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1. Summary 
 

Genetic sexing strains (GSSs) play a crucial role in the sterile insect technique (SIT), a 

powerful method employed in insect pest control and population management. SIT involves 

releasing sterile insects into target areas to suppress, eradicate, control, and prevent pest 

populations. However, in some cases, to ensure the effectiveness of this technique, it is 

essential to release only sterile males, as the females can still cause damage by laying eggs 

and/or biting. Male-only releases can be achieved by using GSSs, which are currently based on 

two selectable markers essential for sex separation and female elimination at the embryonic 

stage: the yet unknown temperature-sensitive lethal (tsl) gene and the recently identified white 

pupae (wp) gene, which have been used in the most successful GSSs developed thus far, the 

Ceratitis capitata (medfly) VIENNA 7 and VIENNA 8. In this work, I present three studies to 

narrow down the region where the Ceratitis capitata tsl gene is located and to identify tsl 

gene(s) and their causal mutation(s) responsible for the temperature-sensitive lethal phenotype. 

In the first study, I carried out temperature-sensitive lethal tests to determine the temperature 

sensitivity of twenty-seven Ceratitis capitata wild-type, genetic sexing, and tsl mutant strains, 

to assess differences among populations of different origins and to choose reference strains for 

the following investigations. In the second study, I used a combined approach of genomic, 

transcriptomic, bioinformatic, and cytogenetic data to characterize and analyze the putative tsl 

genomic region in Ceratitis capitata. This resulted in the identification of several potential 

candidate genes within the tsl region that could be associated with the temperature-sensitive 

lethal phenotype. These findings shed light on the underlying genetic mechanisms behind this 

phenotype and provide valuable insights for further investigations. In the third study, one of 

the potential tsl candidate genes previously identified, the deep orange (Ccdor) gene, was 

chosen to be targeted via CRISPR/Cas9 and to assess whether this triggers any temperature-

sensitive lethal phenotype. I used CRISPR/Cas9-mediated NHEJ to knock out the Ccdor gene 

and CRISPR/Cas9-mediated HDR to successfully introduce a specific point mutation found in 

the tsl mutant strain. The latter resulted in the isolation of two additional mutations, leading to a 

temperature-sensitive lethal phenotype during embryonic, larval, and pupal stages. The results 

of this work represent steps forward for identifying potential markers that can be used to 

construct new GSSs in tephritids.  
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1. Zusammenfassung 

Die genetischen Geschlechtsselektionsstämme ("Genetic Sexing strains“ = GSSs) spielen eine 

entscheidende Rolle in der Sterilen-Insekten-Technik (SIT), einer effektiven Methode zur 

Schädlingsbekämpfung und Populationskontrolle. SIT beinhaltet die Freisetzung steriler 

Insekten in Zielgebiete, um Schädlingspopulationen zu unterdrücken, auszurotten, zu 

kontrollieren und zu verhindern. In einigen Fällen ist es unerlässlich, nur sterile Männchen 

freizusetzen, da die Weibchen noch Schaden anrichten können, indem sie Eier legen und/oder 

beißen. Männliche Freisetzungen können mit GSSs erreicht werden, die heute auf zwei 

auswählbaren Markern basieren, die für Geschlechtstrennung und Eliminierung der Weibchen 

im embryonalen Stadium unerlässlich sind: dem noch unbekannten temperatursensitiven letalen 

(tsl) Gen und dem kürzlich identifizierten white pupae (wp) Gen, die in den bisher erfolgreichsten 

GSSs in Ceratitis capitata (Mittelmeerfliege) verwendet wurden, den Stämmen VIENNA 7 und 

VIENNA 8. In dieser Arbeit präsentiere ich drei Studien, um die Region einzugrenzen, in der das 

C. capitata tsl-Gen lokalisiert ist, und um tsl-Gene und ihre ursächlichen Mutationen zu 

identifizieren, die für einen temperatursensitiv letalen Phänotyp verantwortlich sind. In der ersten 

Studie führte ich temperatursensitive letale Tests durch, um die Temperatursensitivität von 27 

C. capitata Wildtyp-, GSS- und tsl-Mutantenstämmen zu bestimmen, um Unterschiede zwischen 

Populationen verschiedener Herkunft zu bewerten und Referenzstämme für die folgenden 

Untersuchungen auszuwählen. In der zweiten Studie verwendete ich einen kombinierten Ansatz 

aus genomischen, transkriptomischen, bioinformatischen und zytogenetischen Daten, um die 

mutmaßliche tsl-Genomregion in C. capitata zu charakterisieren und zu analysieren. Dies führte 

zur Identifizierung mehrerer potenzieller Kandidatengene innerhalb der tsl-Region, die mit dem 

temperatursensitiven letalen Phänotyp in Verbindung gebracht werden könnten. Diese 

Ergebnisse werfen Licht auf die zugrundeliegenden genetischen Mechanismen hinter diesem 

Phänotyp und liefern wertvolle Erkenntnisse für weitere Untersuchungen. In der dritten Studie 

wurde eines der potenziellen tsl-Kandidatengene, das deep orange (Ccdor) Gen, zur gezielten 

Bearbeitung mittels CRISPR/Cas9 ausgewählt, um zu überprüfen, ob dies einen 

temperatursensitiven letalen Phänotyp auslöst. Ich verwendete CRISPR/Cas9-vermitteltes 

NHEJ, um das Ccdor-Gen auszuschalten und CRISPR/Cas9-vermitteltes HDR, um erfolgreich 

eine spezifische Punktmutation in den tsl-Mutantenstamm einzuführen. Letzteres führte zur 

Isolierung von zwei zusätzlichen Mutationen, die zu einem temperatursensitiven letalen 

Phänotyp während der embryonalen, larvalen und pupalen Stadien führen. Die Ergebnisse dieser 

Arbeit stellen Fortschritte bei der Identifizierung potenzieller Marker dar, die zur Konstruktion 

neuer GSSs in Tephritiden verwendet werden können.  
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2. Introduction 

The ongoing effects of climate change have resulted in an alarming annual temperature 

increase of approximately 0.1°C (Pörtner et al, 2022), which has significant implications for 

global agriculture and public health. Insect pests and vector-borne diseases are more likely to 

spread across wider areas due to the changing climate, with some species present throughout 

the year in regions where they were not previously found. According to estimates by the Food 

and Agriculture Organization (FAO) and the World Health Organization (WHO), the global 

economy currently loses over $220 billion due to plant diseases and at least $70 billion due to 

invasive insects (IPPC Secretariat, 2021). Insects also contribute to more than 700,000 annual 

deaths by spreading infectious diseases, accounting for 17% of all such diseases (WHO & 

UNICEF, 2017). The persistent use of pesticides in combating these pests, despite been 

successful, poses a risk to the environment and public health. If we consider the disadvantages, 

despite their effectiveness, pesticides can lead to issues such as resistance development due to 

increased usage, in addition to the increase in their prices, and regulatory changes that may 

restrict the use of certain compounds. As a result, there is an urgent need to develop 

alternatives, such as the sterile insect technique (SIT) (Knipling, 1955, 1979), to reduce 

pesticide dependence. Therefore, exploring new strategies and methods to mitigate the risks 

and contain the impact of insect pests and vector-borne diseases is crucial. 

 
 
2.1      The Mediterranean fruit fly: Ceratitis capitata 

The Mediterranean fruit fly Ceratitis capitata (Wiedemann), also called the “medfly”, is a 

phytophagous insect of the order Diptera belonging to the Tephritidae family. At the larval 

stage, the fly develops as carpophagous and polyphagous within the pulp of many fruits. Its 

presence is documented in more than 260 species of fruits, vegetables, and flowers, including 

species of strong economic interest (Liquido et al, 1991; White & Elson-Harris, 1992; Hancock 

et al, 2000; Copeland et al, 2002; Morales et al, 2004; Meats & Smallridge, 2007; Sciarretta et 

al, 2018). The species originated in sub-Saharan Africa (Gasperi et al, 1991, 2002) and over 

time has become endemic and stabilized in the rest of Africa, the Mediterranean basin 

(Robinson & Hooper, 1989), South America (Harris & Lee, 1989; Headrick & Goeden, 1996; 

Vera et al, 2002), Asia and Oceania (Bonizzoni et al, 2004). It is currently a cosmopolitan 

species present all year round in tropical and subtropical regions of all continents (Figure 1) 

(Malacrida et al, 1992; Gasparich et al, 1997; Malacrida et al, 2007; Gilioli et al, 2022). 
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Figure 1. Worldwide distribution map of Ceratitis capitata. The map is based on the currently 

available distribution data retrieved from the EPPO Global Database (https://gd.eppo.int) (accessed on 1 

April 2023) and integrated with information from the literature. The figure was created using MapChart 

(https://www.mapchart.net/index.html). 

 

The life cycle of Ceratitis capitata, considered the period between egg laying and the adult 

stage, can last from approximately 21 to 30 days according to temperatures and climatic 

conditions. The cycle consists of an embryonic stage, three larval stages, and a pupal stage 

followed by metamorphosis with consequent eclosing of the adult (Figure 2) (Thomas et al., 

2001). 
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Figure 2. Developmental stages of Mediterranean fruit fly Ceratitis capitata. (a) Embryo, (b) 1st 

instar larva, (c) 2nd instar larva, (d) 3rd instar larva, (e) pupa, and (f) adult male. The black arrow 

indicates the embryo’s posterior pole. 

 

The embryos are curved, cylindrical in shape, white, and shiny. They are approximately 1 mm 

long, and anterior and posterior poles are distinguished by a micropylar protuberance (Figure 

2a). The embryonic stage is followed by three larval stages called "instars" lasting six to ten 

days (Figure 2b, 2c, 2d). The larvae are light yellow and elongated in shape. The anterior 

region is narrower and slightly curved toward the ventral region, while the caudal end is 

flattened. The last instar is usually 7-9 mm, is characterized by eight ventral fusiform zones and 

is defined as "jumpy larvae" in relation to the particular ability of the larvae to jump and drop 

onto the ground, in which they reach the pupal stage at a depth of approximately 7-8 cm 

(Figure 2d; Figure 3) (Thomas et al., 2001). At the end of their development, the larvae 

transform their exoskeleton into a protective structure in the shape of a brown barrel 

(puparium) within which they develop with subsequent metamorphosis (Figure 2e, 2f). This 

stage lasts six to thirteen days when the temperature is between 24°C and 26°C and under 

optimal humidity conditions. Humidity change may lead to smaller and more fragile puparia 

(Thomas et al, 2001). 
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Figure 3. The life cycle of the Mediterranean fruit fly Ceratitis capitata. (Clockwise) After mating, 

female medflies lay eggs by introducing their ovipositor into the fruit. The larval stage takes place 

within the latter. Upon reaching the third instar, the larvae "jump" from the fruit onto the ground where 

they carry out the pupal stage. After approximately 21 days, the pupae hatch, allowing the flies to fly 

and repeat the cycle. The figure was generated using BioRender (https://www.biorender.com). 

 

During the last stage, the puparium breaks, and adults eclose (Figure 3). The adult is of medium 

size and reaches a length of 4-6 mm. The head is yellowish with a black ocellar plate and 

brownish antennae. The chest is bright black with cream flecks and covered with dense and 

short hair. The legs are yellowish, and the wings are broad with a reticulated appearance in the 

proximal area. They have four transversal bands of a brownish-yellow color. The abdomen has 

a reddish-yellow color with gray or slate transverse bands (Figure 2g). They exhibit marked 

sexual dimorphism. The males are characterized by a pair of bristles that start from the external 

margin of the eyes and have spatula-like ends, while the females are larger than the males and 

have an abdomen with an ovipositor in the caudal part that can extend up to 1.2 mm during the 
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act of embryo deposition. Furthermore, females have black hair on the first pair of front legs, 

while males have a light brown coloration (Figure 4). 

