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Abstract 

Human African Trypanosomiasis, or sleeping sickness, causes 10,000 deaths per year. 

Despite the extensive knowledge of trypanosome biology acquired over the last 25 years, 

the toolbox for disease control is still limited, with neither vaccines nor effective and 

affordable drugs available in the near future (Aksoy and IGGI, 2010). Eradication of 

trypanosomiasis via tsetse populations control has a great potential and novel genomic 

resources are needed to improve currently available tools and develop new effective 

strategies. 

In 2015, the release of genomic resources of five Glossina species has facilitated 

comparative genomics analyses with the genome of G. m. morsitans (Attardo et al., 

2014) and other Diptera genomes already available, providing additional information on 

vector competence, haematophagy, viviparity, as well as on species-specific genes 

involved in host seeking and vectorial capacity.  

In this framework, I firstly reconstructed the molecular phylogeny of the six species (G. 

morsitans, G. pallidipes, G. austeni, G. fuscipes, G. palpalis, G. brevipalpis) using a 

genome-wide set of orthologous genes. Our genomic phylogenetic analysis suggests that 

Morsitans, Palpalis and Fusca groups all show a monophyletic origin, with G. 

brevipalpis (Fusca group) being the most differentiated species. It is noteworthy that the 

phylogenetic relationships established by our analysis reflects the biological diversities 

exhibited by each of the Glossina group, such as the geographical distribution, the 

eco/ethological constrains, the degrees of vectorial capacity and the mating behavior. 

Based on this phylogeny, I used the molecular clock approach to derive the time of 

splitting among the Glossina groups and the included species. Orthologs genes derived 

from Musca domestica allowed us to date also the divergence between Musca and the 

Glossina genus at 209 Mya, in the Triassic period. Within the Glossina genus, the 

divergence time has been estimated between the most distantly related G. brevipalpis 

and the Palpalis and Morsitans groups at ̴ 54 Mya, i.e. Eocene period, while the 

divergence between the Morsitans and Palpalis groups has been dated at ̴ 21 Mya, i.e. 

Miocene period. 

The availability of genome sequences from six Glossina species provides unprecedented 

opportunities to study the evolution of reproductive traits relevant for interpreting the 

species differentiation.  Indeed, reproduction is one of the fundamental processes 

influencing several aspects of insect’s life and it is often the target of control methods 

aiming at reducing the insect population size, particularly effective in reproductive 

systems similar to the one displayed by tsetse flies (Vreysen et al., 2000). In this 

framework, a key role is played by male reproductive genes that encode for proteins 

involved in fertilization, such as seminal fluid proteins (SFPs). These proteins are 

fundamental in influencing female post-mating physiological and behavioral changes as 

well as other processes involved in sexual competition. I identified gene candidates for 

positive selection among those expressed in the male reproductive tissues, male 



 
 

accessory glands (MAGs) and testes. Our analysis was based on 2,563 genes selected 

from G. m. morsitans MAG- and testes-specific transcriptomes, because of their higher 

expression in MAG compared to testes, and vice versa. The genes were tested for the 

occurrence of positive selection using codon substitution models in PAML. The analysis 

led to the identification of a number of genes candidate for positive selection. 

Interestingly, most of the identified genes remained uncharacterized. These “novel” 

genes putatively involved in species- or group-specific processes are particularly 

interesting for further evolutionary and applicative analyses.  

Considering the applicative potential of fast evolving and species-specific MAG 

sequences, I analyzed the regulatory elements responsible for the transcription of the 24 

most highly transcribed accessory glands genes in G. m. morsitans. MAG-specific 

transcriptomic data revealed the presence of a transcription factor known as Paired. In 

silico analysis confirmed the transcription binding in the promoter region of most of the 

genes under study. The Paired transcription factor expression profile and protein 

localization have been demonstrated to be MAG-specific, thus suggesting a role in 

regulating the expression of MAG genes and, in turn, male reproduction. Its important 

role in reproduction is also confirmed by its sequence conservation among the six 

Glossina species analyzed. From the applicative point of view, it can be an important 

target for the manipulation of male reproduction in tsetse flies. Under this perspective, I 

have started performing RNAi experiments in order to evaluate the silencing effects of 

Paired on ejaculate composition, fertility and female post-mating behaviors.  

During my PhD studies, I have also been involved in the genome projects of two insect 

species: the Asian tiger mosquito Ae. albopictus and the medfly C. capitata. In the 

framework of the Ae. albopictus genome project (Italian strain), I have been involved in 

the determination of the genome size of the Fellini strain and, for both genomes, part of 

my research was dedicated to the manual curation and annotation of Odorant Binding 

Proteins (OBPs) and Odorant Receptor (OR) genes.  
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1.1 Insects disease vectors and agricultural pests 
 

The past two decades have witnessed a growing interest toward several aspects of 

insect’s biology. The reasons are diverse and complex: 

- the growing insect pest issues related to the intensification of crop-livestock 

production systems; 

- the increasingly frequent invasions of exotic disease vectors and agricultural pests 

due to trade globalization and climate change; 

- the increased disease outbreaks (including Zika fever, dengue, chikungunya) 

worldwide; 

- the spread of insecticide resistance and, consequently, demand for alternative/more 

efficient strategies for environmentally-friendly insect pest management. 

Vector-borne diseases account for more than 17% of all infectious diseases, causing 

more than 1 million deaths annually. Most of the organisms responsible for such diseases 

are bloodsucking insects, such as mosquitoes, ticks, tsetse flies, sandflies and fleas that 

can spread the disease through humans and animals during blood meals 

(http://www.who.int/mediacentre/factsheets/fs387/en/). Malaria alone is responsible for 

causing more than 400.000 deaths every year globally. While malaria and dengue are 

two of the most relevant insect-borne diseases, several other particularly affect 

marginalized populations living in tropical and sub-tropical regions of the world. Many 

of these are regarded as Neglected Tropical Diseases (NTDs). 

Insects are also major constraints to agriculture, forestry and fishery production causing, 

in Europe, losses for at least 12 billion EUR per year (Scalera et al., 2012; Szyniszewska 

and Tatem, 2014). Some species are highly invasive and polyphagous, and, as such, they 

threaten the global horticultural production. Among these is the Mediterranean fruit fly 

(medfly) Ceratitis capitata, with an estimated damage amounting to US $192 million 

per year in countries of the Mediterranean Basin. 

Despite considerable research, the toolbox for disease and pest control is limited, with 

neither vaccines nor effective and affordable drugs available in the near future. So far, 

the most effective measures against insect-borne diseases and agricultural losses have 

been those targeted at the insect itself.  

 

 

1.2 Insect population control in the genomic era 
 

High-throughput sequencing technologies has brought a revolution in the study of insect 

biology. The genome sequences of a huge number of non-model organisms have been 

released, allowing comparative analyses of gene families expansion and positive 

selection, and consequently inferences of adaptive evolution. These resources are also 

helping in revealing demography, local adaptation and speciation mechanisms. 
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Genomic and phylogenomic resources are particularly relevant for insect pests and 

disease vectors since they can lead to the identification of the molecular bases of 

biological traits responsible for high reproductive rate, ability to resist to infections and 

frequency of contact with the host (Hill et al., 2005). Taking into account that even the 

same arthropod borne disease can be transmitted by more than one insect species, the 

development of successful vector control programs has always been severely impaired 

by poorly understood complex ecological traits and intricate population dynamics (Hill 

et al., 2005). Similarly, the availability of genomic information derived from 

polyphagous, oligophagous and monophagous insect pests will allow to understand the 

molecular bases of feeding behavior, invasive capacity and adaptability to different 

environments and climates.  

As resistance to insecticides is emerging, alternative approaches are required. One option 

is represented by the Sterile Insect Technique (SIT), an environmentally-friendly method 

of insect pest/vector that integrates into Area Wide Integrated Pest Management (AW-

IPM). The SIT relies on the mass rearing, sterilization and release of male insects into 

the field. Mating of these released sterile males with wild females leads to a decreased 

females’ reproductive potential, thus leading to a reduction in population size and, 

ultimately, to the local elimination or suppression of the population. 

SIT programs have been proven to be successful in the elimination of the New World 

screwworm Cochliomyia hominivorax Coquerel from United States, Mexico, Central 

America, and Libya, the medfly and other tephritid fruit flies in United States, Central 

and South America, South Africa, Europe, and Asia, the pink bollworm Pectinophora 

gossypiella Saunders in United States and codling moth Cydia pomonella L. in Canada 

(Alphey et al., 2010). However, this strategy is expensive and depends on large 

biofactories. 

In the last decade, new generation sequencing technologies have contributed to provide 

an ever-expanding volume of high quality genomic and transcriptomic data. Insect 

genome projects, together with sophisticated computer-modeling approaches, insect 

transgenesis (Catteruccia et al., 2000; Coates et al., 1998; Jasinskiene et al., 1998), 

arthropod functional genomics (Dimopoulos et al., 2002) and intensified studies of 

vector populations provided novel insights into the physiology, behavior and evolution 

of disease vectors, devising new methods for their control. 

