

Experiment 
number 

Reference 

D. 
melanogaster 

female         
(1 day, 
virgin) 

SRR023595 
and 

SRR035393 
SRS004689 SRX008013 

Graveley    
et al. 

(2011)314 SRR023680 
and 

SRR023702 
SRS004689 SRX008188 

ovaries      
(4 days, 
virgin) 

SRR070396 
and 

SRR070417 
SRS118276 SRX029395 Unavailable 

male head 
(1 day) 

SRR070432 
and 

SRR070433 
SRS118262 SRX029371 Unavailable 

SRR100280 SRS118262 SRX042021 Unavailable 

Ae. aegypti 

female 
carcass       

(4-6 days, 
24h PBM) 

SRR923829 SRS453851 SRX316548 
Akbari       
et al. 

(2013)410 

Ae. aegypti 
ovaries      

(4-6 days, 
24h PBM) 

SRR923830 SRS453856 SRX316548 

C. capitata (0-6 days) SRR836189 SRS417380 Unavailable Unavailable 

 
Table 4.1. RNA-seq data from other studies downloaded from the SRA. PBM, post-
bloodmeal. 
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4.2.2.6. Sequence data processing 

The overall quality of the sequencing reads was assessed using FastQC (v0.10.1)338. Raw 

reads were processed to remove adapter sequence using FASTA/Q Clipper from the 

FASTX_Toolkit436 and sequences of poor quality using Sickle437. Reference indexes of the 

Ae. aegypti genome assembly AaegL2 (obtained from VectorBase427), the C. capitata 

genome assembly Ccap_1.0 (obtained from NCBI438) and the D. melanogaster genome 

assembly r5.54 (obtained from FlyBase333) were constructed using Bowtie2 (v2.1.0)335. 

Trimmed reads were aligned to these indexes using TopHat2 (v2.0.9)336. Transcript 

assemblies were generated from the alignments using Cufflinks (v2.1.1)340 with reference 

annotation based transcript (RABT) methodology341 followed by Cuffmerge (v1.0.0)342. 

Transcript expression in each sample was quantified using Cuffdiff2 (v2.1.1)346. 

 

4.2.2.7. Identification of candidate testis-specifically expressed or spliced genes 

Candidate testis-specifically expressed or spliced genes were identified from the output of 

Cuffdiff2, and their sequences obtained, using custom written Python scripts (available at 

github.com/ElizabethSutton) in combination with BEDTools (version 2.16.2)428. Filtering 

steps were applied as described in the results section. For steps requiring alignment of 

sequences, Geneious (7.0.5)293 was used. 

 

For the candidate testis-specifically expressed genes, only genes with higher expression in 

the samples from early stages of spermatogenesis (the early sample for Ae. aegypti; the 

early spermatocytes sample for C. capitata) than in the samples from the later stages (the 

late sample for Ae. aegypti; the mean expression in the late spermatocytes, round 

spermatids and elongated spermatids samples for C. capitata) were taken forward. 
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4.2.2.8. Interspecies comparison 

Sequences of all transcripts predicted by Cufflinks were extracted using a custom Python 

script (available at github.com/ElizabethSutton) in combination with BEDTools (version 

2.16.2)428. tBLASTx searches of the transcript sequences from one species against the 

transcript sequences from another were performed using the BLAST+ package430.  

 

4.2.2.9. Experimental testing 

4.2.2.9.1. RT-PCR 

RT-PCR primers were designed using Primer-BLAST277. Primer sequences are listed in 

Appendix 2. RT-PCR was performed on a TGradient thermocycler (Biometra, Goettingen, 

Germany) using a PCRBIO kit (PCR Biosystems Ltd, London, UK), according to the 

manufacturer’s instructions. The reaction parameters were: 95 °C for 30 seconds, 2 cycles 

of 95 °C for 15 seconds, 55 °C for 30 seconds and 72 °C for 2 minutes, 33 cycles of 95 °C for 

15 seconds, 55 °C for 15 seconds and 72 °C for 30 seconds, and finally 72 °C for 1 minute. 

RT-PCR products were visualized on 1.5-2 % agarose gels, as described previously. 

 

4.2.2.9.2. qRT-PCR 

qRT-PCR was performed on an Mx3500P instrument (Stratagene, La Jolla, USA) using iQ™ 

SYBR® Green Supermix (Bio-Rad, Hemel Hempstead, UK) according to the manufacturer’s 

instructions. The reaction parameters were: 95 °C for 5 minutes, followed by 40 cycles of 

95 °C for 15 seconds, 55 °C for 15 seconds and 60 °C for 15 seconds. Reactions were 

performed with serial dilutions to determine primer efficiency. Reactions with primers 

targeting alpha-tubulin were performed for normalisation. Two technical replicates were 

performed and the mean expression value taken. 
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4.2.2.9.3. Purification and sequencing of PCR products 

To confirm that the PCR results reflected the predicted candidates, PCR products were 

purified using a QIAquick PCR Purification Kit (Qiagen, Manchester, UK) and sent for 

sequencing by GATC Biotech (Cologne, Germany). 

 

4.2.2.10. Promoter prediction 

4.2.2.10.1. Identification of motifs conserved between species 

Experimentally validated candidate testis-specifically expressed genes were used as 

queries in a tBLASTx search of the nr database to identify homologous genes. The 

upstream sequences of the candidate genes and their top two matching genes from other 

insect species were obtained (2,500 Kb of upstream sequence, or however much sequence 

was present before the next gene or end of the scaffold, if less than 2,500 Kb). These 

sequences were input into PROMO439, rVista 2.0440 and Melina II441 to identify conserved 

motifs. 

 

4.2.2.10.2. Identification of motifs conserved within species 

2,500 Kb of upstream sequence was obtained for each Ae. aegypti candidate testis-

specifically expressed gene that corresponded to an annotated gene with a 5’UTR. These 

sequences were input into PROMO439 and Melina II441 to identify conserved motifs. 

 

4.3. Results  

4.3.1. Searching for Ae. aegypti sex locus 

To attempt to identify the sex locus, the genomes of 12 male and 12 female Ae. aegypti 

were sequenced and compared. Three main approaches were taken towards identifying 

candidates from the sequencing data – analysis of coverage differences between males and 

females, analysis of sequence variation between males and females, and analysis of 

separate male and female assemblies. Use of different approaches would enable greater 



 154 

confidence in candidates identified by more than one approach, and was necessary as the 

nature of the sex locus was unknown at the time. The M and m alleles could have been 

sufficiently different to be represented as distinct haplotypes in the current genome 

assembly, in which case they would likely display differing coverage between males and 

females, and the M allele would likely be present in an assembly constructed from male 

reads but not an assembly constructed from female reads. They might not be identified by 

searching for regions with sequence variation between males and females, as reads from 

the two different alleles may not map to the same haplotype. On the other hand, if the M 

and m alleles were sufficiently similar to be collapsed into one haplotype in the current 

assembly, analysis of sequence variation would be the best way to identify them; such a 

region is less likely to show differential coverage, or obvious differences between male 

and female assemblies. 

 

4.3.1.1. Sequencing and read alignment 

In total 376,122,418 reads of 150 nt were generated, corresponding to 56.4 Gb of data. 

After trimming and quality filtering a total of 359,689,764 reads were used for genome 

alignment with Bowtie2 (v2.1.0)335. 86.2 % of these mapped to the Ae. aegypti genome, 

corresponding to a mean coverage of approximately 41X. 

 

4.3.1.2. Coverage analysis 

The coverage of male reads and female reads was computed for each scaffold and each 

contig in the latest available version of the Ae. aegypti genome assembly (AaegL2) using 

BEDTools (v2.18.2)428. To assess whether scaffolds or contigs with differing male and 

female coverage were promising candidates for further investigation, the correlation 

between coverage ratios for mapped scaffolds or contigs and their position was assessed. 

Mapping data were obtained from Nene et al. (2007)442, Timoshevskiy et al. (2013)405 and 

Juneja et al. (2014)443. As the approximate location of the sex locus was known to be near 
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the centromere of chromosome 1, a greater difference between male and female coverage 

for scaffolds or contigs mapped to this chromosome or to this region might be expected if 

analysis of coverage differences were a suitable method for identification of the sex locus.  

 

Statistical analysis revealed no significant difference in the magnitudes of the log2 male to 

female scaffold coverage ratios between any of the chromosomes (P = 7.3x10-2, Kruskal-

Wallis test). However, there were significant differences between scaffolds mapped in the 

approximate location of the sex locus (defined as the region between (and including) the 

bins containing the closest mapped scaffolds known to be on different sides of the sex 

locus) and both scaffolds mapped to chromosomes 2 and 3 (P = 5.3x10-3, Wilcoxon test) 

and scaffolds mapped elsewhere on chromosome 1 (P = 4.1x10-2, Wilcoxon test). The same 

analysis performed for contigs revealed a significant difference between chromosomes (P 

= 5.59x10-16, Kruskal-Wallis test). Using post-hoc Wilcoxon tests with Bonferroni 

corrections, a significant difference was found for all pairwise comparisons of 

chromosomes (chr1 vs chr2, P = 2.4x10-2; chr1 vs chr3, P = 1.7x10-14; chr2 vs chr3, P = 

1.5x10-10). It is unclear why there is a significant difference between chromosomes 2 and 

3. As for scaffolds, there were also significant differences between the magnitudes of the 

log2 coverage ratios for contigs mapped near the sex locus and contigs mapped to 

chromosomes 2 and 3 (P = 1.4x10-8, Wilcoxon test), and contigs mapped elsewhere in 

chromosome 1 (P = 1.2x10-3, Wilcoxon test). Scatter plots illustrating female to male 

coverage ratios for contigs at different chromosomal positions (based on data from Juneja 

et al. (2014)443) are shown in Figure 4.1. 

 

These findings suggest that the sex locus may be contained on a scaffold or contig with 

differing male and female coverage. Therefore, scaffolds and contigs with significantly 

different male and female coverage were identified using edgeR429. 573 scaffolds had 

significantly different coverage between males and females (FDR < 0.05), 352 with higher 
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coverage in males and 221 with higher coverage in females. 2,485 contigs had significantly 

different coverage between males and females (FDR < 0.05), 1,176 with higher coverage in 

males and 1,309 with higher coverage in females. Scaffolds or contigs that have been 

physically mapped to a location other than approximately where the sex locus is known to 

be are unlikely to contain the sex locus, unless the mapping is incorrect, but the majority 

of these scaffolds and contigs could not be excluded on this basis. Most were unmapped, 

with only 37 of the 573 scaffolds mapped to an unsuitable location for the sex locus.  

 

 
 
Figure 4.1. Scatter plots illustrating female to male coverage ratios at different 
chromosomal positions. The approximate sex locus location is defined as the region 
between (and including) the positions at which the closest mapped contigs known to be 
on different sides of the sex locus have been mapped. 
 

If the M and m alleles represent different haplotypes that have been assembled on 

separate scaffolds or contigs, their sequences might be sufficiently similar to yield a 

significant hit in a BLAST search. The sequences of male-biased scaffolds were therefore 
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used as queries in a BLAST search against scaffolds with female-biased scaffolds. This 

yielded 18,589 hits, too many to feasibly analyse, so this line of enquiry was not pursued 

further.  