 

 
 
Figure 4. Dimorphisms of the Mediterranean fruit fly Ceratitis capitata. Males and females exhibit 

distinct localized differences. Males possess a pair of bristles on the head, while females have black hair 

on the first pair of front legs and an ovipositor in the caudal region. 

 
 
 
 
 
 
 
 
 
 
 
 
 

♀

♂
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2.2      Sterile Insect Technique (SIT) 

Due to the observed insecticide resistance in different populations of tephritids (Hsu et al, 

2004; Vontas et al, 2011; Jin et al, 2011, 2016; Ragab El-G, 2018), it became necessary to 

adopt additional methods to eradicate, suppress, control and prevent their presence. In addition 

to biological control and synthetic insecticides, one of the most successful methods developed 

is the sterile insect technique (SIT) (Knipling, 1955, 1979). SIT is a species-specific method 

used to control insect pests and disease vectors (Enkerlin, 2003; Dyck et al, 2021; Klassen & 

Vreysen, 2021) and is integrated into area-wide integrated pest management (AW-IPM) 

strategies. AW-IPM can be summarized in three milestones: (1) management of pest 

populations throughout the ecosystem, (2) long-term strategy requiring continuous 

implementation, and (3) the use of high-tech technologies (Klassen & Vreysen, 2021). SIT is 

based on the sterilization of mass-reared insects that are subsequently released in a target area. 

Despite being irradiated, they remain sexually competitive but are no longer able to produce 

offspring (Enkerlin, 2003; Dyck et al, 2021; Klassen & Vreysen, 2021). Due to the intense 

sexual aggression of male insects and the reluctance of females to mate more than once, sterile 

males can mate with wild females, gradually reducing the population over time. The continuous 

release of sterile males could eventually lead to the eradication, suppression, control, or 

prevention of the targeted population (Knipling, 1955; Graham, 1985). Recent studies have 

shown that monogamy is not necessary for the success of SIT (Lance & McInnis, 2021; 

Whitten & Mahon, 2021). Various species, including tephritids such as Ceratitis capitata 

(Wiedemann) (Steiner & Christenson, 1956; Fisher et al, 1985; Smallridge & Hopkins, 2004; 

Enkerlin et al, 2015, 2017; Plá et al, 2021; Enkerlin, 2021), Zeugodacus (Bactrocera) 

cucurbitae (Coquillett) (Kuba et al, 2020), Bactrocera dorsalis (Hendel) (Steiner et al, 1965, 

1970), Bactrocera tryoni (Froggatt) (Fisher, 2020), and Anastrepha ludens (Loew) (Jesús 

Reyes et al, 2000; McCombs et al, 2009), have been the focus of pilot and eradication 

programs since the 1960s. For Ceratitis capitata, eradication programs have involved the 

release of sterile males produced through genetic sexing strains (hence GSS) (Caceres, 2002; 

Rendón et al, 2004; Augustinos et al, 2017; Franz et al, 2021). 

 
Basics of SIT 

In the context of SIT, a significant aspect involves sterilizing males before their release (Figure 

5). In some species, including Ceratitis capitata, the release of both sterile males and females is 

not as effective as the release of only sterile males (McInnis et al, 1994; Rendon et al, 2000; 

Rendón et al, 2004). Additionally, in species where sterilized females can still cause crop 
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damage or transmit diseases despite being unable to reproduce, it is advisable to avoid releasing 

them altogether. (Lance & McInnis, 2021; Lees et al, 2021). To overcome these challenges, 

GSSs have been developed, which enable early separation of sexes, reduce costs in mass-

rearing insects, and effectively address these concerns. (Cáceres, 2002; Rendón et al, 2004; 

Augustinos et al, 2017; Franz et al, 2021). 

 

 
Figure 5. Graphic representation of the sterile insect technique in Ceratitis capitata. Following 

mass production, the males are sorted based on their sex during the embryonic stage and marked during 

the pupal stage. After emerging as adults, they undergo sterilization and are subsequently released in the 

SIT application area. Due to their sterility, the released males, when mating with wild-type females, 

result in the production of nonviable embryos. This contributes to the eradication, suppression, control, 

or prevention of the target population. The figure was generated using BioRender 

(https://www.biorender.com). 

 
The GSSs are based on two main components (Franz et al, 2021):  

• Mutations used as selectable markers for male and female separation. 

• A Y-autosome translocation that links the inheritance of these mutations to sex. 

For the Mediterranean fruit fly Ceratitis capitata, VIENNA 7 and VIENNA 8 GSSs are the two 

most commonly used (Augustinos et al, 2017). They are based on two selectable markers: the 

white pupae (wp) and the temperature-sensitive lethal (tsl) genes (Franz et al, 2021), both 

located on the right arm of chromosome 5 (Figure 6) (Kerremans and Franz, 1994; Niyazi et 

al., 2005; Zacharopoulou et al., 2017) and involved in puparium color and temperature 

sensitivity, respectively (Franz et al, 2021). Recently, an additional marker closely linked to tsl, 

known as slow development (sd) (Porras et al, 2020), has been identified, and its genetic basis 

is still unknown. 
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Figure 6. The Ceratitis capitata chromosome 5. Schematic representation of the wild-type (above) and 

D53 (below) medfly salivary gland polytene chromosome map. The putative tsl region (shown in red) 

(Kerremans & Franz, 1994; Niyazi et al, 2005) is localized within the wp (Ward et al, 2021) and Zw 

(Scott et al, 1993) genes. It includes the Sr2 (Niyazi et al, 2005) and the yet unknown sd (Porras et al, 

2020) phenotypical markers. 

 

The first generation of GSS was developed in 1977 (Rössler, 1979) by crossing an irradiated 

male and a wild-type female. This was followed by the isolation of the wp mutation and the 

Y/autosome translocation T(Y;5) to have the wild-type allele of the wp gene on the Y 

chromosome (Robinson & Van Heemert, 1982; Franz et al, 2021). The second generation of 

GSS was developed by the isolation of the lethal recessive mutation temperature sensitive 

lethal (tsl) during a screening of individuals treated with ethyl methane sulfonate (EMS) 

(Busch-Petersen, 1990) and subsequent translocating it to have both wp and tsl wild-type alleles 

linked to the male-determining region (MoY) on the Y chromosome (Figure 7) (Meccariello et 

al, 2019; Franz et al, 2021). When both alleles of the wp gene are mutated, puparia appear 

white, while in the presence of both mutated alleles of the tsl gene, the embryos acquire 

temperature sensitivity, leading to total lethality upon exposure to 34°C for 24 hours (Figure 7) 

(Caceres, 2002; Augustinos et al, 2017; Franz et al, 2021). This is the case for VIENNA 7 and 

VIENNA 8, where females emerge from white puparia and are temperature sensitive, while 

males emerge from brown puparia and are temperature resistant. Additionally, VIENNA 7 and 

VIENNA 8 differ from each other, as they carry a different translocation at positions 

T(Y;5)52A and T(Y;5)58B, respectively (Fisher & Caceres, 2000; Zacharopoulou et al, 2017; 

Augustinos et al, 2017).  
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Figure 7. Chromosomal structure of Ceratitis capitata wild-type and genetic sexing strains (GSS). 

Wild-type males and females emerge from brown puparia and are temperature resistant since they are 

both homozygous for the wild-type allele of the white pupae (wp) and temperature sensitive lethal (tsl) 

genes, which are responsible for pupal color and temperature sensitivity, respectively. GSS females are 

homozygous for the mutated allele of the wp and tsl genes, and they emerge from white puparia and die 

following heat shock. GSS males are heterozygous, as they possess one mutated and one wild-type 

allele of the wp and tsl genes, causing them to be temperature resistant and emerge from brown pupae. 

The figure was generated using BioRender (https://www.biorender.com/). 

 

Similarly, the wp mutation was used for the development of GSSs in B. dorsalis (McCombs & 

Saul, 1995; Isasawin et al, 2012) and Z. cucurbitae (McInnis et al, 2004), whereas the black 

pupae mutation was utilized for A. ludens, A. fraterculus and A. obliqua (Zepeda-Cisneros et al, 

2014). In these cases, the absence of the tsl mutation hinders the elimination of the females at 

the embryonic stage, making it necessary to rear the flies up to the pupal stage. 

Over the years, numerous GSSs have been developed, exhibiting varying fitness levels and 

temperature sensitivities depending on the specific translocation and rearing conditions to 

which they were exposed (Augustinos et al, 2017). Due to the segregation of the Y-autosome 

translocation during gametogenesis, GSSs are considered semisterile, and balanced progeny are 

produced when alternate segregation occurs. Conversely, unbalanced progeny is generated 

through deletions and triplications during adjacent-1 segregation. Typically, these unbalanced 

offspring do not survive beyond the embryonic stage, although under certain circumstances, 

they may reach the pupal or adult stage. This discrepancy in development stages contributes to 
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variations in productivity levels observed among GSSs (Augustinos et al, 2017). The 

development of stable and functional GSSs in Ceratitis capitata has involved strategies to 

ensure genetic stability and accurate identification of sterile and wild-type insects. One 

approach was to select translocations where the breakpoints and markers are close to each 

other, reducing the likelihood of recombination events. A "filter rearing system" was 

implemented to prevent the accumulation of recombinants (Tanaka et al, 1969; Rendón et al, 

2004), and the In(5)50C;59C inversion on chromosome 5, known as the "D53 inversion," 

carrying both wp and tsl markers, was utilized (Figure 6) (Fisher & Caceres, 2000; Augustinos 

et al, 2017). These approaches have proven to be highly effective in maintaining the genetic 

stability of Ceratitis capitata GSSs. An essential aspect of the SIT application involves 

determining the ratio between sterile and wild insects, as well as accurately distinguishing 

between wild-type and mass-reared flies prior to release (Dowell et al, 2021; Parker et al, 

2021). For this purpose, physical markers, such as fluorescent dyes, are commonly used to 

mark sterile insects. However, it is crucial to consider that the utilization of these markers can 

have various implications, including potential effects on human health, impacts on the 

competitiveness of the flies (Hagler & Jackson, 2001; Parker et al, 2021), and cost issues. To 

address this problem, morphological markers have been used to construct GSSs. This is the 

case for the VIENNA 8 - Sergeant (Sr2) strain, where in addition to wp and tsl markers, mutant 

males carry the dominant mutation Sergeant 2 (Sr2), which results in three abdominal stripes, 

whereas wild-type males have only two stripes (Niyazi et al, 2005; Rempoulakis et al, 2016). 

 

2.3    Generic approach for GSS development 

More than two decades of research have been dedicated to the development of stable and 

functional Ceratitis capitata GSSs. The successful implementation of these GSSs in SIT 

applications (Vargas-Terán et al, 2021; Enkerlin, 2021; Simmons et al, 2021; Feldmann et al, 

2021; Lees et al, 2021) prompted the adoption of a similar strategy for targeting other species. 