In 2002, the publication of the An. gambiae genome represented a turning point in vector 

genomics. Afterwards, similar efforts have been made for Culex pipiens vector of West 

Nile virus, the yellow fever mosquito Aedes aegypti, the Asian tiger mosquito Aedes 

albopictus, the Lyme disease tick Ixodes scapularis and the tsetse fly Glossina morsitans 

vector of African trypanosomiasis (Yin et al., 2016). Thanks to genome initiatives, over 

the past 10 years more than 100 insect genomes have been released.  

During my PhD, I worked in the framework of three genome sequencing projects: 

- i5k: the 5000 insect genome project, among which the genome of the medfly, 

Ceratitis capitata, was sequenced and analyzed (Consortium, 2013); 
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- INFRAVEC: whose objective was to provide high-throughput sequencing of 

different mosquitoes species, including the Italian Fellini strain of Ae. albopictus 

(http://www.infravec.eu); 

- IGGI (International Glossina Genome Initiative): focused on the sequencing of six 

Glossina species. 

I performed genome-based analyses to provide an annotated framework for functional 

genes involved in the reproductive biology and sexual development of these insects. For 

development and reproduction to occur, insects need to be able to respond to relevant 

chemical stimuli, at the right time. These include behaviours related to mate finding, 

mating and progeny production. I thus focused my work on unravelling the functional 

role and evolution of genes related to reproduction and chemosensory perception.  

 

 

1.3 Insect reproduction 
 

Together with behaviors associated with survival, much of an insect life is dedicated to 

reproduction (Klowden, 2008). In nature insect makes adaptation due to selective 

environmental factors acting in a population, the so-called adaptive strategy (Horn, 

1976). This concept is theorized in an evolutionary ecology paradigm: the r- and k- 

selection theory.  The theory was developed in the late 1960s by the ecologists Robert 

MacArthur and E. O. Wilson  and relates to the selection, in an organism, of a 

combination of traits which stabilize the equilibrium between the quantity and quality of 

the offspring (Pianka, 1970). r-strategist species live in unstable environments which 

select traits that enhance population growth rate, including early maturity, small body 

size, high reproductive effort and high fecundity. On the contrary, k-strategists tend to 

maintain their populations at a constant level, close to the carrying capacity of 

environment (Atkins, 1980). They are selected for traits enhancing high survival ability, 

including large body size, high investment in individual maintenance at the cost of low 

reproductive effort, low fecundity and longer life span (Reznick et al., 2002). 

Locust, aphids, mosquitoes and fruit flies (i.e. the medfly C. capitata) are example for 

r-strategist insect, while tsetse flies and carpenter bees are example for k-selected insects 

(Matthews and Kitching, 1984). Knowledge about the reproductive strategies used by 

insects of medical and agricultural importance is fundamental for controlling population 

size in the field. In order to be effective, biological control and other control strategies 

need to account for the reproductive characteristics of the species under study. Indeed, 

for r-strategist species, like most mosquitoes and invasive pests, a very high proportion 

of individuals have to be killed to cause some impact on the target population (Malacrida 

et al., 2007; Regis et al., 2008). 

Contrarily to r-strategist insects, k-strategist such as tsetse flies are more suitable for 

eradication through such control methods. Compared to mosquitoes and the medfly, they 

show a low reproduction rate and, moreover, being adapted to stable habitats with low 
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level of cross-breeding, they show a reduced genetic variability and a limited capacity 

to respond quickly to selective pressures imposed by various control interventions 

(Dujardin and Schofield, 2004). 

The differences at the genomic level between k- and r-strategist species can now be 

approached and integrated with data relative to the physiological adaptations displayed 

by female insects. A very interesting case is represented by the tsetse fly: females in 

these species produce a single offspring at each reproductive cycle through adenotrophic 

viviparity (development and feeding of intrauterine offspring). To achieve this, tsetse 

females have undergone extreme adaptations, including ovarian follicle reduction, 

uterine expansion and development of accessory glands (milk glands) to accommodate 

and feed a developing larva that can increase over 100-fold in dry mass over a week 

(Benoit et al., 2015). 

Whether (and to which extent) this is reflected in different reproductive adaptations also 

from the male side is still unclear. The reproductive strategy of male insects shapes their 

fitness by means of the production and management of semen, ability to find partners 

for mating, capacity to outcompete rival males, female choice, and investment in 

progeny (Wedell et al., 2002). Males normally invest little in individual sperm but, 

instead, increase reproductive fitness by maximizing both the number of spermatozoa 

produced, the composition of the seminal fluid transferred to the female together with 

sperm, and the number of mating performed (Parker, 1970). In addition, male insects 

have developed multiple strategies to ensure successful transfer of sperm, including 

transfer of free sperm, spermatophores and production of mating plugs, to regulate sperm 

storage and release in the female (Scolari et al., 2016). 

To begin disentangling this biological question at the molecular level, I focused on the 

analyses of genes encoding seminal fluid proteins, both in an example of r-strategist 

species (the medfly) and of a k-stretegist (tsetse flies). Insect seminal fluid proteins 

(SFPs) are indeed important for fertilization and have been shown to play a key role in 

manipulating post-mating physiological and behavioral changes in the female 

(Laflamme and Wolfner, 2013). Seminal fluid proteins are diverse and perform a number 

of different functions. Under natural selection and under female selection, SFPs genes 

are under both intra- and inter-sexual selection, due to male-male competition and 

female sexual selection, respectively (Andres et al., 2006; Poiani, 2006).  

 

 

1.4 Insect olfaction 
 

All living organisms need to detect chemicals in their environment to survive. Many 

aspects of the life of an insect are influenced by olfaction, which is indeed crucial in 

nutrition, mating, courtship behavior, aggregation, alarming, aggression and prey-

predator interactions (Hansson and Stensmyr, 2011). In mosquitoes, for example, it 

enables females to find suitable hosts for a blood meal. Chemicals involved in insect 
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communication are referred to as semiochemicals and odorants. Insects detect 

semiochemicals with specialized peripheral sensory structures, the olfactory sensilla, 

present on different chemosensory tissues such as antennae, maxillary palps, and 

proboscises (Leal, 2012). The signal transduction cascade which derive from the 

detection involves three main groups of molecules: i) odorant-binding proteins (OBPs), 

ii) chemosensory proteins (CSPs) , and iii) the chemoreceptor superfamily formed by 

the olfactory (OR), gustatory (GR) and ionotropic (IR) receptor families (Leal, 2013; 

Pelosi et al., 2006; Vogt and Riddiford, 1981). OBPs transport the odor molecules from 

the aqueous lumen of a sensillum to transmembrane olfactory receptor proteins (ORs) 

(Leal, 2013; Vogt, 1988). The number of genes encoding putative OBPs is very variable 

across different insect orders (Gong et al., 2009; Manoharan et al., 2013). Two 

hypothesis have been proposed regarding OBPs mode of action:  

- OBPs act as passive carriers and ORs are activated by the ligand per se, as observed 

in moths and mosquitoes (Damberger et al., 2007); 

- The formation of a specific OBP-ligand complex is necessary for receptor activation 

(Ronderos and Smith, 2010). 

In the membrane, ORs form a heteromeric complex with a highly conserved non-

conventional OR, the odorant receptor co-receptor (Orco), which is required for the 

functional integration of receptor proteins in the dendritic part of the olfactory receptor 

neurons (OSNs) within the sensillum shaft (Larsson et al., 2004; Neuhaus et al., 2005). 

Once the odor molecule is no longer required, it needs to be degraded in order to allow 

the olfactory system to remain responsive to other odors. The enzymes responsible for 

the degradation of the odors are odorant degrading enzymes (ODEs).  Different classes 

of ODEs are specific to different volatile compounds and localize within the sensillum 

lumen and within the cells lining the base of the sensillum (fig.1.1). 

 

 
 

Fig 1.1. Schematic view of the odorant perception process in insects (Brito et al., 2016).  



Chapter 1: General Introduction 

7 
 

OBPs have been recently reported to be expressed in male accessory glands and testes 

of diverse insects, such as Drosophila, Aedes aegypti and Tribolium castaneum 

(Chapman, 2008; Sirot et al., 2008; South et al., 2011). These proteins may be also 

involved in function other than olfaction, acting as carriers for hormones or ligands that 

are transferred from the male to the female during copulation (Arya et al., 2010).  

Therefore, the results of our studies are particularly important not only to enable 

comparative analyses among related species, but also to develop novel environmentally-

friendly attractants and repellents for the control of wild populations.  
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2.1 Background 
 

2.1.1 Trypanosomiasis: the role of tsetse flies 

 
Ranking as fifth on the world’s deadliest animals list, tsetse flies are vectors of 

pathogenic trypanosomes responsible for sleeping sickness in humans (HAT, Human 

African Trypanosomiasis which causes 10,000 deaths per year) and nagana in livestock 

and wild animals (AAT, Animal African Trypanosomiasis). These parasites belong to 

the genus Trypanosoma. There are two forms of HAT. One, mostly defined by chronic 

infection, is caused by Trypanosoma brucei gambiense and accounts for more than 98% 

of reported cases, affecting 24 countries in West and Central Africa. The other form, 

characterized by acute infection, is caused by Trypanosoma brucei rhodesiense, it 

represents less than the 2% of reported cases and affects 13 countries in Eastern and 

Southern Africa (WHO, 2013). 

