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Abstract 
 
Cera%%s capitata, commonly known as the Mediterranean Fruit Fly or medfly, is an invasive 

Tephri:d pest with a wide geographic spread and poten:al to expand further due to climate 

change. With the ability to damage over 300 species of fruit and vegetable crops, this 

agricultural pest is of major economic importance. Control of medfly has previously relied 

upon pes:cides and Sterile Insect Technique (SIT). With the advent of CRIPSR/Cas9 new and 

improved methods of gene:c pest control are possible. To develop new technologies such as 

gene drives (drivers of a transgene through inheritance bias) and improve exis:ng ones, the 

toolbox for gene:c modifica:on in medfly must be expanded. Here I develop and validate 

several endogenous, germline specific Cas9 promotors, one of which was subsequently used 

for the development of the first homing drive (drives which u:lise homology-directed repair) 

in medfly. The sex determina:on pathway in medfly provides several poten:al targets for sex 

conversion, including the conserved genes transformer (tra) and doublesex (dsx) and the 

masculinising signal of Maleness-on-the-Y (MoY). Guide casseRes were designed to target 

both tra and dsx, with two tra guide constructs being synthesised and used to generate 

transgenic lines. Crossing these with Cas9 lines gave no evidence of cuSng, and subsequent 

inves:ga:ons revealed an error in the guide designs, promp:ng a redesign of the guides for 

future use. The use of MoY to induce masculinisa:on is another promising method of sex 

conversion in medfly, though the lethal effects of overexpression of MoY need to be 

overcome. A construct was designed to package MoY into gfp-tagged sperm cells by placing 

it under the control of the spermatogenesis specific promotor of ß2-tubulin. This aimed to 

create a transgenic line that could induce masculinisa:on through MoY-carrying sperm and 

reduce the temporal expression of MoY to a smaller window to avoid lethality. The results 

revealed post-microinjec:on embryonic death, indica:ng overexpression of MoY was causing 

lethality. A further Cre-Lox construct was designed for future usage which should allow for 

the transgenic line to be established without lethality during microinjec:on. The final part of 

the gene:c toolbox focused on essen:al genes. Poten:al essen:al genes were iden:fied and 

sequenced across two wildtype, laboratory-maintained popula:ons to check for sequence 

conserva:on. Based on these results, guides targe:ng these genes were designed, alongside 

rescue versions of these genes the guides should be unable to target. In this research, several 

important toolbox parts were designed, synthesised and tested in medfly which can 

contribute to the future development of gene:c pest control strategies.  
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tra – transformer 

UTR – Untranslated Region 

wt - Wildtype 
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1 Chapter One  - Introduc2on 

1.1 Cera%%s capitata – a global agricultural pest 

Cera%%s capitata (common name Mediterranean Fruit Fly or medfly) is a pest species of 

global agricultural importance. With a warming climate, the invasive poten:al of medfly is 

predicted to increase (Gu:errez et al. 2021; Sultana et al. 2020; De Meyer et al. 2007). The 

adaptability of medfly to new food sources may arise due to the plas:city of its oviposi:on 

behaviour (Malacrida et al. 2007). This makes it a par:cularly potent threat for invasion into 

new regions and crops, and thus further expanding its already wide geographical spread 

(Weldon 2022). Currently, over 350 plant species have been iden:fied as medfly hosts 

(Liquido et al. 2017). Female flies oviposit eggs directly into ripening or ripe fruits, the crop is 

then damaged through both the feeding of the larvae and the introduc:on of plant 

pathogens (Ordax et al. 2015). Medfly infesta:on in an area can also make crops unsuitable 

for export, with trade regula:ons in place to prevent the export of infested crops to medfly 

free areas (Lance et al. 2014). Economic loss can be the result of direct damage and the 

controls on export from regions in which outbreaks have been detected with medfly cos:ng 

the US alone $2 billion annually (Thomas et al. 2022). 

Due to its prevalence as a pest, medfly has been well studied in several different contexts. 

For example, it has been used as a model to inves:gate global popula:on spread, due to its 

documented invasion history and wealth of gene:c informa:on available (Diaman:dis et al. 

2008). Medfly display complex but extensively studied courtship behaviour and ma:ng 

preferences, and its sex determina:on pathway is also fairly well characterised (Salvemini et 

al. 2009; Saccone et al. 2008). They have been much studied in the context of sterile insect 

technique (SIT) implementa:on, and gene:c sexing strains (GSS) (Robinson 2002) have also 

been used successfully for popula:on suppression (Hendrichs et al. 2002). The recent 

iden:fica:on of the male determining element Maleness-on-the-Y (MoY) uncovered the 

upstream elements of the sex determina:on pathway, which opens up the opportunity for 

addi:onal studies of Y chromosome evolu:on. The important status of medfly as a pest 

coupled with the wealth of life history knowledge and genomics tools available make this 

species an ideal candidate for the development of new gene:c control methods. Exis:ng and 

newer control strategies are described below. 
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1.2 Methods of gene/c control for insect pests 

1.2.1 Self-limi/ng gene/c pest control strategies 

1.2.1.1 Sterile Insect Technique 

Exploi:ng our knowledge of sex determina:on in insects became a significantly more 

promising field for developing novel methods of pest control with the advent of CRISPR/Cas9. 

Prior to this, the most effec:ve and commonly used method of sex-based pest control was 

the Sterile Insect Technique (Hendrichs et al. 1995; Lees et al. 2015; Hendrichs and Robinson 

2009). The mass release of irradiated, sterilised males in SIT programmes results in a lower 

propor:on of fer:lised females due to ma:ng with the sterilised males as opposed to the 

fer:le, wild-type males. Males are mass-reared and sterilised through a small dose of ionising 

radia:on at late-stage pupal development. The dose must be precise and well :med to 

ensure male sterility without effec:ng ma:ng compe::veness (Chen et al. 2023). The 

number of insects that must be released for the technique to be effec:ve may be ten or many 

tens of :mes larger than the wild popula:on size itself (Burt and Deredec 2018). Parameters 

such as popula:on density, ma:ng frequency and male dispersal all effect neccersary release 

number and because of this modelling is o_en relied upon to predict release numbers (White 

et al. 2010; Oléron Evans and Bishop. 2014). Due to this, maintaining a constant and sufficient 

supply of sterile male insects is costly. In addi:on to the large numbers needed, control is 

more effec:ve if only males are released as it drives males to mate with wildtype females as 

oppose to the sterile, released females. This prompts the development of sex sor:ng 

methods. Though successful in some notable cases, techniques such as SIT are not effec:ve 

in all pest species, for example those that have longer lifespans, occur at low density and 

engage in mul:ple ma:ngs (Gordillo 2015). This is because females can con:nue ma:ng un:l 

they produce viable offspring and are therefore more likely to encounter fer:le wildtype 

males. 

1.2.1.2 Gene/c Sexing Strains 

To address the issues with rearing large numbers of males for SIT, gene:c sexing strains (GSS) 

were developed, which differen:ated between males and females by using selec:ve markers 

such as pupal colour, or condi:onal temperature-sensi:ve and female-specific lethality 

(Robinson 2002). Kandul et al. (2020) recently described the development of a transgenic D. 

melanogaster line generated with CRISPR/Cas9 which can produce en:rely male or female 
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offspring depending upon the diet on which flies developed. The strategy u:lised the 

alterna:ve splicing mechanisms of the conserved sex determina:on genes doublesex (dsx) 

and transformer (tra) and inserted sex-specific introns into an:bio:c resistance genes which 

then generated sex-specific an:bio:c resistance as the func:onal an:bio:c resistance gene 

would only be formed when the male specific splicing paRern was followed. This interes:ng 

strategy has yet to be tested in any pest species, but could be useful in the future in addi:on 

to the other sex sor:ng mechanisms. It also demonstrates the poten:al of Cas9 to expand 

the armoury of control methods available. GSS techniques allow sex sor:ng for sterile insect 

release to be done at large scale in a short :me frame. However, many GSS strains carry 

fitness costs and can show evidence of instability due to chromosome transloca:ons 

(Hendrichs and Robinson 2009; Robinson 2002).  

1.2.1.3 RIDL 

The release of insects carrying a dominant lethal (RIDL) is a transgenic-based alterna:ve to 

SIT and was first developed in Drosophila melanogaster (Thomas et al. 2000). RIDL u:lises a 

dominant gene lethal in larval development which is repressed in the lab popula:on usually 

through a dietary supplement. Once the lab reared carriers of this are released, their 

offspring inherit this dominant lethal gene which causes fatality without the dietary 

supplement. A female-specific version of RIDL was developed in which a female lethal gene 

is controlled by condi:onal repression, usually in the form of tetracycline or doxycycline 

provided in the food during lab rearing, which is not available for consump:on in the wild. 

To use this for popula:on control, males carrying a female-specific lethal gene would be 

released to mate. The resul:ng offspring should be en:rely male, each of which carries a 

copy of the female lethal gene. Upon matura:on and ma:ng, these male offspring then have 

50% fewer female offspring and 50% of their male offspring would also carry this gene. The 

female killing gene would decrease with each subsequent genera:on allowing for a self-

limi:ng method of control. Modelling showed the use of female-specific RIDL (fsRIDL) 

releases to be significantly more effec:ve at popula:on reduc:on than the release of 

sterilised males (Alphey et al. 2009) especially when op:mised effec:vely. The fsRIDL method 

also removes the need for both the sex sor:ng and irradia:on steps that are standard in SIT, 

thus reducing costs and complexity. RIDL has been developed in several pest species (Valdez 

et al. 2011; Labbé et al. 2012; Facchinelli et al. 2013), caged field trials have been successful 

at demonstra:ng popula:on control in medfly (Le_wich et al. 2014) and commercial usage 
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has been developed in several species including Aedes and medfly with Oxitec FiendlyÔ 

products (Oxitec 2024).  

1.2.2 Threshold-dependent self-sustaining pest control strategies 

1.2.2.1 Homing Drives 

The idea to use homing endonuclease genes for gene:cally engineering popula:ons was first 

proposed by Burt in 2003 (Burt 2003). Homing endonuclease genes encode an endonuclease 

which forms double-stranded breaks to copy itself to specific genomic loca:ons, ensuring its 

propaga:on. The advent of CRISPR/Cas9 made this possible. Esvelt et al. (2014) and Gantz 

and Bier (2015) both proposed the development of endonuclease gene drives using CRISPR 

to trigger homology-directed repair (HDR). The advantages of this type of strategy are the 

ability to spread throughout a popula:on even despite fitness costs to individuals and the 

requirement for only low introduc:on frequencies. Since then, several different drive types 

u:lising CRISPR to provide drive have been proposed. By modifying individuals to contain 

both the modifica:on and the means to express the CRISPR/Cas9 complex in early 

development, 100% inheritance of the gene can be ensured as the second unmodified 



 20 

chromosome inherited from a non-transgenic parent will be modified to contain the 

transgene (Figure 1.1). 
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Figure 1.1 The gene:c principle and biased inheritance of a homing gene drive. 
Homing drives ensure their own transmission to the next genera:on through 
homology-directed repair. The Cas9 element of the construct, coupled with specific 
guides cut the wild type chromosome at a precise genomic loca:on triggering a 
double-strand break. This break is then repaired using homology-directed repair with 
the remaining chromosome being used as a template. The drive construct is 
therefore present on both chromosome copies ensuring 100% offspring inheritance. 
A cargo element is also coupled with the drive elements which can spread a desired 
trait through a popula:on. This biases the usual 50% inheritance of standard 
Mendelian gene:cs in which allele frequency remains rela:vely constant and results 
in the 100% inheritance of the drive in offspring. The drive frequency in the 
popula:on will therefore increase with subsequent popula:ons. Generated with 
Biorender and published in Siddall et al (2022). 
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Homing drives (Esvelt et al. 2014) are those which u:lise HDR to drive the construct 

throughout a popula:on. By including addi:onal guides linked to the driving machinery, 

genes responsible for female development can be targeted to reduce the number of viable 

female offspring (AGAP007280 targeted in Hammond et al. 2016;  McFarlane et al. 2018). As 

the percentage of individuals in the popula:on carrying the drive increases, the number of 

female offspring will decrease, skewing the popula:on sex ra:o. Given that females are 

responsible for the reproduc:ve poten:al of a popula:on, this gradual decline in females will 

eventually lead to a popula:on crash – unless resistance alleles develop as females carrying 

a pre-exis:ng resistance allele would have a fitness advantage over those without. Resistance 

allele forma:on is one of the major drawbacks of homing drives (Hammond et al. 2017) as a 

pre-exis:ng or de-novo muta:on at the target site can prevent guide recogni:on if the 

sequence is no longer complementary to the guide. Mul:plexing (the use of mul:ple guides 

as oppose to a single guide) of the guide RNAs could help to overcome resistance allele 

forma:on (Oberhofer et al. 2018;  Champer et al. 2018), though there are limita:ons to this 

as mul:plexing cannot protect against NHEJ dele:ons. The op:mal number of guides varies 

depending on drive type and the drive performance parameters such as homing efficiency 

(Champer et al. 2020b). This adds a further layer of complexity as addi:onal guides can o_en 

decrease homing efficiency (Oberhofer et al. 2018). Controlling the expression :ming of Cas9 

by limi:ng it to early oogenesis improves the func:on of the drive and reduces resistance 

allele forma:on by minimising the levels of Cas9 deposi:on in the embryo (Hammond et al. 

2018). The first CRISPR homing drive was developed as a proof of principle in Drosophila 

melanogaster (Gantz and Bier 2015) and has since been developed in several pests, including 

several species of mosquito (Hammond et al. 2016; Gantz et al. 2015; Carballar-Lejarazú et 

al. 2020; Kyrou et al. 2018; Verkuijl et al. 2022) and in Drosophila suzukii (Yadav et al. 2023). 

1.2.2.2 Sex chromosome shredders 

A strategy to using addi:onal guides to disrupt a female fer:lity gene, is to target the X 

chromosome as a whole. Such ‘X-shredder’ strategies (Galizi et al. 2014; 2016) use an 

endonuclease to target the X chromosome at several points close to the centromere resul:ng 

in its complete degrada:on. Expression of this endonuclease during spermatogenesis 

ensures that fathers cannot produce female offspring, as they are only capable of providing 

a Y chromosome. Given that the Y chromosome will be inherited in all offspring, if the 

construct is located on the Y chromosome, it will also be present in all offspring resul:ng in 

a poten:ally global drive with minimal need for con:nuous releases. If the construct is placed 
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within an autosome, it would result in a much less invasive method of control as the shredder 

will not drive. This could be used as a test of X-shredder effec:veness prior to the release of 

a global drive, or as a localised, self-limi:ng control. Although this is a poten:ally highly 

effec:ve sex conversion drive, it is only effec:ve in XY heterogame:c species. X shredders 

developed in A. gambiae (Galizi et al. 2016) were shown to have a strong sex bias towards 

male offspring (>83% male offspring) and are now being considered for release (Alcalay et al. 

2019). X shredders located on an autosome are expected to need a con:nuous release to 

maintain high levels of suppression, these drives would be significantly more invasive if 

aRached to the Y chromosome. However, the probability of Y localisa:on occurring randomly 

in the wild is minimal (Alcalay et al. 2019). An X shredder aRached to the Y chromosome 

would create a highly invasive, self-perpetua:ng drive as recently discussed by Simoni 

(Simoni et al. 2020). Although this seems a perfect design, expression from the Y 

chromosome is usually very limited and o_en unpredictable due to meio:c sex chromosome 

inac:va:on, expression varia:on, unpredictability and the rapid evolu:on of Y chromosomes 

(Hall et al. 2016; Gamez et al. 2021). This could create a feasibility challenge when it comes 

to construc:ng a func:onal drive, relying on expression from the Y chromosome.  

Despite the number of reproducing females being directly indica:ve of the reproduc:ve 

poten:al and spread of a popula:on, Y shredders have also been developed with the idea to 

skew the popula:on towards females in order to cause popula:on suppression due to the 

unavailability of males (Prowse et al. 2019). For use in pest insect control, this would most 

likely be significantly less effec:ve than a female suppressing drive as males are able to have 

mul:ple ma:ngs and are less directly related to the reproduc:ve poten:al of a popula:on. 

When trying to introduce this principle to a ZW heterogame:c species, the idea of shredding 

the chromosome resul:ng in female offspring remains the same although it is slightly simpler 

as females are the heterogame:c sex. Given that females carry the sex specific chromosome 

(W), a W shredder ac:ve during egg development would result in a decrease in female 

offspring. Depending on the :ming of expression of Cas9 the number of viable offspring will 

be variable. Early expression during oogenesis will allow the non-viable female offspring to 

be replaced by viable male offspring, keeping the total number of offspring to its usual level. 

Later expression, although successful in preven:ng female offspring from developing, does 

not allow male offspring to develop in their place, resul:ng in 50% fewer offspring. A further 

op:on when employing W shredders is to have them express in soma:c :ssues causing 

female death, though this may not be as successful at popula:on control (Holman 2019). 
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Depending upon the method of sex determina:on involved in insects, some drives will be 

more effec:ve in certain species. A sex conversion principle that would be highly successful 

in an XX/XY system might be non-func:onal in a Z/W or X0 system as the sex-specific 

upstream regula:on is not conserved (Siddall et al. 2022). The level of control needed over 

the drive is also an important factor to consider. Local drives (limited to single popula:ons) 

are generally preferable, especially in the case of drives designed to decrease the popula:on. 

This is because the release of a global drive would not only be difficult to jus:fy ethically but 

could also be a legisla:ve minefield as country borders will not prevent the spread of 

transgenic insects under such a system. The degree to which these concerns remain is also 

affected by the severity of the (usually human) disease that is being targeted (CommiRee on 

Gene Drive Research in Non-Human Organisms: Recommenda:ons for Responsible Conduct 

et al. 2016.). 

Homing drives, although promising do have several challenges to overcome. Homing rates 

can be both difficult to predict and are o_en much lower than needed for successful drive 

propaga:on. As the Cas9 is driving homing, its expression must be very :ghtly controlled and 

restricted to the germline to prevent mosaicism and repair through non-homologous end 

joining.  

1.2.2.3 Toxin/An/dote Drives 

To avoid issues with resistance allele forma:on and the specificity of :ming needed with 

homing, CRISPR/Cas9 drives that do not u:lise homing have been proposed. Toxin/an:dote 

systems are well documented throughout biology and ensure their propaga:on by causing 

toxicity if they are not inherited. A well u:lised and documented example of this is the Medea 

gene (Beeman and Friesen 1999). Toxin/an:dote refers to the same construct causing both 

the toxicity through targe:ng an essen:al gene and the an:dote by reversing this effect. 

Toxin/an:dote drives are those which target a haplosufficient gene (a single copy of the gene 

is sufficient to restore func:on) for their toxin element, in addi:on to a recoded version of 

this gene, which is not effected by the toxin, to act as the rescue element. Using CRISPR to 

target the essen:al genes during early development will result in individuals which have no 

func:onal copies of the gene other than that provided as a rescue. The result is that offspring 

will only be viable if they inherit the drive construct therefore propaga:ng both itself and the 

linked cargo throughout the popula:on. TARE (Toxin-an:dote recessive embryo) (Champer 

et al. 2020a) and ClvR (Cleave and Rescue) (Oberhofer et al. 2019) are two such drive systems. 

ClvR drives outlined such a system with the guides and Cas9 being located on a separate 
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sec:on of the genome to the rescue construct (Oberhofer et al. 2019). The design of TARE 

drives places the en:re construct in the same loca:on on the genome however the two drives 

func:on in much the same way.  

 
1.3 Developing CRISPR/Cas9 in Cera((s for gene/c control  

The new strategies proposed for gene:c methods of pest control principally rely upon 

modifica:on using the CRISPR/Cas9 system both to improve current gene:c sexing strains 

(Nguyen et al. 2021) and in the development of gene drives (McFarlane et al. 2018). The 

expression of Cas9 is an important part of these designs, and transgenes are o_en placed 

under the control of viral promotors to ensure high levels of expression. However, this is not 

suitable for Cas9 expression as high levels of ubiquitous expression can cause issues with 

mosaicism and resistance allele forma:on as the necessary homology directed repair is only 

favoured during certain cell cycle stages (Raban et al. 2020). Cas9 expression outside of the 

germline will induce muta:ons that will be repaired through non-homologous end joining, 

poten:ally forming resistance alleles. To avoid this, Cas9 expression must be :ghtly 

controlled.  

There are several requirements for a Cas9 promotor which vary upon the intended usage. 

The most common requirement is for a germline specific promotor. Expression within the 

germline is important as it allows for muta:ons to be induced early in development. This 

reduces the chances of mosaicism as cell division and differen:a:on will occur a_er the 

sequence has been modified, resul:ng in all cells having the modified sequence (Kondo and 

Ueda 2013). The use of endogenous promotors is the most effec:ve way of restric:ng 

expression. This has been iden:fied as a necessity for gene drive designs in medfly (Carrami 

et al. 2018) to reduce chimerism and increase edi:ng efficiency (Wang et al. 2015; Mao et al. 

2016; Lei et al. 2021; Feng et al. 2021). Several germline-specific genes have been used as 

promotors (the most commonly used including nanos, vasa and zpg), though it is not yet 

known whether their ac:vity will be consistent across species.  

One of the most common problems with germline promotors is leaky expression. Transegnic 

constructs under the expression of germline specific promotors o_en also cause a small 

amount of soma:c expression even in instances in which the original gene has no known 

expression outside the germline. Soma:c expression at low levels is o_en at too low a level 

to cause high levels of mosiacism. However, it does drive the forma:on of resistance alleles 

in constructs which rely on homing. Homing is only favoured over non-homologous end 
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joining during certain stages of cell development such as in the germline (Raban et al. 2020). 

Soma:c expression of Cas9, even at low levels, can induce muta:ons which are repaired 

through non-homologous end joining, which can then result in the forma:on of resistance 

alleles (Champer et al. 2018). In a similar vein, Cas9 deposi:on into embryos can also result 

in the forma:on of resistance alleles in homing drives. This however can be beneficial in 

designs which do not rely on homing as it can allow a dominant knockout effect beneficial for 

precision guided SIT (pgSIT) (Li et al. 2021) or the accumula:on of broken essen:al gene 

alleles in toxin/an:dote designs (Champer et al. 2020a; Oberhofer et al. 2019). 

At the start of this project there were no Cas9 constructs driven by endogenous regulatory 

elements in medfly. The use of a na:ve 5’ UTR from a germline specific gene (ac:ve in both 

male germline and female germline is desirable with female germline expression being 

u:lised in more drive designs) is a necessity for the development of gene drives in medfly 

(Carrami et al. 2018). However, whether a na:ve 3’ UTR is also required is less clear. 

Transgenes o_en deploy viral 3’UTRs as they allow for the upregula:on of expression. 

However, this can lead to higher levels of Cas9 deposi:on as more protein is present, resul:ng 

in persistence. The 3’ UTR has an essen:al role in localisa:on (Gavis et al. 1996) and its use 

in transgene expression has been shown to more closely mimic na:ve gene expression (Ebron 

and Shukla 2016). This means its use could lead to a :ghter level of restric:on to the germline 

making it important in homing drive designs but less so in designs which do not rely on the 

homing pathway. 

These differences in requirements across the gene:c pest control methods outlined above 

highlights the need for the development and tes:ng of mul:ple Cas9 promotors. vasa and 

nanos are two of the most commonly used germline-specific Cas9 promotors in the early 

developments in other species (Champer et al. 2017; 2018; Kyrou et al. 2018; Adolfi et al. 

2020; Feng et al. 2021). However, a promotor which behaves perfectly has yet to be found 

despite extensive tes:ng in Drosophila (Du et al. 2023) and promoters that avoid soma:c 

expression o_en result in problems with the deposi:on of Cas9 into embryoes (Champer et 

al. 2018). Replica:on of promotor results across species is o_en low or highly variable (Du et 

al. 2023). Nevertheless, previous studies in other species can provide a star:ng point for 

iden:fying candidate genes to drive Cas9 expression in medfly. However, without tes:ng 

these in medfly it is impossible to know which is most effec:ve in this species.  

 This informed the star:ng point of this research by iden:fying the most pressing need for 

the development of gene:c pest control in medfly as being a func:onal Cas9 promotor. In 
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Chapter 2 and Chapter 3 I worked towards the development of several Cas9 promotors for 

strategies which both do and do not u:lise homing.  
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1.4 Manipula/ng the sex determina/on pathway in Cera((s for control strategies 

The sex determina:on pathway provides some of the most promising targets for gene:c pest 

control especially in medfly. At the start of my PhD, I completed a literature review discussing 

the depth of sex determina:on systems in pest species and how these could be u:lised in 

pest control strategies (Siddall et al. 2022). Here I focus on the sex determina:on system in 

medfly as components of this pathway are focused on extensively in this thesis. 

The sex determina:on system in medfly can be briefly summarised (Figure 1.2). 

 

Figure 1.2 A summary of the sex determina:on pathway in medfly. The presence or 
absence of transformer (tra) results in the alterna:ve splicing of doublesex (dsx) into the 
male or female specific isoforms. This subsequently drives male or female development. 
Generated with Biorender and published in Siddall et al. (2022). 

The primary male determining element which triggers this pathway in medfly was recently 

iden:fied as a Y carried gene Maleness-on-the-Y (MoY) (Meccariello et al. 2019). This acts by 

repressing the produc:on of transformer (tra), the absence of which results in male 

development. The ac:on of tra in sex determina:on is variable across species. However, in 
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medfly it has been shown to upregulate its own expression (and the expression of tra-2) 

which subsequently act as splice enhancers for the female-specific isoform of dsx (Salvemini 

et al. 2009). The alterna:ve splicing of doublesex (Kyriacou 1992) is a well-conserved 

mechanism of sex determina:on across the insect taxa (Geuverink and Beukeboom 2014; 

Price et al. 2015). In medfly the reten:on of exon 4 is specific to the female isoform and this 

is retained when the appropriate splicing enhancers and machinery is recruited to the weak 

splice site (Saccone et al. 2008). These three key elements of the sex determina:on pathway 

in medfly have all been iden:fied as promising choices for targe:ng to induce sex conversion. 

The injec:on of MoY and the repression through RNAi of tra has the ability to trigger male 

development in XX individuals to generate XX pseuodmales (Meccariello et al. 2019; Primo 

et al. 2020). An unexpected feature of these XX pseudomales was the discovery that they are 

fer:le despite the lack of a Y chromosome. This indicates the Y chromosome does not carry 

genes necessary for male fer:lity. This makes the manipula:on of the sex determina:on 

pathway in medfly promising for control, as the ability to generate fer:le pseudomales should 

reduce fitness costs associated with carrying a drive. It also raises interes:ng ques:ons about 

the role of the sex determina:on pathway in dosage compensa:on - as the induc:on of 

dosage compensa:on has o_en been associated with the sex determina:on pathway 

(Hopkins and Kopp 2021). This makes both MoY and tra usable targets for sex conversion in 

medfly for use in suppression strategies and gene:c sexing strains. They do, however, have 

different mechanisms of ac:on: MoY would have to be provided to induce male development 

whereas tra would have to be repressed. In Chapter 4, I inves:gate how MoY could be 

integrated as a stable inser:on to allow for sex conversion. Chapter 5 focuses on the targeted 

knockout of tra to induce male development.  

The targe:ng of dsx is more of an unknown. Masculinisa:on has been achieved by providing 

the male isoform of dsx (Saccone et al. 2008). However, full sex conversion did not occur. The 

knocking out of dsx would not result in conversion as there would be no male-specific dsx 

produced, resul:ng in death or sterility (Kyrou et al. 2018). Targe:ng the downstream 

elements of the sex determina:on pathway is less likely to induce full conversion as the 

elements upstream of this o_en a have role outside of the cascade. Doublesex does s:ll have 

other poten:al uses besides full conversion, especially in the exploita:on of sex-specific 

splice sites (Labbé et al. 2012). Dsx targe:ng in medfly is also explored in Chapter 5.  
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1.5 Thesis summary  

In this thesis I inves:gated the tools needed in medfly for developing methods of gene:c pest 

control. Several strategies of gene:c control were considered, with the primary focus being 

on the crea:on of the tools necessary for the development of gene drive. However, several 

of the components inves:gated have applicability to other fields of research.  At the start of 

this work there were no tested endogenous Cas9 promotors in medfly, which are necessary 

for the development of CRISPR/Cas9-u:lising methods of gene:c control. Several Cas9 

promotors were constructed in my thesis work and all were shown to drive expression of 

Cas9. To use these promotors for popula:on suppression, the most promising targets in 

medfly were found to be those in the sex determina:on pathway. MoY, tra and dsx were all 

explored as poten:al targets for sex conversion, as examples of genes at varying stages of the 

sex determina:on pathway. Further important components of gene:c control such as the 

use of essen:al genes was also examined, to iden:fy suitability for use as rescue 

components. 

In Chapter 2, I iden:fied several germline specific genes present in medfly which could be 

used as Cas9 promotors. Through RT-PCR, the expression paRern of these genes across 

mul:ple :ssues (ovaries, testes, soma:c and eggs) was obtained to determine how well 

expression was restricted to the germline. From these results, suitable candidates were 

iden:fied and through a combina:on of RACE sequencing and genome annota:ons, the 5’ 

UTR was iden:fied and amplified from Cera%%s genomic DNA. Two genes, bgcn (benign 

gonial cell neoplasm) and mei-W68 were successfully integrated into Cas9 promotor 

constructs and established as transgenic lines through the microinjec:on of piggybac flanked 

constructs. Real-:me quan:ta:ve PCR was used to determine the expression levels of Cas9 

in these transgenic lines across mul:ple :ssue types (ovaries, testes and soma:c). A small-

scale fitness study was completed to determine if these transgenic lines displayed any fitness 

cost.  

 

Chapter 3 encompasses the work I completed to contribute towards the development of the 

first homing drive in medfly. Two Cas9 constructs were designed which u:lised the regulatory 

elements (including both the 5’UTR and 3’ UTR) of vasa and bgcn. This required the 

modifica:on of the vasa 5’UTR to remove intronic sequence, reducing the size to allow its 

inclusion in a transgenic construct. A_er aRempts to assemble these through Gibson 

assembly were unsuccessful these parts were synthesised externally. The vasa construct was 
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subsequently used by A. Meccariello (Imperial College) in a homing drive targe:ng white eye 

to test homing rates of several Cas9 promotors. The vasa promotor was iden:fied as the most 

promising and was subsequently used for a homing drive targe:ng the sex determina:on 

gene tra.  

In Chapter 4, I examined the suitability of expressing a MoY carrying transgene to induce sex 

conversion of XX females to pseudomales. The integra:on of MoY under a ubiquitous 

promotor was shown to be lethal (A. Meccariello, personal communica:on). Therefore, to 

restrict the expression of MoY, I aRempted to package MoY into sperm cells. MoY was placed 

under the promotor of the male germline specific gene ß2-tubulin (the expression paRern of 

which was explored in Chapter 2) with a gfp tag to allow for the visualisa:on of packaging 

into sperm cells. A_er microinjec:on with integra:on through randomised piggybac 

inser:on, high levels of embryonic death were observed. Following this, no transgenics were 

recovered, indica:ng construct toxicity. Further designs u:lising the Cre-Lox system are 

discussed which would further restrict the expression of MoY to establish a stable transgenic 

line. 

Chapter 5 introduces the targe:ng of sex determina:on genes to generate XX pseudomales. 

Guides were designed to target both dsx and tra, to force male development. Guides 

targe:ng dsx, were designed to remove the splicing site as well as enhancers which allow for 

the splicing of the female isoform of dsx. Tra guides were designed to induce a knockout of 

tra, the absence of which should result in male development. Mul:plexed guide casseRes 

containing 3 guides were designed and the tra casseRe was synthesised externally. A_er 

integra:on into the piggybac backbone for microinjec:on, the casseRe recombined resul:ng 

in only a single guide being retained. This construct was successfully integrated through 

microinjec:on and subsequently crossed to the Cas9 lines previously developed. The sex ra:o 

of the offspring was measured for two genera:ons, though no sex bias was observed. To test 

whether this was an issue with the guide, a further guide casseRe was synthesised with a 

single tra guide that had been previously tested and shown to induce conversion. The issue 

with these guides was iden:fied and all constructs were redesigned to correct this. 

Chapter 6 iden:fies essen:al genes in Cera%%s which have poten:al use as toxin/an:dote 

targets. Of the genes iden:fied, all were sequenced in the two wildtype popula:ons to assess 

how well conserved these sequences were and iden:fy any popula:on specific SNPs. Guides 

which would induce a knockout of these genes were designed and recoded rescue elements 

were designed to which these guides could not bind.   
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Manipulating Insect Sex
Determination Pathways for Genetic
Pest Management: Opportunities and
Challenges
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Sex determination pathways in insects are generally characterised by an upstream primary
signal, which is highly variable across species, and that regulates the splicing of a suite of
downstream but highly-conserved genes (transformer, doublesex and fruitless). In turn,
these downstream genes then regulate the expression of sex-specific characteristics in
males and females. Identification of sex determination pathways has and continues to be, a
critical component of insect population suppression technologies. For example, “first-
generation” transgenic technologies such as fsRIDL (Female-Specific Release of Insects
carrying Dominant Lethals) enabled efficient selective removal of females from a target
population as a significant improvement on the sterile insect technique (SIT). Second-
generation technologies such as CRISPR/Cas9 homing gene drives and precision-guided
SIT (pgSIT) have used gene editing technologies to manipulate sex determination genes in
vivo. The development of future, third-generation control technologies, such as Y-linked
drives, (female to male) sex-reversal, or X-shredding, will require additional knowledge of
aspects of sexual development, including a deeper understanding of the nature of primary
signals and dosage compensation. This review shows how knowledge of sex
determination in target pest species is fundamental to all phases of the development
of control technologies.

Keywords: gene drive, sex conversion, release of insects carrying a dominant lethal, sterile insect technique (SIT),
doublesex (dsx), tra, dosage compensation, sex determination’

INTRODUCTION

Insect pests cause enormous damage to human health (through the transmission of diseases such
as dengue fever and malaria) and agriculture (through damage to crops or livestock). Existing
control methods include pesticides, biological control, and integrated pest and habitat
management. However, while many of these approaches have been highly successful, they
also have limitations. For example, the use of pesticides can select strongly for resistance,
damage non-pest populations (Hawkins et al., 2018) and the environment. The success of
biological control and integrated management programmes may also depend upon whether
efficient natural enemies are available and the specific ecological setting. As a result, existing
control strategies, particularly chemical control, are likely to become increasingly restricted while
simultaneously becoming less effective. Global climate change is also predicted to increase the
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range and the number of insect pests (Deutsch et al., 2018;
Gomez-Zavaglia et al., 2020; Sultana et al., 2020). Therefore, it
is clear that there are significant challenges for the future in
controlling insect pests, to safeguard against disease and
maintain global food security.

In light of these concerns, there has been considerable
investment in new and alternative technologies, such as
genetics-based approaches to pest control, to protect health
and food security (Alphey, 2014; Burt and Crisanti, 2018; Raban
et al., 2020). Genetic Pest Management (GPM) aims to harness
the natural mating system of the pest species to introduce into
the target population traits that will reduce fitness and
ultimately lead to a reduction of numbers or elimination.
The most widely used GPM systems for suppression to date
have been variants of the sterile insect technique (SIT) (Klassen,
2005), including the Wolbachia incompatible insect technique
(IIT) (Atyame et al., 2011; De Barro et al., 2011; Zheng et al.,
2019) and genetic engineering (Phuc et al., 2007). GPM systems
that are transmitted or inherited through one sex and sterilise,
kill or change the sex of the other offer the most significant
potential for control (Bax and Thresher, 2009). As females are
predominantly the agents of damage (via biting or ovipositing),
and generally determine the effective population size, most
approaches have focused on releasing benign males that
produce either male progeny or none at all (Rendón et al.,
2004). Elimination of females ensures long-term suppression
and immediately reduces the associated damage caused by
biting or egg-laying.

GPM technologies for insect population suppression
currently under development seek to improve on older
systems by spreading female-targeting genetic loads through
a population or converting female progeny into functional
males. These newer technologies also make wide use of
contemporary molecular biology tools—particularly those
involved in gene editing such as CRISPR/Cas9. However,
what is common to all is that they exploit knowledge of the
sex determination pathways of the target species, thus
exemplifying the importance of incorporating fundamental
biological principles to underpin applied science in GPM
(Leftwich et al., 2016; Leftwich et al., 2021).

Here we first introduce the fundamentals of insect sex
determination systems, focusing on species of interest to GPM.
We detail which components are conserved and which show
more rapid evolution, what types of primary signals have evolved
and in which “direction” they push downstream cascades (e.g.,
towards maleness or femaleness). We then provide a framework
for understanding how sex determination systems have been used
to develop insect population suppression tools. We describe three
“generations” of genetic engineering technologies with related
components or goals. First-generation systems are genetically
engineered analogues of the classical Sterile Insect Technique.
Second-generation systems are under development and are made
possible by the development of the CRISPR/Cas9 platform.
Finally, we discuss the challenges inherent in developing
“third-generation” control technologies that seek to achieve
the goal of sex-conversion by manipulating master regulators
of sex determination.

INSECT SEX DETERMINATION SYSTEMS

Sex determination systems can be described as a cascade in the
form of a pyramid. There is an initial primary signal (“master
regulator”—top of the pyramid) that initiates a limited series of
intermediary elements (middle) that then result in diverse
downstream sexual differentiation and development (base of
the pyramid). In insects, the genes at the base of the pyramid
tend to be highly conserved, while the elements at the top show
marked diversity, both in identity and function (Adolfi et al.,
2021; Hopkins and Kopp, 2021). The hypothesis is that these
basal genes—which generally consist of transcription
factors—represent ancient mechanisms of sex determination
[e.g., doublesex is shared with some non-dipteran arthropods
(Price et al., 2015; Wexler et al., 2019)]. At the same time, the
primary signal can evolve rapidly, even within a taxonomic order.
The differences in conservation between the basal and
intermediate elements of the sex determination pathway are
shown in Figure 1.

Amongst the downstream basal elements, the most well
conserved is doublesex (dsx) (Saccone et al., 2002; Price et al.,
2015; Verhulst and van de Zande, 2015; Wexler et al., 2019).
Ubiquitous amongst insects, dsx is the “central nexus” between
sex determination and sexual differentiation cascades (Verhulst
and van de Zande, 2015). It functions as a transcription factor
activating or repressing thousands of downstream genes which
cause female or male somatic differentiation. Its role in this
regulation (male or female biasing) is determined by whether
it exists in a male or female “form” as a protein. In most cases, this
is determined by sex-specific alternative splicing of the initial dsx
pre-mRNA—itself determined by intermediary regulators
between the primary signal and dsx. “Male” dsx typically
represents the constitutive splicing isoform; while female-
specific dsx isoforms require the splice enhancing factor
transformer (tra) (Figure 2). However, even within this most
conserved member of the insect sex determination cascade, some
variation does exist. For example, there are significant differences
in the number and “style” of exon skipping between different
insect species (Verhulst and van de Zande, 2015). For example, in
lepidopterans, the constitutive dsx isoform is female with male
determining factors required to shift splicing towards a male form
(Lee et al., 2015; Xu et al., 2017; Visser et al., 2021). Further, in at
least two species of termites, dsx has evolved towards male-only
expression rather than sex-alternate splicing (Wexler et al., 2019;
Miyazaki et al., 2021).

An intermediary element that exists directly above dsx is
transformer (tra). Although not as highly conserved as dsx
(Verhulst et al., 2010b), tra homologues have been identified
in a variety of insect orders, e.g., Coleopterans [Tribolium
castaneum (Shukla and Palli, 2012)], Hymenopterans [Apis
mellifera (Gempe et al., 2009), Nasonia vitripennis (Verhulst
et al., 2010a)] and dipterans [Drosophila melanogaster
(Sosnowski et al., 1989; Inoue et al., 1990), Musca domestica
(Inoue and Hiroyoshi, 1986) and a number of Tephritid fruitflies
(Pane et al., 2002; Lagos et al., 2007; Ruiz et al., 2007)]. In these
groups, sex-specific splicing of tra leads to a “functional” female-
specific or “non-functional” male-specific protein. Interestingly,
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tra has often been found to self-regulate its splicing (except in D.
melanogaster) acting as a positive self-regulatory element to
increase its own expression (Pane et al., 2002; Gempe et al.,
2009; Salvemini et al., 2009; Verhulst et al., 2010a; Hediger et al.,
2010). Functional tra acts as a splicing enhancer, binding dsx pre-
mRNA and promoting the inclusion of female-specific exons in
the final transcript.

Although tra is an essential gene in the sex determination
pathway of many dipterans and hymenopterans; in other species,
there may be, as yet, no identified homologue, as is the case for
Aedes aegypti (Nene et al., 2007). In these cases, there may be
functional quasi-equivalents for transformer. For example, in
silkmoth (Bombyx mori) males, P-element somatic inhibitor
and IGF-II mRNA binding proteins interact to form a
complex which binds dsx pre-mRNA. This complex inhibits
internal splice site junctions, excluding female-specific exons
to produce “male” form dsx mRNA (Suzuki et al., 2010). This
example illustrates that while there may be orthogonal splicing
factor/s, analogous to tra, the role the new factor/s plays may be
very different (promoting male-form, rather than female-form
dsx alternate splicing). The transformer-2 gene (tra2) is also
involved in the sex determination pathway of many insects. It
is often an additional factor that forms an essential part of the
splicing enhancer complex, which helps sustain and regulate the
splicing of tra (Salvemini et al., 2009). It is, however, not a
homologue of transformer itself. Tra-2, unlike tra, has also
been shown to have both expression and function in males
(Salvemini et al., 2009).

Above tra (or other intermediary elements) in the sex
determination pathway lies the primary signal or master
regulator underpinning the sexual determination cascade. The

identity and function of these master regulators vary enormously
between species even within the same order due to a high
turnover rate of the primary signaler at this level (Gempe and
Beye, 2011). For example, in four dipteran species, the mosquitos
Anopheles gambiae, Ae. aegypti, the Mediterranean fruitfly
Ceratitis capitata, and the house fly M. domestica, the master
regulators of sex determination are evolutionarily unrelated [Yob,
Nix, MoY, and Mdmd respectively (Hall et al., 2015; Krzywinska
et al., 2016; Sharma et al., 2017; Meccariello et al., 2019)]. While
the exact mechanisms by which these primary signals act remains
largely unknown, the mosquito species assessed so far (including
those listed above) do not appear to possess a tra homologue
(Nene et al., 2007). In contrast, the sex-specific splicing of tra is
integral to the sex determination cascade in C. capitata and M.
domestica, strongly suggesting divergent functions in regulating
intermediary elements between the top and bottom levels of the
pyramid in mosquitos and other diptera (Saccone et al., 2011). In
D. melanogaster, sex is determined by an X-chromosome
counting mechanism. The expression ratios of specific
X-linked (sis-a, sis-b, sis-c and run) and autosomal genes
determine the correct expression of an autoregulatory-splicing
female-determining gene (sex-lethal) (Cline, 1993; Kaiser and
Bachtrog, 2010). A 1:1 X: A ratio (implying two X chromosomes)
leads to functional sex-lethal expression and the female sex
determination cascade (Baker and Ridge, 1980; Sánchez and
Nöthiger, 1982; Parkhurst et al., 1990). Although tra plays a
crucial intermediary role in D. melanogaster (as in C. capitata),
the sex-determining role of sex-lethal appears to be Drosophilid-
specific (Meise et al., 1998). In Lepidoptera, primary signals can
vary, as both Z-chromosome counting and dominant primary
signals exist in different species (Traut et al., 2007). In B. mori, a

FIGURE 1 | The variety of sex determination systems employed by pest insects. The more upstream elements of the sex determination pathway such as the
primary signal vary widely across pest insect species. Several species have XX/XY chromosome structures although they do not utilise them in the same way. Ceratitis
and Aedes employ masculinizing elements carried on the Y chromosome whereas Drosophila uses X counting to determine sex.
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dominant female-linked (feminizer) piRNA system encoded on
the female-specific W chromosome silences Z-linked genes that
would otherwise initial male sex-determination (Hasselmann
et al., 2008; Katsuma et al., 2018); this then directs dsx
splicing. In Hymenoptera, sexual fate is effectively regulated by
the presence or absence of a paternal genome. E.g., in the
honeybee, A. mellifera, it is determined by heterozygosity at a
single locus the complementary sex determiner (csd) gene
(Gempe et al., 2009), single sex alleles within an organism
result in male development (homozygous/hemizygous) and
mismatched sex alleles develop into females (heterozygous).
While in the haplodiploid wasp N. vitripennis the sex
determination gene wasp overruler of masculinization (wom) is
only transcribed from the paternally provided genome (Zou et al.,
2020). In both systems, tra and dsx are still employed as
intermediate and basal elements (Cho et al., 2007; Zou et al.,
2020).

The genomic location of the master regulator and, specifically,
whether it exists on a heteromorphic sex chromosome is a further
important aspect of insect sex determination systems in this
review. In many cases, the evolution of distinct sex-

chromosomes necessitates a mechanism for equalising the
expression of shared, sex-linked genes between sexes (dosage
compensation). In D. melanogaster, the absence of sex-lethal in
males initiates hypertranscription from the single X-chromosome
to make up for two X’s in females. Inactivation of sex-lethal in
females leads to deadly X-chromosome hypertranscription due to
carrying two X chromosomes. This “coupled” sex determination
and dosage compensation has implications for manipulating
these systems for genetic pest control. For example, it is a
significant challenge to aim to alter sexual fate without
simultaneously “programming” the dosage compensation
pathway. As a result, in many cases where the master
regulator has been identified and ectopically expressed in
females (e.g., Yob in An. gambiae; Guy1 in Anopheles
stephensi), the result is the death of the XX individuals rather
than their conversion to fertile males (Criscione et al., 2016;
Krzywinska and Krzywinski, 2018; Qi et al., 2019). This
represents a high hurdle if the most potent application of
manipulating sex determination for GPM suppression systems
is to convert a population to a single-sex rather than selectively
kill off females.

FIGURE 2 | Sex-specific splicing patterns of doublesex. The conserved elements of the sex determination pathway that result in the alternative splicing of the pre-
mRNA dsx. Depending on the upstream signalling pathways TRA is either present as a functional protein (in female development) or a non-functional protein (in male
development). TRA acts as a splicing enhancer to promote the recruitment of the splicing machinery to the weak splice acceptor prior to exon 4 of the dsx pre-mRNA
(Shukla and Nagaraju, 2010). This allows for the retention of exon 4 in the mRNA resulting in the female version of dsx. Doublesex exon numbers vary among
species with the use of splicing to retain or remove sex-specific exons remaining constant, Ceratitis capitata pathway illustrated in this figure.
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Fortunately, neither fully differentiated sex chromosomes,
nor coupled-dosage compensation pathways where
heterogametic sex chromosomes exist, appear universal
amongst insects that are of concern to human health or
agriculture. For example, Aedes albopictus (and other
culicine mosquitos) do not possess heterogametic sex
chromosomes but rather a small “Male-determining” locus
on chromosome 1 (Hall et al., 2014; Gomulski et al., 2018).
Transgenic expression of the male-determining gene from
within this locus (Nix) in transgenic Ae. albopictus was
sufficient to convert females into functioning males (Lutrat
et al., 2022). Similarly, in C. capitata, transient ectopic
expression of MoY is enough to convert karyotypic females
to functional males, suggesting either a lack of dosage
compensation or an “un-coupled” version in this species
(Meccariello et al., 2019).

Understanding the nature of the sex determination pathway
that has evolved in a pest of concern, and its possible
interaction with dosage compensation, provides some
potential routes for manipulating a species for genetic pest
management. If the goal is female to male sex conversion, then
the upper levels of the pyramid will likely need to be
manipulated to ensure complete sex conversion and the
viability/fertility of converted individuals. However, this
goal may be difficult or practically impossible for species
with lethal dosage compensation. If the goal is simply to kill
one of the sexes, then lower, more conserved levels of the
pyramid can be targeted, and this may also be beneficial in
transferring efficient designs between related pests. Further
exploration of the fundamental basis of sex determination
mechanisms is, therefore, essential.

FIRST-GENERATION TECHNOLOGIES: AN
IMPROVEMENT ON THE PAST

First-generation transgenic GPM systems are genetically
engineered analogues of the classical sterile insect technique
(SIT). In the SIT, the mass release of irradiated (sterilised)
males results in a lower proportion of fertilised females in the
field due to mating with the sterile males instead of the fertile,
wildtype males. SIT is most efficient if only males are released
(Rendón et al., 2004). Preventing the introduction into the
population of females that can damage fruit crops or transmit
disease is an additional advantage. However, male-only releases
require an efficient mechanism for sex sorting. For this purpose,
genetic sexing strains (GSS- Box 1) were developed that
differentiated between males and females with selective
markers such as pupal colour or conditional lethality when
exposed to high temperatures (Rendon, 1996).

First-generation transgenic systems sought to improve these
technologies by creating analogues of GSSs that could also be used
as population suppression measures in the field. The most widely
adopted of these was the Release of Insects carrying a Dominant
Lethal technology (RIDL) (Thomas et al., 2000), but also see
(Schetelig and Handler, 2012) (Ogaugwu et al., 2013; Schetelig
et al., 2016). The basis behind RIDL is the genetic modification of

a pest to carry a deleterious/lethal gene whose expression can be
turned off (repressed) during rearing, but which, when inherited
by the progeny of released insects, will result in lethality for
individuals in the field. As with SIT, mass releases of RIDL insects
can thus suppress a target population by continually killing off
field-born individuals before they can reproduce. Female-specific
RIDL (fsRIDL) and genetic sexing strains have been developed in
many species by combining this repressible lethality with sex-
alternatively spliced introns from basal genes within the sex
determination pathway (Fu et al., 2007; Schetelig and Handler,
2012; Ogaugwu et al., 2013; Tan et al., 2013), specifically dsx and
tra. The pre-mRNA of these two genes is spliced differently
between males and females—leading to the sex-specific inclusion
or exclusion of exonic sequences. Sex-specific transgene
expression can be designed by including the sequences
responsible for sex-specific splicing (introns) embedded within
components integral to the repressible-lethal system. As such,
functional fsRIDL proteins are produced in one sex (usually
females) and not the other (in the same manner as tra and
sex-specific dsx proteins). Released fsRIDL individuals are
homozygous fertile males that produce heterozygous male-only
offspring when mating to wildtype females following release.
These heterozygous fsRIDL males can then produce wildtype
males and females as well as heterozygous fsRIDLmales, resulting
in a steadily diluting suppressive effect without continued
releases. Female-specific RIDL lines have been developed in
many insect pest species, including tephritid fruitflies (Fu
et al., 2007; Ant et al., 2012), blow flies (Yan and Scott, 2020),
screwworms (Concha et al., 2016), moths (Morrison et al., 2012;
Jin et al., 2013) and mosquitoes (Phuc et al., 2007; Collado, 2013).
Proof-of-principle demonstrations have also beenmade in beetles
(Gregory, 2015). Caged and open-release trials have
demonstrated that repeated releases of fsRIDL males can cause
the rapid suppression of target populations (Harris et al., 2011;
Leftwich et al., 2014; Carvalho et al., 2015; Shelton et al., 2020).

For these first-generation technologies, it is not necessary to
know the precise means by which the sex-specific processing of
dsx or tra components are regulated (i.e., the upstream
elements of the pyramid which act upon them). All that is
required is a basic understanding of the arrangement of the
chosen gene and final mRNA differences between sexes. This
conservation of function is a distinct advantage for adapting
transgenic constructs, with minimal changes, across multiple
species (Tan et al., 2013). A further advantage of using highly
conserved basal elements of the pyramid is that the splicing
signals which regulate their sex-specific splicing are often
shared between closely related species (Ant et al., 2012). For
example, an fsRIDL construct built using intronic sequences
from pink bollworm (Pectinophora gossypiella) dsx functioned
just as effectively in that species as it did in silkworm (B. mori)
and diamondback moth (Plutella xylostella) (Jin et al., 2013;
Tan et al., 2013). The limitation of using these downstream
elements of the pyramid is that these systems are generally
limited to killing females rather than their conversion to males.
This, coupled with the self-limiting nature of these
technologies, makes them far less potent than “second-
generation” technologies (next section).
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releases, leading for example, to the development of confinable
split-drive technologies that also safeguard against accidental
release (Li et al., 2020; López Del Amo et al., 2020).

HGDs designed for population suppression are inserted into
(and therefore disrupt) a gene of essential function. If that essential
gene is haplosufficient, the HGD causes a deleterious recessive
phenotype. Heterozygous individuals are viable and contribute to
the spread of the drive, but when the drive reaches a high allele
frequency in the population, more and more non-viable
homozygous individuals are produced, leading to a dramatic
reduction in the reproductive capacity of the population
(Deredec et al., 2011). The most efficient designs target viability
in only one sex (usually females), allowing the drive to spread
efficiently within the other sex, regardless of frequency.