However, the process of mutagenesis and isolating causal mutations in other species to 

construct GSSs is often time consuming and may not always be feasible. Consequently, there 

arose a clear necessity to explore alternative methods (Häcker et al, 2021). Hence, the 

development of a "generic approach" based on the identification of genes that could be used as 

selectable markers for GSSs, as well as the characterization of wp and tsl mutations, the 

identification of orthologous genes in SIT-targeted species (FAO/IAEA, 2019; Franz et al, 

2021; FAO/IAEA, 2021), and their induction using genome editing approaches such as 

CRISPR/Cas9 (Doudna & Charpentier, 2014).  
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The progress made in the last decade regarding genomics, transcriptomics, and genome editing 

plays a fundamental role in the identification of selectable markers, allowing the construction 

of GSSs even for those species where isolating causal mutations has not been possible 

(International Glossina Genome, 2014; Papanicolaou et al, 2016; Sharma et al, 2017; Turner et 

al, 2018; Matthews et al, 2018; Bayega et al, 2020). Nevertheless, cytogenetics tools, such as 

in situ hybridization, are essential in determining the chromosomal position of genes, locating 

translocation breakpoints and inversions, assessing the size of translocated segments, and 

identifying linkages between different species (Willhoeft & Franz, 1996; Willhoeft et al, 1998; 

Fuková et al, 2005, 2007; Drosopoulou et al, 2012; Traut et al, 2013; Šíchová et al, 2013; 

Nguyen et al, 2021).  These tools are part of the "generic approach" employed in constructing 

genetic sexing strains for SIT applications, where the primary goal is to produce large 

quantities of males within mass-rearing facilities, which will then be sterilized and released. 

For this purpose, several strategies have been proposed, including:  

a) constructing GSSs that exhibit conditional female-specific heat-inducible lethal 

phenotypes, similar to those already established in Ceratitis capitata (VIENNA 7 and 

VIENNA 8) (Franz, 2005; Franz et al, 2020). 

b) constructing GSSs where the genes involved in sex determination can be manipulated 

to induce a female-to-male conversion (Sanchez, 2008; Hediger et al, 2010; Nagaraju 

& Saccone, 2010; Salvemini et al, 2011, 2013; Laohakieat et al, 2016; Meccariello et 

al, 2019; Primo et al, 2020; Peng et al, 2020; Laohakieat et al, 2020). 

A fundamental requirement is the possibility of extending this strategy to the greatest possible 

number of insect pests and disease vectors with the least possible effort in terms of 

development and costs. Currently, the identification of mutations responsible for the 

phenotypes already present in GSSs, such as white pupae (wp) and temperature-sensitive lethal 

(tsl), is considered a feasible strategy for creating GSSs given the great amount of information 

about them in our possession. However, it is important to note that several other genes/traits 

that can serve as selectable markers were identified (Robinson, 2002). Following the isolation 

of the mutations responsible for the wp (Rössler, 1979) and tsl (Franz et al, 1994) phenotypes, 

the investigation for their identification began. While the wp gene was recently discovered 

(Ward et al, 2021), the molecular basis of the tsl gene is still unknown. Once the latter will also 

be discovered and their orthologs in other species will be identified, it will be possible to 

construct GSSs through genomic editing techniques (CRISPR/Cas9) in numerous insects.  
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2.4    CRISPR/Cas9-induced mutagenesis. 

The genome editing technology CRISPR/Cas (clustered regulatory interspaced short 

palindromic repeats) (Doudna & Charpentier, 2014) is an extremely useful tool to induce 

mutagenesis in a variety of organisms. Many bacteria and most archaea have very ancient and 

sophisticated immune systems guided by RNAs encoded by CRISPR loci and CRISPR-

associated genes (Cas), which are essential for providing immunity against bacteriophage 

infection and the transfer of genetic material by plasmids (Heler et al, 2014; Marraffini, 2015; 

Mojica & Montoliu, 2016; Jiang & Doudna, 2017). Cas9 in S. pyogenes is a large nuclease 

(1368 amino acids). It cuts 3 bp upstream of the PAM (protospacer adjacent motif) site through 

its two distinct nuclease domains: a nuclease domain HNH that cuts the DNA strand 

complementary to the guide RNA sequence (strand target) and a RuvC nuclease domain 

responsible for cutting the DNA strand complementary to the guide RNA sequence (the 

nontarget strand) (Figure 8) (Gasiunas et al., 2012; Chen et al., 2014; Heler et al., 2015). Since 

the first demonstration of its potential for genetic engineering (Jinek et al, 2012), the CRISPR‒

Cas9 system has been rapidly used as a tool for genome manipulation in a broad spectrum of 

organisms due to its ease of design, ease of use, and high efficiency (Hsu et al, 2004). 

Afterward, exposure to invading genetic elements, coming from phages or plasmids, short 

fragments of foreign (exogenous) DNA can be integrated stochastically within the CRISPR 

repeat spaces in the host chromosome as new "spacers" (Amitai & Sorek, 2016), thus providing 

a genetic record of the infection that allows the host to prevent future invasions (Makarova et 

al, 2006; Barrangou et al, 2007). Once integrated, transcription of the CRISPR array and 

maturation of the precursors-CRISPR transcripts through endonucleotide cleavage produces 

short CRISPR RNAs mature (crRNA) (Brouns et al, 2008). The combined transcription of the 

CRISPR and tracrRNA loci leads to the formation of a ternary complex formed by tracrRNA, 

which serves as a scaffold for the binding of the guide with the Cas9 protein and to bind the 

crRNA. The complex acts as a mechanism of acquired immunity to subsequent infections 

(Marraffini & Sontheimer, 2008; Garneau et al, 2010). Recognition and cleavage of the specific 

region of DNA, also in vitro, requires that Cas9 is assembled with the guide RNA (a native 

crRNA – tracrRNA or a sgRNA) to form an active complex (Jinek et al, 2012, 2014). The 

guide RNA is a 20 nucleotide sequence complementary to the targeted DNA sequence (Doudna 

& Charpentier, 2014). Once Cas9 has bound the guide RNA, the complex is active and searches 

for the target sequence on the DNA and the PAM site adjacent to the target sequence, thus 

allowing the induction of the double-strand break  (Figure 8) (Gasiunas et al., 2012; Jinek et al., 

2014). The PAM sequence is crucial for the discrimination between self and nonself-sequences 
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in vivo (Marraffini & Sontheimer, 2010). Furthermore, a single mutation in the PAM sequence 

can disable the cleavage activity of Cas9 in vitro (Jinek et al, 2012) and allows bacteriophages 

to evade the host immune response (Bikard & Marraffini, 2012; Jiang et al, 2013). 

 
Figure 8. Graphic representation of CRISPR/Cas9 gene editing. When a Cas9 protein and a single 

gRNA are combined, they form a ribonucleoprotein (RNP) complex. The complex utilizes RNA‒DNA 

base pairing and requires the presence of the PAM site (in red) to cleave genomic DNA at a specific site 

that is three nucleotides upstream of the PAM site. Cleavage is performed by the nuclease domains 

HNH and RuvC-like. After cleavage, an intrinsic cellular repair pathway, either NHEJ or HDR, repairs 

the resulting double-strand break. The NHEJ pathway can be utilized for gene knockouts, which result 

in random mutations, insertions, or deletions at the target site or targeted genomic rearrangements. The 

HDR pathway allows for specific gene editing, such as the introduction of single nucleotide 

substitutions or the insertion/deletion of specific nucleotides. The figure was generated using BioRender 

(https://www.biorender.com/). 
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Cas9 uses two nuclease domains, a well-conserved RuvC domain that consists of 3 RuvC 

motifs and an HNH domain residing in the middle of the protein. Every domain splits a target 

dsDNA strand at a specific site 3 nucleotides upstream from the sequence PAM “5'-NGG-3'” to 

produce a DSB (double-strand break) (Gasiunas et al, 2012; Jinek et al, 2012). The DSB 

created by Cas9 can then be repaired through different repair systems (Figure 8):  

• Nonhomologous end joining (NHEJ) (Lieber et al, 2010) is an error-prone process that 

can be exploited to generate localized mutations, usually small indels, near the cut site 

indicated by the gRNA. Additionally, in the presence of two or more gRNAs together, 

NHEJ can be used to obtain deletions of large fragments of DNA, resulting in loss of 

sequence between the two cuts. This approach is mostly used to study the function of a 

gene through the generation of small mutations in a coding area or its regulatory region 

(Meccariello et al, 2017; Choo et al, 2018; Li & Handler, 2019; Sim et al, 2019; Bai et 

al, 2019; Meccariello et al, 2019) or to generate functional knockouts (KOs) through 

the deletion of the entire gene using two gRNAs (Gratz et al, 2014). 

• Homology directed repair (HDR): allows the integration of foreign DNA sequences 

with high efficiency in the genome at the target site level (San Filippo et al, 2008; 

Gantz & Akbari, 2018). This mechanism exploits synthetic DNA (donor) with 

homology to the target sequence. Due to the presence of homology arms from both ends 

of the cut, single-strand donor DNA can be used to effectively reproduce insertions and 

deletions or to rebuild a point mutation (Aumann et al, 2020; Choo et al, 2020; Ward et 

al, 2021), while double-stranded DNA, such as plasmid DNA, can be used as a 

template, exploiting longer homology arms to promote the insertion of a larger DNA 

sequence (Gratz et al, 2014). 

CRISPR/Cas9 has already been applied to several insect species, many of which are of interest 

to SIT, such as Ceratitis capitata (Meccariello et al, 2017; Aumann et al, 2018; Meccariello et 

al, 2019; Aumann et al, 2020; Ward et al, 2021), Bactrocera tryoni (Choo et al, 2018, 2020; 

Ward et al, 2021), Bactrocera dorsalis (Bai et al, 2019; Zhao et al, 2019), Anastrepha suspensa 

(Li & Handler, 2019) and Zeugodacus cucurbitae (Paulo et al, 2022). 
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2.5    The temperature sensitive lethal (tsl) gene: an overview 

The release of sterile males is a crucial element in the sterile insect technique application (Dyck 

et al, 2021). Extensive research has been conducted at the IAEA Laboratories in Seibersdorf 

since the 1980s, resulting in the development of GSSs. The first generation of GSSs relied on 

the presence of the wp mutation, while the second generation incorporated the tsl mutation as 

well. Here, both recessive mutations were combined with a Y/autosome translocation T(Y;5) to 

place the wild-type allele on the Y chromosome and rescue the wild-type phenotype, resulting 

in temperature-sensitive females with white puparia and temperature-resistant males emerging 

from brown puparia. In the presence of this mutation, complete female embryonic lethality was 

observed following heat treatment at 34°C. Earlier studies utilizing deletion and transposition 

mapping, along with cytogenetic analysis, provided insights into the genomic location of the 

wp and tsl genes in Ceratitis capitata. These investigations revealed that both genes are situated 

on the right arm of chromosome 5 (Kerremans & Franz, 1994). Specifically, the wp gene is 

positioned at 59B on the trichogen polytene chromosome map (Ward et al, 2021), while the tsl 

gene is located downstream, likely within the 60C-61B region, close to the Sergeant-2 gene 

(Niyazi et al, 2005). The successful identification of the wp gene (Ward et al, 2021) 

emphasized the importance of identifying the gene(s) and mutation(s) responsible for tsl 

phenotypes. This would enable the creation of GSSs through genome editing (CRISPR/Cas9) 

in other significant insect pests. To assess the temperature sensitivity of these strains, several 

protocols have been developed over time, one of which is the "temperature sensitive lethal test" 

(TSLT) (Franz, 2005; Augustinos et al, 2016, 2017), which is essential for temperature 

sensitivity control in GSS and future strains subjected to CRISPR-induced mutations. Data 

relating to tests carried out on GSSs have demonstrated the presence of differences even in 

strains belonging to the same category (Augustinos et al, 2017). These can be traced back to 

various factors, both environmental and genetic. The method of breeding flies is not 

standardized; therefore, different diets are used as well as numerous years of inbreeding, and 

the different genetic backgrounds (translocations) can also influence (Augustinos et al, 2017; 

Zacharopoulou et al, 2017). Moreover, colonies are often refreshed with new wild material, 

which can introduce new mutations, thus altering the genetic properties of the strains and 

reducing the possibility of mass production of males and their use in the application of SIT 

(Augustinos et al, 2017; Zacharopoulou et al, 2017). 
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2.6    Research Objectives. 