Between 20,000 and 30,000 people are thought to be infected with sleeping sickness 

every year. Diagnosis and treatment are complex and most of the affected populations 

have no access to adequate therapy. Moreover, the clinical signs and symptoms are 

unspecified, frequently leading to misdiagnosis. In addition to public health issues, also 

the economy of the country suffers from the consequences of the AAT, with economic 

losses in cattle production estimated at US$4.75 billion per year (Budd, 1999). 

 
 

2.1.2 The genus Glossina: overview 
 

Tsetse flies are confined to sub-Saharan Africa (fig 2.2). They require a temperature 

of 16 to 38°C and 50-80% relative humidity for their survival and the lifespan is variable 

depending on the season: it ranges from one to two months in the dry seasons to 3-5 

months in the rainy seasons. Both sexes are obligate hematophagous and they require a 

blood meal every 2-4 days, depending on host availability (WHO, 2013). 

Tsetse species belong to the genus Glossina, which is the sole member of the family 

Glossinidae. The Glossinidae are placed within the superfamily Hippoboscoidea, 

together with louse flies and two families of bat flies, Hippoboscidae, Streblidae and 

Nycteribiidae, respectively (Petersen et al., 2007). Nowadays, 22 tsetse fly species are 

present in Africa. The genus Glossina can be generally divided into three groups of 

species based on a combination of geographical distribution as well as behavioral, 

molecular and morphological features. The genus includes the Savannah flies (subgenus 

Morsitans), the forest flies (subgenus Fusca) and the riverine flies (subgenus Palpalis) 

(Krafsur, 2009). Table 2.1 and fig. 2.2 show key features of the six species target of my 

study.  
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Species of the Morsitans group are largely savanna and woodland inhabitants, although 

G. pallidipes may also be found in forests. The Morsitans group is adapted to drier 

habitats than the other two subgenera. Species of the Palpalis group tend to occur in 

riverine and lacustrine habitats. Fusca group flies largely inhabit moist forests of West 

Africa although one of these species, G. brevipalpis, occurs discontinuously in East 

Africa, Zaire, and Mozambique (Fig.2.2).  

The host-specificity varies among the three groups, with the Palpalis flies displaying 

strong antrophilicity and morsitans and fusca showing more zoophilic preferences 

(Aksoy and IGGI, 2010; Barrett et al., 2003) (Table 2.1, Fig. 2.2). 

With the exception of G. p. palpalis in Bonon and Cote d’Ivoire, populations within each 

Glossina species complex mostly occupy non-overlapping geographic areas (allopatric 

population). This means that hybrid males are sterile and the hybrid females vary in their 

fertility (Krafsur, 2009). 

 

 
Table 2.1. Biological and ecological traits of the six Glossina species analyzed. Species-

specific information on habitat, host preference and vector status. (Clausen et al., 1998; Motloang 

et al., 2012; Munks et al., 2005).  
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Fig. 2.2 Glossina geographic distribution, host preference and ecology (Attardo et al, Genome 

paper, in preparation). 
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2.1.3 The parasite and the disease: Trypanosoma brucei and sleeping sickness 
 

Sleeping sickness clinically evolves in two stages: a hemo-lymphatic stage (early 

stage) in which the parasite dwell in the lymphatic system and bloodstream and a 

meningo-encephalitic stage (late stage), with the parasite crossing the blood-brain-

barrier (BBB) and invading the central nervous system.  

Intermittent fever, headache, dermatologic problems, cardiac disorders, endocrine 

disturbances are the main symptoms of the first stage, while neuropsychiatric signs are 

typical of the second stage, which gradually lead to coma, severe organ failure and death 

(Brun et al., 2010). 

The parasite responsible for the disease is a protozoan hemoflagellate belonging to the 

genus Trypanosoma. Two subspecies of Trypansoma brucei are responsible for the two 

form of sleeping sickness disease which occur in different African regions. The Rift 

Valley geographically separates the two forms of the parasites, with T. b. Rhodesiense 

present in the east of the Valley and T. b. gambiense found to the west (fig 2.3). Both 

sexes of adult Glossina flies feed on blood and can transmit the parasite to a mammalian 

host, which is necessary for the completion of the parasite’s life cycle. 

 

 

 

Fig. 2.3 Distribution of human African trypanosomiasis. The black line divides the areas of 

prevalence for Trypanosoma brucei gambiense (left) and for Trypanosoma brucei rhodesiense 

(right) (Brun et al., 2010). 
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The parasite undergoes different biological stages both in the insect vector and in the 

mammalian reservoir:  

a) bloodstream trypomastigote form: this is the form ingested by the fly; it moves to the 

midgut of tsetse, where the infection process starts. Some Glossina species are refractory 

to certain trypanosome species and this is the stage where the infection can still be 

blocked; 

b) procyclic form: trypomastigote forms can replicate and differentiate into procyclic 

forms that cross the peritrophic membrane and reach the proventriculus, a small 

muscular organ where the blood meal flows forward to the crop, where the blood is 

stored, and backward from the crop to the midgut; 

c) mesocyclic trypomastigote and epimastigote forms: these forms develop in the 

proventriculus and then migrate to the salivary gland, where they multiply and become  

infectious; 

d) metacyclic form: this is the only infective stage to vertebrates. It is transmitted to the 

mammalian host during the blood meal and, once in the bloodstream, it develops into a 

trypomastigote that have access to different body fluids, including lymph, cerebrospinal 

fluid and the placenta. 

The tsetse fly competence for trypanosomiasis is influenced by several factors: density 

of the tsetse population, tsetse fly longevity, vector’s susceptibility to infection, host 

symbionts (Roditi and Lehane, 2008). 

Less than 1% of flies is infective for T. brucei spp. and only 2-5% of infected flies present 

the infective metacyclic form in the salivary glands (Molyneux, 1980). This makes the 

tsetse fly a low competent vector of African Trypanosomiasis, however, it is also true 

that a low number of parasites in the blood meal are sufficient to infect a tsetse fly and 

a single infected bite is enough to transmit the parasite to a mammalian host. It is also 

common to observe tsetse flies co-infected by more than one trypanosome species 

(Lehane et al., 2000). This finding explain the possibility of genetic recombination 

between different trypanosome strains within tsetse salivary glands (Gibson and Stevens, 

1999), which is also supported by experimental evidences showing that tsetse salivary 

glands can host two trypanosome strains (Peacock et al., 2007).  

 

 

2.1.4 Tsetse microbiota: impact on host vector competence 
 

Symbiotic microbes of many insect vectors play a fundamental role in the 

transmission of pathogens, influencing host vector competence, fecundity and nutrition. 

In Glossina laboratory strains, four vertically transmitted microbes have been found to 

establish a symbiotic association with the fly (Wang et al., 2013) (Fig. 2.4): 

- the obligate Wigglesworthia glossinidia,  

- the commensal Sodalis glossinidius, 

- the parasitic Wolbachia, 
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- the Salivary Gland Hypertrophy Virus (SGHV)  

 

 

 

Fig. 2.4 Localization of symbionts and SGHV in tsetse (Wang et al., 2013). 

 

 

The obligate mutualistic Wigglesworthia is found both intracellularly, in midgut-

associated bacteriome cells, and extracellularly, in the lumen of milk glands (i.e. a series 

of tubules that ramify throughout the female abdomen and are responsible for the transfer 

of nutrients and symbionts from the mother to the intrauterine larvae). Its presence 

influences several physiological mechanisms of tsetse fly. Firstly, it provides several 

nutrients such as key B-complex vitamins, thiamine monophosphate, lipoic acid, folate 

and many other metabolites that are absent, or present at low titers, in vertebrate blood 

and that are crucial for the development of the intrauterine larva. Indeed, several studies 

demonstrated that the absence of this bacterium causes impairment in the intrauterine 

larval development, leading to abortion (Nogge, 1978; Nogge and Gerresheim, 1982; 

Pais et al., 2008; Schlein, 1977). The absence of Wigglesworthia affects also the fly’s 

immune system, with Wigglesworthia-free flies presenting severely compromised 

immune system during adulthood (Weiss et al., 2012; Weiss et al., 2011; Weiss et al., 

2013).  

The commensal Sodalis is a gram-negative organism closely related to free-living 

microbes within the Enterobacteriacaea. It is found in various tissues including midgut, 

fat body, milk glands, salivary glands and hemocoel. No functional roles have been 

defined yet for Sodalis within the tsetse host and it is present only in some natural tsetse 

populations. However, few studies reported its possible involvement in favoring the 

establishment of the trypanosome infection (Farikou et al., 2010; Soumana et al., 2013). 

Wolbachia is a widespread alpha-proteobacteria endosymbiont. It infects approximately 

70% of insect species (Hilgenboecker et al., 2008) and it is also found in some tsetse 
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populations. It is widely studied in the frame of vector control strategies because of its 

ability in manipulating the reproductive biology of its host through cytoplasmic 

incompatibility (where zygotes formed from crosses between uninfected females and 

infected males do not develop), male killing, feminization and parthenogenesis (Werren 

et al., 2008). 

The SGH virus is also of particular interest because it causes hypertrophy of the salivary 

glands, gonadal lesions and reduced fecundity and lifespan (Abd-Alla et al., 2011) in the 

flies. It occurs both in colony-reared and natural populations of tsetse and it can be 

transmitted either vertically, through the maternal milk gland secretions, or horizontally 

during the feeding (Abd-Alla et al., 2011; Wang et al., 2013). 