 

It seemed likely that the sex locus would constitute a coding region, so the presence of 

annotated genes on scaffolds with differential coverage was then analysed. There were 

347 annotated genes on male-biased scaffolds and 936 annotated genes on female-biased 

scaffolds. It is plausible that a gene representing the sex locus will show differential 

expression between males and females, and so filtering these lists based on differential 

expression between the sexes could be a way to narrow them down to the most promising 

candidates. However, genes found to be more highly expressed (P < 0.05) in males or in 

females by Harker et al.444 or Dissanayake et al.445 were not significantly over-represented 

on male-biased scaffolds or female-biased scaffolds respectively (P > 0.05, Chi-squared 

test). Likewise, genes found to be male- or female-specifically expressed by Akbari et al.419 

were not significantly over-represented on male-biased scaffolds or female-biased 

scaffolds respectively (P > 0.05, Chi-squared test). Furthermore, there were 574 annotated 

genes with suggested sex-differential or specific expression on sex-biased scaffolds. 220 of 

these were on scaffolds mapped to an unsuitable location for the sex locus, but the 

remaining 354 was still too large a set for experimental testing. This line of enquiry was 

therefore not pursued further. 

 

4.3.1.3. Variation analysis 

Sites with variation in the male and female sequence data relative to the reference genome 

assembly were determined with GATK (2.8.1) HaplotypeCaller431. To assess whether 

variant sites were promising candidates for further investigation, the correlation between 

variant site frequency for mapped scaffolds and their position was assessed, using the 

same mapping data as previously described. A greater level of variation from the reference 
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genome for scaffolds mapped to chromosome 1 or to the region of the sex locus might be 

expected if analysis of sequence variation were a suitable method for identification of the 

sex locus. 

 

Statistical analysis revealed no significant difference in overall variant site frequency 

between any of the chromosomes (P > 0.05, Kruskal-Wallis test), but a significant 

difference in indel frequency between chromosomes (P = 1.9x10-2), although no pairwise 

comparisons were significant (P > 0.05, post-hoc Wilcoxon test with Bonferroni 

correction). However, chromosome 1 displayed the lowest indel frequency, which fails to 

support the hypothesis that this variation might be associated with the sex locus. 

Wilcoxon tests showed a significant difference in overall variant site frequency between 

scaffolds mapped near the sex locus and scaffolds mapped on chromosome 2 or 3 (P = 

6.8x10-3), or elsewhere on chromosome 1 (P = 8.3x10-4). Both of these comparisons were 

also significant when considering only non-indel variants (P = 2.1x10-3 and P = 1.4x10-3), 

and the comparison of scaffolds near the sex locus versus elsewhere on chromosome 1 

was significant for indels (P = 6.9x10-3). However, overall the level of variation seemed to 

be greatest for chromosome 3 (Figure 4.2).   

 

Variant sites that could potentially represent the sex locus would be expected to display 

two haplotypes in males and one haplotype in females. In total there were 1,049 variant 

sites displaying two haplotypes in all males and one in all females, 131 indels and 918 

non-indel variants such as SNPs or multi-nucleotide polymorphisms (MNPs). 582 of these 

variant sites were on scaffolds mapped to unsuitable locations for the sex locus, but the 

remaining 467 is still too large a set for experimental testing. In addition, the results above 

fail to provide strong support for an association between the sex locus and sequence 

variation from the reference genome. This line of enquiry was therefore not pursued 

further. 
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Figure 4.2. Heatmap illustrating variant site frequency in male and female samples at 
different chromosomal positions. Values illustrated are mean variant site frequency for 
scaffolds mapped within bins of 1 centimorgan. The approximate sex locus location is 
defined as the region between (and including) the bins containing the closest mapped 
scaffolds known to be on different sides of the sex locus. 
 

4.3.1.4. Assembly analysis 

Separate de novo assemblies from male reads and female reads were constructed using 

Velvet (v 1.2.07)281. Male reads that map to the male assembly but not to the female 

assembly were possible candidates for the M allele, so these reads were used to generate a 

male-exclusive assembly. This assembly comprised 11,291 contigs, with an N50 of 425 bp 

and a total size 4.94 Mbp. 1,317 scaffolds in the reference genome (AaegL2) produced 

alignments with this male-exclusive assembly using Mugsy (v1r2.3)433. These alignments 

overlapped with 864 annotated genes, although most of the overlaps were small. One of 

the most interesting candidates was AAEL05440. This gene was present on the scaffold 
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with the longest alignment to the male-exclusive assembly. This scaffold has been mapped 

to chromosome 1, although not at a position near the region in which the sex locus is 

known to be. Male and female reads mapping to this gene were visualised using 

Integrative Genomics Viewer446 to further assess its suitability as a candidate for the sex 

locus (Figure 4.3). Some features of the read alignments were consistent with what would 

be expected for the sex locus. For example, there were regions of the gene lacking female 

coverage. In the final two exons, there appeared to be two haplotypes in males but one in 

females, consistent with what would be expected if M and m alleles showed sequence 

variation. However, in other areas of the gene there were two haplotypes in females. 

Furthermore, the female reads in different regions of the gene appeared not to be linked 

by pairing, inconsistent with lack of female coverage representing regions deleted in 

females.  

 

4,515 (out of 11,291) contigs in the male-exclusive assembly did not align at all to the 

reference assembly. A BLASTx search of these contigs against nr produced 8,851 hits for 

65 contigs, against 4,873 genes. Many hits were proteins related to mobile elements. There 

were also many hypothetical proteins. The sequences yielding these hits are possible 

candidates for the sex locus, but again there were too many for experimental testing. 

 

4.3.1.5. Searching for Nix 

Following the completion of the work described above, the sex locus was determined by 

another group to be the gene Nix104. This gene was not present in the published assembly, 

but it was possible that it might have been present in the male assembly or the male-

exclusive assembly generated here. However, BLAST searches using the sequence of Nix as 

a query failed to reveal an alignment corresponding to the whole gene. There were some 

shorter significant alignments, but the longest of these was only 107 bp, a relatively small 

fraction of the full gene length of 985 bp. 
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Figure 4.3. Screenshot of AAEL05440 visualised in Integrative Genomics Viewer. The top set of reads is from female samples; the bottom set of reads 
is from male samples. Coloured reads are improperly paired. Coloured lines in the overall coverage graphs indicate differences from the reference 
sequence. The structure of the gene is shown in the bottom panel. Thicker blocks represent exons.
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4.3.2. Identification of Ae. aegypti and C. capitata testis-specifically expressed or 

spliced genes 

4.3.2.1. Sequencing and read alignment 

RNA sequencing was performed on RNA extracted from two Ae. aegypti, four C. capitata 

and three D. melanogaster staged testis samples, an Ae. aegypti gonadectomised male 

sample, and a C. capitata ovary sample. In total 420,411,150 reads of 73 nt were 

generated, corresponding to 30.7 Gb of data. After trimming and quality filtering a total of 

356,634,803 reads were used for genome alignment with TopHat2 (v2.0.9)336. 89.1 % of 

the Ae. aegypti reads mapped to the Ae. aegypti genome, 89.8 % of the C. capitata reads 

mapped to the C. capitata genome, and 97.0 % of the D. melanogaster reads mapped to the 

D. melanogaster genome. 

 

Data from C. capitata female, Ae. aegypti female and ovary, and D. melanogaster female, 

ovary and male head samples from other experiments were downloaded from the SRA435. 

The Ae. aegypti female sample was gonadectomised; an ovary sample was therefore used 

in addition so that data from all female tissues were present. The C. capitata and D. 

melanogaster female samples were not gonadectomised, but ovary samples were still 

included in the analysis, as many genes expressed in the testis could potentially also be 

expressed in the ovary, and their detection may be impeded by the large amount of other 

tissue in a whole female sample. The Ae. aegypti ovary and female samples were from 

recently fed females (~24 hours post-blood meal), as these should include transcripts 

expressed during oogenesis, thus enabling elimination of genes expressed in both male 

and female gametogenesis. As it was available, a D. melanogaster head sample rather than 

a gonadectomised male sample was included as there are some genes that are expressed 

exclusively in the head and testis, but few genes expressed in testis, elsewhere in males, 

but not in females, and head is likely to be a cleaner control sample than gonadectomised 

male, which may contain traces of testis (Prof. Helen White-Cooper, personal 
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communication). Of these reads, 95.0 % of the Ae. aegypti reads mapped to the Ae. aegypti 

genome, 69.2 % of the C. capitata reads mapped to the C. capitata genome, and 95.1 % of 

the D. melanogaster reads mapped to the D. melanogaster genome. 

 

4.3.2.2. Identification of candidate testis-specifically expressed genes 

Candidate testis-specifically expressed genes were identified from the total set of 

predicted genes by running a custom Python script on the output of the standard TopHat-

Cufflinks-Cuffdiff RNA-seq analysis pipeline, and applying various filtering steps 

(described below) to maximise sensitivity whilst removing unsuitable genes and 

minimising false positives (Table 4.2). 

 

Species 
Predicted 
genes 

Predicted testis-specifically 
expressed genes 

Predicted testis-specifically 
expressed early genes 

Ae. aegypti  26,401 388 57 

C. capitata  24,733 667 68 

 
Table 4.2. Identification of candidate testis-specifically expressed genes. The second 
column refers to all genes predicted by Cufflinks from all samples used in analysis, 
including non-coding RNA genes. The last two columns refer to genes identified after 
application of the filters described in the main text. 
 

An expression level of 10 FPKM in the early sample for Ae. aegypti and the early 

spermatocytes sample for C. capitata was chosen as a threshold for candidates. A 

threshold was set as predicted genes with low expression are more likely to be false 

positives, and also regulatory elements associated with relatively strong expression are 

desired for use in synthetic constructs; 10 FPKM was chosen as it is the boundary between 

low and moderate expression for D. melanogaster RNA-seq data on FlyBase333. The 

threshold for expression in samples other than testis (gonadectomised male, ovary and 

female) was not set at zero, to allow for some noise in the data, but rather at 1 FPKM, 

based on quantification of the D. melanogaster genes can, comr, nht and Taf12L, which are 

supposedly testis-specific323 (Table 4.3). 
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Early 
spermatocytes 

Late 
spermatocytes Spermatids Female Ovary Male head 

can 44.22 38.78 27.98 0.03 0.01 0.02 

comr 17.39 11.13 2.51 0.00 0.00 0.00 

nht 86.97 55.93 9.32 0.00 0.00 0.00 

Taf12L 329.92 223.67 53.68 0.00 0.97 0.79 
 
Table 4.3. Expression levels (FPKM) of D. melanogaster supposedly testis-specifically 
expressed genes in testis and non-testis tissues. 
 

Many potential candidates appeared to be short non-coding RNAs. Quantification of short 

non-coding RNAs is likely to be inaccurate in a protocol using polyA selection. Therefore 

the only genes taken forward for further analysis were those that either coincided with a 

locus already annotated as a protein-coding gene, or novel predicted genes that were over 

1 Kb in length.  

 

After application of the filtering steps above, predicted testis-specifically expressed genes 

with higher expression in early spermatogenesis than in late spermatogenesis were 

identified (Table 4.2). For each species, the top ten candidates in order of expression level 

in the earliest testis sample were taken forward for experimental testing. Genes encoding 

proteins associated with transposable elements were excluded, as there are likely to be 

multiple copies of these in the genome, and it would be difficult to design PCR primers that 

would target only one. For Ae. aegypti, one additional candidate was also taken forward, as 

a homologue of the gene was identified as a candidate in C. capitata; candidates that are 

conserved between species may simplify construct generation in different species. The 

candidate genes tested experimentally are shown in Table 4.4 and Table 4.5. 
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Annotated ID Annotated product 

Novel gene 1   

AAEL000463 hypothetical protein 

AAEL001333 protein arginine n-methyltransferase 1 

AAEL003021 hypothetical protein 

AAEL004293 conserved hypothetical protein 

AAEL006665 histone H1, putative 

AAEL009267 hypothetical protein 

AAEL010268 hypothetical protein 

AAEL011838 conserved hypothetical protein 

AAEL012065 cytoplasmic polyadenylation element binding protein (cpeb) 

AAEL012239 testis development protein nyd-sp29 

 
Table 4.4. Candidate Ae. aegypti testis-specifically expressed genes tested experimentally. 
 