My first objective was to evaluate the temperature sensitivity of twenty-seven Ceratitis 

capitata wild-type, tsl mutant, and genetic sexing strains. This endeavor aimed to enhance the 

implementation of the temperature-sensitive lethal test, identify variations among the tested 

strains, even within the same category, and select three representative strains, one from each 

category, as a reference for future investigations (see 3.1). Subsequently, my second objective 

was to investigate the putative region where the tsl gene should be located. Using previous 

cytogenetic studies, it was possible to narrow down the region of interest and deeply examine 

the genes located within it, their expression levels both in wild-type and tsl mutant strains, and 

the presence of polymorphisms. This resulted in a list of tsl candidate genes located within this 

area (see 3.2). Once one of them was selected, my third objective was to knock it out and 

introduce, via CRISPR/Cas9, one of the point mutations identified in the tsl mutant strain into 

the wild-type background to assess whether this triggers any temperature-sensitive lethal 

phenotype (see 3.3).  

 

 
Figure 9. Objectives of this thesis and results obtained. The figure was generated using BioRender 

(https://www.biorender.com/). 
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3. Results 

The results section of this document incorporates details about three distinct manuscripts that 

have been published. Each paper is preceded by a page that offers a comprehensive exploration 

of each work by outlining their primary objective, their specific outcomes, and how these results 

contribute to the broader theme of the thesis. Furthermore, it provides critical bibliographic 

information for each manuscript, including the title of the work, a list of authors with an asterisk 

denoting co-first authors, the journal in which it was published, and a breakdown of author 

contributions. In addition, the section highlights related presentations, talks, and instances of 

scientific outreach that are directly connected to each project, showcasing the wider impact and 

engagement of the research. 

 

The three papers are: 

 
3.1 Sollazzo G*, Gouvi G*, Nikolouli K, Martinez EIC, Schetelig M, Bourtzis K. (2022) 

Temperature sensitivity of wild-type, mutant and genetic sexing strains of Ceratitis 

capitata. Insects; 3(10), 943.  

https://doi.org/10.3390/insects13100943 

 

3.2 Sollazzo G, Gouvi G, Nikolouli K, Aumann RA, Djambazian H, Whitehead MA, 

Berube P, Che SH, Tsiamis G, Darby AC., Ragoussis J, Schetelig MF, Bourtzis K. 

(2023) Genomic and cytogenetic analysis of the Ceratitis capitata temperature-

sensitive lethal region. G3: Genes, Genomes, Genetics, jkad074. 

https://doi.org/10.1093/g3journal/jkad074 

 

3.3           Sollazzo G, Nikolouli K, Gouvi G, Aumann RA, Schetelig MF, Bourtzis K. (2023) 

Deep orange gene editing triggers temperature-sensitive lethal phenotypes in 

Ceratitis capitata. BMC Biology. In submission. 
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3.1    Assessment of temperature sensitivity in Ceratitis capitata strains 

The first aim was to evaluate the temperature sensitivity of twenty-seven Ceratitis capitata 

wild-type, tsl mutant, and genetic sexing strains. By doing so, I could determine the most 

effective application of the temperature-sensitive lethal test and identify any variations among 

the tested strains, even within the same category. Ultimately, I selected three strains, one from 

each category, to serve as reference strains in future studies. This study pointed out that the 

presence of the tsl alleles in mutant strains and GSS females results in embryo mortality and 

reduced pupal recovery and adult emergence rates under high temperatures. However, there is 

variability in the level of lethality, potentially due to new mutations or genetic background 

changes affecting the expression of the tsl phenotype. Variability is also observed among wild-

type strains, indicating different sensitivities to elevated temperatures. 
 

Title:         Temperature sensitivity of wild-type, mutant, and genetic sexing strains of 

Ceratitis capitata. 
 

Authors:     Sollazzo G. *, Gouvi G. *, Nikolouli K., Martinez EIC., Schetelig MF., Bourtzis K. 
 

Status:        published in Insects (2022). 
 

Contribution:  

• Conceptualization: Bourtzis K. 

• Data curation: Sollazzo G., Gouvi G., Nikolouli K., Martinez EIC. 

• Formal analysis: Sollazzo G., Nikolouli K. 

• Investigation: Sollazzo G., Gouvi G., Nikolouli K., Martinez EIC. 

• Methodology: Sollazzo G., Gouvi G., Nikolouli K., Martinez EIC., Bourtzis K. 

• Supervision: Bourtzis K., Schetelig MF. 

• Validation: Sollazzo G., Nikolouli K., Bourtzis K. 

• Writing-original draft: Sollazzo G., Nikolouli K., Bourtzis K. 

• Writing-review and editing: Sollazzo G., Gouvi G., Nikolouli K., Schetelig MF., 

Bourtzis K. 
 

Presentation:  This work was presented at the 2nd Research Coordination Meeting on the 

“Generic approach for the development of genetic sexing strains for sterile insect 

technique applications” of the FAO/IAEA in Vienna, Austria (speaker; 2021 –

Talk title: wp and tsl genes as generic markers for the construction of genetic 

sexing strains for SIT applications). 
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3.2    Analysis of the wp-Zw genomic region: putative tsl gene location. 

In a second study, we examined the region where the tsl gene is expected to be located. In this 

study, using genomic, transcriptomic, bioinformatic, and cytogenetic data, it became feasible to 

reduce the area of interest and investigate the genes situated within it, their levels of expression 

in both wild-type and tsl mutant strains, and the mutations they show in the mutated strain. Our 

findings suggest that this region contains 561 genes, with 322 of those having mutations. By 

comparing gene expression, we identified 32 differentially expressed genes. Through a 

combination of text mining and genetic comparative analysis, we discovered 33 orthologous 

genes associated with heat sensitivity in D. melanogaster. These results helped to compile a list 

of genes that, when mutated, may be involved in temperature-sensitive lethal phenotypes in 

Ceratitis capitata. 
 

Title:            Genomic and cytogenetic analysis of the Ceratitis capitata temperature-

sensitive lethal region. 
 

Authors:       Sollazzo G., Gouvi G., Nikolouli K., Aumann RA., Djambazian H., Whitehead 

MA., Berube P., Che SH., Tsiamis G., Darby AC., Ragoussis J., Schetelig MF., 

Bourtzis K. 
 

Status:          published in G3: Genes, Genomes, Genetics (2023) 
 

Contribution:  

• Conceptualization: Sollazzo G., Schetelig MF., Bourtzis K. 

• Investigation: Sollazzo G., Gouvi G., Nikolouli K., Aumann RA., Djambazian H. 

• Methodology: Sollazzo G., Gouvi G., Nikolouli K., Bourtzis K., Darby AC., 

Whitehead MA., Aumann RA., Ragoussis J., Djambazian H., Berube P., Che SH., 

Tsiamis G. 

• Supervision: Bourtzis K., Schetelig MF. 

• Validation: Sollazzo G., Gouvi G., Nikolouli K., Bourtzis K. 

• Writing-original draft: Sollazzo G., Nikolouli K., Gouvi G., Djambazian H., 

Bourtzis K. 

• Writing-review and editing: Sollazzo G., Gouvi G., Nikolouli K., Schetelig MF., 
Bourtzis K. 

 
Presentation: This work was presented at the 2nd Research Coordination Meeting on the 

“Generic approach for the development of genetic sexing strains for sterile insect 

technique applications” of the FAO/IAEA in Vienna, Austria (speaker; 2021). 
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3.3    Mutagenesis of a tsl candidate gene in Ceratitis capitata: the deep orange gene 

The third goal was to use CRISPR/Cas9 technology to knock out deep orange (Ccdor) and to 

introduce one of the point mutations found in the tsl mutant strains into the wild-type 

background to determine whether one of these two strategies triggers a temperature-sensitive 

lethal phenotype. In this study, I successfully introduced the Ccdor E839K mutation by 

CRISPR HDR (dor E839K) and obtained two additional strains characterized by the presence 

of a 12 bp deletion (dor 12del) and a 51 bp duplication (dor 51dup). All three strains are 

temperature sensitive and show lethality after heat shock at embryonic, larval, and pupal stages. 
 

Title:               Deep orange gene editing triggers temperature-sensitive lethal phenotypes 

in Ceratitis capitata. 
 

Authors:          Sollazzo G., Nikolouli K., Gouvi G., Aumann RA., Schetelig MF., Bourtzis K. 
 

Status:            not published yet 
 

Contribution:  

• Conceptualization: Sollazzo G., Bourtzis K. 

• Bioinformatic analysis: Sollazzo G., Aumann RA. 

• Data curation: Sollazzo G., Nikolouli K., 

• Investigation: Sollazzo G., Nikolouli K., Gouvi G., Aumann RA. 

• Methodology: Sollazzo G., Nikolouli K., Gouvi G., Aumann RA., Bourtzis K. 

• Supervision: Bourtzis K., Schetelig MF. 

• Validation: Sollazzo G., Nikolouli K., Gouvi G., Bourtzis K. 

• Writing-original draft: Sollazzo G., Nikolouli K., Bourtzis K. 

• Writing-review and editing: Sollazzo G., Nikolouli K., Gouvi G., Aumann RA., 

Schetelig MF., Bourtzis K. 
 

Presentation:   This work was presented at the 3rd Research Coordination Meeting on the 

“Generic approach for the development of genetic sexing strains for sterile insect 

technique applications” of the FAO/IAEA in Vienna, Austria (speaker; 2023 – 

Talk Title “Advancements in insect pest control through the identification and 

characterization of wp and tsl genes in the medfly for developing novel genetic 

sexing strains”). 
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4. Discussion 

For over 60 years, the sterile insect technique (SIT) has been extensively utilized as an 

environmentally friendly and species-specific approach in integrated pest management 

programs (AW-IPM) to control insect pests and disease vectors (Enkerlin, 2003; Dyck et al, 

2021; Klassen & Vreysen, 2021). As SIT involves the release of both bisexual and/or sexed 

sterile individuals (Hendrichs et al, 1995; Rendón et al, 2004; Augustinos et al, 2017; Franz et 

al, 2021), the development of genetic sexing strains (GSS) has been crucial. GSS enables the 

production of exclusively male individuals by eliminating females during the early stages of 

development. The Ceratitis capitata VIENNA-8 and VIENNA-7 GSSs (Augustinos et al, 

2017; Franz et al, 2021), which are currently employed in large-scale AW-IPM programs 

(Augustinos et al, 2017; Franz et al, 2021), utilize Y-autosome translocation and selectable 

markers such as white pupae (wp) (Ward et al, 2021; Rössler, 1979) and temperature-sensitive 

lethal (tsl) (Franz et al, 2021). By subjecting GSS embryos to elevated temperatures, female 

individuals can be eliminated at the embryonic stage while allowing the survival of males 

(Augustinos et al, 2017). Given thet successful identification of the mutation responsible for 

the wp phenotype (Ward et al, 2021) in Ceratitis capitata, once the tsl gene will be identified, 

this will open up the possibility of using both markers in the construction of GSS for targeting 

other insect pests and disease vectors (FAO/IAEA, 2019, 2021). The development of a genetic 

sexing system in the Mediterranean fruit fly has demonstrated enhanced cost-effectiveness and 

efficiency in the field, indicating the potential benefits of similar systems for other species. 