 

 

2.1.5 Vector control strategies against Glossina species 

 
Vector-borne infections have largely affected human activities. Despite decades of 

research, effective vaccines against African trypanosomes have yet to be developed. 

Current vector control interventions involve the use of traps or screens, insecticides and 

the sterile insect technique (SIT) (http://www.who.int/tdr/research/vectors/methods 

_strategies/en/). Although extensive insecticide ground spraying was used to control 

tsetse in many African countries, Zimbabwe and Nigeria above others, insecticides are 

rarely used today because of health and economic issues. Odor baited traps and screen 

impregnated with insecticide effectively suppressed tsetse population by 99% in many 

countries. However, effective baits have been developed for tsetse living in Savannah 

(Morsitans group) but not for riverine tsetse (Palpalis group), major vectors of HAT. 

Knowledge of the molecular mechanisms underlying olfaction may be crucial to develop 

more potent attractants and repellents. 

The SIT is the other main approach used to reduce tsetse populations. The SIT consists 

in the massive release in the environment of sterilized adult males, which compete with 

wild males for mating with wild females. The technique has already been effectively 

used for the eradication of tsetse flies (G. austeni) from Unguja Island, Zanzibar 

(Vreysen et al., 2000). However, in order to avoid re-invasion of the treated area, 

ecological islands are needed for the success of the technique. Moreover, it requires 

expensive procedures for the rearing of a large number of male flies, sterilization, and 

their massive release in the field.  
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Reproductive physiology of Glossina species 

 

2.1.6 Female reproductive system: the adenotrophic viviparity  
 

Knowledge of the reproductive physiology of Glossina species is essential for the 

improvement and development of population control strategies. 

One of the most remarkable aspects of the tsetse biology is the adenotrophic viviparity, 

i.e. the ability to nourish intrauterine offspring from glandular secretions and to give 

birth to fully developed larvae. This peculiar reproductive strategy yields very few 

progeny and, as such, provide excellent target to develop population control strategies. 

 

 
Fig. 2.5 Schematic of the first gonotrophic cycle of a G. morsitans female under optimal 

environmental and nutritional conditions. The different stages of oogenesis, embryogenesis, and 

larvigenesis within the Glossina reproductive tract (ovaries and uterus) are shown (Benoit et al., 

2015). 

 

Adenotrophic viviparity is shared by all members of Hippoboscoidea, present also in 

Mesembrinellinae and in one species of the Sarcophagidae family (Benoit et al., 2015). 

Mating usually occurs within 3-5 days of emergence of the female and, in the field, it 

probably occurs at the first blood meal (Tobe and Langley, 1978). After the mating, 

spermatozoids are stored in the female spermathecae, where they can survive for about 

200 days. One mating is sufficient for female to remain fertile, nonetheless, remating is 
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not unusual. The number of times a female mates in the wild influences the effective 

population size and may constitute a critical factor in determining the success of control 

methods (Bonomi et al., 2011). The first ovulation occurs ∼10 days after adult 

emergence, followed by intrauterine embryogenesis and larvigenesis (Fig. 2.5). 

Embryogenesis takes 3–4 days and is followed by 5–6 days of larval development 

(Saunders and Dodd, 1972; Tobe and Langley, 1978). The female produces a single 

offspring at regular intervals, giving birth to the first progeny ∼20 days posteclosion. In 

order to provide all the nutrients to the larva, a tsetse female undergoes large changes in 

volume and weight during each pregnancy cycle. After parturition, the larva pupates 

within 1-2 hours, and approximately 30 days later, the adult fly emerges.  

This reproductive system is supported by peculiar features of reproductive organs, such 

as a reduced number of ovaries (with two ovarioles per ovary), an expansion of the milk 

glands and a greatly expanded uterus (Pimley and Langley, 1982), together with two 

spermathecae (yellow/orange spherical bodies) which act as sperm-storage organs (Fig. 

2.5). 

 

 

2.1.7 Male reproductive system: Testes, Accessory glands and Seminal Fluid 

Proteins (SFPs)  

 
Tsetse male reproductive organs are similar to those of other cyclorrhaphous 

(Diptera), consisting in a pair of testes and accessory glands, which both empty into the 

ejaculatory duct (Itard, 1970). Males of the Glossina genus transfer sperm to females 

through the spermatophore  (Pollock, 1970), which is a capsule-like structure assembled 

within the uterus of the female with Male Accessory Glands (MAGs) secretions during 

the later stages of copulation (Odhiambo, 1983; Scolari et al., 2016). The spermatophore 

functions as a protective container for the ejaculate, ensuring spermatozoa to reach the 

female spermathecae (Scolari et al., 2016) (Fig. 2.6).  

Insect seminal fluid proteins (SFPs) have been studied as a model for seminal protein 

function in many animals, including mammals (McGraw et al., 2015). Sperm storage, 

female post-mating response and sperm competition are only some of the many roles 

that have been described for SFPs in female insects after mating (Avila et al., 2011). The 

seminal fluid comprises both MAG products and testes-specific proteins, including 

sperm structural components and secreted proteins.  

Components of the ejaculate are associated with sex-specific costs and benefits. 

Moreover, several studies demonstrated that testis-specific genes, SFPs and 

spermatogenesis genes show lineage-specific bursts of accelerated evolution and 

positive selection playing a role in shaping the plasticity of the species (Haerty et al., 

2007; Perry et al., 2013). 
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Fig. 2.6 From left to right: male reproductive tract; mating pair, and female reproductive tract 

dissected immediately after mating: a spermatophore is evident in the uterus. Scale bar = 1 mm 

(Scolari et al., 2016). 
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2.2 Aim of the work 
 

Despite the extensive understanding of trypanosome biology acquired over the last 

25 years, the toolbox for disease control is still limited, with neither vaccines nor 

effective and affordable drugs available in the near future (Aksoy and IGGI, 2010). 

Eradication of trypanosomiasis via tsetse populations control has a great potential and 

novel genomic resources are needed to improve currently available tools and develop 

new effective strategies. 

Started in 2010, the Glossina genome projects aimed at producing and releasing the 

genome sequence of five Glossina species and of two related Dipterans, the stable fly 

Stomoxys calcitrans and the house fly Musca domestica. 

The completion of the release of the genomic resources in 2015 has facilitated 

comparative genomic analyses between G. m. morsitans (Attardo et al., 2014) and the 

twelve Drosophila genomes already available, providing researchers with additional 

information on vector competence, haematophagy, viviparity, as well as on the identity 

of species-specific genes involved in host seeking and vectorial capacity.  

Evolutionary and comparative genomics analyses provide powerful tools to study 

molecular changes among organisms, supporting the identification of both conserved 

and species-specific genes and the evaluation of selective pressures acting on them. On 

this background, investigating the evolution of reproduction-related genes can, in the 

long term, provide important information about the process of speciation and species 

divergence. 

Studies focused at identifying the presence of adaptive evolution in proteins of the 

reproductive system have never been performed in tsetse species. 

The aim of my project was thus characterizing the presence of selective pressure in 

proteins encoded by genes expressed in the reproductive tissues of tsetse species. 

 

The following section will be divided in two parts: 

 

a) Evolutionary and comparative genomics analyses of Glossina species  

 

a1) Phylogeny of the Glossina genus and molecular clock 

To uncover the genes involved in the development of species-specific traits, the genome 

of six species have been analysed: G. m. morsitans, G. pallidipes, G. austeni, G. palpalis, 

G. fuscipes and G. brevipalpis. We first reconstructed the molecular phylogeny of these 

six species using a genome-wide set of orthologous genes. Moreover, the same dataset 

has been used to infer the time of divergence among the species. The molecular clock 

was used to date the first evolutionary split among the six sequenced Glossina species 

at about 35 million years ago (Mya), consistent with the Glossina fossil records 

(Cockerell, 1907). 
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a2) Rate of molecular evolution of male reproductive genes across Glossina species  

We selected 2,563 male-biased genes, expressed in male accessory glands (MAGs) and 

testes of G. m. morsitans. Orthology was assessed in the other 5 Glossina species and 

the sequences were tested for the occurrence of positive selection using codon 

substitution models in PAML. Accessory gland proteins are those with the highest dN/dS 

ratios, indicating relaxed selection and/or pervasive positive selection; in contrast, genes 

expressed in testes are subjected to evolutionary pressures similar to those acting on 

genes with no male-biased expression.  

 

b) Identification and functional analysis of elements involved in the regulation of male 

reproductive genes in the reference species G. m. morsitans: the Paired transcription 

factor 

After the identification of MAG and testes genes contributing to male reproduction in 

the six Glossina species, my interest was addressed in exploring the mechanisms 

involved in their regulation. In particular, the attention has been focused on the reference 

genome G. m. morsitans and on sequences highly expressed in accessory glands, which 

display faster evolutionary rates compared to testes genes.  