Annotated ID Annotated product 

LOC101449084 uncharacterised 

LOC101449780 malate dehydrogenase, mitochondrial-like 

LOC101451111 protein I'm not dead yet-like 

LOC101451785 protein lifeguard 1-like 

LOC101454909 bestrophin-2-like 

LOC101455161 ATP synthase subunit beta, mitochondrial-like 

LOC101457895 uncharacterised 

LOC101459316 zinc finger protein 624-like 

LOC101459689 phosphate carrier protein, mitochondrial-like 

LOC101462854 malate dehydrogenase, cytoplasmic-like 

 
Table 4.5. Candidate C. capitata testis-specifically expressed genes tested experimentally. 
 

4.3.2.3. Experimental testing of candidate testis-specifically expressed genes 

4.3.2.3.1. RT-PCR 

Reverse transcriptase PCR (RT-PCR) for the selected candidates was performed on total 

RNA derived from testis, gonadectomised male, ovary, and gonadectomised female 

samples, to confirm that the candidates were testis-specifically expressed in adults. For 

some candidates, the RT-PCR results suggested that there was also expression of the gene 

in other tissues, mostly ovary, and one candidate failed to produce a positive result in the 
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testis sample. However, the results supported the prediction of testis-specific expression 

for several candidates (Figure 4.4 and Figure 4.5), discussed below. 

 

  
 
Figure 4.4. Gels showing PCR results for Ae. aegypti expression candidates.  
(A) Candidates for which no band of the expected size for the testis sample could be seen 
in non-testis samples. (B) Candidates for which a band of the expected size for the testis 
sample could be seen in a non-testis sample, but it was faint, and in the cases indicated by 
asterisks, could have resulted from contaminating gDNA. Expected PCR product sizes are 
indicated with arrows. In some cases bands of other sizes are of the expected size for 
products amplified from contaminating gDNA. Other bands of unexpected sizes may 
represent isoforms that were not predicted, or non-specific amplification. 
 

 

  

 
Figure 4.5. Gels showing PCR results for C. capitata expression candidates. (A) Candidates 
for which no band of the expected size for the testis sample could be seen in non-testis 
samples. (B) Candidates for which a band of the expected size for the testis sample could 
be seen in a non-testis sample, but it was faint, and in the cases indicated by asterisks, 
could have resulted from contaminating gDNA. Expected PCR product sizes are indicated 
with arrows. In some cases bands of other sizes are of the expected size for products 
amplified from contaminating gDNA. Other bands of unexpected sizes may represent 
isoforms that were not predicted, or non-specific amplification. 
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Three candidate Ae. aegypti genes (Figure 4.4A), corresponding to the annotated loci 

AAEL001333, AAEL009267 and AAEL0122239, and three candidate C. capitata genes 

(Figure 4.5A), corresponding to the annotated loci LOC101449084, LOC101451785 and 

LOC101459316, displayed the expected outcome of RT-PCR amplification from testis and 

no amplification from other samples, and were taken forward for further testing. Four 

additional candidate Ae. aegypti genes (Figure 4.4B), corresponding to the annotated loci 

AAEL003021, AAEL006665, AAEL010265 and AAEL010268, and four additional candidate C. 

capitata genes (Figure 4.5B), corresponding to the annotated loci LOC101449780, 

LOC101457895, LOC101459689 and LOC101462854, were also taken forward despite some 

amplification in non-testis samples. In these cases the quantity of product from the non-

testis samples was low, and in some cases the product could have resulted from 

amplification of contaminating gDNA. 

 

4.3.2.3.2. qRT-PCR 

Quantitative RT-PCR (qRT-PCR) for the candidate genes taken forward for further testing 

was performed on staged testis samples (early and late samples for Ae. aegypti, 

spermatocytes and spermatids samples for C. capitata), to confirm that the candidate 

genes displayed the desired expression pattern of higher expression early in 

spermatogenesis (Figure 4.6 and Figure 4.7). Gonadectomised male, ovary, and 

gonadectomised female samples were also used in the qRT-PCR to quantify the level of 

expression in these tissues, if any. Candidates with a low level of non-testis expression 

may still be usable for restricting expression to the testis, particularly in combination with 

other strategies, such as use of testis-specific splicing.  
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Figure 4.6. Relative expression levels in different tissues for Ae. aegypti expression 
candidates, determined using qRT-PCR. Results for AAEL012239 are shown inset, as the 
expression level for this gene was too low to view at the same scale as for the other genes. 
* Primers could also have amplified from gDNA, so apparent low expression in non-testis 
tissues could be a result of gDNA contamination. 
 

The timing was confirmed for all Ae. aegypti candidates (Figure 4.6) except AAEL009267, 

for which the qPCR failed, and for four of the C. capitata candidates (Figure 4.7). For the 

other three C. capitata candidates, LOC101449084, LOC101457895 and LOC101459689, no 

expression was detected in spermatocytes. The results for all the Ae. aegypti candidates 

except AAEL012239 suggested some expression in non-testis tissues, but this was at a low 

level compared to that in testis, and in four of the five cases amplification could have 

resulted from contaminating gDNA. For all the C. capitata candidates, no expression was 

detected in non-testis samples.  
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Figure 4.7. Expression levels in different tissues for C. capitata expression candidates, 
determined using qRT-PCR. 
 

4.3.2.4. Identification of candidate testis-specifically spliced genes 

Similarly to the candidate testis-specifically expressed genes, analysis was performed on 

RNA-seq data from two staged testis samples in Ae. aegypti and four staged testis samples 

in C. capitata, along with gonadectomised male, ovary and female samples to identify 

genes with testis-specific splice forms.  

 

Candidate testis-specifically spliced genes were identified from the total set of predicted 

genes by running a custom Python script on the output of the standard TopHat-Cufflinks-

Cuffdiff RNA-seq analysis pipeline, and applying various filtering steps (described below) 

to maximise sensitivity whilst removing unsuitable genes and minimising false positives 

(Table 4.6). These filtering steps may exclude some valid genes, but for the intended 
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downstream application it is not necessary to identify all testis-specifically spliced genes; 

it was more important to minimise false positives.  

 

Species 
Predicted 
genes 

Predicted testis-specifically 
spliced genes 

Ae. aegypti  26401 27 

C. capitata  24733 33 

 
Table 4.6. Identification of candidate testis-specifically spliced genes. The second column 
refers to all genes predicted by Cufflinks from all samples, including non-coding RNA 
genes. The last column refers to genes identified after application of the filters described 
in the text. 
 

An expression level of 10 FPKM (in the early sample for Ae. aegypti and the early 

spermatocytes sample for C. capitata) was chosen as a threshold for the predicted testis-

specific splice forms, using the same rationale as discussed for the candidate testis-

specifically expressed genes. The threshold for expression of predicted testis-specific 

splice forms in tissues other than testis was not set at zero, to allow for some noise in the 

data, but rather at 0.4 FPKM, based on quantification of transcripts from the D. 

melanogaster genes achi and vis that are supposedly testis-specifically spliced425. It was 

also required that at least one other splice form of the gene was expressed in at least one 

other sample (gonadectomised male, ovary or female) at a level of 10 FPKM or above, to 

distinguish testis-specific splicing from testis-specific expression. 

  

In addition to the above expression thresholds, a threshold for exon-exon junction 

coverage was set to minimise false positives; only introns with more than 10 reads 

spanning the exon-exon junction were taken forward. False positives may also arise due to 

low coverage in a particular sample, causing incorrect assembly of a transcript in this 

sample, for example with a few nucleotides missing at the end, and giving the appearance 

of alternative splicing. To minimise this source of error, the only introns taken forward 

were those differing by more than 20 bp at one end at least from introns in other 
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transcripts from the same gene. Finally, only candidates for which the predicted testis-

specific intron was within an annotated gene were taken forward, to avoid false positives 

that are in fact intergenic regions but predicted as introns due to incorrect merging of 

transcripts during assembly. 

 

Experimental validation of testis-specific splicing required distinguishing between splice 

forms using RT-PCR. For candidates in which the alternative splicing was such that 

primers could be designed common to both predicted testis-specific and other splice 

forms, there were sufficiently few candidates that all of them were taken forward for 

experimental testing. There were further candidates for which at least one primer to 

detect the predicted testis-specific splice form could not be designed outside a predicted 

testis-specific exon, thus requiring separate primers to confirm expression of other splice 

forms in other tissues; for each species the top five of these candidates in order of 

ascending intron size were taken forward for experimental validation. For C. capitata, one 

additional candidate was also taken forward, as a homologue of the gene was identified as 

a candidate in Ae. aegypti; as mentioned above, candidates that are conserved between 

species may simplify construct generation in different species. The candidate genes tested 

experimentally are shown in Table 4.7 and Table 4.8. 
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Annotated ID Annotated product 

AAEL000028 Clip-Domain Serine Protease  family B. 

AAEL001898 conserved hypothetical protein 

AAEL001916 eukaryotic translation initiation factor 4e 

AAEL002083 DEAD box ATP-dependent RNA helicase 

AAEL005651 ethanolamine-phosphate cytidylyltransferase 

AAEL005935 hypothetical protein 

AAEL007258 hypothetical protein 

AAEL008110 * centrosomin (arrow protein) 

AAEL008428 conserved hypothetical protein 

AAEL010509 bridging integrator 

AAEL011105 adducin 

AAEL011153 hypothetical protein 

AAEL011968 conserved hypothetical protein 

AAEL012262 conserved hypothetical protein 

AAEL013571 synaptobrevin 

AAEL014957 conserved hypothetical protein 

AAEL017395   

AAEL018039   

AAEL018211 *   

AAEL018350   
 
Table 4.7. Candidate Ae. aegypti testis-specifically spliced genes tested experimentally.  
* These genes contained two candidate testis-specifically spliced introns. 
 