 

4.1    Temperature sensitivity of Ceratitis capitata strains 

The temperature-sensitive lethal (tsl) gene plays a crucial role in sterile insect technique (SIT) 

application against the Mediterranean fruit fly, Ceratitis capitata, as it acts as a selectable 

marker for sex separation in the genetic sexing strains VIENNA 7 and VIENNA 8 (Augustinos 

et al, 2017; Franz et al, 2021). To ensure the overall stability and robustness of the developed 

GSSs, regular monitoring of the genetic stability of the tsl gene is necessary (Augustinos et al, 

2017). First, we conducted an essential test to evaluate the sensitivity to temperature of several 

wild-type, genetic sexing, and tsl mutant strains in the laboratory (see 3.1). The results showed 

that the GSSs used in our study exhibited varying sensitivities to temperature. This variability 

can be attributed to various factors, including different genomic backgrounds of the strains and 

the different translocations they carry (VIENNA 7 and VIENNA 8) (Fisher & Caceres, 2000; 

Augustinos et al, 2017; Zacharopoulou et al, 2017). Due to the genomic background of GSSs, 

where males possess the tsl mutation in heterozygosity and females in homozygosity, lethality 
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following heat treatment has been found mostly in the latter. Moreover, it is highly 

recommended to regularly employ "TSLTs" along with the "filter rearing system" to mitigate 

the risk of accumulating recombinants (Augustinos et al, 2017; Zacharopoulou et al, 2017). 

These recombinants, characterized by white puparia and resistance to high temperatures, have 

the potential to accumulate in mass-rearing conditions. This accumulation poses a significant 

threat, as it can result in the loss of sexing properties and the collapse of the GSS (Augustinos 

et al, 2017; Zacharopoulou et al, 2017). During our experiments, and as also observed in 

previous studies (Augustinos et al, 2017), we ran temperature-sensitive lethal tests (hence 

TSLT) at temperatures of 25°C, 31°C, 32°C, 33°C, 34°C, and 35°C. This was done for two 

reasons: first, to evaluate the exact temperature at which the tsl mutation induces lethality, and 

second, to evaluate the stress response and consequently the fitness cost to which the wild-type 

embryos are subjected following heat shock. Subjecting embryos to a thermal shock of 35°C 

rather than 34°C for 24 hours could imply a reduction in the survival of the male embryos, 

making them less suitable for mass rearing. Therefore, using a lower temperature, it is possible 

to preserve the quality of male embryos by avoiding high-temperature treatments. SIT facilities 

might consider changing the insect strain by opting for a variant that performs better at 25°C, 

thus enhancing the overall performance by enriching it with a local genetic background. 

Furthermore, achieving complete female lethality at a lower temperature would mean that the 

recovered males have experienced less stress and potentially possess higher biological quality. 

Several studies have indicated that prolonged mass rearing can lead to laboratory adaptation, 

resulting in a loss of genetic diversity and significant changes in alleles (Hoffmann et al, 2001; 

Zygouridis et al, 2014; Raphael et al, 2014; Hoffmann & Ross, 2018). These changes can 

impact various phenotypes and traits related to the insects’ life cycle. Therefore, it is crucial to 

continuously monitor these alterations to ensure the maintenance of genetic diversity, 

biological quality, competitiveness, and the production of high-quality sterile insects for SIT 

applications  (Reynolds et al, 2012; Gaire et al, 2022). To achieve this objective, it has been 

demonstrated that periodic introductions of wild or partially inbred individuals into mass-reared 

colonies can greatly benefit mass-rearing facilities (Hoffmann et al, 2001; Zygouridis et al, 

2014; Ward et al, 2021). By infusing the mass-reared colony with "fresh" flies, genetic 

bottlenecks can be minimized, and the genetic diversity and biological quality of the mass-

reared insects can be preserved. 

Moreover, the recombination phenomena should be taken into consideration as a cause of the 

variation in the temperature sensitivity among the tested strains. To overcome this problem, the 

D53 inversion, located between the wp and tsl loci, was introduced (Fisher & Caceres, 2000; 
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Augustinos et al, 2017; Zacharopoulou et al, 2017). Among the inversion strains studied, one 

behaved like a typical tsl mutant strain, while the other two showed a significant number of 

survivors at high temperatures. All three strains contained the D53 inversion, which suppresses 

genetic recombination. Recombination outside the boundaries of the D53 inversion could 

explain the presence of survivors. Revertant mutations in the tsl gene and mutations in 

secondary genetic loci may also affect the tsl phenotype. Increasing the heat-shock temperature 

up to 36°C could overcome this issue, as has already been performed in other studies 

(Augustinos et al, 2017; Porras et al, 2020). Similarly, as observed in GSS and tsl mutant 

strains, for wild-type strains, the values relating to egg hatching, pupal recovery, and adult 

emergence vary greatly depending on the strain. The wild-type strains used in this study come 

from different parts of the world, and some have undergone laboratory rearing for decades. 

When subjected to heat shock at high temperatures (34°C and 35°C), a few of them (Benakeion 

Volos FF26, Benakeion TR 34 S FF26, Benakeion TR 35 S FF26) show a clear reduction in 

survival already at the embryonic stage, while others adapt in a better way (EgII FF21 and 

SEIB). This behavior can be traced back to the presence of a hidden tsl allele, not necessarily 

"the original tsl," but also to other gene(s) implicated in a temperature-sensitive phenotype 

activated at high temperatures. TSLTs, which were used to assess the thermal tolerance of 

different strains such as wild-type, GSS, and tsl mutants, yield valuable data. These results 

provide insights into the survivability of each strain under varying temperature stress levels. 

Understanding the variability within strains is crucial in comprehending the range of 

temperatures at which wild-type strains can effectively survive and reproduce. In the context of 

the SIT, where sterilized males are released into the wild, the lethality and survival values of 

males and females belonging to GSSs become significant factors. TSLT data enable the 

identification of GSSs with higher thermal tolerance, thereby increasing the competitiveness 

and survival rates of sterilized males upon release. This knowledge is invaluable when selecting 

strains for mass-rearing facilities worldwide, ensuring the success of SIT applications. It should 

also be mentioned that in a historical period in which climate change is an imminent threat, the 

latter's assessment should not be underestimated (Malacrida et al, 2007). Climate change has 

significant implications for the management of Ceratitis capitata. The species has expanded 

into new areas due to climate change (Weldon et al, 2018; Lemic et al, 2021), but rising 

temperatures pose challenges for area-wide integrated pest management programs using the 

sterile insect technique (SIT). Increased temperatures can lead to the mortality of released 

sterile males, although Ceratitis capitata has shown the ability to adapt (Weldon et al, 2018; 

Pörtner et al, 2022). The temperature increases in the coming decades may further impact the 
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species, potentially altering its life cycle, generation numbers, and geographic range. 

Additionally, climate change brings unpredictable weather events that can affect IPM programs 

with SIT components, affecting the performance of sterile males during release. Furthermore, 

the results obtained from TSLT have played a crucial role in selecting the appropriate strains, 

including wild-type, GSS, and tsl mutants, for subsequent genomics, transcriptomics, 

cytogenetics, and genome editing experiments. The TSLT results have influenced the decision-

making process (based on strains’ fitness costs and survival rates at different temperatures) and 

have guided us in choosing the most suitable strains to further investigate and manipulate 

through the genome editing technique CRISPR/Cas9. 

 

4.2    Wp-Zw region: the putative location for the tsl gene 

In testing the temperature sensitivity of twenty-seven Ceratitis capitata strains, we obtained a 

general overview of their behavior, which can be different according to the origin, genetic 

composition, and rearing conditions. Moreover, we were able to establish a solid temperature-

response baseline for a wild-type (wt) and a natural tsl mutant strain, enabling us to choose 

three strains, one for each category (wild-type, genetic sexing, and tsl mutant strain), to be used 

in subsequent experiments.  

Given the project's main aim, “the search for the Ceratitis capitata tsl gene", it was necessary 

to decide the strains on which sequencing, cytogenetic and transcriptomic experiments were to 

be carried out. Evaluating the results obtained (see 3.1), the choice fell on the Egypt II FF26 

(hence EgII), VIENNA 8 2010 FF26 (hence VIENNA 8) and wp tsl FF21 (hence wp tsl) 

strains. Several years of TSLTs performed on these strains (data not shown) have demonstrated 

their stability regarding the hatching rate at the rearing temperature of 25°C and recombination 

phenomena (VIENNA 8). The next step was investigating the putative region where the tsl 

gene should be located on the Ceratitis capitata chromosome 5 (Kerremans & Franz, 1994; 

Niyazi et al, 2005). Several criteria have been considered for the selection of tsl candidate 

genes: (1) the in silico position on the Ceratitis capitata genome, (2) gene expression in wild-

type and tsl mutant strains, (3) the presence of polymorphisms that alter the amino acid 

sequence in the mutant strain, and (4) the function, location, and presence of heat-sensitive 

phenotypes of orthologous genes in Drosophila melanogaster. The analysis was divided into 

several steps, each allowing us to obtain a list of candidate genes (see 3.2). Subsequently, the 

results were compared to identify common genes across all the lists. For example, a gene 

displaying differential expression but lacking mutations in coding regions was not regarded as a 

strong candidate. Conversely, some genes, although not differentially expressed, were 
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considered strong candidates due to mutations leading to an amino acid change and/or heat-

sensitive phenotypes in their Drosophila melanogaster orthologs. Cytogenetic studies based on 

deletion and transposition mappings allowed us to identify the tsl gene on the right arm of 

chromosome 5 (Kerremans & Franz, 1994; Niyazi et al, 2005). It is closely linked to the wp 

gene, which has been identified and mapped in position 59B of the trichogen polytene 

chromosome map, which corresponds to position 76B of the salivary gland polytene 

chromosome map (Kerremans & Franz, 1994; Ward et al, 2021). Furthermore, these analyses 

also allowed the establishment of a right border for the region of interest represented by the 

glucose-6-phosphate 1-dehydrogenase gene (also known as Zw), which is located at positions 

71C and 78C of the trichogen polytene chromosome and salivary gland polytene chromosome 

map (Scott et al, 1993), respectively. Our results reduced the area of interest to a 6,200,460 bp-

long region containing 561 genes (see 3.2). Transcriptomic data were generated using a wild-

type (Benakeion) and a tsl mutant (wp tsl) strain, both subjected to heat shock. This was done 

because the gene(s) responsible for the tsl phenotype could exhibit differential expression in 

wild-type strains compared to tsl mutant strains and in heat-treated embryos compared to 

untreated embryos. To achieve this, we used untreated embryos kept at 25°C and heat-treated 

embryos kept for 60 and 120 minutes at 34°C. The RNA Seq data were compared using the 

Degust platform, revealing significant differences in gene expression levels in 32 genes. 