In order to identify MAG-specific transcription factors, the promoter region of the 24 

most highly expressed accessory glands genes has been analyzed. The analyses led to 

the identification of the transcription factor Paired, highly transcribed in the male 

accessory glands and whose transcription-factor binding site has been found in the 

regulatory region of most of the candidate genes. Tissue-specific expression profiles of 

the transcription factor Paired have been determined and RNAi experiments have been 

performed to derive information on its putative activity in regulating the expression of 

MAG genes. 
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2.3 Evolutionary and comparative genomics analyses of Glossina species 

2.3.1 Materials and Methods 

 

Molecular phylogeny analyses  

Data from the G. m. morsitans genome were used to conduct a comprehensive multi-

locus phylogenetic analysis in the context of genome data from 5 additional Glossina 

species (G. pallidipes, G. austeni, G. fuscipes, G. palpalis, G. brevipalpis). The genomes 

of 3 fruit fly species (D. melanogaster, D. ananassae, D. grimshawi), the house fly 

Musca domestica, the sand fly Lutzomyia longipalpis and the mosquito Anopheles 

gambiae were also included to complement and facilitate comparative analyses. 

Bayesian and maximum likelihood (ML) phylogenetic analyses have been performed. 

Maximum likelihood tree was constructed from a Raxml analyses using LG+G+F model 

and a concatenated alignment of 117783 amino acids from 286 orthologs genes in all the 

species involved in the analysis (full dataset after Gblock). Posterior probabilities were 

calculated from a Bayesian analysis of the same dataset using heterogeneous model of 

evolution CAT+G and bootstrap supports from an Astral analysis based on all single 

genes trees analyzed at the nucleotide level under GTR+G model. 

 

Molecular Clock Analyses  
 

Divergence times were calculated for the genomic dataset previously described using 

PhyloBayes (Lartillot et al., 2009), employing the optimal tree inferred for each data set 

under the best fitting substitution model (see above), and the best-fitting relaxed clock 

models, selected using Bayes Factor (calculated using thermodynamic integration) in 

Phylobayes. 3 node calibrations have been used, setting the time of divergence between 

D. melanogaster and An. gambiae at 295.4-238.5 Mya; the split between D. 

melanogaster and G. morsitans at 64 Mya (as minimal value); and the split between G. 

morsitans and G. brevipalpis at 33 Mya (as minimal value). 

 

Identification and annotation of male reproductive genes 
 

To identify male genes with biased expression in testes and male accessory glands 

(MAGs) respectively, we used G. m. morsitans RNA-Seq libraries specifically derived 

from these tissues (Scolari et al., 2016). Briefly, total RNA was separately extracted 

from testes and MAGs of teneral, 3 days old virgin and 6-8 h post-mating adult flies, to 

cover multiple physiological and developmental states. For each of the three time points, 

RNA isolation, Illumina library preparation and sequencing were performed as 

previously described (Benoit et al., 2014). The Sequence Read Archive numbers for the 
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individual libraries at NCBI are SAMN04054396, SAMN04054395, SAMN04054394, 

SAMN04054393, SAMN04054392 and SAMN04054391 (Bioproject ID: 

PRJNA295435). Transcriptional levels were analyzed using CLC Genomics Workbench 

(CLC bio, Cambridge, MA). As measure of relative gene transcription, Fragments Per 

Kilobase of Exon per Million reads mapped (FPKM) statistic was used. For both testes 

and MAGs, an average transcription value over the three libraries was separately derived 

for each transcript. 

To identify genes with significantly higher transcription in testes and MAGs relatively 

to the other tissue, the proportion of read counts for each sequence relative to total read 

counts was determined to calculate the P-value differences in proportions by Z-tests 

following FDR correction. Fold changes were determined as the ratio of FPKM of testes 

vs. MAGs. In all comparisons, we considered one gene to be tissue-biased when fold 

change in that tissue was at least 5 fold higher than in the other, as previously described 

in (Scolari et al., 2016). 

 

Functional annotation of male-biased proteins 
 

Functional classification of testes and MAG-biased genes was performed using the 

Blast2GO software v.2.8 (https://www.blast2go.com/b2ghome). The CDS of these 

genes were used to perform BLASTx against the NCBI non-redundant (nr) database (e-

value < 10−10). For Gene Ontology mapping (GO; http://www.geneontology.org) we 

used Blast2GO to extract GO terms associated with homologies identified by NCBI’s 

BLAST. We retained annotations with e-value < 10−10. We then performed InterPro and 

InterProScan (Quevillon et al., 2005) searches remotely from Blast2GO via the InterPro 

EBI web server and merged InterProScan GOs with the original GO annotations. 

 

Orthologous gene set identification and sequence alignment 
 

The list of testes- and MAG-biased genes we identified in G. m. morsitans was used to 

identify orthologous sequences in other five species: G. m. morsitans, G. pallidipes, G. 

austeni, G. fuscipes, G. palpalis gambiensis and G. brevipalpis. The respective coding 

sequences (CDSs) were retrieved from the BioMart database (Durinck et al., 2005) in 

Vectorbase (Lawson et al., 2009) (http://biomart.vectorbase.org/biomart/martview). 

Gene loci that showed incomplete domains and/or had incomplete sequences were 

manually curated using Web Apollo and CLC Main Workbench sequence annotation 

tools.  

To assess the presence of different selective pressures across tsetse species we used the 

codon models implemented in PAML (Yang, 2007). We considered only those G. m. 

morsitans genes whose putative ortholog sequence was identified in at least four of the 

five other species. All orthologous sequences were aligned using Prank (Loytynoja and 

Goldman, 2008), as implemented in TranslatorX (Abascal et al., 2010), which aligns 
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protein-coding nucleotide sequences based on their corresponding amino acid 

translations. To minimize the possibility of spurious matches, orthologous sets with 

sequences shorter than 50 amino acids were removed. We also used a custom perl script 

to remove problematic alignment regions using an approach similar to that proposed by 

(Han et al., 2009; Ramasamy et al., 2016). 

 

Analyses of the rate of DNA and Protein Evolution 
 

Rates of molecular evolution were analyzed using PAML 4.7 (Yang, 2007). The rate of 

nonsynonymous substitution, dN (leading to amino acid changes), and synonymous 

substitution, dS (which should accumulate neutrally), have been estimated over all 

branches of the phylogenetic tree using the “free-ratio” model. Following the results of 

the phylogenetic analysis, the unrooted tree used in all analyses had the structure (((G. 

morsitans,G. pallidipes),G. austeni),(G. fuscipes,G. palpalis),G. brevipalpis). Different 

models of substitution rates across coding sites were then tested (Yang and Nielsen, 

2000) with the aim of detecting genes that either evolved at a different rate or underwent 

positive selection along one of the Glossina lineages.  

In the first test, we compared models that assumed one or more substitution rates across 

the phylogeny. The first of such models is the basic “one-ratio” branch model (M0), 

which assumes a constant omega across the phylogeny (model=0 and NSsites=0). This 

model was also used to estimate the branch lengths for each gene tree, which were then 

copied into the tree structure file to be used with the “branch-site” substitution models. 

The likelihood of the M0 model was compared with that of a branch model that assumed 

two omega values, one for each of the Glossina species (the so-called foreground branch, 

with the exception of G. brevipalpis, since by using an unrooted tree we cannot separate 

the processes that acted along its lineage from those that took place in the lineage 

subtending the clade containing the other five species) and one for the rest of the tree 

(the background branches; model=2 and NSsites=0).  

Subsequently, the value of twice the difference between the two likelihoods (2δλ) was 

tested using a chi-squared test with 1 degree of freedom. The occurrence of positive 

selection was tested by the branch–site test. In this test (branch–site model A, test 2 

(Yang et al., 2005), omega can vary both among sites in the protein and across branches 

on the tree (model=2, NSsites=2). As for the branch model, we used tree structures with 

branch lengths estimated by model M0. The null model fixed omega2=1 (fix_omega=1, 

omega=1), whereas the positive selection model allowed omega2>1 (fix_omega=0, 

omega=1). The likelihood ratio test had 1 degree of freedom. The occurrence of positive 

selection was also tested by comparing (nearly) neutral models to models that allow for 

the occurrence of positive selection (site tests). In a first approach we compared the 

likelihood of a model (M1a; model = 0 and NSsites = 1) that assumes two sets of sites 

with neutral (ω = 1) or nearly neutral evolution (0 < ω < 1), to a model with an additional 

class of sites with ω > 1 (M2a; model = 0 and NSsites = 2). In a second more realistic 
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approach, we compared the likelihood of a model where ten site classes have ω values 

drawn from a β distribution (M7; model = 0 and NSsites = 7) to a model that incorporates 

an additional class of sites under positive selection (M8; model = 0 and NSsites = 8). In 

these cases, each comparison was tested using a χ2 test with 2 degrees of freedom. To 

account for multiple testing, we also estimated the false discovery rate (FDR) of each 

test using the q value approach (Storey, 2002) implemented in R (R Development Core 

Team, 2009). We note that the reciprocal best-hit approach is prone to miss genes with 

high sequence divergence, including those that underwent particularly intense divergent 

adaptive evolution. Thus, we could have missed targets of positive selection among our 

sequenced genes. 
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2.3.2 Results and Discussion 

 
a1) Phylogeny of the Glossina genus and molecular clock 

 

 

Molecular phylogeny of Glossina species 

 
Physiological, ecological, and behavioural differences, including trypanosome vectorial 

capacity, are well-known among Glossina species. In order to reach a reliable 

phylogenetic tree, we considered for the analysis 12 insect species for which genomic 

resources were already available. This comprehensive multi-locus phylogenetic analysis 

was performed on the six Glossina species and on six additional species: three 

Drosophila species (D. melanogaster, D. ananassae, D. grimshawi), the house fly 

Musca domestica, the sand fly Lutzomyia longipalpis and the mosquito Anopheles 

gambiae. 