Annotated ID Annotated product 

LOC101448609 transport and Golgi organization protein 11-like 

LOC101449153 ** centrosomin-like 

LOC101449503 cytochrome c oxidase subunit 7A-related protein, mitochondrial-like 

LOC101450565 IQ domain-containing protein D-like 

LOC101450641 actin, indirect flight muscle-like 

LOC101452861 uncharacterized LOC101452861 

LOC101452984 E3 ubiquitin-protein ligase RNF181 homolog 

LOC101453609 eukaryotic translation initiation factor 5-like 

LOC101457260 UPF0468 protein CG5343-like 

LOC101459514 * macrophage erythroblast attacher-like 

LOC101461218 ADIPOR-like receptor CG5315-like 

 
Table 4.8. Candidate C. capitata testis-specifically spliced genes tested experimentally.  
* This gene contained two candidate testis-specifically spliced introns. ** This gene 
contained three candidate testis-specifically spliced introns. 
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4.3.2.5. Experimental testing of candidate testis-specifically spliced genes 

4.3.2.5.1. RT-PCR 

RT-PCR for the selected candidates was performed on testis, gonadectomised male, ovary, 

and gonadectomised female samples, to confirm that the candidates were testis-

specifically spliced. For cases in which it was possible, primers were designed common to 

both predicted testis-specific and other splice forms, but with different expected product 

sizes to allow discrimination of splice forms. It is possible that RT-PCR with this type of 

primers will give a false negative result in non-testis tissues, as the predicted testis-

specific splice form may evade detectable amplification if it is only a minor splice form 

and/or the amplicon is larger than those from other splice forms and so amplifies less 

efficiently. Therefore PCR was also performed with primers spanning the predicted testis-

specific exon-exon junction, which should amplify only the predicted testis-specific splice 

form. For cases in which design of primers common to testis-specific and other splice 

forms was not possible, PCR with primers spanning the predicted testis-specific exon-exon 

junction was performed, in addition to PCR with additional primers designed to amplify 

other splice forms to confirm expression of the gene in other tissues. 

 

The PCR results varied between candidate genes. For some candidates the predicted 

testis-specific splice form was not detected, for others it was detected in samples other 

than testis, and for others no splice forms at all were detected in non-testis samples, 

suggesting that the gene is testis-specifically expressed rather than differentially spliced. 

However, the results supported the prediction of testis-specific splicing for some 

candidates (Figure 4.8 and Figure 4.9), discussed below. 
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Figure 4.8. Gels showing PCR results for Ae. aegypti splicing candidates. (A) Candidates 
for which no band of the expected size for the predicted testis-specific splice form could be 
seen in non-testis samples. (B) Candidates for which a band of the expected size for the 
predicted testis-specific splice form could be seen in a non-testis sample, but it was only 
faint. For each candidate, the top image shows the results of PCR with primers designed to 
span the predicted testis-specific exon junction, to confirm the testis-specificity of the 
predicted testis-specific splice form. The bottom image shows the results of PCR with 
primers designed to amplify either another non-testis-specific splice form of the gene, or 
multiple splice forms including both the testis-specific splice form and non-testis-specific 
splice forms, to confirm expression of the gene in non-testis tissues. Expected PCR product 
sizes are indicated with arrows. Bands of unexpected sizes may represent other splice 
forms that were not predicted, or non-specific amplification. 
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Figure 4.9. Gels showing PCR results for C. capitata splicing candidates. (A) Candidates for 
which no band of the expected size for the predicted testis-specific splice form could be 
seen in non-testis samples. (B) Candidates for which a band of the expected size for the 
predicted testis-specific splice form could be seen in a non-testis sample, but only a faint 
band. For each candidate, the top image shows the results of PCR with primers designed to 
span the predicted testis-specific exon junction, to confirm the testis-specificity of the 
predicted testis-specific splice form. The bottom image shows the results of PCR with 
primers designed to amplify either another non-testis-specific splice form of the gene, or 
multiple splice forms including both the testis-specific splice form and non-testis-specific 
splice forms, to confirm expression of the gene in non-testis tissues. Expected PCR product 
sizes are indicated with arrows. Bands of unexpected sizes may represent other splice 
forms that were not predicted, or non-specific amplification. 
 

Five Ae. aegypti candidate introns (Figure 4.8A), within the annotated loci AAEL000028, 

AAEL001898, AAEL008110, AAEL012262, and AAEL018211, and four C. capitata candidate 

introns (Figure 4.9A), within the annotated loci LOC101449153, LOC101450641, 

LOC101457260 and LOC101459514, displayed the expected outcome of a positive result for 

the predicted testis-specific splice form in testis, and a negative result for this splice form 

but positive result for other splice forms in other samples. These nine candidates were 

taken forward for further testing. Two additional Ae. aegypti candidate introns (Figure 

4.8B), within the annotated loci AAEL011153 and AAEL018350, and three additional C. 
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capitata candidate introns (Figure 4.9B), within the annotated loci LOC101449153, 

LOC101452861 and LOC101459514, were also taken forward despite positive PCR results 

for the predicted testis-specific splice form in non-testis samples, as the quantity of 

product from the non-testis samples was low, and the product was only present for PCR 

with primers spanning the predicted testis-specific exon-exon junction. In these cases, 

expression of the predicted testis-specific splice form in non-testis tissues could be at a 

low level relative to the expression of other splice forms, and so the candidate could 

potentially still be useful for the intended application. 

 

4.3.2.5.2. qRT-PCR 

The suitability of a testis-specific intron for use in a synthetic construct as discussed above 

will be affected by the proportions of different splice forms for the corresponding gene in 

the testis. If used to direct testis-specific expression of a coding region, the higher the 

proportion of transcripts spliced in the testis-specific form, the more desired coding 

transcripts produced. In order to determine this proportion for the candidates taken 

forward for further testing, qRT- PCR was performed (Figure 4.10 and Figure 4.11). 

Gonadectomised male, ovary, and gonadectomised female samples were also used in the 

qRT-PCR to determine the expression level of the predicted testis-specific splice form in 

these tissues, if any, relative to the expression level of other splice forms. Candidates with 

a low level of non-testis expression of the predicted testis-specific splice form relative to 

other splice forms may still be usable for synthetic biology applications, particularly in 

combination with other strategies, such as use of testis-specific regulatory regions, for 

restricting expression to the testis.
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Figure 4.10. Relative expression levels in different tissues for predicted testis-specific and other splice forms of Ae. aegypti splicing candidates, 
determined using qRT-PCR. Where expression levels in the testis are too low to view at the same scale as for the other splice forms, results for testis 
are shown inset. The relative expression value of the testis-specific splice form is set at 1 in all cases. 
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Figure 4.11. Relative expression levels in different tissues for predicted testis-specific and other splice forms of C. capitata splicing candidates, 
determined using qRT-PCR. Where expression levels in the testis are too low to view at the same scale as for the other splice forms, results for testis 
are shown inset. The relative expression value of the testis-specific splice form is set at 1 in all cases. 
 



 179 

The qRT-PCR for the C. capitata candidate introns within the annotated locus 

LOC101459514 failed to produce meaningful results, with calculations suggesting negative 

expression of splice forms, so these introns were excluded. Based on the qRT-PCR results 

for the other candidates, the estimated ratio of testis-specific splice form to other splice 

forms in the testis ranged from 0.4 % to 1,000 % in Ae. aegypti (Figure 4.10) and 5 % to 

200 % in C. capitata (Figure 4.11). Candidates at the lower ends of these ranges are 

unlikely to be suitable for use in a synthetic construct. For example, the results suggest 

that for AAEL001898, only 0.4 % of mature transcripts in the testis would retain the 

intron, and thus only 0.4 % of transcripts would be of the desired form if this intron were 

used to direct testis-specific expression of a coding region. However, candidates at the 

higher ends of the ranges are more likely to be suitable, and will be taken forward for 

testing in synthetic constructs. In some cases the qRT-PCR results suggested expression of 

the testis-specific splice form in non-testis samples, but this was mostly at a very low level 

(< 1 %) relative to the expression of other splice forms in these tissues. For the C. capitata 

candidates LOC10450641 and LOC101457260 the results suggested that 17-100 %  of the 

splice forms in non-testis samples were actually the predicted testis-specific splice form. 

However, the expression of all splice forms in these non-testis samples was low compared 

to expression in the testis (too low to be visible in the graphs in Figure 4.11), so relative 

errors in quantification are likely to be higher. 

 

4.3.2.6. Interspecies comparison 

To determine whether any of the candidates we identified were conserved between 

species, tBLASTx searches between Ae. aegypti and C. capitata candidates were performed, 

using the candidate sequences from one species as queries and all transcripts predicted by 

Cufflinks from the other species as a database. The D. melanogaster dataset was also used 

as a database, to provide further confidence in conservation, and also because more 

supporting information is available on D. melanogaster genes. 
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These BLAST searches revealed that the Ae. aegypti testis-specifically expressed candidate 

corresponding to the annotated locus AAEL009267 and the C. capitata testis-specifically 

expressed candidate corresponding to the annotated locus LOC101459316 are 

homologous, and furthermore both show homology to a D. melanogaster gene, CG7691, 

that was also identified as testis-specifically expressed, with higher expression early in 

spermatogenesis. The Ae. aegypti testis-specifically spliced candidate corresponding to the 

annotated locus AAEL008110 (centrosomin) and the C. capitata testis-specifically spliced 

candidate corresponding to the annotated locus LOC101449153 (centrosomin-like) are 

homologous, and both show homology to the D. melanogaster centrosomin gene, which is 

known to have a role in spermatogenesis and display testis-specific splicing in this 

species447.  

 

4.3.2.7. Promoter prediction 

In theory it would be possible to build a construct utilising a promoter to restrict 

expression without exact knowledge of the span of the promoter, by just including a 

sufficient length of upstream sequence (likely around 2 Kb) to cover the promoter. 

However, the larger a construct the less the chance of a successful transformation, so it is 

desirable to include only the promoter if possible. Thus, promoter prediction was 

attempted for candidate testis-specifically expressed genes. 

 

Two approaches were used. Firstly, important promoter elements should be conserved for 

homologous genes between species, so a comparison was made between upstream 

sequences of candidate genes and their top two matching genes from a BLAST search 

against other insect species. Secondly, important promoter elements may be conserved for 

genes with a similar expression profile within species, so upstream sequences for 

candidate genes within species were compared. For the latter approach, only annotated 

genes with 5’UTRs were used, as otherwise the supposed upstream sequence may include 
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5’UTR, making it more difficult to find conserved motifs in the actual upstream sequence. 

Only Ae. aegypti genes were used, as it was possible to extract multiple upstream 

sequences at once from VectorBase427; this is not possible for C. capitata. 

 

Three programs were used to identify transcription factor binding sites – PROMO439, 

rVista 2.0440 and Melina II441. PROMO identifies known sites, and was set to identify only 

sites present in all sequences (but not necessarily in the same location), restricted to 

Dipteran factors and sites. rVista 2.0 also identifies known binding sites, but can be set to 

show only sites that are conserved in the same location between sequences; this setting 

was used, restricted to insect sites, for the target gene and its top BLAST hit from another 

species. Melina II can identify de novo sites, and was used as there may be sites in Ae. 

aegypti and C. capitata that are unknown. 

 

Neither approach for promoter prediction revealed a clearly defined promoter region for 

any of the genes tested using any of the software. An example of an interspecies 

comparison using PROMO is shown in Figure 4.12, illustrating the lack of consensus 

between binding sites. On further analysis it was discovered that most of these genes did 

not have a 5’UTR predicted, and so the ‘upstream’ sequence likely also contains 5’UTR. 

Given the variability in 5’UTR length, the position of the transcription start site (TSS) is 

hard to determine computationally, which makes promoter identification difficult. 
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Transcription factor key 

 
 
Figure 4.12. Transcription factor sites in upstream sequence of AAEL001333 and 
homologues in other species. Sites were identified using PROMO439.  
 

4.4. Discussion  

4.4.1. Searching for Ae. aegypti sex locus 

Attempts were made to identify the Ae. aegypti sex locus by comparing the genome 

sequences of males and females. Unfortunately, the sex locus was not identified from this 

work; it has now been determined as the gene Nix104.  