Furthermore, using genomic data, it was possible to evaluate the presence of 324 

polymorphisms, some of which are located in genes that are particularly intriguing due to their 

association with recognized phenotypes in Drosophila melanogaster. However, as previously 

mentioned, the absence of mutations that lead to an amino acid change makes a candidate less 

likely to be chosen. This concerns the genes slipper and pis. Although they are expressed 

differently in wild-type and tsl mutant strains and can cause a temperature-sensitive phenotype 

in Drosophila melanogaster when mutated (Wang & Montell, 2006; Gonda et al, 2012), their 

Ceratitis capitata orthologs do not display any mutations in their coding regions. Therefore, 

they have not been considered. The analysis aimed to identify SNPs or INDELs within the 

coding regions of these genes because, as observed in previous studies in Drosophila 

melanogaster and other tephritids, point mutations (Aumann et al, 2020; Choo et al, 2020; 

Lovato et al, 2009), deletions, and insertions (Lim & Snyder, 1968; Kellis Jr et al, 1989; 

Sandberg & Terwilliger, 1989; Varadarajan & Richards, 1992; Lim et al, 1992; Matthews, 

1995; Mela et al, 2009; Srinivas & Cronan, 2017; Shi et al, 2019) altering the amino acid 

sequence of the protein product of the gene can cause a change in the proteins’ tertiary structure 

at restrictive temperatures, leading to the expected (tsl) phenotype. Moreover, it has been 
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demonstrated that when subjected to gamma-ray and EMS-induced mutagenesis, a certain 

proportion of induced mutations (ranging from 6.3% to 3.2%) are characterized as temperature-

sensitive lethal and semi-lethal mutations (Suzuki et al, 1967). Further confirmation of the 

identified polymorphisms was performed via Sanger sequencing. In fact, through this method, 

it was possible to confirm the homozygosity/heterozygosity condition in the various strains 

used. In detail, a putative tsl mutation must be homozygous for the wild-type allele in the wild-

type strain, homozygous for the mutated allele in the tsl mutant strain and GSS females, while 

it must be heterozygous for the mutated and wild-type allele in males belonging to the GSS 

strains. Subsequently, using our transcriptomic and genomic data, we extended the analysis to 

the entire tsl putative region. The wp-Zw region was screened using transcriptomics data to then 

confirm the detected mutations using Illumina NGS data. This led to the identification of 322 

genes characterized by the presence of polymorphisms in coding regions. This result has 

greatly extended the list of putative tsl genes (see 3.2). Simultaneously, the results obtained 

were integrated with a comparative analysis with the model organism Drosophila melanogaster 

to evaluate the position of their orthologous genes in the genome of the latter. Cytogenetic 

studies carried out over the years have shown that ortholog-characterized genes located on the 

X chromosome of Drosophila melanogaster were then identified on chromosome 5 of Ceratitis 

capitata (Brown et al, 1989; Konsolaki et al, 1990; Tolias et al, 1990; Rina & Savakis, 1991; 

Zacharopoulou et al, 1992; Scott et al, 1993: Zwiebel et al, 1995; Saccone et al, 1998; Lindsley 

& Zimm, 2012), supporting the hypothesis of strong homology between the Drosophila 

melanogaster X chromosome and Ceratitis capitata chromosome 5 (Gariou-Papalexiou et al, 

2002). All in silico analyses were performed using the Ceratitis capitata 3.2.1 genome 

(Ccap3.2.1; accession GCA_905071925.1) (Ward et al, 2021), and given that the tsl region was 

narrowed down before, we used in situ hybridization to confirm the in silico data (Papanicolaou 

et al, 2016; Ward et al, 2021). Probes were designed for ten genes as widespread as possible 

within the region of interest for two reasons: first, to confirm their position, and second, to 

narrow down the region and detect any errors in the genome assembly, as has been observed 

for peroxiredoxin 1 (LOC101452328) which was supposed to be mapped approximately 2 

million bp upstream; however, its actual position indicates that misassemblies may occur, and 

additional probes are needed to confirm the position of genes along this region. In other 

situations, such as LOC101458006, interpreting the results of in situ hybridization is difficult 

due to chromosome condensation (see 3.2). Another analysis carried out was a cross-search 

using the Drosophila melanogaster database on FlyBase.org, searching for the term "heat-

sensitive". This allowed the identification of 1144 Drosophila melanogaster heat-sensitive 
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genes, of which 33 orthologs were mapped via in silico analysis in the region of interest on the 

right arm of Ceratitis capitata chromosome 5. Moreover, following a comparative analysis 

using wild-type and tsl mutant strain genomic data, 19 out of these 33 genes showed the 

presence of mutations in coding regions, resulting in an amino acid change. Through literature 

research, we examined the functions of these genes in the model organism Drosophila 

melanogaster, their expression patterns, and the presence of known mutations that lead to 

temperature-sensitive phenotypes. These genes participate in diverse cellular activities, 

including cell formation, growth and regulation of proteins, transportation within the cell, gene 

expression, cellular structure, and response to external stimuli. It is worth noting that, except 

for one gene, all of them are located on the X chromosome of Drosophila melanogaster (see 

3.2). In parallel, the selected candidate genes underwent a final analysis focusing on evaluating 

their protein structure and sequence. Specifically, (1) the research of conserved domains to see 

if any of the point mutations is located inside a functional domain, (2) 3D structure prediction 

of both the wild-type and TSL proteins, comparing them to identify any structural changes 

resulting from the point mutations, (3) prediction of the effects of the amino acid changes, and 

(4) assessment of the conservation of the protein sequence among tephritids and other insect 

species to determine if it is conserved, as well as identifying if any of the point mutations are 

located in highly conserved regions that could be targeted as the primary candidate for 

CRISPR/Cas9 genome editing. It should also be noted that the literature contains numerous 

Drosophila melanogaster genes associated with "temperature-sensitive lethal" phenotypes 

when point mutations occur. Some of these genes, such as shibire, notch, pale, transformer-2, 

downstream of Raf1, and RNA polymerase II 215 kD subunit (Nguyen et al, 2021), were 

analyzed to evaluate the presence of mutations in their tsl mutant strain orthologs in Ceratitis 

capitata (data not shown). For instance, the shibire gene, which has been subject to further 

studies in other insect species with the aim of introducing Drosophila melanogaster 

temperature-sensitive (ts) mutations (Choo et al, 2020), did not exhibit any polymorphisms in 

coding regions or intragenic and regulatory regions. However, these genes hold the potential to 

induce a temperature-sensitive lethal phenotype similar to tsl (Choo et al, 2020; Nguyen et al, 

2021). However, before choosing a candidate for genome editing, it was necessary to consider 

the possible mutation(s) responsible for the tsl phenotype in Ceratitis capitata. No evidence 

allowed us to state that the sensitivity to temperature in the mutated strain is due to the presence 

of a single gene. It could be two or more genes that contribute to the appearance of this 

phenotype. Furthermore, the polymorphisms involved in this process must also be evaluated. It 

may be possible that the tsl phenotype is caused by multiple SNPs or INDELs acting together. 
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This would make identifying the original tsl gene and mutation(s) rather difficult, as it would 

be necessary to test various combinations of genes and mutations to identify the one causing 

the phenotype. However, to date, there is no evidence in the literature of research based on the 

identification of ts phenotypes caused by mutations localized on multiple genes linked to each 

other or combinations of mutations. Moreover, the putative causal tsl mutation(s) may be in an 

intragenic or promoter region. Thus, there could be no alteration in the amino acid sequence, 

but the mutation could still affect gene expression levels in a way similar to synonymous 

mutations, as observed in the yeast Saccharomyces cerevisiae (Shen et al, 2022).  

 

4.3    Ceratitis capitata deep orange gene 

Considering the aforementioned information and the conducted analyses, I have chosen to 

target a gene identified through the comparative analysis with the heat-sensitive genes of 

Drosophila melanogaster: the deep orange gene. It is also necessary to mention the other 

parameters that led to this choice. The deep orange gene of Drosophila melanogaster (Dmdor) 

is located on the X chromosome (Sevrioukov et al, 1999). As expected, its ortholog in Ceratitis 

capitata (Ccdor) was mapped in our study on chromosome 5, specifically at position 77B of the 

salivary gland polytene chromosome map (see 3.3). This position perfectly aligns with the in 

silico analyses and our expectations, given that the tsl region ranges from 76B to 78C 

(Kerremans and Franz 1994; Niyazi et al. 2005). As previously mentioned, Ccdor was selected 

following an analysis based on the heat-sensitive genes of Drosophila melanogaster (see 3.2). 

Studies carried out over the last 25 years showed that Dmdor is involved in various cellular 

processes, including vesicle-mediated protein transport to lysosomes, membrane docking and 

fusion reactions of endosomes/lysosomes, endosomal sorting in neuromuscular junctions, 

biogenesis of eye pigment granules, and maintenance of normal levels of a RUSH protein 

involved in endosome formation and trafficking (Sevrioukov et al, 1999; Gailite et al, 2012; 

Fernandes et al, 2014). Moreover, it plays a significant role in processes such as border follicle 

cell migration, and given its location in the endosome, lysosome, and synapse, it contributes to 

syntaxin binding activity (Sevrioukov et al, 1999; Gailite et al, 2012; Fernandes et al, 2014). 

The gene is part of the CORVET and HOPS complexes; its transcript is detected in all 

developmental stages, from the embryo to the adult, and it is expressed in various structures, 

including the embryonic brain, embryonic/larval crystal cell, extended germ band embryo, 

larval ventral nerve cord, and ovary (Shestopal et al, 1997; Sevrioukov et al, 1999; Gailite et al, 

2012; Fernandes et al, 2014; Lőrincz et al, 2016). Known lethal phenotypes in Dmdor occur in 

the presence of SNPs and insertions of long pieces of DNA (Shestopal et al, 1997; Sevrioukov 
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et al, 1999) and induce lethality during the larval and pre-pupal stages (Belyaeva, E.S et al, 

1982; Georgel et al, 1991; Shestopal et al, 1997; Schwartz Y, 1999; Sriram et al, 2003; Chi et 

al, 2010). The analysis of the Ccdor protein showed the presence of four conserved domains 

(Pep3/Vps18/deep orange family, Clathrin/VPS, a Helo_like_N, Ring finger/U-box), while the 

comparative analysis using wild-type and tsl mutant genomic data resulted in 36 identified 

SNPs, six of which resulted in an amino acid change, and three of these are located in the 

aforementioned conserved domains (see 3.3). The Sanger sequencing in several Ceratitis 

capitata wild-type, genetic sexing, and tsl mutant strains was necessary to confirm its alleles in 

strains with different genomic backgrounds. The condition of homozygosity for the wild-type 

alleles, the mutated alleles, and the condition of heterozygosity in wild-type, tsl mutant strains, 

and GSS males, respectively, is a fundamental requirement for a mutation to potentially be 

attributed to a temperature-sensitive lethal phenotype. Furthermore, Ccdor does not show any 

difference in expression between untreated and treated embryos belonging to wild-type and tsl 

mutant strains. CRISPR/Cas9 NHEJ and HDR were used to target dor's fourth and sixth exons, 

respectively. This resulted in lethality of injected individuals at mid- and late-pupal stages 

when Ccdor was targeted via CRISPR NHEJ. Additionally, three strains (dor E839K, dor 

12del, and dor 51dup) were obtained as a result of CRISPR HDR, with different characteristics 

when subjected to TSLTs (see 3.3). The three strains obtained through CRISPR HDR, dor 

E839K, dor 12del, and dor 51dup, are temperature-sensitive lethal and show differences from 

the original tsl mutant strain. The tsl strain showed significant lethality at the embryonic stage 

following heat shock at 33°C (90.89% ± 1.92), which increased during the pupal (98.00% ± 