As with any pest elimination strategy, selection for resistance to a
gene drive is a concern. The most commonly cited mode of
resistance is mutations in the target cut sites “resistance alleles,”
which prevent further recognition by the Cas9/sgRNA complex and
therefore targeting by the drive. If resistance alleles do not severely
disrupt the gene’s coding potential (e.g., synonymous mutations, or
small in-frame deletions), they may be rapidly selected for in a drive
carrying population as the fitness differential between the resistance
mutation and the drive is expected to be large (Champer et al., 2017;
Carrami et al., 2018). Several strategies can mitigate this, including
restricting expression of the gene drive to the germline (Hammond
et al., 2021) targeting highly conserved gene sites, hoping that this
indicates low tolerance for mutated alleles. In at least one example in
A. gambiae, this appears to have been achieved by targeting the
intron 4 - exon 5 boundary (splice junction) of dsx (Kyrou et al.,
2018). Typically, this fifth exon is included in female, but not inmale,
dsx mRNA (female-specific exon). However, when the splice
junction is disrupted, the 5th exon is instead excluded (skipped)
in both sexes. Homozygous deletions at this junction incapacitated
female sexual development leading to intersex and sterile females as
these individuals could not produce functional dsxF (lacked the 5th
exon). Male development and fertility, however, was unaffected as
this 5th exon is canonically excluded from the finalmRNA transcript
in that sex. Within this study, this produced a highly effective drive,
spreading female non-viability through a caged population, leading
to a rapid population crash (Kyrou et al., 2018).

Much like earlier “first-generation” systems, the use of highly
conserved, downstream basal elements of the sex determination
pathway as essential components of a suppression drive produced
reliable, predictable and effective mechanisms of generating
female non-viability (in this case sterility, rather than lethality,
as with first-generation technologies). The highly conserved and
well-understood role of dsx in the downstream regulation of
female sexual development means that it is highly likely that
similar suppression drives could be developed in a range of other
insect pest species. However, there are differences between the
number and “style” of exon skipping which occurs between
different insect species, which would require consideration.

While no functional resistant alleles were observed in this
study, it is possible that at larger-scale releases, pre-existing or de
novo alleles might eventually occur (Bier, 2021). Including
multiple guide RNAs designed against numerous sequences at
the target loci, also known as “multiplexing,” is one frequently

discussed mitigation against this (Carrami et al., 2018). Pre-
existing sequence variations or failed homing attempts must
inhibit all target sequences simultaneously to inhibit the drive
and are therefore less likely to generate functional resistant
mutants (Marshall et al., 2017; Champer et al., 2018, 2020b;
Oberhofer et al., 2018; Champer S. E. et al., 2020). However, the
small target site of the exon-splice junction in dsx means that
multiplexing guide RNAs would be difficult to engineer for this
gene and would likely be an issue in using homologous targets in
other species. Complementary alternatives, including combinate
X-shredder drives, have been demonstrated (Simoni et al., 2020).

Precision-Guided Sterile Insect Technique
One alternative approach to using CRISPR/Cas9 to develop
HEGs is to improve “first-generation” technologies with
precise gene editing. Coupling the precision of CRISPR/Cas9
gene editing to enhance SIT has been proposed and developed as
pgSIT (precision-guided sterile insect technique). This alternative
approach to using CRISPR/Cas9 creates sterile males and kills or
incapacitates females by targeting both a male fertility gene such
as beta2-tubulin and elements of the sex determination pathway
such as dsx, tra or sxl. RNA guides targeting sxl and beta2-tubulin
coupled with a Cas9 under a germline-specific promoter killed
female embryos and produced sterile, male-only progeny in
Drosophila. Targeted knock-out of dsx and tra resulted in
intersex females (Kandul et al., 2019). Newer developments
include a temperature inducible true-breeding strain that
eliminates the requirement of maintenance and sexing of two
independent parental strains (Cas9 and gRNA) (Kandul et al.,
2021) Like suppression gene drives, the downstream, basal
elements of the sex determination pathway are a reliable target
for female non-viability. Versions of pgSIT have also been
developed in mosquitoes (Ae. aegypti), and unlike a gene
drive, this approach is self-limiting and is not predicted to
persist or spread in the environment (Li et al., 2021).

THIRD-GENERATION TECHNOLOGIES:
LOOKING TO THE FUTURE
Whereas first- and second-generation technologies seek to
manipulate or disrupt basal elements of the sex determination
pyramid in order to reduce the fitness of or kill females, future
“third-generation” technologies may be designed to manipulate
the master regulators of sexual fate, to affect full sex conversion. If
attached to an efficient gene drive system, such a technology
would spread through a target population causing a growing wave
of sex distortion. This is theoretically more efficient than a
second-generation system that kills or incapacitiates one sex as
homozygotes, because all inheritors, regardless of their genotype,
continue to spread the system. This increased efficiency could
potentially allow for a dramatic reduction in the number and size
of releases required for population control. Depending on the
efficiency of sex conversion, this could enable threshold-
dependent gene drives to be used, previously discounted for
population suppression because of their intolerance to high
fitness loads (Leftwich et al., 2018; Champer et al., 2020a).
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Many aspects of the theory underpinning such third-
generation technologies pre-date second-generation strategies
(Lyttle, 1991). However, they have proven challenging to
enable in practical terms. Part of the reason is the non-
conserved nature of the upstream components that need to be
manipulated. This requires deep and specific knowledge of master
regulators and their web of interactions with downstream
elements for each specific pest species to be targeted. Even
then, the unpredictable/inflexible nature of “coupled” sex
determination and dosage compensation systems may make
such a design unachievable in some species. Hence for third
generation systems, the transfer of efficient gene drive designs
between pests may not always be possible. In a similar vein, if sex-
specific components of fitness are sex-linked it may be the case
that efficient sex conversion can be achieved, but the sexual
competitiveness of converted individuals is diminished.

The mechanisms for enacting sex conversion will vary greatly
depending on whether the targeted gene(s) are the master
regulators of sex determination (and whether these initiate a
male or female cascade), or those genes directly downstream (tra
or tra-2). In an XX/XY system, sex conversion through expression
of a master regulator is likely to produce a dominant effect. This is
highly likely to affect the dynamics of a gene drive. For example,
the effects on population suppression would be seen much earlier
than one where conversion is enacted through disruption of a
recessive switch e.g., tra or tra-2 (Hoshijima et al., 1991; Pane
et al., 2002; Sarno et al., 2010). For systems where the presence of
the master regulator determines femaleness [for example, the ZZ/
ZW systems common to Lepidoptera (Suzuki et al., 2010)],
maleness could be achieved by inactivating the master
regulator or making the element below it resistant to its
activity [see (Sakai et al., 2016)].

In the next section, we discuss evolutionary and empirical
manipulation studies of dosage compensation and sex-linked
fitness traits and outline the hurdles these may pose to
engineering efficient third-generation technologies.

Dosage Compensation
In heterogametic sex chromosome systems, the loss of
recombination between the dissimilar chromosomes leads to
multiple evolutionary processes acting to reduce the size of the
sex-limited chromosome, including mutation accumulation and
gene loss (Bachtrog, 2013; Bachtrog et al., 2019). This can lead to
a monoallelic state for the heterogametic sex, in which a single
functional allele is present for multiple genes on the single copy of
the X or Z chromosome, and the homogametic sex retains two
functional copies. This imbalance of alleles between the sexes is often
hypothesised to require dosage compensationmechanisms to restore
a balanced state of gene expression: classically, this was thought to
occur across the entirety of the X or Z chromosome (Ohno, 1967). If
dosage compensation occurs across the entirety of sex chromosomes
in a target pest species, it could prove challenging for the design of
third-generation technologies, particularly if the dosage
compensation pathway is downstream of the master regulator
(i.e., the pathways are “coupled”). This is because, while such a
system would ectopically express a sex determination master
regulator, it would not alter the sex chromosome complement of

an individual. If the two pathways are “coupled”, that individual (say,
a female) would enact the dosage compensation pathway of the
opposite sex (a male), despite having a “female” sex chromosome
complement. This would lead to lethal misexpression of sex-linked
genes and death, rather than conversion to the opposite sex.

Fortunately for GPM engineers, there is growing evidence from
evolutionary studies of an alternative model of gene-by-gene
dosage compensation. This alternative model states that only a
minority of loci may be dosage-sensitive, specifically genes with
particularly high expression levels, or those that have evolved
through recent gene duplication. This may have a low
correlation with levels of observed sex chromosome divergence
(Furman et al., 2020). Where global dosage compensation is
primarily observed is in XY systems, and could be driven by
the stronger sexual selection and greater reproductive variance
in males, this is predicted to result in slower evolution of Z than
with X dosage compensation (Mullon et al., 2015). This could
mean that sex chromosome dosage compensation may be less of a
challenge in ZZ/ZW systems such as Lepidoptera (Gu et al., 2017).

In reality, the nature of dosage compensation appears to vary
widely, and exceptions to “general” rules seem to be increasingly
common. For example, A. gambiae has an XY heterogametic sex-
determination system, with a single gene, Yob, identified as a
Y-linked maleness factor (Krzywinska et al., 2016). The
expression of Yob begins around 2 hours into embryonic
development and precedes that of sex-specific splicing of dsx
by about 6 hours. Ectopic expression of Yob has been confirmed
to produce male splice-form dsx but leads to female embryonic
death while leaving male development unaltered (Krzywinska
and Krzywinski, 2018). This pattern of female lethality in the
presence of Yob can be explained by gene overexpression by both
X chromosomes as a result of misapplied dosage compensation
leading to female death. Similar experiments in the
mediterranean fruit fly (C.capitata), which also has an XY
heterogametic sex-determination system, have also identified a
Y-linked single gene determinant of maleness, MoY. Here
knockdown of MoY was demonstrated to be sufficient to
produce total loss of male-specific tra mRNA in embryos and
complete XY feminisation. Conversely, ectopic expression of
MoY produced no change in male development and partial or
full masculinisation of XX flies (Meccariello et al., 2019). These
XX pseudomales were also fertile, demonstrating that there are no
genes essential to male fertility located on the Y chromosome in
medfly. RNAi knockdown of tra in several other tephritid
fruitflies and M. domestica have also produced female to male
sex reversal, producing fertile converted males, indicating this
approach may be possible in a number of pest insects
(Dübendorfer et al., 2002; Pane et al., 2002; Lagos et al., 2007;
Concha and Scott, 2009; Hediger et al., 2010; Schetelig et al., 2012)
We note though the genetic factors that may influence the outcome
of sperm competition have not yet been studied in these systems. In
both An. gambiae and C. capitata; closely related species (Anopheles
arabiensis with Yob; Bactrocera oleae with MoY), appear to be
responsive to their respective male determining signals. However,
the fast-evolving nature of the primary sex determination regulators
means that these are likely to be restricted to closely related species
with either direct homology to these genes or conserved downstream
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interactions. The disparate responses of female death vs. female-male
sex conversion between these two species were entirely
unpredictable, and while the role of dosage compensation in this
is speculative (and does not preclude that a dosage compensation
mechanism exists that is uncoupled from sex determination);
evidence to-date indicates these different fates for alteration of
sexual development could be the result of just a handful of
dosage-sensitive genes on the X chromosome of An. gambiae
while none are present on the X chromosome of the medfly.

Essential Male Genes
One prediction of the evolution towards heterogametic sex
chromosome systems is the accumulation of sex-specific
fitness-enhancing genes on the sex-specific region, often linked
to the master regulator through lack of recombination (Mank
et al., 2014). As with dosage compensation, this arrangement may
prove a hurdle for third-generation sex-conversion systems if
these fitness-enhancing genes are not included alongside the
master regulator. The Y chromosome of D. melanogaster
contains male fertility factors. However, it contains only
16 protein-coding genes, and not all are essential for male
fertility (Kaiser and Bachtrog, 2010; Zhang et al., 2020). Other
examples of essential genes in males can be seen with the
engineered manipulation of the male master regulator in Ae.
aegypti and Ae. albopictus. These two mosquitos do not possess
hetermorphic sex chromosomes, only a small, non-recombining
male-determining region (M-locus) on the short arm of
chromosome 1, an otherwise homomorphic autosome (Hall
et al., 2014). A single gene Nix [a putative recent duplication
of tra2 (Gomulski et al., 2018)], has been identified as the master
male determining gene in these species (Liu et al., 2019; Aryan
et al., 2020). In Ae. aegypti, stable transgenic expression of Nix
was sufficient to produce sex conversion of genotypic females into
males. Dosage compensation in a species without a heterogametic
sex would be unlikely, and the observed sex conversion over
female death was in line with this prediction. However, while Nix

was sufficient for determining male sexual fate, the resultant
pseudomales were incapable of flight as they lacked another gene
myo-sex, also present in the M-locus, which is required for proper
development of flight muscles in males (Aryan et al., 2020).
Conversely, when analogous experiments were conducted in
Ae. albopictus it was found that converted pseudomales were
not only viable but capable of flight (Lutrat et al., 2022).
Interestingly, despite evidence of an M-linked myo-sex gene,
converted pseudomales could still express comparable levels of
myo-sex transcripts to wildtype males. These results indicated at
least one duplicate copy of myo-sex exists which is not M-linked
in this species. These converted pseudomales, displayed reduced
competitiveness compared to wildtype males, suggesting the
possibility that the M-locus in this species may harbour other,
as yet unknown, male fitness-enhancing genes. However, this is
difficult to disentangle from the adverse effects of transgenesis
(including ubiquitous marker gene expression, disruption of
essential genes at the insertion sites or incomplete
masculinization). These findings highlight that, even in species
without apparent dosage compensation or heteromorphic sex
chromosomes, efficient sex conversion technologies may prove
more challenging to engineer than simply transgenically
expressing the master regulator. Additionally, the significant
differences between these two closely related species suggest
that substantial fundamental research will be required to
underpin the development of these technologies in novel pests.

CONCLUSION

Manipulating sex determination pathways for genetic pest
management has many potential applications. Previous technologies
have used the highly conserved “basal” elements of dsx and tra
common to almost all insect species to produce reliable
mechanisms of biasing sex ratios with the release of modified
males carrying factors to generate female sterility or death. Newer

BOX 1 | Alternative methods to altering sex ratios outside of the sex determination pathway
Two modifications are principally required for Genetic Sexing Strains (GSS) 1) introduction of a recessive conditional lethal gene or viable selectable recessive colour
mutations and 2) translocation of a wild-type rescue allele onto the male Y-chromosome. In the final strains, females are homozygous for one or more selectable
mutations, while males are heterozygous with a wildtype phenotype (Rendon, 1996). These strains are highly effective at producing substantial bias in the
reproductive sex ratios or enabling efficient sex separation, but because of the mutations and chromosome translocations required to generate these strains, high levels
of sterility and rearing difficulties were common, many strains were also unstable as a result of these complex chromosomal rearrangements (Robinson, 2002; Nguyen
et al., 2021).

Genetic sexing strains produced strong genetic male bias, achieved not through manipulation of the sex determination pathway, but by positioning autosomally lethal
alleles onto the sex chromosomes. The advent of powerful genome editing tools and synthetic biology has allowed for the development of other, more refined artificial sex
distortions such as X-shredding. These systems exploit the heterogametic nature of these species, where fathers always transmit their X chromosome to their daughters
and the Y chromosome to their sons, to cause lethal changes to essential genes, without involving the sex determination pathways directly.

X-shredders were first pioneered in Anopheles gambiaewhen I-PpoI was discovered to cut the X chromosome in several locations due to its targeting of the repeated
ribosomal rDNA (Windbichler et al., 2007). By engineering a destabilised version I-PpoI its activity could be restricted to male meiosis thereby ensuring males were unable
to pass on a functional X chromosome (Galizi et al., 2014). As opposed to using an endonuclease which targets a conserved repetitive element; X-shredding can also be
driven using CRISPR/Cas9 and targeted sgRNAs, with Cas9 cleavage limited to the male germline (Galizi et al., 2016; Fasulo et al., 2020; Meccariello et al., 2021).

Y-linked editors have also been proposed as a self-limiting strategy significantly more effective than those previously proposed (Burt and Deredec, 2018). If released
simultaneously with an autosomal X-shredder this efficiency can be further increased. An alternative approach would be to drive an X-shredder from the Y-chromosome
to ensure male offspring inheritance (Gamez et al., 2021). Other proposed Y-linked suppression systems include Medusa; combining a maternally-expressed, X-linked
toxin and a zygotically-expressed, Y-linked antidote that causes suppression of the female population and selects for the transgene-bearing Y. At the same time, a
zygotically-expressed, Y-linked toxin and a zygotically-expressed, X-linked antidote selects for the transgene-bearing X in the presence of the transgene-bearing Y to
create a threshold dependent, highly male-biasing suppression system (Marshall and Hay, 2014) present its own challenges as expression during spermatogenesis can
be difficult to achieve from the Y chromosome due to transcriptional repression (Alcalay et al., 2021).
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technological developments, including homing gene drives,
demonstrate these basal elements continue to be predictable and
reliable targets for control. Looking forward, development of
genetic editing techniques to manipulate “master regulators” of
sexual fate have the potential to improve the performance of a wide
variety of genetic control methods. However, this approach has
potential challenges—different species may exhibit sex-linked
genes that are vital for viability or sexual fertility or have strong
dosage compensation. However, this is a vibrant field of research
andmuch experimental work is ongoing in a range of different pest
species. While it is likely that the application of sex conversion for
pest control will inevitably be applied on a case-by-case basis,
active investigations on a number of fronts are likely to improve
our understanding of the basic biology and evolution of sex
determination, as well as expand our genetic toolbox for applied
pest management.
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2 Chapter Two- Engineering controlled Cas9 expression in 

Cera&&s capitata 

2.1 Abstract 

The Mediterranean fruit fly (medfly, Cera%%s capitata) is an agricultural pest of global 

significance and a model system of growing importance. It has been studied in the context of 

research into pest control strategies, sex determina:on mechanisms and evolu:onary 

ecology. However, research into this model, especially in terms of the development of strains 

for pest control is currently severely hampered by the lack of a gene:c toolbox. For example, 

key tools and reagents for the development of gene:c sor:ng strains and gene drives are 

sorely needed. The aim of the experiments described in this chapter was to address an 

important gap in this area by construc:ng and characterising transgenic lines of medfly that 

express Cas9. This is a valuable goal because stable Cas9 expression is necessary for the latest 

gene:c pest control strategies and for studies into gene func:on in general. I designed lines 

using endogenous promotors as these result in more stable Cas9 expression, with germline 

specific promotors being favoured to allow for precise :ming of expression. Two different 

promotor-Cas9 expressing lines were established: mei-W68-Cas9 and bgcn-Cas9 (Benign 

gonial cell neoplasm) and I describe the selec:on, tes:ng and assembly of these promotors. 

I quan:fied the Cas9 expression paRerns of the resul:ng lines by using qPCR across several 

:ssue types. Both lines showed Cas9 expression and expression was higher overall in mei-

W68-driven lines across all :ssue types. However, further valida:on through qPCR with more 

stable reference genes would be needed to confirm if this is a true difference. None of the 

lines showed evidence of a fitness cost to carrying the transgene through the ini:al fitness 

study that was conducted. The lines generated provide an important expansion of the gene:c 

toolbox of gene:c modifica:on for medfly, as they represent the first described stable Cas9 

expressing lines under the control of endogenous germline specific promotors.  
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2.2 Introduc7on  

Cera%%s capitata (commonly known as medfly) is a pest species of global agricultural 

importance. With the warming climate, the invasive poten:al of medfly is predicted to 

increase (Gu:errez et al. 2021; Sultana et al. 2020; De Meyer et al. 2007). Due to its increasing 

prevalence as an invasive pest, further methods of pest control are needed. Methods of 

gene:c control are some of the most promising strategies, following the success of sterile 

insect technique (SIT) for localised eradica:on. The development of gene:c sexing strains 

(GSS) (Robinson 2002) further improved the efficiency of SIT-based eradica:on methods and 

they have been successfully used for popula:on suppression (Hendrichs et al. 2002). Despite 

the success seen with SIT there is a constant need for improvement in gene:c control 

strategies. SIT is costly and relies upon mass rearing of males and con:nuous releases. 

Although gene:c sexing strains have sped up the sex-sor:ng process there are s:ll challenges 

with the o_en low compe::veness of irradiated males (Virginio et al. 2017) resul:ng in high 

release numbers being needed to outcompete wildtype males, which must be reared and 

maintained under very specific, o_en costly, condi:ons (Caceres 2002). 

Strategies based upon CRISPR/Cas9 represent among the most promising new methods for 

gene:c control in medfly. Not only can this system be used to develop new transgenics for 

improved gene:c sexing strains (Nguyen et al. 2021) but also to develop more durable 

methods of control such as gene drives (McFarlane et al. 2018). Endogenous promotor-driven 

Cas9 had been iden:fied as a necessity for gene drive designs in medfly (Carrami et al. 2018). 

Despite this, when beginning this research there were no published examples of Cas9 

expressing lines under a na:ve promotor in medfly. 

In previous research where gene:c modifica:on of medfly was needed, methods based upon 

RNA interference (RNAi) (Saccone et al. 2007) or the co-injec:on of Cas9 either as protein or 

a Cas9-expressing plasmid were used (Aumann et al. 2018; Primo et al. 2020; Meccariello et 

al. 2017). Establishing a line with stable Cas9 expression is desirable. For guide valida:on, 

stable Cas9 lines are the most reliable for confirming efficacy (Kouranova et al. 2016) as they 

provide a constant expression level and can be used effec:vely for comparison between 

guides. Cas9-expressing lines also provide a con:nuous expression of Cas9 that persists 

throughout genera:ons as opposed to the transient expression achieved by co-injec:on of 

Cas9.  
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Gene:c technologies have a variety of requirements with respect to Cas9 promotors. The 

:ming of Cas9 expression is an important factor to consider when designing lines. Using an 

endogenous promotor to drive the expression of Cas9 has been shown to result in higher 

edi:ng efficiencies and lower rates of chimerism than observed with non-endogenous 

promotors (Wang et al. 2015; Mao et al. 2016; Lei et al. 2021; Feng et al. 2021). Expression 

in the germline is a necessity for Cas9 promotors as they drive the early expression in germ 

cells which is needed to established stable muta:ons as opposed to chimeras. Cas9 

expression in soma:c :ssue causes cell specific muta:ons, resul:ng in chimerism. The 

promotors from germline specific genes are o_en used to drive Cas9 expression, as these 

exhibit high expression in the germline and reduced expression in other :ssue types.  

Depending upon the intended use of the Cas9 promotor, expression outside of the germline 

may or may not be tolerated. For use in homing drives and drive types in which resistance 

allele forma:on is an issue, Cas9 expression must be :ghtly controlled and germline-

restricted. This is because, outside of the germline, homology directed repair is much less 

likely to occur than non-homologous end joining, and the laRer o_en results in the forma:on 

of resistance alleles (Raban et al. 2020).  However, complete restricted expression within the 

germline may be rare, and even if expression is highest in the germline, some soma:c 

expression may o_en s:ll be present. Soma:c expression and deposi:on of Cas9 o_en results 

in fitness costs, with soma:c expression of Cas9 having the strongest deleterious effects (Port 

et al. 2014; Hammond et al. 2021; Hammond et al. 2016). 

Cas9 deposi:on into eggs is also rela:vely common and has been observed in studies based 

on several candidate germline-expressed gene promoters. This can represent a problem for 

some Cas9-based strategies because Cas9 is a rela:vely stable protein. In homing drives, Cas9 

deposi:on into the eggs o_en does not increase drive inheritance, rather, it results in an 

increase in resistance allele forma:on (Champer et al. 2017; Champer et al. 2018; Gantz et 

al. 2015). However, when used for toxin/an:dote systems, Cas9 deposi:on and even soma:c 

expression can be tolerated (Champer et al. 2021). This is because the constructs developed 

don’t rely on the homing pathway, meaning that resistance allele forma:on can be slowed 

through the use of essen:al genes. High levels of Cas9 deposi:on can be desirable when 

tes:ng guide RNAs through injec:on as this is more likely to have a dominant knockout effect 

in the first genera:on, making phenotypic studies easier to complete. Toxin/an:dote systems 

can u:lise Cas9 deposi:on to achieve the accumula:on of broken alleles, therefore driving 

the need for the rescue drive carrying element in the popula:on as it becomes the an:dote 
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is more likely to be required (Champer et al. 2020). Cas9 deposi:on could also be used in the 

development of precision-guided SIT (pgSIT) (M. Li et al. 2021) as these strategies could u:lise 

a dominant knockout to target a male reproduc:ve factor, avoiding the fitness damaging 

irradia:on tradi:onally used in SIT. 

I focused in the work described here on germline promotors, as they have a wider range of 

applica:ons in Cas9-based strategies than do ubiquitous na:ve promotors. There are several 

candidates for germline promotors which have been tested in other model organisms. The 

transferability of promotors between species has proven difficult (Du et al. 2023). Promotors 

have been shown to have efficient levels of cuSng in one species, yet, when the same na:ve 

gene is used in another species, similar results are o_en not achieved.  Although it may 

frustrate control efforts whenever a func:onal Cas9 promotor is found in one species that 

does not transfer to another, it does mean that promotors which have not previously been 

successful may o_en work in a new species.  

Func:onal Cas9 expression can be affected by other factors in addi:on to the promotor used. 

For example, the 3’ untranslated region (3’ UTR) has been shown to have an effect on 

transgene expression. The use of non-na:ve 3’ UTR  such as Autographa 

californica nucleopolyhedrovirus (AcNPV) p10 gene (Smith et al. 1983) or simian virus 40 

(SV40) (Van Oers et al. 1999) to increase transgene expression is common. However, the use 

of na:ve 3’UTRs can result in lower levels of mRNA degrada:on (Garneau et al. 2007) and, 

from studies in nematodes, may be more cri:cal in achieving gene expression in germline 

:ssues than the promotor region itself (MerriR et al. 2008). The inser:on site of the Cas9 

construct can also have an impact on the expression levels of Cas9. Inser:on into a 

transcrip:onally inac:ve sec:on of the genome is likely to result in downregula:on of the 

Cas9. The use of piggybac (X. Li et al. 2013) elements results in a random inser:on loca:on 

of transgenic constructs and this must be considered if there is evidence of an inser:on event 

having lower expression than that of other lines.  

This study aimed to further expand the gene:c toolbox for Cera%%s capitata with the 

produc:on of stable Cas9 lines under germline promotors. A well annotated genome is o_en 

a necessity in selec:ng poten:al Cas9 promotors. Fortunately, medfly does have a fully 

annotated genome, which allows for the expansion of gene:c tools in this model organism 

(Papanicolaou et al. 2016). Several poten:al germline promotors were iden:fied in this 

chapter, with the expression across :ssues measured for each. Genes with appropriate 

expression for use as a Cas9 promotor were selected with the regulatory region to be used 
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as a promotor and 5’UTR iden:fied and extracted where possible. These were constructed 

with non-na:ve 3’UTR and integrated into the medfly genome through piggybac-mediated, 

randomised genomic inser:on. Once inser:on was confirmed, the Cas9 expression across 

:ssue types was determined through qPCR. These Cas9 expressing lines were tested for 

fitness costs in a small-scale fitness study to iden:fy any strong fitness deficits in comparison 

to the wildtypes.  
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2.3 Methods 

2.3.1 Fly Husbandry 

2.3.1.1 Medfly stock lines  

Three wildtype medfly stock lines were used throughout these experiments. ‘Cepa Petapa’ is 

a mass reared wildtype strain originally collected from the wild in Guatemala, Central 

America (Rendon, 1996). TOLIMAN is a wildtype strain from Guatemala, Central America 

originally collected in 1990.  Both strains have been reared at Oxitec LTD (Milton Park, 

Abingdon) from 2004 and a sub-culture of each was established at the University of East 

Anglia (UEA) in 2010. The wild-type Benakeion strain (originally isolated in Athens, Greece) 

was provided by A. Meccariello (Imperial College, London) and maintained at UEA from 2022.  

2.3.1.2 Medfly rearing and dissec/ons for qPCR or end point RT-PCR/RACE 

All wild type medfly cultures were reared in a controlled environment with temperature set 

at 25°C ±0.5C̊, humidity at 60% ± 10% RH and on a 12 h light/dark schedule. Depending upon 

the demand for eggs from cultures, adult popula:ons were kept in 1 of 3 different cage sizes: 

small cages (10cm x 10cm x 10cm) ini:ated with 50 pupae, medium cages (13cm x 13cm x 

14cm) with 100 pupae and large cages (33cm x 33cm x 16cm) with 500 pupae. The emerging 

adult flies held in these cages were fed on an ad libitum diet of 3:1 sucrose:hydrolysed yeast 

mixture, changed every seven days. Water was supplied through the side of each cage via 

dental rolls soaked in RO water, which were renewed every 4 days. 

All cages were designed with a mesh layer covering the majority of the surface area of one 

ver:cal wall of the cage to allow egg deposi:on. Water pots containing RO water were placed 

under the mesh side of each cage to collect eggs. Eggs laid through the cage mesh were 

collected a_er a period of no more than 24 hours of egg laying, by removing eggs with a 

Pasteur pipeRe and transferring up to two drops of the eggs contained in the water solu:on 

to filter paper. The filter papers with eggs were then placed into 1/3 pint milk boRles 

containing 100ml of ASG larval food (1L ASG food: 850ml RO water, 12.5g agar, 73.5g sucrose, 

67g maize, 47.5g Brewer’s Yeast, 2ml Propionic acid, 25ml Nipagin). 7 days post egg 

collec:on, boRles were prepared to allow the third instar larvae to exit and start pupa:on. 

To do this, 2 filter paper folded strips were placed in each boRle before laying the boRles 

down on a thin layer of sand within a pupa:on box (170mm x 130mm x 50mm). The box was 
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then sealed with a lid containing a mesh for a further 7-9 days. During this :me third instar 

‘jumping’ larvae exited the boRles and pupated within the sand. A_er this period, pupae 

were sieved from the sand through a standard metal sieve and transferred into petri dishes. 

From this the appropriate number of pupae required for each procedure were randomly 

selected and placed into a fresh cage or used in experiments.  

To obtain flies for dissec:ons, a large TOLIMAN cage containing adults was placed at 4°C for 

30-60 minutes un:l all flies were unconscious. A subset of flies was then removed and placed 

into glass petri dishes kept on ice. The glass plate was kept free from condensa:on by adding 

a thin layer of agar. Flies used for qPCR were reared in small cages of 50 individuals. On day 

7 post eclosion, these cages were placed at 4°C for 30-60 minutes un:l flies were 

unconscious, then transferred into Eppendorfs of up to 5 flies of the same line/sex and snap 

frozen in liquid nitrogen. These samples were then stored at -80°C and removed in batches 

for dissec:on. Batches were removed for dissec:on and kept on dry ice.  

Prior to beginning dissec:ons all equipment and surfaces were sterilised with 70% ethanol 

and Invitrogen RNaseZap™. All equipment in direct contact with flies was wiped down with 

ethanol between dissec:ons and full sterilisa:on was effected by applying Invitrogen 

RnaseZap™	between different samples. Single flies were removed and placed in a petri dish 

of 100% ethanol for 1 minute to prevent floa:ng in PBS. Flies were then placed on a dissec:ng 

plate (glass petri dish containing silicon) and held in place with dissec:ng pins before covering 

the sample with a drop of sterile Phosphate Buffered Saline (PBS). Fine :p forceps were then 

used to peel open the abdominal cavity and extract testes or ovaries. All excess :ssue was 

removed and for dissec:ons on live samples, the early germline cells were separated from 

the late by using a scalpel, with samples placed in an Eppendorf and covered in a thin layer 

of PBS. The remaining fly carcasses were kept for use as the soma:c samples. Samples 

collected are shown in Table 2.1. 

 

 

 

 

 



 58 

Table 2.1 Samples collected from dissec:ons for each experiment. All samples were snap 

frozen in liquid nitrogen and stored at -80°C un%l RNA extrac:on. 

 Experiment 

 End-point RT-PCR/RACE qPCR 

Live or Frozen Tissue Live Frozen 

Separated into early and 

late germline? 

Yes No 

Number of testes per 

sample 

11 pairs (22 total) 9 pairs (18 total) 

Number of ovaries per 

sample 

9 pairs (18 total) 3 pairs (6 total) 

Number of soma:c :ssue 

per sample 

3 1 

 

2.3.1.3 Egg sample collec/on for end point RT-PCR 

A large TOLIMAN cage was set up with the purpose of allowing females to lay eggs for 1h 

intervals, and to allow single water drop egg collec:ons to be taken, and stored in 

Eppendorfs. To collect eggs at different development stages these samples were maintained 

under standard temperature condi:ons before removing any excess water and were then 

snap frozen in liquid nitrogen at the different :me points required. The egg development 

:mes tested for RNA expression post laying were 1h, 3h, 6h, 24h, 48h and 72h. As the 

collec:ons were a unknown mix of developing embryos and unfer:lised eggs they are 

referred to as post egg collec:on :me. Due to high levels of desicca:on the 72h samples 

were not carried forward. 
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2.3.2 Transgenic Line Establishment 

2.3.2.1 Microinjec/on of medfly eggs to generate transgenic strains 

Medfly microinjec:on was performed at the Imperial College London insectary by A. 

Meccariello. A further purifica:on step was performed on midiprep samples for 

microinjec:on using Millipore Ultrafree®-MC GV Centrifugal Filters. The full midiprep sample 

was loaded to the column and centrifuged at 14,000 RPM for 4 minutes. 40µl of injec:on mix 

was used per microinjec:on session with a final concentra:on of 500ng/µl plasmid of 

interest, 200ng/µl ihyPBase transposase helper plasmid (Eckermann et al. 2018). This was 

made up to a final volume with injec:on buffer (Rubin and Spradling 1982). Embryos were 

collected a_er an egg laying period of 45 minutes, transferred to double sided s:cky tape and 

allowed to dry for 6 minutes. Eggs were manually dechorionated using the :p of a blunted 

needle. Once the chorion was removed, eggs were transferred to slides coated in a thin layer 

of glue (double sided s:cky tape dissolved in heptane) with the posterior of the egg facing 

outwards. These egg slides were desiccated by placing them in a petri dish containing calcium 

chloride for 6 minutes, and then covered with a thin layer of Halocarbon™ 700 Oil. Eggs on 

these slides were then injected using WPI SuRer Quartz needles (outer diameter (OD) = 

1.00mm, inner diameter (ID) = 0.70mm) that had been drawn on a SuRer P-200/G laser 

needle puller. Needles were loaded with injec:on mix using an Eppendorf Microloader. 

Microinjec:ons were done using an inverted stereo microscope with an Eppendorf 

microinjec:on set-up and compressed air-driven pump. 

Post injec:on, eggs were le_ on slides un:l the larvae hatched (typically a_er 48h) at which 

point the larvae were placed onto larval food (30g paper, 30g sucrose, 30g yeast extract, 10ml 

cholesterol stock (5g cholesterol, 140 ml dis:lled water, 30ml 95% EtOH), 2ml HCl Stock 

(384ml dis:lled water, 66ml 37% HCl), 8.5ml Benzoic Stock (50g Benzoic acid, 300ml 95% 

EtOH, 150ml dis:lled water ) made up to 400ml with dis:lled water). A_er 7 days larval 

culture boRles were laid down in pupa:on boxes with a thin layer of fine sand and allowed 

to pupate. Surviving pupae were then sent to UEA within three sealed layers.  

2.3.2.2 Fluorescence screening for medfly transgenics  

Transgenic lines were established and maintained by screening flies for fluorophore marker 

expression at each genera:on. When establishing transgenics, live adults were screened on 

the day of eclosion from the pupae. Flies were anaesthe:sed over ice for screening. A Leica 
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MZ7.5 dissec:on microscope was used for screening and was fiRed with fluorescence filters 

to visualise DsRed2 (excita:on wavelength 558nm, emission wavelength 583nm) or AmCyan 

(excita:on wavelength 458nm, emission wavelength 485nm) depending on the marker being 

screened. Established transgenic lines were screened as pupae as the fluorophore expression 

was clearer at this stage.  

2.3.3 Inves/ga/ng fitness costs in transgenic lines 

2.3.3.1  Measuring pupal development and eclosion rates  

Egg collec:ons were taken from the Benakeion wildtype and the M68.3 and bgcn.2C 

transgenic lines on three consecu:ve days. A_er 7 days of development, boRles were laid on 

sand in pupa:on boxes. Sand was sieved daily and pupal number recorded un:l 23 days post 

egg collec:on. 150 pupae were taken from the first egg collec:on, from the day 12 pupae 

produced by each line. Transgenic lines were screened to select 150 transgenic carrying 

pupae. Eclosions were monitored daily with sex of flies recorded. Three biological replicates 

were performed for each line. 

2.3.3.2 Fitness tests 

The first pupae to eclose from the wild type and transgenic lines were used to set up small 

cages of 25 males and 25 females in order to undertake survival fitness tests under both 

standard and food-stressed condi:ons. A stressed cage was provided with no food or water 

and deaths were monitored daily un:l all flies were dead. A standard cage was set up with 

regular food and water and deaths were recorded daily for one month, which allowed median 

death to be reached for all cages. Three biological replicates performed for each line for each 

stress treatment. 

2.3.4 Molecular inves/ga/on of candidate gene expression 

2.3.4.1 DNA Extrac/on  

DNA extrac:on was performed on whole flies of both TOLIMAN and Cepa Petapa wildtype 

strains. Whole flies were frozen at -20°C for a minimum of 48 hours with 3 individuals per 

sample. Samples were removed from the freezer and placed onto dry ice. Samples were then 

homogenised with a sterilised, plas:c pestle over dry ice. Qiagen DNeasy® Blood & Tissue Kit 

was used as per the manufacturer’s instruc:ons with the addi:on of an extra elu:on step 
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with 25µl molecular grade water a_er the original 50µl elu:on. The concentra:on of each 

sample was measured using a Thermo fisher Scien:fic Nanodrop™ 8000 Spectrophotometer.  

2.3.4.2 Primer design for End-point RT-PCR 

Six genes were selected as poten:al Cas9 promotors (nanos, vasa, bgcn, ß2-tubulin, mei-

W68, innexin-5). Primer pairs were placed to ensure the resul:ng PCR product covered an 

intron/exon boundary to allow for differen:a:on of DNA versus RNA amplifica:on. Three 

primer pairs were designed for each gene of interest. All primer pairs were tested on 0.5µl 

TOLIMAN gDNA (324ng/ul) with New England Labs® OneTaq® 2X Master Mix with Standard 

Buffer used for all PCR reac:ons. Cycling condi:ons were 3 minutes at 94°C, 28 cycles of 30 s 

at 94°C, 30 s at 55°C, 2 minutes at 72°C with final extension of 10 minutes at 72°C. The 

resul:ng PCR products were visualised using gel electrophoresis, and primer pairs to be used 

for the cDNA amplifica:on were selected based on which pairs showed the strongest, correct 

sized bands on these gel results. All primers were synthesised by Integrated DNA 

Technologies and the sequences are available in (Supplementary informa%on 2.6.1.1). 

2.3.4.3 RNA Extrac/on  

Prior to commencing RNA extrac:ons, all equipment and worktops were sterilised with 70% 

ethanol and Invitrogen RNaseZap™.	Consumables and equipment were then placed in a UV 

hood for 15 minutes to reduce the risk of RNase contamina:on. Samples for RNA extrac:ons 

were removed from the freezer and placed onto dry ice. Samples were then homogenised 

with a sterilised, pre-chilled, plas:c pestle over dry ice. The Invitrogen mirVana™ miRNA 

Isola:on Kit was used for RNA extrac:ons as per the manufacturer’s instruc:ons. Samples 

were eluted in 20µl Invitrogen™	THE Ambion™ RNA Storage solu:on. 

2.3.4.4 Concentra/on quan/fica/on  

The concentra:on of all DNA and RNA samples was measured via a Thermo fisher Scien:fic 

Nanodrop™ 8000 Spectrophotometer in 1µl volume aliquots.  Op:cal density was measured 

at 260/280 with the ideal value being 1.8 and at 260/230 with the ideal value being 2.0. 

Samples with too low a concentra:on were repeated where possible. 
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2.3.4.5 DNase treatment 

DNase treatments were conducted to remove DNA from the RNA samples as per the 

manufacturer’s instruc:ons, using the Invitrogen Turbo DNA-free™ kit for qPCR samples or 

with the Invitrogen Ambion® DNA-free™ Kit for RT-PCR/RACE samples.  

2.3.4.6 Reverse Transcriptase PCR (RT-PCR) 

All DNased samples for end-point RT-PCR only were diluted to below 20ng/µl. The Thermo 

Scien:fic RevertAid H Minus First strand cDNA Synthesis Kit was used as per the 

manufacturer’s instruc:ons. All samples were diluted to the same concentra:on as the 

lowest concentra:on sample. Qiagen Quan:Tect® Reverse Transcrip:on Kit was then used 

for the RT-PCR reac:ons as per the manufacturer’s instruc:ons. 

2.3.4.7 End-point RT-PCR 

New England Labs® OneTaq® 2X Master Mix with Standard Buffer was used for all PCR 

reac:ons for nanos and bgcn. The PCR cycling condi:ons were 30 s at 94°C, 28 cycles of 30 s 

at 94°C, 30 s at 54°C, 1 minute at 68°C with a final extension of 10 minutes at 68°C. mei-W68, 

innexin-5 and vasa PCRs were run with Thermo Scien:fic™	DreamTaq Green PCR Master Mix 

(2X) as per the manufacturer’s instruc:ons with a 20µl total reac:on volume. The cycling 

condi:ons were 3 minutes at 95°C, 28 cycles of 30 s at 95°C, 30 s at 54°C, 1 minute at 72°C 

with a final extension of 10 minutes at 72°C. PCR products were all visualised with gel 

electrophoresis (see 2.3.4.1 below). 

2.3.4.8 Rapid amplifica/on of cDNA ends (RACE) 

The Takara SMARTer® RACE 5’/3’ Kit was used as per the manufacturer’s instruc:ons to 

generate RACE-Ready cDNA using the highest concentra:on RNA extrac:on sample (early 

ovaries) post DNase diges:on. This cDNA was then used as the input for the RACE PCR 

reac:ons. Gene-specific primers for amplifica:on of the 5’ ends were designed following the 

manufacturer’s guidance, for bgcn, mei-W68, nanos, innexin and vasa (Supplementary 

informa%on 2.6.1.2). Three primers were recommended for each gene. However, only two 

could be designed for innexin, four primers were required for mei-W68 and five for vasa. 

Primers were obtained from Integrated DNA Technologies. Reac:ons were run with both 

posi:ve and nega:ve controls, on medfly cDNA and mouse heart cDNA as a control. Cycling 

condi:ons were: 30 cycles of 30 s at 94°C, 30 s at 68°C, 4 minutes at 72°C. Nested PCR was 
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done with 5µl of PCR product diluted in 245µl molecular grade water, with the same cycling 

condi:ons when there was difficulty genera:ng sufficient product in the first PCR reac:on. 

Posi:ve PCR products were iden:fied with gel electrophoresis and prepared for sequencing. 

2.3.5 General Molecular Techniques 

2.3.5.1 Gel electrophoresis 

Products to be visualised by gel electrophoresis that did not have any loading dye in PCR 

mastermix were combined with New England BioLabs® Purple Gel Loading Dye (6X) prior to 

loading. Agarose gels were made at 1.2% (w/v) with 1X TBE and stained with 3µl Ethidium 

Bromide per 100ml gel. Gels were run with appropriate ladders in each case to determine 

band sizes. The ladders used were New England BioLabs 1kb Plus DNA Ladder; Thermo 

Scien:fic™ GeneRuler™ 50bp DNA Ladder; Thermo Scien:fic™ GeneRuler™ 1kb DNA Ladder; 

Thermo Scien:fic™ GeneRuler™ 1kb Plus DNA Ladder. Gels were run at 90-120V for 60-90 

minutes depending on product size.  

2.3.5.2 PCR Purifica/on 

The Thermo Scien:fic™	GeneJET PCR Purifica:on Kit was used for the purifica:on of PCR 

products, as per the manufacturer’s instruc:ons with final elu:on in 25µl molecular grade 

water a_er a 1 minute incuba:on at room temperature. 

2.3.5.3 Gel Extrac/on 

Thermo Scien:fic™	GeneJET Gel Extrac:on Kit used for purifica:on of excised bands from 

agarose gel. Used as per the manufacturer’s instruc:ons with final elu:on in 25µl molecular 

grade water a_er a 1 minute incuba:on at room temperature. 

2.3.5.4 Sequence Confirma/on of PCR products 

Purified PCR samples were diluted to 10ng/µl and sent for sequencing using the Eurofins 

Genomics TubeSeq Sequencing service. Sequencing primers were sent with samples and are 

provided in Supplementary informa%on 2.6.1. Sequence alignment of the resul:ng reads was 

performed using the Benchling sequence alignment tool (Benchling 2023). 
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2.3.5.5 DpnI Diges/on 

DpnI diges:on (New England Biolabs®) was completed on PCR products for Gibson assembly, 

to remove the original methylated plasmid template. Diges:ons were performed as per the 

manufacturer’s instruc:ons. 

2.3.6 Construct Building 

2.3.6.1 Construct Design  

All constructs were designed in Benchling using the Gibson assembly tool. Primers were 

designed manually or generated by Benchling using the pre-set parameters (Benchling 2023).  

2.3.6.2 Gibson Assembly 

2.3.6.2.1 Primer Design 

All primers were designed to create a 20bp overlap region between parts to allow for 

assembly. All primers were obtained from Integrated DNA Technologies and all primer 

sequences are available in the supp info (Supplementary informa%on 2.6.1.3).  

2.3.6.2.2 Genera/ng Gibson Assembly parts 

Individual parts for the Gibson assemblies were generated via PCR with overhanging primers, 

using New England BioLabs® Q5® High fidelity 2X Master Mix to ensure sequence accuracy. 

Primer annealing temperatures were calculated using New England BioLabs® Tm Calculator 

and cycling condi:ons as outlined in manufacturer’s instruc:ons were used. Cycling 

condi:ons for all reac:ons were determined by manufacturer’s instruc:ons. Medfly gDNA or 

plasmid DNA were used as templates for all PCR reac:ons. All plasmids used can be found in 

Supplementary informa%on 2.6.2.  PCR products were purified, and their concentra:on 

measured by using the Nanodrop™. 

2.3.6.2.3 Gibson Assembly Reac/on  

Invitrogen™ GeneArt™ Gibson Assembly HiFi Master Mix was used as per the manufacturer’s 

instruc:ons for the assemblies of bgcn and mei-W68 Cas9 plasmid. A_er incuba:on, Gibson 

reac:ons were diluted in a ra:o of 1:5 and used for transforma:on into E. coli competent 

cells.  
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2.3.6.3 Transforma/on of E. coli competent cells  

Three competent cell types were used and the transforma:on protocols are summarised 

below: 

 

Table 2.2 Transforma:on protocols of E. coli competent cells used for construct assembly. 
mei-W68 Cas9 was established in Takara Stellar cells and all other constructs were 
established in SURE2 cells. 

 Takara Stellar™ 

Competent Cells 

Invitrogen™ 

Subcloning 

Efficiency™ DH5α 

Competent Cells 

Agilent SURE® 2 

Supercompetent 

Cells 

Volume used  4µl diluted Gibson : 

100µl cells 

2µl diluted Gibson : 

50µl cells 

5µl diluted Gibson : 

50µl cells 

Ice incuba:on 30 minutes 

Heat shock  60 s at 45°C 60 s at 42°C 30 s at 42°C 

Ice incuba:on 2 minutes 5 minutes 2 minutes 

Volume of SOC 

added 

450µl 950µl 700µl 

Incuba:on 1h at 37°C, 200rpm 1h at 37°C, 100rpm 1h at 37°C, 100rpm 

Spin step N/A N/A 2 minutes at 

4000rpm, pellet 

resuspended in 

100µl SOC 

Final plated volume 

onto LB Ampicillin 

(100µg/ml) 

100µl 
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Plate incuba:on Overnight at 37°C 

 

2.3.6.4 Colony PCR 

Individual colonies were screened for inserts a_er Gibson assembly. Colonies of varying sizes 

were selected that did not overlap other colonies on the growth plate. A 10µl pipeRe :p was 

used to remove the edge of each screened colony, and the material was then resuspended 

in 10µl of molecular grade water. 1µl of this colony mix was then used as the template in a 

Thermo Scien:fic™	DreamTaq Green PCR Master Mix (2X) reac:on with a total volume of 

20µl. Primers were designed to cover insert boundaries where possible to confirm presence 

of both the insert and the backbone. All primers used are listed in Supplementary informa%on 

2.6.1.3. 

2.3.6.5 Plasmid Miniprep 

Posi:ve clones were miniprepped to prepare them for sequencing. Overnight cultures were 

inoculated with a single posi:ve colony into 4ml LB Ampicillin (100µg/ml) contained within a 

15ml falcon tube to allow sufficient aera:on. Cultures were incubated overnight at 37°C with 

constant agita:on at 180rpm. A_er confirming growth, 2ml of the culture was prepared by 

using the Thermo Scien:fic™	 GeneJET Plasmid Miniprep Kit, as per the manufacturer’s 

instruc:ons. The final elu:on step was performed with 30µl molecular grade water. The 

purity and concentra:on of all samples were checked with Nanodrop™	before being diluted 

to the correct concentra:on for sequencing.  

2.3.6.6 Sequencing confirma/on of plasmids 

Plasmids were sent for Sanger sequencing with Eurofins Genomics TubeSeq Sequencing a_er 

dilu:on to 50ng/µl with sequencing primers which covered insert boundaries. Subsequently, 

I switched to employing whole plasmid sequencing. Whole plasmid sequencing was 

completed by dilu:ng miniprepped plasmids to 30ng/µl and sending to SNPsaurus© 

Plasmidsaurus Whole Plasmid Sequencing (Nanopore based long-read) Service. Sequence 

alignment of returned reads was performed using the Benchling sequence alignment tool 

(Benchling 2023). 
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2.3.6.7 Plasmid Midiprep 

A_er sequence confirma:on, plasmids were prepared for microinjec:on using the Macherey-

Nagel NucleoBond® Xtra Midi EF, Midi kit for endotoxin-free plasmid DNA kit. Cultures were 

revived from glycerol stocks onto a streak plate which was incubated overnight at 37°C. A 

single culture from this was used for inocula:on of a 4ml LB Ampicillin (100µg/ml) starter 

culture and incubated for 6-8h at 37°C with constant agita:on at 180rpm. A_er confirming 

growth in starter cultures, 400µl was used to inoculate 100ml LB Ampicillin (100µg/ml) to be 

incubated overnight at 37°C with constant agita:on at 200rpm. This culture was then used 

as per the manufacturer’s instruc:ons for midiprep. The final pellet was resuspended in 50µl 

endotoxin-free molecular grade water.  

2.3.6.8 Preparing glycerol stocks 

Plasmids were maintained for long term storage as glycerol stocks. For the prepara:on of 

glycerol stocks, single colonies were selected to inoculate 4ml LB Ampicillin (100µg/ml). This 

was then incubated overnight at 37°C with constant agita:on at 180rpm (typically, this was 

the culture that was also used for plasmid miniprep). From this, 500µl of culture was added 

to 500µl 50% glycerol and mixed well by inversion. Glycerol stocks were then stored at -80°C, 

and only the top layer was thawed when reviving them.  

2.3.7 Molecular valida/on of transgenic lines  

2.3.7.1 Real /me quan/ta/ve PCR (qPCR) 

qPCR was performed with the BioRad iTaq™ Universal SYBR Green Supermix, following the 

manufacturer’s instruc:ons and using 12.5ng total cDNA assuming a 1:1 conversion during 

first strand synthesis. Cas9 primer sequences were obtained from A. Meccariello (Imperial 

College, London) and RPL19, RPE and Ac%n primer sequences obtained from a study of 

housekeeping genes in medfly (Sagri et al. 2017). All primers were synthesised by Integrated 

DNA Technologies (Supplementary informa%on 2.6.1.4). 3.3pmol of each primer was used 

per reac:on to a final total reac:on volume of 20µl. All samples were run with two reference 

genes (RPE and RPL19) on the same plate. One single iden:cal sample was run on all plates 

to allow for interplate calibra:on. Three biological replicates of every sample were run with 

three technical replicates for every reac:on. BioRad Mul:plate™ 96-Well PCR Plates were 

loaded and sealed with BioRad Microseal ‘B’ PCR Plate Sealing Film. All reac:ons were run 

on the BioRad CFX Connect™ Real-Time PCR Detec:on System with the following cycling 
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condi:ons: 30s at 95°C, 39 cycles of 5s at 95°C, 30s at 60°C followed by a final 5s at 65°C and 

5s at 95°C. 

2.3.7.2 qPCR analysis  

Technical replicates with a Ct value difference of greater than 0.5 were excluded from the 

dataset, with the closest two Ct values being retained. When no technical replicates were 

within 0.5 Ct of each other the whole sample was excluded. The mean expression level was 

calculated for each sample from all the technical replicates that had been retained in the 

dataset. Primer efficiency was calculated using Thermo Fisher qPCR Efficiency Calculator. 