 

Comparisons of coverage between male and female samples initially seemed a promising 

approach. Identification of Y-linked genes based on a reduced sequencing coverage in 

males relative to females has been proposed previously406, and was adopted by Hall et al. 

in a strategy termed the chromosome quotient (CQ) method448, which was used to identify 

novel Y-linked genes in An. gambiae448, a male-biased gene in Ae. aegypti449, and 

subsequently the male-determining M factor itself104.  

 

However, all approaches here identified too many candidates for functional testing. This is 

likely in part due to the use of inbred individuals from one strain of Ae. aegypti, meaning 

that the comparative approaches taken here would also identify regions linked to the sex 

locus in these individuals. Adding sequencing data from other strains would aid in 
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eliminating these linked regions from identification; differences between males and 

females conserved across different strains would have been much stronger candidates. 

Identification of the male-determining M factor utilised data from two different Ae. aegypti 

strains104. 

 

One way to narrow down candidates would have been to determine whether their 

physical location was consistent with the known region of the sex locus. Previous work 

used fluorescent in situ hybridisation (FISH) to confirm whether candidates mapped to 

the correct location449,104. Analysis of transcriptomic profiles for candidate sequences is 

another way to validate candidates – Hall et al. used RNA-seq data to restrict candidates 

for the M allele to those expressed in early embryos and not in females104.  

 

Another limitation with the methods here is that they focused too heavily on sequences 

and genes present in the published Ae. aegypti genome assembly (AaegL2). This assembly 

was generated from data derived from both male and female gDNA442, meaning that the M 

allele will only have a quarter of the coverage of autosomal sequences. The overall 

coverage was only 7.63X, so the M allele is likely to have less than 2X coverage. The 

sequencing was performed using Sanger technology, which has a bias against 

heterochromatic DNA, so the actual coverage may be even less. Nix, the gene determined 

to be the male-determining factor, was not present in the published genome assembly104. 

 

However, even the new assemblies generated here did not contain the full Nix sequence. 

This could be due to insufficient coverage, and/or difficulties in assembly in the region of 

the sex locus. An improved assembly in this region may have aided in identification of the 

sex locus. To this end, after the work described here a bacterial artificial chromosome 

(BAC) library was generated by Amplicon Express (Washington, USA) with the aim of 

using PacBio sequencing of BAC clones to generate an improved assembly in this region, 
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and to provide more information on candidate sequences – knowledge of their flanking 

regions may enable them to be assigned to a physical location, for example. BAC clones for 

sequencing were to be identified by BAC walking starting from the nearest known mapped 

scaffolds, or probing with candidate sex locus sequences. However, the male-determining 

M factor was identified before this could be completed. 

 

Although the work here was not fruitful, hopefully identification of the sex locus by 

others104 will provide a basis from which to build transgenic insect control systems 

targeting sex development.  

 

4.4.2. Identification of Ae. aegypti and C. capitata testis-specifically expressed or 

spliced genes 

RNA-seq data were used in a high-throughput approach to identify testis-specifically 

expressed and spliced genes in the disease vector Ae. aegypti and agricultural pest C. 

capitata. This genome-wide approach represents an advance on previous efforts to find 

regions for use in insect control constructs, which attempted to identify candidates on an 

individual basis, often based on distant homology to D. melanogaster genes. Using staged 

testis samples allowed sufficient time resolution to select testis-specifically expressed 

genes with expression levels highest in early spermatogenesis; the regulatory sequences 

of these genes are more likely to be suitable for bipartite synthetic constructs than those 

from genes more highly expressed in later stages. 

 

The findings complement those of Akbari et al.450, who identified regulatory regions 

specific to the female germline in Ae. aegypti. These regions could be used to drive ovary-

specific expression in strategies such as Medea and UDMEL, which have been shown to 

result in population replacement in Drosophila75,77,451, while the testis-specific elements 

identified here could be used in alternative population replacement strategies such as sex 
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distortion and prevention of sperm development. This could also be achieved with the 

testis-specific introns identified here. These could be used on their own or in combination 

with testis-specific regulatory elements, or even to achieve testis-specific expression with 

regulatory elements active in the testis but not testis-specific – this would allow a wider 

choice of regulatory elements. 

 

The genes identified also provide a choice of expression levels in a synthetic construct, 

with varying expression levels for the testis-specifically expressed genes and varying 

splice form ratios for the testis-specifically spliced genes. This may be useful as different 

applications utilising testis-specific expression may require different expression levels. It 

may also be useful that some of the genes display testis-specific expression or splicing that 

is consistent between Ae. aegypti, C. capitata and D. melanogaster. Conserved genes such 

as this can simplify construct generation across different species, as it is possible that the 

same or similar sequences may be used for multiple species.  

 

Unfortunately, it was not possible to identify promoter regions for the candidate-testis 

specifically expressed genes computationally; this was complicated by lack of knowledge 

of the 5’UTRs. To determine accurate TSS positions and thus enable promoter prediction 

to be focused on an appropriate region, 5’RACE could be performed. 

 

In addition to the results of this work, the methodology is also noteworthy. To identify 

testis-specific splicing, a novel computational pipeline for this type of analysis was 

developed. Whilst the majority of the work is performed by the pre-existing Tuxedo suite 

of programs, these do not produce finished analyses with regards to alternative splicing, 

but rather an intermediate output that requires further computation to produce user-

friendly candidate lists and sequences. The novel pipeline combines this software with 

custom-written Python scripts to achieve this. Unlike other methods for identifying 
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differential splicing from RNA-seq data452, it identifies splice forms generated by all types 

of splice event, not only exon skipping. The outputs are particularly tailored for 

subsequent experimental testing, containing intron flanking sequences along with 

numbered exon junction positions to facilitate PCR primer design, and alignments for all 

transcripts of each gene. In addition to its application here to identify testis-specific 

splicing, the pipeline could be applied to other sample sets, for example to identify splice 

forms specific to other tissues, developmental stages, disease states or external conditions. 

A flow chart illustrating the pipeline is shown in Figure 4.13. 

 

 

Figure 4.13. Novel computational pipeline to identify tissue-specifically expressed or 
spliced genes. Output of the Tuxedo suite of tools is processed with user-defined 
thresholds to output lists of candidates with information that allows further sorting and 
filtering, such as intron sizes, expression values and exon junction coverage. It also 
outputs sequences in a convenient format for primer design for subsequent experimental 
testing - intron-flanking sequences with numbered exon junctions, and alignments of all 
isoforms for each gene. 
 

Returning to the results, it should be noted that are some limitations. Based on the RT-PCR 

and qRT-PCR results, it is possible that some of the candidates identified may not be 

completely testis-specifically expressed or spliced, although at the levels present it is hard 

to distinguish between genuine expression in other tissues and noise in the results. 

Depending on various factors such as the tissue, developmental stage, and effector gene 

action, it is possible that a small amount of off-target expression may be acceptable. 

Furthermore, multiple components for restricting expression to the testis could 
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potentially be combined, such as a testis-specific regulatory region and a testis-specific 

intron, resulting in greater specificity than that of the individual components. 

 

There are also a number of other factors that could affect the success of a transgenic line. 

For example, evidence suggests that the size of a construct is inversely correlated with 

transformation efficiency using transposon-based integration systems such as piggyBac453. 

It may be necessary to shorten the sequences of candidate testis-specific regulatory 

regions or introns before their inclusion in synthetic constructs, using only the parts of 

core importance to the testis-specificity. Another potential issue is that candidates may be 

dependent on genomic context for their testis-specificity, in which case they may function 

suboptimally in a synthetic construct.  

 

Furthermore, the timing of expression driven by the candidate testis-specific regulatory 

regions might be inappropriate. This work focused on identifying regulatory regions that 

are active early in spermatogenesis, as expression too late would definitely not be useful 

for the intended application. However, expression too early might also be a problem for 

some strategies, as it could for example result in the production of fewer or no sperm 

rather than rendering sperm non-functional. This would obviously be detrimental for a 

sex-distorting line, as fully functional sperm are still required in this strategy. It may also 

be undesirable in a strategy aiming to create sterile males, as fewer sperm may reduce the 

reproductive competitiveness of transgenic males relative to wild type males due to sperm 

competition, and their ability to suppress receptivity to further mating in wild type 

females. The role of sperm in suppressing female remating in Ae. aegypti is unclear, but in 

An. gambiae, spermless males were shown to elicit normal mating responses83. However, 

this may not translate to Ae. aegypti, as the mechanisms of mating responses in An. 

gambiae differ from those in other mosquitoes, including those in the Aedes genus454. In C. 

capitata, some studies found that spermless males455, or sterile males456,457, which transfer 
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fewer sperm458,459, were less able to suppress female remating, suggesting that sperm 

abundance affects mating receptivity in this species. However, studies on other tetriphids 

have not found an affect of sperm abundance on female remating460-462. The authors of one 

of these studies462 suggested that the mating status of the male may play a role, with 

sperm abundance being unimportant in multiply mated males. The applicability of this 

hypothesis to population control strategies involving sperm manipulation depends on the 

mating behavior of transgenic males in the field, currently an unknown. Sperm abundance 

cannot be ruled out as an important factor. 

 

Another timing issue that may be affected by the regulatory regions used is the period for 

which the transgenic products persist. Initial attempts at developing a sex-distorting 

system in An. gambiae resulted instead in embryonic lethality due to persistence of the 

transgenic endonuclease84; this was addressed by engineering the endonuclease to reduce 

its thermostability and thus persistence103.  

 

Whether the candidate testis-specific regulatory regions and introns that have been 

identified display suitable timing profiles and other characteristics will be confirmed by 

functional testing in synthetic constructs. Candidates have been further tested since the 

work described here was carried out, and work is currently underway to generate 

synthetic constructs. Overall, the results here provide a useful platform from which to 

develop such constructs, in addition to furthering knowledge of basic insect biology.  

 

4.4.3. Conclusions 

These analyses, using genome resequencing and RNA-seq to identify candidate genes for 

transgenic control of pest insects, demonstrate the power of high-throughput sequencing 

approaches, and the ability to apply them for different goals. The aim of the genome 

resequencing was to identify the Ae. aegypti sex locus for use as a target or an effector in 
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synthetic constructs, while the aim of the RNA-seq was to identify testis-specifically 

expressed or spliced sequences for use in controlling expression of effectors in synthetic 

constructs. 

 

The Ae. aegypti sex locus, while not identified by this work, has since been determined104. 

The work here did identify a number of testis-specifically expressed or spliced genes in Ae. 

aegypti and C. capitata, including  some that were conserved between species. These 

findings provide additional tools in the rapidly developing field of insect synthetic biology, 

and will hopefully aid in developing novel control strategies for pest insects. 
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  5   General discussion  
 

5.1. Summary 

Insects are responsible for transmission of several widespread and serious diseases, as 

well as costly agricultural losses. There are several inadequacies with current control 

methods, so novel techniques are being developed, in which a modified version of the 

insect itself acts as the control agent. The intracellular bacteria Wolbachia are of interest 

for several strategies due to their interactions with their hosts. Pathogen inhibition and CI 

phenotypes are of particular relevance to insect control, as well as being of interest from a 

basic biology perspective. In this thesis, genes that may be involved in these Wolbachia-

host interactions have been identified and investigated, as well as genes with the potential 

for use in transgenic constructs for insect control. 