Whole genome analysis of the 12 species allowed us to recognize the presence of 286 

orthologous genes. We traced the evolutionary history of a concatenated alignment of 

117,783 amino acids from the 286 genes, using both Bayesian and ML (maximum 

likelihood) phylogenetic frameworks (Fig. 2.7). The resulting tree supports the 

monophyletic origin both of the Morsitans group (G. morsitans, G. pallidipes and G. 

austeni) and the Palpalis group (G. fuscipes and G. palpalis), as previously suggested 

(Dyer et al., 2008). Moreover, the phylogenetic tree clarify the G. austeni relation with 

the Morsitans group. It is noteworthy that the position of G. austeni was previously 

controversial with respect both to the Palpalis and Morsitans groups (Dias J.A., 1987). 

Notably, the Fusca group (G. brevipalpis) can be considered as a sister group to other 

tsetse species (Hoppenheit et al., 2013), forming the ancestral subgenera. 
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Fig. 2.7 Phylogenetic analyses based on 117,783 amino acid sequences from 286 orthologous 

genes detected in six Glossina, three Drosophila, Musca domestica, Lutzomyia longipalpis and 

Anopheles gambiae. 

 

 

Glossina Molecular Clock  

 
In order to deduce the time of divergence of the Glossina species, the phylogenetic tree 

was used to calibrate the molecular clock showed in Fig. 2.8.  

The accuracy of a molecular clock completely rely on prior assumptions and, in 

particular, on calibrations (Battistuzzi et al., 2010; Warnock et al., 2012). Based on our 

assumptions, the divergence time for G. brevipalpis and the other Glossina species has 

been estimated at 54 Mya and at 21 Mya for the split between the Morsitans and Palpalis 

groups. The advantage of having genomic data coming from more than one species 

belonging to the same Glossina groups allows to clarify the controversial situation 

within the Morsitans group, dating the G. austeni species differentiation before the split 

between G. morsitans and G. pallidipes (G. austeni(G. morsitans, G.pallidipes)), at 12 
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Mya. According to our analysis, the more recent split is that between G. palpalis and G. 

fuscipes, estimated at 3.7 Mya (Palpalis group).  

It is interesting to mention that these results are consistent with Glossina fossil records 

found in Colorado (USA), estimated as fossils of the Oligocene period (33.9 million to 

23 million years before the present) (Cockerell, 1907; Junqueira et al., 2016). 

However, it is important to note that 22 Glossina species are living in Africa today and 

that our analysis is limited to those species for which genomic data are available.  
 

 

 

 

Fig. 2.8 Molecular clock for the species analyzed. On the x-axis from 300 million years ago 

(Mya) to present time. Time of divergence are shown at node points. 
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a2) Molecular evolution of male reproductive genes across Glossina species 

 

 
Genes can be gained and lost over the course of evolution and have an important impact 

on the organism’s fitness (Ranz and Parsch, 2012). Studies in D. melanogaster 

demonstrated that new genes can quickly become integrated into the genome and 

become essential for survival or fertility, increasing the genetic diversity (Chen et al., 

2010; Ding et al., 2010). Specifically, numerous evidences suggest that traits associated 

to male reproduction may have evolved extremely rapidly (Coulthart and Singh, 1988; 

Eberhard, 1985; Wu et al., 1996) as has been observed, for example, among male 

reproductive proteins between closely related Drosophila species (Nurminsky et al., 

1998; Ting et al., 1998; Tsaur et al., 1998). On this background, my interest has been 

directed toward the analysis of the molecular evolution of male reproductive genes in 

Glossina species for which the phylogeny has been clarified. 

 

 

Functional annotation of male reproductive genes according to Gene Ontology 
 

We focused our analysis on genes highly expressed in the two tissues responsible for the 

reproductive biology of the male, i.e. testes and MAGs. These tissues have been 

demonstrated, in G. m. morsitans, to participate to the ejaculate production transferred 

from the male to the female through the mean of a spermatophore (Scolari et al., 2016).  

Using G. m. morsitans as reference genome, I identified in this species a total of 127 and 

2436 genes which are highly expressed in MAGs and testes, respectively. We used a 

five-fold change as threshold to discriminate the expression rate of male reproductive 

genes in the two different tissues (i.e. when fold change in one tissue was at least five-

fold higher than in the other). We considered for further comparative analyses with the 

other Glossina species only sequences whose orthology could be determined for at least 

five species. The comparative analysis resulted in the detection of 92 and 1924 

orthologous sequences for MAGs and testes, respectively (Table 2.9). 

 

 
Table 2.9 Number of RNA-seq reads and inferred testes- and MAGs sequences identified in G. 

m. morsitans. The number of orthologous genes identified in at least five species is also reported.  

 

G. m. morsitans 6 Glossina 

Tissue Total RNA-seq reads Reads after trimming 5-fold higher orthology in at least 5 species 

MAG 128.565.696,67 126.765.703,33 127 92 

Testes 131.973.344,00 129.097.917,67 2436 1924 
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The sharp difference in the number of genes differentially expressed in the two tissues 

can be explained by different functions associated to testes and MAGs.  

To derive an initial picture of the potential functions of these tissues in the six Glossina 

species (G. morsitans, G. pallidipes, G. austeni, G. fuscipes, G. palpalis, and G. 

brevipalpis), we assigned different Gene Ontology (GO) functional classes to testes- and 

MAG-biased genes (Fig. 2.10). Gene Ontology was assessed for both Molecular 

Function and Biological Processes. Binding and catalytic activity (GO Molecular 

Function), and metabolic and cellular processes (GO Biological Process) are the classes 

comprising the highest number of genes, in both testes and MAG datasets (Fig. 2.10). 

The presence of such genes can be explained by the secretory activity and the rapid cell 

proliferation typical of these tissues. 

A finer analysis of the members of each GO functional class revealed further interesting 

aspects. Indeed, among the testes genes, a deeper inspection of the GO term 

“reproduction” (GO Biological Process) allowed the identification of 11 sequences 

involved in different phases of the spermatogenesis process (Table 2.11). For MAG 

genes, the GO analysis could not be as informative as for testes genes because of the 

smaller dataset and the limited availability of information. The lack of functional 

information about MAG genes is expected since genes expressed in the accessory glands 

display particularly rapid evolution and are thus very diverged from sequences of model 

species for which functional annotation has been verified. For example, in D. 

melanogaster, the evolutionary rate of many of these genes was so fast that they lack 

detectable orthologs even in other Drosophila species (Swanson et al., 2001). 

 

 



Molecular evolution of male reproductive genes across Glossina species 

31 
 

 
Fig. 2.10 Pie charts representing GO Molecular Function and Biological Process categories Level 

3) for both testes and MAG genes. 

 

Table 2.11 Eleven testes genes involved in different phases of the spermatogenesis process. 

 

 

#Seqs GO ID Term Sequences

10 GO:0007283 spermatogenesis

GMOY009988, GMOY004171, GMOY004199, 

GMOY007773, GMOY007085, GMOY009942, 

GMOY010205, GMOY003464, GMOY007703, 

GMOY007347

7 GO:0048515 spermatid differentiation

GMOY004199, GMOY007773, GMOY007085, 

GMOY009942, GMOY010205, GMOY003464, 

GMOY007347

6 GO:0007286 spermatid development
GMOY004199, GMOY007773, GMOY007085, 

GMOY009942, GMOY010205, GMOY003464

3 GO:0007291 sperm individualization
GMOY004199, GMOY007773, GMOY007085

2 GO:0048137 spermatocyte division GMOY009988, GMOY004171

2 GO:0008215 spermine metabolic process
GMOY012095, GMOY012183

2 GO:0006597 spermine biosynthetic process GMOY012095, GMOY012183

1 GO:0008295 spermidine biosynthetic process
GMOY012095

1 GO:0008216 spermidine metabolic process GMOY012095
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Selective pressure across testes and MAG genes 
 

A gene can acquire new functions either because of changes in the protein sequence or 

through new patterns of expression (Ranz and Parsch, 2012). Because of the redundancy 

of the genetic code, point mutations which occur within a protein coding sequence can 

alter either only the nucleotide sequence or both the nucleotide and protein sequence, 

leading to synonymous or nonsynonymous substitutions (Ranz and Parsch, 2012).  

Synonymous mutations do not affect the protein sequence and consequently the structure 

and function of the peptide. They are selectively neutral and accumulate over time in a 

clock-like fashion. By contrast, nonsynonymous mutations are subject to purifying and, 

at times, positive selection, and are a proxy for the rate of protein evolution. Based on 

this background, the ratio of nonsynonymous to synonymous divergence between 

sequences belonging to different species (dN/dS) can be used as a measure of level of 

selection experienced by that gene (Hurst, 2002; Ranz and Parsch, 2012). For instance, 

when in a gene dN equals to dS (i.e. dN/dS=1 ) we can hypothesize that neutral evolution 

is acting in the gene although we cannot exclude the combined action of positive and 

purifying selection in different portions of the sequence, as dN/dS is averaged along the 

gene. When dN/dS<1 negative (purifying) selection is the major determinant of the 

protein evolution, however, positive selection in few sites cannot be excluded. Finally 

we can hypothesize the action of positive (diversifying) selection when dN/dS>1.  