Interplate calibra:on (IPC) was performed using the calibra:on sample run on every plate by 

dividing all calculated mean Ct values by the Ct value of the IPC on that plate and mul:plying 

by the mean of the IPC on every plate (Hellemans et al. 2007). Sample types were randomised 

on each plate to minimise the risk of batch effects. RPL19 was used as the sole reference gene 

as RPE had, on average, a higher Ct value leading to the exclusion of a greater number of 

samples due to the technical replicate threshold not being met. Rela:ve expression was 

calculated using the Pfaffl equa:on 2-ΔCt (Pfaffl 2001) with -ΔCt being the difference in the Ct 

values for Cas9 and RPL19. 
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2.4 Results 

2.4.1 Selec/on of germline promotors to drive Cas9 expression 

2.4.1.1 Iden/fying germline specific genes  

A primary literature search was performed to iden:fy germline specific genes that have been 

characterised in medfly. Previous reports of poten:ally useful candidates for driving Cas9 

expression in germline :ssue have highlighted nanos in Drosophila (Champer et al. 2016;  

2018) and Aedes aegyp% (Adelman et al. 2007). Expression characterisa:on of nanos has also 

been done in medfly (Ogaugwu and Wimmer 2013). vasa has similarly been used for driving 

Cas9 expression in Drosophila (Champer et al. 2018; 2016) and for driving transgene 

expression in Anopheles gambiae (Papathanos et al. 2009). Based on these findings, nanos 

and vasa were iden:fied as two of the most promising candidates for driving Cas9 expression 

due to their early, germline restricted expression in both male and female germline. However, 

neither vasa nor nanos have previously been used to drive Cas9 expression in medfly. 

Therefore, it was decided to test expression of an addi:onal 3 germline specific genes. Benign 

gonial cell neoplasm (bgcn) had previously been tested as a (unsuccessful) promotor in a 

homing endonuclease gene drive system in Drosophila melanogaster (Chan et al. 2013). 

However, I retained bgcn as a candidate to explore here because I planned to test a longer 

promotor region than previous inves:gated, which could have a different and more useful 

expression paRern. mei-W68 and innexin-5 were included as addi:onal candidates as they 

are both well-annotated, germline-specific genes found in medfly. Sequences for all 

candidate genes were obtained from GenBank as shown in Table 2.3. 
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Table 2.3 GenBank accession IDs for candidate genes used. The table lists the sequences used 
for design of primers for RT-PCR, sequencing alignment and for final promotor design. 

Candidate gene  Accession ID 

bgcn LOC:101457599 NW_019378542  

REGION: 3472104..3477014 

innexin-5 LOC:101449162 NW_019376375  

REGION: complement(2138041..2139705) 

mei-W68 LOC: 101459815 NW_019378542  

REGION: complement(3565992..3569179) 

nanos LOC: 101462214 KC595268 

vasa LOC: 101456741 NW_019376383  

REGION: complement(197451..223995) 

2.4.1.2 End point RT-PCR to determine expression pa\erns of candidate genes 

To test the :ssue specificity of expression for the candidate genes selected, RT-PCR was 

performed. Three primer sets were designed for each gene – each of these covered an 

intronic region to enable differen:a:on between DNA and RNA products. All primer sets 

were tested on medfly gDNA to select the most appropriate for use.  

 

Figure 2.1 Gel electrophoresis of PCR products for mul:ple primer sets amplifying fragments 
of candidate genes from genomic DNA. Order of loading displayed in Table 2.4. The gel was 
run with NEB 1kb Plus DNA Ladder. The obscured lanes represent samples run for a germline 
specific promotor that was not intended for Cas9 expression.  
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Table 2.4 Primer sets for each candidate gene. Shown in the expected size of each product 
and if this was empirically confirmed. Primer sets in bold were selected for the expression 
study. 

Primer Set Predicted size (bp) Size confirmed Mul:ple banding  

mei-W68 1 (M1) 414 Y Y 

mei-W68 2 (M2) 379 Y N 

mei-W68 3 (M3) 446 Y N 

innexin-5 1 (I1) 579 Y N 

innexin-5 2 (I2) 576 Y N 

innexin-5 3 (I3) 549 Y N 

vasa 3 (V3) 899 N Y 

vasa 4 (V4) 459 N Y 

vasa 5 (V5) 987 Y N 

nanos 1 (N1) 449 Y N 

nanos 2 (N2) 498 Y N 

nanos 3 (N3) 1645 Y Y 

bgcn 1 (BG1) 474 Y N 

bgcn 2 (BG2) 499 Y N 

bgcn 3 (BG3) 1049 N Y 

 

The results from the PCR on gDNA shown in Figure 2.1 and Table 2.4 show that all candidate 

genes had a usable primer set (highlighted in bold) which showed no evidence of off target 

amplifica:on.  
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To determine whether these genes have expression that is restricted to the germline, RNA 

was extracted from: male soma:c :ssue, early germline male testes (upper 1/3rd), late 

germline male testes (lower 2/3rd), female soma:c :ssue, early germline ovaries (upper 

1/3rd), late germline ovaries (lower 2/3rd) and egg collec:ons at several development :mes 

(0h, 1h, 3h, 6h, 24h and 48h). First strand synthesis was performed on the RNA extracted 

from all samples to generate cDNA. Although all samples were subjected to a Dnase diges:on 

step, all primers were also designed to yield a different band size for the amplifica:on of RNA 

vs DNA to ensure that mRNA expression could clearly be confirmed. PCR was run for every 

candidate gene with the chosen primer set in all :ssue types. The products were visualised 

with gel electrophoresis (Figure 2.2).  

 

Figure 2.2 RNA expression paRern of mei-W68. End point RT-PCR results indicate in which 
:ssue types mei-W68 mRNA is expressed. The smaller sized band indicates the presence of 
spliced mRNA, whereas the larger band is unspliced mRNA. The gel was run with a NEB 1kb 
Plus Ladder with band sizes shown. Order of loading: Ladder, Eggs 0h post collec:on, Eggs 3h 
post collec:on, Eggs 6h post collec:on, Eggs 24h post collec:on, Eggs 48h post collec:on, 
Female Soma, Male Soma, Early Ovary, Late Ovary, Early Testes, Late Testes. Three biological 
replicates of every sample type were run except early testes for which only one pooled 
sample could be produced, and late testes with two pooled samples only. 

The expression of mei-W68 remained rela:vely constant, with expression shown in all :ssue 

types (Figure 2.2). The difference between :ssue types was evident in the levels of spliced vs 

unspliced mRNA. In early egg collec:on samples (<24h post collec:on), only spliced mRNA 

was present whereas in the testes, late embryos and soma:c :ssue there appeared to be 
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higher levels of unspliced mRNA. This expression across :ssues, whether spliced or unspliced, 

means that the promotor of mei-W68 would be suitable for driving Cas9 expression in these 

:ssue types. Germline expression was evident, with ovary samples showing high levels of 

expression. Testes expression did not appear as strong. However, this does not rule it out as 

a poten:al promotor as the level of expression can only be fully confirmed only by addi:onal 

qPCR tes:ng and a lower level of testes expression could s:ll be sufficient to achieve gene 

edi:ng. 

 

Figure 2.3 RNA expression paRern of innexin-5. End point RT-PCR results showing in which 
:ssue types innexin-5 mRNA is expressed. The gel was run with NEB 1kb Plus Ladder with 
band sizes shown. Order of loading: Ladder, Eggs 0h post collec:on, Eggs 3h post collec:on, 
Eggs 6h post collec:on, Eggs 24h post collec:on, Eggs 48h post collec:on,, Female Soma, 
Male Soma, Early Ovary, Late Ovary, Early Testes, Late Testes. Three biological replicates of 
every sample type were run, except early testes for which only one pooled sample could be 
produced and late testes for which there are two. 

The expression paRern of innexin appeared to be ideal for use as a Cas9 promotor (Figure 

2.3). Expression in the germline was consistent in male and female :ssues, with high 

expression in early embryo cells and decreasing as the embryos mature. No expression was 

seen in the male soma, with weak expression in the female soma. The cause of this sex 

difference is unclear, as is the reason for the variability across the female soma biological 

replicates.  
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Figure 2.4 RNA expression paRern of vasa. End point RT-PCR results showing in which :ssue 
types vasa mRNA is expressed. The smaller sized band represents spliced vasa mRNA 
whereas the larger bands are alterna:vely spliced/unspliced isoforms of vasa (size could not 
be accurately determined as the ladder has not separated). The gel was run with the NEB 1kb 
Plus Ladder with band sizes shown. Order of loading: Ladder, Eggs 0h post collec:on, Eggs 3h 
post collec:on, Eggs 6h post collec:on, Eggs 24h post collec:on, Eggs 48h post collec:on,, 
Female Soma, Male Soma, Early Ovary, Late Ovary, Early Testes, Late Testes. There were three 
biological replicates of every sample type, except early testes for which only one pooled 
sample could be produced and late testes for which there were two. 

vasa appeared to be expressed across all :ssue types, albeit with slightly weaker expression 

in soma:c :ssue. Mul:ple banding was seen across all samples (Figure 2.4) with the strongest 

band varying across :ssue types. This was most likely caused by the alterna:ve splicing of 

vasa which has several different isoforms annotated on the genome (Supplementary 

informa%on 2.6.5). Different isoforms could be preferen:ally expressed in different :ssue 

types explaining this variance. For use as a Cas9 promotor, vasa does have the high levels of 

germline expression needed. However, its expression is not restricted to the germline.  
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Figure 2.5 RNA expression paRern of nanos. End point RT-PCR results showing in which :ssue 
types nanos mRNA is expressed. Ran with NEB 1kb Plus Ladder with band sizes shown. Order 
of loading; Ladder, Eggs 0h post collec:on, Eggs 3h post collec:on, Eggs 6h post collec:on, 
Eggs 24h post collec:on, Eggs 48h post collec:on,, Female Soma, Male Soma, Early Ovary, 
Late Ovary, Early Testes, Late Testes. There were three biological replicates of every sample 
type except early testes, for which only one pooled sample could be produced, and late testes 
for which there were two pooled samples. 

nanos showed strong expression in the ovaries and early embryos (Figure 2.5) with a lower 

level of expression in the soma:c :ssue. Expression was present in the testes but not as 

clearly as was observed in the other :ssue types. There were no problems with mul:ple 

banding in any of the :ssue samples. 
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Figure 2.6 RNA expression paRern of bgcn. End point RT-PCR results showing in which :ssue 
types bgcn mRNA is expressed. The band of smaller size represents spliced mRNA whereas 
the larger bands are predicted to be alterna:vely/unspliced mRNA. The gel was run with NEB 
1kb Plus Ladder with band sizes shown. Order of loading; Ladder, Eggs 0h post collec:on, 
Eggs 3h post collec:on, Eggs 6h post collec:on, Eggs 24h post collec:on, Eggs 48h post 
collec:on, Female Soma, Male Soma, Early Ovary, Late Ovary, Early Testes, Late Testes. There 
were three biological replicates of every sample type except early testes, for which only one 
pooled sample could be produced, and late testes for which there were two pooled samples. 
The cloudy markings on the gel were due to an issue with burnt agarose on the visualiser and 
can be ignored. 

bgcn showed good germline restric:on of expression in comparison to other candidate genes 

(Figure 2.6). Expression in the testes appeared as strong as it did in the ovaries, which was a 

paRern not observed across the other candidate genes. Soma:c expression appeared very 

minimal for all isoforms of the mRNA. Expression appeared weak in early embryo cells, with 

bands becoming clearer at the 24-hour :mepoint. This low expression in the early embryonic 

:ssue could be beneficial for a Cas9 promotor where mosaicism caused by leakage is a 

concern.  

In the vasa results (Figure 2.4) there was a much stronger band present in early in comparison 

to late testes. Overall, vasa had the highest number of different sized bands present, which 

could be interpreted as the presence of alterna:ve splicing isoforms. The band primarily 

present in early testes is smaller than the expected for a fully spliced mRNA product and it 

was most evident in a sample that showed lower expression. Therefore, this band could 

indicate the presence of primer dimers, and is the correct size for that interpreta:on. The 

localisa:on of a primer dimer band in the sample with the lowest amount of expression is 
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also expected, and for vasa such a band would be expected in the soma:c :ssue rather than 

the testes, in which expression was rela:vely high. 

Across several candidate genes, bands of corresponding size to gDNA amplifica:on were also 

present. However, this was not consistently observed in the same samples as would be 

expected if it had been caused by gDNA contamina:on. To test for gDNA contamina:on PCR 

was performed on an intronic region in a 24-hour post egg collec:on sample and early ovary 

sample with a gDNA sample as control. No bands were present for either cDNA sample. 

Therefore, DNA contamina:on appears unlikely. Another possible cause of the larger bands 

is unspliced or differen:ally spliced mRNA. This could explain the difference between 

candidate genes, as splicing varies across genes and the mul:ple banding in several samples 

could represent different isoforms. The expression paRern of vasa had the most instances of 

mul:ple banding across all sample types (Figure 2.4) which further supports this conclusion, 

as vasa has many different isoforms derived from alterna:ve splicing.  

No candidate gene’s expression was en:rely restricted to the germline. For Cas9 expression 

complete restric:on to the germline is not required, as leaky expression is primarily a concern 

when designing homing drives in which resistance allele forma:on is more common. Cas9 

expression outside of the germline can be tolerated for func:onal studies or other drive types 

which do not rely on homing, and can some:mes even be beneficial due to the accumula:on 

of broken alleles when using for toxin-an:dote systems (Champer et al. 2021). nanos and 

vasa were iden:fied as the most commonly used promotors for germline expression of 

transgenes (Champer et al. 2016; Champer et al. 2018; Adelman et al. 2007; Papathanos et 

al. 2009) in the literature search which informed this experiment. My results show that, whilst 

these genes did have strong expression in the germline they also displayed a lack of 

specificity, with expression being high throughout :ssue types. The less commonly used bgcn 

and innexin genes displayed the necessary germline expression with more specificity, having 

minimal soma:c expression. bgcn and innexin have both been tested as poten:al Cas9 

promotors in other model organisms (bgcn in Drosophila melanogaster (Chan et al. 2013) 

and innexin-4 (a different innexin gene to the innexin-5 used in this work) in fall armyworm 

(Chen and Palli 2022)) yet my results here showed no soma:c expression in any experiment.  

Some candidate genes also displayed a difference in expression across male and female 

:ssues. Expression in the ovaries was consistent throughout the candidate genes, whereas 

expression in the testes didn’t appear as strongly in mei-W68 or nanos when compared to 

the ovaries. A band was present in all testes samples for the candidate genes, meaning some 
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expression is present. However, without the use of qPCR, or a similar quan:ta:ve method, it 

is hard to judge exact levels of expression across the :ssue types. From these results it was 

decided that all genes were expressed in the germline, and could be retained as candidates 

to use as promotors for Cas9 expression (next sec:on).  

2.4.2 Iden/fica/on of the promotor region of candidate genes  

2.4.2.1 Rapid Amplifica/on of cDNA Ends (RACE) 

To determine the 5’ untranslated regions (UTR) of the promotors, a RACE reac:on was carried 

out for all of the candidate genes retained from the ini:al gene expression tests described 

above. RACE-ready cDNA was generated from an early ovary sample as this had the strongest 

expression across all candidates. RACE PCR was run with the first primer set for all candidate 

genes and visualised on a 1.3% agarose gel (Figure 2.7). All primer sets used in this 

experiment available in Supplementary informa%on 2.6.1.2. 

 

Figure 2.7 Gel electrophoresis of RACE PCR products of candidate genes run alongside the 
GeneRuler 1kb DNA Ladder. Order of loading: Ladder, mei-W68, nanos, innexin, bgcn, vasa. 
The blanked out lane labelled B2-Tubulin was a sample run for a different experiment and 
can be ignored. Strong bands were present for both nanos and innexin and could be extracted 
for sequencing. Weaker bands were present for all other samples, but none were strong 
enough to send products for sequencing. 

Strong bands of the expected size were seen for both nanos and innexin. These products were 

purified and sent for sequencing. Some very weak bands were present for the other 
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candidate genes, none of which were considered sufficiently strong to be an unequivocal 

posi:ve and to jus:fy sending for sequencing. Nested PCR was carried out on the diluted PCR 

reac:ons of mei-W68, bgcn and vasa using the second primer set for all genes. This yielded 

no results, so all of these original bands were assumed to represent non-specific 

amplifica:on. RACE PCR was repeated on RACE-ready cDNA using the second and third set 

for bgcn and vasa (mei-W68 could be run only with its second primer set as no third primer 

set could be designed due to difficulty in finding a binding posi:on). Products were visualised 

on a 1.2% gel (Figure 2.8). 

 

Figure 2.8 Gel electrophoresis of RACE PCR products of candidate genes run alongside a 
GeneRuler 1kb DNA Ladder. Order of loading; Ladder, mei-W68 with primer set 2, vasa with 
primer set 2, bgcn with primer set 2, vasa with primer set 3, bgcn with primer set 3. Blanked 
out lane labelled B2-Tubulin was a sample for a different experiment and can be ignored. 
bgcn showed bands present for both primer sets, with the strongest band present for primer 
set 3. mei-W68 showed a band present for primer set two. Weaker bands were present for 
all samples, but none were strong enough to send products for sequencing. 

bgcn produced PCR products from both primer sets 2 and 3. However, neither band was 

deemed strong enough for purifica:on. Primer set 3 did produce a stronger band than for 

primer set 2. Therefore, it was thought that with a more specific template the product 

amplifica:on might be strengthened by using a nested PCR. Nested PCR with primer set 3 

was run with the diluted primer set 2 PCR product in an aRempt to do this (Figure 2.9). mei-

W68 primer set 2 produced a sufficiently strong band for use in a nested PCR. However, a 

third primer set was not immediately available for this candidate gene due to difficul:es in 

placing a final primer that adhered to the recommenda:ons for RACE. A new gene-specific 

primer was designed for nes:ng and ordered. None of the products for vasa were deemed 
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suitable for nes:ng or sequencing. Accordingly, 2 new gene specific primers were designed 

for vasa (primers 53 and 54 sequences in Supplementary informa%on 2.6.1.2).   

  

 

Figure 2.9 Nested RACE PCR of bgcn using PCR product from primer set 2 as the template to 
be amplified with primer set 3. Samples were run alongside the GeneRuler 1kb DNA Ladder. 
Order of loading: Ladder; bgcn. A band was present at the expected size of just over 1000bp. 
Sufficient product was produced for purifica:on and subsequent sequencing. 

The nested PCR was successful at amplifying a RACE product for bgcn (Figure 2.9) and this 

was then purified and prepared for sequencing. The newer primers for nes:ng of mei-W68 

were run with the product of mei-W68 primer set 2, using the newly designed nes:ng primer 

(mei-W68 primer set 4). The newly designed gene specific primers for vasa were used on 

RACE-ready cDNA as no products had been amplified to use for nes:ng. The resul:ng PCR 

products were visualised on a 1.2% gel (Figure 2.10). 



 81 

 

 

Figure 2.10 Nested RACE PCR of mei-W68 using PCR product from primer set 2 as the 
template to be amplified with primer set 4. Race PCR of vasa was run with new primers 4 and 
5 using RACE-ready cDNA as template. Samples were run alongside the GeneRuler 1kb DNA 
Ladder. Order of loading: Ladder, mei-W68, vasa primer 4, vasa primer 5. A band was present 
for mei-W68 of the expected size (~ 750bp). No bands for vasa were of sufficient quality.  

mei-W68 product was obtained through nested PCR (Figure 2.10). This was suitable for 

purifica:on and sequencing alongside innexin, bgcn and nanos. A usable product could not 

be obtained for vasa. This gene has a very large poten:al promotor region (approximately 

6kb) annotated on the genome, so a RACE sequence was needed to facilitate the use of a 

much smaller fragment. Given my troubleshoo:ng of this vasa RACE reac:on had not 

provided a resolu:on, I contacted a collaborator who had constructed a vasa-Cas9 plasmid 

for medfly, to discover whether they had tested a smaller promotor fragment. However, they 

had made the decision to use the full 6kb, which is significantly larger than the promotor size 

envisioned in the TARE designs for this project. Without the ability to confirm a shorter vasa 

promotor, the decision was made to focus on the other candidate genes. 

2.4.2.2 Sequencing of RACE products and selec/on of promotor fragment 

RACE products of nanos, bgcn, innexin and mei-W68 purified and sent for sequencing with 

appropriate sequencing primers (Supplementary informa%on 2.6.1.2). Sequencing results 
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were aligned to the medfly genome to iden:fy the 5’ UTR. All sequencing files aligned to 

genome in Supplementary informa%on 2.6.2. Once the 5’ UTR was iden:fied for each 

candidate, approximately 2kb of the preceding genome sequence was selected as the 

promotor fragment, up to the start site of each gene.   

2.4.2.2.1 nanos  

The annota:on of nanos on the medfly genome is detailed and the 5’ UTR was iden:fied. 

Hence the RACE sequence produced here could be used for sequence confirma:on. The RACE 

sequence aligned well with the annotated 5’ UTR confirming the genomic loca:on. This 

allowed me to select a promotor region of 2.5kb which included 2kb of the 5’ UTR. Using 

2.5KB of nanos 5’UTR did result in the inclusion of the start of a mitochondrial import inner 

membrane subunit which is upstream of nanos. Only a small part of this was included, and it 

was not expected to result in any transcrip:on of this off-target gene (shown in 

Supplementary informa%on 2.6.2). The sequence of iden:fied nanos fragment to be 

extracted from the genome can be found in Supplementary informa%on 2.6.2 with the 

primers to be used for gDNA amplifica:on in Supplementary informa%on 2.6.1.3.  

2.4.2.2.2 innexin 

innexin had the mRNA regions annotated on the genome, which aligned well with the RACE 

read. A 2340bp region including the 5’ UTR was iden:fied as poten:al promotor and selected. 

This included the start site for an uncharacterised gene which was annotated upstream of 

innexin. Hence, taking only 2340bp (2kb of 5’UTR) ensured that only a small sec:on of this 

off-target sequence was included, meaning that its transcrip:on should not be possible. The 

sequence of iden:fied innexin fragment to be extracted from the genome can be found in 

Supplementary informa%on 2.6.2 with the primers to be used for gDNA amplifica:on in 

Supplementary informa%on 2.6.1.3. 

2.4.2.2.3 bgcn 

bgcn had an annotated mRNA sequence on the genome. However, the RACE sequencing 

results were consistently shorter than that of the annotated region on the genome. 

Sequencing was aRempted with 3 different primers, none of which achieved full coverage. 

This was interpreted as the 5’ UTR beginning poten:ally slightly later than that annotated on 

the genome. This resulted in a difference of approximately 100bp, and liRle change in the 

final promotor region which included 2kb of 5’UTR. Upstream of the 5’ UTR are two 



 83 

annotated coding regions, with one as close as 500bp. To pull the 2kb upstream of the 5’ UTR, 

both would be retained. Neither coding region was fully retained in the region selected as 

the promotor with the end of an ac:n related protein and the start of ubiquinone assembly 

factor 3 being the sec:ons included. The sequence of iden:fied bgcn fragment to be 

extracted from the genome can be found in Supplementary informa%on 2.6.2 with the 

primers to be used for gDNA amplifica:on in Supplementary informa%on 2.6.1.3. 

2.4.2.2.4 mei-W68 

mei-W68 had an annotated box A binding factor which aligned well with the RACE sequencing 

read, making the start of the 5’ UTR iden:fica:on simple. The end of the 5’ UTR was slightly 

more difficult to iden:fy, as the annotated start of the gene did not begin with a canonical 

(ATG) start codon. Due to this, the start of transla:on had to be predicted by loca:ng the 

nearest start codon with an appropriate reading frame. The primer designed for sequencing 

mei-W68 was misplaced, causing an issue with covering the en:re 5’ UTR. Intron 1 was not 

covered in the RACE sequence therefore could not be confirmed. Had the aim been to 

engineer the 5’ UTR from sequencing, it would have been necessary to repeat this to confirm 

this region. However, as the whole 5’ UTR is being included in promotor fragments, the 

confirma:on was deemed unnecessary.  When selec:ng the genomic region to iden:fy as 

the promotor, the en:rety of the coding region for an ADP-ribodyla:on factor-like protein 6 

was included in the 2.5kb selected (2kb of 5’UTR). This could not be avoided as it is too close 

to the 5’ UTR to omit. The sequence of iden:fied mei-W68 fragment to be extracted from 

the genome can be found in Supplementary informa%on 2.6.2 with the primers to be used 

for gDNA amplifica:on in Supplementary informa%on 2.6.1.3. 

2.4.2.3 Extrac/ng the promotor region from gDNA 

Promotor regions were extracted from TOLIMAN gDNA using a high-fidelity polymerase (NEB 

Q5®) using the following primers: mei-W68 amplified with primers 132 and 133; bgcn 

amplified with primers 134 and 135; nanos amplified with primers 136 and 137; innexin 

amplified with primers 138 and 139 (Supplementary informa%on 2.6.1.3). All primers had 

appropriate overhangs for Gibson assembly. Promotor parts were obtained for mei-W68 and 

nanos on the first aRempt. bgcn had only a weak band present. Hence to generate sufficient 

DNA for purifica:on the PCR was redone using the PCR product from the previous run as 

template DNA. This generated sufficient DNA for purifica:on. innexin had no band present 

a_er the first PCR or the subsequent PCR run at a lower temperature. Flanking primers 83 
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and 84 had been designed to create a product which could be used for a nested PCR. 

However, this PCR was run but no product was observed. innexin was then dropped at this 

point as troubleshoo:ng aRempts had not resolved the difficul:es. mei-W68, bgcn and nanos 

products were purified, and their concentra:ons quan:fied using a nanodrop.  

Table 2.5 Concentra:ons of promotor parts for Gibson Assembly. 

Part 260/280 260/230 Concentra:on 

(ng/µl) 

bgcn 1.78 1.36 160.5 

nanos 1.56 1.10 32.88 

mei-W68 1.69 0.45 12.60 

 

The quan:fica:on results shown in Table 2.5 indicate that only bgcn had a sufficiently high 

concentra:on to be confidently used in the subsequent Gibson assembly. nanos and mei-

W68 PCR repeated using the purified product as template which generated final 

concentra:ons of nanos at 126.3ng/µl and mei-W68 at 154.6ng/µl.  

2.4.3 Cas9 plasmid design and construc/on 

2.4.3.1 Plasmid components  

2.4.3.1.1 Development of iden/fying fluorescent marker 

To iden:fy transgenics a marker gene must be contained within the inserted construct to 

create an easy to detect phenotype only expressed in those individuals that carry the 

inser:on. The fluorophore DsRed2 (Nishizawa et al. 2006) was used as the marker in all Cas9 

plasmids. DsRed2 expression was driven by the commonly used insect expression promotor 

Hr5-IE1 (Jarvis et al. 1996) with the Drosophila na:ve K10 ac:ng as the 3’UTR and terminator. 

A nuclear localisa:on signal (NLS) flanked the DsRed2, which allowed for a clearer phenotype 

by restric:ng DsRed2 expression to the nucleus. This creates a dis:nct spoSng paRern on 

the pupal surface in transgenic individuals that is more easily dis:nguishable from the 

autofluorescence that is observed in all individuals. The en:re DsRed2 marker region, 

including the 5’ and 3’ UTR sequences, was taken from the plasmid AGG1103 (Supplementary 
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informa%on 2.6.2) kindly provided by T. Harvey-Samuel (project collaborator Arthropods 

gene:c group at the Pirbright Ins:tute). PCR was completed using primers 96 and 107 

(Supplementary informa%on 2.6.1.3) with the final concentra:on a_er DpnI diges:on of 

52.65ng/µl. 

2.4.3.1.2 Cas9 Protein  

The Cas9 coding sequence used was the human codon-op:mised S. pyogenes Cas9 (hSpCas9) 

flanked by nuclear localisa:on signals. This was extracted from plasmid AGG1583 originally 

synthesised at the Pirbright Ins:tute Arthropod Gene:cs Group. The PCR was completed 

using primers 91 and 109 (Supplementary informa%on 2.6.1.3), with the final concentra:on 

a_er DpnI diges:on and repeat PCR on the product being 201.1ng/µl. The 3’ UTR for read 

termina:on was Autographa californica mul%ple nucleopolyhedrovirus (AcMNPV) P10 taken 

from plasmid AGG1522 synthesised at the Pirbright Ins:tute. The PCR was completed using 

primers 106 and 108 (Supplementary informa%on 2.6.1.3), with the final concentra:on a_er 

DpnI diges:on and repeat PCR on product being 125.5ng/µl. 

2.4.3.1.3 Plasmid backbone  

The parts of the plasmid outlined above were all to be inserted into the medfly genome. The 

piggyBac transposi:on system (X. Li et al. 2013) was proposed to be used for genome 

integra:on. Two piggyBac arms flanked the region for inser:on, as taken from plasmid 

AGG1583. On the outside of these arms are the elements needed for plasmid propaga:on in 

E. coli. The standard pUC origin of replica:on was used with an AmpR sequence coding for 

Ampicillin resistance. As this was in the plasmid containing the piggyBac arms, this whole 

sec:on could be amplified as a con:nuous, single fragment. The PCR was completed using 

primers 124 and 125 (Supplementary informa%on 2.6.1.3), with the final concentra:on a_er 

DpnI diges:on being 48ng/µl. 

2.4.3.2 Final plasmid designs 

Plasmids were to be assembled with Gibson assembly for scarless assembly as parts are 

designed with complementary overhangs. PCR was used to amplify specific parts and was 

completed by using overhang primers which produced compa:ble ends between the 

amplified fragments. Three plasmids were constructed as below. All of the plasmids used the 

same backbone, but varied in terms of the promotor regions. The assembly process of 

plasmids is described in 2.4.3.3. 
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Figure 2.11 Final plasmid design for bgcn-Cas9 Plasmid. The full sequence can be found in the 
Supplementary informa%on 2.6.2. 
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Figure 2.12 Final plasmid design for mei-W68-Cas9 plasmid. The full sequence can be found 
in the Supplementary informa%on 2.6.2. 
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Figure 2.13 Final plasmid design for nanos-Cas9 plasmid. The full sequence can be found in 
the Supplementary informa%on 2.6.2. 

 

2.4.3.3 Plasmid construc/on 

All plasmid assemblies were aRempted simultaneously using the GeneArt Gibson Assembly, 

with the Cas9 part used as the vector for assembly. Post Gibson transforma:on was 

completed into Takara Stellar™ competent E. coli cells, and colonies were present for all 

reac:ons. Ten colonies were selected from each of the nanos-Cas9 and mei-W68-Cas9 plates. 

The bgcn-Cas9 reac:on yielded only seven colonies which were all selected for colony PCR. 

Four colony PCR reac:ons were performed which covered every insert junc:on to ensure 

inser:on of all parts. The presence of a posi:ve band for all reac:ons allowed me to select 

which bands could be subjected to sequencing. mei-W68 visualised on a single agarose gel 

shown in Figure 2.14, with reac:ons 1-4 for all colonies being shown.  
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Figure 2.14 Colony PCR of mei-W68-Cas9 transformants. The gel was run alongside the 
GeneRuler 1kb DNA Ladder. Order of loading upper sec:on, ladder, reac:on one (colonies 1-
10), reac:on 3 (colonies 1-9). Order of loading lower sec:on; ladder, reac:on two (colonies 
1-10), reac:on 4 (colonies 1-9). Four reac:ons were performed, each covering a different 
inser:on junc:on. Reac:on one used primers 156 and 157, reac:on two used primers 162 
and 163, reac:on 3 used primers 150 and 161, reac:on 4 used primers 151 and 158. All 
primer sequences available in Supplementary informa%on 2.6.1.3. Colony number is 
displayed and was loaded in same order for each reac:on. Colony 10 reac:on 3 and 4 is 
absent due to lack of available lanes on gel. A band had to be present for the same colony in 
all 4 reac:ons to be selected for sequencing. Colony 7 was the only posi:ve colony with 
product for all 4 reac:ons. The product for reac:on 3 was slightly smaller than its expected 
size (approximately 100bp smaller than expected).  

The mei-W68 colony PCR results showed only one fully assembled construct. Colony 7 had a 

product across all four reac:ons. The band size for reac:on 3 was slightly smaller than that 

expected for a fully assembled plasmid, with the correct size band being visible for colony 8 

for comparison. This colony PCR reac:on covered the mei-W68/Cas9 junc:on. As this was 

the only colony with all parts present, it was selected for sequencing to determine the 

problem with assembly. Short read sequencing was used with primers 150, 151, 156, 157, 

158, 161, 162 and 163 which covered all junc:ons (Supplementary informa%on 6.2.1.3).  

Colony PCR of nanos and bgcn were visualised together with reac:ons one and two being 

shown in Figure 2.15 and reac:ons 3 and 4 in Figure 2.16. 
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Figure 2.15 Colony PCR reac:ons one and two for nanos-Cas9 plasmid and bgcn-Cas9 
plasmid. Gel is run alongside the GeneRuler 1kb DNA Ladder. Order of loading: Upper sec:on; 
ladder; reac:on one (nanos-Cas9 colonies 1-10); reac:on one (bgcn-Cas9 colonies 1-7). 
Lower sec:on; ladder; reac:on two (nanos-Cas9 colonies 1-10); reac:on two (bgcn-Cas9 
colonies 1-7). Two reac:ons were performed, each covering a different inser:on junc:on. 
Colony number is displayed and loaded in same order for each reac:on. Reac:on one used 
primers 156 and 157. Reac:on two used primers 162 and 163. All primer sequences available 
in Supplementary informa%on 2.6.1.3. 

 

Figure 2.16 Colony PCR reac:ons three and four for nanos-Cas9 and bgcn-Cas9. Gel is run 
alongside the GeneRuler 1kb DNA Ladder. Order of loading: Upper sec:on; ladder; reac:on 
three (nanos-Cas9 colonies 1-10); reac:on three (bgcn colonies 1-7). Lower sec:on; ladder; 
reac:on four (nanos-Cas9 colonies 1-10); reac:on four (bgcn-Cas9 colonies 1-7). Two 
reac:ons were performed, each covering a different inser:on junc:on. Colony number is 
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displayed and loaded in same order for each reac:on. Reac:on three used primers 161 and 
160 (bgcn-Cas9) or 152 (nanos-Cas9). Reac:on four used primers 158 and 159 (bgcn-Cas9) 
or 153 (nanos-Cas9). All primer sequences available in Supplementary informa%on 2.6.1.3. 

nanos-Cas9 and bgcn-Cas9 produced no colonies with a product for all reac:ons, with 

reac:ons two and three being unsuccessful across all samples as no product was produced. 

This indicates that at least one of the assembly parts covered by these PCRs was not present 

therefore the primers could not bind resul:ng in no product. None of these colonies were 

assessed as strong candidates to be sent for valida:on by sequencing.    

The sequencing results received for mei-W68-Cas9 colony 7 are shown in the Supplementary 

informa%on 2.6.2. All junc:ons where two parts were annealed appeared correct, with full 

assembly except that of the mei-W68 and Cas9. All sequencing reads showed the presence 

of both fragments by covering the junc:on where they connect meaning the sequencing read 

should be able to confirm the presence of two parts. These junc:ons are also where 

muta:ons are most likely to occur and therefore these reads will iden:fy any issues around 

these sites. In the junc:on where the Meiw-68 promotor and Cas9 part anneal, the Cas9 

appeared to stop a_er approximately 100bp which matches with the results observed in the 

colony PCR. This means the Cas9 had most likely truncated, preven:ng it from forming a 

func:onal protein due to the significant por:on of missing sequence. That the Cas9 fragment 

was the only concern in this assembly means that this plasmid retained its poten:al for future 

use in construc:ons, to minimise the number of parts going into the Gibson assembly 

reac:on, which typically improves success. For the mei-W68 assembly, all parts except the 

Cas9 had successfully been assembled. The Cas9 part and mei-W68 backbone were obtained 

through PCR. A universal backbone fragment was obtained through PCR which contained the 

P10, marker and backbone parts fully assembled using primer 125 and 108 (Supplementary 

informa%on 2.6.1.3). This produced two bands, and gel excision and purifica:on was used to 

ensure the presence of only the larger band, with the final concentra:on being 38.09ng/µl.  

To understand to what extent the Cas9 had truncated a_er assembly, a PCR was performed 

to check the size of the Cas9 fragment in mei-W68-Cas9 colony 7. This showed a product of 

600bp as opposed to the expected 4284bp of the full fragment. During part genera:on of the 

Cas9 fragment, there was a weak, smaller band present which I suggest could be interfering 

with the assembly. The Cas9 part genera:on PCR was repeated and the correct sized band 

was gel excised to ensure the smaller part could not interfere with the reac:on. The final 

concentra:on of this new Cas9 fragment was 19.65ng/µl.  
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The concentra:on of the gel excised fragments was lower than op:mal for use in Gibson 

assembly. In an aRempt to generate more product, the excised fragments were used as 

template in a repeat of the same PCRs with a higher reac:on volume, which could then be 

loaded to the gel giving more product to purify. This procedure yielded final concentra:ons 

of 28.81ng/µl of Cas9 and 32.66ng/µl of the backbone. This was s:ll not sufficient to allow 

for the use of the recommended 0.08pmoles in the Gibson reac:ons and I used 0.05pmoles 

in the reac:ons instead. Transformed into Takara Stellar™ competent cells and colony PCR 

was performed on the resul:ng colonies. As mei-W68 was a two part assembly, only two 

colony PCRs needed to be completed. nanos and bgcn were three part assemblies, making 3 

colony PCRs necessary. The results of the colony PCRs were visualised using gel 

electrophoresis with the results summarised in Table 2.6. 
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Table 2.6 Colony PCR results of transformants. Black indicates no correct sized product, green 
indicates correctly sized product amplified and detected on the gel.  

Construct Colony Reac:on 1 Reac:on 2 Reac:on 3 

mei-W68-Cas9 1    

2   

3   

4   

5   

6   

7   

8   

9   

10   

nanos-Cas9 1    

2    

3    

4    

5    

6    

7    

8    

9    

10    

bgcn-Cas9 1    

2    

3    

4    

5    

6    

7    

8    

9    

10    
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All assemblies had colonies with all bands present, those highlighted in bold in Table 2.6 were 

sent for short read sequencing of all junc:ons (Supplementary informa%on 2.6.2). mei-W68-

Cas9 reads all aligned well, colony 10 was chosen to carry forward, as colony 9 had a single 

base pair dele:on at the end of the promotor region. The nanos-Cas9 constructs were not 

suitable for further progression, due to a common issue across both colonies, of Cas9 

trunca:on. bgcn-Cas9 results indicated a problem with the promotor fragment in which the 

sequencing reads would break down a_er covering a few base pairs of the promotor region. 

Size confirma:on of the promotor of bgcn-Cas9 and the Cas9 of nanos-Cas9 was completed. 

Sequencing results of mei-W68-Cas9 did not show any evidence of Cas9 trunca:on. However, 

not all of the Cas9 region was sequenced. Therefore, the size confirma:on of mei-W68-Cas9 

colony 10 Cas9 part was also completed. Products were visualised by gel electrophoresis 

(Figure 2.17). 

 

Figure 2.17 Size confirma:on of parts of assembled plasmids. Bands indicated in the green 
box are of the expected size. Products were run alongside the GeneRuler 1kb DNA Ladder. 
Order of loading; ladder; nanos-Cas9 colony 5 Cas9 confirma:on; nanos-Cas9 colony 10 Cas9 
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confirma:on; mei-W68-Cas9 colony 10 Cas9 confirma:on; bgcn-Cas9 colony 7 promotor 
confirma:on; bgcn-Cas9 colony 8 promotor confirma:on. 

The PCR results confirmed the trunca:on of Cas9 in nanos-Cas9. A weak band was visible at 

the correct size for nanos-Cas9 colony 10, with the much smaller product present at a much 

higher concentra:on. A band of the correct size was seen for mei-W68-Cas9, providing 

confidence that trunca:on was not an issue in this construct, which was then taken forward 

for midiprep. No bands were produced for the promotor fragment of bgcn-Cas9, confirming 

that this had not been inserted. To further reduce the number of parts for Gibson assembly, 

mei-W68-Cas9 colony 10 was used to provide a backbone for assembly of bgcn-Cas9 by 

crea:ng a fragment which covered the en:re plasmid except the promotor region, with 

primers 91 and 125 (Supplementary informa%on 2.6.1.3). A backbone for nanos-Cas9 can be 

produced using nanos-Cas9 colony 5 with primers 108 and 137 (Supplementary informa%on 

2.6.1.3) to generate a fragment containing all parts except the Cas9 insert. This strategy 

allows for a two-part assembly for both constructs, reducing the difficulty of assembly. To 

reduce the risk of recombina:on, all Gibson reac:ons from this point onwards were 

transformed into low recombina:on Agilent SURE®2 Supercompetent Cells. bgcn-Cas9 

assembly only produced five colonies, 3 of which appeared correctly assembled a_er colony 

as shown by the PCR results (Figure 2.18). 
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Figure 2.18 Colony PCR of bgcn-Cas9 from two part Gibson assembly. Bands indicated in the 
green box are of the expected size. The gel was run alongside the GeneRuler 1kb DNA Ladder. 
Order of loading: upper sec:on; ladder; reac:on one (colonies 1-5); lower sec:on; ladder; 
reac:on two (colonies 1-5). Colonies 1, 3 and 5 all appear correctly assembled and were sent 
for sequencing.  

Sequencing results of bgcn-Cas9 colony 3 (Supplementary informa%on 2.6.2) aligned well, 

revealing no issues with assembly. This construct was taken forward for midiprep. All 

transforma:on aRempts with nanos resulted in truncated Cas9. Gibson assembly was 

reaRempted in the same configura:on that had been successful for bgcn, inser:ng nanos 

into the promotor free backbone generated from mei-W68-Cas9. No colonies were obtained 

from several Gibson assembly aRempts to insert nanos promotor into mei-W68-Cas9 

backbone. With all troubleshoo:ng aRempts failing from this point, only the mei-W68 and 

bgcn Cas9 constructs were prepared for microinjec:on. 

2.4.4 Establishment of transgenic lines 

Microinjec:on survivors were received as pupae. Due to logis:cal and :me constraints 

caused by covid-related issues, the pupae received were set up as inbreeding crosses. mei-
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W68-Cas9 (UEA_003) pupae were divided equally between four small cages. bgcn-Cas9 

(UEA_004) had slightly higher survivor numbers to set up 5 cages. Offspring from these cages 

screened as adults with 7 transgenics found in total. All UEA_004 transgenics came from the 

same cage (cage 2) and were therefore designated bgcn.2 with differing leRers to iden:fy the 

different crosses set up, the two UEA_003 transgenics came from different cages (cages 3 and 

4) and were designated M68.3 and M68.4. The following crosses were set up: 

bgcn.2 A - 2 transgenic males x 5 wildtype Benakeion females 

bgcn.2 B - 2 transgenic females x 2 wildtype Benakeion males 

bgcn.2 C - 1 transgenic female x 2 wildtype Benakeion males  

M68.3 - 1 transgenic female x 2 wildtype Benakeion male 

M68.4 - 1 transgenic male x 6 wildtype Benakeion females 

All offspring form these cages were screened to check number of transgenic individuals. With 

the use of inbreeding cages, mul:ple inser:on events within a single line are a possibility 

which had to be checked. All lines had the expected 50% transgenic offspring except those 

from cage M68.4 of which approximately 75% of screened offspring were transgenic. This 

could be the result of mul:ple inser:ons, though further inves:ga:on was not possible at 

that :me due to covid restric:ons. The presence of mul:ple inser:ons would not nega:vely 

affect the experiments envisioned for these lines and could s:ll be tested for at a later date 

if needed.  

Stable transgenic lines were established from all five cages. Lines were maintained as 

heterozygotes for several genera:ons before being homozygote enriched for ease of 

maintenance. An example of a stable transgenic pupa detected at the screening stage is 

shown in Figure 2.19. 
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Figure 2.19 Stable transgenic pupa expressing DsRed marker under fluorescent microscope. 
The spoSng paRern observed is due to the use of nuclear localisa:on signals isola:ng DsRED 
expression to the nucleus. 

2.4.5 Tes/ng the fitness of transgenic lines 

2.4.5.1 Pupal Development  

Pupal development was measured for two of the established transgenic lines (M68.3 and 

bgcn.2C) in comparison to the Benakeion wildtype. Pupal number was measured daily from 

7 days post egg collec:on up 26 days post egg-collec:on (Figure 2.20). 
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Figure 2.20 Number of pupae produced in the transgenic lines. The number of pupae 
emerging from each line was determined over a period of 26 days. Three different lines were 
measured with three biological replicates of each (transgenic lines M68.3 and bgcn.2C and 
the Benavi wildtype). Biological replicates comprised egg collec:ons from 3 consecu:ve days. 
A line of best fit has been used for each line, averaging across biological replicates. Pupal 
number for bgcn.2C was very variable between biological replicates.  

All lines showed a similar rate of pupal emergence, with most pupae emerging by day 15. 

Transgenic line bgcn.2C showed a similar final number of pupae number to that of the 

wildtype, sugges:ng no significant fitness costs in terms of the number and speed of pupae 

emerging. However, there three biological replicates and pupal survival varied widely 

between them, with one replicate being similar to M68.3, one similar to the wildtype and the 

third replicate even higher than the wildtype. Transgenic line M68.3 did appear to have 

consistently lower pupal number emergence, and to have slower development :mes to 

pupae, with very liRle variance across biological replicates, indica:ng the existence of some 

fitness costs. An ANOVA was used to test for differences in the final number of pupae by line. 

The model showed no overall evidence for a significant difference in final pupal number 

between lines (F2,6 = 3.63, p = 0.093). However, within this, post hoc comparisons between 

lines showed evidence for a significantly lower number of pupae being produced by line 

M68.3 (t6= -2.52, p=0.045) with an average of 229 fewer pupae than for the wildtype. There 
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was no evidence for a difference in the number of pupae produced by line bgcn.2C in 

comparison to the wild type (t6 = -0.44, p = 0.673). P-values were computed using a Wald t-

distribu:on approxima:on. 

2.4.5.2 Pupae survivability 

To test whether the transgenic lines had reduced eclosion rates from pupae, 150 pupae were 

selected from each line and followed through to eclosion. There was no significant difference 

detected between any of the lines in terms of eclosion rates of each transgenic line compared 

to wildtype ((F2,6 = 0.87, p = 0.467), analysed using ANOVA.  

2.4.5.3 Tes/ng the fecundity of Cas9 lines 

To test the fecundity of the transgenic lines in comparison to the wild type, 50 flies (typical 

small cage set up with 50:50 sex distribu:on) were allowed to lay for 1h and the number of 

eggs produced in this :me was then counted. Three biological replicates were of each line 

were set up and the findings are summarised in Figure 2.21. 

 

Figure 2.21 Number of eggs laid in one hour across the different lines (transgenic lines 00.3. 
and bgcn.2C and the Benavi wildtype). Egg collec:ons were taken at day 7 post eclosion. Both 
transgenic lines produced a larger number of eggs than the wildtype line, giving no indica:on 
of a fecundity cost of carrying the transgene. The line within the boxplot represents the 
median value with the upper and lower bounds represen:ng the first and 3rd quar:le 
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respec:vely. The whiskers indicate the upper and lower values obtained with the three data 
points represented by the points. 

There was no indica:on of any significant fecundity cost to carrying the transgene (Figure 

2.21) and the transgenic lines appeared to have an even slightly higher level of egg laying 

than the wildtype (ANOVA;  F2,6 = 1.42, p = 0.313).  

2.4.5.4 Fitness tests  

Stressed and unstressed adult survival tests were completed on cages of 50 flies with 3 

biological replicates for each line. In stressed survival tests, no food or water was provided 

and deaths per day were measured un:l all flies were dead. In the unstressed survival test, 

due to the :me taken for all flies to die, flies were monitored for approximately one month 

which allowed median deaths to be reached. There was no evidence of a loss in fitness in 

terms of adult survival in the transgenic lines as shown in Figure 2.22 and the transgeneic 

lines survived as well as or even beRer than, the wild type. 

This was supported by an analysis using a Cox Propor:onal-Hazards Model. In the stressed 

test condi:ons significant differences in survival were detected (Wald χ2
2 = 47.2, n =450, p-

value  <0.01). There was no significant difference detected in a comparison between Benavi 

and bgcn.2C (z = -1.310, p = 0.19) and a significant difference between Benavi and M68.3 (z 

= -6.492, p <0.01) indica:ng higher survival in M68.3. In the non-stressed test condi:ons, 

there was no evidence for a sta:s:cally significant difference between any of the lines (Cox 

Propor:onal-Hazards Model, Wald Wald χ2
2 = 1.54, 2, n =312, p-value = 0.5; no significant 

difference detected between either line and Benavi, with line M68.3 having a z of -1.242 with 

a p-value of 0.214, and line bgcn.2C a z of -0.558 with a p-value of 0.556). 
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Figure 2.22 Survival test of 50 medfly in both stressed and unstressed condi:ons from day of 
egg collec:on with eclosion from pupae on day 21. A) Stressed adult survival fitness test with 
no access to food or water for eclosed flies with deaths recorded daily un:l all flies were dead 
(three biological replicates per line). B) Unstressed adult survival fitness test with deaths 
recorded daily. The median death day is indicated with the horizontal dashed red line. There 
was no evidence for a loss of survival in the transgenic lines in comparison to the control, 
under either non stressed or stressed condi:ons.  
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2.4.6 Valida/on of Cas9 expression with Real Time Quan/ta/ve PCR 

2.4.6.1 Establishing reac/on condi/ons 

Standard curves were generated for two reference genes (RPE and RPL19) and Cas9 primers 

to determine primer efficiency. Cas9 and RPE results were generated from the ovary :ssue, 

RPL19 results were generated from tes:s :ssue. Linear regression lines were ploRed with the 

slope of this line used to calculate the primer efficiency (Figure 2.23). 

 

 

Figure 2.23 Standard curves of all primer sets. Ct value ploRed against the log concentra:on. 
Samples with a Ct value greater than 34 were excluded due to poor read quality. Primer 
efficiency was calculated from the slope of the curve. A) Standard curve of RPL19. B) Standard 
curve of RPE. C) Standard curve of Cas9. D) Primer amplifica:on efficiencies of all primers as 
calculated form the slope of the curve. 

All primers had amplifica:on efficiencies within the appropriate range to be used for qPCR 

(90%-110%). To obtain an appropriate standard curve for Cas9, the serial dilu:on factor used 

was reduced from a 5X dilu:on to a 2X dilu:on factor. This allowed for a higher number of 

reads to be obtained before the sample became too dilute to be detected before cycle 

number 34. 
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2.4.6.2 Tes/ng of reference genes 

To compare expression across :ssue types, a reference gene which has stable expression 

across all :ssue types to be tested (male soma, female soma, testes and ovaries) was needed. 

Expression levels across the :ssue types were obtained for both reference genes (Figure 

2.24). 
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Figure 2.24 Ct values of reference gene expression as measured by qPCR, across all the :ssue 
types tested. Technical replicates were averaged and all values standardised by using an 
interplate calibrator. A) The Ct values of RPE across :ssue types. B) The Ct values of RPL19 
across :ssue types. To allow for comparison between :ssue types, a reference gene with 
consistent expression across :ssue types is needed. In both RPE and RPL19 expression in the 
ovaries was higher than that in the other :ssue types.  
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Expression in the ovaries of both reference genes appeared higher than that in other :ssue 

types. One-way ANOVA results (Supplementary Informa%on 2.6.3.1) confirmed this and 

showed a significant difference in expression across :ssue types (p <0.01). The consistency 

of the ovary samples, having the highest level of expression across reference genes, could 

indicate that the ovaries do have higher levels of cDNA which would make the reference 

genes a good control. The ovary samples did have the highest concentra:on of RNA a_er RNA 

extrac:on and although all samples were diluted to the same concentra:on for cDNA 

synthesis, samples of a higher star:ng concentra:on may be of beRer quality for cDNA 

synthesis. RPE had a lower level of expression than that of RPL19 resul:ng in a greater 

number of samples needing to be excluded because the Ct value was too high, or because of 

divergence between the technical replicates (of > 0.5 cycles). Therefore, RPL19 was used as 

the single reference gene owing to its increased stability of expression across :ssues. 

2.4.6.3 Expression of Cas9 

The expression of four Cas9 transgenic lines was measured (for lines bgcn.2A, bgcn.2C, 

M68.3, M68.4) across :ssue types. Cas9 expression was also measured in the Benavi wildtype 

to check for off-target amplifica:on. No wildtype sample showed any Cas9 amplifica:on. 

Rela:ve expression was calculated with RPL19 as the reference gene. Ini:ally, there were 3 

biological replicates of each :ssue type per line. However, some biological replicates were 

excluded if not all 3 technical replicates were within 0.5 cycles :mes, or if Ct values were 

above 34. Replicates excluded included two bgcn.2C ovary samples, one M68.4 female 

soma:c sample, one bgcn.2A male soma:c sample and one M68.4 male soma:c sample. All 

remaining samples rela:ve expression shown in Figure 2.25. 
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Figure 2.25 A) Rela:ve expression of Cas9 across different :ssue types in four established 
transgenic lines. Comparison between :ssue types was challenging as one reference gene 
showed near to consistent expression across :ssues. M68 lines consistently showed higher 
expression across all :ssue types than did bgcn lines. Sample exclusion due to reads not 
mee:ng the criteria for use meant not all :ssue types within lines had 3 biological replicates 
however at least one usable sample was obtained for each condi:on. B) Rela:ve standard 
devia:on of Cas9 rela:ve expression, expressed as a percentage of the mean (coefficient of 
varia:on). The M68.2C ovary sample had only one biological replicate. Therefore, the 
standard devia:on could not be calculated for that sample. M68.4 Female Soma, bgcn.2A 
male soma and M68.4 male soma only had two replicates. 
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Across all :ssue types, Cas9 expression was consistently higher in M68 lines. There was a 

variability among biological replicates in some :ssue types, which increased as the overall 

rela:ve expression level increased. When the standard devia:on was expressed as a 

percentage of the mean (Figure 2.25 B) the varia:on across samples appeared to be fairly 

consistent. Rela:ve expression in the bgcn-Cas9 lines was present but appeared consistently 

lower than for the mei-W68-Cas9 lines. Lower observed levels of Cas9 expression could be 

caused by not only a weaker Cas9 promotor but could also be the result of more :ghtly 

controlled expression. As the germline cells were not split into early and late cells, the lack of 

expression could be due to the Cas9 being ac:ve in a much smaller number of cells than that 

of a promotor with leakier expression. All lines showed expression in the soma:c :ssue, this 

was expected for mei-W68-Cas9, which displayed a lack of germline restric:on in original RT-

PCR. bgcn-Cas9 did not show soma:c expression in the original RT-PCR experiment, yet 

expression remained higher in soma:c :ssue than germline :ssue. 
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2.5 Discussion 

A range of effec:ve Cas9 promotors are a necessary tool in the germline edi:ng of medfly. 