 

Chapter 2 identified Wolbachia genes that may be involved in CI, by sequencing the 

genome of a Wolbachia strain that does not cause CI, wAu, and comparing it to that of 

wMel, which does cause CI. To sequence the wAu genome, PacBio reads were generated 

using gDNA extracted from cultured cells, which proved to be a convenient novel method 

for obtaining Wolbachia gDNA for genome sequencing. The PacBio reads were assembled 

into a single contig, with errors corrected using Illumina data. Comparative genomics 

revealed a number of genes with large differences between the two strains, including 

some genes absent entirely from wAu. Several transcriptional regulator genes, a family 

previously implicated in CI, were found to display differences between the two strains, 

including frameshifts that would likely result in loss of function in wAu. Statistical analysis 

revealed a higher frequency of SNPs in these genes than genes in other categories and 

suggested that they may be under positive selection, supporting a possible role for these 
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genes in CI. One transcriptional regulator gene was used to transform D. melanogaster for 

functional testing, but no significant CI effect was observed. 

 

Chapter 3 used comparative transcriptomics to further identify and investigate Wolbachia 

genes that may be involved in CI, as well as host genes potentially involved in CI and host 

genes potentially involved in Wolbachia-mediated pathogen inhibition. These analyses are 

thought to represent the first use of RNA-seq for these purposes. Candidate Wolbachia CI 

genes were identified by comparing Wolbachia RNA-seq data from D. simulans testes and 

ovaries infected with either wAu or the CI-causing strain wRi. A number of genes were 

identified that were differentially expressed between testes and ovaries infected with wRi 

whose orthologues were not differentially expressed between testes and ovaries infected 

with wAu; these are good candidates for involvement in CI. This included three members 

of the transcriptional regulator gene family. Other members of this family were confirmed 

as being expressed, and some seemed to display differing expression levels between the 

two strains, though expression levels were not directly compared due to issues with 

interspecies comparison.  

 

Candidate host CI genes were identified by comparing host RNA-seq data from D. simulans 

testes and ovaries infected with wAu, wRi or uninfected. This analysis revealed a number 

of differentially expressed host genes that may be involved in CI, including Ance, a gene 

identified as a CI candidate in a previous study. The function of serine-type endopeptidase 

activity was enriched among genes upregulated by wRi in testes, though as this is 

associated with a wide variety of cellular processes it does not provide much insight into 

CI. 

 

Host genes potentially involved in pathogen inhibition were identified by comparing RNA-

seq data from Ae. albopictus mosquitoes transinfected with wMel, which shows resistance 
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against dengue and chikungunya viruses122,332 naturally infected with wAlbA/B, or 

uninfected. A number of candidate viral inhibition genes were identified, and a number of 

functional annotations were enriched among these candidate genes. Enriched functions 

among genes upregulated by wMel were not consistent with a role of general immune 

activation in pathogen inhibition, but many were related to metabolism and so were 

consistent with resource competition playing a role. 

 

Chapter 4 attempted to identify genes for potential use in transgenic constructs. Firstly, 

attempts were made to identify the sex locus in Ae. aegypti by comparing male and female 

genome sequences. Despite some approaches seeming promising, this work did not 

succeed in identifying a strong candidate before the locus was identified by another 

group104. Secondly, transcriptomic analysis was performed on RNA-seq data from Ae. 

aegypti and C. capitata to identify testis-specifically expressed or spliced genes, which 

could be used to restrict expression to the male germline in transgenic insects. Several 

candidate genes were identified. 

 

5.2. Use of high-throughput sequencing 

All chapters share the use of high throughput sequencing for genome-wide identification 

of genes. This methodology has seen explosive growth in recent years, with decreasing 

costs and technological improvements making it a viable and effective option for 

investigating many biological questions. Genome sequencing has been facilitated by the 

recent development of long-read sequencing technologies, such as PacBio, which was used 

here to create a finished Wolbachia genome assembly. Other long read technologies being 

brought to the market, such as Oxford Nanopore sequencing463, may further advance this 

field. In the field of transcriptomics, RNA sequencing has significant advantages over 

previous array-based methods, such as the ability to detect previously unknown 

transcripts. This feature has been important in some of the applications here. Ae. 
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albopictus does not have a well characterised transcriptome, and several candidate 

pathogen inhibition genes identified in Chapter 3 were novel. While the Ae. aegypti and C. 

capitata testis-specifically expressed genes in Chapter 4 corresponded to annotated loci, 

some of the testis-specifically spliced transcripts had not previously been predicted.  

 

5.3. Future work and considerations 

While high-throughput sequencing is an excellent tool for rapidly identifying a number of 

candidate genes, confirmation of the nature of function of these genes requires 

experimental validation. Although some functional testing was performed in Chapter 1, 

further analysis is required to confirm the roles of the genes identified in Chapters 2 and 3 

in Wolbachia-host interactions, and the suitability of the genes identified in Chapter 4 for 

use in transgenic constructs.  

 

Beyond laboratory analysis, any application of insect control methods will require 

rigorous field testing. There are various issues that may affect the success of modified 

males in the field. Survival and mating competitiveness of modified males with wild males 

under natural conditions is of critical importance for all strategies in which the insect itself 

is the control agent. With regards to Wolbachia-based population replacement strategies, 

semi-field trials have shown Wolbachia-infected Ae. aegypti464 and Ae. polynesiensis210 

males to be equally or almost equally as competitive as wild males, and Ae. aegypti bisex 

RIDL males also showed no significant difference to wild males in terms of mating 

competitiveness465. Environmental conditions may also affect success – for example 

Wolbachia-mediated Plasmodium resistance was found to be affected by temperature466. 

Field testing is also important for satisfying regulatory concerns. This is of particular 

importance for population replacement methods, which are not self-limiting. Ideally there 

should be a way to remove transgenes or Wolbachia from populations in case of 

unforeseen consequences. In Wolbachia strategies this could be achieved by releasing 
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insects with an incompatible strain. In the case of naturally Wolbachia-infected target 

species such as Ae. albopictus, reversion to the wild-type infection could be readily 

achieved. 

 

Field trials have already shown success in a number of cases, such as the use of wMel-

transinfected Ae. aegypti for population replacement196,229,230, and the use of Ae. aegypti 

bisex RIDL lines for population suppression93-96. However, it is still too early to know the 

long-term effectiveness of these strategies and whether they can be successful in other 

locations with different conditions, such as differing climate, host species or strain, host 

population dynamics and human population dynamics. Of relevance to Wolbachia 

strategies is the fact that Wolbachia density has been shown to decrease with time 

following introduction into a new host467; as several studies have shown that pathogen 

inhibition is density-dependent231,235-237 this may reduce its effectiveness as a control 

strategy. Pathogens may also evolve resistance to inhibition by Wolbachia or refractory 

transgenes over time. Likewise, population suppression strategies must consider the 

possibility of the target insects developing resistance against the suppression mechanism.  

 

While genetic control strategies have progressed to the field trial stage in some cases, they 

are still an area of growing research, and recent technological advances have the potential 

to improve transgenic strategies. Many transgenic insect lines have been developed using 

transformation techniques that result in random integration of the transgenic construct 

into the genome, but site-specific insertion can now be achieved using systems such as the 

phage phi C31 system66,453,468. This should prove useful in generating stable transgenic 

lines with desired characteristics. Furthermore, new technologies that allow site-directed 

mutagenesis, such as HEGs, zinc finger nucleases (ZFNs), transcription-activator like 

effector nucleases (TALENs) and the CRISPR/Cas9 system, also allow more precise 
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manipulation when engineering effects on insect survival, reproduction or disease 

susceptibility (e.g. reviewed by Gabrieli et al.469). 

 

Each control strategy is associated with different advantages and disadvantages, and in 

reality the best solution may be to use a combination of strategies – for disease vectors 

this is known as integrated vector management (IVM). Broadly speaking, complete 

population suppression is difficult to achieve, so for disease vectors population 

replacement may be a more appropriate goal. However, it would benefit from additional 

control with suppression strategies – this would lower the number of modified 

mosquitoes required to exceed the initial frequency threshold for Wolbachia or transgenes 

to spread, and also reduce biting nuisance in addition to disease transmission. 

 

5.4. Conclusions 

In conclusion, novel methods using Wolbachia or transgenic constructs have great 

potential for the control of insect disease vectors and agricultural pests. This work has 

identified and investigated a number of candidate genes that may be involved in 

Wolbachia-host interactions and thus of interest to Wolbachia-based strategies, as well as 

genes for use in transgenic control constructs. Further work is required to validate the 

results, but the findings provide an important platform from which to develop control 

strategies for insect pests. 
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Appendices 

Appendix 1 – Drosophila food recipes 
 
Recipe 1 
 
For one batch of food: 

component amount 

plant agar 8g 
inactive yeast 16g 
organic rolled oats 80g 
Tate and Lyle black treacle 138g 
acid mix 17ml 
10 % Nippogene in ethanol 20ml 

H2O 1.33l 

 
For 500ml acid mix: 

component amount 

phosphoric acid 21ml 
propionic acid 206ml 

dH2O 273ml 

 
 
Recipe 2 
 
For one batch of food: 

component amount 

agar 16g 
yeast powder 80g 
white sugar 100g 
propionic acid 5ml 
10 % Nippogene in ethanol 30ml 

H2O 1l 
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Appendix 2 – Primer sequences 
 
Primers used in Chapter 2 
 
qPCR primers for genomic DNA purity assessment 
WSP forward     ATCTTTTATAGCTGGTGGTGGT 
WSP reverse     GGAGTGATAGGCATATCTTCAAT 
HTH forward     TGGTCCTATATTGGCGAGCTA 
HTH reverse     TCGTTTTTGCAAGAAGGTCA 
RpL32 forward     CGGTTACGGATCGAACAAGC 
RpL32 reverse     CTTGCGCTTCTTGGAGGAGA 
D. simulans mitochondrial rRNA forward  TCGTCCAACCATTCATTCCAGCCT 
D. simulans mitochondrial rRNA reverse TGGCCGCAGTATTTTGACTGTGC 
Ae. albopictus mitochondrial rRNA forward ACTGATAGATATTAAAGGGCCGCA 
Ae. albopictus mitochondrial rRNA reverse ATGCTACCTTCGCACAGTCA 
 
PCR primers for confirmation of transgene presence 
WD0626 forward    CACAAGCAATTGGCCTCTCTGCTAA 
WD0626 reverse    TGGAATGGCCACACGTCCTTGC 
28S rRNA forward    TACCGTGAGGGAAAGTTGAAA 
28S rRNA reverse    AGACTCCTTGGTCCGTGTTT 
 
PCR primers for screening for Wolbachia infection 
WSP forward     TGGTCCAATAAGTGATGAAGAAAC 
WSP reverse     AAAAATTAAACGCTACTCCA 
28S rRNA forward    TACCGTGAGGGAAAGTTGAAA 
28S rRNA reverse    AGACTCCTTGGTCCGTGTTT 
 
qPCR primers for expression analysis 
WD0626 forward     CACAAGCAATTGGCCTCTCTGCTAA 
WD0626 reverse    TGGAATGGCCACACGTCCTTGC 
RpL32 forward     CGGTTACGGATCGAACAAGC 
RpL32 reverse     CTTGCGCTTCTTGGAGGAGA 
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Primers used in Chapter 4 
 