Based on these assumptions, we started exploring the patterns of evolution of our set of 

orthologous MAG and testes-derived genes across the six Glossina species. In particular, 

we compared the rate of molecular evolution among a subset of the previously described 

set of orthologous male reproductive genes derived from testes (n=1,495) and MAG 

(n=59) sequences identified in all the six Glossina species. For such analyses, we took 

into account also the rate of evolution of 5,513 G. m. morsitans genes selected from the 

total genomic dataset, the orthologous of which have been identified in the other five 

species (G. pallidipes, G. austeni, G. fuscipes, G. palpalis, G. brevipalpis).  

As shown in Fig. 2.12, on average, the level of overall genomic selective pressure 

measured by the ratio dN/dS is significantly higher in “MAG genes” than for “testes 

genes” and “all genes”. This suggests either more relaxed or positive selection in MAG 

genes. Moreover, the Bartlett test ((Bartlett test of homogeneity of variances, Bartlett's 

K-squared = 210.26, df = 1, p-value < 2.2e-16) suggests a high heterogeneity in the 

selective pressure across MAG genes, which is expected when some are under 

contrasting (i.e. positive, purifying and relaxed) selection. 

Contrarily to MAG genes, testes genes show to be exposed to the same selective pressure 

acting along the entire genome, both categories being characterized by a slow rate of 

molecular evolution. Indeed, the estimated dN/dS ratio ranges from 0.10 to 0.15 for testes 

genes and all genes, and is significantly higher for accessory gland genes ranging from 

0.25 to 0.30 (P < 10-5, Wilcoxon test). 
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Fig. 2.12 Average selective pressure (Standard Error) in all genes (n = 5,513), genes 

overexpressed in accessory glands (n = 59) and in genes overexpressed in testes (n = 1,495). Grey 

bars are the mean of genes not overexpressed in either of the two tissues. *** = P < 10-5, 

Wilcoxon test. 

 

Such result is even clearer when the rate of molecular evolution is estimated for testes 

and MAG genes present in each of the six Glossina species. For each of the three datasets 

analyzed, a consensus evolutionary tree both for the dN and the dS substitution rates has 

been generated (Fig. 2.13). The selective pressure levels are more than doubled in all 

branches of the MAG genes phylogenetic tree. 

These data are consistent with the observation that male reproductive genes, especially 

those highly expressed in MAGs undergo a rapid evolution. We can speculate that the 

rapid adaptive evolution of the male genes examined in this study could contribute to 

the Glossina male-hybrid sterility that is often suggested as a first step in reproductive 

isolation (Müller et al., 2012). 
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Fig. 2.13 Consensus evolutionary analysis of orthologous genes in the six Glossina species. 

Upper and lower are, respectively, the trees derived from analyses of nonsynonymous (dN) and 

synonymous (dS) substitutions. All genes, testes-biased and MAG-biased genes are represented 

(from left to right). In red, the morsitans group (savannah flies), in blue, the palpalis group 

(riverine flies), G. brevipalpis (forest flies) in black. The dN/dS for each species is given in 

parentheses. 

 

 

Candidate male reproductive genes for positive selection in six Glossina species 

 
Genomic and transcriptomic G. m. morsitans resources allowed us to study the pattern 

of evolution of male reproductive genes, with a focus on rapidly evolving sequences. 

We took advantage of the release of the complete genomes of six Glossina species (G. 

morsitans, G. pallidipes, G. austeni, G. fuscipes, G. palpalis and G. brevipalpis) to 

performe comparative genomics analysis.  

We focused our analysis on a set of 2,016 orthologous genes from six Glossina species, 

namely 1924 and 92 testes- and MAG-biased genes (Tables 2.14, 2.15). Both site- and 

branch-site models have been tested. For branch tests, considering that male 

reproductive tissue-specific transcriptomic data are available only for G. m. morsitans, 
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we considered this species as the foreground species (i.e. the species of interest). Positive 

selection acting on particular sites across the entire phylogeny has been tested comparing 

codon substitution models M2a (positive selection), M1 (nearly neutral), M7 (beta) and 

M8 (beta+ω>1: continuous), both for testes- and MAG-biased genes (Yang et al., 2000) 

(Tables 2.14, 2.15). 

 

 
Table 2.14 Number of candidate testes genes for lineage-specific selective pressure in G. 

morsitans (G.mor), G. austeni (G.aus), G. fuscipes (G.fus), G. pallidipes (G.pai) and G. palpalis 

(G.ppi). 

 

 

 

a Candidate genes in at least one lineage. 
b Total number of tested genes. Branch and branch-site tests were performed using each of the 

five species as foreground branch. Numbers may differ because alignments contained either six 

or five species (including the one used as foreground branch).  
c Site test for positive selection using codon substitution models M2a and M1. Here and for the 

other tests, we report total number of candidates (at P<0.05) and, in brackets, those passing 

multiple-test correction (FDR < 0.20). 
d Site test for positive selection using codon substitution models M8 and M7. 
e Branch test for divergent selective pressure acting on the foreground species. 
f Branch-site test for positive selection acting on some sites in the foreground species. 
 

 

 

 

 

 

 

 

 

 

  G.mor G.aus G.fus G.pai G.ppi G 
a

Tot. genes 
b 1924 1909 1883 1877 1883 1924

Site test A 
c -- -- -- -- -- 57 (35)

Site test B 
d -- -- -- -- -- 141 (57)

Branch test 
e 136 (20) 199 (56) 124 (10) 162 (15) 117 (15) 586 (93)

Branch-site test 
f 55 (14) 64 (12) 36 (11) 50 (14) 34 (8) 216 (55)
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Table 2.15 Number of candidate accessory-gland genes for lineage-specific selective pressure in 

G. morsitans (G.mor), G. austeni (G.aus), G. fuscipes (G.fus), G. pallidipes (G.pai) and G. 

palpalis (G.ppi). 

 

 

 

a Candidate genes in at least one lineage. 
b Total number of tested genes. Branch and branch-site tests were performed using each of the 

five species as foreground branch. Numbers may differ because alignments contained either six 

or five species (including the one used as foreground branch).  
c Site test for positive selection using codon substitution models M2a and M1. Here and for the 

other tests, we report total number of candidates (at P<0.05) and, in brackets, those passing 

multiple-test correction (FDR < 0.20). 
d Site test for positive selection using codon substitution models M8 and M7. 
e Branch test for divergent selective pressure acting on the foreground species. 
f Branch-site test for positive selection acting on some sites in the foreground species. 

 

 

Testes and MAG genes subjected to positive and neutral selection in the six 

Glossina species 
 

Approaching this analysis, it must be taken into account that positive selection is difficult 

to be detected since it rarely occurs over all sites in a gene or in all species of a phylogeny 

(Jeffares et al., 2015). To test each of these possibilities, we performed three tests. We 

used: 

- site models (Site A, M1-M2 and B, M7-M8) to evaluate the possibility that positive 

selection acted in some sites in the gene;  

- branch models (Br) to study its effect over different branches in the phylogeny;  

- branch-site models (BrS) to consider the action of positive selection in particular sites 

only along a single branch of the phylogeny.  

Site and branch-site models, where the dN/dS ratio varies only within specific sites of the 

genes in all species or both among sites and across the branches of the phylogeny, are 

the most realistic. If only few sites of the protein are fast evolving, adaptive evolution 

will not be detected by branch-models since most of the sites in the protein will remain 

under purifying selection (Jeffares et al., 2015). 

G.mor G.aus G.fus G.pai G.ppi G 
a

Tot. genes 
b 92 92 92 91 88 92

Site test A 
c -- -- -- -- -- 6 (3)

Site test B 
d -- -- -- -- -- 7 (3)

Branch test 
e 5 (1) 13 (2) 8 (0) 3 (0) 4 (1) 30 (4)

Branch-site test 
f 5 (2) 9 (2) 2 (2) 5 (1) 1 (0) 19 (6)
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Tables 2.16 and 2.18 show testes (n=1924) and MAGs genes (n=92) tested for positive 

and neutral selection. The analysis, as evident from the tables, concerned only five 

species G. morsitans, G. pallidipes, G. austeni, G. fuscipes and G. palpalis. Indeed, 

because of the lack of knowledge about the ancestral root, we used an unrooted tree 

using G. brevipalpis as outgroup, with the ancestral root being necessarily between the 

outgroup and the rest of the taxa in the tree.  

It appears clearly that in both tissues there is heterogeneity within and between the genes, 

which in the different considered species, display positive selection.  

Among the listed genes, those showing a q-value (FDR, false discovery rate) < 0.20 were 

selected for further analysis. The results of such analysis based on site B (M7-M8) and 

branch-site models are shown in tables 2.17 and 2.19 (G. m. morsitans foreground 

branch). 