Previous studies in medfly have relied on the co-injec:on of Cas9 protein and mRNA for gene 

edi:ng (Meccariello et al. 2017; Aumann et al.  2018; Primo et al. 2020; Aumann et al. 2020), 

as there were no effec:ve Cas9 expressing transgenics in this species. Endogenous expression 

of Cas9 has proved a highly effec:ve source of Cas9 nuclease for gene edi:ng in a range of 

other species, and is therefore highly desirable for medfly (Champer et al. 2017; Kandul et al. 

2020; Gantz et al. 2015; Hammond et al. 2016). Characterising the expression Cas9 

transgenes is essen:al for balancing effec:ve edi:ng against poten:al fitness costs. If Cas9 

cuSng occurs too late in embryonic development, total gene knockout is much less likely to 

be achieved, with mosaicism obscuring the expression of a knockout phenotype. Promotors 

specific to the germline are highly desirable for the development of HDR-based gene drives. 

However, in order to maximise homing rates and minimise the forma:on of NHEJ generated 

resistance alleles, less :ssue-restricted Cas9 expression is required, and this could have a 

broad range of func:ons. Indeed, heavy maternal loading of Cas9, while unsuitable for HDR-

gene drives, is highly desirable for alterna:ve gene drive strategies such as those based on 

Toxin-An:dotes, or for dominant sex conversion and male sterility in applica:ons such as 

pgSIT (precision guided sterile insect technique). Other applica:ons include the ability to set 

up crosses with transgenic sgRNA expressing lines or inject embryos with sgRNAs to produce 

highly penetrant gene knockouts. 

I analysed the expression paRerns of several candidate promotor genes, which provided 

useful informa:on concerning the challenges of finding a germline specific gene with no 

soma:c expression. nanos and vasa (or homologues of these genes) are two of the most 

commonly used Cas9 promotors to drive germline expression (Hammond et al. 2016; 

Champer et al. 2017; Feng et al. 2021). However, soma:c expression, albeit lower than that 

of the germline, was seen in both promoters. Complete restric:on to the germline has 

tradi:onally been difficult to achieve with germline promotors (Du et al. 2023). nanos has 

been recorded to have lower soma:c expression than vasa but results in higher levels of 

maternal deposi:on and there is a high level of variability in promotor func:on between 

species (Carballar-Lejarazú et al. 2020). The only genes in this study which showed very low 

levels of soma:c expression were bgcn and innexin. innexin had not previously been tested 

as a Cas9 promotor and bgcn had only been used once, though unsuccessfully (Chan et al. 

2013). Thus, the genes iden:fied as the most promising promotors in my research work, were 



 110 

not those predicted to be most promising from my ini:al literature search, showing the value 

of the systema:c tests of exis:ng and new candidates described here. 

The decision to split germline :ssues into early and late was taken with the aim of capturing 

expression differences between the two. Expression in early germline cells is desirable for 

designs which u:lise homology directed repair which occurs at much higher levels in early 

germline cells. However, in none of the candidate gene tested did I observe a difference in 

expression between early and late ovaries. Early and late testes expression occasionally 

appeared to differ, as is evident in the strength of the gel bands observed. However, given 

the difficul:es in extrac:ng sufficient RNA from early testes samples due to the small amount 

of available :ssue, this is more likely to be due to differences in sample quality. 

Iden:fying the promotor regions of the candidate genes was rela:vely simple since the 

genome was well annotated and the RACE results aligned well with these. vasa was the 

promotor which the RACE was most useful, due to its 6kb 5’ UTR and mul:ple splice variants. 

However, a RACE product was not obtained from vasa, which could be due to the mul:ple 

variants causing mul:ple start sites. vasa requires further inves:ga:on, as taking the en:re 

6kb would have produced a construct much larger than op:mal for subsequent piggybac 

inser:on. The other iden:fiable issue was that by including 2kb upstream of the iden:fied 5’ 

UTR, sec:ons of other genes were o_en included in these regions. However, none of them 

covered the en:rety of another gene, so the likelihood for these off-target genes being 

transcribed is low.  

The amplifica:on of the iden:fied promotor regions from the genome was achievable with 

the excep:on of innexin-5. A product could not be produced with either the original primers 

or the flanking primers designed for nes:ng. This could be due to sequence complexity or 

poor primer binding but would require more :me to troubleshoot. As three candidate 

promotors were s:ll available, assembly was conducted with these.  

The assembly of bgcn and mei-W68 only needed a small amount of troubleshoo:ng. nanos 

con:nually truncated Cas9 when inserted. It did not consistently truncate in the same place 

and this was not an issue in either of the other constructs. Switching to low recombina:on 

SURE2 cells did not help solve this issue and I ul:mately had to drop further work with two 

of the most commonly used Cas9 promotors - nanos and vasa. Despite innexin-5 not having 

been used as a Cas9 promotor to date, the original expression profile I derived for it showed 

that it was one of the most promising, with the lowest level of soma:c expression.  
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Star:ng with five candidate genes, two constructs were finalised for microinjec:on, both of 

which were successfully integrated into the genome. Although a variety of cas9 promotors 

was the original aim, even having a single Cas9 germline promotor would be a highly valuable 

addi:on to the medfly Cas9 toolbox. As these constructs had been integrated by piggybac 

inser:on, there was some variability between flies carrying the same construct. The 

establishment of these lines did allow for the poten:al of mul:ple inser:on events. One of 

the mei-W68 lines M68.4 had a higher than expected number of transgenic F1 offspring. This 

could indicate that there were mul:ple inser:ons. The other line established from mei-W68 

M68.3 did not show this paRern and was established from a different cage of microinjec:on 

survivors giving two separate inser:on events for comparison. This was useful to allow for 

comparison of how the genomic loca:on of the transgenic elements can affect the expression 

of Cas9.  

The lines were maintained as heterozygotes for several genera:ons. However, for logis:cal 

reasons the lines were then enriched through inbreeding to increase the percentage of 

transgenic alleles within the popula:on. This meant that to generate flies for experiments, a 

cross to wildtype was done, to generate heterozygote test individuals. This could represent a 

problem in lines with more than one inser:on event (which may have been the case for the 

M68.4 line). However, it would be possible detect mul:ple inser:ons if, following two 

backcrosses to wildtype, the offspring were more than 50% transgenic. Mul:ple inser:ons in 

a single line may limit comparisons of inser:on site effects. As the primary ques:on was to 

determine which candidate gene provides the most effec:ve Cas9 promotor, it is the 

difference between the promotors that should be the primary focus. As the inser:on is 

random, knowing if the promotor works regardless of the insert loca:on or the number of 

inserts will show the effect on variability. 

To determine whether the transgenic lines displayed any fitness cost to carrying the 

transgene a small-scale fitness study was completed. Fitness costs from transgenes can be 

caused by a variety of issues. When inser:on loca:on is random, the transgene can be 

inserted into a transcrip:onally ac:ve region which can inhibit the func:on of a na:ve gene 

(Scolari et al. 2011). The accumula:on of transgenic proteins such as marker elements can 

also have a nega:ve effect on fitness (Marrelli et al. 2006). This guided my decision to use 

the lines which showed the highest produc:on of RFP. One line of each promotor type was 

tested (M68.3 and bgcn.2C) and these were chosen based on which lines expressed the 

strongest marker phenotype. None of the fitness tests indicated a decrease in fitness of 
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transgenic lines in comparison to the wild type, with some even showing higher indices of 

fitness in the transgenic lines. However, it should be noted that this was a small-scale study 

of fitness and there are many other ways fitness could be affected in addi:on to pupal 

development, egg laying rate and survival. For example, ma:ng compe::veness is o_en 

compromised in transgenic lines and thus addi:onal tests should be completed in the future 

(Dilani et al. 2022; Harvey-Samuel et al. 2014). 

To determine the expression of Cas9, qPCR was completed on four of the lines (M68.3, 

M68.4, BGCN.2A and BGCN.2C). BGCN.2B was excluded as it displayed the least 

dis:nguishable marker expression, and it was deemed unnecessary to test three lines of what 

could be the same inser:on. Seven :ssue types were considered for tes:ng. However, this 

was limited due to both technical capabili:es and for logis:cal reasons. Germline :ssue was 

to be split into early and late cells to iden:fy how :ghtly controlled expression is. Separa:on 

of :ssue into early and late was challenging once each :ssue had been snap frozen. This may 

have introduced some varia:on in dissec:on consistency. This, in combina:on with seeing 

limited differences in the expression paRerns between early and late germline in the original 

expression study, determined that the separa:on of germline :ssue into early and late was 

not necessary.  

Designing a qPCR experiment with mul:ple lines and :ssue types to allow comparisons 

between :ssue types required a reference gene whose expression was extremely stable 

across all :ssue types. Three reference genes were originally tested RPL19, RPE and ac%n3. 

Ac%n3 was immediately excluded as it showed very limited amplifica:on and a standard 

curve could not be obtained. RPL19 and RPE both func:oned well with primer efficiencies 

being in acceptable range however the expression across :ssue types in both was not at a 

consistent level. Expression in the ovaries was higher in both reference genes than all other 

:ssue types as seen in Figure 2.24. Thus, this reference gene was not consistently expressed 

across :ssue types. The expression in the ovaries was higher across both reference genes 

implying that this might not be due to higher expression of these genes in the ovaries, rather, 

that the ovary samples have an overall higher level of cDNA. If so, the reference genes would 

both be suitable as the Cas9 expression would need to be standardised to account for this 

higher level of cDNA. A_er RNA extrac:on, ovary samples consistently had the highest 

concentra:on of all the :ssue types and although all samples were diluted to the same 

concentra:on, samples at an original higher concentra:on are more likely to be higher 

quality RNA samples for cDNA synthesis.  
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Ideally both reference genes would be used for this experiment and all samples would be run 

with all three primer sets (Cas9, RPL19 and RPE). RPE had lower expression across samples 

than that of RPL19 which o_en led to high Ct values for RPE. Some had to be excluded as they 

were above the 34 cycle threshold while others (although below 34) had too much variability 

between technical replicates as variability between technical replicates tends to increase as 

the Ct value increases (Ruiz-Villalba et al. 2021). For RPE to be used for calcula:ng the final 

delta values, several samples would have been excluded as there would not be a value for 

RPE. RPL19 was therefore the only reference gene used for calcula:ng the expression of Cas9. 

RPL19 is a commonly used reference gene for qPCR in medfly and among the best ranked 

(Sagri et al. 2017). Studies o_en consider expression stability in a single :ssue type, as 

opposed to iden:fying reference genes which can be used across :ssue types. Finding a gene 

with equal expression across :ssue types can be difficult resul:ng in an inability to 

confidently compare delta values between different :ssues. RPL genes were iden:fied as the 

most stable across insect :ssue types in several studies (Lü et al. 2018) however in this work 

clear varia:on across :ssue types was seen. The use of a single reference gene makes it 

difficult to confirm if this is varia:on in expression between :ssue types or if it is due to higher 

star:ng RNA concentra:on in these :ssue types. This could lead to incorrect assump:ons 

being made about :ssue specific expression levels. Further valida:on should be completed 

on reference genes to be used for qPCR in Cera%%s, with par:cular focus on iden:fying 

reference genes with stable expression across :ssue types.  

In the qPCR results all :ssues are mapped onto the same graph despite the uncertainty of 

whether we can make a direct comparison between :ssue types as it s:ll allows comparison 

between the lines. Three biological replicates were run for each :ssue in every line however 

not all of these produced usable results (exclusion due to technical replicates being too far 

apart or over the 34-cycle cut off). A minimum of one reading was obtained for each :ssue 

in every line so a value could be ploRed for each however this meant sta:s:cal analysis could 

not be ran. There was not enough cDNA of each sample for the qPCR to be repeated and 

redoing the RT-PCR could introduce further variability. The most important informa:on was 

whether the lines were producing Cas9, which they were, although the levels appeared very 

low in the bgcn lines. The same qPCRs were run on wildtype flies as controls to confirm no 

off-target binding in any :ssue and none of these samples showed expression. This means 

that although the bgcn lines appear to have very low expression when compared to the mei-

W68 lines, they are s:ll expressing Cas9. Whether the mei-W68 lines showing higher Cas9 

expression will make them more effec:ve is unknown. bgcn lines may have more :ghtly 
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controlled expression which results in their overall expression appearing lower, if this was the 

case bgcn would be the more suitable Cas9 promotor. It is promising that all lines are 

expressing Cas9 and can be used for crosses to guide lines to confirm their cuSng ability. 

To confidently compare across :ssue types, I first considered whether such comparisons were 

legi:mate by comparing the level of control RPL19 expression. RPL19 was consistent across 

the testes and soma:c :ssue allowing me to directly compare expression levels with rela:ve 

confidence. Hence, the observed difference in expression between male and female soma:c 

:ssue in Figure 2.25 was surprising, as neither mei-W68 or bgcn are reported to have sex 

specific expression paRerns, and this was also not evident in the original end point RT-PCR 

expression studies. Male :ssue type also appeared to show greatest varia:on between 

biological replicates. To determine if this was truly greater varia:on, the rela:ve standard 

devia:on was also calculated. This shows that the varia:on appearing larger in mei-W68 than 

bgcn samples seemed primarily due to mei-W68 samples having a higher rela:ve expression. 

Sex differences in expression could be caused by inser:on site of the transgene if inser:on 

occurred in a region which is upregulated in males. However, the consistency across lines of 

males showing higher expression would make this explana:on unlikely as the inser:on site 

should vary when founded from separate inser:on events.  

When comparing expression between germline and soma:c :ssue, the original hope was for 

minimal expression in soma:c :ssue and higher expression in the germline. Expression is 

equal if not higher than germline expression in most lines, the only line in which germline 

expression is higher was M68.4, with ovary expression being higher than that of the female 

soma. Given the uncertainty on how comparable the ovaries are to other :ssue types due to 

the reference gene variability, we cannot be sure this is a true reflec:on of how expression 

in these two :ssues compares. The comparison of the soma:c :ssue to the testes can be 

made more confidently – and these showed similar levels of expression. Therefore, Cas9 

expression is unlikely to be restricted to the germline in either of these lines. Depending upon 

the intended purpose of a Cas9 expressing line, restric:on to the germline is not always a 

necessity. All lines show expression of Cas9, to test their effec:veness as promotors they 

would all be crossed to guide lines to inves:gate their cuSng rates.  

At the beginning of this experiment there were very few na:ve genes being used as 

promotors for Cas9 in medfly. In the work descried here, I designed two further Cas9 

promotors for use in Cera%%s capitata. Both promotors have demonstratable levels of Cas9 

expression and will be further validated through the crossing to guide lines. Once cuSng 
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efficiencies have been determined, these promotors can be used to drive Cas9 expression in 

gene:c pest control methods u:lising CRISPR/Cas9 technology. Several other interes:ng 

poten:al promotors have been iden:fied and assembly of these could be con:nued if further 

germline promotors are needed. My research has increased the number of available 

germline-specific Cas9 promotors in the toolbox for gene:c modifica:on in medfly. 
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2.6 Supplementary Informa/on 

2.6.1 Primers 

2.6.1.1 Primers used for genomic sequencing  

Primer Number Primer Name Sequence 

1 EX1_M_F1 tgtcagttatccgcacgcagaa 

2 EX1_M_R1 agcagtcgatcatgtcaccgct 

3 EX1_M_F2 gcattttcgcatcaggcaaaggc 

4 EX1_M_R2 atgcacggtagagagacgttgt 

5 EX1_M_F3 gcagtcttgcacacaacaccatgg 

6 EX1_M_R3 tggatcagcatcaaaaagtgca 

7 EX1_I_F1 cggctgtgaaaccgctttccaa 

8 EX1_I_R1 tccctccggaacaagagcatcg 

9 EX1_I_F2 tctgcgttactatcaatgggtca 

10 EX1_I_R2 ttgcgaaccacccggtccaaaa 

11 EX1_I_F3 gcgatgctcttgttccggaggg 

12 EX1_I_R3 tggacgcaattgagtgctgatca 

13 EX1_V_F4 cgcggcttaagaaaaatgcggc 

14 EX1_V_R4 tgtctctcacttcgagcaccac 

15 EX1_V_F5 agcacggcaacatgtgtcacct 

16 EX1_V_R5 tcgacgcaacaacgtatgccga 

17 EX1_B_F1 agctggacaatgtggcaaccaga 

18 EX1_B_R1 gttcccatgccggaacccgtac 

19 EX1_B_F2 gccacaggcacttactatggcg 

20 EX1_B_R2 tcggatacctttggggagggca 

21 EX1_B_F3 tgagaagcggtaaaaccttaagt 

22 EX1_B_R3 tggcccaattgttacccgctcc 

23 EX1_N_F2 agagatatgctacttcccgaggg 

24 EX1_N_R2 gccaacaaagcgaacattttaaggg 

25 EX1_N_F1 tcgtacctgttcggtgaaatct 

26 EX1_N_R1 acaggcacgttcatgtccagca 

27 EX1_V_F3 gatcgaaatggtggtggcggct 
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28 EX1_V_R3 gaacctgtttgagcacatgccattaaatctc 

29 EX1_BG_F1 acgccatatctcacgctattgcca 

30 EX1_BG_R1 cgtcggttgcgcaccaaatcaa 

31 EX1_BG_F2 ggcgatggaaggcacacctgag 

32 EX1_BG_R2 acggtggtttggaaatggttgattgc 

33 EX1_N_F3 tgcaacaataatggcaaccagagca 

34 EX1_N_R3 ggctttacaaatcgggcaaatgtaag 

35 EX1_BG_F3 taaaggcggcacttgtggcagg 

36 EX1_BG_R3 tgctgccacagttctgcaagaa 

 

2.6.1.2 Primers used for RACE 

37 EX2_B2_3 
gattacgccaagcttggggagggcaccaccgaaaaggtat

tca 

38 EX2_bgcn_3 
gattacgccaagcttcgcctcgtgtcggtagacgtcgctaa

ca 

39 EX2_B2_1 gattacgccaagcttctcgccctcttcatcggcggtgg 

40 EX2_bgcn_2 gattacgccaagcttgcactcaggtgtgccttccatcgcc 

41 EX2_B2_2 
gattacgccaagcttggccgccactgttaagtaccgtccat

ga 

42 EX2_bgcn_1 gattacgccaagcttcgtgcgtcggttgcgcaccaaatcaa 

43 EX2_Inn_1 
gattacgccaagcttctcgcttagtttgcgaaccacccggtc

c 

44 EX2_M68_2 
gattacgccaagctttgttgtgtgcaagactgcacagacgt

cc 

45 EX2_M68_1 
gattacgccaagcttgcgccaccatgcgtatagcagtcgat

c 

46 EX2_vasa_2 gattacgccaagcttaccttcgcactcgatccggagcgcc 

47 EX2_nanos_3 
gattacgccaagcttgacaggcacgttcatgtccagcactc

c 

48 EX2_nanos_2 
gattacgccaagcttggcgacggggccggtaagttcagcat

ac 
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49 EX2_nanos_1 
gattacgccaagcttttggcggcagcagctgctgcggcaac

tg 

50 EX2_vasa_3 
gattacgccaagcttactttgtctctcacttcgagcaccacg

gc 

51 EX2_Inn_2 
gattacgccaagcttataagttccctccggaacaagagcat

cgcc 

52 EX2_vasa_1 
gattacgccaagcttgcgcaatggcgtggaagagagatcg

gtg 

53 RACE_vasa_5 actcccattaccaaacccacggccggc 

54 RACE_vasa_4 cgtccgccacctctaccgcgcctact 

55 Meiw68_RACE_4 cacaccgctgcagtatcaaggccgactcag 

56 bgcn_RACE_Seq gatcttcatggagtttgcct 

 

2.6.1.3 Primers used for assembly  

67 Meiw68_Flank FWD tctgcgatgggcggcctagaaacaccacaattttaaaattc 

68 Meiw68_Flank REV ccatgctagcttgagcacgttttcgtcaaggtttacatac 

69 Cas9_BB_F ggccgcccatcgcagatctc 

70 Cas9_BB_R 
agcgattcgagttaacGCGCCTGACTCTAGAatacat

tga 

71 P10_F atcaaggtaagaatgagtatgaatcgtttttaaaataac 

72 bgcn_10kb FWD gatctgcgatgggcggcccgttgttgcattattcaattca 

73 bgcn_10kb REV gctagcttgagcacgtaatgtttaaaatttctcacaacttc 

74 Cas9_Frag_F acgtgctcaagctagcat 

75 P10_R tgtattctagagtcaggcgcgttaactcgaatcgctatcc 

76 innexin_10kb FWD gatctgcgatgggcggccatttatggcttgtggaatgaat 

77 innexin_10kb REV atgctagcttgagcacgtctaaaaataaaacgcacatg 

78 nanos_10kb FWD 
gagatctgcgatgggcggccaattattactacagctatcag

tattaca 

79 nanos_10kb REV ccatgctagcttgagcacgtcgcatttttgttacagccta 

80 Cas9_Frag_R attttaaaaacgattcatactcattcttaccttgatcg 

81 bgcn_Outer_Prim_F acaaagttctgacgttgcag 

82 bgcn_Outer_Prim_R aatcactctcccgttgcaac 
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83 Inn_Outer_Prim_F ctccgtaccaccagcaactt 

84 Inn_Outer_Prim_R gtgacatcggctcatgggta 

85 
MW68_Outer_Prim_

F 
tcggtcgtcttagcccgatt 

86 
MW68_Outer_Prim_

R 
ggaaaggctttaggcacttcg 

87 nanos_Outer_Prim_F gtccagcactccatcgctac 

88 nanos_Outer_Prim_R atccgggtcgttccggtata 

89 V4_BB_Plas_FWD 
Ctaccactggcgcgtttggggactagtataacttcgtataat

gtatgctatacgaagt 

90 V4_BB_Plas_REV ggccgcccatcgcagatctc 

91 V4_Cas9_FWD atggactataaggaccacgacggaga 

92 V4_Cas9_REV ttattttaaaaacgattcattttttcgtggccgccggcct 

93 V4_P10_FWD 
Aggccggcggccacgaaaaaatgaatcgtttttaaaataa

caaatcaa 

94 V4_P10_REV tagaattctactcgtaaagcgttaactcgaatcgctatcc 

95 
V4_Rescue_Plasmid_

FWD 

ggatagcgattcgagttaacgctttacgagtagaattctac

gcg 

96 
V4_Rescue_Plasmid_

REV 
tatacgaagttatactagtccccaaacgcgccagtggtag 

98 
V4_nanos_Assembly_

New REV 

gtagtctccgtcgtggtccttatagtccatcgcatttttgttac

agccta 

97 
V4_nanos_Assembly_

New FWD 

ctgagatctgcgatgggcggccaattattactacagctatc

agtattaca 

100 
V4_innexin_Assembly 

REV 

agtctccgtcgtggtccttatagtccatatttatggcttgtgg

aatgaat 

99 
V4_innexin_Assembly 

FWD 

agactgagatctgcgatgggcggccctaaaaataaaacgc

acatgaaaat 

102 
V4_Meiw68_New_As

sembly REV 

agtctccgtcgtggtccttatagtccattttcgtcaaggttta

catacaa 

101 
V4_Meiw68_New_As

sembly FWD 

gactgagatctgcgatgggcggcctagaaacaccacaatt

ttaaaattct 
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103 V4_bgcn_10kb FWD 
gacagactgagatctgcgatgggcggcccgttgttgcatta

ttcaattca 

104 V4_bgcn_10kb_REV 
tctccgtcgtggtccttatagtccataatgtttaaaatttctc

acaacttca 

105 V4_BB_Plas_FWD_2 gactagtataacttcgtataatgtatgctatacgaagt 

106 V4_P10_REV_2 actcgtaaagcttgtcgaccgttaactcgaatcgctatcc 

107 V4_Res_FWD_Mod_1 
ggatagcgattcgagttaacggtcgacaagctttacgagta

gaattctac 

108 V5_P10_FWD 
aggcaaaaaagaaaaagtaaatgaatcgtttttaaaataa

caaatcaa 

109 V5_Cas9_REV ttattttaaaaacgattcatttactttttcttttttgcctggc 

110 110_vasa_1_fwd 
gtcgacagactgagatctggcgcgcccttatagcctatttcc

acc 

111 111_vasa_1_rev gttttggcgcataatgtttatagtaagaatctttagtac 

112 112_vasa_2_fwd taaacattatgcgccaaaactcttaccaac 

113 113_vasa_2_rev tatagtccattttccgtggtctctctgaaaatag 

114 114_vasa_3_fwd gaaaaagtaatagcactaccacatctataaaaac 

115 115_vasa_3_rev 
ccccgggcctcgaggtcaggcgcgccgcagtcgagtcgtc

atttg 

116 116_vasa_hCas9_fwd accacggaaaatggactataaggaccac 

117 117_vasa_hCas9_rev ggtagtgctattactttttcttttttgcctg 

118 118_bgcn_1_fwd 
gtcgacagactgagatctggcgcgcctattggttattaccg

aggaaatattg 

119 119_bgcn_hCas9_fwd tttaaacattatggactataaggaccac 

120 120_bgcn_hCas9_rev attcaattctttactttttcttttttgcctg 

121 121_bgcn_2_fwd gaaaaagtaaagaattgaattgttttaaaaagattttg 

122 122_bgcn_1_rev tatagtccataatgtttaaaatttctcacaacttc 

123 123_bgcn_2_rev 
ccccgggcctcgaggtcaggcgcgcctctaaattcaaagat

gaagtgaaatag 

124 V6_Cas9_BB_F gactagtataacttcgtataatgtatgc 

125 V6_Cas9_BB_R cagatctcagtctgtcgacc 

126 Marker_NO_FWD ggtcgacaagctttacgagtagaattct 

127 Marker_NO_REV cccaaacgcgccagtggtagta 
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132 Meiw68_10kb FWD 
ggtcgacagactgagatctggactgctcgaaaatggaata

a 

133 Meiw68_10kb REV 
tcgtggtccttatagtccatcctcagtattcttaagaaacac

a 

134 bgcn_10kb FWD ggtcgacagactgagatctgcgttgttgcattattcaattca 

135 bgcn_10kb REV 
tcgtggtccttatagtccataatgtttaaaatttctcacaact

tca 

136 
nanos_Assembly_V5 

FWD 
ggtcgacagactgagatctgcgcatttttgttacagccta 

137 
nanos_Assembly_V5 

REV 

tcgtggtccttatagtccataattattactacagctatcagta

ttaca 

138 
innexin_Assembly 

FWD 

ggtcgacagactgagatctgctaaaaataaaacgcacatg

aaaat 

139 
innexin_Assembly 

REV 
tcgtggtccttatagtccatatttatggcttgtggaatgaat 

150 
M68_Cas9_junc_FW

D 
gactgcttctgtgctctg 

151 M68_BB_junc_REV gtcatagcccaaccgtga 

152 
nanos_Cas9_junc_FW

D 
cacagtagagattttcgtgg 

153 nanos_BB_junc_REV cgtaagtccatgaatgcgt 

154 Inn_Cas9_junc_FWD tgcagcgctgctaattgt 

155 Inn_BB_junc_REV cctcaccgaacgaacgta  

156 Mark_BB_junc_FWD tacggttacaattcccagcc 

157 BB_mark_junc_REV gcttgtcaatgcggtaagtg 

158 BB_ins_junc_FWD tcggtctgtatatcgaggtt 

159 bgcn_BB_junc_REV ttgcggaagaaggagctt 

160 
bgcn_Cas9_junc_FW

D 
gagcatttgtcgggtgaa 

161 Cas9_ins_REV ctccgatcaggttcttcttg 

162 Cas9_P10_junc_FWD cctacaacaagcaccgggat 

163 Mar_P10_junc_REV cgatcgtgcgttacacgtag 
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2.6.1.4 Primers used for qPCR 

331 qRT-PCR-Cas9 FWD cagattcgcctggatgacca 

332 qRT-PCR_Cas9_RVS atccgctcgatgaagctctg 

333 RPE FWD Primer gatgaaagtactctccgaac 

334 RPE REV Primer tgtaacacagcattcatctc 

335 RPL19 FWD Primer aacaaacgtgtactgatgg 

336 RPL19 RVS Primer cacgtactttatgtcgtctg 

 

2.6.2 Plasmids, sequences and parts 

All sequences and aligned reads can be obtained at 

hRps://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/ 

 

2.6.3 Sta/s/cal tests 

2.6.3.1 Reference Gene ANOVA Summary 

RPE 

 Df Sum Sq Mean Sq F value Pr(>F) 

qPCR by 

:ssue 

3 89.07 29.689 7.533 0.000358 

Residuals 44 173.42 3.941   

 

RPL19 

 Df Sum Sq Mean Sq F value Pr(>F) 

qPCR by 

:ssue 

3 59.51 19.838 5.014 0.00392 

Residuals 53 209.71 3.957   

 

https://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/
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2.6.4 Scripts and data 

All data used to generate figures and complete analysis have been uploaded to a GitHub 

repository with the R scripts used. This can be found at hRps://github.com/A-

Sidd96/Thesis_scripts/tree/f62f5eb13cd423987733d29ece1d3eeae2224ef5. The original 

raw data can be found at hRps://ueanorwich-

my.sharepoint.com/:f:/g/personal/gvy19usu_uea_ac_uk/EmJ_Dv-

5nolNigVfT5N2BrYBqSwLs06Bkh0HmDBw3VAaEg?e=cEoTIk. 

 

2.6.5 vasa alterna/ve isoforms 

 
Figure 2.26 Annotated vasa alternate transcripts. Generated on Benchling. 
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https://benchling.com/tclab/f/lib_c3kvDoSu-nucleotide_sequences/seq_3pNeo3AZ-vasa_gdna_nw_019376383/edit 1/1
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https://github.com/A-Sidd96/Thesis_scripts/tree/f62f5eb13cd423987733d29ece1d3eeae2224ef5
https://ueanorwich-my.sharepoint.com/:f:/g/personal/gvy19usu_uea_ac_uk/EmJ_Dv-5nolNigVfT5N2BrYBqSwLs06Bkh0HmDBw3VAaEg?e=cEoTIk
https://ueanorwich-my.sharepoint.com/:f:/g/personal/gvy19usu_uea_ac_uk/EmJ_Dv-5nolNigVfT5N2BrYBqSwLs06Bkh0HmDBw3VAaEg?e=cEoTIk
https://ueanorwich-my.sharepoint.com/:f:/g/personal/gvy19usu_uea_ac_uk/EmJ_Dv-5nolNigVfT5N2BrYBqSwLs06Bkh0HmDBw3VAaEg?e=cEoTIk
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3 Chapter Three – Designing Cas9 promotors for homing 

drives 

3.1 Abstract 

Cera%%s capitata (medfly) is an important pest species of global agricultural significance. 

Current control strategies include the use of pes:cides and the release or sterile irradiated 

males in regions where medfly have been detected. Improved methods are needed for this 

important pest species as no current strategy provides a sustained level of control. Since the 

advent of CRISPR/Cas9, homing drives have become one of the most promising methods of 

gene:c pest control. This is because they can result in the rapid spread of a transgene 

throughout a popula:on while ensuring their own persistence, even if they incur a fitness 

cost. Prior to the ini:a:on of the research described in this thesis, there was no completed 

Cas9 homing drive for Cera%%s, though the current level of understanding of the medfly 

genome had advanced to make this a possibility. One of the hurdles in construc:ng homing 

drives is the necessity for :ghtly controlled expression of Cas9. This requires the iden:fica:on 

of the regulatory elements of endogenous, germline specific genes, although the success of 

these as Cas9 promotors is reported to vary across species. Here, I developed two Cas9 

promotors in medfly using the regulatory elements of vasa and bgcn (benign gonial cell 

neoplasm), for use in a gene drive strategy. A_er successful integra:on of vasa into a homing 

drive, my vasa driver was shown to be the most effec:ve of three promotors tested. This 

driver was then subsequently integrated by the Meccariello research team at Imperial College 

into the first homing drives constructed in Cera%%s. High levels of homing were observed, 

proving that homing is a viable strategy in Cera%%s. However, further op:misa:on of the 

drive is needed due to high levels of soma:c expression and deposi:on. The resul:ng paper 

describing the characteris:cs of those gene drives is appended.  
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3.2 Introduc7on 

The applied poten:al of homing drives was first proposed over 20 years ago (Burt 2003). 

However, it wasn’t un:l the advent of CRISPR/Cas9 gene edi:ng tools that these designs 

became a more promising prospect in the field of pest control. Homing drives u:lising CRSIPR 

to trigger homology directed repair were quickly proposed (Esvelt et al. 2014; Gantz and Bier 

2015), with poten:al applica:ons including the preven:on of pathogen transmission in 

vectors or popula:on suppression (Champer et al. 2016). The ability to spread throughout a 

popula:on even with an associated fitness cost at rela:vely low introduc:on frequency 

makes homing gene drives ideal for use in pest control. CRISPR homing drives bias inheritance 

by cuSng the wildtype allele and repairing the site through homology directed repair, thus 

ensuring the drive is present on both alleles, as shown in Figure 3.1. 

 

Figure 3.1 The gene:c principle and biased inheritance of a homing gene drive. Homing drives 
ensure and drive their own transmission to the next genera:on through homology-directed 
repair. The Cas9 element of the construct, coupled with specific guides cut the wild type 
chromosome at a precise genomic loca:on triggering a double-strand break. This break is 
then repaired using homology-directed repair with the remaining chromosome being used 
as a template. The drive construct is therefore present on both chromosome copies ensuring 
100% offspring inheritance. A cargo element is also coupled with the drive elements which 
can spread a desired trait through a popula:on. This biases the usual 50% inheritance 
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mandated by the independent assortment of Mendelian inheritance, and results in the 100% 
inheritance of the drive in offspring. The drive frequency in the popula:on will therefore 
increase with subsequent popula:ons. Published in (Siddall et al. 2022) and generated in 
Biorender. 

Homing drives have since been developed in a variety of insect pest species. The first CRISPR 

homing drive was developed as a proof of principle in Drosophila melanogaster (Gantz and 

Bier 2015) and has since then been developed in several pests, including several species of 

mosquito including Anopheles stephensi and Anopholes gambiae (Hammond et al. 2016; 

Gantz et al. 2015; Carballar-Lejarazú et al. 2020; Kyrou et al. 2018; Verkuijl et al. 2022) and 

Drosophila suzukii (Yadav et al. 2023). 

The development of homing drives requires an endogenous toolbox for genome edi:ng. In 

medfly these tools are now being progressed (Meccariello et al. 2021). However, further 

improvements are s:ll needed to create efficient homing drives. The expression of Cas9 must 

be specific and :ghtly controlled to the germline for use in homing drives. This is due to the 

reliance on homology directed repair which is only favoured over non-homologous end 

joining (NHEJ) in certain stages of development (Raban et al. 2020). NHEJ is the primary cause 

of resistance allele forma:on in homing drives (Unckless et al. 2017). Therefore, to prevent 

this, Cas9 expression should be avoided during the developmental periods when DNA repair 

by NHEJ is favoured. Soma:c or embryonic expression and maternal or paternal deposi:ons 

of ribonucleoprotein complexes into the embryos are the primary challenges when 

aRemp:ng to prevent NHEJ (Champer et al. 2018). Therefore, to avoid expression in these 

:ssues, genes that are restricted to the germline are typically used to drive Cas9 expression.   

Cas9 expression from endogenous germline promotors achieve varying levels of success in 

both driving Cas9 and restric:ng expression to the germline. The germline expressing genes 

that have been tested so far have varying expression paRerns, with some showing higher 

levels of expression than others, although this is o_en at the expense of higher levels of 

embryonic deposi:on. The level of expression in the soma also varies across na:ve genes 

controlled by endogenous germline promotors and when those promoters are used to drive 

the expression of Cas9 (Du et al. 2023). In order to achieve a :ghter level of expression control 

a na:ve 3’UTR can be used. The use of a na:ve 3’ UTR has been shown to more closely mimic 

na:ve gene expression (Ebron and Shukla 2016) as this may have an essen:al role in the 

localisa:on of mRNA and transla:onal regula:on (Gavis et al. 1996). This could reduce the 

amount of soma:c Cas9 expression by more closely mimicking the paRern of na:ve germline 

specific gene expression. 
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There has been extensive work done on Cas9 promotors for homing drives in other species. 

However, prior to this work, this had not yet been aRempted in medfly. Germline promotors 

for Cas9 have been tested in several insect species (Champer et al. 2017; Feng et al. 2021; 

Adolfi et al. 2020; Verkuijl et al. 2022; Anderson et al. 2023) though none are reported to 

show complete restric:on of expression to the germline. The high levels of varia:on in 

promotor ac:vity across species must also be considered (Du et al. 2023). It is o_en the case 

that a promotor that has worked well in one species may not display the same ac:vity in 

another. This highlights the need to test a variety of promotors in Cera%%s to discover the 

most effec:ve one for use in a homing drive and to understand more about how phylogene:c 

distance relates to conserva:on of func:on. 

In this work, two Cas9 promotors were designed and produced. vasa and bgcn (benign gonial 

cell neoplasm) were selected as poten:al promotors from the candidate promotors iden:fied 

in Chapter two. The design for bgcn was rela:vely simple, as the 5’UTR was short and easily 

iden:fiable. vasa was more complex given that it has several splicing isoforms and intronic 

regions, which when removed in previous studies have resulted in sex-limited expression 

(Papathanos et al. 2009). vasa was tested against two externally produced (Angela 

Meccariello, Imperial College, London) Cas9 promotors (nanos and zpg (zero popula%on 

growth)) and shown to be the most effec:ve for use in a homing drive of those tested. This 

was then integrated into the first constructed gene drive in Cera%%s by collaborators 

(Meccariello et al. 2023). 
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3.3 Methods 

3.3.1 Fly Husbandry 

3.3.1.1 Medfly stock lines  

Two wildtype medfly stock lines were used throughout these experiments. TOLIMAN is a 

wildtype strain from Guatemala, Central America originally collected in 1990 and reared at 

Oxitec LTD (Milton Park, Abingdon) from 2004 with a sub-culture established at the University 

of East Anglia (UEA) in 2010. The wild-type Benakeion strain (originally isolated in Athens, 

Greece) in which the transgenic line was established and maintained by A. Meccariello 

(Imperial College, London). 

3.3.1.2 Medfly rearing  

All wildtype medfly cultures were reared in a controlled environment with temperature set 

at 25°C ±0.5C̊, humidity at 60% ± 10% RH and on a 12h light/dark schedule. Depending upon 

the demand for eggs from cultures, adult popula:ons were kept in 1 of 3 different cage sizes: 

small cages (10cm x 10cm x 10cm) ini:ated with 50 pupae, medium cages (13cm x 13cm x 

14cm) with 100 pupae and large cages (33cm x 33cm x 16cm) with 500 pupae. The emerging 

adult flies held in these cages were fed on an ad libitum diet of 3:1 sucrose:hydrolysed yeast 

mixture, changed every seven days. Water was supplied through the side of each cage via 

dental rolls soaked in RO water, which were renewed every 4 days. 

All cages were designed with a mesh layer covering the majority of the surface area of one 

ver:cal wall of the cage to allow egg deposi:on. Water pots containing RO water were placed 

under the mesh side of each cage to collect eggs. Eggs laid through the cage mesh were 

collected a_er a period of no more than 24h of egg laying, by removing eggs with a Pasteur 

pipeRe and transferring up to two drops of the eggs contained in the water solu:on to filter 

paper. The filter papers with eggs were then placed into 1/3 pint milk boRles containing 

100ml of ASG larval food (1L ASG food: 850ml RO water, 12.5g agar, 73.5g sucrose, 67g maize, 

47.5g Brewer’s Yeast, 2ml Propionic acid, 25ml Nipagin). 7 days post egg collec:on, boRles 

were prepared to allow the third instar larvae to exit and start pupa:on. To do this, 2 filter 

paper folded strips were placed in each boRle before laying the boRles down on a thin layer 

of sand within a pupa:on box (170mm x 130mm x 50mm). The box was then sealed with a 

lid containing a mesh for a further 7-9 days. During this :me third instar ‘jumping’ larvae 
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exited the boRles and pupated within the sand. A_er this period, pupae were sieved from 

the sand through a standard metal sieve and transferred into petri dishes. From this the 

appropriate number of pupae required for each procedure were randomly selected and 

placed into a fresh cage or used in experiments.  

3.3.2 Transgenic Line Establishment 

3.3.2.1 Microinjec/on of medfly eggs to generate transgenic strains 

Medfly microinjec:on and transgenic line establishment was performed at the Imperial 

College London insectary by A. Meccariello. 40µl of injec:on mix was used per microinjec:on 

session with a final concentra:on of 500ng/µl plasmid of interest, 200ng/µl ihyPBase 

transposase helper plasmid (Eckermann et al. 2018). This was made up to a final volume with 

injec:on buffer (Rubin and Spradling 1982). Embryos were collected a_er an egg laying 

period of 45 mins, transferred to double sided s:cky tape and allowed to dry for 6 mins. Eggs 

were manually dechorionated using the :p of a blunted needle. Once the chorion was 

removed, eggs were transferred to slides coated in a thin layer of glue (double sided s:cky 

tape dissolved in heptane) with the posterior of the egg facing outwards. These egg slides 

were desiccated by placing them in a petri dish containing calcium chloride for 6 minutes, 

and then covered with a thin layer of Halocarbon™ 700 Oil. Eggs on these slides were then 

injected using WPI SuRer Quartz needles (outer diameter (OD) = 1.00mm, inner diameter 

(ID) = 0.70mm) that had been drawn on a SuRer P-200/G laser needle puller. Needles were 

loaded with injec:on mix using an Eppendorf Microloader. Microinjec:ons were performed 

using an inverted stereo microscope with an Eppendorf microinjec:on set-up and 

compressed air-driven pump. 

Post injec:on, eggs were le_ on slides un:l the larvae hatched (typically a_er 48h) at which 

point the larvae were placed onto larval food (30g paper, 30g sucrose, 30g yeast extract, 10ml 

cholesterol stock (5g cholesterol, 140 ml dis:lled water, 30ml 95% EtOH), 2ml HCl Stock 

(384ml dis:lled water, 66ml 37% HCl), 8.5ml Benzoic Stock (50g Benzoic acid, 300ml 95% 

EtOH, 150ml dis:lled water) made up to 400ml with dis:lled water). A_er 7 days larval 

culture boRles were laid down in pupa:on boxes with a thin layer of fine sand and allowed 

to pupate. Transgenic line establishment and subsequent tes:ng was completed by A. 

Meccariello.  
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3.3.2.2 Valida/on of transgenic lines 

Cas9 expressing transgenic lines were tested for Cas9 expression through Real-:me qPCR 

completed by A.Meccariello with the following protocol (Meccariello et al. 2023). Adult flies 

were dissected to obtain male and female soma:c :ssue, testes and ovaries. The samples for 

each group were collected in biological triplicates and were homogenized using Ambion® 

TRIzol reagent. RNA extrac:on was performed using the protocol adapted from Chomczynski 

and Mackey (1995) and quan:fied using Nanodrop™ One Spectrophotmeter. cDNA was 

synthesised from the total obtained RNA using Thermo Fisher Scien:fic™ Maxima H Minus 

First Strand cDNA synthesis Kit with dsDNase as per manufacturer instruc:ons. qPCR was 

performed on the Applied Biosystems® 7500 Fast Real-Time PCR System using the Applied 

Biosystems® Fast SYBRTM Green Master Mix with cycling condi:ons as follows: 20s at 95°C, 

40 cycles of 3s at 95°C and 30s at 60°C, followed by 15s at 95°C, 1 min at 60°C, 15s at 95°C 

and 15s at 60°C. Amplifica:ons were carried out in a solu:on containing 10μL Thermo 

Scien:fic 2X Fast SYBR™ Green Master Mix , 2μL first-stranded cDNA (diluted 1:10) and 

800nM of each primer (Supplementary informa%on 3.6.1). To check reproducibility, each 

assay was performed with technical duplicates for each of the three biological samples. The 

Cas9 expression levels were normalized to the housekeeping gene RPL19 and expression to 

wild-type samples, and data analysis was performed using the PCR package for R.  

3.3.3 Molecular techniques 

3.3.3.1 DNA Extrac/on  

DNA extrac:on was performed on whole flies of both TOLIMAN and Cepa Petapa wildtype 

strains. Whole flies were frozen at -20°C for a minimum of 48h with 3 individuals per sample. 

Samples were removed from the freezer and placed onto dry ice. Samples were then 

homogenised with a sterilised, plas:c pestle over dry ice. Qiagen DNeasy® Blood & Tissue Kit 

was used as per the manufacturer’s instruc:ons with the addi:on of an extra elu:on step 

with 25µl molecular grade water a_er the original 50µl elu:on. The concentra:on of each 

sample was measured using a Thermo Fisher Scien:fic Nanodrop™ 8000 Spectrophotometer.  
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3.3.4 Construct design and building 

3.3.4.1 Construct Design  

All constructs were designed in Benchling using the Gibson assembly tool. Primers were 

designed manually or generated by Benchling (Benchling 2023). 

3.3.4.2 DNA Synthesis 

All synthesised gene:c parts were designed in Benchling (Benchling 2023) and ordered from 

Azenta Life Sciences GENEWIZ® service in a pUC-GW-Amp plasmid backbone. 

3.3.4.3 Plasmid Midiprep 

A_er sequence confirma:on, plasmids were prepared for microinjec:on using the Macherey-

Nagel NucleoBond® Xtra Midi EF, Midi kit for endotoxin-free plasmid DNA kit. Cultures were 

revived from glycerol stocks onto a streak plate which was incubated overnight at 37°C. A 

single culture from this was used for inocula:on of a 4ml LB Ampicillin (100µg/ml) starter 

culture and incubated for 6-8h at 37°C with constant agita:on at 180rpm. A_er confirming 

growth in starter cultures, 400µl was used to inoculate 100ml LB Ampicillin (100µg/ml) to be 

incubated overnight at 37°C with constant agita:on at 200rpm. This culture was then used 

as per the manufacturer’s instruc:ons for midiprep. The final pellet was resuspended in 50µl 

endotoxin-free molecular grade water.  

3.3.4.4 Midiprep Purifica/on 

A further purifica:on step was performed on midiprep samples for microinjec:on using 

Millipore Ultrafree®-MC GV Centrifugal Filters. The full midiprep sample was loaded to the 

column and centrifuged at 14,000 RPM for 4 minutes.  

3.3.4.5 Preparing glycerol stocks 

For the prepara:on of glycerol stocks for long term plasmid storage, single colonies were 

selected to inoculate 4ml LB Ampicillin (100µg/ml). This was then incubated overnight at 

37°C with constant agita:on at 180rpm (typically, this was the culture that was also used for 

plasmid miniprep). From this, 500µl of culture was added to 500µl 50% glycerol and mixed 

well by inversion. Glycerol stocks were then stored at -80°C, and only the top layer was 

thawed when reviving them.  
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3.4 Results 

3.4.1 Cas9 promotor design  

Two of the candidate genes from Chapter 2 were selected as poten:al Cas9 promotors for 

use in a homing drive. As homing drives require more :ghtly controlled expression both the 

na:ve 5’ and 3’ UTR were use in preference to the na:ve 5’ UTR and a viral 3’ UTR.  bgcn and 

vasa were selected as the most promising candidates based on their usage in other species 

and expression paRerns obtained (Chapter 2). The 3’ UTR was simple to iden:fy and select 

for both vasa and bgcn, with the 1kb immediately following the STOP codon used in both 

cases. The design of bgcn was also rela:vely simple as there was no evidence of large intronic 

regions, so the en:re promotor region could be used, which was confirmed through RACE 

sequencing in previous work (Chapter 2). The design for the vasa 5’ UTR was more complex 

as there are several vasa isoforms resul:ng in over 6kb 5’ UTR of vasa including intronic 

sequence.  

The full length vasa sequence was analysed with the Berkeley Drosophila Genome Project 

splice checker (Reese et al. 1997) and the iden:fied puta:ve splice sites were annotated, 

most of which aligned well with the genome annota:ons already present. The start sites of 

these variants span approximately 7kb, which is too large to be used as a promotor as larger 

transgenic constructs incur a higher fitness cost to carrying and expressing them. Within this, 

there is a 5kb intronic region which contained no variant splice sites, start sites, iden:fied 

transcrip:on factors or binding sites, this allowed for the vasa promotor region to be 

truncated into two sec:ons by removing this intronic sequence while retaining as many 5’ 

UTR regions as possible. This was done to retain isoforms, as it is difficult to predict which 

isoforms are the most prevalent in the germline. The en:re construct was flanked by AscI 

diges:on sites which to allow for inser:on into the homing construct. The final design of both 

these constructs can be found in Supplementary informa%on 3.6.2 with the final parts of this 

used in assembled plasmids shown in Figure 3.2 and Figure 3.3. 

3.4.2 Assembly of Cas9 constructs  

The Cas9 constructs were designed to be put together via Gibson assembly. bgcn had a 

simpler design requiring the amplifica:on of only two sec:ons from the genome, a single 5’ 

UTR and a single 3’ UTR which would flank the cas9. vasa required the amplifica:on of a 

single 3’ UTR but the 5’UTR consisted of two fragments to be amplified from the genome and 
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annealed to each other. Amplifica:on through PCR from the genomic DNA was completed. 

However, a_er several assembly aRempts, no fully assembled constructs were obtained. Due 

to :me constraints, the parts were synthesised externally (Azenta Life Sciences GENEWIZ®) 

with restric:on sites that would allow for inser:on into the backbone designed by 

Meccariello. The final plasmid designs are shown in Figure 3.2 and Figure 3.3 with construct 

parts indicated in green. 

 
Figure 3.2 Plasmid map of UEA_001 (vasa_Cas9) in a standard pUC synthesis backbone 
(indicated in orange). Full plasmid sequence can be obtained in Supplementary informa%on 
3.6.2.  
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Figure 3.3 Plasmid map of UEA_002 (bgcn_Cas9) in a standard pUC synthesis backbone 
(indicated in orange). Full plasmid sequence can be obtained in Supplementary informa%on 
3.6.2. 
These plasmids were sent to Meccariello for genome inser:on through AscI restric:on digest 

and liga:on into the backbone used for the envisioned homing drive (Meccariello et al. 2023). 

The design strategy for Cas9 part inser:on is shown in Figure 3.4. 
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Figure 3.4 Strategy for the plug and play Cas9 part inser:on which will allow for the inser:on 
of mul:ple Cas9 promotors through AscI (restric:on sites highlighted in blue) restric:on 
digest and liga:on. 
3.4.3 Valida/on of Cas9 expressing lines through RT-qPCR 

The vasa construct was successfully integrated into the medfly genome alongside two other 

Cas9 homing constructs designed by A. Meccariello (zpg and nanos). bgcn was not 

successfully integrated on the first aRempt and we did not proceed further with it. A guide 

targe:ng white eye and the necessary guide scaffolding were also part of this construct. The 

levels of Cas9 expression across four :ssue types produced by these three constructs were 

tested through real-:me qPCR with RPL19 used as refence gene. The expression was 

measured across four :ssue types (male soma:c, female soma:c, ovaries and testes). The 

rela:ve expression of Cas9 produced by each promotor is shown in Figure 3.5. 
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Figure 3.5 qPCR rela:ve expression of Cas9 from each promotor across different :ssue types. 
Error bars represent the two technical replicates of each biological sample. The three tested 
promotors include zpg and nanos (nos) designed and constructed by A. Meccariello and vasa 
designed and constructed in this Chapter. Low expression in soma:c :ssue and high 
expression in the germline is desirable for the gene drive strategy. vasa showed the lowest 
soma:c and highest germline expression and was selected as the promotor to be used in the 
final homing drive design. RPL19 was used as the reference gene for standardisa:on. Tissue 
types tested are female soma:c (Soma F), male soma:c (Soma M), ovaries and testes.  
High expression in the germline :ssues with low expression in the soma:c :ssue is necessary 

for a Cas9 promotor to be used in a homing drive. The vasa construct showed the most 

promising expression with both the highest level of expression in both the ovaries and testes 

in addi:on to the lowest expression in soma:c :ssues. This promotor was selected for 

subsequent use in the homing drive constructed by A. Meccariello and outlined in 

Meccariello et al. (2023). 