0.58) and adult (99.67%) stages. Starting from a temperature of 34°C, 100% lethality was 

observed at the embryonic stage. In contrast, for the CRISPR strains, lethality starting from a 

temperature of 35°C was observed, which became even more marked at 36°C during the 

embryonic and larval stages and continued into the pupal stage. Specifically, after heat shock at 

36°C, while the EgII and SEIB wild-type strains’ embryonic lethality rates were 22.00% ± 3.59 

and 37.67% ± 8.81, respectively, the dor E839K (58.56% ± 10.75), dor 12del (82.78% ± 

11.70), and dor 51dup (99.89% ± 0.19) strains had significantly higher lethality rates. This 

behavior continues during the larval stage, where lethality values reached 92.56% ± 4.27 in dor 

E839K, 99.67% ± 0.58 in dor 12del and 100.00% in dor 51dup. All CRISPR strain egg 

hatching and pupal recovery rates at 36°C were significantly different from wild-type (EgII and 

SEIB) values. In comparison to point mutations, which are often linked to temperature 

sensitivity, deletions and duplications/insertions are less commonly associated with gaining this 
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trait (Lim & Snyder, 1968; Kellis Jr et al, 1989; Sandberg & Terwilliger, 1989; Varadarajan & 

Richards, 1992; Lim et al, 1992; Matthews, 1995; Mela et al, 2009; Srinivas & Cronan, 2017; 

Shi et al, 2019). However, the cause of this may be attributed to the hindrance of proper DNA 

binding activity development or alteration of a functional domain in the dor 12del line. In 

contrast, for the dor 51dup line, duplications may result in a deviation from the protein's native 

structure, leading to denaturing behavior (Xu et al, 1990; Lim et al, 1992). The results of the 

TSLTs conducted on the strains obtained following CRISPR HDR allowed us to highlight the 

promising behavior of the dor 51dup strain following heat shock. It is important to note that the 

manifestation of the typical tsl phenotype observed in Ceratitis capitata tsl mutant strains may 

necessitate the presence of multiple point mutations in different domains of the Ccdor gene. 

Similar phenomena have been observed in D. melanogaster for genes involved in body size 

regulation (Vonesch et al, 2016), behavior (Sambandan et al, 2006), or tumor suppression 

(Cerrato et al, 2006).  

 

4.4    SIT application via edited genetic sexing strains using Ccdor 

To establish effective large-scale operational SIT programs, a range of common issues must be 

resolved, irrespective of the targeted species. The primary challenge lies in developing effective 

methods, including GSS, that can facilitate the production of substantial quantities of male 

insects in mass-rearing establishments (Dyck et al, 2021; Franz et al, 2021; Häcker et al, 2021). 

Despite the evident advantages, there is currently no "one-size-fits-all" method for developing 

GSSs that can be readily applied to various insect species. Therefore, the primary goal of 

research endeavours should be to explore the feasibility of developing such an approach. 

Presently, several strategies are being considered for devising GSSs as alternatives to 

mechanical separation of the sexes, including developing strains that feature female-specific 

lethal phenotypes that are conditional and strains in which the sex determination pathway can 

be manipulated conditionally to achieve sex conversion from female to male (Hendrichs et al, 

1995; Thomas et al, 2001; Leftwich et al, 2014; Kandul et al, 2019; Li et al, 2021; Franz et al, 

2021). However, it is essential to determine the most widely applicable approaches with 

minimal research and development requirements across various target species. Moreover, it is 

critical to assess the degree of transferability of each system between species since gene 

functions may not be conserved across species.  
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Deep orange mutation-based GSSs. 

Given the highly conserved sequence of the deep orange gene in tephritids and in many other 

insect species, it emerges as a potential candidate for generating new GSSs. However, to 

effectively employ dor as a selectable marker in Ceratitis capitata, further investigations are 

necessary. This includes investigating other SNPs identified in the tsl mutant strain, either 

individually or in combination with the E839 mutation. Additionally, it is crucial to investigate 

the genetic context and potential contributions of other loci to the tsl phenotype. In the next 

step, the wild-type rescue alleles can be linked directly to Y chromosomes or M-loci 

(Meccariello et al, 2019; Lutrat et al, 2023) using CRISPR to induce homologous 

recombination or large chromosomal rearrangements. This strategy, which we call 'neo-

classical', essentially replicates the 'classical' genetic efforts and does not include the 

introduction of foreign DNA, which may be a benefit given current legislation. This will allow 

sexing to take place during the embryonic stage or, at the latest, induce total lethality before the 

pupal stage is reached. The proven acquisition of temperature sensitivity through induced 

mutation in Ccdor (dor 51dup) during the embryonic stage, along with the minimal fitness cost 

observed during its rearing at 25°C, provides a solid basis for replicating this mutation in other 

species. Regardless of the phylogenetic distance, the conservation of the Ccdor sequence 

should allow the observation of the same tsl phenotypes in other species of insects. 

 

 

4.5    Future of the fight against insect pests and regulatory status of CRISPR-edited 

organisms 

Introducing advanced molecular technologies has brought about a revolutionary transformation 

in the battle against insect pests and disease vectors. These technologies offer many 

possibilities to overcome the challenges and hurdles faced in current population suppression 

programs. Significant breakthroughs include developing techniques such as insect sexing for 

male-only releases, sterilization methods, and marking techniques (Häcker et al, 2021; 

Hendrichs & Robinson, 2021). These biotechnologies also allow the tailoring of strains to meet 

the specific requirements of control programs while facilitating the transfer of successful 

strategies to new pest species. However, the successful targeting of these technologies is highly 

dependent on the availability of genome sequence data and molecular tools for insect 

transformation in the species of interest. As such, further advancements in molecular 

technologies hold great promise for improving the efficiency and effectiveness of insect pest 

and disease-vector control programs (International Glossina Genome, 2014; Papanicolaou et al, 



 129 

2016; Matthews et al, 2018; Turner et al, 2018; Häcker et al, 2021). SIT application through 

GSSs is one of the main suppression strategies suitable for controlling agricultural pests and 

disease vectors. Molecular technologies have been used to create sexing and sterility strains and 

introduce stable markers in insect species such as the Mediterranean fruit fly (Ogaugwu et al, 

2013), Mexican fruit fly (Schetelig et al, 2016) and Australian sheep blowfly (Yan & Scott, 

2020). Although these strains have undergone initial evaluations under mass-rearing scenarios 

or in open-field trials, their adoption has been slow due to low public acceptance of transgenic 

methods, as well as the regulatory requirements and approvals necessary for their 

implementation in most countries (Reeves et al, 2012). It should be noted that the regulatory 

framework for transgenic insects varies among different countries and continents and is not 

expected to be harmonized soon. Therefore, scientists and managers planning to use transgenic 

insects in the field must address questions and concerns raised by the public and stakeholders in 

advance (FAO/IPPC, 2004, 2017). The decision-making process for using transgenic insects in 

the field is based on scientific evidence, evaluations, risk assessment studies, and large-scale 

experiments in the laboratory, as well as in contained and open-field release trials. Due to the 

different control scenarios, a clear case-by-case evaluation is needed, and a generalized 

treatment of different systems and/or insect strains should be avoided. Alternatively, non-

transgenic approaches, including classical genetic approaches, RNAi strategies, CRISPR/Cas, 

and, therefore, the strains produced in this study, could be pursued. However, the European 

Court of Justice ruled in 2021 that all gene-edited organisms fall under the European Union's 

GMO regulations (European Commission, 2021), sparking a debate over regulatory reform at 

the EU level. Many argue that the current regulations are disproportionate and should be 

amended to allow for exceptions or simplifications, as some of these organisms carry genetic 

changes that could also result from conventional breeding techniques and do not pose 

significant health or environmental risks (EFSA GMO Panel et al, 2020, 2022). The tsl gene is 

a prime example of this scenario. It was obtained through an EMS experiment (Busch-Petersen, 

1990), but it cannot be confirmed with certainty that mutagenesis induced this mutation 

deliberately. It is plausible that the tsl gene arose as a spontaneous mutation during the breeding 

process, occurring naturally and randomly in the strain. Moreover, the EU's regulation of gene-

edited plants is not consistent with that of major trade partners, including the US Department of 

Agriculture, the Government of India (Government of India et al, 2022), the Government of 

Japan (Nature, 2018) and the United Kingdom, where a new regulation has recently been 

approved, effectively allowing the use of edited organisms (UK Parliament, 2023). To address 

this issue, the European Commission published a study on new genomic techniques in April 
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2021 and plans to propose a legal framework for gene-edited plants and their products in the 

second quarter of 2023, based on the findings of the study (European Commission, 2021, 

2022). In the future, if regulations for edited organisms are implemented, there is a possibility 

that strains generated through CRISPR mutagenesis might be exempted from regulations 

applicable to transgenic organisms. In addition, RNAi methods (Fire et al, 1998; Sharp, 1999) 

also offer a way to work without transgenic organisms, but only if the dsRNA is not 

conditionally or constitutively expressed in the insect and does not persist in the environment.  

Overall, the deep search performed in the putative region where the tsl gene should be localized 

has helped highlight numerous genes that could be targeted to evaluate their phenotype and the 

possibility of manifesting temperature-sensitive lethality when mutated. The findings of this 

thesis contribute to the understanding of the deep orange gene (Ccdor) and its potential 

applications in the development of GSSs and the sterile insect technique for controlling 

Ceratitis capitata and other insect pests. The findings provide insights into the feasibility of 

utilizing Ccdor as a selectable marker and highlight the importance of further research and 

development to optimize its implementation in SIT programs. 
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6. Appendix. 

 

6.1 Material and dataset used for this study. 

6.1.1 Ceratitis capitata strains. 

6.1.2 Oligonucleotides, sgRNA, and CRISPR HDR templates. 

 

6.2 Methods used and established during these studies. 

6.2.1 Ceratitis capitata temperature sensitive lethal test. 

6.2.2 CRISPR/Cas9 gene editing. 

6.2.3 Non-lethal genotyping of Ceratitis capitata using single-leg DNA. 

6.2.4 Polymorphism detection using Illumina NGS genomic data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 149 

6.1    Material and dataset used for this study. 

 

6.1.1 Ceratitis capitata strains. 

 

Strain Group Used for project 

EgII FF21  wild-type 3.1 
EgII FF26  wild-type 3.1, 3.2, 3.3 
Benakeion Volos FF26 wild-type 3.1, 3.2, 3.3 
Seibersdorf (SEIB) FF26 wild-type 3.1, 3.3 
Argentina FF26 wild-type 3.1 
Benakeion TR 34 FF26  wild-type 3.1 
Benakeion TR 35 FF26  wild-type 3.1 
Benakeion TR 34S FF26  wild-type 3.1 
Benakeion TR 35S FF26  wild-type 3.1 
VIENNA 8 2010 FF26  GSS 3.1, 3.3 
VIENNA 8 2018 FF26  GSS 3.1 
VIENNA 8 2019 FF26  GSS 3.1 
VIENNA 8 Sr2 FF26  GSS 3.1 
VIENNA 8 “El Pino” FF26 GSS 3.1 
VIENNA 8 Israel FF26 GSS 3.1 
VIENNA 8 Argentina FF26 GSS 3.1 
VIENNA 7 2017 FF26  GSS 3.1, 3.2 
VIENNA 7 2018 FF26  GSS 3.1 
VIENNA 7 2019 FF26  GSS 3.1 
VIENNA 7 2020 FF26  GSS 3.1 
wp tsl FF21  mutant 3.1 
wp tsl FF26  mutant 3.1 
wp tsl (EgII) FF21  mutant 3.1, 3.2, 3.3 
wp tsl (EgII) FF26  mutant 3.1 
D53-3-28 FF21  mutant 3.1, 3.3 
D53-3-28 FF26  mutant 3.1 
D53-1 FF26  mutant 3.1 
dor E839K CRISPR mutant 3.3 
dor 12del CRISPR mutant 3.3 
dor 51dup CRISPR mutant 3.3 
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6.1.2 Oligonucleotides, sgRNA, and CRISPR HDR templates. 