PCR primers for experimental testing of candidate testis-specifically expressed genes 
Ae. aegypti 
Novel gene 1 forward     ACCGAAGCTACAAGGACGC 
Novel gene 1 reverse   CAGCAGCCGACCCGGAA 
AAEL000463 forward   GGCCGTTTTGGCACATTCTT 
AAEL000463 reverse   CACGCGTTTTTCACTTTGCG 
AAEL001333 forward   CGAGACCGTTCTCCTCAACC 
AAEL001333 reverse   TCCTCGCACATTTTTCTCCG 
AAEL003021 forward   GGCCGTTTTGGCACATTCTT 
AAEL003021 reverse   CACGCGTTTTTCACTTTGCG 
AAEL004293 forward   GCGAGAAAAAGAAGCGTAAAAC 
AAEL004293 reverse   TCCTCAGTTGACTCACGTCG 
AAEL006665 forward   TCAAAGCCCTCAAGAATCGGA 
AAEL006665 reverse   TCATTGCTTGTGCACTCACC 
AAEL009267 forward   GTGAAGACGACCTTGCTCCA 
AAEL009267 reverse   CCATGTGACGTTCCTTTGCG 
AAEL010268 forward   CCTGCACCGATCGAAGTCAA 
AAEL010268 reverse   TGGTGGTGGCAGATGAAACA 
AAEL011838 forward   GGCAATCGGTTGTACCTGGA 
AAEL011838 reverse   ATCACATCGCCAGGCTTGAA 
AAEL012065 forward   CGCGAATACCATAAGCCCCT 
AAEL012065 reverse   CGCAGCTACCACTACTACCG 
AAEL012239 forward   GGTGCTAGTGGTGGAACGAA 
AAEL012239 reverse   TCTTTGGCTTCACGCTTTGC 
RpL22 forward    AAACAACTCCTGCGAGGCAA 
RpL22 reverse    CACGCAGGCTGTTCTTCTTC 
 
C. capitata 
LOC101449084 forward  TACTGAGACAACAGCGCCAG 
LOC101449084 reverse  TCGAACGCTCCGATACCAAG 
LOC101449780 forward  TTGCCGAAACTTGCCCAAAG 
LOC101449780 reverse  CACTCAACCGGATCACCCAA 
LOC101451111 forward  CAATTTATGGGCCTCTTTCGG 
LOC101451111 reverse  CGATTCGCCAACGTAAGCAG 
LOC101451785 forward  AGCGTTGGGTTGTGTGATGA 
LOC101451785 reverse  GACAATCCCGATGGAGCAGT 
LOC101454909 forward  TGCTCATGTTGCTGTTGTGC 
LOC101454909 reverse  GCCGATGATGTAGATGCCGA 
LOC101455161 forward  GCGGAAGTACTCGGCTATTG 
LOC101455161 reverse  CCCGTTGGTAGGACATGCT 
LOC101457895 forward  CTACAGCGAGCTACGTCCAT 
LOC101457895 reverse  CCGGACCCTCTGCTTTCATT 
LOC101459316 forward  GAAAATCGCAAAGCTGCCCA 
LOC101459316 reverse  TGATGCTTGCTGGCATCTCA 
LOC101459689 forward  CCCACACTGATCGGCTACTC 
LOC101459689 reverse  ATGTAGCCTGCAGCAAAGGT 
LOC101462854 forward  GTAGTCGTACTCACCGAGCC 
LOC101462854 reverse  CGCGCAGTGATTATCTCGTT 
RpL22 forward    CAACACGGATCCAATCACGC 
RpL22 reverse    TGCTGCTGCATCTGCTACTT 
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qPCR primers for experimental testing of candidate testis-specifically expressed genes 
Ae. aegypti 
AAEL001333 forward   CGTACTCCACGGAGGTCATC 
AAEL001333 reverse   GTCCTCGCACATTTTTCTCCG 
AAEL003021 forward   GGAGCTGCATGAGAGGTGTT 
AAEL003021 reverse   CATGCTGACCAGGACCATGA 
AAEL006665 forward   TCAAAGCCCTCAAGAATCGGA 
AAEL006665 reverse   TCGTTTGATGGCGTACAGGG 
AAEL009267 forward   TGAGATTAAGTTCCACGACGAC 
AAEL009267 reverse   CCGTTTCAGTGCGACTTGTG 
AAEL010268 forward   GCTTTGACAGTGAAACTGTGGC 
AAEL010268 reverse   CGCAAATCAGTGAAGCTTGGA 
AAEL012065 forward   CGCGAATACCATAAGCCCCT 
AAEL012065 reverse   TGGTGGTACGTAACCCGTTG 
AAEL012239 forward   GCCAACGGAGATCTAGAAGTT 
AAEL012239 reverse   CGCTTTGCCTTGACATGAGC 
α-tubulin forward   TCGGACAAAACCATCGGAGG 
α-tubulin reverse   ACGGTTGGTTCCAGATCGAC 
 
C. capitata 
LOC101449084 forward  TGTTGAGAGCATCACGATCAC 
LOC101449084 reverse  TGCCTCATCGTCGGAATGTT 
LOC101449780 forward  TTGAAGCTCCCCGATGTTGC 
LOC101449780 reverse  TGACCAATAGCACCACTGGC 
LOC101451111 forward  CCCAAAGCAGCAGGTAGACA 
LOC101451111 reverse  GCATTCACGTCCAATGTCGC 
LOC101451785 forward  GACCGTTATGTGCGTCATGC 
LOC101451785 reverse  GCCAACGGTGTTCTTCAACG 
LOC101457895 forward  TCTGAAACGTACCCAGAAGGC 
LOC101457895 reverse  CCCGGTCATATCTGTCAGCC 
LOC101459316 forward  CGCTCCATAAGCGTCGTATCT 
LOC101459316 reverse  CCCAAACCGATGGTTGAGAA 
LOC101459689 forward  AAACGCAAAGCCACCTTGAC 
LOC101459689 reverse  TGGGTTGGTGCCACGAATTA 
LOC101462854 forward  CCATTGTTAAACGAGGCAACGA 
LOC101462854 reverse  TGGCACCATTATACCCTGCG 
α-tubulin forward   TGCCCTACCCACGTATTCAC 
α-tubulin reverse   ACCATCTGGTTGGCTGGTTC 
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PCR primers for experimental testing of candidate testis-specifically spliced genes 
Primers for amplifying both predicted testis-specific and other splice forms 
Ae. aegypti 
AAEL001916 forward   GGCCGGGCTCTTAATGTGAT 
AAEL001916 reverse   GCAACGACAATGGCTGGCAA 
AAEL005651 forward   CGTAGTTCGCTTCGTGGAGT 
AAEL005651 reverse   ACTAAGCACCGGTTTCTCCG 
AAEL005935 forward   CGGGGTCCTTTTACACCGAA 
AAEL005935 reverse   GAGAATCAAGTGGTCGAGCG 
AAEL007258 forward   CCCGTCGCCTATTTCACCAA 
AAEL007258 reverse   GTTTGGGGATAACGTATCGC 
AAEL008110 intron 2 forward  CAAATGCATGATGCGTTCCT 
AAEL008110 intron 2 reverse  GCTGCAAGCGTTGGATATGG 
AAEL008428 forward   GGGACTTTGACTCGCACAGA 
AAEL008428 reverse   AGCAGCAATTCGGTTTTGCAT 
AAEL010509 forward   TAAATCGCCGCCATCACCAT 
AAEL010509 reverse   GATTTAGAGCGGCCGAGTGA 
AAEL011105 forward   TCCGAGTGGTCGCCATTTTG 
AAEL011105 reverse   TCACGTTGTCCTCATGGGTG 
AAEL011968 forward   TCCAACTGTTCAGCTCGTCG 
AAEL011968 reverse   TGGCACAGTAAGCCTGTTGA 
AAEL012262 forward   CAGTGCCAGCAAAGCAGAAG 
AAEL012262 reverse   TACAACCGAGCGTCATTGCT 
AAEL013571 forward   GTCGAGAAGGTACTCGAGCG 
AAEL013571 reverse   GACGTCGAAGCAACTGGGTT 
AAEL014957 forward   TGCACGAAAAAGGAGCAACG 
AAEL014957 reverse   AGTTTGTGTAGCGGTGCGTT 
AAEL017395 forward   TGATTCGTCGGTTGGCTGTT 
AAEL017395 reverse   CACCACTCGTCTGTGTCTCG 
AAEL018039 forward   TCAGCAGCAACCGTTCTACC 
AAEL018039 reverse   CCGCGTTGAGTCAGGAACAT 
AAEL018211 intron 1 forward  CCATCTTTCGACGCGTGTTC 
AAEL018211 intron 1 reverse  TCCAAGTCCGCAAGACAAGG 
AAEL018350 forward   ATGGTGGCCCAAAACCAATG 
AAEL018350 reverse   TTGTTTGTGATGCGGGACTG 
 
C. capitata 
LOC101449503 forward  CCGCCCTTTAGGTGTATGGG 
LOC101449503 reverse  TGTTTTCGTATTGATTTTCCCTGG 
LOC101450565 forward  AACGGGGTTTGGCAACTGTA 
LOC101450565 reverse  GAAGGATCGCGTTGAGACCA 
LOC101453609 forward  TGAGGAGGGACACAGGTCAA 
LOC101453609 reverse  TGCAGCTTCCGATGTCTGTT 
LOC101457260 forward  CTCACCACCGGGTGATATGG 
LOC101457260 reverse  ACCGCGAGATCCGAAAATGT 
LOC101459514 intron 1 forward GGAGAAGCAACTGGGGTGTT 
LOC101459514 intron 1 reverse TAGGGCAAACTACTGCACCG 
LOC101459514 intron 2 forward TGGCGATCCTGCTCACCGAA 
LOC101459514 intron 2 reverse TAGGGCAAACTACTGCACCG 
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Primers for amplifying predicted testis-specific splice form 
Ae. aegypti 
AAEL000028 forward   TTTGGTTGTCCAGGTCCCAC  
AAEL000028 reverse   CGTTTTAGTTGGAAAATTGTTTGCT 
AAEL001898 forward   TGGGCTAAAAAGAGAGGCAA 
AAEL001898 reverse   CCCAGTACATTTAAAAAGCATGAAG 
AAEL002083 forward   CAGATTCGTCCTGATCGCCA 
AAEL002083 reverse   ATGCTAACAAGCGCTGTCCA 
AAEL008110 intron 1 forward  GGCAATCAAACCCTTGATTCTGT 
AAEL008110 intron 1 reverse  AATGCAAGTTTCGTCCGTGC 
AAEL008110 intron 2 forward  CTTGCTCATTTGCTCAGCATC 
AAEL008110 intron 2 reverse  GCTGCAAGCGTTGGATATGG 
AAEL008428 forward   GGGACTTTGACTCGCACAGA 
AAEL008428 reverse   CGGTTTTGCATGTCTTCATAAGC 
AAEL011153 forward   TCTGCCTTGCCAGTGATTGA 
AAEL011153 reverse   TGCTCGGCTTTGAAGAACCC 
AAEL012262 forward   AAACAGCCATCAAGCAATGTG 
AAEL012262 reverse   CGCTACGCAATGAAGGGAGA 
AAEL013571 forward   TCATCCTGGTAATTGTCACTCAA 
AAEL013571 reverse   GGGTTTAATAGACGATGGAAACGG 
AAEL018211 intron 1 forward  CCTTCACGCAATGTCTGGGA 
AAEL018211 intron 1 reverse  CGGTCCAGTTCCCTAATTGAA 
AAEL018211 intron 2 forward  CCTTCACGCAATGTCTGGGA 
AAEL018211 intron 2 reverse  TTGTCAAAGACTGGCTAGAGTGA 
AAEL018350 forward   ACTCAAAAGAAATTAGTAATAAGGA 
AAEL018350 reverse   CACTTTCTTTGCTTGTTCCC 
 