3.4.4 Use in homing drives 

From the preliminary qPCR data obtained, the vasa promotor was the most promising for use 

in a homing gene drive. All three promotors were integrated into a homing drive targe:ng 

the white-eye gene to determine cuSng efficiencies of each promotor. All constructs caused 

super-Mendelian inheritance however only vasa showed balanced levels of drive in both 
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males and females, whereas both nanos and zpg were only able to drive from transgenic 

females. Therefore, my vasa-Cas9 construct was selected for use in the final homing drive 

design, targe:ng the sex determina:on gene tra. Tra disrup:on was seen in this homing 

drives, demonstra:ng that homing is a viable strategy in medfly. However, leaky Cas9 

expression did not make this a viable homing drive for sex conversion. The full results of the 

homing drive experiments are presented in (Meccariello et al. 2023). 
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3.5 Discussion 

The need for an expanded toolbox for Cas9 genome edi:ng in medfly is clear in the context 

of the construc:on of func:onal homing drives. Cas9 promotors require a high degree of 

specificity for use in homing drives, with expression outside of the germline being deleterious 

because it results in mosaicism and increases the chance of resistance allele forma:on 

through NHEJ (Unckless, Clark, and Messer 2017). Homing gene drives reply upon the use of 

homology directed repair (HDR) rather than NHEJ to repair cuts in DNA. However, HDR is 

favoured over NHEJ only in specific cell developmental stages (Raban, Marshall, and Akbari 

2020). For use in homing drives expression must be minimised in soma:c :ssue and embryos 

to prevent the forma:on of resistance alleles (Champer et al. 2018). Here, we designed 

endogenous germline promotors to restrict expression to the germline and tested which was 

most effec:ve at inducing homing.   

Two Cas9 promotors were designed in this work, vasa and bgcn. vasa has been used 

extensively as a Cas9 promotor (Champer et al. 2017; Feng et al. 2021; Adolfi et al. 2020). 

bgcn has been used less commonly although it has been tested in Aedes though low cuSng 

rates were observed (Verkuijl et al. 2022). nanos was previously iden:fied as superior to vasa 

for use as a Cas9 promotor due to lower soma:c expression levels in Drosophila 

melanogaster (Champer et al. 2018) and Anopheles gambiae (Kyrou et al. 2018). However, in 

the expression data obtained here, vasa had demonstrably lower levels of soma:c expression 

in both male and female :ssue than was observed in the other promotors tested including 

nanos. This supports the need for species specific research into promotor ac:vity to resolve 

this unexplained varia:on between species (Du et al. 2023). Even with transgene expression 

mimicking that seen in the gene from which the regulatory regions were taken, this can s:ll 

present problems due to protein persistence and deposi:on. Cas9 deposi:on into embryos 

is o_en an issue with Cas9 promotors and can lead to the rapid accumula:on of resistance 

alleles (Champer et al. 2018). This is of par:cular concern when high levels of Cas9 are 

produced as this can lead to higher levels of persistence (Champer et al. 2017). 

High Cas9 expression in the germline is desirable though it could also result in an increase in 

deposi:on if there is more protein around to persist. Previous designs I have constructed 

used a non-endogenous 3-UTR which is suitable for most uses as it upregulates transgene 

expression. However, high levels of expression although desirable in homing drives, is a 

secondary need to confining the expression to the germline therefore the designs in this work 

used na:ve 3’ UTR. The use of a na:ve 3’ UTR has been shown to increase protein stability 
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(Tangphatsornruang et al. 2011) and more closely mimic na:ve gene expression (Ebron and 

Shukla 2016). The 3’ UTR has been shown to have an essen:al role in localisa:on in 

Drosophila (Gavis et al. 1996). This further supports the decision to include the na:ve 3’ UTR 

when designing Cas9 regulatory elements for homing drives as it could allow for expression 

which more closely mimics that of the na:ve gene. An inves:ga:on into Cas9 transgene 

localisa:on of nanos and vasa driven Cas9 in comparison to na:ve nanos and vasa expression 

showed localisa:on, within the ovaries, of Cas9 that was not the same as the endogenous 

paRern in Anopheles with Cas9 transcripts accumula:ng in the outer follicle cytoplasm due 

to the absence of a nanos signal (Terradas et al. 2022). The regulatory elements used in these 

studies did not perfectly match that of the na:ve promotors (the removal of introns) which I 

hypothesised might have affected localisa:on paRerns. This evidence does however raise 

ques:ons about how the edi:ng in the vasa 5’ UTR will affect localisa:on if any non-intronic 

sequence was inadvertently removed. 

The removal of intronic sequences in 5’ of the vasa construct was risky, but necessary to 

reduce the sequence to a length suitable for use in a transgene. Previous removal of the 

intronic region of the vasa 5’UTR has resulted in undesirable sex-limited expression in 

Anopheles spp (Papathanos et al. 2009). The intronic removal done here was conserva:ve 

and efforts were made to retain all isoform splice sites. There was no evidence of single sex 

expression with the construct I made. However, it is possible that the removed intronic 

regions could have an unknown role in localisa:on.  

vasa was iden:fied as the most promising promotor for use in a homing drive for medfly from 

those tested. It demonstrated the most balanced level of drive between sexes. However, a_er 

integra:on into homing drives it did exhibit some limita:ons. High levels of soma:c 

expression and deposi:on resulted in female fitness costs, which could promote the 

accumula:on of resistance alleles. This highlights the current limita:ons of qPCR for 

determining :ssue-specific expression levels. As discussed in Chapter 2, the use of a single 

reference gene can make it difficult to dis:nguish if differences in expression between :ssue 

types are true differences or if they are affected by a difference in reference gene expression 

between :ssue types. 

 

Despite this, the results show the first aRempt at homing in Cera%%s and promising results 

were obtained, such as high efficiency of homing and the ability to manipulate tra for 

conversion. Further op:misa:on efforts will con:nue. The constructed bgcn-Cas9 promotor 
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can now be tested, as the expression paRerns of this gene were among the most promising 

for use as a Cas9 promotor. The bgcn construct will be con:nued with and tested with the 

white eye guide to determine if this may be a more suitable promotor. Using alterna:ve 

germline-specific genes which have not yet been tested may provide a superior Cas9 

promotor. There s:ll remains a wealth of germline specific genes which have not been tested 

so work in this field has several poten:al avenues to explore to find an effec:ve Cas9 

promotor for homing drives. This work highlights how con:nuing to expand the toolbox for 

gene:c modifica:on can contribute to future pest control strategies. 
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Abstract 
 
Homing-based gene drives are novel interventions promising the area-wide, species-specific 
genetic control of harmful insect populations. Here we characterise a first set of gene drives 
in a tephritid agricultural pest species, the Mediterranean fruit fly Ceratitis capitata (medfly). 
Our results show that the medfly is highly amenable to homing-based gene drive strategies. 
By targeting the medfly transformer gene, we also demonstrate two different mechanisms by 
which CRISPR-Cas9 gene drive can be coupled to sex conversion, whereby genetic females are 
transformed into fertile and harmless XX males. Given this unique malleability of sex 
determination, we modelled gene drive interventions that couple sex conversion and female 
sterility and found that such approaches could be effective and tolerant of resistant allele 
selection in the target population. Our results open the door for developing gene drive strains 
for the population suppression of the medfly and related tephritid pests by co-targeting 
female reproduction and shifting the reproductive sex ratio towards males. They demonstrate 
the untapped potential for gene drives to tackle agricultural pests in an environmentally 
friendly and economical way. 
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Introduction 
 
Homing gene drives were originally proposed 20 years ago1 are now under development in 
multiple insect species of medical, agricultural or ecological importance2–13. Suppressive 
homing gene drives are designed to reduce the population size of harmful pest organisms by, 
in most cases, targeting genes essential for insect fitness using a homing CRISPR endonuclease 
expressed in the germline. As a result, the homing construct, strategically placed within the 
target gene thereby disrupting it, is transmitted at rates exceeding Mendelian inheritance 
(gene drive). In most insect species, the number and productivity of females determines 
population size, and often crop damage or disease transmission occurs solely through the 
activities of females14. As such, approaches that interfere with female development or shift 
the sex ratio towards males are among the most promising strategies being explored15. No 
gene drive has ever been tested in the field, however for medically relevant mosquito species 
like the malaria mosquito A. gambiae, these technologies have reached a stage where such 
gene drives can reliably eliminate mosquito populations in the laboratory16–18. Consequently, 
efforts are now being made to establish the technical, social and regulatory frameworks for 
field testing and potential deployment. 
Tephritid fruit flies, such as the Mediterranean fruit fly (medfly) Ceratitis capitata, represent 
a large group of economically important agricultural pests19 that are exceedingly well suited 
for expanding the development of suppressive gene drives beyond mosquitoes: First, they are 
among the most important agricultural fruit fly pests affecting global food production20. 
Second, many species are non-endemic in affected areas, exacerbating their impact; for 
example, the medfly in the Americas21–23. The current gold-standard for Tephritid population 
suppression worldwide is genetic control, specifically the Sterile Insect Technique (SIT)24. 
Although transgenic approaches have been developed25, classic SIT, based on genetic sexing 
strains and pupal irradiation, has seen the most widespread adoption and success for the last 
30 years. The success of these SIT programs was built on decades of research and 
development that can now be used to fertilise the rapid development of gene drives in these 
species. This includes not only a deep understanding of species-specific traits that could now 
be leveraged, but also operational know-how on mass-rearing, release strategies and post-
release monitoring. 
Recently, CRISPR/Cas9 based genome editing has been established in a number of important 
Tephritid species. In the medfly specifically, an endogenous toolbox for CRISPR genome 
editing was established, including regulatory elements for germline and somatic Cas9 and 
sgRNA expression, fluorescent markers and endogenous markers to score gene editing 
efficiency markers26. This progress has coincided with the completion of functional genetic 
studies mapping the sex-determination pathway, leading to the identification of the Y-
chromosome linked male-determing factor MoY, that overwrites default female 
development27,28. Interestingly, unlike mosquitoes or Drosophila, the pathway is unusually 
malleable when perturbed. For example, the generation of XX fertile males and XY fertile 
females is possible28. This opens exciting opportunities for genetic control through true 
genetic sex conversion, an impossibility in many other insects due to the role of the Y 
chromosome for male fertility, or dosage compensation of X-chromosome linked genes29,30. 
Here we sought to test a first set of gene drive constructs in the medfly targeting the known 
phenotypic marker gene white-eye using different regulatory elements to evaluate their 
performance in the medfly germline. We also sought to target the medfly sex determination 
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pathway to explore the possibility of generating sex conversion gene drives in this and related 
Tephritid species. 
 
Results 
 
Evaluating CRISPR-Cas9 induced homing in the medfly germline 
 
We first established homing-capable gene drive constructs within the well-studied white-eye 
gene31 (white-eye, GeneID_101458180) to test whether the medfly germlines are generally 
amenable to homologous recombination-based repair (Figure 1). For this purpose, we placed 
Cas9 under the transcriptional control of three conserved regulatory elements that have been 
used extensively in other insect species. These included orthologs of the nanos32 
(GeneID_101451248), vasa (GeneID_101456741) and zpg (GeneID_101449162) genes, from 
which we extracted both 5’ and 3’ regulatory regions. Vasa has at least five predicted splicing 
isoforms. To capture all possible 5'UTR variants and the endogenous promoter sequence, we 
removed 5951bp of intronic sequence between transcript variant X2 and X3, retaining only 
the splice junctions while preserving 978bp of 5'UTR and 1.5kb of 5' putative promoter 
sequence. The final gene drive constructs (Figure S1, Supplementary File 1) also included the 
pUb-DsRed marker gene and an expression cassette for a previously characterised gRNA 
targeting exon three of the white-eye gene26,33. All constructs contained approximately 1kb 
homology arms flanking the gRNA site, for insertion by homology based knockin, directly 
within the target site of white-eye, thereby disrupting it. The plasmids were injected into wild 
type (Benakion) embryos and transgenic F1 individuals displaying DsRed fluorescence were 
used to establish each transgenic strain by backcrossing. 
To determine the rate of inheritance bias, we first crossed transgenic females or transgenic 
males to either white-eye homozygous mutant (Figure 1, upper panels) or wild type medflies 
(Figure 1, lower panels) and scored progeny for the DsRed marker. For all crosses involving 
transgenic females, we observed significant super-Mendelian inheritance above 70% (Figure 
1B), from which nanos induced the highest mean level of gene drive (x̄=85.6%). Activity in the 
male germline generally resulted in  lower transmission bias, compared to the female 
germline for each construct. The highest transmission bias in males was driven by the vasa 
promoter, with no observable transmission bias for constructs featuring the nanos regulatory 
regions driving Cas9. For the zpg strain, the cross to white-eye mutant females (x̄=57.5%, 
X2=22.1, p<0.001) revealed significant levels of super-Mendelian transmission but not to wild 
type females (x̄=51.8%, X2=0.71, p=0.3989). Overall, the vasa construct showed balanced 
levels of drive in both sexes achieving a level of 78.1% and 70.7% mean transmission in the 
cross to wild type males and females, respectively. These results indicate that the medfly is 
generally amenable to homing-based gene drives in both sexes, and that gene drive 
performance could be further optimised in males by regulating Cas9 expression levels and 
timing. 
 
Evaluating CRISPR-Cas9 activity and parental embryonic deposition in the medfly germline  
 
To further correlate homing rates in these crosses with levels of Cas9 activity and to measure 
rates of parental CRISPR-Cas9 deposition, we analysed the DsRed negative progeny i.e. non-
carriers of the drive element (Figure 1C) for eye colour phenotypes caused by disruption of 
the white-eye gene. Crosses to white-eye mutant medflies revealed that for transgenic 
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mothers on average 74.7% (nanos), 35.4% (vasa) and 49.5% (zpg) of chromosomes, that had 
not participated in gene conversion via homing (i.e DsRed-), carried disrupted target sites. 
These events are likely the result of non-homologous end joining repair following cleavage in 
the germline giving rise to white eyed progeny (Figure 1C, upper panel). Male transgenic 
crosses yielded mean mutation rates of 5.5% (nanos), 36.2% (vasa) and 34.8% (zpg) indicating 
that lower Cas9 levels in testes may explain the lower rates of homing observed for nanos 
and zpg. Overall, the large fraction of wild type, dark eyed (red eyed) individuals, indicative of 
unmodified chromosomes, in these experiments suggested that the Cas9 expression levels 
achievable with these promoters are likely limiting. No cases of somatic mosaicism with 
regards to eye phenotype were detected in the crosses to the white-eye mutants, as 
expected.  
To evaluate parental embryonic deposition and post-zygotic activity of Cas9 we compared eye 
phenotypes in crosses of transgenic males and females to wild type individuals (Figure 1C, 
lower panel). In the cross of transgenic females to wild type males, activity of Cas9 acting on 
the paternal unmodified copy of white-eye is necessary for white eyed progeny to arise. In 
line with this expectation, we observed reduced levels of mutant progeny and some evidence 
of somatic mosaicism in the offspring of nanos (42.2% white eyed progeny) and zpg (7.5% 
white eyed progeny) drive females (Figure S2A). This trend did not hold for the vasa construct 
yielding 87.1% mutant progeny, suggesting very high levels of maternal deposition in this set 
of experiments. Finally, we observed no white eyed progeny when male transgenics were 
crossed to wild type females, except again for the vasa crosses where sporadic occurrence 
(x̄=0.049%) of white eyed progeny suggests the possibility of paternal carryover of Cas9. The 
observed trends were broadly confirmed when we scored the eye phenotype of the DsRed 
positive fraction of the progeny (Figure S2B) although this set of experiments allows no 
distinction between somatic Cas9 expression and Cas9 carryover. 
 
Generation of a gene drive targeting the medfly transformer gene 
 
We next sought to exploit these insights to target the C. capitata transformer gene (Cctra, 
GeneID_101456163) with an in-locus homing gene drive. Since the vasa promoter offered the 
best overall activity in the male and female germlines, we used it to establish a gene drive 
construct located directly within the Cctra locus (tra drive), thereby disrupting it. The 
construct expresses a single gRNA targeting exon one of tra (Figure S1). Following the 
establishment of this strain from a G0 founder male we did not observe the occurrence of 
transgenic females in the progeny, instead observing males and intersex individuals showing 
either complete or partial “patchy” expression of the DsRed marker (Figure S3A). Over 
multiple generations, we crossed transgenic males carrying the tra drive to wild type females 
(Figure 2A). The overall rate of transmission was 83.1%, a higher rate of gene drive than 
observed from within the white-eye locus (Figure 2B). When we analysed the DsRed negative 
progeny for sexual phenotypes, we found a significant proportion of intersex individuals 
(20.0%) in addition to males (44.7%) and females (35.1%) (Figure 2C and Figure S3B). 
Strikingly, among the DsRed positive progeny no transgenic females were obtained. The 
progeny consisted exclusively of intersexes (35.3%) and males (representing 64.6% of the 
DsRed negative and 61.3% of the total progeny). To better understand the observed 
phenotypes, we carried out molecular analysis of the tra gene by Sanger sequencing, as well 
as karyotyping of DsRed positive male and intersex individuals utilising sex-chromosome 
specific PCR primers on genomic DNA. This analysis (Supplementary Table 1) revealed that 
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most individuals inheriting the tra drive showed, with regards to the amplicon from the 
maternally inherited chromosome, mixed sequencing traces starting near and centred around 
the predicted Cas9 cleavage site, and thus were genetic mosaics with regards to the tra target 
site. This suggests that leaky somatic Cas9 expression and somatic cleavage of tra resulted in 
sex conversion of females to XX intersex and XX males, which most likely accounts for the 
observed sex bias. No clear correlation was observed between the genotypes and karyotypes 
and the fluorescence pattern (complete or patchy) observed. 
We next characterised the fertility of XX males and intersex individuals arising from crosses 
of the tra drive. By karyotyping 20 transgenic and 10 non-transgenic males that had been 
crossed to wildtype females individually we identified three transgenic XX male and two non-
transgenic XX male individuals. All successfully sired offspring, with the XX non-transgenic 
males giving rise to all-female progeny (Supplementary Table 2). This finding corroborates 
previous studies, suggesting that XX males are viable and fertile34. By contrast, none of the 
crosses of XX intersex individuals yielded progeny (Supplementary Table 3). Despite some 
limitations of the tra drive construct, our transgenic approach demonstrates how gene drive 
and true sex conversion of females into fertile XX males could be achieved by a single 
construct in C. capitata. 
 
Generation of a sex conversion gene drive disrupting the maternal provision of transformer 
 
In the medfly, maternal tra gene product initiates a regulatory loop necessary for female 
development27. Disrupting tra expression in the ovary and inheritance via the female germline 
could therefore be a component of an attractive genetic control strategy based on sex 
conversion. To explore this strategy, we generated another strain where we supplemented 
the previously characterised gene drive construct targeting white-eye (utilising the vasa 
promoter) with an additional gRNA targeting transformer (white + tra drive) in trans (Figure 
2D). In this strategy the expression of two gRNAs was designed to both bias inheritance of the 
transgene via homing into the white-eye locus and, at the same time, disrupt the transformer 
gene in the female germline by inducing disruptive indels. For this set of experiments, we 
were able to obtain transgenic individuals of both sexes, which were then crossed to wild type 
medflies. We then analysed DsRed fluorescence, as well as sexual and eye colour phenotypes 
in the resulting progeny. 
First, we recorded transmission rates of 72.4% and 61.0% in female and male transgenic 
crosses, respectively (Figure 2E), rates of gene drive that were in line with the pilot 
experiments featuring the white drive with a single gRNA. Male transgenics gave rise to a 
weakly male-biased progeny (52.8%, X2=9.2, p=0.002) with the sporadic occurrence of 
intersex individuals (Figure 2F). These results were consistent with our expectations of the 
recessive nature of the Cctra function, when mothers are wild types. By contrast, we observed 
a strong male bias in the progeny of transgenic mothers, with males and intersexes 
representing 80.3% and 7.3% of the total offspring, respectively (Figure 2F). These results 
suggest a strong maternal effect on the sex ratio of the progeny of white + tra females. With 
regards to the white-eye locus, the analysis of eye colour phenotypes in these crosses also 
confirmed a strong maternal effect, which led to progeny consisting almost exclusively of 
white-eyed individuals (Figure S4). By contrast, only a small fraction of mosaic (6.9%) or white 
eyed (0.79%) individuals was identified in the progeny of transgenic males, the majority of 
which were scored as DsRed positive (92%) offspring. Since targeting tra in the ovary could 
result in an unintended reduction in female fitness, we also analysed  the number of eggs laid 
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by females (a measure of fecundity) and the number of eggs that hatched among those laid 
(a measure of fertility) of the white + tra drive and compared it to all other transgenic strains 
generated in this study (Figure S5). We found no significant differences in fertility of either 
male or female transgenic medflies compared to the wild type control. In summary, these 
results hint at a hitherto unexplored molecular mechanism, by which the reproductive sex 
ratio could be shifted towards males, whereby transgenic females would predominantly give 
rise to transgenic sons. 
 
Modelling sex conversion gene drives 
 
The white + tra drive as currently constituted does not alter female fertility as is the case in 
conventional suppressive gene drive designs that have been tested e.g. in mosquitoes. 
However, if it were to be retargeted towards a female fertility gene, it could constitute a 
powerful new intervention strategy, we term sterilising sex conversion (SSC). When SSC males 
are crossed to wild type females, super-Mendelian inheritance of the construct (thus 
inactivating the female fertility gene) and transmission of a disrupted tra allele occurs. 
However, in SSC females, in addition to the above, the provision of maternal tra would be 
disrupted leading to the generation of male-only XY and XXprogeny. As the SSC construct 
spreads, the progressive disruption of tra in the population would lead to an extreme male-
bias, while targeting of female fertility genes would ensure that  the remaining females are 
increasingly likely to be sterile. As the population becomes increasingly male biased, 
functional resistant alleles of the female fertility gene are more likely to be found in a 
phenotypic male, thereby limiting their relative selective advantage over non-functional 
alleles. To evaluate this possibility, we modelled this novel strategy using an agent-based 
discrete-generation gene drive model and compared it to canonical gene drives directly 
targeting either female fertility (Figure 3A, E and I) or directly targeting transformer function 
(Figure 3B, F and J) which have previously been modelled29 (Figure 3). Briefly, we studied the 
effect of overall Cas9 activity i.e. the rate of cleavage in the germline and a proportional 
maternal effect) and the effect of the functional conservation of the target site, i.e. the rate 
at which non-functional R2 mutations are generated as opposed to R1 resistance mutations 
that maintain target gene function. The rate of homology directed repair (HDR) vs. non-
homologous repair was the third dimension analysed in our model. 
We find that the SSC strategy (Figure 3C, G and K) exhibits elevated tolerance for functional 
drive resistance. This is because SSC targets females in two synergistic ways: First, it can 
convert genetic daughters into fertile sons by cleaving the master female gene transformer in 
the germline, thereby abolishing maternal tra function, without which all progeny of SSC 
females develop as fertile males. The gRNA targeting tra is co-expressed from within a gene 
drive targeting female fertility. Since both gRNAs are always coinherited in the single SSC 
construct, its presence rarely affects the fertility of the individual harbouring it (homozygous 
carriers are fertile because they are also always male) and thus the spread of the drive results 
in rapid population suppression. For the same reason, SSC also sidesteps the issue of maternal 
deposition of Cas9 known to cause unwanted high rates of non-homologous end joining 
(NHEJ) in the embryo. Although maternal deposition of Cas9 in the embryos could generate 
R1 alleles at the female fertility target, these would not immediately be selected for, because 
the lack of maternal tra would cause such embryos to develop into males. SSC thus pre-empts 
and delays counterselection rendering it more robust against functional resistance at each 
target gene in our model. 
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Discussion 
 
We describe the establishment of homing gene drives in a Tephritid agricultural pest species, 
the Mediterranean fruit fly Ceratitis capitata. Levels of homing recorded in the literature for 
different classes of target organisms vary dramatically with some species (e.g. Anopheles 
mosquitoes) showing near optimal levels, whereas for others (e.g. rodents) homing has not 
been shown to always occur at appreciable levels in the germline13,35. The levels of gene drive 
we observed in the medfly using the CRISPR-Cas9 system and employing a set of first 
generation of germline-specific promoter elements suggest that homing strategies are viable 
and attractive in this species and could be used to develop effective population suppression 
tools for this important pest. At the white-eye locus, homing in the female germline, was 
generally higher than in males, and the fraction of uncut chromosomes we observed in both 
sexes suggests that Cas9 activity levels, rather than a tendency towards non-homologous 
repair outcomes, was the rate-limiting factor for homing. Only the vasa promoter supported 
substantial levels of drive in both sexes. Improved regulatory elements should therefore be 
identified and tested as a next step to generate more effective drives. 
We also generated a gene drive construct disrupting the C. capitata transformer locus. The 
medfly tra gene provides continuous female-specific Tra function in XX embryos and 
maintains cell-autonomous female identity. Indeed, it has been shown previously that 
interfering with Cctra expression in XX individuals can trigger complete sexual transformation 
of both the germline and somatic tissues in adult medflies, resulting in a fertile male XX 
phenotype27. The tra drive yielded high levels of homing in males and, unexpectedly, a male-
biased progeny in crosses to wild type females. Given that our pilot experiments at the white-
eye locus revealed a lack of evidence for substantial paternal carryover of Cas9, and since we 
observed at best a modest sex distortion in the DsRed negative fraction of the tra drive 
progeny, a significant male biased sex ratio as observed for of the DsRed positive progeny was 
unexpected. The maternal provision of transformer and inheritance of a maternal wild type 
tra allele in this cross should have resulted in an unbiased progeny. Our molecular analysis 
indicated that somatic activity and sex conversion of females accounted for this observation 
and this was most likely caused by the leaky expression of Cas9 in somatic tissues. The 
majority of XX individuals carrying the tra drive were found to be infertile intersexes, although 
a fraction was fully converted into fertile XX males. Since infertile XX intersex individuals 
represented a sizable fraction of the DsRed positive progeny of tra drive males, we concluded 
that this drive could not exhibit effective population-wide gene drive. Because no transgenic 
females could be obtained from it, the limitations which curtailed the usefulness of the tra 
drive as currently constituted also prevented us from exploring how the loss of maternal tra 
would affect sex determination. 
Targeting the maternal provision of transformer is an alternative, novel strategy to effect sex 
conversion and interferes with the establishment of the autoregulatory loop whereby Tra 
controls the sex-specific splicing of its own pre-mRNA in females. The white + tra gene drive 
we have generated to test this idea indeed induced a substantial bias towards male progeny 
in the female, but not in the male transgenic crosses. The results are thus in line with our 
hypothesis that interfering with ovarian tra provision precludes normal female embryonic 
development in the progeny. However, our experiments also featured strong maternal 
deposition of Cas9. Further experiments will thus be necessary to evaluate to what degree 
these two different maternal effects contribute in determining the observed sex ratio in the 
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progeny and to what degree the loss of maternal tra results in male development irrespective 
of the genotype or karyotype of the developing embryo. 
In Diptera evidence shows that in the families of Tephritidae (Ceratitis, Anastrepha and 
Bactrocera)27,36–38, Muscidae (Musca)39 and Calliphoridae (Lucilia)40 maternal transformer 
(Tramat) and transformer2 (Tra2mat) gene products initiate a positive feedback regulation of 
tra and enable female-specific splicing of the downstream genes doublesex and fruitless, 
unless a male determining factor (e.g. MoY, Mdmd)28,41 is  present. Furthermore, it has been 
shown that Tramat and Tra2mat accumulate in the nurse cells and the growing oocyte but not 
in the somatic parts of the ovary42. Since the vasa promoter too is predicted to be active in 
both of these cell types, it is likely that in our system the level of Tramat provided to the 
progeny is the compound result of cleavage and repair events in the 15 nurse cells and the 
oocyte. This dynamic process should also be explored in further experiments, since it is 
analogous to lethal/sterile mosaicism resulting from maternally deposited Cas9/gRNA, a 
process that can act dominantly if it occurs in a sufficient number of cells9. 
While a number of engineered sex ratio distortion systems and systems that interfere with 
sex determination have been previously described26,43–45, our findings demonstrated the 
possibility of a true sex conversion gene drive that converts females into fertile XX males on 
the population level. For a gene drive homing directly into tra this would however require a 
tighter control of Cas9 expression at this locus than is currently the case in our tra drive strain, 
for example by making use of insulator elements. At the white-eye locus we did not find 
similar evidence for leaky somatic expression of Cas9, highlighting that ectopic Cas9 
expression and its impact likely depend on the genomic context, the target gene with its 
spatiotemporal pattern of expression. 
Our modelling explored coupling gene drive targeting female fertility with genetic sex 
conversion, a strategy we termed sterilising sex conversion (SSC), as a more attractive option. 
We show that, compared to a conventional female fertility drive, SSC is faster acting and also 
more tolerant towards the rates of CRISPR activity, homologous repair and the functional 
target site conservation achievable. Given the tools we have described in this manuscript, 
assembling such a system in the medfly should be possible in the near future. 
Over the last 40 years there has been considerable progress in the development and 
integrated application of SIT against the medfly, as reflected by ongoing operational programs 
for eradication, prevention, and suppression as well as a dramatic increase in sterile fruit fly 
production capacity on multiple continents. There is however considerable scope for 
improving the efficiency and economics of medfly control and to develop control strategies 
for other Tephritid flies, for many of which currently few or no control options exist. As the 
first demonstration of effecting true and efficient genetic sex conversion in the female 
germline and the demonstration of gene drive in the medfly, our findings open the door to 
several novel control strategies, as well as genetic sexing mechanisms that could be combined 
with more classical approaches such as the sterile insect technique. 
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Materials & Methods  
 
Ceratitis capitata rearing and maintenance 
Wild type Benakeion and transgenic C. capitata strains were bred as described previously26. 
All transgenic strains were reared through backcrosses of male transgenic individuals with 
wild type Benakeion virgin females.  
Generation of constructs  
For sequence analysis we used the EGII-3.2.1 (GCA_905071925.1) medfly assembly. The 
annotated transformation vectors are provided in Supplementary File 1. Briefly, we used the 
gRNA (gRNA_white) targeting the white-eye gene, as previously described33 to knock-in into 
the third exon of the gene (GeneID_101458180). All constructs were generated through a 
two-step Gibson assembly using the primers indicated (Supplementary Table 4). First, three 
fragments were cloned into the pUK21 backbone (Addgene #49787) which was digested using 
XhoI/XbaI to generate the intermediate plasmid pHA-white-dsRED. These included the left 
and right homology arms, 976 and 998 bp in size respectively, separated by a fragment 
amplified from piggyBac Cas9.w plasmid26 containing an AscI restriction site, CcU6-
gRNA_white and pUb-DsRed. pHA-white-dsRED was sequentially linearised with AscI for the 
second assembly in which a cassette was inserted containing Cas9, similarly amplified from 
the piggyBac Cas9.w plasmid. Three different endogenous germline promoters, CcNanos, 
CcVasa or CcZpg, were inserted upstream of Cas9, and their respective endogenous 
terminators were inserted downstream. The pVasa-w+tra_drive plasmid with an additional 
gRNA was assembled via linearisation of pVasa-w with FseI and the insertion of the CcU6-
gRNA_tra fragment thereafter. This gRNA (gRNA_tra) (GTTGTTATTAAACGTAGATTTGG) was 
selected using CHOPCHOP v346 and targets the first female-specific exon of the transformer 
gene (Cctra, GeneID_101456163). Plasmid pGdtra, was similarly constructed using the pUK21 
backbone linearised with XbaI/XhoI. First, the left and right homology arms were inserted, 
937 and 907 bp in size respectively, separated by the EcoRV restriction site. The resulting 
plasmid was linearised with EcoRV and fragments amplified from the pVasa-w+tra_drive 
plasmid were inserted. These contained CcVasa-Cas9, CcU6-gRNA_tra and pUb-DsRed. 
Generation and establishment of transgenic strains 
Microinjections into wild type Benakeion strain embryos of the donor plasmids pNanos-w, 
pVasa-w and pZpg-w (250 ng/ml) were performed to generate the 3 white drive strains. To 
generate the tra drive and white + tra drive strains plasmids pGdtra and pVasa-w+tra_drive 
were used respectively (250 ng/ml). The injection master mix also included preassembled RNP 
complex of Cas9 protein (200 ng/ml) (PNA Bio)33, and either gRNA_white (100 ng/ml) or 
gRNA_tra (100 ng/ml) obtained from Synthego. IInjected G0 adults were reciprocally crossed 
in pools to wild type virgin flies. The resulting G1 progeny was screened for DsRed at the adult 
stage, and fluorescent individuals were individually crossed to wild type virgin flies of the 
opposite sex. To confirm knock-in of the homing constructs into white eye and transformer 
target regions, gDNA from single flies was extracted using an adapted protocol from Holmes 
& Bonner33,47. PCRs were then carried out with primers binding to the homing construct and 
genomic sequence outside the homology arms (Supplementary Table 4). 
Genotyping and karyotyping 
Template gDNA from single flies was used for genotyping, karyotyping, gRNA-white target 
and gRNA-tra target PCRs (Supplementary Table 4). The genotyping to identify the drive allele 
and the wild type allele was performed with a multiplex PCR. For the white drive line the 
following primers were used; F-indel-w binding upstream to the cleavage site of white-eye 
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gene and For_dsRed binding in white drive cassette and reverse primer binding in the genome 
Rev_Genome-w. While for the tra drive line the following primers were used: For_Pub binding 
in tra drive cassette, F-indel-tra binding upstream to the cleavage site of tra gene and a 
reverse primer binding in the genome of the tra gene Rev_tra-screen. To detect indels at both 
the we and tra gene cleavage sites the following primers were used respectively: F-indel-w, 
R-indel-w; F-indel-tra and Rev-indel-tra. Karyotyping PCRs were conducted using RedTaq DNA 
Polymerase 2X Master Mix (VWR Life Science) with the following published primers: 
CcYF/CcYR48. The gRNA target amplicons were purified and Sanger sequenced. 
Fecundity and fertility assays 
Egg laying rates and egg hatching rates were assessed by crossing 10 transgenic males or 
intersexes with 20 wild type Benakeion virgin females in triplicates, alongside three control 
crosses of 10 wild type males and 20 wilt-type females. Upon maturation, eggs laid during a 
5-hour period were collected on a  black filter paper, images and counted immediately using 
ImageJ. After a further 4 days, unhatched eggs were counted again to determine the egg 
hatching rates. Statistical analysis was performed using an ANOVA (Dunnett's test). 
Homing assays 
Male and female transgenics were reciprocally mated with wild type Benakeion flies in 
standard crosses of 10 males and 20 females with the exception of the tra drive, where only 
male transgenics were available. The progeny of the white drive lines (nanos, vasa & zpg 
promoters) were screened for eye colour (red/mosaic/white) and fluorescence phenotype 
(DsRed+/DsRed-) for 10 consecutive generations. The progeny for the white + tra drive 
crosses were additionally screened for phenotypic sex characteristics (male/female/intersex), 
while the tra drive cross progeny were screened for fluorescence phenotype and phenotypic 
sex for three and five consecutive generations respectively. Eggs were collected at two 
timepoints, with an interval of 2 to 3 days and reared to adulthood. Adult flies were screened 
using the MVX-ZB10 Olympus with an RFP filter (excitation filter 530–560 nm, dichroic beam 
splitter 570 nm, barrier filter 585–670 nm). Statistical analysis was performed using the chi-
square goodness-of-fit test. 
Gene drive model 
We employed the SMS agent-based gene drive model49, where we considered populations of 
1000 individuals with discrete generations. All gene drive designs were investigated at a 
starting allele frequency of 12.5% with populations consisting initially of 500 wild type 
females, 250 wild type males and 250 hemizygous drive males. The model considers fertility 
effects and target site resistance at each locus independently. Parameter sweeps were 
performed for the rate of Cas9 germline activity, the rate at which R1 (functional) versus R2 
(non-functional) resistance alleles are formed at each target locus, as well as the HDR rate i.e. 
the rate at which cleavage leads to homologous (homing of the construct or of an R allele 
present at the other chromosome) versus non-homologous (R allele formation) repair. When 
Cas9 germline activity levels were varied we considered maternal Cas9 activity to vary 
proportionally. Each model is based on 360 simulations covering the parameter space 
indicated. The continuous rate of extinction was then calculated using a local polynomial 
regression model. The SMS model code and parameters are available at 
https://github.com/genome-traffic/SuperMendelianSandbox and R scripts for visualisation 
are available at https://github.com/genome-traffic/gRandTheftAutosome. 
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Figure Legends 
 
Figure 1. Homing and Cas9 activity targeting white-eye.  A. Genetic crossing scheme of 
transgenics crossed to white-eye (w-) mutant (upper panels) or wild type (lower panels) 
medflies and schematics of the gene drive constructs tested. B. Gene drive transmission as 
the percentage of DsRed positive progeny of female or male hemizygous transgenics. C. Eye 
pigmentation phenotypes of the DsRed negative fraction of the progeny of transgenic fathers 
or mothers. Shown is the percentage of white eyed and mosaic progeny obtained for each 
construct with red eyed progeny making up the remainder. The total number of individual 
offspring scored for male and female transgenic crosses were n=3644/n=2521 for nanos, 
n=5115/n=3622 for vasa and n=3770/n=3916 for zpg constructs respectively. Pooled crosses 
(10 males x 20 females) of white-eye mutant and wild type individuals were performed in 2 
and 10 replicates respectively. 
 
Figure 2. Sex converting gene drive in the medfly. A. Schematic showing the tra drive and 
the crossing scheme used to score the progeny. B. Transmission of the tra drive as the 
percentage of DsRed positive progeny of male hemizygous transgenics. No female transgenics 
were obtained. C. Overall percentage of DsRed positive and negative individuals and their 
sexual phenotypes in the progeny of tra drive males. D. Schematic showing the white + tra 
drive and the crossing scheme used to score the progeny. E. Transmission of the white + tra 
drive as the percentage of DsRed positive progeny of male and female hemizygous 
transgenics. F. Sexual phenotypes scored in the progeny of white + tra drive males or females 
crossed to the wild type. The total number of individual offspring scored for the tra drive was 
n=8361 from 5 replicate pooled crosses of 10 tra males to 20 females. The total number of 
individual offspring scored for 3 replicate pooled male and female transgenic crosses (10 
males x 20 females) of the white + tra drive was n=2173 and n=3084 respectively. 
 
Figure 3. Model of sex conversion gene drive strategies. A. A gene drive construct directly 
targeting a recessive female fertility gene. B. A gene drive construct directly targeting the 
medfly transformer gene. C. A sterilising sex conversion drive (SSC) homing into a recessive 
female fertility gene while also targeting the medfly transformer gene in trans. D. A gene drive 
construct directly targeting a recessive female fertility gene while targeting a second, 
separate female fertility gene in trans. Panels E,F,G,H explore the effect of the R2/R1 rate and 
cleavage rate on the mean likelihood of population extinction at a set HDR rate of 0.95 and a 
run duration of 20 generations. Panels I,J,K,L explore the effect of cleavage and HDR rates on 
the mean duration to extinction at a set R2/R1 rate of 0.99/0.01. 
 
Figure S1. Gene drive constructs and target genes. 
 
Figure S2. Eye pigmentation in the offspring of white drive carriers. A. Eye pigmentation 
phenotypes of exemplary wild type, white-eye mutant and mosaic individuals. B. Eye 
pigmentation phenotypes of the DsRed positive fraction of the progeny of transgenic fathers 
or mothers carrying the white drive constructs with Cas9 being driven by the nanos, vasa and 
zpg promoters. Shown is the percentage of white eyed and mosaic progeny obtained for each 
construct with red eyed progeny making up the remainder. 
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Figure S3. Fluorescence and sexual phenotypes of tra drive & white + tra drive individuals. 
A. Transmission and red fluorescence micrographs of tra drive (left panels) and white + tra 
drive (right panels) individuals. B. Sexual phenotypes of wild type (WT) and tra drive 
individuals (left panels) and close up images of genitalia (right panels). 
 
Figure S4. Eye pigmentation phenotypes in the offspring of white + tra drive individuals. Eye 
pigmentation phenotypes of the DsRed positive and DsRed negative fractions of the progeny 
of transgenic fathers or mothers carrying the white + tra drive constructs. Shown is the 
percentage of red eyed, mosaic and white eyed progeny obtained. 
 
Figure S5. Fertility and fecundity of transgenic medfly strains. A. Average egg output of 
pooled crosses (10 males x 20 females) of hemizygous transgenic medflies when crossed to 
wild type individuals compared to wild type control intercrosses.  B. The larval hatching rate 
of the progeny of hemizygous transgenic and wild type individuals compared to wild type 
control intercrosses. Error bars indicate the standard deviation around the mean. The total 
number of embryos scored were n=1757 for the control, n=2025 for the tra drive, n=1858 for 
white + tra drive and n=2128/2235/1714 (nanos/vasa/zpg) for the white drive groups with a 
minimum of 3 replicate experiments performed per group. 
 
Supplementary File  1. Annotated GenBank files of the transformation vectors. 
  
Supplementary Table 1. Genotypes and karyotypes of the progeny of tra drive males crossed 
to wild type females. 
 
Supplementary Table 2. Fertility of XX males. 
 
Supplementary Table 3. Fertility of intersex individuals.  
 
Supplementary Table 4. Primer database. 
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4 Chapter Four – Controlling the expression of Maleness-on-the-Y using the ß2-

tubulin promotor 

4.1 Abstract 

Maleness-on-the-Y (MoY) is a recently discovered male determining factor in medfly. 

Manipula:ons of MoY can result in the genera:on of fer:le XX pseudomales. This is of 

interest as this knowledge could be integrated into several pest control strategies such as 

gene drives and gene:c sex sor:ng for mass rearing programmes. However, in order to use 

MoY in such control strategies, a deeper understanding of how the :ming of MoY expression 

affects viability is required. By genera:ng a transgenic construct to place MoY under the 

spermatogenesis-specific promotor ß2-tubulin, I tested whether restric:ng expression to a 

narrower temporal- and :ssue-specific window would more closely mimic na:ve expression 

of MoY than a cons:tu:ve promotor. The aim of this was to allow the establishment of a 

transgenic line with dominant, paternally-inherited expression of MoY, while minimising any 

lethality, by restric:ng expression to occur only within the process of spermatogenesis. The 

results showed that integra:on of the construct resul:ng in the expression of MoY resulted 

in lethality, with high levels of post injec:on embryonic death being observed. The results 

illustrated the cri:cal importance of knowing the :ming of the na:ve expression :ming of 

MoY in order to both realise its poten:al u:lity in gene:c insect control, and to increase 

understanding the wider roles of this key sex determining factor. 
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4.2 Introduc7on 

The medfly Cera%%s capitata is an agricultural pest of global significance, causing large scale 

crop loss through direct damage and expensive control strategies (White and Elson-Harris 

1992). New routes for controlling this significant pest are urgently required. One promising 

route for gene:c control is via the disrup:on of sex determina:on mechanisms thus, sex 

determina:on pathways in medfly have been inves:gated in detail due to their applied 

poten:al. Downstream elements of the sex determina:on pathway tend to be rela:vely well-

conserved between species in comparison to upstream elements (Siddall et al. 2022; Hopkins 

and Kopp 2021; Adolfi et al. 2021) and have a history of applied use in insect transgenesis 

and sex sor:ng (Labbé et al. 2012). The sex determina:on genes tra and doublesex are well 

conserved downstream elements in the sex determina:on pathway, and their respec:ve 

roles in sex determina:on have been iden:fied in both medfly (Pane et al. 2002; PerroRa et 

al. 2023; Salvemini et al. 2009) and many other species. A large body of research has 

inves:gated how these genes influence sex determina:on. However, the genes upstream of 

tra in sex determina:on pathways remain rela:vely unknown in most insects. There is much 

more variability across species in the upstream ‘master regulators’ of sex determina:on. The 

evolu:on of the genes that encode such upstream elements is therefore predicted to be 

recent and to show high turnover (Gempe and Beye 2011). Because of this, upstream sex 

determina:on elements are much more challenging to iden:fy in individual species. The 

targe:ng of upstream elements is s:ll however an aRrac:ve op:on. This is due to the 

likelihood of obtaining viable offspring a_er manipula:on. When downstream elements of 

the pathway are manipulated o_en this late interference in sex determina:on creates 

incomplete conversion, infer:lity and in some cases death. Targe:ng upstream elements of 

the pathway o_en yields offspring that incur lower fitness costs of the sex determina:on 

manipula:ons, as they are not receiving alterna:ng sex signalling elements (Siddall et al. 

2022).  

In targe:ng the most upstream elements of the sex determina:on pathway, the driving of 

the male determining element (o_en carried on the Y chromosome) is the most obvious 

upstream regulator that can be manipulated. The development of a synthe:c driving Y 

chromosome is one promising method of gene:c pest management. The  poten:al for such 

strategies was recognised over 40 years ago (Hamilton 1967) well before the technical ability 

to construct driving Ys was even possible. More recent designs for Y drives involve coupling 

them with an ‘X-shredder’ (Windbichler et al. 2008; Galizi et al. 2016) that is ac:ve during 
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spermatogenesis. X shredders target repe::ve regions only found on the X chromosome and 

destroy the chromosome through mul:ple cuts during spermatogenesis. The aim of this is to 

induce the shredding of X-carrying male gametes and ensure the inheritance of only Y 

chromosomes (Beaghton et al. 2017; Galizi et al. 2016). The benefits of these types of designs 

are clear in terms of producing effec:ve pest control. Unfortunately, there are significant 

technical barriers to the construc:on of such drives. When carried on an autosome they have 

no driving capabili:es and will only be inherited by 50% of offspring. If X shredders are carried 

on the Y chromosome, they would bias their own inheritance as all viable offspring are Y 

carrying. Manipula:ng or achieving stable expression of genes or transgenes on Y 

chromosomes is much more difficult in comparison to autosomes due to meio:c sex 

chromosome inac:va:on, expression varia:on, unpredictability and rapid evolu:on of Y 

chromosomes (Hall et al. 2016; Gamez et al. 2021). Advances are resul:ng from an increased 

understanding of Y chromosome structure (Bernardini et al. 2014) and transgene expression 

from the Y chromosome has now been successfully achieved in Drosophila melanogaster 

(Gamez et al. 2021). Although this expression was weaker than for autosomal-linked 

sequences it was s:ll sufficient to induce gene edi:ng. However, overall, significant 

challenges remain in ensuring predictable levels of transgene expression from the Y, which 

makes the poten:al of synthe:c driving Y chromosomes that do not rely on such expression 

all the more promising. 

In general, sex manipula:on strategies require knowledge of the key elements in sex 

determina:on pathways. The primary sex determining factor in medfly was originally 

suggested to be a masculinising element (M factor) over 20 years ago (Pane et al. 2002). The 

precise nature of this element was only recently iden:fied, as the Maleness-on-the-Y (MoY) 

gene. MoY is the master gene determining male sexual development (Meccariello et al. 

2019). It is located on the Y chromosome and its expression in XX individuals can generate 

fer:le pseudomales (Meccariello et al. 2019). This indicates that, surprisingly, genes essen:al 

for male fer:lity in medfly are not Y linked. This is unusual, as in many species, XX 

pseudomales o_en suffer from reduced fitness through reduced fer:lity or impaired 

reproduc:ve morphology (Lutrat et al. 2022; Aryan et al. 2020; Voelker and Kojima 1971). 

The fer:lity and viability observed in MoY exposed XX pseudomales in medfly makes MoY a 

par:cularly promising element in the field of gene:c control, as its expression alone is 

sufficient to generate fer:le pseudomales with as yet no clear fer:lity deficits iden:fied.  
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The successful genera:on of pseudomales by manipula:ng MoY was achieved through the 

injec:on of linearised and plasmid MoY DNA into early embryos (Meccariello et al. 2019). 

Although this was a useful proof of principle of the ac:on of MoY, for u:lity in gene:c control, 

the MoY sequence would need to be integrated as a stable inser:on, integrated into the 

medfly host DNA. To do this, an ini:al aRempt was made to integrate MoY and its surrounding 

gene:c regulatory elements onto an autosome, to see if this would result in sex conversion 

of females to XX phenotypic males. The results showed pervasive embryonic lethality post 

microinjec:on of the transgenic MoY constructs (Meccariello, pers comm.). This result could 

suggest two alterna:ve explana:ons: (i) either :ming of expression of MoY is key, with 

expression for extended periods of :me being lethal or (ii) any overexpression of MoY is 

lethal. As MoY was integrated with its na:ve regulatory regions we assumed that its genomic 

loca:on allowed for a further level of control of expression. The sex conversion success 

achieved by expressing MoY transiently indicated that plasmid MoY DNA had been injected 

at the correct :me point in embryogenesis during which expression of MoY is required, and 

that this procedure avoided persistence of MoY transcripts that appear to have lethal effects 

later in development. Therefore, we hypothesised that placing MoY under the control of a 

germline specific promotor might similarly restrict the expression to the necessary :me 

window and rescue lethality effects, thus providing a poten:al addi:onal tool for gene:c 

control. 

The candidate promoter fragment I tested was ß2-tubulin, a male tes:s-specific gene with 

expression restricted to spermatogenesis (Santel 2000). The ß2-tubulin gene promotor has 

been used extensively for transgene expression in several insects (Smith et al. 2007; 

Zimowska et al. 2009; Yan et al. 2021) and for sperm marking in medfly (Scolari et al. 2008). 

The envisioned use of a MoY construct driven by ß2-tubulin would allow the packaging of 

MoY into sperm cells which would be delivered to embryos. If MoY persisted beyond 

fer:lisa:on this could trigger the male development pathway in the developing embryos 

before dissipa:ng to avoid any lethality from con:nual/cons:tu:ve expression. The results 

could also be of interest in sperm biology in the context of tes:ng whether the longevity of 

proteins in sperm cells can be extended to persist a_er fer:lisa:on (Barroso et al. 2009; 

Cas:llo et al. 2018). 
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4.3 Methods 

4.3.1 Fly Husbandry 

4.3.1.1 Medfly stock lines  

Three wildtype medfly stock lines were used throughout these experiments. ‘Cepa Petapa’ is 

a mass-reared wildtype strain originally collected from the wild in Guatemala, Central 

America (Rendon, 1996). TOLIMAN is a wildtype strain from Guatemala, Central America 

originally collected in 1990.  Both strains have been reared at Oxitec LTD (Milton Park, 

Abingdon) from 2004 and a sub-culture of each was established at the University of East 

Anglia (UEA) in 2010. The wild-type Benakeion strain (originally isolated in Athens, Greece) 

was provided by A. Meccariello (Imperial College, London) and maintained at UEA from 2022. 

4.3.1.2 Medfly rearing and dissec/ons for end point RT-PCR 

All wild type medfly cultures were reared in a controlled environment with temperature set 

at 25°C ±0.5C̊, humidity at 60% ± 10% RH and on a 12h light/dark schedule. Depending upon 

the demand for eggs from cultures, adult popula:ons were kept in 1 of 3 different cage sizes: 

small cages (10cm x 10cm x 10cm) ini:ated with 50 pupae, medium cages (13cm x 13cm x 

14cm) with 100 pupae and large cages (33cm x 33cm x 16cm) with 500 pupae. The emerging 

adult flies held in these cages were fed on an ad libitum diet of 3:1 sucrose:hydrolysed yeast 

mixture, changed every seven days. Water was supplied through the side of each cage via 

dental rolls soaked in RO water, which were renewed every 4 days. 

All cages were designed with a mesh layer covering the majority of the surface area of one 

ver:cal wall of the cage to allow egg deposi:on. Water pots containing RO water were placed 

under the mesh side of each cage to collect eggs. Eggs laid through the cage mesh were 

collected a_er a period of no more than 24h of egg laying, by removing eggs with a Pasteur 

pipeRe and transferring up to two drops of the eggs contained in the water solu:on to filter 

paper. The filter papers with eggs were then placed into 1/3 pint milk boRles containing 

100ml of ASG larval food (1L ASG food: 850ml RO water, 12.5g agar, 73.5g sucrose, 67g maize, 

47.5g Brewer’s Yeast, 2ml Propionic acid, 25ml Nipagin). 7 days post egg collec:on, boRles 

were prepared to allow the third instar larvae to exit and start pupa:on. To do this, 2 filter 

paper folded strips were placed in each boRle before laying the boRles down on a thin layer 

of sand within a pupa:on box (170mm x 130mm x 50mm). The box was then sealed with a 
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lid containing a mesh for a further 7-9 days. During this :me third instar ‘jumping’ larvae 

exited the boRles and pupated within the sand. A_er this period, pupae were sieved from 

the sand through a standard metal sieve and transferred into petri dishes. From this the 

appropriate number of pupae required for each procedure were randomly selected and 

placed into a fresh cage or used in experiments.  

To obtain flies for dissec:ons, a large TOLIMAN cage containing adults was placed at 4°C for 

30-60 minutes un:l all flies were unconscious. A subset of flies was then removed and placed 

into glass petri dishes kept on ice. The glass plate was kept free from condensa:on by adding 

a thin layer of agar. Flies used for qPCR were reared in small cages of 50 individuals. On day 

7 post eclosion, these cages were placed at 4°C for 30-60 minutes un:l flies were 

unconscious, then transferred into Eppendorfs of up to 5 flies of the same line/sex and snap 

frozen in liquid nitrogen. These samples were then stored at -80°C and removed in batches 

for dissec:on. Batches were removed for dissec:on and kept on dry ice.  