Name Sequence Purpose 

P58_2kb_F GTTTCCGCATAGAAATCGGCT Sanger sequencing 

P58_2kb_R CACTGAACTTTCCAGCAGCG Sanger sequencing 

P58_3kb_F TCCTGAATGAAAAGTTAACCATTTGC Sanger sequencing 

P58_3kb_R GAAACTGAGTTAAACTATTCACTGT Sanger sequencing 

P58_F1 GGTTCATAAATATCATCATTCC Sanger sequencing 

P58_F2 AATAGTAACAGTCAGCCGCAA Sanger sequencing 

P58_F3 TCAAAATCGGAGAAAAATGGCA Sanger sequencing 

P58_F4 TATAGCATATTCCAAATAA Sanger sequencing 

P58_F5 CCGTCGGGGATAATTGATTTGTG Sanger sequencing 

P58_F6 TGTTCATGGAAATACTCCTCGT Sanger sequencing 

P58_F7 TCTTCGCCGTGCATTTGTTG Sanger sequencing 

P58_F8 TGCTGATAATCCACTGGTTTGTG Sanger sequencing 

P58_F9 CGAACGACGACATTTTACTCGT Sanger sequencing 

P58_NHEJ_geno_F TGTTCATGGAAATACTCCTCGT No-lethal genotyping 

P58_NHEJ_geno_R TAACAAAGTCATCTTAGAAA No-lethal genotyping 

P58_HDR_geno_F CGTTCACTTGATCCCAATCGC No-lethal genotyping 

P58_HDR_geno_R TGCGGCTGTTGAATTAGCAC No-lethal genotyping 

P58_probe_F CTAATTCAACAGCCGCAGCC In situ hybridization 

P58_probe_R TGCACCTAACGTCCTCCTTG In situ hybridization 

sgRNA_NHEJ TCAAAATGCACCACGTGCCA CRISPR NHEJ  

sgRNA_HDR GGATGAATGTGATAAACAAG CRISPR HDR 

ssODN_E839K_sense AAAGATTACAATTTTCCTGTGCGCTA
ATGCGTATGCTTCTCTCACGCACATT
TTGTAAATCTTTCATAACACGTTTGG
CCTGTTTATCACATTCATCCATTTCGT
GTTTTAATTCTTGAATTTTTTGATTGT
AATCCTGAATGAAAAGGTG 

CRISPR HDR 
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ssODN_E839K_anti CACCTTTTCATTCAGGATTACAATCA
AAAAATTCAAGAATTAAAACACGAA
ATGGATGAATGTGATAAACAGGCCA
AACGTGTTATGAAAGATTTACAAAAT
GTGCGTGAGAGAAGCATACGCATTA
GCGCACAGGAAAATTGTAATCTTT 

CRISPR HDR 
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6.2 Methods used and established during these studies. 

 

6.2.1 Ceratitis capitata temperature-sensitive lethal test 

 

This protocol is based on a protocol designed by Augustinos et al., 2017. 

 

Material 

 

• Cages containing 5- to 7-day-old Ceratitis capitata adults. 

• Petri dishes filled with carrot diet. 

• Black filter paper (e.g., Whatman® - WHA10300012) 

• • Spring steel tweezers (blunt), brushes, and plastic Pasteur pipettes. 

• Incubators set at different temperatures (25-31-32-33-34-35-36°C) 

• Petri boxes with sand. 

• Sieve 

• Manual counter 

 

Protocol 

 

• Collect 5-hour-old eggs. 

• Place 300 eggs (3 x 100) on black filter paper and place it on a Petri dish filled with 

carrot diet. 

• Repeat the previous step for each temperature to assess for three days in a row. 

• Place the Petri dishes for 24 hours at 25°C. 

• Place the Petri dishes in the incubator (at the temperature to be evaluated) for 24 hours. 

• Remove the Petri dishes from the incubators and place them at 25°C. 

• Determinate egg hatching rates after 5 days. 

• Determinate pupal recovery rates after 15 days. 

• Determinate adult emergence rates after 23 days. 
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6.2.2 CRISPR/Cas9 gene editing. 

This protocol is based on a protocol designed for Ceratitis capitata by Aumann et al, 2018. 

 

Cas9 protein 

All experiments were performed with recombinant Cas9 protein from Streptococcus pyogenes 

obtained from PNA Bio Inc. (catalog number CP01, Lot number PC16912). The protein was 

shipped in lyophilized form and subsequently reconstituted to a stock concentration of 1 μg/μl 

in 20 mM HEPES, 150 mM KCl, 2% sucrose, and 1 mM DTT (pH 7.5) by adding nuclease-

free ddH2O to the protein pellet. Cas9 protein lyophilizate and ddH2O were incubated at room 

temperature for 10 min and gently mixed by tapping to ensure complete dissolution while 

avoiding foam formation. The dissolved protein was stored at -80°C in single-use aliquots 

(3.6 μl). A concentration of 360 ng/μl Cas9 protein was used for microinjections of Ceratitis 

capitata embryos.  

gRNA design and usage  

gRNAs were designed using the Geneious software package (Kearse et al., 2012) and 

subsequently ordered from Sigma Aldrich, Germany with the following specifications 

(Physical material: Synthetic RNA, Purification: HPLC, CRISPR species: SpCas9, Structure: 

sgRNA (crRNA+tracrRNA as one), Scale of synthesis: 3 nmol, modified, dry). gRNAs for 

gene knockout via NHEJ were positioned either in an early exon or a conserved domain to 

ensure that an editing event causes a nonfunctional protein. For ssODN knock-in (HDR), 

gRNAs were designed to bind as close as possible to the target site, as the likelihood of 

incorporation decreases rapidly with increasing distance to the target site (0 bp cut-to-mutation 

distance equals ~ 90-100% mutation incorporation, 10 bp cut- to-mutation distance equals ~ 

35-50% (Paquet et al, 2016; Kwart et al, 2017)). The Geneious tool ‘find CRISPR sites’ was 

used with the following prerequisites for the search: Target: N(20); PAM: NGG; Activity 

scoring: Doench 2014; Specificity scoring against an off-target database. For specificity scoring 

and off-target analysis, the most recent genome version and an algorithm proposed by the 

Zhang lab  (Hsu et al, 2013) were used to score CRISPR sites. Denoted scores are between 0 

and 100, with 100 being the highest specificity and lowest off-target activity. gRNAs without 

an off-target effect were chosen for experiments. The on-target activity was scored using the 

method from Doench et al. 2014. Scores are between 0 and 1, with a higher score representing 

higher expected activity (Doench et al, 2014). 
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ssODN repair template  

Single-stranded DNA was used as a repair template. Short templates (151 bp, ssODN) were 

synthesized by Eurofins Genomics (EXTREMer oligo, purified salt-free, quality control by 

CGE). 

Microinjections and post-injection treatment 

Embryos for microinjections were collected for 30-60 min, dechorionated by immersion in a 

1:1 solution of Chlorix (DanKlorix Hygiene Reiniger mit Aktiv Chlor) and demineralized H2O 

(3 min, freshly prepared), and then washed with demineralized H2O. Cas9 protein (360 ng/μl), 

gRNA (200 ng/μl), KCl (final concentration: 300 mM; including 150 mM KCl in the Cas9 

protein stock solution in the calculation), ddH2O, and, for HDR experiments, ssODN repair 

template (200 ng/μl) were mixed (final volume: 10 μl) and incubated for 10 min at 37°C to 

enable RNP formation. The injection mix was freshly prepared for each injection day and 

stored on ice until use. Injections were performed using siliconized quartz needles (Q100-70-

7.5; O.D.: 1.0 mm, I.d.: 0.70; 7.5 cm length; Science Products, Hofheim). Needles were drawn 

out on a Sutter P-2000 laser-based micropipette puller with the following conditions (Heat = 

heat, Filament = Fil, Velocity = Vel, Delay = Del, Pull = Pull): Quartz (Q100-70-7.5): Heat 

750, Fil 5, Vel 70, Del 130, Pull 175. 

 

6.2.3 Non-lethal genotyping of Ceratitis capitata using single-leg DNA. 

This protocol is based on a protocol designed for Drosophila (Carvalho et al, 2009) and was 

adapted and modified to facilitate genotyping of Ceratitis capitata based on genomic DNA 

extraction of a single leg (non-lethal). 

 

Material 

• Micro scissors (e.g., Hammacher (Solingen), article nr. HSB 530-08, KG115). 

• Spring steel tweezers (blunt). 

• Cages for keeping single flies while waiting for the genotyping results. 

• Genotyping must be performed on virgin flies (either freshly eclosed or sexed). 

 

Procedure 

• Cut off a single middle leg of a CO2-anesthetized fly using micro scissors while holding 

the leg with spring steel tweezers. 
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• Place the leg in the reaction tube inside 12.5 μL Platinum™ Direct PCR Universal 

Master Mix (Thermo Fisher Scientific), primers (100 nM) according to the mutation to 

assess, and water up to a final volume of 25 μL. The leg was on the bottom and not 

attached to the side of the reaction tube. Store it on ice. 

• Place sampled flies inside the single cage until PCR results are ready. 

• Cross the single fly. 

 

6.2.4 Polymorphism detection using Illumina NGS genomic data. 

• DNA extraction 

- gDNA from males and females of the wp tsl mutant strain was extracted using an 

ExtractMe DNA tissue kit (Blirt, Poland). 

- gDNAs from VIENNA 7 GSS strain males and females were extracted using 

phenol/chloroform (Saccheri & Bruford, 1993). 

 

• Library preparation and sequencing 

- Libraries for the wp tsl strain were prepared using an Illumina TruSeq Nano DNA 

Kit (Illumina, USA) and sequenced on an Illumina HiSeq X platform, resulting in 

150-bp paired-end reads by Macrogen, Korea. 

- Libraries for the VIENNA 7 GSS were prepared using an Illumina TruSeq PCR-

free kit (Illumina, USA) and sequenced on an Illumina HiSeq 400 platform, 

resulting in 150-bp paired-end reads (Centre for Genomic Research, Liverpool). 

 

• Import Raw fastaq NGS reads in Geneious Prime 2022.1.1. 

• Trim the reads using BBDuk Adapter/Quality Trimming Version 38.37 with default 

settings (Adapters: AllTruseq, Nextera, and PhiX adapters; Trim: Right End, Kmer 

Length: 27; Maximum Substitutions: 1) 

• Map the trimmed reads to the reference sequence using the “Bowtie2” (v. 2.4.5 - © Ben 

Langmead) Geneious Prime 2022.1.1 plug-in with default parameters (alignment type: 

end to end; high sensitivity) 

• The tool “Find Variations/SNPs” was used for polymorphism calling, customizing it 

according to the variant P value, minimum strand-bias P value, and location of variants. 
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