C. capitata 
LOC101448609 forward  TACTATTGACTACGGGTGAAGC 
LOC101448609 reverse  TCGAAAATGCGTCGCTGTTG 
LOC101449153 intron 1 forward GCTTCGCCTGCAGGTAGTC  
LOC101449153 intron 1 reverse CATGGGTTTGGCATGTGACG 
LOC101449153 intron 2 forward TCAATGTTAGCTCAATATTTGCCAT 
LOC101449153 intron 2 reverse GACTGAAACGAAGGCGCAAG 
LOC101449153 intron 3 forward AATTGTCGATTGCATTTTGCTCA 
LOC101449153 intron 3 reverse CTCGAGGGCATGGTTACACA 
LOC101449503 forward  TGCCAATGTCCATGTAGCAC 
LOC101449503 reverse  TTTATTCGAGTGGTACGTCAGC 
LOC101450641 forward  TGGTAGGTAGTTAAGTTATTTGACA 
LOC101450641 reverse  AGGCTTTTGAAGCTTTTCTCA 
LOC101452861 forward  TTCTGGTGGCATACAGGTCG 
LOC101452861 reverse  CGTACTGTGCAACTGGAGGT 
LOC101452984 forward  ACTTAATAATCACACAATGGCCGA 
LOC101452984 reverse  TCTCATCCAATTCGGCAGGC 
LOC101457260 forward  TCAGTATCGGCGGCATCAGT 
LOC101457260 reverse  TGGAAACCATCGTCTCTATGCT 
LOC101459514 intron 1 forward GCCAAGAGTCGTTGTGGTGT 
LOC101459514 intron 1 reverse TCGCTTTGTTTTCATCCGTCAATTA 
LOC101459514 intron 2 forward AATTGGCGATCCTGCTCAC 
LOC101459514 intron 2 reverse TTTAGAGGTAGACCAGTTATTTCAA 
LOC101461218 forward  AACAACTTCGAAAACCTGTAAGCG 
LOC101461218 reverse  CTAAGCGAATCCTCGGGTCC   
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Primers for amplifying other splice forms 
Ae. aegypti 
AAEL000028 forward   TTTGGTTGTCCAGGTCCCAC 
AAEL000028 reverse A  TGTCATTATTTACAAGGTTTGCTGT 
AAEL000028 reverse B  TACTTCCGAGAATGCGAGCC 
AAEL001898 forward   GACTGGATGCCACTGTCCTG 
AAEL001898 reverse   CTAGAGCGTATCCTGCCAGC 
AAEL002083 forward A  CAGATTCGTCCTGATCGCCA 
AAEL002083 forward B  GTTTTCCCACGTAGCTTCCG 
AAEL002083 reverse   TGGCGTTGTCCATGTCTGTT 
AAEL008110 forward   AAGGTCTTTCAGCCTCTGGC 
AAEL008110 reverse   ACGAATGCGCCGAAATGAAG 
AAEL008428 forward   TGCCTTGTCAAGAAAATCCCA 
AAEL008428 reverse   TCGTTATCGCTGAGGCATCC 
AAEL011153 forward   TCTGCCTTGCCAGTGATTGA 
AAEL011153 reverse   CTTGGAAAAGAACCCTCACGC 
AAEL018211 forward   CCATCTTTCGACGCGTGTTC 
AAEL018211 reverse   TTCAAAGCGCACGTTGATCC 
AAEL018350 forward   ACAAGCTGCTCCAACTCCTC 
AAEL018350 reverse   TCGGACGGTGATGGTTTTCC  
 
C. capitata 
LOC101448609 forward  TAGGCCATGCACAAGTTGGT 
LOC101448609 reverse  TCGAAAATGCGTCGCTGTTG 
LOC101449153 forward  TTTGCTCACTCTTCTCGCGT 
LOC101449153 reverse  CTCGAGGGCATGGTTACACA 
LOC101450641 forward  CAAGCCTTTCGCCTTCGTTC 
LOC101450641 reverse  TGCCAACTCGGTGTTGTCTG 
LOC101452861 forward  CTGTTGCTGTTGGAGAAGGGT 
LOC101452861 reverse  TCTGCCATCACATCAGCAGTT 
LOC101452984 forward A  GGCAGTAAACAATCGACGAC 
LOC101452984 forward B  CCGAACTCGTTGCTTTCCG 
LOC101452984 reverse  GCGAAATCATTGGGACCCTC   
LOC101457260 forward  CTGTAGACGCACGGTTTCCA 
LOC101457260 reverse  AACGTGTCGTAGATGAGGACG 
LOC101459514 forward  ATGATGTTACCAAATGGCCAAATA 
LOC101459514 reverse  CATTGCACCGATTTATTGGTTTC 
LOC101461218 forward  TCGCCTGTACATTCTTGCGT 
LOC101461218 reverse  CATCCGATAAAACGCCAGCC 
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qPCR primers for experimental testing of candidate testis-specifically spliced genes 
Primers for amplifying predicted testis-specific splice form 
Ae. aegypti 
AAEL000028 forward   CAGTTGGGAGGCTTCGGTAG 
AAEL000028 reverse   CCGTTTTAGTTGGAAAATTGTTTGC 
AAEL001898 forward   TTCAGTGTGCTTTGGAGGTGT 
AAEL001898 reverse   CCCAGTACATTTAAAAAGCATGAAG 
AAEL008110 intron 1 forward  GGCAATCAAACCCTTGATTCTGT 
AAEL008110 intron 1 reverse  TGGCCGATGTCGAGTAAACC 
AAEL011153 forward   TCTGCCTTGCCAGTGATTGA 
AAEL011153 reverse   TGCTCGGCTTTGAAGAACCC 
AAEL012262 forward   TCGCCACTACTCGTGCTATTC 
AAEL012262 reverse   TCACATTGCTTGATGGCTGT 
AAEL018211 intron 1 forward  ATCAAAGCCGCATAGCTTGG 
AAEL018211 intron 1 reverse  CGGTCCAGTTCCCTAATTGAA 
AAEL018211 intron 2 forward  GCTCACCTCGCTTCAGGATT 
AAEL018211 intron 2 reverse  TTGTCAAAGACTGGCTAGAGTGA 
AAEL018350 forward A  CCCAAAACCAATGAGTAATAAGGA 
AAEL018350 forward B  ACTCAAAAGAAATTAGTAATAAGGA 
AAEL018350 reverse   GTAGGTGTCTTAGCAGTGAC 
 
C. capitata 
LOC101449153 intron 1 forward GCTTCGCCTGCAGGTAGTC 
LOC101449153 intron 1 reverse CGCCACGTTCCAATAGTTGT 
LOC101449153 intron 3 forward AATTGTCGATTGCATTTTGCTCA 
LOC101449153 intron 3 reverse AGAGAATGCGTGAACAACAAGAT 
LOC101449503 forward  TCTTCGACGGTCCAGGACTA 
LOC101449503 reverse  TTTATTCGAGTGGTACGTCAGC 
LOC101450641 forward  TGGTAGGTAGTTAAGTTATTTGACA 
LOC101450641 reverse  AGGCTTTTGAAGCTTTTCTCA 
LOC101452861 forward  TTCTGGTGGCATACAGGTCG 
LOC101452861 reverse  AGCTGTCGAATGAAGTGCGT 
LOC101457260 forward  CCTTTCGGCTGGCTTGGATA 
LOC101457260 reverse  TGGAAACCATCGTCTCTATGCT 
LOC101459514 intron 1 forward TCTTCTGGAGAAGCAACTGGG 
LOC101459514 intron 1 reverse TCGCTTTGTTTTCATCCGTCAATTA 
LOC101459514 intron 2 forward TGAGCAGCGATTTCTTCTGTT 
LOC101459514 intron 2 reverse TTTAGAGGTAGACCAGTTATTTCAA 
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Primers for amplifying other splice forms 
Ae. aegypti 
AAEL000028 forward   CAGTTGGGAGGCTTCGGTAG 
AAEL000028 reverse A  TGTCATTATTTACAAGGTTTGCTGT 
AAEL000028 reverse B  AAAGCCACTGGTTTGCTGTG 
AAEL001898 forward   GCTGTCTATTGTTGGAGTCCTTTT 
AAEL001898 reverse   ACCCAACAGCCATCGATACG 
AAEL008110 intron 1 forward  TTCCGACTTTGCCTGGAACA 
AAEL008110 intron 1 reverse A ATGCAAGTTTCGTCCGTCCT 
AAEL008110 intron 1 reverse B CTCGGATGCTGAGGTCCTG 
AAEL011153 forward   TCTGCCTTGCCAGTGATTGA 
AAEL011153 reverse   CTTGGAAAAGAACCCTCACGC 
AAEL01226 forward   TCGCCACTACTCGTGCTATTC 
AAEL01226 reverse A   GCGTTTGCGACCTGTTTGT 
AAEL01226 reverse B   GGGATGCAGGATATCTGAAACTG 
AAEL018211 intron 1 forward A TTTGAGGGCATTTCCTCGCT 
AAEL018211 intron 1 reverse A TCCAAGTCCGCAAGACAAGG 
AAEL018211 intron 1 forward B AGGGCATTTCATTTGGAGCA 
AAEL018211 intron 1 reverse B CGCACGTTGATCCCACAGAT 
AAEL018211 intron 2 forward  GCAGCCTCTCACAAATGTCG 
AAEL018211 intron 2 reverse A CCTGAAGCGAGGAAATGCCC 
AAEL018211 intron 2 reverse B GCTCCAAATGAAATGCCCTCA 
AAEL018350 forward A  CCCAAAACCAATGAGTAATAAGGA 
AAEL018350 forward B  ACTAGCAGTATAGGTAATAAGGAGA 
AAEL018350 reverse   GTAGGTGTCTTAGCAGTGAC 
 
C. capitata 
LOC101449153 forward  TTTGCTCACTCTTCTCGCGT 
LOC101449153 reverse  TGGCAAATATTGAGTACCAACTGA 
LOC101449503 forward  CGTAGGTCGAATAAATCTCAACATC 
LOC101449503 reverse  TGTTTTCGTATTGATTTTCCCTGG 
LOC101450641 forward  ATAACAAGAGCACCCGCATC 
LOC101450641 reverse A  ATTTGGAAAAACTTAACTACCTACC 
LOC101450641 reverse B  CGAGGACCCACACGAGAAAG 
LOC101452861 forward  TTCTCTGCTGTGCCTCATCG 
LOC101452861 reverse  TCTGCCATCACATCAGCAGTT 
LOC101457260 forward  GTGTATCTGTAGACGCACGGT 
LOC101457260 reverse  ACCTTTGAAGTGAAAATTTTGGATG 
LOC101459514 forward A*  ACTGGTCTACCTCTAAATGAACA 
LOC101459514 reverse A*  TGAGCAATAGCCAGTTGTCC 
LOC101459514 forward B  TTGCAGAATAACTGGTCTACCTCT 
LOC101459514 reverse B  TAGGGCAAACTACTGCACCG 
 
*Also targets predicted testis-specific splice forms 
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