Prior to beginning dissec:ons all equipment and surfaces were sterilised with 70% ethanol 

and Invitrogen RNaseZap™. All equipment in direct contact with flies was wiped down with 

ethanol between dissec:ons and full sterilisa:on was effected by applying Invitrogen 

RNaseZap™	between different samples. Single flies were removed and placed in a petri dish 

of 100% ethanol for 1 minute to prevent floa:ng in PBS. Flies were then placed on a dissec:ng 

plate (glass petri dish containing silicon) and held in place with dissec:ng pins before covering 

the sample with a drop of sterile Phosphate Buffered Saline (PBS). Fine :pped forceps were 

then used to peel open the abdominal cavity and extract testes or ovaries. All excess :ssue 

was removed and for dissec:ons on live samples the early germline cells were separated 

from the late germline cells using a scalpel with samples placed in an Eppendorf and covered 

in a thin layer of PBS. The remaining fly carcasses were kept to be used for the soma:c 

samples.  
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Table 4.1 Samples collected from dissec:ons for each experiment. All samples were snap 
frozen in liquid nitrogen and stored at -80°C un:l RNA extrac:on. 

Live or Frozen Tissue Live 

Separated into early and late germline? Yes 

Number of testes per sample 11 sets (22 total) 

Number of ovaries per sample 9 sets (18 total) 

Number of soma:c :ssues per sample 3 

 

4.3.1.3 Egg sample collec,on for end point RT-PCR 

A large TOLIMAN cage was set up with the purpose of allowing females to lay eggs for 1h 

intervals, and to allow single water drop egg collec:ons to be taken and stored in Eppendorfs. 

To collect eggs at different development stages these samples were maintained under 

standard temperature condi:ons before removing any excess water and were then snap 

frozen in liquid nitrogen at the different :me points required. The egg development :mes 

tested for RNA expression post laying were 1h, 3h, 6h, 24h, 48h and 72h. Due to high levels 

of desicca:on the 72h samples were not carried forward. 

4.3.2 Transgenic Line Establishment 

4.3.2.1 Microinjec/on of medfly eggs to generate transgenic strains 

Medfly microinjec:on was performed at the Imperial College London insectary by A. 

Meccariello. 40µl of injec:on mix was used per microinjec:on session with a final 

concentra:on of 500ng/µl plasmid of interest, 200ng/µl ihyPBase transposase helper plasmid 

(Eckermann et al. 2018). This was made up to a final volume with injec:on buffer (Rubin and 

Spradling 1982). Embryos were collected a_er an egg laying period of 45 minutes, transferred 

to double sided s:cky tape and allowed to dry for 6 minutes. Eggs were manually 

dechorionated using the :p of a blunted needle. Once the chorion was removed, eggs were 

transferred to slides coated in a thin layer of glue (double sided s:cky tape dissolved in 

heptane) with the posterior of the egg facing outwards. These egg slides were desiccated by 

placing them in a petri dish containing calcium chloride for 6 minutes, and then covered with 

a thin layer of Halocarbon™ 700 Oil. Eggs on these slides were then injected using WPI SuRer 



 181 

Quartz needles (outer diameter (OD) = 1.00mm, inner diameter (ID) = 0.70mm) that had been 

drawn on a SuRer P-200/G laser needle puller. Needles were loaded with injec:on mix using 

an Eppendorf Microloader. Microinjec:ons were done using an inverted stereo microscope 

with an Eppendorf microinjec:on set-up and compressed air-driven pump. 

Post injec:on, eggs were le_ on slides un:l the larvae hatched (typically a_er 48h) at which 

point the larvae were placed onto larval food (30g paper, 30g sucrose, 30g yeast extract, 10ml 

cholesterol stock (5g cholesterol, 140 ml dis:lled water, 30ml 95% EtOH), 2ml HCl Stock 

(384ml dis:lled water, 66ml 37% HCl), 8.5ml Benzoic Stock (50g Benzoic acid, 300ml 95% 

EtOH, 150ml dis:lled water) made up to 400ml with dis:lled water). A_er 7 days larval 

culture boRles were laid down in pupa:on boxes with a thin layer of fine sand and allowed 

to pupate. Surviving pupae were then sent to UEA securely within three sealed layers.  

4.3.2.2 Fluorescence screening for medfly transgenics  

Transgenic lines were established and maintained by screening flies for fluorophore marker 

expression at each genera:on. When establishing transgenics, live adults were screened on 

the day of eclosion from the pupae. Flies were anaesthe:sed over ice for screening. A Leica 

MZ7.5 dissec:on microscope was used for screening and was fiRed with fluorescence filters 

to visualise DsRed2 (excita:on wavelength	558nm, emission wavelength 583nm) or AmCyan 

(excita:on wavelength 458nm, emission wavelength 485nm) depending on the marker being 

screened.  

4.3.3 Molecular inves/ga/on of ß2-tubulin RNA expression 

4.3.3.1 DNA Extrac/on  

DNA extrac:on was performed on whole flies of both TOLIMAN and Cepa Petapa wildtype 

strains. Whole flies were frozen at -20°C for a minimum of 48 hours with 3 individuals per 

sample. Samples were removed from the freezer and placed onto dry ice. Samples were then 

homogenised with a sterilised, plas:c pestle over dry ice. Qiagen DNeasy® Blood & Tissue Kit 

was used as per the manufacturer’s instruc:ons with the addi:on of an extra elu:on step 

with 25µl molecular grade water a_er the original 50µl elu:on. The concentra:on of each 

sample was measured using a Thermo fisher Scien:fic Nanodrop™ 8000 Spectrophotometer.  
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4.3.3.2 Primer design for End-point RT-PCR 

Primer pairs were placed to ensure the resul:ng PCR product covered an intron/exon 

boundary to allow for differen:a:on of DNA versus RNA amplifica:on. 3 primer pairs were 

designed for ß2-tubulin amplifica:on. All primer pairs were tested on 0.5µl TOLIMAN gDNA 

(324ng/ul) with New England Labs® OneTaq® 2X Master Mix with Standard Buffer used for all 

PCR reac:ons. Cycling condi:ons were 3 minutes at 94°C, 28 cycles of 30 s at 94°C, 30 s at 

55°C, 2 minutes at 72°C with final extension of 10 minutes at 72°C. The resul:ng PCR products 

were visualised using gel electrophoresis, and primer pairs to be used for the cDNA 

amplifica:on were selected based on which pairs showed the strongest, correct sized bands 

on these gel results. All primers were synthesised by Integrated DNA Technologies and the 

sequences are available in Supplementary informa%on 4.6.1. 

4.3.3.3 RNA Extrac/on  

Prior to commencing RNA extrac:ons, all equipment and worktops were sterilised with 70% 

ethanol and Invitrogen RNaseZap™.	Consumables and equipment were then placed in a UV 

hood for 15 minutes to reduce the risk of RNase contamina:on. Samples for RNA extrac:ons 

were removed from the freezer and placed onto dry ice. Samples were then homogenised 

with a sterilised, pre-chilled, plas:c pestle over dry ice. The Invitrogen mirVana™ miRNA 

Isola:on Kit was used for RNA extrac:ons as per the manufacturer’s instruc:ons. Samples 

were eluted in 20µl Invitrogen™	THE Ambion™ RNA Storage solu:on. 

4.3.3.4 Concentra/on quan/fica/on  

The concentra:on of all DNA and RNA samples was measured via a Thermo fisher Scien:fic 

Nanodrop™ 8000 Spectrophotometer in 1µl volume aliquots.  Op:cal density was measured 

at 260/280 with the ideal value being 1.8 and at 260/230 with the ideal value being 2.0.  

4.3.3.5 DNase treatment 

DNase treatments were conducted to remove DNA from the RNA samples as per the 

manufacturer’s instruc:ons, using the Invitrogen Turbo DNA-free™ kit for qPCR samples or 

with the Invitrogen Ambion® DNA-free™ Kit for RT-PCR/RACE samples.  
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4.3.3.6 Reverse Transcriptase PCR (RT-PCR) 

All DNased samples for end-point RT-PCR only were diluted to below 20ng/µl. The Thermo 

Scien:fic RevertAid H Minus First strand cDNA Synthesis Kit was used as per the 

manufacturer’s instruc:ons. All samples were diluted to the same concentra:on as the 

lowest concentra:on sample. Qiagen Quan:Tect® Reverse Transcrip:on Kit was then used 

for the RT-PCR reac:ons as per the manufacturer’s instruc:ons. 

4.3.3.7 End-point RT-PCR 

New England Labs® OneTaq® 2X Master Mix with Standard Buffer was used for all PCR 

reac:ons. The PCR cycling condi:ons were 30 s at 94°C, 28 cycles of 30 s at 94°C, 30 s at 54°C, 

1 minute at 68°C with a final extension of 10 minutes at 68°C. PCR products were visualised 

with gel electrophoresis. 

4.3.4 Gel electrophoresis 

Products to be visualised by gel electrophoresis that did not have any loading dye in PCR 

mastermix were combined with New England BioLabs® Purple Gel Loading Dye (6X) prior to 

loading. Agarose gels were made at 1.2% (w/v) with 1X TBE and stained with 3µl Ethidium 

Bromide per 100ml gel. Gels were run with appropriate ladders in each case to determine 

band sizes. The ladder used was Thermo Scien:fic™ GeneRuler™ 1kb Plus DNA Ladder and 

New England Biolabs® 1KB Plus DNA Ladder. Gels were run at 110V for 60 minutes.  

4.3.5 Construct design and building 

4.3.5.1 Construct Design  

All constructs were designed in Benchling using the Gibson assembly tool. Primers were 

designed manually or generated by Benchling (Benchling 2023). 

4.3.5.2 DNA Synthesis 

All synthesised gene:c parts were designed in Benchling (Benchling 2023)and ordered from 

Azenta Life Sciences GENEWIZ® service in a PuC plasmid backbone. 
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4.3.5.3 Gibson Assembly 

4.3.5.3.1 Primer Design 

All primers were designed to create a 20bp overlap region between parts to allow for 

assembly. All primers were obtained from Integrated DNA Technologies and all primer 

sequences used in the final design are available in the Supplementary informa%on 4.6.1.  

4.3.5.3.2 Genera/ng Gibson Assembly parts 

Individual parts for the Gibson assemblies were generated via PCR with overhanging primers, 

using New England BioLabs® Q5® High fidelity 2X Master Mix to ensure sequence accuracy. 

Primer annealing temperatures were calculated using New England BioLabs® Tm Calculator 

and cycling condi:ons as outlined in manufacturer’s instruc:ons were used. Cycling 

condi:ons for all reac:ons as per the polymerase manufacturer’s instruc:ons. Medfly gDNA 

or plasmid DNA samples were used as templates for all PCR reac:ons. PCR products were 

purified and their concentra:on measured by using the Nanodrop™. 

4.3.5.3.3 Gibson Assembly Reac/on  

An in house solu:on of Gibson Mastermix was used for the assemblies of plasmid UEA_009 

following the method outlined in (Behle and Sakaguchi 2020). A_er incuba:on, Gibson 

reac:ons were diluted in a ra:o of 1:5 and used for transforma:on into E. coli competent 

cells.  

4.3.5.4 Genera/on of parts with restric/on enzymes 

New England Biolabs® BtgZI used as per the manufacturer’s instruc:ons for the diges:on of 

backbone and insert plasmids or PCR products to generate complementary ends. Reac:on 

mix incubated at 60°C for one hour and heat inac:vated at 80°C for 20 minutes.  If using PCR 

products as template DpNI diges:on was performed with the direct addi:on of DpNI to the 

PCR mix. Incuba:on for 1h at 37°C followed by heat inac:va:on at 80°C for 20 minutes. New 

England Biolabs® Shrimp Alkaline Phosphatase was used as per the manufacturer’s 

instruc:ons to treat digested products to prevent plasmid relinearisa:on. Incuba:on at 37°C 

for 30 minutes and heat inac:vated at 65°C for 15 minutes. Products were visualised with gel 

electrophoresis (4.3.4) and purified through gel extrac:on. 
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4.3.5.5 DNA Liga/on 

New England Biolabs® T4 DNA Ligase was used to anneal complementary DNA digest 

products using a 3:1 insert to vector DNA ra:o. Reac:ons were incubated overnight at 16°C 

with 5µl of the completed reac:on used for E.coli transforma:on. 

4.3.5.6 PCR Purifica/on 

The Thermo Scien:fic™	GeneJET PCR Purifica:on Kit was used for the purifica:on of PCR 

products, as per the manufacturer’s instruc:ons with final elu:on in 25µl molecular grade 

water a_er a 1 minute incuba:on at room temperature. 

4.3.5.7 Gel Extrac/on 

The Thermo Scien:fic™	GeneJET Gel Extrac:on Kit was used for purifica:on of excised bands 

from agarose gels as per the manufacturer’s instruc:ons with a final elu:on in 25µl molecular 

grade water a_er a 1 minute incuba:on at room temperature. 

4.3.5.8 Transforma/on of E. coli competent cells  

Agilent SURE® 2 Supercompetent Cells were used and the transforma:on protocol is 

summarised below: 
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Table 4.2 Transforma:on protocols of Agilent SURE® 2 Supercompetent cells used for 
construct assembly.  

 Agilent SURE® 2 Supercompetent Cells 

Volume used  5µl diluted Gibson : 50µl cells 

Ice incuba:on 30 mins 

Heat shock  30 s at 42°C 

Ice incuba:on 2 mins 

Volume of SOC added 700µl 

Incuba:on 1 hr at 37°C, 100rpm 

Spin step 2 mins at 4000rpm, pellet resuspended in 

100 µl SOC 

Final plated volume onto LB Ampicillin 

(100µg/ml) 

100 µl  

Plate incuba:on Overnight at 37°C 

4.3.5.9 Colony PCR 

Individual colonies were screened for inserts a_er Gibson assembly. Colonies of varying sizes 

were selected that did not overlap with other colonies. A 10µl pipeRe :p was used to remove 

the edge of each screened colony, and the material was then resuspended in 10µl of 

molecular grade water. 1µl of this colony mix was then used as the template in a Thermo 

Scien:fic™	DreamTaq Green PCR Master Mix (2X) reac:on with a total volume of 20µl. 

Primers were designed to cover insert boundaries where possible to confirm presence of 

both the insert and the backbone. The PCR cycling condi:ons were 2 minutes at 95°C, 28 

cycles of 30 s at 95°C, 30 s at 54°C, 3 minutes at 72°C with a final extension of 10 minutes at 

72°C All primers used are listed in Supplementary Informa%on 4.6.1. 



 187 

4.3.5.10 Plasmid Miniprep 

Posi:ve clones were miniprepped to prepare them for sequencing. Overnight cultures were 

inoculated with a single posi:ve colony into 4ml LB Ampicillin (100µg/ml) contained within a 

15ml falcon tube to allow sufficient aera:on. Cultures were incubated overnight at 37°C with 

constant agita:on at 180rpm. A_er confirming growth, 2ml of the culture was prepared by 

using the Thermo Scien:fic™	 GeneJET Plasmid Miniprep Kit, as per the manufacturer’s 

instruc:ons. The final elu:on step was performed with 30µl molecular grade water. The 

purity and concentra:on of all samples were checked with Nanodrop™	before being diluted 

to the correct concentra:on for sequencing.  

4.3.5.11 Sequencing confirma/on of plasmids 

Whole plasmid sequencing was completed by dilu:ng miniprepped plasmids to 30ng/µl and 

sending to SNPsaurus© Plasmidsaurus Whole Plasmid Sequencing Service (Nanopore based 

long-read). Sequence alignment of returned reads was performed using the Benchling 

sequence alignment tool (Benchling 2023). 

4.3.5.12 Plasmid Midiprep 

A_er sequence confirma:on, plasmids were prepared for microinjec:on using the Macherey-

Nagel NucleoBond® Xtra Midi EF, Midi kit for endotoxin-free plasmid DNA kit. Cultures were 

revived from glycerol stocks onto a streak plate which was incubated overnight at 37°C. A 

single culture from this was used for inocula:on of a 4ml LB Ampicillin (100µg/ml) starter 

culture and incubated for 6-8h at 37°C with constant agita:on at 180rpm. A_er confirming 

growth in starter cultures, 400µl was used to inoculate 100ml LB Ampicillin (100µg/ml) to be 

incubated overnight at 37°C with constant agita:on at 200rpm. This culture was then used 

as per the manufacturer’s instruc:ons for midiprep. The final pellet was resuspended in 50µl 

endotoxin-free molecular grade water.  

4.3.5.13 Midiprep Purifica/on 

A further purifica:on step was performed on midiprep samples for microinjec:on using 

Millipore Ultrafree®-MC GV Centrifugal Filters. The full midiprep sample was loaded to the 

column and centrifuged at 14,000 RPM for 4 minutes.  
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4.3.5.14 Preparing glycerol stocks 

For the prepara:on of glycerol stocks for long term plasmid storage, single colonies were 

selected to inoculate 4ml LB Ampicillin (100µg/ml). This was then incubated overnight at 

37°C with constant agita:on at 180rpm (typically, this was the culture that was also used for 

plasmid miniprep). From this, 500µl of culture was added to 500µl 50% glycerol and mixed 

well by inversion. Glycerol stocks were then stored at -80°C, and only the top layer was 

thawed when reviving them.  

  



 189 

4.4 Results 

4.4.1 The expression pa\ern of ß2-tubulin determined through RT-PCR 

To confirm the tes:s-specific expression of ß2-tubulin, RT-PCR was performed. Three primer 

sets were designed to amplify ß2-tubulin, with each designed to cover an intronic region to 

allow for the differen:a:on between DNA and RNA amplicons. All primer sets were tested 

on medfly TOLIMAN gDNA to determine the most efficient primer pair for use.  

 

Figure 4.1 Gel electrophoresis of PCR products for mul:ple primer sets amplifying b2-tubulin 
from genomic DNA. The three lanes represent each primer set. The gel was run with NEB 1kb 
plus a DNA Ladder. 

As shown in Figure 4.1, all three primer sets amplified an appropriately sized fragment 

(expected sizes were between 400 and 500bp). Primer set 2 was selected as this has the 

greatest size difference between DNA and RNA products, which allowed for easier 

iden:fica:on of DNA contamina:on.  

To determine the expression of ß2-tubulin in different :ssue types, RNA was extracted from: 

male soma:c :ssue, early germline male testes (upper 1/3rd of testes), late germline male 

testes (lower 2/3rd of testes), female soma:c :ssue, early germline ovaries (upper 1/3rd of 

ovary), late germline ovaries (lower 2/3rd of ovary) and eggs at several development :mes 

(0h, 1h, 3h, 6h, 24h and 48h). First strand synthesis was performed on the RNA extracted 

NEB 1kb 
Plus Ladder

400bp

500bp
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from all samples to generate cDNA.  ß2-tubulin was then amplified through PCR. The products 

were visualised with gel electrophoresis and shown in Figure 4.2. 

 
Figure 4.2 RNA expression paRern of ß2-tubulin. End point RT-PCR results indicate in which 
:ssue types ß2-tubulin mRNA is expressed. The smaller sized band indicates the presence of 
spliced mRNA, whereas the larger band is unspliced mRNA. The gel was run with a NEB 1kb 
Plus Ladder with band sizes shown. Order of loading: Ladder, Eggs 0h post collec:on, Eggs 3h 
post collec:on, Eggs 6h post collec:on, 24h post egg collec:on, 48h post egg collec:on,, 
Female Soma, Male Soma, Early Ovary, Late Ovary, Early Testes, Late Testes. Three biological 
replicates of every sample type were run except early testes for which only one pooled 
sample could be produced, and late testes with two pooled samples only. 

High expression was seen in the testes samples, as expected, which confirms that the 

promotor has the poten:al to be used to drive male germline expression of MoY. There was 

also evidence of expression in male soma:c :ssue, albeit at a lower level. The bands present 

in ovary, female soma:c :ssue and embryos were unexpected. However, these were 

primarily of the size expected for DNA samples, so may have represented DNA 

contamina:on. To test for such gDNA contamina:on, PCR was performed on an intronic 

region in a 24h post egg collec:on sample and early ovary sample with a gDNA sample as 

control. No bands were present for either cDNA sample. Therefore, DNA contamina:on 

appears unlikely. Another possible cause of the larger bands is unspliced or differen:ally 

spliced mRNA. High expression in male germline :ssues is generally found to be the main 

requirement for use of a candidate sequence as a promotor, with poten:al low-level 

expression in other :ssues not excluding use. 

NEB 1kb 
Plus Ladder

500bp

500bp
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4.4.2 Plasmid design  

The sequence of MoY needed for expression had previously been determined (Meccariello 

et al. 2019) and the aim was to put MoY under the expression of the 868bp ß2-tubulin 

promotor and 5’UTR (Scolari et al. 2008). A gfp marker was paired with a cleaved ubiqui:n 

linker to allow for its aRachment to the MoY component. This would allow visualisa:on of 

any successful gfp packaging into sperm cells. The fluorophore DsRed2 (Nishizawa et al. 2006) 

was also used as a marker element, driven by the commonly used insect expression promotor 

Hr5-IE1 (Jarvis et al. 1996) with the Drosophila na:ve K10 ac:ng as the 3’UTR and terminator. 

A nuclear localisa:on signal (NLS) flanked the DsRed2, to allow for a clearer phenotype by 

restric:ng DsRed2 expression to the nucleus.  Two piggyBac (Li et al. 2013) arms flanked this 

region for genome inser:on. On the outside of these arms were the elements needed for 

plasmid propaga:on in E. coli. This included the standard pUC origin of replica:on with an 

AmpR sequence coding for Ampicillin resistance. The original design for the ß2-MoY also 

included gypsy elements to protect against posi:onal effects of the insert (Geyer and Corces 

1992; Sarkar et al. 2006). However, due to difficul:es with assembly these were excluded 

from the final plasmid design. The final plasmid design is shown in Figure 4.3 and was 

assigned the designa:on UEA_009. 
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Figure 4.3 The plasmid map of UEA_009 generated in Benchling (Benchling 2023). The full 
sequence can be found in Supplementary informa%on 4.6.3. The sec:on of the plasmid 
annotated Ordered_Fragment was synthesised externally, the rest of the plasmid was 
generated as a single part from previously assembled Cas9 expression plasmid as discussed 
in 4.4.3 Plasmid construc:on. 
4.4.3 Plasmid construc/on  

A_er design of the ß2-MoY plasmid, the construc:on was aRempted with part assembly 

however this was unsuccessful due to recombina:on during Gibson Assembly. A 5000bp ß2-

MoY part was ordered which was designed to allow for the inser:on into an already 

assembled plasmid backbone a_er diges:on with BtgZI. The synthesised ß2-MoY part 

contained the ß2-MoY-ub-gfp and HR5-DsRED2 and the aim was to insert this within the 

gypsy elements of the backbone plasmid. Digests were successful, but when liga:ng the 

plasmid, only recombined parts of the backbone fragment (containing the E.coli survival 

elements) were present in sequenced colonies. This issue persisted even when shrimp 

alkaline phosphatase was used to prevent self-annealing. Therefore, the decision was made 

to assemble the construct through an alterna:ve method of Gibson Assembly. Primers were 

originally designed to create a final plasmid the same as that which used restric:on enzyme 

27/04/2024 18:25:24
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diges:on and liga:on. However, the PCR products produced mul:ple banding resul:ng in 

products having to be gel cut reducing the concentra:on and increasing impuri:es in the final 

part. Unfortunately, no successful Gibson assemblies were obtained from this procedure. 

  

The plasmid was then slightly redesigned to allow for primers to be placed at different points 

in the sequence. The plasmid being used as a backbone was changed to one which did not 

have gypsy elements, as these has caused issues with mul:ple banding and recombina:on 

when primers were placed within them. The new backbone was generated with primers 325 

and 327 (Supplementary informa%on 4.6.1) using UEA_005 (Supplementary informa%on 

4.6.2) as template. The insert was generated using primers 326 and 328 on the plasmid 

received from Azenta containing ß2-MoY-gfp and HR5-DsRED2 constructs. Products were run 

on a 1.2% gel at 120V for 1h with NEB 1KB Plus DNA Ladder shown in Figure 4.4. 

 

Figure 4.4 Gel electrophoresis of products from the PCR to generate the parts for Gibson 
assembly of ß2-MoY. Products were run on a 1.2% gel at 120V for 1h alongside the GeneRuler 
1KB Plus DNA Ladder. Order of loading: Ladder, backbone product (expected size 4204bp), 
insert product (expected size 4922bp). Both are of expected size and can be used for PCR 
purifica:on. 

The resul:ng PCR products were of the expected size and showed single banding, hence PCR 

purifica:on could be used without the need for gel cuSng, which op:mised the 

5000bp

GeneRuler
1KB Plus 
Ladder

Backbone
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concentra:ons achieved. Concentra:ons of purified products measured with Nanodrop and 

are shown in Table 4.3. 

 

Table 4.3 Nanodrop results of purified PCR products to be used for Gibson assembly. 

Product Concentra:on (ng/µl) 260/280 260/230 

Backbone 149.3 1.81 1.75 

Insert 131.1 1.77 0.91 

 

Products were of a sufficiently high concentra:on for use in Gibson assembly. Plate showed 

high levels of growth with over 50 colonies present and 20 colonies were selected for colony 

PCR using primers 158 and 163 (Supplementary informa%on 4.6.1). Products were visualised 

through gel electrophoresis as shown in Figure 4.5. 

 
Figure 4.5 Gel electrophoresis of colony PCR results for MoY colonies. Samples were run on 
a 1.2% gel for 1h at 120V alongside the GeneRuler 1KB Plus DNA ladder. Order of loading: 
DNA Ladder, Colonies 2-20. All colonies showed a posi:ve result except as indicated with 
the red square, which was a band of the size expected from original plasmid template 
contamina:on.  

Nearly all colony PCRs returned posi:ve results, 3 plasmids with successful results were 

randomly selected to be sent for sequence confirma:on. Overnight cultures of colonies 2, 5 

and 9 were purified through plasmid miniprep and sent for whole plasmid sequencing, the 

remaining overnight culture was used to create glycerol stocks for plasmid revival in the 

future. Sequencing results for all three plasmids confirmed correct assembly and can be 

found in Supplementary informa%on 4.6.3. MoY colony 2 was selected for further use and is 

henceforth referred to as UEA_009. A midiprep of UEA_009 was completed with the 

nanodrop results shown in Table 4.4. 

GeneRuler
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Table 4.4 Concentra:on of UEA_009 midiprep measured by Nanodrop. 

Product Concentra:on (ng/µl) 260/280 260/230 

UEA_009 4360 1.37 1.61 

 

This sample was sent for microinjec:on at Imperial College. However, there were issues 

during the injec:on process due to low concentra:on of the injec:on mix. A new midiprep 

was then generated with a further purifica:on step, the concentra:on was measured by 

nanodrop and shown in Table 4.5. 

Table 4.5 Concentra:on of purified UEA_009 midiprep measured by Nanodrop. 

Product Concentra:on (ng/µl) 260/280 260/230 

UEA_009 1227 1.86 2.35 

 

This sample was sent for microinjec:on at Imperial College and was successfully injected. 

4.4.4 Microinjec/on of UEA_009 

Two batches of microinjec:ons were completed for UEA_009. The second batch of injec:ons 

was completed, as a rela:vely high death rate of injected embryos with very low hatch rate 

was observed post injec:on in the first batch compared to usual injec:on survival numbers. 

From the injec:ons 28 individuals survived post-eclosion (20 females and 11 males). Some 

individuals had wing damage incurred during eclosion. Males with damaged wings were not 

used for crosses and females with damaged wings were all placed in a single cage as they 

were deemed to have a low chance of producing offspring. The surviving individuals were 

crossed to Benavi wildtype individuals in batch crosses outlined below.  

Table 4.6 Crosses set up with microinjec:on survivors to wildtype individuals. Only healthy 
male survivors were used and all damaged female survivors were isolated to cage 009.3. 

Cage ID Number of Males Number of Females 

009.1 6 Wildtype 7 Injec:on survivors 

009.2 2 Injec:on survivors 12 Wildtype 

009.3 2 Wildtype 7 Injec:on survivors with 

damaged wings 

009.4 1 Injec:on survivor 3 Wildtype 

009.5 2 Wildtypes 3 Injec:on survivors 

009.6 2 Injec:on survivors 8 Wildtype 

009.7 2 Injec:on survivors 10 Wildtype 
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Individuals placed within the cages were given :me to mate and 3 egg collec:ons were then 

taken from each cage. No eggs were produced by cage 009.3 possibly due to the damaged 

wing individuals being unable to lay eggs therefore no egg collec:ons were taken from this 

cage. Egg collec:ons were obtained from cage 009.4 but no eggs hatched from these 

samples.  

4.4.5 Fluorescent screening of G1 

Offspring from the crosses set up as described above were screened as both pupae and 

adult flies. A total of 858 adult flies were checked for fluorescence with no fluorescence 

observed. There was also no evidence of sex biasing, with 438 males screened and 420 

females screened. All pupae were screened pre-eclosion and there was no evidence of 

fluorescence in pupal stages. With the lack of transgenics, coupled with the low egg 

hatching rate post microinjec:on, it was assumed that the construct had a toxic effect and 

any embryos that had successfully integrated the construct died before hatching. 
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4.5 Discussion 

The use of MoY as a poten:al tool to achieve sex conversion has opened up an interes:ng 

avenue of research in medfly since its discovery. This type of isolated male determining factor, 

which achieves masculinisa:on of XX individuals to fer:le pseudomales when expressed 

transiently, and feminisa:on of XY individuals to fer:le females when knocked out 

(Meccariello et al. 2019), could be harnessed for controlling sex determina:on in pest control 

seSngs, provided a more thorough understanding of expression :ming can be obtained.  

The masculinisa:on of females (by using MoY to create XX fer:le pseudomales) is the 

pathway that would be more beneficial in pest control and rearing facili:es. Transient 

expression of MoY recombinant protein is reported to masculinise XX females. However, full 

conversion to fer:le pseudomales occurred only when individuals were injected with 

linearised or plasmid MoY transcripts (Meccariello et al. 2019). Accurate :ming and the level 

of MoY expression is difficult to achieve in comparison to a knockout and this is the most 

likely reason only par:al masculinisa:on could be achieved when injec:ng with recombinant 

protein. The injec:on of recombinant MoY protein would only result in transient presence of 

MoY and therefore cannot be present throughout development. To test whether complete 

conversion can be achieved through gene:c modifica:on, MoY must be inserted into the 

genome to allow for expression throughout development in transgenic individuals. This was 

previously aRempted with MoY under the control of its na:ve promotor, in order to see how 

stable expression would affect XX individuals. However, this was shown to be embryonic 

lethal and no transgenic survivors were recovered (Meccariello, personal communica:on).  

The embryonic death previously observed by Meccariello could have two explana:ons. First, 

overexpression of MoY at any stage of development could be lethal, with too much MoY 

being produced causing organism death. Second, the :ming of MoY expression might need 

to be :ghtly controlled temporally, with expression past a certain point in development 

resul:ng in death. The rate of death observed indicates off-plasmid produc:on of MoY is able 

to cause death before integra:on, affec:ng both males and females where expression should 

be minimal. The lethality of MoY overexpression that was observed in both males and 

females is interes:ng as this had not been seen in other experiments done with comparable 

male determining factors in other species, such as Yob in An.gambiae, in which 

overexpression had no observed effect on males (Krzywinska and Krzywinski 2018). This 

means that male determining factors are not necessarily always lethal when mis-expressed, 

although this does seem to be the case in medfly. Placing MoY expression under the control 
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of a germline specific promotor might be more successful if :ming of expression is the cri:cal 

issue. ß2-tubulin is reported to be a tes:s-specific gene, with expression restricted to during 

spermatogenesis (Santel 2000). This promotor has been used extensively for transgene 

expression during spermatogenesis in a variety of insects (Smith et al. 2007; Zimowska et al. 

2009; Yan et al. 2021) and has been used for fluorescent  sperm marking in medfly (Scolari et 

al. 2008).  

When inves:ga:ng the expression paRern of ß2-tubulin here, expression was expected to be 

restricted to the male testes and possibly late egg samples. I found that these were indeed 

the samples in which expression was strongest. However, I also observed low levels of 

expression in male soma:c :ssue. This could have been caused by expression of MoY in parts 

of the male reproduc:ve tract outside of the testes, which were not removed when the testes 

were dissected. Faint bands of a larger size were also present in the ovary and female soma:c 

:ssue samples. I iden:fied these bands as poten:al unspliced full length mRNA transcripts. 

This suggests that ß2-tubulin is not likely to be expressed in these :ssues, as the mRNA did 

not appear to be transla:on-ready. Alterna:ve splicing in different :ssue types is well 

documented, with the preven:on of expression likely due to the splicing complex not being 

recruited to ß2-tubulin mRNA in :ssues where it is not needed (Alberts et al. 2002). This does 

pose a poten:al problem when using the promotor for expression of a transgene. Transgenes 

are typically designed to need minimal post transla:onal modifica:on (to reduce the size of 

the inserted gene:c construct, reducing fitness load). Therefore, if transla:on occurs in these 

:ssue types and expression is prevented by a lack of post transla:onal modifica:ons, 

transgene expression could s:ll occur in such :ssues which is undesirable. The level of ß2-

tubulin RNA appeared to be much lower outside of the testes (when looking at both spliced 

and unspliced isoforms) in my study. This suggests that although the ß2-tubulin promotor 

may allow for some expression outside of the testes, it will be at a much lower level than in 

the testes. As there was a low level of expression in the soma:c :ssue (spliced or unspliced), 

the decision was made to use the promotor for MoY expression. 

If the promotor had worked as envisaged, MoY protein would be packaged and transmiRed 

via sperm cells. The ac:vity of a protein packaged in sperm cells is an interes:ng study in 

itself. GFP can successfully be packaged and show ac:vity in sperm, crea:ng the ability to 

visualise sperm movement (Scolari et al. 2008). However, the stability of proteins when 

carried in sperm is rela:vely unknown. There are several iden:fied proteins carried within 

sperm cells which are important for aspects of fer:lisa:on, but the persistence of these 
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proteins beyond  the point of fer:lisa:on has not yet been characterised (Barroso et al. 2009; 

Cas:llo et al. 2018). GFP is a very stable protein with protein degrada:on shown to take 

several days (Nash and Lever 2004). The presence of fluorescent sperm cells does not show 

the protein is s:ll ac:ve within the sperm cells, just that it was ac:ve and successfully 

packaged at one point in :me. MoY is likely to show less stability as a protein, as 

overexpression or expression beyond a certain point in development is lethal (Meccariello, 

personal communica:on). Hence, the likelihood of expression persis:ng for days, given the 

development :me of medfly, is rela:vely low.  

The incomplete masculinisa:on of medfly when injected with recombinant MoY protein 

(Meccariello et al. 2019) could have been caused by several factors. The first considera:on 

would be whether MoY was introduced early enough in development to influence the en:re 

sex determina:on pathway. When injected with plasmid or linear MoY transcribing DNA, full 

masculinisa:on of XX individuals was seen, meaning the :ming of injec:on was sufficiently 

early in development. The possibili:es which cannot yet be ruled out are that the level of 

injected MoY was not sufficiently high for full sex conversion or that MoY does not persist for 

a long enough :me to have full effect and thus would need to be translated con:nuously 

through sexual development. Both of these problems could be rec:fied by injec:ng plasmid 

DNA as it allows na:ve expression levels and plasmid DNA can persist for much longer than 

protein.  

Assuming the MoY protein is successfully transferred through the sperm and persists past 

fer:lisa:on, we should consider the importance of the :ming of MoY expression. If MoY 

protein does have a toxic effect, it would be assumed that it has a rela:vely narrow window 

of expression. The Sry gene is a Y-linked sex determining element in mice tested in the context 

of :ming of expression and its effects on development. The :ming of Sry expression was 

limited to a 6 hour window to successfully induce tes:s development (Hiramatsu et al. 2009). 

If MoY was successfully packaged in sperm cells, the presence of transgenic MoY should be 

as early as possible as it would be present at the moment of fer:lisa:on and would persist 

through early development. If it persisted for an equal amount of :me as na:ve MoY, it 

should not persist for longer than necessary as MoY must degrade naturally to prevent the 

lethality we have seen in overexpression. Several issues could arise with this early expression. 

Lethality could be caused when present too early in development similar to the lethality 

observed when expression persists for too long. Lethality if there is overexpression of MoY 

due to the use of a non-na:ve promotor, which could cause higher than na:ve levels, could 
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be an issue. Finally, if the protein does not persist for long enough to fully act upon the sex 

determina:on cascade as it degrades prior to the sex determina:on window.  

MoY being placed under its na:ve promotor but s:ll showing high levels of lethality means 

that genomic context is likely to be important in expression. Genomic context encompasses 

how the loca:on of the gene effects its expression both through its chromosome loca:on 

and the surrounding regulatory regions expanding beyond the 5’ and 3’ untranslated regions. 

The na:ve loca:on of MoY on the Y chromosome might be par:cularly important given its 

loca:on on the Y chromosome. Expression of transgenes off the Y is o_en more difficult to 

predict due to chromosome degrada:on and can be much more varied than is seen for 

autosomes (Hall et al. 2016). Gene expression from sex chromosomes is also affected by 

dosage compensa:on, with X shutdown being a well-documented phenomenon (Morey and 

Avner 2011) to account for the difference in X chromosome number between XX and XY 

individuals. As the Y is much smaller and contains significantly fewer genes, its inac:va:on is 

not considered as vital. However, it has been shown that Y inac:va:on does occur at specific 

developmental stages (Khalil et al. 2004). Although the Y chromosome in medfly seems 

rela:vely degenerated (as XX pseudomales are fer:le), fitness costs have been observed in 

other species where XO pseudomales are fer:le in the absence of a Y chromosome (Voelker 

and Kojima 1971). If Y inac:va:on occurs in medfly, this could be the control mechanism to 

prevent the expression of MoY past a certain developmental point, preven:ng lethality due 

to overexpression. This informed the decision to place MoY under a germline specific 

promotor to prevent overexpression. When injec:ng my construct into medfly, we 

experienced a similar lethality effect to that of the inser:on of na:ve MoY off the Y 

chromosome. It is difficult to judge whether leaky expression with non-integrated, mul:ple 

copies of plasmid produces a more toxic effect than might be observed if expression could 

be silenced un:l a_er genomic integra:on. 

To more :ghtly control the expression of MoY and avoid lethality during microinjec:on, a 

further construct was designed which u:lised the Cre-loxP system (Supplementary 

informa%on 4.6.4) (Sternberg and Hamilton 1981). This should allow the MoY construct to be 

integrated without the concern of expression effects during the microinjec:on process. By 

inser:ng a loxP stuffer within the coding sequence of MoY, we can ensure expression is not 

occurring during line establishment. Once the transgenic line is established the stuffer would 

be removed by crossing to a line expressing Cre recombinase. As the stuffer would not be 

removed un:l crossed with the Cre line, this should allow a much :ghter level of control and 
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inform whether the MoY related mortality goes beyond preven:ng microinjec:on survivors. 

Another poten:al avenue of research could be the trialling of degrada:on tags (degrons) 

flanking the MoY (Natsume and Kanemaki 2017). The use of degrons coupled with a late-

ac:ng sperm specific promotor (such as protamines) would cause MoY to degrade quicker 

and persist for less :me. Condi:onal degrons could also be used to allow for the degrada:on 

to be triggered by an external factor that can be controlled, such as temperature. This would 

allow degrada:on at specific :me points to be tested. If persistence beyond a certain 

developmental point is the cause of lethality this could allow a transgenic MoY line to be 

established.  

Overall, MoY provides research opportuni:es for pest control. However, further research is 

clearly needed into expression :ming and the apparent lethality of overexpression. MoY 

remains a useful tool for behavioural biology as it has a strong ability to generate XX 

pseudomales which can be studied and the evolu:on of this protein is also of great general 

interest. Addi:onal avenues of research include the use of the Cre-LoxP construct and more 

closely examining the gene:c context of MoY and how this affects its expression. Male 

determining elements hold great poten:al in pest control in several species in which they are 

present. However, as shown here, the usage of these tools may be more complex than 

originally envisioned.  
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4.6 Supplementary Materials 

4.6.1 Primers sequences 

Table 4.7 Sequences of primers used throughout this experiment. 

Primer Number Sequence (5’-3’) 

17 agctggacaatgtggcaaccaga 

18 gttcccatgccggaacccgtac 

19 gccacaggcacttactatggcg 

20 tcggatacctttggggagggca 

21 tgagaagcggtaaaaccttaagt 

22 tggcccaattgttacccgctcc 

158 tcggtctgtatatcgaggtt 

163 cgatcgtgcgttacacgtag 

325 ggaaggtggaggacccgtaaagatctcgacccaagaaaaa 

326 tttttcttgggtcgagatctttacgggtcctccaccttcc 

327 cgacgtcccatggccattcgcagatctcagtctgtcgacc 

328 ggtcgacagactgagatctgcgaatggccatgggacgtcg 
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4.6.2 UEA_005 plasmid map  

 

 

4.6.3 Sequences 

All sequences and aligned reads can be obtained at 

hRps://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/ 
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Figure 4.6 Plasmid map of UEA_005 used as backbone for UEA_009. Generated in 
Benchling (Benchling 2023).  
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4.6.4 Cre-Lox Design   
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5 Chapter Five  - Designing guides for targe2ng sex determina2on 

genes 

5.1 Abstract 

Sex determina:on mechanisms are extremely varied across animal and plant taxa. The sex 

determina:on pathway is a well-studied cascade in insects where the presence or ra:o of 

sex chromosomes is the sex determining factor. Despite varia:on is some aspects of these 

pathways, there are many commonali:es across insect species in both the genes involved 

and the use of alterna:ve splicing to dictate male or female development.  The genes 

involved in sex determina:on pathways make appealing targets for gene:c pest control 

strategies which aim to increase the produc:on of males or induce female sterility. Two key 

genes in the sex determina:on pathway of the medfly Cera%%s capitata are transformer (tra) 

and doublesex (dsx). Tra is a midstream element in the sex determina:on pathway that is 

present across several, but not all, insect orders. It has poten:al uses in medfly in par:cular, 

and even poten:al portability once its full mechanisms are understood, as tra knockout in 

medfly generates fer:le pseudomales. Dsx is the final element in the sex determina:on 

pathway. It is highly conserved across insects, offering addi:onal poten:al for use in control 

strategies based on sex determina:on pathway manipula:ons. In this chapter, experimental 

designs are developed which target these key genes to generate sex conversion in the medfly. 

Two tra guide carrying lines were developed and established, and tested for efficacy by 

crossing them with previously developed Cas9 lines. However, none of the offspring cohorts 

from these crosses showed strong devia:on from a 50:50 sex ra:o in either the F1 or F2 

genera:ons. Thus, there was no evidence for any sex conversion, sugges:ng that the guide 

was not effec:ve at inducing tra knockout. Due to the lack of sex conversion seen from this 

guide, lines containing a different guide were established and are currently being tested. An 

issue with the guide design was subsequently discovered which explained the lack of cuSng 

and the correc:on for this has been discussed, along with future research direc:ons for this 

type of pest control strategy. 

  



 210 

5.2 Introduc7on 

Genes within the sex determina:on pathway present promising targets for gene:c control 

strategies. Sex determina:on pathways are well-suited to this aim, as there are both 

downstream commonali:es between species, which offers portability, but also upstream 

differences offering specificity (Siddall et al. 2022; Geuverink and Beukeboom 2014). There 

are many different mechanisms of sex determina:on across taxa. Here I focus on those 

employed in several insects including the medfly Cera%%s capitata, which are based upon the 

presence of sex chromosomes in an XX/XY sex determina:on system. These sex 

determina:on pathways are :ggered by a ‘master regulator’ such as a masculinizing factor 

which is o_en carried on the Y and which then triggers a gene:c cascade of sexually 

dimorphic effects. Interes:ngly, master regulators are one of the most variable features of 

sex determina:on pathways. The cascade they induce u:lises alterna:ve splicing for male 

and female development to either express or repress genes determining sex-specific 

phenotypes, to result in the doublesex (dsx) mRNA being produced in either the male or 

female isoform. The genes involved in the sex determina:on cascade can vary; however, the 

downstream elements are highly conserved between species. Two of the most highly 

conserved downstream genes across insect species from Diptera, Coleoptera and 

Hymenoptra are dsx (Price et al. 2015) and transformer (tra) (Geuverink and Beukeboom 

2014; PerroRa et al. 2023). Tra is a midstream element, and is o_en the highest-level gene 

iden:fied in these pathways, just downstream of the master regulator. The presence of tra 

triggers female development and its absence results in male development (Verhulst et al. 

2010; PerroRa et al. 2023). Dsx is ac:ve lower in the sex determina:on cascade and 

determines sex through alterna:ve splicing in males versus females. Depending upon the 

upstream signals ac:ng upon it, dsx is alterna:vely spliced into either male-specific dsx 

(dsxm) isoform or female-specifc dsx (dsxf) isoform (Kyriacou 1992). Alterna:ve splicing of 

dsx is the part of the soma:c pathway in a wide variety of species and is a well conserved 

phenomenon even though the exact paRern of sex-specific splicing may vary between 

species.  
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In the medfly specifically, several upstream elements have also been iden:fied – for example, 

both the master regulator is known as well as details of the mechanism of ac:on of both tra 

and dsx (Salvemini et al. 2009; Primo et al. 2020; PerroRa et al. 2023; Saccone et al. 2008).  

Tra expression is repressed by the male determining factor (Figure 5.1; see also Chapter 4). 

The lack of tra results in splicing regulators not being recruited to the weak splice point of 

exon 4 of dsx. Therefore, exon 4 is not retained in the final dsx mRNA to produce dsxm. This 

then drives male development. When the male-determining factor is not present, tra is 

expressed (upregula:ng itself and other sex determina:on genes such as tra-2 (Salvemini et 

al. 2009)) which recruits the necessary splicing machinery to retain exon 4. This results in dsxf 

which drives female development. Therefore, both tra and dsx represent promising genes for 

targe:ng to manipulate sexual development for pest control strategies.  

Given their difference in mechanism of ac:on, dsx and tra must be targeted in different ways 

to achieve the same goal (producing only males which are fer:le). A knockout of tra would 

be necessary to force male development as this is repressed in male development and serves 

no known func:on in male sexual development. Dsx cannot be knocked out completely, as 

Figure 5.1 Mechanisms of tra and dsx in the sex determina:on pathway of Cera%%s 
capitata. Figure reproduced from Siddall et al. (2022) with permission and generated in 
Biorender. 
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both males and females u:lise dsx for sex determina:on. The knocking out of dsxf is one 

op:on. However, this is not predicted to result in sex conversion to male. The complete 

absence of dsxf would be lethal or produce only sterile intersex individuals (Kyrou et al. 2018). 

If this was deployed for the development of insect control, only male offspring would be 

fer:le. However, fitness costs are incurred if 50% of offspring are non-viable or infer:le. This 

would impose a significant fitness cost to carrying the transgene, which is not desirable in a 

control context as it rapidly selects for resistance. The alterna:ve op:on is to prevent female 

specific splicing. This would allow dsxm to be formed as this is the default splicing paRern in 

the absence of signals from addi:onal regulatory elements. In principle, targe:ng the splice 

site and splicing regulatory regions of exon 4 could be used to prevent female specific splicing 

by preven:ng the reten:on of exon 4, forcing a male specific splicing paRern.  

Though manipula:ons of dsx could be used for sex conversion, it is generally thought that 

the targe:ng of tra is a safer and more promising target op:on. Tra interference has already 

been shown to induce masculinisa:on and produce fer:le pseudomales (Salvemini et al. 

2009; Meccariello et al. 2023; Primo et al. 2020). In contrast, providing dsxm has been shown 

to result in only par:al masculinisa:on (Saccone et al. 2008). Targe:ng upstream elements 

of the sex determina:on pathway is more likely to result in full conversion if dosage 

compensa:on or early sex specific gene expression has an effect on sexual development. It 

is difficult to determine if the lack of full conversion seen when providing dsxm was due to 

compe::on with the na:ve dsxf s:ll being produced or because the upstream elements have 

more of a role in sex determina:on than inducing dsx splicing. Although the targe:ng of tra 

is more likely to be effec:ve at sex conversion in Cera%%s, the targe:ng of dsx has more cross 

species applicability if effec:ve. Dsx alternate splicing is u:lised by a wide variety of pest 

species of interest and although the splicing paRerns can differ, if the targe:ng of splice sites 

is successful, this will have a wider portability than for tra, for which homologues are missing 

in some species. If only par:al sex conversion occurred, this would s:ll have u:lity, as the 

ability to ensure no fer:le females are produced would s:ll be useful in applied gene:c pest 

control methods (Labbé et al. 2012). 

The work outlined in this chapter aimed to further understand how dsx and tra could be 

effec:vely targeted for the genera:on of pseudomales in medfly. Mul:plexed guides were 

designed as if these would both allow the tes:ng of mul:ple guides efficacies and would be 

more applicable to usage in gene drive constructs. A tra guide line was established and 

subsequently crossed with Cas9 lines to determine if this guide was effec:ve. Two established 
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tra lines were crossed to four Cas9 lines with the sex of offspring of the first genera:on 

measured. When no bias was seen these offspring were then screened for individuals with 

both transgenes and these were inbred. Sex conversion was not seen in the subsequent 

offspring. This work opened up several poten:al avenues which are currently being explored. 
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5.3 Methods 

5.3.1 Fly Husbandry 

5.3.1.1 Medfly stock lines  

Three wildtype medfly stock lines were used throughout these experiments. ‘Cepa Petapa’ is 

a mass-reared wildtype strain originally collected from the wild in Guatemala, Central 

America (Rendon, 1996). TOLIMAN is a wildtype strain from Guatemala, Central America 

originally collected in 1990.  Both strains have been reared at Oxitec LTD (Milton Park, 

Abingdon) from 2004 and a sub-culture of each was established at the University of East 

Anglia (UEA) in 2010. The wild-type Benakeion strain (originally isolated in Athens, Greece) 

was provided by A. Meccariello (Imperial College, London) and maintained at UEA from 2022.  

5.3.1.2 Medfly rearing  

All wild type medfly cultures were reared in a controlled environment with temperature set 

at 25°C ±0.5C̊, humidity at 60% ± 10% RH and on a 12h light/dark schedule. When 

development needed to be slowed, temperature was lowered to 22°C ±0.5C̊. Depending 

upon the demand for eggs from cultures, adult popula:ons were kept in 1 of 3 different cage 

sizes: small cages (10cm x 10cm x 10cm) ini:ated with 50 pupae, medium cages (13cm x 

13cm x 14cm) with 100 pupae and large cages (33cm x 33cm x 16cm) with 500 pupae. The 

emerging adult flies held in these cages were fed on an ad libitum diet of 3:1 

sucrose:hydrolysed yeast mixture, changed every seven days. Water was supplied through 

the side of each cage via dental rolls soaked in RO water, which were renewed every 4 days. 

All cages were designed with a mesh layer covering the majority of the surface area of one 

ver:cal wall of the cage, to allow egg deposi:on. Water pots containing RO water were placed 

under the mesh side of each cage to collect eggs. Eggs laid through the cage mesh were 

collected a_er a period of no more than 24h of egg laying, by removing eggs with a Pasteur 

pipeRe and transferring up to two drops of the eggs contained in the water solu:on to filter 

paper. The filter papers with eggs were then placed into 1/3 pint milk boRles containing 

100ml of ASG larval food (1L ASG food: 850ml RO water, 12.5g agar, 73.5g sucrose, 67g maize, 

47.5g Brewer’s Yeast, 2ml Propionic acid, 25ml Nipagin). 7 days post egg collec:on, boRles 

were prepared to allow the third instar larvae to exit and start pupa:on. To do this, 2 filter 

paper folded strips were placed in each boRle before laying the boRles down on a thin layer 
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of sand within a pupa:on box (170mm x 130mm x 50mm). The box was then sealed with a 

lid containing a mesh for a further 7-9 days. During this :me third instar ‘jumping’ larvae 

exited the boRles and pupated within the sand. A_er this period, pupae were sieved from 

the sand through a standard metal sieve and transferred into petri dishes. From this the 

appropriate number of pupae required for each procedure were randomly selected and 

placed into a fresh cage or used in experiments.  

5.3.2 DNA Extrac/on 

DNA extrac:on was performed on whole flies of both TOLIMAN and Cepa Petapa wildtype 

strains. Whole flies were frozen at -20°C for a minimum of 48 hours with 3 individuals per 

sample. Samples were removed from freezer to be placed onto dry ice. Samples were 

homogenised with a sterilised, plas:c pestle over dry ice. Qiagen DNeasy® Blood & Tissue Kit 

was used as per the manufacturer’s instruc:ons with the addi:on of an extra elu:on step 

with 25µl molecular grade water a_er the original 50µl elu:on. Concentra:on of the sample 

was measured using a Thermo Fisher Scien:fic Nanodrop™ 8000 Spectrophotometer.  

5.3.3 PCR amplifica/on for sequencing  

Genomic regions for targe:ng were checked for sequence divergence through sequence 

confirma:on, as follows. New England BioLabs® Q5® High fidelity 2X Master Mix was used to 

amplify target regions with genomic DNA used as template. Primers 128 and 129 were used 

for the amplifica:on of tra. Primers 130 and 131 were used for the amplifica:on of dsx. 

Primer sequences can be found in Supplementary informa%on 5.6.1. Both reac:ons used the 

following cycling condi:ons 30s at 98°C, 28 cycles of 10s at 98°C, 20s at 68°C, 30s at 72°C 

with final extension of 2 minutes at 72°C. Products were visualised with gel electrophoresis 

and purified through PCR purifica:on. Final concentra:on was measured using a Thermo 

fisher Scien:fic Nanodrop™ 8000 Spectrophotometer and sent for Sanger sequencing with 

Eurofins Genomics TubeSeq Sequencing a_er dilu:on to 15ng/µl with sequencing primers 

(same as those used for amplifica:on). 

5.3.4 General Molecular Techniques 

5.3.4.1 Gel electrophoresis 

Products to be visualised by gel electrophoresis that did not have any loading dye in PCR 

mastermix were combined with New England BioLabs® Purple Gel Loading Dye (6X) prior to 
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loading. Agarose gels were made at 1.2% (w/v) with 1X TBE buffer and stained with 3µl 

Ethidium Bromide per 100ml gel. Gels were run with appropriate ladders in each case to 

determine band sizes. The ladders used were Thermo Scien:fic™ GeneRuler™ 1kb Plus DNA 

Ladder and Thermo Scien:fic™ GeneRuler™ 1kb DNA Ladder. Gels were run at 90-120V for 

60-90 minutes depending on product size.  

5.3.4.2 PCR Purifica/on 

The Thermo Scien:fic™	GeneJET PCR Purifica:on Kit was used for the purifica:on of PCR 

products, as per the manufacturer’s instruc:ons, with final elu:on in 25µl molecular grade 

water a_er a 1 minute incuba:on at room temperature. 

5.3.5 Construct Building 

5.3.5.1 Selec/on of guides 

CHOPCHOP so_ware (Labun et al. 2019) using the medfly genome assembly Ccap_2.1 

(Poelchau et al. 2015; Spanos et al. 2000) was used to design tra guides. A further tra guide 

was provided by Meccariello (Meccariello et al. 2023). Doublesex guides were designed 

manually to target the splice site, regulatory elements and purine rich element previously 

iden:fied (Saccone et al. 2008). All guides were checked for off-target effects with BLAST 

(Madden 2002). 

5.3.5.2 Construct Design  

All constructs were designed in Benchling using the Gibson assembly tool. Primers were 

designed manually or generated by Benchling (Benchling 2023). Tra guide casseRe and 

flanking elements were ordered in a pUC backbone from GENEWIZ® from Azenta Life 

Sciences. Ordered parts can be found in Supplementary informa%on 5.6.2.  

5.3.5.3 Restric/on Diges/on 

Restric:on digests were carried out on both insert and backbone plasmids with New England 

Biolabs® BstEII with a 60 minute incuba:on at 37°C. To prevent self-liga:on restric:on digests 

were then incubated with New England Biolabs® Shrimp Alkaline Phosphatase	at 37°C for 30 

minutes and heat inac:vated at 65°C for 15 minutes. New England Biolabs® T4 DNA Ligase 

was used for annealing of digested products with a 2:1 insert:backbone ra:o. Incuba:on was 
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completed at room temperature for a minimum of 60 minutes with heat inac:va:on at 65°C 

for 15 minutes. 

5.3.5.4 Gibson Assembly 

5.3.5.4.1 Primer Design 

All primers were designed to create a 20bp overlap region between parts to allow for 

assembly. All primers were ordered from Integrated DNA Technologies and are shown in 

Supplementary informa%on 5.6.1. 

5.3.5.4.2 Genera/ng Gibson Assembly parts 

Individual parts for the Gibson assemblies were generated via PCR with overhanging primers, 

using New England BioLabs® Q5® High fidelity 2X Master Mix to ensure sequence accuracy. 

Primer annealing temperatures were calculated using New England BioLabs® Tm Calculator 

and cycling condi:ons as outlined in manufacturer’s instruc:ons were used. Primers 319 and 

324 were used for the amplifica:on of the tra insert (cycling condi:ons; ini:al denatura:on 

of 30s at 98°C, 28 cycles of 10s at 98°C, 20s at 66°C, 1 minute and 40s at 72°C with a final 

extension of 2 minutes at 72°C). Primers 320 and 323 were used for the amplifica:on of 

backbone from line UEA_005 (cycling condi:ons; ini:al denatura:on of 30s at 98°C, 28 cycles 

of 10s at 98°C, 20s at 65°C, 1 minute and 40s at 72°C with a final extension of 2 minutes at 

72°C). Plasmid DNA was used as templates for all PCR reac:ons. All plasmids used can be 

found in Supplementary informa%on 5.6.2.  PCR products were purified and their 

concentra:on measured using the Nanodrop™ 8000 Spectrophotometer.  

5.3.5.4.3 Touchdown PCR 

Touchdown PCR was used for Gibson assembly part genera:on. This uses the standard Q5 

cycling condi:ons outlined above with the modifica:on of the annealing temperature 

beginning at 70°C and decreasing by 1°C each subsequent cycle un:l 60°C is reached. 

5.3.5.4.4 Gibson Assembly Reac/on  

An in house Gibson Mastermix was used for the assemblies of tra guide plasmid following 

the method outlined in (Behle and Sakaguchi 2020). A_er incuba:on, Gibson reac:ons were 

diluted in a ra:o of 1:5 and used for transforma:on into E. coli competent cells.  
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5.3.5.5 Transforma/on of E. coli competent cells  

Three competent cell types were used and the transforma:on protocols are summarised 

below. 

Table 5.1 Transforma:on protocols of Agilent SURE® 2 Supercompetent cells used for 
construct assembly. 

Input cells Agilent SURE® 2 Supercompetent Cells 

Volume used  5µl diluted Gibson : 50µl cells 

Ice incuba:on 30 mins 

Heat shock  30 s at 42°C 

Ice incuba:on 2 mins 

Volume of SOC added 700µl 

Incuba:on 1 hr at 37°C, 100rpm 

Spin step 2 mins at 4000rpm, pellet resuspended in 

100 µl SOC 

Final plated volume onto LB Ampicillin 

(100µg/ml) 

100 µl  

Plate incuba:on Overnight at 37°C 

5.3.5.6 Colony PCR 

Individual colonies were screened for inserts a_er Gibson assembly. Colonies of varying sizes 

were selected that did not overlap others. A 10µl pipeRe :p was used to remove the edge of 

a colony and then resuspended in 10µl of molecular grade water. 1µl of this  colony mix was 

then used as the template in a Thermo Scien:fic™	DreamTaq Green PCR Master Mix (2X) 

reac:on with a total volume of 20µl. Primers used were designed to cover insert boundaries 

where possible to confirm presence of both the insert and the backbone. Primers 158 and 

163 (Supplementary informa%on 5.6.1) used for all reac:ons with the following cycling 
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condi:ons 2 minutes at 95°C, 28 cycles of 30s at 95°C, 30s at 54°C, 3 minutes at 72°C with 

final extension of 10 minutes at 72°C.  

5.3.5.7 Plasmid Miniprep 

Posi:ve clones were miniprepped to prepare them to be sent for sequencing. Overnight 

cultures were inoculated with a single posi:ve colony into 4ml LB Ampicillin (100µg/ml) 

contained within a 15ml falcon tube to allow sufficient aera:on. Cultures were incubated 

overnight at 37°C with constant agita:on at 180rpm. A_er confirming growth, 2ml of the 

culture was prepared by using the Thermo Scien:fic™	GeneJET Plasmid Miniprep Kit, as per 

the manufacturer’s instruc:ons. The final elu:on step was performed with 30µl molecular 

grade water. The purity and concentra:on of all samples were checked with Nanodrop™	

before being diluted to the correct concentra:on for sequencing.  

5.3.5.8 Plasmid Sequencing  

Nanopore based long-read sequencing was completed by dilu:ng miniprepped plasmids to 

30ng/µl and sending to SNPsaurus© Plasmidsaurus Whole Plasmid Sequencing Service. 

Sequence alignment of returned reads was performed using the Benchling sequence 

alignment tool (Benchling 2023). 

5.3.5.9 Plasmid Midiprep 

A_er sequence confirma:on, plasmids were prepared for microinjec:on using the Macherey-

Nagel NucleoBond® Xtra Midi EF, Midi kit for endotoxin-free plasmid DNA kit. Cultures were 

revived from glycerol stocks onto a streak plate which was incubated overnight at 37°C. A 

single culture from this was used for inocula:on of a 4ml LB Ampicillin (100µg/ml) starter 

culture and incubated for 6-8 hours at 37°C with constant agita:on at 180rpm. A_er 

confirming growth in starter cultures, 400µl was used to inoculate 100ml LB Ampicillin 

(100µg/ml) to be incubated overnight at 37°C with constant agita:on at 200rpm. This culture 

was then used as per the manufacturer’s instruc:ons for midiprep. The final pellet was 

resuspended in 50µl endotoxin-free molecular grade water.  

5.3.5.10 Preparing glycerol stocks 

For the prepara:on of glycerol stocks for long term plasmid storage, single colonies were 

selected to inoculate 4ml LB Ampicillin (100µg/ml). This was then incubated overnight at 
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37°C with constant agita:on at 180rpm (this was the culture that was also used for plasmid 

miniprep). From this, 500µl of culture was added to 500µl 50% glycerol and mixed well by 

inversion. Glycerol stocks were then stored at -80°C, and only the top layer was thawed when 

reviving them for use in subsequent experiments.  

5.3.6 Transgenic Line Establishment 

5.3.6.1 Microinjec/on of medfly eggs to generate transgenic strains 

Medfly microinjec:on was performed at the Imperial College London insectary by A. 

Meccariello. A further purifica:on step was performed on midiprep samples for 

microinjec:on using Millipore Ultrafree®-MC GV Centrifugal Filters. The full midiprep sample 

was loaded to the column and centrifuged at 14,000 RPM for 4 minutes. 40µl of injec:on mix 

was used per microinjec:on session with a final concentra:on of 500ng/µl plasmid of 

interest, 200ng/µl ihyPBase transposase helper plasmid (Eckermann et al. 2018). This was 

made up to a final volume with injec:on buffer (Rubin and Spradling 1982). Embryos were 

collected a_er an egg laying period of 45 mins, transferred to double sided s:cky tape and 

allowed to dry for 6 mins. Eggs were manually dechorionated using the :p of a blunted 

needle. Once the chorion was removed, eggs were transferred to slides coated in a thin layer 

of glue (double sided s:cky tape dissolved in heptane) with the posterior of the egg facing 

outwards. These egg slides were desiccated by placing them in a petri dish containing calcium 

chloride for 6 minutes, and then covered with a thin layer of Halocarbon™ 700 Oil. Eggs on 

these slides were then injected using WPI SuRer Quartz needles (outer diameter (OD) = 

1.00mm, inner diameter (ID) = 0.70mm) that had been drawn on a SuRer P-200/G laser 

needle puller. Needles were loaded with injec:on mix using an Eppendorf Microloader. 

Microinjec:ons were done using an inverted stereo microscope with an Eppendorf 

microinjec:on set-up and compressed air-driven pump. 

Post injec:on, eggs were le_ on slides un:l the larvae hatched (typically a_er 48 hours) at 

which point the larvae were placed onto larval food (30g paper, 30g sucrose, 30g yeast 

extract, 10ml cholesterol stock (5g cholesterol, 140 ml dis:lled water, 30ml 95% EtOH), 2ml 

HCl Stock (384ml dis:lled water, 66ml 37% HCl), 8.5ml Benzoic Stock (50g Benzoic acid, 300ml 

95% EtOH, 150ml dis:lled water) made up to 400ml with dis:lled water). A_er 7 days larval 

culture boRles were laid down in pupa:on boxes with a thin layer of fine sand and allowed 

to pupate. Surviving pupae were then sent to UEA within three sealed layers.  
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5.3.6.2 Fluorescence screening for medfly transgenics  

Transgenic lines were established and maintained by screening flies for fluorophore marker 

expression at each genera:on. When establishing transgenics, live adults were screened on 

the day of eclosion from the pupae. Flies were anaesthe:sed over ice for screening. A Leica 

MZ7.5 dissec:on microscope was used for screening and was fiRed with fluorescence filters 

to visualise DsRed2 (excita:on wavelength	558nm, emission wavelength 583nm) or AmCyan 

(excita:on wavelength 458nm, emission wavelength 485nm) depending on the marker being 

screened. Established transgenic lines were screened as pupae as the fluorophore expression 

was clearer at this stage.  

5.3.7 Transgenic crosses 

Guide carrying lines were crossed to four of the previously established Cas9 lines (M68.3, 

M68.4, bgcn.2A and bgcn.2C Chapter 2) to two of the newly established guide lines (010.1 

and 010.2). Crosses were set up using 2 males and 5 females per cage screened and posi:ve 

for their respec:ve transgenic marker. Cas9 lines were enriched over several genera:ons and 

therefore mostly homozygous for the inser:on. All crosses were set up in small cages as 

outlined in Table 5.2. 
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Table 5.2 Crosses set up between Cas9 lines and guide lines. In case of maternal deposi:on 
all crosses were set up reciprocally so the Cas9 provider line could be both male and female. 
Those highlighted in grey were the cages for line con:nua:on, not crosses between Cas9 and 
guide. 

Cage Number Line of male flies  Line of female flies 

1 (010.1♂ x M68.3♀) 010.1 M68.3 

2 (M68.3♂ x 010.1♀) M68.3 010.1 

10 (010.2♂ x M68.3♀) 010.2 M68.3 

11 (M68.3♂ x 010.2♀) M68.3 010.2 

3 (010.1♂ x M68.4♀) 010.1 M68.4 

4 (M68.4♂ x 010.1♀) M68.4 010.1 

12 (010.2♂ x M68.4♀) 010.2 M68.4 

13 (M68.4♂ x 010.2♀) M68.4 010.2 

5 (010.1♂ x bgcn.2A♀) 010.1 bgcn.2A 

6 (bgcn.2A♂ x 010.1♀) bgcn.2A 010.1 

14 (010.2♂ x bgcn.2A♀) 010.2 bgcn.2A 

15 (bgcn.2A♂ x 010.2♀) bgcn.2A 010.2 

7 (010.1♂ x bgcn.2C♀) 010.1 bgcn.2C 

8 (bgcn.2C♂ x 010.1♀) bgcn.2C 010.1 

16 (010.2♂ x bgcn.2C♀) 010.2 bgcn.2C 

17 (bgcn.2C♂ x 010.2♀) bgcn.2C 010.2 

9 (010.1♂ x 010.1♀) 010.1 010.1 

18 (010.2♂ x 010.2♀) 010.2 010.2 

 

Three egg collec:ons were taken from each cross, except cage number one which was lost 

due to a technical issue. Offspring pupae were screened for dsRED and mCyan fluorescence 

to select individuals for seSng up inbreeding cages. Pupae were screened within a day of 

pupa:on to enable the detec:on of mCyan. Due to the high amount of crosses and low pupal 

numbers, some lines did not have sufficient posi:ve screened pupae to set up inbreeding 

cages. A minimum of 2 males and 3 females was needed to set up a small inbreeding cage 

with the cage numbers shown in Table 5.3. 
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Table 5.3 Inbreeding crosses set up. Cage number reflects the original F1 cross the offspring 
are from. The number of males was kept equal to or less than the number of females to avoid 
female harassment. Cages required a minimum of 2 males and 3 females to be set up and 
produce viable egg numbers. 

Cage Number  Number of Males Number of Females 

1 (010.1♂ x M68.3♀) 3 6 

2 (M68.3♂ x 010.1♀) 3 9 

10 (010.2♂ x M68.3♀) 12 12 

11 (M68.3♂ x 010.2♀) 10 10 

3 (010.1♂ x M68.4♀) 2 11 

5 (010.1♂ x bgcn.2A♀) 5 9 

14 (010.2♂ x bgcn.2A♀) 8 8 

15 (bgcn.2A♂ x 010.2♀) 3 4 

7 (010.1♂ x bgcn.2C♀) 2 3 

16 (010.2♂ x bgcn.2C♀) 5 4 

17 (bgcn.2C♂ x 010.2♀) 2 4 

  

The sex of all eclosed offspring was monitored to check for male bias. When none was 

observed, the genera:on F2 was similarly checked. A minimum of one egg collec:on was 

taken from each cage with three egg collec:ons taken where possible. Sex of all the eclosed 

offspring was recorded with pupal dishes briefly placed on ice to anesthe:se live flies for their 

removal and sex scoring. 
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5.4 Results 

5.4.1 Design of guides targe/ng doublesex and transformer  

Doublesex (dsx) and transformer (tra) have different mechanisms of ac:on in sex 

determina:on and therefore the guides targe:ng these genes had specific designs. The 

presence of tra induces the cascade for female development whereas in males tra is not 

ac:ve. This means a knockout of tra is desired here to drive male development. Guides could 

therefore be designed with CHOPCHOP to induce a knockout. The top three ranked guides 

were chosen and a_er screening of the guides with a 75% match in BLAST to check for off 

target effects and finding none, these were deemed usable. As dsx is used in both the male 

and female developmental pathway a knockout would not be suitable here. Differen:al 

splicing of dsx determines male or female development with exon 4 being retained in female 

dsx and not male dsx. The aim of these guides was to disrupt the splice site which results in 

the reten:on of exon 4. These were designed manually based upon the predicted splice site, 

regulatory regions and purine rich elements outlined by Saccone (Saccone et al. 2008). 

Disrup:on of this splice site should force into the male splicing paRern which is the default 

without the recruitment of addi:onal splicing elements. Five dsx guides were designed in 

total, one of which targeted the splice site and four of which targeted regulatory elements 

including the purine rich elements. All designed guides can be found in Supplementary 

informa%on 5.6.2. 

The region in which these poten:al guides fell were sequenced to check for any single 

nucleo:de polymorphisms that could affect guide efficacy. Both genes were expected to be 

rela:vely well conserved due to their essen:al func:on. Six individuals were used for gDNA 

extrac:on, the samples and concentra:ons obtained are outlined in Table 5.4. 
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Table 5.4 Genomic DNA extrac:ons and the concentra:on obtained from each sample. 

Sample Concentra:on (ng/µl) 

TOLIMAN male sample 1 (TM1) 352.0 

TOLIMAN male sample 2 (TM2) 240.3 

TOLIMAN female sample (TF) 310.6 

Cepa petapa female sample 1 (CF1) 640.2 

Cepa petapa female sample 2 (CF2) 748.1 

Cepa petapa male sample (CM) 293.8 

PCR to amplify regions in which guides were designed to bind was completed on all samples. 

Products were visualised through gel electrophoresis for size confirma:on shown in Figure 

5.2. 

 
Figure 5.2 PCR products for the sequencing of dsx and tra. Samples were run on a 1.2% 
agarose gel at 110V for 60 minutes alongside the Thermo Scien:fic GeneRuler 1kb. Order of 
loading : Tra (TOLIMAN male 1, TOLIMAN male 2, TOLIMAN female, Cepa petapa female 1, 
Cepa petapa female 2, Cepa petapa male), dsx (TOLIMAN male 1, TOLIMAN male 2, 
TOLIMAN female, Cepa petapa female 1, Cepa petapa female 2, Cepa petapa male). All 
bands were of expected size and all samples carried through to PCR purifica:on.  

All products were purified through PCR purifica:on with the concentra:ons obtained shown 

in Table 5.5. 

NEB 1KB 
Plus Ladder1000bp

Tra
TM1      TM2       TF CF1       CF2      CM

dsx
TM1      TM2       TF CF1       CF2      CM
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Table 5.5 Concentra:ons of purified PCR products amplifying tra and dsx to be used for 
sequencing. 

Sample Concentra:on (ng/µl) 

Tra TOLIMAN male 1 (T1) 79.37 
Tra TOLIMAN male 2 (T2) 64.30 
Tra TOLIMAN female (T3) 31.19 
Tra Cepa petapa female 1 (T4) 17.91 
Tra Cepa petapa female 2 (T5) 31.65 
Tra Cepa petapa male (T6) 27.66 
dsx TOLIMAN male 1 (D1) 99.76 
dsx TOLIMAN male 2 (D2) 68.36 
dsx TOLIMAN female (D3) 29.32 
dsx Cepa petapa female 1 (D4) 41.10 
dsx Cepa petapa female 2 (D5) 117.4 
dsx Cepa petapa male (D6) 39.05 

  

All samples were sent for short read Sanger sequencing and the results were aligned to the 

respec:ve genomic region on Benchling (Benchling 2023). Aligned sequences are available in 

Supplementary informa%on 5.6.2. Several muta:ons were present in the two sequenced 

regions of approximately 500 base pairs. Muta:ons were only of interest when they fell 

within a region which a guide had been designed to target. Two dsx guides (dsx_RE3 and 

dsx_RE4) had a single nucleo:de polymorphism present in all sequenced individuals 

(dsx_RE3 C>T and dsx_RE4 A>G). As five guides in total had been designed for dsx, these two 

guides could be excluded from the final guide casseRe as there were three other suitable 

guides. Tra had a single SNP in the third ranked guide created by CHOPCHOP (Labun et al. 

2019) (Tra_Rank_3). This was a T>A that was present in all sequenced samples. This would 

have presented an issue as only three guides had been designed for tra however our 

colleague Dr A Meccariello (Imperial) had been working on tra knockouts and kindly provided 

a guide sequence that had been tested and shown to result in sex conversion (Meccariello et 

al. 2023). This guide was used in addi:on to the two designed (TRA_Rank_1 and 

TRA_RANK_3) for a mul:plex casseRe. 

5.4.2 Guide casse\e design  

Two guide casseRes were designed with a mul:plexed guide system of three guides to reduce 

the risk of resistance allele forma:on. Each consists of three guides preceded by a na:ve U6 

promotor (Meccariello et al. 2021) followed by a gRNA scaffold amplified from AGG1728 

(Supplementary informa%on 5.6.2) (plasmid designed at Pirbright Ins:tute Arthropods 

Gene:c Group) and terminated by a repe::ve Pol3 sequence. These guide casseRe designs 
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can be found in supp info. For assembly of these guide casseRes, a single element which 

contained the scaffold-pol3-U6 was to be ordered with overhang PCR used to insert the 

different guides to reduce costs of ordering two large, repe::ve parts. This part can be found 

in Supplementary informa%on 5.6.2. Due to :me constraints, the decision was made to focus 

on the assembly of the tra construct as there was not enough :me to complete both. To 

further save on :me the en:re tra guide casseRe was ordered as a single part with the mCyan 

marker elements from AGG1041 (Supplementary informa%on 5.6.2) (plasmid designed at 

Pirbright Ins:tute Arthropods Gene:c Group) was ordered with flanking regions 

complementary to previously constructed plasmids. This was ordered in a pUC backbone 

from Genewiz® by Azenta Life Sciences which could be digested with the restric:on enzyme 

BstEII (UEA_006 Supplementary informa%on 5.6.2).  

5.4.3 Synthesising the tra guide plasmid 

The tra part ordered was designed to be inserted into a modified Scolari backbone (Scolari 

et al. 2008) with diges:on of both backbone and part with BstEII. Restric:on digests were 

successful: however, no posi:ve colonies were recovered. Several colonies were present on 

transformant plates, but screening of a random selec:on of these showed them to be 

recombined plasmids with only the backbone plasmid part present, o_en repeated. Due to 

this the rSAP diges:on was repeated for a longer :me period and a high volume of insert to 

backbone was used however this did not resolve the issue. Due to this, primers were 

designed to assemble the plasmid with Gibson Assembly. 

The original Gibson Assembly design was to insert the tra part into the same plasmid which 

was being used for restric:on digest. However, this was unsuccessful due to difficulty in 

obtaining a high concentra:on of the backbone part as both parts had to be gel cut due to 

issues with mul:ple banding. Gypsy elements had caused issues with mul:ple banding and 

recombina:on in other plasmid construc:ons, so the plasmid was once again redesigned for 

inser:on into a previously constructed Cas9 plasmid (UEA_005 Supplementary informa%on 

5.6.2). The final plasmid design shown in Tra casseRe in PuB backbone can be found in 

Supplementary informa%on 5.6.2. Primers 319 and 324 (Supplementary informa%on 5.6.1) 

were used for the amplifica:on of the tra insert with primers 320 and 323 (Supplementary 

informa%on 5.6.1) used for the amplifica:on of backbone from UEA_005. PCR products 

visualised through gel electrophoresis and shown in Figure 5.3. 
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Figure 5.3 Gel electrophoresis of PCR products to amplify backbone and insert parts for tra 
plasmid assembly. Samples were run on a 1.2% agarose gel at 110V for 60 minutes alongside 
the ThermoScien:fic GeneRuler 1kb Plus. Gel photographed at slight angle so gel wells have 
been manually aligned upon edi:ng. Order of loading: Ladder, tra backbone, tra insert. Both 
bands of expected size with tra backbone expected size 4916bp and tra insert expected size 
4047bp. Insert product band is very weak and may not produce high enough concentra:on 
post purifica:on.  

PCR products were purified with their concentra:on measured with Nanodrop and shown 

in Table 5.6.  

Table 5.6 Concentra:on of PCR products to amplify parts for the assembly of tra plasmid. 

PCR Product  Concentra:on 

(ng/µl) 

260/280 260/230 

Tra backbone 172.7 1.75 1.24 

Tra insert 116.2 1.73 0.97 

 

The insert PCR product was of higher concentra:on than an:cipated so the decision was 

made to proceed with Gibson assembly and transforma:on. There were over 50 colonies 

present on the subsequent transforma:on plate however colony PCR indicated none of these 

were successfully assembled as no bands were seen. It was assumed that the insert part was 

the issue due to the weakness of this band. Amplifica:on of this part was repeated through 
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two modified PCR methods. The first modifica:on was the use of nested PCR using the 

purified PCR product as the PCR template with a lower annealing temperature of 60°C. 

Concurrently, touchdown PCR was also used on both the original template and the PCR 

product template. All four PCRs were also run for 35 cycles as opposed to the original 28. The 

resul:ng PCR products were visualised through gel electrophoresis and shown in Figure 5.4. 

 
Figure 5.4 Gel electrophoresis of PCR products to amplify insert parts for tra plasmid 
assembly. Samples were run on a 1.2% agarose gel at 110V for 60 minutes alongside the 
Thermo Scien:fic GeneRuler 1kb Plus. Order of loading: Ladder, touchdown PCR on plasmid 
template, touchdown PCR on PCR product template, normal PCR with extended cycles on 
plasmid template, normal PCR with extended cycles on PCR template. Correct sized band of 
4074bp is indicated in green, a slightly smaller band is very faintly present in both samples 
however obtaining a high enough concentra:on from gel cuSng would be very difficult with 
this product and the bands are very close together so this was not aRempted.  
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The touchdown PCR on plasmid template showed the strongest band which was used for 

subsequent PCR purifica:on. There was a slightly smaller band present in both samples 

where the PCR had been successful. However, due to difficul:es in obtaining high 

concentra:ons from gel extrac:ons and the difficulty in amplifying this product, I decided to 

proceed with the assembly. PCR purifica:on yielded a concentra:on of 180.7ng/µl with a 

260/280 of 1.78 and a 260/230 of 1.54 which is a much cleaner sample than originally 

obtained.  

This newly obtained insert was used for Gibson assembly and subsequent transforma:on. 

Approximately 30 colonies were present on the transformant plate of which 20 were 

randomly selected for colony PCR, the results of which can be seen in Figure 5.5. 

 
Figure 5.5 Gel electrophoresis of colony PCR products of 20 poten:al tra plasmids. Samples 
were run on a 1.2% agarose gel at 110V for 60 minutes alongside the ThermoScien:fic 
GeneRuler 1kb Plus. Only one colony PCR produced a result, that seen in lane 8 represen:ng 
colony 7. This was smaller than the expected colony PCR product size of 2364bp with the 
band being between 1000bp and 1500bp. As this was the only colony to produce a result it 
was selected for sequencing to check assembly. 
Only one colony produced a result in the colony PCR, namely colony 7. This band was smaller 

than the expected posi:ve colony PCR result of 2364bp with its size being approximated 

between 1000bp and 1500bp. As this was the only colony to produce a band of the 30 tested, 

it proceeded to the sequencing step. Colony 7 was miniprepped and sent for sequencing with 

two other colonies which had no posi:ve bands. Sequencing results are available in 

Supplementary informa%on 5.6.2.  

GeneRuler
1Kb Plus 

Colony 7

1500bp
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The sequencing results showed that the two colonies with no bands did not contain the 

insert. Colony 7 sequencing results showed that the insert part was present. However, 

recombina:on had occurred between the first and last U6 resul:ng in the loss of two of the 

guides in the casseRe. Only the third guide had been retained (TRA_RANK_2). Due to :me 

constraints the decision was made to proceed with this construct as recombina:on between 

these repe::ve elements would be difficult to overcome. This construct was assigned the 

designa:on UEA_010 and can be viewed in Figure 5.6. 

  

5.4.4 Establishment of tra guide transgenic line 

The plasmid was midiprepped achieving a concentra:on of 2744ng/µl with a 260/280 of 0.67 

and a 260/230 of 0.74. This sample was sent for microinjec:on (by A Meccariello, Imperial 

College London). 63 pupae were obtained from microinjec:ons, of these 48 eclosed and the 

following cages shown in Table 5.7 were set up from microinjec:on survivors.  

28/04/2024 20:20:49

https://benchling.com/siddall/f/lib_kvtXTVU6-clean-plamsmids/seq_fjIGN8R3-uea_010tra_single_in_puc/edit 1/1
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Figure 5.6 Final design of UEA_010 designed and visualised in Benchling. 
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Table 5.7 Cage set up of microinjec:ons survivors. Cages with female survivors were 
provided with 13 male wildtypes to avoid female harassment. Male survivors were provided 
with a surplus of female wildtypes. 

Cage Designa:on Number of Males Number of Females 

010.1 13 Wildtype 14 Injec:on survivors 

010.2 13 Wildtype 14 Injec:on survivors 

010.3 5 Injec:on survivors 29 Wildtype 

010.4 5 Injec:on survivors 28 Wildtype 

010.5 5 Injec:on survivors 36 Wildtype 

010.6 5 Injec:on survivors 35 Wildtype 

 

Three egg collec:ons were taken from each cage and allowed to develop normally. Eclosed 

flies were sex separated and screened for fluorescence. Eight transgenics were found, six 

originated from cage 010.4 (3 male and 3 females) and 2 originated from cage 010.3 (2 

females). These were set up as three new cages crossed to wildtypes outlined in Table 5.8. 

Table 5.8 Crosses set up with the transgenic individuals found. 

Cage Designa:on Number of Males Number of Females 

010.4A 3 Transgenic 14 Wildtype 

010.4B 3 Wildtype 3 Transgenic 

010.3 2 Wildtype 2 Transgenic 

 

Egg collec:ons were taken daily over a week period to obtain as many offspring as possible. 

Fluorescence was visible as early pupae as shown in Figure 5.7 so all pupae were screened 

on day of pupa:on or the following day.  
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Figure 5.7 GFP fluorescent pupa from offspring of microinjec:on survivors crossed to 
wildtype. SpoSng paRen caused by GFP being under nuclear localisa:on signals to allow for 
easy iden:fica:on. 
The number of screened individuals and transgenics recovered from each line is shown in 

Table 5.9. 

Table 5.9 Transgenic offspring obtained from crosses. There did appear to be a larger 
number of non-transgenics than transgenics. However, this was more likely to be due to 
screening not detec:ng fluorescence due to pupal case closure and thickening. 

Cage Designa:on Number of Transgenics Number of Non-transgenics 

010.4A 84 114 

010.4B 116 151 

010.3 22 32 

 

The ra:o of transgenic to non-transgenic was slightly skewed towards non-transgenic 

individuals. However, this is more likely due to missed fluorescence during screening as the 

fluorescence was difficult to detect once the pupal casing was fully formed. There were 

insufficient numbers of 010.3 transgenic individuals to be used for crosses so these were 

crossed to wildtype to establish a stable line. Inbreeding cages were set up for lines 010.4A 

and 010.4B by crossing 5 male transgenic flies to 5 female transgenic flies.  
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5.4.5 Crossing tra guide lines with Cas9 lines 

Crosses between the 010.4 lines to 4 different previously constructed Cas9 lines were 

completed as per the method outlined in 5.3.7. Sex was recorded of adults emerging from all 

eclosed pupae including those screened to be used for inbreeding crosses, and all unscreened 

individuals. The sex of adults from eclosed pupae is shown in Table 5.10. 

Table 5.10 Sex of all eclosed pupae from the crosses between tra guide lines and Cas9 lines. 
Cage 18 indicated in grey is an inbreeding cross to show the sex distribu:on of a cage in which 
there was predicted to be no sex bias.    

Cage Number Number of males  Number of females Male Percentage  

1 (010.1♂ x M68.3♀) 41 29 58.6% 

2 (M68.3♂ x 010.1♀) 45 51 46.9% 

10 (010.2♂ x M68.3♀) 135 135 50.0% 

11 (M68.3♂ x 010.2♀) 24 21 53.3% 

3 (010.1♂ xM68.4♀) 61 83 43.0% 

4 (M68.4♂ x 010.1♀) 1 0 N/A 

12 (010.2♂ x M68.4♀) 0 2 N/A 

13 (M68.4♂ x 010.2♀) 32 22 59.3% 

5 (010.1♂ x bgcn.2A♀) 90 86 51.1% 

6 (bgcn.2A♂ x 010.1♀) 0 0 N/A 

14 (010.2♂ x bgcn.2A♀) 91 76 54.5% 

15 (bgcn.2A♂ x 010.2♀) 47 45 51.1% 

7 (010.1♂ x bgcn.2C♀) 2 3 N/A 

8 (bgcn.2C♂ x 010.1♀) 41 33 55.4% 

16 (010.2♂ x bgcn.2C♀) 116 107 52.0% 

17 (bgcn.2C♂ x 010.2♀) 40 34 54.1% 

18 (010.2♂ x 010.2♀) 138 128 51.9% 

 

No offspring appeared intersex and none of the lines presented a sufficiently strong male bias 

to suggest that sex conversion was occurring (the male percentage is expected to be 75% in 

the case of full conversion). A Paired Welch Two Sample t-test showed a non-significant and 

small (difference = -2.44, t(15) = -1.13, p = 0.275) between male and female offspring. The 

lines which did show male bias were those with low offspring numbers, and a similar level of 

varia:on towards female bias was seen in other lines sugges:ng this was indica:ve of natural 
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varia:on. Pupal eclosion rates of the confirmed transgenics to be used for inbreeding cages 

was also monitored to obtain an es:ma:on of pupal eclosion rates. Of the 196 confirmed 

transgenic pupae, 138 eclosed (70.4%). This is lower than the eclosion numbers seen in other 

lines with fitness tests on other lines including transgenics typically yielding >96% eclosion 

rates. This could be due to temperature fluctua:ons during pupal developments as the room 

temperature had to be lowered to 22°C during this experiment or pupae being kept in smaller 

groups within their petri dishes. It could also be indica:ve of fitness cost in expressing two 

transgenic constructs. 

As there was no clear indica:on of sex conversion in the F1 genera:on, inbreeding cages 

were set up where possible as per the method outlined in 5.3.7. Eclosions from these crosses 

were monitored for sex bias un:l no further pupae had eclosed for two days. Due to low 

numbers some cages were not produc:ve and produced minimal egg collec:ons. The 

number of eclosions from each inbreeding cross and the sex of the offspring is shown in Table 

5.11. 

Table 5.11 Sex of eclosed individuals from inbreeding crosses with the percentage of males 
shown to determine level of male bias. 

Cage Number  Number of 

Males 

Number of Females Percentage of males 

1 (010.1♂ x M68.3♀) 2 8 20.0% 

2 (M68.3♂ x 010.1♀) 51 46 47.4% 

10 (010.2♂ x M68.3♀) 59 80 42.4% 

11 (M68.3♂ x 010.2♀) 149 138 51.9% 

3 (010.1♂ x M68.4♀) 106 88 54.6% 

5 (010.1♂ x bgcn.2A♀) 38 51 42.7% 

14 (010.2♂ x bgcn.2A♀) 95 96 49.7% 

15 (bgcn.2A♂ x 010.2♀) 9 7 56.3% 

7 (010.1♂ x bgcn.2C♀) 15 15 50.0% 

16 (010.2♂ x bgcn.2C♀) 5 9 35.7% 

17 (bgcn.2C♂ x 010.2♀) 40 35 53.3% 

 

A male bias was not observed in any of the crosses. A Paired Welch Two Sample t-test showed 

a non-significant and small (difference = 0.36, t(10) = 0.11, p = 0.913) between male and 

female offspring. As the Cas9 lines have been shown to be expressing through qPCR, there is 
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most likely an issue with the guide line. As both guide lines come from the same founder cage 

the possibility of an inser:on effect cannot be ruled out. However, the marker is behaving as 

expected and there was no indica:on for inac:va:on at the inser:on site. The other 

possibility is that the guide was not binding to tra or that the cut it is inducing was not 

sufficient to result in tra knockout.  

5.4.6 Genera/ng a further tra construct  

To confirm the Cas9 guides are func:onal we had the poten:al to cross them with an 

addi:onal, exis:ng guide that is known to be func:onal. The guide provided by Meccariello 

(Meccariello et al. 2023) has been shown to be func:onal and was part of the original guide 

construct. Using overhang PCR the single guide present in the construct can be replaced with 

the new guide. Primers 329 and 330 (Supplementary informa%on 5.6.1) were used on the 

designed tra plasmid (UEA_010) to generate a fragment which removed the current guide 

and replaced it with the func:onal guide. Gel electrophoresis used for size confirma:on. 

Gibson assembly was used to circularise the plasmid. PCR product purified through gel 

purifica:on and concentra:on measured with nanodrop. Final concentra:on of 19.32ng/µl 

with a 260/280 of 1.99 and a 260/230 of 0.78 was quite weak however as it was a simple 

assembly (only one part), Gibson assembly was used for recirculariza:on. Over 30 colonies 

were present on the transforma:on plate and four were randomly chosen for miniprep. The 

concentra:ons obtained are shown in Table 5.12. All samples were diluted and sent for full 

plasmid sequencing. 

 

Table 5.12 Concentra:ons of miniprepped randomly selected colonies from Gibson 
transforma:on plate containing poten:al replaced guide plasmids. 

Colony  Concentra:on 

(ng/µl) 

260/280 260/230 

1 340.1 1.86 2.30 

2 391.0 1.86 2.26 

3 510.9 1.86 2.31 

4 150.7 1.87 2.28 

 

Sequencing results were received and aligned to the new plasmid design on Benchling 

(Supplementary informa%on 5.6.2). Colonies 1 and 4 showed successful assembly. Colony 1 

was selected and midiprepped to be used for microinjec:on and given the designa:on 
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UEA_011 (Supplementary informa%on 5.6.2). A_er the extra purifica:on step the following 

concentra:on of sample was obtained.  

Table 5.13 Concentra:on obtained a_er midiprep of UEA_011 to be sent for microinjec:on. 

Colony  Concentra:on 

(ng/µl) 

260/280 260/230 

1 3769 1.05 1.22 

Concentra:on was high enough to be used for microinjec:on and was sent to Imperial. 

5.4.7 Establishment of new tra guide transgenic line 

37 microinjec:on survivors eclosed, 25 males and 12 females which were subsequently set 

up in the following crosses Table 5.14. 

Table 5.14 Microinjec:on survivors crossed to wildtype with the cage designa:on of each 
shown. 

Cage Designa:on Number of Males Number of Females 

011.1 6 Injec:on survivors 15 Wildtype 

011.2 6 Injec:on survivors 15 Wildtype 

011.3 6 Injec:on survivors 15 Wildtype 

011.4 7 Injec:on survivors 15 Wildtype 

011.5 3 Wildtype 6 Injec:on survivors 

011.6 3 Wildtype 6 Injec:on survivors 

 

Three egg collec:ons were taken from each cage with the pupae allowed to develop 

normally. Pupae were screened for fluorescence with the number of transgenic pupae found 

shown in Table 5.15. 

Table 5.15 Number of transgenic pupae produced by each cage. 

Cage Designa:on Number of Transgenic pupae 

011.1 0 

011.2 6 

011.3 4 

011.4 26 

011.5 2 

011.6 8 

A high number of transgenic pupae were obtained. However, eclosion numbers were once 

again very low. This could once again be due to temperature fluctua:ons as these pupae were 
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eclosing during a similar :me to the inbreeding crosses or fitness cost of expressing the 

transgenic. The following cages were set up with the pupae which eclosed Table 5.17. 

Table 5.16 Eclosed transgenic pupae and the number of wildtypes to which they were 
crossed. 

Cage Designa:on Number of Males Number of Females 

011.2 2 Injec:on survivors 5 Wildtype 

011.4A 3 Wildtype 2 Injec:on survivors 

011.4B 3 Injec:on survivors 15 Wildtype 

  

Despite the low eclosion numbers, sufficient transgenics were obtained to set up crosses to 

wildtypes for line establishment. At this point I finished my experimental work so these lines 

were taken over by other researchers for con:nua:on.  

 

5.4.8 Edi/ng the guide designs 

Post my finishing of experimental work, a_er the second tested guide did not work an issue 

was no:ced with the guide designs. PAM sequences were retained in the guide constructs 

when these should be removed from the finalised guides. In addi:on to this when 

recombining UEA_010 had retained the PAM element of another guide in addi:on to its own. 

This explains why neither guide construct generated cuSng. These construct designs have 

now been fixed and can be found in Supplementary informa%on 5.6.2. Overhang PCR will be 

used to remove the PAM sequences from UEA_010 and UEA_011 and these shall be retested 

in future work.   
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5.5 Discussion 

Manipula:on of the sex determina:on pathway in medfly has several poten:al uses in the 

both the field of pest control and in furthering our understanding of the sex determina:on 

pathway (Siddall et al. 2022). Medfly is a par:cularly suitable species for manipula:on within 

the sex determina:on pathway due to the apparent lack of necessity of the Y chromosome 

for male fer:lity (Meccariello et al. 2019). There are several points in the sex determina:on 

pathway which can be targeted. Targe:ng of upstream elements is more likely to result in full 

sex conversion which is of par:cular interest in medfly as pseudomales are fer:le 

(Meccariello et al. 2019). These elements do however have more variability between species 

so if the aim is to develop systems more easily transferred to other species, downstream 

elements such as dsx could represent beRer targets although interference is more likely to 

result in sterilisa:on than full sex conversion. Tra and dsx were both poten:al targets in this 

work as they both have promise as tools to effect masculinisa:on of XX individuals (Saccone 

et al. 2008; Meccariello et al. 2023; Salvemini et al. 2009; Primo et al. 2020). 

Once the targets had been decided, the next considera:on was how to target these genes. 

This required two different strategies as their mechanisms of use differs in the sex 

determina:on pathway. Tra is rela:vely simple as its presence drives female development 

whereas it is repressed in male development. A knockout of tra could therefore be used to 

force male development. Designing guides for knockout can be automated using CHOPCHOP 

(Labun et al. 2019; Montague et al. 2014) making this a rela:vely simple process. Three 

guides were chosen for use as mul:plexing can both reduce the forma:on of resistance 

alleles (Champer et al. 2020) and would allow for knockout if one of the guides designed were 

non-func:onal. 

The targe:ng of dsx was slightly more complex. As both males and females u:lise dsx, a 

knockout would not be appropriate in this case. One op:on would be the targeted knockout 

of only the female specific dsx (fs-dsx), this however would not result in masculinisa:on 

unless the male isoform was produced as complete dsx knockout would result in lethality or 

sterile intersex (Kyrou et al. 2018). Although this would have the desired effect of only fer:le 

male offspring it would mean that 50% of offspring would be non-viable, this would not be 

an issue if the lethality was early enough that non-viable embryos were replaced, but this 

design would introduce the need to study where lack of dsx causes lethality. As the male 

splicing paRern of dsx is the default this does present the opportunity to avoid this scenario. 

By preven:ng female specific splicing from occurring, this will allow for the forma:on of 
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male-specific dsx. The female specific splicing paRern requires the recruitment of splicing 

enhancers to the splice site which allows for the reten:on of exon 4 (Saccone et al. 2008). By 

removing the sites which these splicing enhancers bind to and the splice site, this was 

predicted to prevent the female-specific splicing even in the presence of the splicing 

enhancers (such as tra and tra-2 (Salvemini et al. 2009)). It is unclear what level of 

masculinisa:on would be seen in this case. The likelihood of fer:le pseudomales being 

formed is low as this would mean all intermediary genes between tra and dsx, have no 

func:on ins sexual development other than driving the splicing of dsx. Producing 

masculinised sterile individuals would however be preferable to sterile intersex individuals as 

individuals with the ability to oviposit are not desirable in pest control strategies. These 

guides were once again mul:plexed as although the removal of the splice site should be 

sufficient to prevent splicing on its own, removal of further regulatory regions decreases the 

likelihood of splicing. Resistance allele forma:on was predicted to be rela:vely low for this 

region as it is highly conserved. 

The sequencing of the tra and dsx regions showed more muta:ons than was expected for 

such a highly conserved sequence. The SNP in the 3rd ranked tra guide was not an issue as 

this guide was not used in the end and muta:ons were expected in these guides as they are 

not in key regulatory elements. The presence of muta:ons in one of the regulatory regions 

in dsx was surprising as this was predicted to be a highly conserved region as it is responsible 

for enhancer recruitment and binding. This could indicate the region is tolerant to more 

muta:ons than we would expect, making the mul:plexing strategy more necessary than 

relying on the high level of gene conserva:on maintaining the sequence. 

When it became clear that :me constraints would not allow for the development of both 

guide casseRes, a decision was made to ra:onalise the subsequent tests. The design of dsx 

was more novel and could have been an interes:ng study in how splicing paRerns can be 

manipulated. However, the manipula:on of tra had been shown to be successful in 

genera:ng fer:le pseudomales (Salvemini et al. 2009; Meccariello et al. 2023; Primo et al. 

2020). Therefore, this was the more promising construct for future use in gene:c pest control 

strategies. The development of a mul:plexed guide casseRe for tra was nevertheless a novel 

element that had not yet been developed in medfly. As gene drive development in medfly is 

in the rela:vely early stages, the elements needed for a guide casseRe were not always 

available.  
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The promotor of the guide elements is very important for the successful guide produc:on. 

However, at the :me of star:ng this work there was no published Cera%%s U6 or 7sk 

promotors. These promotors are RNA Polymerase III promotors which are derived from U6 

or 7sk genes and are ideal for expression of short non-coding RNA (Anderson et al. 2020). 

Meccariello kindly provided the U6 (the only na:ve U6 tested in medfly) which is now 

published (Meccariello et al. 2023). There are more iden:fied U6 promotors in other species 

that could poten:ally be used, but cross-species conserva:on of func:on is variable and 

difficult to predict (Anderson et al. 2020). This presents an issue when mul:plexing guides. 

Although there is no concern with using the same U6 promotor to drive mul:ple guides, it 

does present a technical issue in that there are 3 repe::ve elements separated by a short 

sequence length. This means when construc:ng and inser:ng these casseRes, recombina:on 

risk is high. It also drives up synthesis costs as flanking regions must be ordered for synthesis 

as the casseRe on its own is too repe::ve a sequence. Recombina:on occurred during 

construc:on for this guide casseRe which resul:ng in two guides being removed from the 

casseRe, nega:ng the mul:plexed construct. Without further research into these elements, 

producing a mul:plexed guide casseRe will remain technically difficult.  

The final guide construct used only had one guide present but the decision was made to 

proceed - as a single guide (if func:onal) should s:ll be sufficient for a knockout of tra. This 

would allow the tes:ng of the previously developed Cas9 lines to test which are most 

effec:ve at cuSng. Ideally the guide provided by Meccariello would have been preferable for 

the final construct, as this would give us a func:onally validated guide and higher confidence 

regarding crosses to the Cas9 lines. Although there was insufficient :me to test both guides 

in this project, I did create and establish a transgenic line carrying the Meccariello guide, with 

the aim that this could be used if there were no observed sex conversion effects from the 

crosses of my original guide and Cas9 lines.  

There was no male bias or intersex individuals in the first genera:on of crosses. However, this 

was not immediately discouraging, as the effect of the transgene is o_en not present at this 

stage, with inbreeding being necessary to produce homozygous individuals in which the 

phenotype is observable. If sex conversion had been seen in the first genera:on, this would 

have indicated a high level of Cas9 deposi:on into the embryo, given that tra is 

haplosufficient. The crosses were set up reciprocally to test for Cas9 deposi:on effects. By 

seSng up crosses where both the males and females are the Cas9 providers, it should iden:fy 

if Cas9 deposi:on was increasing the level of cuSng seen in the offspring either maternally 
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or paternally. Maternal Cas9 deposi:on is well documented (Champer et al. 2018; Hammond 

et al. 2017) with paternal deposi:on being observed less but s:ll possible (Xu et al. 2022). 

Inbreeding crosses were maintained, with the original cross informa:on being retained for 

each cross. This is due to the sex of the original Cas9 carrier being shown to have an effect 

on transgene inheritance in constructed gene drives in subsequent genera:ons (Verkuijl et 

al. 2022).  

However, a_er examining the phenotype of the offspring of the inbreeding crosses there was 

s:ll no evidence of masculinisa:on (par:al or complete). Originally it was thought that as the 

guide line was crossed with four separate Cas9 lines (with two different promotors) which 

have been shown to express Cas9 (Chapter 2), the issue was more likely to be with the guide 

construct than with a lack of Cas9 expression. There are several avenues of research which 

could be pursued to determine if this is the case. The validated tra guide with demonstrated 

func:on in medfly had already been established so this was a good next step to pursue and 

such tests were completed by another lab member. This would both show if the original guide 

was defec:ve, if cuSng was observed in the new crosses – and this would allow for 

con:nua:on of the work studying tra manipula:on for pest control. If unsuccessful, this 

would iden:fy an issue with the Cas9 lines or the construct design of the elements 

surrounding the guide, as these were shared across both types of guides. If it is discovered 

the guide was the cause of cuSng failure there are several poten:al reasons. The first is that 

the guide does not bind where predicted and is therefore not recrui:ng Cas9 for cuSng. 

Alterna:vely binding could be occurring but the cuSng which is occurring is not inducing the 

knockout of tra that was predicted by CHOPCHOP. The first of these issues could be tested 

for with an in vitro incuba:on of tra sequence with Cas9 protein and the guide. If cuSng is 

seen this means the guide is behaving as expected. If this was the case a T7 assay could be 

completed on inbred individuals expressing both fluorescence markers. If this showed cuSng 

this would mean that the issue is that the muta:on does not result in loss of func:on. If 

cuSng does not occur, this means the guide is not working in vivo. This could be due to the 

inser:on site of the transgene. As piggybac inser:on was used, the genomic loca:on of the 

transgene is random and therefore the inser:on site could be on a transcrip:onal inac:ve 

sec:on of a chromosome. The strong expression of the marker element which is carried with 

the rest of the construct makes this rela:vely unlikely but it cannot be ruled out.  

The design problem arising from the reten:on of a PAM sequence was then discovered which 

is the most likely explana:on for the lack of cuSng observed. Unfortunately, this error was 
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not found un:l a_er the comple:on of my PhD work. The error can easily be rec:fied in the 

future with the use of an overhang PCR to remove this PAM sequence. The resul:ng guides 

can then be tested with the Cas9 promotors. The discovery of the error and route to fix it 

suggest that both the Cas9 and guide lines will yield posi:ve future results to facilitate the 

development of gene:c control strategies in medfly.  

Overall, this work highlights the need for expanded toolbox elements in medfly to fully realise 

the poten:al of gene:c control methods in this species. Further research into U6 and 7sk 

promotors is necessary to construct mul:plexed guide casseRes without risk of 

recombina:on during plasmid construc:on, transgene inser:on and transgene propaga:on. 

The use of computa:onal so_ware such as CHOPCHOP to design guides is common. However, 

the need for guide valida:on is clearly demonstrated by the results described here. As the 

original casseRe had a validated guide, it was not deemed necessary to validate in this way 

as single guide failure would have been tolerated. Tra remains a promising target for pest 

control strategies and is indeed the target used in the first developed gene drive in medfly 

(Meccariello et al. 2023) and a medfly transgenic sor:ng strain (Davydova et al. 2023). The 

constructs developed here are s:ll being tested and may yet yield posi:ve results which will 

con:nue to expand the toolbox for gene:c modifica:on in medfly.  
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5.6 Supplementary Materials 

5.6.1 Primers sequences 

Table 5.17 Sequences of primers used throughout this experiment. 

Primer Number Sequence (5’-3’) 

128 tcaacgcgacgacatcgttg 

129 tgtttgagttggccaagtggac 

130 gctggagctgacattgaagaggca 

131 tgcaaatcaactccgctttgct 

158 tcggtctgtatatcgaggtt 

163 cgatcgtgcgttacacgtag 

319 ggtcgacagactgagatctgcgaatggccatgggacgtcg 

320 cgacgtcccatggccattcgcagatctcagtctgtcgacc 

323 tagcgccataaacatagcacc 

324 ggtgctatgtttatggcgcta 

329 gttgttattaaacgtagattcgggttttagagctagaaat 

330 aatctacgtttaataacaaccaaatcacattaaaaacaca 

 

5.6.2 Plasmid maps, parts and sequencing results 

All sequences and aligned reads can be obtained at 
hRps://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/  
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6 Chapter Six – The iden/fica/on of essen/al genes for targe/ng   

6.1 Abstract 

Resistance alleles are a major hurdle in the development of gene drive in Cera%%s capitata. 

These muta:ons within the targeted region result in guide RNAs no longer being able to bind, 

disrup:ng the ac:on of the gene drive. There are several proposals on how to reduce 

resistance allele forma:on, one of which is the targe:ng of an essen:al gene.  This will inhibit 

resistance allele forma:on because muta:ons within an essen:al gene cannot be tolerated 

by the organism if they cause loss of func:on. Toxin/an:dote (TA) systems are the main types 

of gene drive systems that primarily u:lise this strategy. The underlying element of TA gene 

drive constructs is based upon the targeted disrup:on and subsequent rescue of an essen:al 

gene. Therefore, the iden:fica:on of addi:onal essen:al genes for targe:ng in TA systems is 

important for further developments of this promising control strategy. The aim of the work 

in this chapter was to iden:fy and inves:gate new essen:al genes for TA targe:ng in medfly. 

Guide (g) gRNAs for targeted disrup:on of the essen:al genes iden:fied as promising targets 

were designed alongside recoded rescue versions of the essen:al genes iden:fied as targets. 

I then discuss how these tools could be used in gene drive designs and also how they could 

provide key new informa:on on how gene:c context (i.e. the surrounding gene:c loca:on) 

affects gene expression. 
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6.2 Introduc7on 

Upon the discovery of the CRIPSR system (Jinek et al. 2012), homing gene drives have become 

one of the most promising prospects for gene:c pest control (Esvelt et al. 2014; Raban et al. 

2020). These drives have been constructed in several important pest species including 

Cera%%s capitata (Meccariello et al. 2023), Drosophila suzukii (Yadav et al. 2023), Anopheles 

gambiae (Hammond et al. 2016; Kyrou et al. 2018), Aedes aegyp% (M. Li et al. 2020) and 

Anopheles stephensi (Adolfi et al. 2020). The major challenge to the effec:ve implementa:on 

of homing gene drives is non-homologous end joining (NHEJ), which causes the forma:on of 

resistance alleles (Champer et al. 2017; Carrami et al. 2018) and reduces the amount of 

homing occurring, disrup:ng drive spread. When cuSng with Cas9 in homing gene drives, 

the inten:on is for repair through homology directed repair (HDR). This HDR allows for the 

copying of the drive construct from one chromosome to the other during meiosis, resul:ng 

in the genera:on of offspring of which 100% are homozygous for the intended muta:on. HDR 

is favoured over NHEJ at certain :me points in the cell cycle and within specific :ssues (such 

as the germline) (Raban et al. 2020). This means if we can limit Cas9 ac:on to the periods 

where HDR is favoured, repairs by NHEJ can be reduced. Resistance alleles are formed when 

the NHEJ repair pathway is deployed as opposed to the homology directed repair, this can 

result in muta:ons at the target region as the two ends are joined elimina:ng the target 

region which was originally between them. These resistance alleles are detrimental to gene 

drive spread as Cas9 can no longer cut the targeted regions once the guide RNAs are no 

longer fully complementary to these target sequences. Accumula:on of these resistance 

alleles within a popula:on severely challenges the ability of gene drives to spread.  

There are two classifica:ons of resistance alleles within CRISPR gene edi:ng (Champer et al. 

2018), r1 resistance alleles preserve the func:on of the gene, whereas r2 resistance alleles 

result in disrupted gene func:on. In homing-based control strategies, there can be an 

accumula:on of both r1 and r2 resistance alleles. R1 resistance alleles are predicted to be 

much less common as typically they can only be caused by a synonymous muta:on – hence 

must retain the original amino acid. There have been several proposed mechanisms to 

prevent the accumula:on of resistance alleles. These include restric:on of Cas9 expression 

to the germline thereby reducing cuSng in stages of cell development where NHEJ is 

favoured (Kondo and Ueda 2013; Champer et al. 2018; Meccariello et al. 2023) (also covered 

in Chapter 3), mul:plexing of guide RNAs (Champer et al. 2018; Yang et al. 2022; Marshall et 

al. 2017) (which modelling shows can s:ll result in resistance (Champer et al. 2020c)) and the 
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targe:ng of essen:al genes within the guide design. R2 muta:ons within essen:al genes are 

not tolerated as they lead to organism death and therefore these more common resistance 

alleles cannot accumulate in a strategy that involves targe:ng an essen:al gene.  

Essen:al genes have uses in both homing strategies and toxin/an:dote systems. Direct 

targe:ng of an essen:al gene with a homing drive was achieved by Kyrou et al. (2018) who 

lowered resistance allele forma:on by targe:ng dsx which is a highly conserved essen:al 

gene. This was achievable due to the ac:on of dsx being influenced by different splicing 

paRerns in males and females which allowed the targe:ng of exon/intron boundaries making 

the technique highly specific to dsx. Recoded (Rec) (Adolfi et al. 2020) and Home-and-Rescue 

(HomeR) (Kandul et al. 2021) both u:lise essen:al genes and achieved high levels of drive 

transmission with reduced levels of resistance allele forma:on compared to standard homing 

drives. These drives insert the homing drive into the selected essen:al gene, disrup:ng its 

na:ve expression. The rescue version is then provided within the drive construct. The homing 

drive then copies itself to the non-drive allele in germline through homology directed repair, 

crea:ng efficient driving. The difference here is that leaky expression of Cas9 causing cuts 

when homology directed repair is not possible and forcing the DNA to repair through non-

homologous end joining does not cause the usual accumula:on of resistance alleles in a 

popula:on. This is because the drive is located on an essen:al gene where muta:ons 

resul:ng in loss of func:on are not tolerated.  

Toxin-an:dote systems also use the targe:ng of an essen:al gene to ensure drive spread 

(Oberhofer et al. 2018; Champer et al. 2020b;  Champer et al. 2020a; Beaghton et al. 2017). 

These systems are fitness based (they cannot drive if they impose an immediate high fitness 

cost) and are therefore primarily limited to popula:on modifica:on (the excep:on being 

TADE drives (Champer et al. 2020a)), whereas homing drives are more easily suited to 

popula:on suppression. Popula:on modifica:on has several poten:al uses in medfly. For 

example, insec:cide resistance has o_en been detected in medfly (Castells-Sierra et al. 2023) 

and this is a major issue as insec:cides deployed through cover spraying or bait spraying are 

currently the most commonly used control method (Vontas et al. 2011). Popula:on 

modifica:on strategies can also be used to remove insec:cide resistance in popula:ons 

(Kaduskar et al. 2022). The sterile insect technique (SIT) is s:ll a widely used method of 

control in medfly. However, improvements to SIT are urgently needed to improve the 

produc:on rate of sterile males while minimising costly techniques such as the need for 

fluorescent sor:ng and the rearing of females which are superfluous in such control methods. 
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A temperature-dependent point muta:on in transformer-2 has been used in Drosophila to 

create only sterile, predominantly male offspring (Li and Handler 2017). This would allow for 

efficient produc:on of sterile males for SIT by removing the need for sor:ng and screening 

while allowing for line maintenance at lower temperatures. This has been repeated in medfly 

however with limited success due to an inability to rear the flies at a low enough temperature 

to not trigger the temperature-dependent point muta:on (Aumann et al. 2018). Popula:on 

modifica:on strategies could also theore:cally allow for other methods of control through 

sex conversion. By targe:ng sex determina:on genes, offspring could be directed down the 

male developmental pathway, decreasing the number of females within a popula:on and 

thus the damage they cause (Siddall et al. 2022). 

There are several types of drives which u:lise essen:al genes for a toxin/an:dote system. 

ClvR (Cleave and Rescue) (Oberhofer et al. 2019) and TARE (toxin-an:dote recessive embryo) 

(Champer et al. 2020b) constructs operate by having a ‘toxic’ element which relies upon 

guides targe:ng an essen:al gene, Cas9 to cut and disrupt that gene, an ‘an:dote’ element 

consis:ng of a recoded version of the essen:al gene resistant to Cas9 cuSng and the cargo. 

The cargo element carries the gene or guides which allow for popula:on modifica:on.  With 

the excep:on of TADE designs (Champer et al. 2020a) which have a dominant lethality effect, 

the essen:al genes targeted must be haplosufficient. The targe:ng of a haploinsufficient 

gene allows for the system to be used for popula:on suppression (Zhu and Champer 2023) 

whereas those targe:ng haplosufficient genes are more limited to popula:on modifica:on. 

Haplosufficiency is when a single copy of the gene is adequate for func:on. Targe:ng of a 

haplosufficient gene creates the threshold dependency demonstrated by these drives and 

negates the need for :ghtly controlled germline expression as resistance alleles are much 

more likely to accumulate due to loss of func:on muta:ons not being tolerated in essen:al 

genes. The threshold dependency is the result of a high number of disrupted essen:al gene 

copies needing to be present in the popula:on before the drive begins to be selected for. The 

recessive essen:al gene also allows for Cas9 expression outside of the germline to be 

tolerated as disrupted alleles are present in non-drive carrying offspring if a func:onal copy 

is s:ll present. As these designs do not rely on homology directed repair, the disrup:on of 

more essen:al gene alleles aids in the reliance on the drive rescue copy.  

The meaning of essen:al gene which is used in this work is a gene which is necessary for the 

survival of the organism or cell. Due to their importance for cell survival, essen:al genes are 

o_en highly conserved across species, which aids in their iden:fica:on. A common 
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characteris:c of genes with ubiquitous expression is their essen:al nature. This ubiquitous 

expression also leads them to be employed as reference genes in gene expression studies. 

These well-characterised genes can be harnessed for other research with the primary use 

envisioned here is as a func:onal component of a gene drive. Targeted knockout out of 

essen:al genes can be used to ensure reten:on of the drive construct by providing a 

necessary rescue version of the essen:al gene which is linked to the drive payload.  

The use of haplosufficient essen:al genes allows more flexibility in essen:al gene choice as 

haploinsufficiency is difficult to iden:fy and rare (Morrill and Amon 2019; Deutschbauer et 

al. 2005; Lindsley et al. 1972). However, the frequency of haploinsufficiency in essen:al genes 

has been suggested to be higher than that of other genes, with over half of the profiled 

essen:al genes in yeast showing haplosufficient phenotype (Ohnuki and Ohya 2018). There 

is also difficulty in disentangling haploinsufficiency from dosage compensa:on. However, if 

there is any effect on fitness to the organism if there is only a single func:onal copy of an 

essen:al gene, this reduces the likelihood of the drive reaching fixa:on (Marshall and Hay 

2012). As essen:al genes are o_en more highly studied than other genes, expression profiles 

and their usage in other work can help inform on the extent of haplosufficiency. There are 

also predic:ve approaches for determining haploinsufficiency (Steinberg et al. 2015; Norris 

et al. 2013; Huang et al. 2010), although these studies are primarily focused on human 

medical gene:cs. 

To construct drives that target essen:al genes to prevent the forma:on of resistance alleles, 

iden:fica:on of suitable candidates must be completed. The work described in this chapter 

inves:gates poten:al essen:al genes for use in Cera%%s capitata gene drive systems. The 

iden:fica:on of suitable candidates was completed and I narrowed down these candidates 

based on their suitability for use in a gene:c construct. Guides for targeted knockout of these 

essen:al genes were designed and the sequence of these genes in mul:ple Cera%%s capitata 

individuals was determined to check for conserva:on. A recoded rescue version was then 

designed for all genes to be used, to which the guides are non-complementary and should 

be cleavage-resistant. 
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6.3 Methods 

6.3.1 Selec/ng essen/al genes  

Essen:al genes were selected from a publica:on on housekeeping genes in medfly (Sagri et 

al. 2017). To reduce the list to suitable candidates, those with other genes within 2kb and 

those with a sequence size below 500bp were excluded. This ensured that non-target genes 

regulatory regions were not at risk of disrup:on and allowed a sufficiently long sequence for 

mul:ple guide targets. A_er filtering, three candidate genes (GAPDH, alpha-tubulin and 

RPL19) were selected from those outlined in Sagri et al. (2017). 

6.3.2 Guide RNA design  

CHOPCHOP so_ware (Labun et al. 2019) using the medfly genome assembly Ccap_2.1 

(Poelchau et al. 2015; Spanos et al. 2000) was used to design all PCR primers, and to iden:fy 

guide targets in the three selected candidate essen:al genes. The top five ranked gRNAs 

generated for each gene were then checked for off target similarity using BLAST (Madden 

2002). From this, the top three candidate guide sequences with the highest rank and no 

iden:fied risk of off target effects were selected for each essen:al gene. 

6.3.3 Fly Husbandry 

6.3.3.1 Medfly stock lines  

Two wildtype medfly stock lines were used throughout these experiments. ‘Cepa Petapa’ is a 

mass-reared wildtype strain originally collected from the wild in Guatemala, Central America 

(Rendon, 1996). TOLIMAN is a wildtype strain from Guatemala, Central America originally 

collected in 1990.  Both strains were reared at Oxford Insect Technologies (Oxitec LTD, Milton 

Park, Abingdon) from 2004 and a sub-culture of each was established at the University of East 

Anglia (UEA) in 2010.  

6.3.3.2 Medfly rearing  

All wild type medfly cultures were reared in a controlled environment with temperature set 

at 25°C ±0.5C̊, humidity at 60% ± 10% RH and on a 12h light/dark schedule. Depending upon 

the demand for eggs from cultures, adult popula:ons were kept in 1 of 3 different sizes: small 

cages (10cm x 10cm x 10cm) ini:ated with 50 pupae, medium cages (13cm x 13cm x 14cm) 
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with 100 pupae and large cages (33cm x 33cm x 16cm) with 500 pupae. The emerging adult 

flies held in these cages were fed on an ad libitum diet of 3:1 sucrose:hydrolysed yeast 

mixture, changed every seven days. Water was supplied through the side of each cage via 

dental rolls soaked in RO water, which were renewed every 4 days. 

All cages were designed with a mesh layer covering the majority of the surface area of one 

ver:cal wall of the cage to allow egg deposi:on. Water pots containing RO water were placed 

under the mesh side of each cage to collect eggs. Eggs laid through the cage mesh were 

collected a_er a period of no more than 24h of egg laying by removing eggs with a Pasteur 

pipeRe and transferring up to two drops of the eggs in water solu:on to filter paper. The filter 

papers containing eggs were then placed into 1/3 pint milk boRles containing 100ml of ASG 

larval food (1L ASG food: 850ml RO water, 12.5g agar, 73.5g sucrose, 67g maize, 47.5g 

Brewer’s Yeast, 2ml Propionic acid, 25ml Nipagin). 7 days post egg collec:on, 2 filter paper 

folded strips were placed in each boRle before laying the boRles down on a thin layer of sand 

within a pupa:on box (170mm x 130mm x 50mm). The box was then sealed with a lid 

containing a mesh for a further 7-9 days. During this :me third instar ‘jumping’ larvae exited 

the boRles and pupated in the sand. A_er this period, pupae were removed by sieving the 

sand through a standard metal sieve and transferring the pupae into petri dishes. From this 

the appropriate number of pupae were randomly selected and placed into a fresh cage or 

used in experiments.  

6.3.4 DNA Extrac/on 

DNA extrac:on was performed on whole flies of both TOLIMAN and Cepa Petapa wildtype 

strains. Whole flies were frozen at -20°C for a minimum of 48 hours with 3 individuals per 

sample. For the dissec:ons, the frozen flies were removed from the freezer and placed onto 

dry ice, then homogenised with a sterilised, plas:c pestle over dry ice. The Qiagen DNeasy® 

Blood & Tissue Kit was used for DNA extrac:ons, as per the manufacturer’s instruc:ons with 

the addi:on of an extra elu:on step with 25µl molecular grade water a_er the original 50µl 

elu:on. The concentra:on of each sample was measured using a Thermo Fisher Scien:fic 

Nanodrop™ 8000 Spectrophotometer.  

6.3.5 Amplifica/on of target regions 

DNA guide target regions were amplified and extracted from TOLIMAN and Cepa petapa 

strain gDNA using a high-fidelity polymerase (NEB Q5®) with the following primers: GAPDH 
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amplified with primers 57 and 60; RPL19 amplified with primers 61 and 62; alpha-tubulin 

amplified with primers 63 and 66. Primer sequences can be found in Supplementary 

informa%on 6.6.1. PCR products were confirmed as being the correct size by gel 

electrophoresis. 5µl PCR product stained with Thermo Scien:fic™ TriTrack DNA Loading Dye 

(6X) was run alongside the Thermo Scien:fic™ GeneRuler™ 1kb DNA Ladder on a 1.2% 

agarose gel at 110V for 60 minutes. 

6.3.6 PCR Purifica/on 

The Thermo Scien:fic™	GeneJET PCR Purifica:on Kit was used for the purifica:on of PCR 

products, as per the manufacturer’s instruc:ons with final elu:on in 25µl molecular grade 

water a_er a 1 minute incuba:on at room temperature. The concentra:on of each sample 

was measured using a Thermo fisher Scien:fic Nanodrop™ 8000 Spectrophotometer. 

6.3.7 Sequence Confirma/on of PCR products 

To confirm that the amplified PCR products were of the correct sequences, purified PCR 

samples were diluted to 10ng/µl and sent for sequencing using the Eurofins Genomics 

TubeSeq Sequencing service. Sequencing primers were sent with samples; primer 60 with 

GAPDH samples; primer 61 with RPL19; primer 66 with alpha-tubulin. Primer sequences can 

be found in Supplementary informa%on 6.6.1. Sequence alignment of the resul:ng reads was 

performed using the Benchling sequence alignment tool (Benchling 2023). 

6.3.8 Designing recoded genes 

Recoded versions of essen:al genes were designed by changing every 3rd base pair in a 

reading frame for all residues for which a synonymous nucleo:de change could be made. A 

codon usage table for Cera%%s capitata (Nakamura 2000) was used to ensure that codons 

with a similar frequency were selected in the design of the recoded gene sequences. 
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6.4 Results 

6.4.1 Selec/ng essen/al gene targets 

The Sagri et al. (2017)  paper was used to iden:fy suitable essen:al genes for targeted 

knockout and rescue. Genes which resided within 2kb from another gene (to prevent the 

disrup:on of regulatory elements of a non-target gene) or were less than 500bp in sequence 

length (to ensure mul:ple guide target sites) were excluded.  This le_ three essen:al gene 

targets: GAPDH (glyceraldehyde 3-phosphate dehydrogenase, LOC:105664420), RPL19 

(ribosome protein L19, LOC:101460909) and alpha-tubulin (LOC:101459628). RPL19 has been 

shown to be haploinsufficient in Drosopholia however this has yet to be demonstrated in 

medfly. 

6.4.2 Confirming guide RNA design 

The use of the CHOPCHOP so_ware (Labun et al. 2019) to design guides that would produce 

knockouts was effec:ve and produced several candidates for all three essen:al genes. The 

CHOPCHOP algorithm checks for possible off target sites – however, to provide addi:onal 

confirma:on the top ranked guides were also run through BLAST against the Cera%%s 

capitata genome. When guide target sites overlapped, the highest ranking of the overlapping 

guides was chosen, and other overlaps then excluded. This was done to avoid targe:ng the 

same region mul:ple :mes, and thus reduce likelihood of resistance muta:ons arising. When 

analysing BLAST results, off target matches of 13 base pairs or more were noted. Three guides 

were checked for all target essen:al genes. None of the guide base pairs showed a 100% 

match with any off-target genome site. The BLAST check results are shown in Table Table 6.1. 
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Table 6.1 BLAST results of poten%al guides with off target matches of 13bp or more. 

Essen:al gene target Guide name Results of BLAST check 

GAPDH GAPDH_RANK_1 13bp match in mRNA-fibrillin 

NW_019378519.1:869,301 

Scaffold 111 

GAPDH GAPDH_RANK_2 No iden:fied off target  

GAPDH GAPDH_RANK_4 No iden:fied off target 

RPL19 RPL19_RANK_1 14bp match in 

uncharacterised locus 

LOC101459813 scaffold 31 

RPL19 RPL19_RANK_2 No iden:fied off target 

RPL19 RPL19_RANK_3 • 13bp match in mRNA-

uncharacterized 

LOC101455552 

scaffold 98 

• 13bp match in mRNA-

tetratricopep:de 

repeat protein 28 

scaffold 219 

• 13bp match in mRNA-

uncharacterized 

LOC101463093 in 

scaffold 140 overlap 

alpha-tubulin ALPHA_RANK_1 No iden:fied off target 

alpha-tubulin ALPHA_RANK_2 No iden:fied off target 

alpha-tubulin ALPHA_RANK_3 13 bp match in 3' end mRNA-

fibroblast growth factor 

receptor 3 scaffold 80 

 

For all genes there was one or more guide which did not have any iden:fied off target 

poten:al binding sites. The maximum number of base pair matches was 14 base pairs in an 

off-target region for RPL19_RANK_1. RPL19_RANK_3 returned the greatest number of 

poten:al off target binding sites with 13 base pair matches in 3 different genes. The likelihood 
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of these off-target loca:ons causing off target cuts is low. Wherever possible, alterna:ve 

guides without any off targets sequence matches were used. 

6.4.3 Amplifying the target regions 

The region in which the guides would bind were sequenced to check for the presence of 

single nucleo:de polymorphisms (SNPs) which could indicate low conserva:on of region, 

increasing the risk of resistance alleles both already present in other popula:ons and 

occurring over :me. To assess this, I sampled individuals from two independent wildtype 

popula:ons (TOLIMAN and Cepa petapa) which have been maintained in the lab for several 

years. DNA extrac:ons were performed on three individuals from each popula:on, ensuring 

a minimum of one of each sex from each popula:on. The concentra:on of the DNA 

extrac:ons was measured with Nanodrop and the results are outlined in Table 6.2. 

Table 6.2 Concentra%on of DNA extrac%ons of TOLIMAN and Cepa petapa popula%ons. 3 
individuals were used for each sample with a minimum of one male and one female sample 
for both popula%ons. 

Sample Shorthand Sample Concentra:on (ng/µl) 

TM1 TOLIMAN Male Sample 1 352.0 

TM2 TOLIMAN Male Sample 2 240.3 

TF TOLIMAN Female 310.6 

CF1 Cepa petapa Female Sample 

1 

640.2 

CF2 Cepa petapa Female Sample 

2 

748.1 

CF3 Cepa petapa Male 293.8 

 

Samples were diluted and to amplify gene:c regions of interest by using PCR. Gel 

electrophoresis was used for size confirma:on of PCR products, the resul:ng image is shown 

in Figure 6.1. 
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All products were of expected size, and the PCR products were then purified using a GeneJet 

PCR purifica:on kit. The concentra:on of each sample was then measured with a Nanodrop 

(Table 6.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Gel electrophoresis for size confirma:on of PCR products of amplified candidate 
gene fragments. Samples were run on a 1.3% agarose gel at 110V for 60 minutes alongside 
the ThermoScien:fic GeneRuler 1kb. Loading order: GAPDH (TOLIMAN Male Sample 1 (TM1), 
TOLIMAN Male Sample 2 (TM2), TOLIMAN Female (TF), Cepa Petapa Female Sample 1 (CF1), 
Cepa Petapa Female Sample 2 (CF2), Cepa Petapa Male (CM)); RPL19 (TOLIMAN Male Sample 
1, TOLIMAN Male Sample 2, TOLIMAN Female, Cepa Petapa Female Sample 1, Cepa Petapa 
Female Sample 2, Cepa Petapa Male); Alpha:alpha-tubulin (TOLIMAN Male Sample 1, 
TOLIMAN Male Sample 2, TOLIMAN Female, Cepa Petapa Female Sample 1, Cepa Petapa 
Female Sample 2, Cepa Petapa Male). 
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Table 6.3 Concentra:on of PCR products of amplified genes of interest in the different 
popula:on samples. 

Sample Concentra3on (ng/µl) 

GAPDH TM1 52.62 

GAPDH TM2 54.28 

GAPDH TF 19.28 

GAPDH CF1   20.47 

GAPDH CF2 51.77 

GAPDH CM 35.58 

RPL19 TM1 64.04 

RPL19 TM2 32.94 

RPL19 TF 27.99 

RPL19 CF1 30.76 

RPL19 CF2 31.07 

RPL19 CM 26.63 

Alpha-tubulin TM1 86.47 

Alpha-tubulin TM2 48.24 

Alpha-tubulin TF 35.09 

Alpha-tubulin CF1 22.25 

Alpha-tubulin CF2 36.33 

Alpha-tubulin CM 25.23 

 

6.4.4 Sequencing results  

All samples were diluted to the appropriate level and sent for sequencing. The sequencing 

results were then aligned to their respec:ve genomic regions on Benchling to check the 

accuracy of the genome annota:on. Sequencing results can be found in Supplementary 

informa%on 6.6.2. GAPDH and RPL19 had sequence matches across all guide choices, 

implying they are highly conserved and thus good guide target choices. Alpha-tubulin had no 

sequence varia:on within the regions to which the guides would bind. However, there was 

some unexpected sequence divergence from the annotated genome, with three TOLIMAN-

specific SNPs present throughout the genome sequence of alpha-tubulin (approximately 

1kb).  
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Figure 6.2 Sequencing results of TOLIMAN samples for alpha-tubulin. The three SNPs are 
highlighted with their posi:on rela:ve to the translated protein sequence shown. All 
muta:ons were synonymous and thus have no effect on the amino acid sequence. 
All of the TOLIMAN-specific SNPs were subs:tu:ons of the third base pair in a codon, and all 

were silent, synonymous muta:ons that had no effect on the amino acid sequence. This 

means that although protein structure is highly conserved, there are some popula:on-

specific point muta:ons. Therefore, it is possible that guides might not be fully effec:ve in all 

popula:ons for targe:ng the alpha-tubulin gene, and if sufficient point muta:ons 

accumulated, these could form resistance alleles. The guides I designed do not fall in the 

region of the SNPs that were iden:fied. However, this does indicate that the likelihood of 

resistance alleles already being present in popula:ons is higher for alpha-tubulin than for the 

other two essen:al gene targets as it appears less highly conserved. 

6.4.5 Designing the rescue versions of essen/al genes 

GAPDH and RPL19 had no iden:fied SNPs within the targeted region, and as there were no 

poten:al drawbacks with these two genes, I decided to con:nue with only these and not 

with alpha-tubulin, due to the risk of resistance allele forma:on. Recoded gene sequences to 

act as rescues were designed for both GAPDH and RPL19. The annotated coding region where 

the chosen guides were expected to bind were recoded, and modifying only these regions 

reduced the risk of crea:ng non-func:onal proteins. To create the recoded gene, the coding 

region was translated into the amino acid sequence and every 3rd base pair in the codon was 

altered in the regions the guides have homology to. This was done for all codons where 

possible, and if there was no alterna:ve synonymous codon, the sequence was le_ unaltered. 

As the residues where this occurred were not :ghtly clustered, this is not expected to 

represent a problem, as sufficient of nearby base pairs will have been changed to the extent 

that prevents binding by any of the guides. 
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To ensure codon usage bias did not affect transla:on of the recoded gene, a codon usage 

wheel for Cera%%s capitata was used in the recoding exercise, so that codons were used at a 

similar frequency to the original sequence (Nakamura 2000). Once the rescue gene had been 

generated, guides were checked against the new sequence to confirm there were sufficient 

changes to prevent binding of the guide. An example of a recoded region of GAPDH is shown 

in Figure 6.3. 

 
Figure 6.3 A recoded sec:on of GAPDH with the modifica:ons introduced shown in upper 
case leRers. The amino acid sequence is shown below the gene:c sequence of the rescue 
gene. The red leRering on the guide sequence highlights where the sequence is no longer 
complementary.  

 The sequences of the rescue genes of GAPDH and RPL19 can be found in Supplementary 

informa%on 6.6.2. 

6.4.6 The design of the guide casse\e 

The guides designed in this part of my thesis work were aimed to be part of a TARE drive 

strategy in which there is mul:plexing of guides to reduce the chance of resistance allele 

forma:on (Champer et al. 2018). Three guides were designed for each essen:al gene, all of 

which were planned to be integrated into a single guide casseRe. This could be achieved by 

ordering the en:re casseRe, but also by ordering a single guide casseRe part designed with 

PCR overhangs so that Gibson assembly could be used upon to insert the appropriate guides. 

The sequence of this guide casseRe with the envisioned plasmid backbone can found in 

Supplementary informa%on 6.6.2. The design of these guide elements is outlined in Figure 

6.4. 

Target sequence

Rescue sequence

Amino acid sequence
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Figure 6.4 The design of the guide part for synthesis and the final construct of the mul:plexed 
guide casseRe inserted into a mCyan marker backbone. The synthesised part consists of the 
elements present in each guide in an order which would allow rearrangement via Gibson 
Assembly. The specific order of parts needed for each guide would be generated with 
overhang PCR to slot in the guides to generate the mul:plex guide casseRe seen below. The 
en:re guide casseRe would then be inserted into a PiggyBac flanked region of a plasmid with 
a mCyan marker (including a promotor and terminator) for transgenic iden:fica:on. 
Generated in Biorender. 
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6.5 Discussion 

The choice of essen:al gene to target for a rescue construct is an important one and can have 

a large impact on the dynamics of the drive. When targe:ng essen:al genes as part of a toxin-

an:dote system (Champer et al. 2020b; Champer et al. 2020a; Beaghton et al. 2017; 

Oberhofer et al. 2018), the essen:al gene targeted must be haplosufficient to ensure 

popula:on invasion of the drive is threshold-dependent (Champer et al. 2020b). Targe:ng 

haplosufficient genes increases the number available for targe:ng, as approximately 97% of 

genes tested in Saccharomyces cerevisiae were es:mated to be haplosufficient 

(Deutschbauer et al. 2005). Haploinsufficiency is consistently the minority phenotype across 

diploid organisms (Morrill and Amon 2019). There has been a significant amount of research 

into algorithms which can predict whether a gene is haploinsufficient (Shihab et al. 2017) 

(Huang et al. 2010), though most of this work is based primarily on human genome 

sequences, for applica:ons in trea:ng gene:c diseases.  

The use of haplosufficient genes allows a wide choice of toxin/an:dote targets. The gene 

chosen must be essen:al for survival and should be necessary early in development. The 

earlier in development that a lack of the essen:al gene results in lethal, the more promising 

a target it is for use in a toxin/an:dote drive. This is due to the offspring which will not survive 

not taking resources from those who will, imposing less of a fitness cost on drive carrying 

parents (Champer et al. 2020a). If the gene is not essen:al (imposing a fitness cost instead of 

lethality) this would not be suitable as imposing a high fitness cost on offspring results in the 

drive being unable to spread.  

Choosing candidate genes is easier in species that have a well-annotated genome and a 

wealth of studies of gene func:ons. Expression in a wide variety of :ssue types at all stages 

of development is a good indica:on of a gene being essen:al for organismal survival. Though 

medfly is well-studied, there is a no defini:ve list of essen:al genes used previously in gene 

drive studies. One strategy is to select orthologues of essen:al genes used successfully for 

gene drives in other species. This approach can be successful across closely related species 

and for genes with well conserved func:ons. However, gene behaviour can be very variable 

between species and replica:ng results in another species is o_en difficult. A gene which has 

a well-defined func:on in one species can have no or limited func:on in another. An 

alterna:ve op:on is to select genes of unknown func:ons but with well-studied gene 

expression in the focal model. Another strategy is to use qPCR reference genes to compile a 

candidate list of genes. The characteris:cs of a good reference gene in qPCR are similar to 
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those required for a good essen:al gene candidate, especially when the qPCR is being used 

for mul:ple :ssue types as this requires ubiquitous expression. They have stable expression 

levels across several :ssue types and typically have quite high levels of expression to ensure 

their detec:on.  

For the work described in this chapter, I derived informa:on from a previous study that had 

quan:fied the levels of expression of many commonly used housekeeping genes in medfly 

(Sagri et al. 2017). I selected those genes which showed the most ubiquitous expression 

across :ssues. I also considered technical aspects such as gene length. In order to provide a 

recoded version of any chosen essen:al gene, a full length inser:on of that recoded gene has 

to be made into the transgenic construct. When inser:ng gene:c elements in this way, the 

inserted sequence length should be kept as short as possible. This is to reduce costs and to 

reduce fitness costs in the resul:ng transgenic individuals, which tend to increase with the 

size of the constructs inserted. Another considera:on is whether knocking out of the 

essen:al gene has any adverse effect on the surrounding genes, which may be difficult to 

predict given that transcrip:onal elements can be shared. To minimise this, I excluded 

candidates for which there was another located within 2kbs. I thus selected three candidate 

genes with the shortest sequence (GAPDH, RPL19 and Alpha tubulin).  

 

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) is necessary for glycolysis and has also 

been shown to have several addi:onal func:ons outside of the glycoly:c pathway (Nicholls 

et al. 2012) making it an essen:al gene for cell survival. RPL19 (ribosomal protein L19) 

encodes a structural component of the 60S ribosomal subunit (Feo et al. 1992) with 

interference preven:ng the produc:on of RPL19 resul:ng in death (Chen et al. 2015). Alpha-

tubulin is considered cons:tu:vely expressed as it is necessary to maintain cell func:on (Shen 

et al. 2010). All three genes are deemed essen:al across all cell types, which predicted that 

a knockout should be lethal early in development.  

As these genes were to be targeted for knockouts it was necessary to determine the extent 

of their conserva:on within medfly. Essen:al genes are expected to be highly conserved due 

to their roles in promo:ng cell survival. However, silent or missense muta:ons could s:ll be 

tolerated. Should there be a high level of gene:c varia:on in an essen:al gene sequence it 

would set up difficul:es in designing the original guides and increase the likelihood of 

resistance alleles evolving. GAPDH and RPL19 lacked any SNPs in the coding region and were 

thus retained as essen:al gene targets. A lack of popula:on specific SNPs implies a well 
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conserved gene in which muta:ons are not tolerated. The Alpha-tubulin sequence had 3 

popula:on specific SNPs. However, none of these would cause changes to the amino acid 

sequence and they were also not within the sequence targeted by the guides. This sequence 

divergence does present some level of concern, as it could indicate more divergent varia:on 

in other wildtype popula:ons. Although none of the muta:ons were non-synonymous, such 

sequence differences can nevertheless represent a challenge in crea:ng recoded rescue 

genes. This is because it is the third base pair in a codon which is o_en recoded to prevent 

guides binding. As there were two other suitable op:ons the decision was made to discard 

alpha-tubulin as a candidate to take further. 

Using laboratory popula:ons to determine whether SNPs are common within a natural 

popula:on can also present some concerns. For example, laboratory strains may be inbred 

and subject to relaxed selec:on pressures in comparison to their wild counterparts. In this 

experiment I used two different wildtype popula:ons to iden:fy candidate essen:al genes 

that show high conserva:on. Tes:ng only two popula:ons gives only a small sample of the 

poten:al gene:c varia:on that most likely exists globally in this species. Sampling a larger 

number of individuals across many different popula:ons could give a beRer indica:on of 

gene conserva:on. If these drives were to move beyond proof of principle, inves:ga:ons 

could be done into where the target pest popula:on to test for popula:on specific SNPs.  

Targe:ng a gene with high numbers of SNPs could also be a poten:al method of drive 

limita:on. If the guides are not effec:ve outside of the target popula:on, this would prevent 

global spread, which could represent an addi:onal safeguard. In this situa:on a drive would 

also most likely be self-limi:ng over :me as the likelihood of resistance allele forma:on 

would be high.  

The parts designed here are envisioned for usage in a TARE drive. The issue of resistance 

allele forma:on is reduced for this type of system in comparison to a homing drive.  However, 

guides are s:ll at risk of becoming ineffec:ve if natural sequence varia:on occurs at the target 

site. Three guides were designed for all genes targeted in the work described in this chapter, 

and recoded genes altered the sequences of all three target sites. This gives the poten:al for 

the use of mul:plexed guides which greatly reduces the chance of resistance allele evolu:on 

(Marshall et al. 2017). Another considera:on when designing recoded genes is how much 

sequence needs to be recoded. Here, only the guide target regions were recoded. This has 

been theorised to present a concern if the rescue element is used for homology directed 

repair as the sequence similarity is sufficient for it to be used as the template (Champer et al. 
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2020b). This would uncouple the driving element from the payload of the drive, crea:ng 

resistance problems. To reduce the risk of this, the construct would not be inserted as a same 

site rescue as increased distance between cut sites and template reduces the efficiency of 

homology directed repair (Oberhofer et al. 2018). This would prevent the rescue element 

being used as a repair template as an inser:on of the rescue construct without the drive 

payload would render the drive obsolete if this allele spread.  

The constructs designed here also have poten:al use outside of gene drive research. 

Expression of a recoded version of an essen:al gene could provide informa:on on how 

important genomic loca:on is for efficient and correctly :med expression. Synthe:c biology 

has been encountering this problem for some :me in that using so called ‘plug and play’ 

modules which included regulatory features such as promotors and terminators were not 

behaving as they did in their na:ve form. When the gene:c context, which includes the 

neighbouring transcrip:onal environment, was inves:gated it was found these could have 

direct influence on the levels of gene expression (Brooks et al. 2022). The reloca:on of 

essen:al genes outside of their gene:c context could provide interes:ng informa:on on 

whether the surrounding transcrip:onal regions have any effect on the expression of these 

essen:al genes. Changes to expression levels or :ming of expression is likely to have visible 

effects on the organisms due to the importance of these genes for cell func:on. As they are 

o_en ubiquitously expressed it would also be interes:ng to inves:gate essen:al genes with 

:ghtly controlled :mings or loca:on of expression to see how much of the expression control 

is a result of the ac:vity of the promotor and terminator or if the surrounding gene:c context 

has any control here. 
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6.6 Supplementary informa/on 

6.6.1 Primers  

Table 6.4 Sequences of primers used in Chapter 6. 

Primer Number Sequence 

57 caccgggtgaattagagttctcagt 

60 gatgaatgtgtgtcactgacgaaatc 

61 aatcgctaacaccaattctcgt 

62 gttttctggcctcacgtacttt 

63 gcgtgaatgtatttctatccatgtc 

66 cacagttggtggctggtagtta 

 

6.6.2 Sequences 

All sequences and designs can be found at hRps://benchling.com/siddall/f_/sqcsnseT-alex-

siddall-thesis-supplementary-info/ . 

  

https://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/
https://benchling.com/siddall/f_/sqcsnseT-alex-siddall-thesis-supplementary-info/
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7 Chapter Seven – General Discussion 

7.1 Discussion 

The control of pest species is an increasingly important issue as climate change expands their 

habitable regions (Deutsch et al. 2018; Gu:errez et al. 2021; Sultana et al. 2017). Agricultural 

pests are of par:cular concern as crop produc:on is expected to be reduced due to the 

effects of climate change (Challinor et al. 2014) even before the impact of agricultural pests 

is taken into considera:on. This is at a :me where human popula:on growth con:nues to 

demand increases in crop produc:on (Lotze-Campen 2011). Medfly has the ability to damage 

over 300 crop species (White and Elson-Harris 1992; Liquido, NJ et al. 2017) through larval 

feeding and by crea:ng oviposi:on holes in fruits through which bacterial and fungal 

infec:ons can occur. The medfly has a wide geographical spread (Weldon 2022) with both 

direct crop damage and stringent control measures resul:ng in severe economic loss. The 

global cost of invasive insects has been es:mated as high as $77 billion per annum (Bradshaw 

et al. 2016) with medfly cos:ng the US alone $2 billion annually (Thomas et al. 2022). This 

highlights the need to expand and improve upon the current methods of gene:c pest control. 

To this aim, in this thesis I worked on expanding the toolbox for gene:c modifica:on in medfly 

to create the tools necessary to develop improved gene:c control strategies. The discovery 

of CRISPR/Cas9 allowed for the expansion in the field of gene:c pest control by (i) allowing 

gene:c modifica:ons to be induced with more ease for the study of insects (Chen et al. 2016),  

(ii) the development of new transgenics for gene:c sexing strains (Nguyen et al. 2021) and 

(iii) through making designs such as gene drive achievable (McFarlane et al. 2018). To fully 

u:lise CRISPR/Cas9 for pest control strategies such as gene drive, the appropriate :ssue- and 

temporal-specific expression of Cas9 is an important factor. When inducing stable muta:ons, 

the injec:on of Cas9 can be used. However, for gene drives the organism must express Cas9 

to induce muta:ons in future genera:ons. To express the Cas9, unlike many transgenes which 

use viral promotors, an endogenous promotor is necessary (Carrami et al. 2018) as 

ubiquitous, high level expression is o_en undesirable.  

Endogenous Cas9 promotors were a clear requirement needed to develop a gene:c control 

toolbox in Cera%%s capitata in order to develop new methods of gene:c pest control. 

Germline promotors of Cas9 have highest u:lity, as early expression reduces mosaicism and 

resistance allele forma:on (Champer et al. 2018). Several germline specific genes were 

iden:fied as poten:al promotors, and the development of these is outlined in Chapter 2 and 
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Chapter 3. These Cas9 promotors were designed with slightly different purposes in mind and 

therefore differed in structure. All promotors were from an original set of candidate genes 

which have been shown to be germline-specific, and most had previous usage as transgene 

promotors in other species. In Chapter 2, two Cas9 promotors were developed, one was 

driven by bgcn (Benign gonial cell neoplasm) which had previously been tested in Drosophila 

melanogaster (Chan et al. 2013) and the other by mei-W68 which had no known previous 

usage but displayed the germline restricted expression in addi:on to being well annotated in 

the medfly genome. The qPCR results I obtained showing Cas9 expression levels across 

different :ssues emphasise the importance of understanding the varia:on observed as well 

as inves:ga:ng addi:onal promotors. The expression of Cas9 produced by the mei-W68 was 

consistently higher than that of bgcn. This did not render bgcn as an unsuitable promotor as 

the level of Cas9 expression needs to be sufficient to induce a high level of cuSng. Once this 

threshold has been passed excess protein produc:on could be nega:ve if it leads to high 

levels of deposi:on or fitness costs.  

 

Neither line showed restric:on of expression to the germline. However, the impact of this 

soma:c expression is not possible to determine from the qPCR data alone. qPCR data may 

not be compared directly between :ssue types if the reference gene is not consistently 

expressed across all :ssues. However, finding such stably expressed reference genes can be 

a challenge. For example, RPL19 is a commonly used reference gene. However, in this work a 

significant difference in expression across :ssues was observed. A second reference gene 

(RPE) was used in this study. However, it could not be used for standardisa:on as it had very 

low expression in comparison to RPL19 and thus would require a large number of samples to 

ascertain signal over background varia:on when using this reference gene. This exercise was 

useful in valida:ng the difference in expression across :ssue types between reference genes 

as it also showed higher expression in the ovaries. This implied that the consistently higher 

expression in the ovaries had been caused by a higher amount of star:ng material rather 

than a true difference in expression between :ssues. More confidence with these results 

could be gained with the use of more reference genes. RPL19 was ranked as highly stable 

across different :ssue types in Cera%%s and was iden:fied as one of the best for usage (Sagri 

et al. 2017). However, this ranking did change across different :ssue types, implying variance 

in gene expression. This makes direct comparison of expression between :ssue types 

challenging, although the results can s:ll be used for confirma:on of Cas9 expression in 

different :ssue types and allow us to see which lines are most effec:ve.  
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The difficulty in comparing between :ssues with confidence is clearly an issue in qPCR 

experiments. Further valida:on of reference gene expression would be needed to confirm if 

they are appropriate to compare between :ssues. The use of mul:ple reference genes could 

help to mi:gate this issue if the expression differences between :ssues is not consistent 

between reference genes (such as one having higher expression in ovaries and another 

having higher expression in soma:c :ssue). If expression is consistently higher in one :ssue 

in all reference genes this would not resolve this issue. Expanding the number of reference 

genes used can also be difficult as it increases the size of the experiment which introduces 

further varia:on as more plates have to be used and more batches have to be run, increasing 

the likelihood of batch varia:on. The ideal solu:on is to find a reference gene with stable 

expression across all :ssue types. To do this, expression levels of common reference genes 

could be tested in Cera%%s to determine the :ssue specific varia:on. This would allow 

researchers to make an informed choice when selec:ng reference genes if they wish to make 

comparisons between :ssues.   

The informa:veness of qPCR data in determining which promotors will be most effec:ve is 

doub�ul. qPCR assays do allow for the exclusion of any promotors which are not expressing 

Cas9, as no expression will be detected. Low levels of soma:c expression and whether they 

are sufficiently low is much more difficult to ascertain. The qPCR data shown in Chapter 3 

showed a low level of soma:c expression in vasa both in comparison to the other tested 

genes and its own germline expression levels. When tested as part of a homing drive there 

was, however, a high level of soma:c expression. In work in other species nanos has 

consistently been shown to have a lower level of soma:c expression than vasa (Du et al. 

2023; Champer et al. 2018).  Whether this is true species difference or the qPCR results do 

not accurately represent the level of soma:c expression is unclear as soma:c expression was 

an issue when the vasa-Cas9 construct was used in the homing drive (Meccariello et al. 2023).  

This unpredictability of Cas9 promotor expression once again highlights the need for 

expanding the number of promoters available to us. To best determine how these Cas9 

promotors truly behave, improvements to the qPCR protocol are necessary, without which 

we are s:ll reliant on tes:ng Cas9 promotors by crossing with guides and measuring cuSng. 

This is :me consuming and, given the difference in promotor ac:vity between species (Du et 

al. 2023), would need repea:ng in every new species we wish to use the technology in. This 

is further compounded by the difference in requirements of Cas9 promotors for different 

designs.  
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The Cas9 promotors designed in Chapter 2 were envisioned for usage in toxin/an:dote drives 

(Oberhofer et al. 2019; Champer et al. 2020a) which require slightly less :ghtly controlled 

expression. The use of essen:al genes reduces the risk of resistance allele forma:on 

therefore a higher level of soma:c expression can be tolerated and Cas9 deposi:on into the 

embryos can be beneficial for drive spread (Champer et al. 2020a; 2021). The promotors in 

Chapter 3 were designed for use in a homing drive and required more :ghtly controlled 

expression than was needed in the research described in Chapter 2. For use in toxin/an:dote 

drives all genes tested had poten:al for applied use. The eventual focus on mei-W68 and 

bgcn was because these were technically the most achievable. bgcn was also used for homing 

drive designs as it showed the highest level of germline restric:on through RT-PCR. vasa was 

selected despite the technical requirement of shortening the 5’ UTR (Champer et al. 2017; 

Feng et al. 2021; Adolfi et al. 2020). The major difference between the two designs was in 

the 3’UTR. The use of na:ve 3’ UTR was only deemed necessary for the homing drives as 

these require :ghtly controlled expression associated with the use of na:ve 3’UTRs  (Ebron 

and Shukla 2016). Having a bgcn-Cas9 construct with and without a na:ve 3’ UTR provided 

an interes:ng test of the necessity of using a na:ve 3’UTR. Although the bgcn-Cas9 homing 

drive was not established as a line in this work, this is now being undertaken due to the 

promising expression paRern obtained in Chapter 2. The results can be directly compared to 

the ac:vity of the bgcn-Cas9 promotor observed in Chapter 2. 

Due to the lack of success of the vasa as a Cas9 promotor in a homing drive, this work is being 

con:nued with the bgcn promotor. The poten:al promise of a homing drive in Cera%%s was 

clear from the results obtained in Meccariello et al. 2023. High cuSng and homing rates have 

been achieved and the targe:ng of tra is a promising method of sex conversion. If an effec:ve 

Cas9 promotor can be found, popula:on homing drive should be achievable. The promotors 

in Chapter 2 could also have poten:al use for this purpose as well as poten:al u:lity in 

toxin/an:dote drives and gene:c sexing strains. However, for either purpose they must be 

validated.  

I aRempted to validate the expression of the Cas9 line in the work outlined in Chapter 5. If 

:me allowed these would have been validated by crossing to a guide with an easily 

iden:fiable phenotype such as white eye for which a tested guide in exists (Meccariello et al. 

2023). Due to :me constraints it was not possible during this project to do this. Instead, 

valida:on of these lines was aRempted by crossing them to an untested guide targe:ng tra. 

These crosses did not generate any sex conversion. However, due to the qPCR data obtained 
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I was rela:vely certain this was not due to an issue with the guide lines and it was hoped that 

the use of a tested tra guide would resolve this issue for future work. It was subsequently 

realised that there was an issue with the original guide design in that a PAM sequence was 

present in the final guide rendering it non-func:onal. This confirmed that the reason for 

failure was not with the Cas9 which can now be validated with crosses to func:onal guides 

in future work.  

The design work completed in Chapter 5 was useful despite the error in the guide design 

reported above. The novel guide casseRe I designed for the targe:ng of dsx has been fixed 

and can be pursed in subsequent research. Tra is a very promising target for edi:ng as it 

allows for the full sex conversion of XX individuals into fer:le pseudomales (Primo et al. 

2020). The assembly of the tra casseRe revealed several avenues of research to inves:gate. 

The difficul:es in maintaining the guide mul:plexing due to recombina:on highlighted a key 

issue in this field as mul:plexed guides are a necessity for homing drives to tackle resistance 

allele forma:on (Champer et al. 2020b). To avoid this issue more research must be done to 

iden:fy more U6 and 7sk sequences na:ve to Cera%%s. The UEA_010 and UEA_011 plasmids 

I tested can be easily modified to remove the PAM sequence introduced in error. These new 

constructs can then be microinjected, and the resul:ng strains retested for their 

effec:veness. If addi:onal U6 or 7sk sequences are iden:fied, these guides can also be 

reintroduced into a single guide casseRe. The parts designed in Chapter 5 clearly have future 

poten:al for use in gene:c modifica:on in medfly and contribute to the aim of expanding 

the gene:c toolbox for this species. 

The targe:ng of sex determina:on genes was a key part of Chapter 5. However, the primary 

signal of sex determina:on in medfly was focused on in Chapter 4. Maleness-on-the-Y (MoY) 

(Meccariello et al. 2019) has several poten:al uses in gene:c pest control strategies in medfly. 

If it can be harnessed, a dominant, masculinising element (or its knockout) would allow us to 

develop sex conversion with ease. Original experiments examining the func:on of MoY, 

induced masculinisa:on through the injec:on of MoY protein or plasmid DNA. However, for 

use in pest control a stable inser:on would need to be established. This has proven difficult, 

with embryonic lethality being the result of the crea:on of such strains (Meccariello, personal 

communica:on). I aRempted to restrict expression of MoY to a specific developmental 

:meframe in order to prevent overexpression lethality. I placed MoY under the control of the 

male germline specific ß2-tubulin gene. If successful this would not only prevent the lethality 
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but also create an interes:ng poten:al gene:c pest control, provided males could be 

produced that deposited MoY through sperm, inducing male development in their offspring.  

The same post injec:on embryonic lethality was seen when aRemp:ng to integrate this 

construct into the medfly genome. The sex of the injec:on survivors was checked to see if 

there was any sex bias. However, no such bias was observed, which was unexpected. As ß2-

tubulin is not expressed in females, if only male lethality was seen this would mean the 

expected expression was causing lethality. However, the female lethality implies there is 

either leaky expression from ß2-tubulin in females, or that off plasmid expression is sufficient 

to induce lethality. The results show that even a very small amount of MoY expression can 

induce lethality. With such a high sensi:vity to mis:med or overexpression of MoY there is 

clearly a need for further research into the na:ve expression paRern of MoY. The use of the 

Cre-Lox system I designed would hopefully allow for the integra:on of a MoY transgenic 

without lethality during microinjec:on. This would then allow more precise expression :ming 

as the MoY would not be produced un:l the Cre and Lox systems meet.  

The final toolbox part I explored was the development of essen:al gene targets and rescue 

elements outlined in Chapter 6. Essen:al genes have several uses in gene:c pest control 

strategies, the primary being for their use in toxin/an:dote drives to prevent resistance allele 

forma:on (Oberhofer et al. 2019; Champer et al. 2020a). In this work I selected poten:al 

essen:al genes for targe:ng and sequenced these across two wildtype strains. It is expected 

that essen:al genes are highly conserved due to their necessity for survival, though this may 

not always be the case. My results highlighted the presence of popula:on specific single 

nucleo:de polymorphisms, indica:ng that these ‘essen:al’ genes are tolerant to some 

sequence varia:on (although it should be noted all SNPs detected were silent muta:ons). If 

checking only within a single popula:on these muta:ons would not have been detected, and 

there could be addi:onal muta:ons in wildtype popula:ons. 

When designing rescue elements there are two op:ons in how the redesign can be 

completed. The en:re gene can be recoded or the area of the gene which the guide is 

complementary to can be recoded. Recoding a smaller sec:on of the gene has benefits in 

that na:ve codon usage is o_en more efficient. However, this does run the risk of a 

recombina:on event uncoupling the rescue element from the rest of the drive, forming an 

essen:al gene resistance allele. As I envisioned these rescue elements for use in distant site 

rescue designs this risk was sufficiently mi:gated by the distance between where the drive 

was inserted and the na:ve gene. These essen:al gene designs have yet to be tested but can 
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be used for the development of toxin/an:dote drives once efficient Cas9 promotors and gene 

of interest guides have been designed and validated. 

In this thesis I have designed and constructed several elements which are of use in gene:c 

modifica:on of medfly. When beginning my PhD I had an aim to construct my own gene 

drives in Cera%%s and I designed the parts to achieve this. This was a complex task which 

required skills in molecular design, construc:on, medfly husbandry and microinjec:on. In the 

end I did not succeed in construc:ng a gene drive. However, I have contributed towards the 

development of a gene drive that was completed in the research described in Meccariello et 

al. 2023 and I also generated several parts which were necessary towards this goal. This work 

will be con:nued, and I believe I achieved my revised aim of contribu:ng to the expansion of 

the toolbox in this important agricultural pest.  
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