From these tables it appears clear that 58 out of 1924 (2.8%) testes genes are under 

positive selection after site B (M7-M8) test, while only thirteen (0.7%) after branch-site 

tests (table 2.17). As far as it concern MAG genes, 3 out of 92 (3.2%) resulted under 

positive selection from the site B (M7-M8) model test and two (2.17%) from the branch-

site model (table 2.19). These data clearly demonstrate that the MAG tissue displays a 

higher percentage of genes that are under positive selection compared to testes.
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Table 2.16 Testes genes (n= 1924) in G. m. morsitans (G.mor), G. austeni (G.aus), G. fuscipes (G.fus), G. pallidipes (G.pai) and G. palpalis 

(G.ppi) tested for positive selection after site (A and B), branch (Br) and branch-site (BrS) models.  

 
   Site test G.mor G.aus G.fus G.pai G.ppi 

dataset gene putative_function A B Br BrS Br BrS Br BrS Br BrS Br BrS 

all GMOY000082 chaoptin     *        

all GMOY000168 sorting nexin-25 ** **    *       

all GMOY000485 NA      *       

all GMOY000539 ataxin-2 homolog isoform X2     *        

all GMOY000654 Palmitoyltransferase ZDHHC17   *          

all GMOY000863 
ubiquitin carboxyl-terminal 

hydrolase 34 
 *        **   

all GMOY001139 
intraflagellar transport 122 

homolog 
    *        

all GMOY001316 
phosphatase PP2A 55 kDa 

regulatory subunit isoform X1 
        *    

all GMOY001320 split ends          *   

all GMOY001350 ethanolamine kinase ** ***           

all GMOY001744 serine-rich adhesin for platelets       *      

all GMOY001748 NA   *          

all GMOY001860 isoform C            ** 

all GMOY001887 
leucine-rich repeats and 

immunoglobulin-like domains 3 
   **         

all GMOY001913 ubiquitin- ligase E3C     *        



Molecular evolution of male reproductive genes across Glossina species 

39 
 

all GMOY001941 sarcalumenin isoform X1           *  

all GMOY001977 synaptotagmin 4 isoform X9     *        

all GMOY002025 tyrosine- kinase Fer isoform X1   *          

all GMOY002064 zinc finger 271-like  *           

all GMOY002287 

apoptotic chromatin 

condensation inducer in the 

nucleus 

* **           

all GMOY002349 sorbitol dehydrogenase           ** *** 

all GMOY002375 short spindle isoform A   **          

all GMOY002564 serine-rich adhesin for platelets       *      

all GMOY002800 furin-like protease 2 isoform X1  ***           

all GMOY002820 dmX 2     *        

all GMOY002841 DNA repair RAD50           ***  

all GMOY002881 
uridine diphosphate glucose 

pyrophosphatase-like 
 *           

all GMOY003057 
cyclin-dependent kinase 14 

isoform X1 
*** ***           

all GMOY003081 helix-loop-helix 11    *         

all GMOY003155 
von Willebrand factor D and 

EGF domain-containing 
    *        

all GMOY003188 
double-strand break repair 

MRE11 
          **  

all GMOY003237 GTPase-activating r     **        

all GMOY003370 Tyrosine- kinase shark ** **         *  
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all GMOY003432 sprint isoform X1     *        

all GMOY003582 NA     *        

all GMOY003628 
katanin p60 ATPase-containing 

subunit A-like 1 
*** ***           

all GMOY003636 NA  **           

all GMOY003638 nidogen-2     *        

all GMOY003771 
ras-related and estrogen-

regulated growth inhibitor 
    *        

all GMOY003823 

PREDICTED: uncharacterized 

protein LOC106091657 isoform 

X1 

     *       

all GMOY003915 cullin-3 isoform X2 *** *** ***  ***  ***  ***  ***  

all GMOY004004 
ubiquitin-conjugating enzyme 

E2 Q2 
*** ***           

all GMOY004064 DNA repair REV1        **     

all GMOY004222 glutamate receptor kainate 2    **         

all GMOY004238 NA  *           

all GMOY004338 
cytochrome P450 CYP12A2-

like 
    *        

all GMOY004441 isoform A * ***           

all GMOY004688 zinc finger Xfin   *          

all GMOY004744 alpha- sarcomeric isoform X1 *** ***           

all GMOY004783 

ATP-dependent 6-

phosphofructokinase isoform 

X1 

    *    ***    
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all GMOY004875 
1-phosphatidylinositol 4,5-

bisphosphate phosphodiesterase 
* **           

all GMOY004932 
rab GTPase-activating 1-like 

isoform X1 
 *           

all GMOY005070 
dynein heavy cytoplasmic 

isoform X1 
    *        

all GMOY005075 NA     ***        

all GMOY005314 
DNA fragmentation factor 

subunit beta 
* ***           

all GMOY005361 NA         *    

all GMOY005379 
low-density lipo receptor-related 

2 
    ***        

all GMOY005409 NA           *  

all GMOY005561 JHEH2     **        

all GMOY005627 MON2 homolog ** *** **  **        

all GMOY005703 
myosin heavy muscle isoform 

X11 
*** ***           

all GMOY005863 NA *** ***         **  

all GMOY005903 Netrin-B          *   

all GMOY005954 NA *** ***  ***         

all GMOY006023 ring canal kelch     *        

all GMOY006100 Laminin subunit alpha     *        

all GMOY006119 
LETM1 and EF-hand domain-

containing anon- mitochondrial 
  *          
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all GMOY006132 
MATH and LRR domain-

containing PFE0570w 
 *           

all GMOY006227 phospholipase A1 2 *** ***           

all GMOY006302 CD81 antigen       ** **     

all GMOY006377 
histone acetyltransferase p300 

isoform X1 
    *        

all GMOY006415 NA   *          

all GMOY006503 
chitooligosaccharidolytic beta-

N-acetylglucosaminidase 
    **        

all GMOY006579 
RNA polymerase II large 

subunit 
 **   *        

all GMOY007021 
inorganic phosphate 

cotransporter 
 **           

all GMOY007044 NADP-dependent malic enzyme    *         

all GMOY007157 
ubiquitin conjugation factor E4 

B 
 *           

all GMOY007253 
ryanodine receptor 44F isoform 

X5 
*** ***       *** ***   

all GMOY007388 enhancer of mRNA-decapping 3     **        

all GMOY007547 monocarboxylate transporter 8 *** ***   **  *** *** *** **   

all GMOY007750 
gamma-tubulin complex 

component 5 
* *           

all GMOY007797 NA     *        

all GMOY007818 
hypothetical protein 

FF38_05875 
   **         

all GMOY007838 uncharacterized serine-rich  *           
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all GMOY007883 papilin isoform X2            * 

all GMOY008094 microtubule-associated futsch            ** 

all GMOY008119 
dedicator of cytokinesis 7 

isoform X2 
         *   

all GMOY008138 
probable ATP-dependent RNA 

helicase kurz 
    *     *   

all GMOY008388 disco- isoform A    *         

all GMOY008433 NA      *       

all GMOY008456 

A disintegrin and metallo ase 

with thrombospondin motifs 9 

isoform X1 

     *       

all GMOY008545 NA  *   **        

all GMOY008639 non-specific lipid-transfer ** ***     *      

all GMOY008690 
unconventional myosin-Va 

isoform X1 
     ***       

all GMOY008811 
coiled-coil and C2 domain-

containing 1-like isoform X2 
    *        

all GMOY008814 
manganese-transporting ATPase 

13A1 
    **        

all GMOY008876 
Transcription initiation factor 

TFIID subunit 2 
 *           

all GMOY008882 #NOME?     *        

all GMOY009072 outer dense fiber 3-B     *        

all GMOY009123 tudor domain-containing 7B     *        
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all GMOY009167 
mediator of RNA polymerase II 

transcription subunit 23 
          ***  

all GMOY009235 
histone acetyltransferase 

KAT6A 
           *** 

all GMOY009251 over compensating isoform A          *   

all GMOY009256 dynein heavy chain axonemal   **  *        

all GMOY009618 NA  *   *** *       

all GMOY009682 
cell division cycle 7-related 

kinase 
    ***        

all GMOY009683 NA    ***      **   

all GMOY009744 apolipo D-like * *           

all GMOY009833 elav isoform X2       **      

all GMOY009862 
baculoviral IAP repeat-

containing 6 
 *  * ***        

all GMOY009931 
probable serine threonine- 

kinase MARK-A isoform X2 
     **       

all GMOY009936 Serine threonine- kinase Warts      **       

all GMOY009959 filaggrin isoform X2        *     

all GMOY010088 NA     *        

all GMOY010094 NA  *           

all GMOY010114 Inactive rhomboid 1     *        

all GMOY010152 

voltage-dependent T-type 

calcium channel subunit alpha-

1G 

   *         
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all GMOY010173 nesprin-1 isoform X10   **      **    

all GMOY010213 DNA topoisomerase 2   *      ***    

all GMOY010214 
tRNA-dihydrouridine(20a 20b) 

synthase [NAD(P)+]-like 
      *      

all GMOY010234 alsin homolog     *        

all GMOY010310 
ethanolaminephosphotransferase 

1 isoform X1 
     **       

all GMOY010311 probable cytochrome P450 4d14  *           

all GMOY010344 
leucine-rich repeat-containing 

20 isoform X1 
 *           

all GMOY010384 flocculation FLO11-like        ***     

all GMOY010447 
WD repeat and FYVE domain-

containing 3 
    *        

all GMOY010651 peanut           ***  

all GMOY010684 scalloped isoform X1 *** ***           

all GMOY010944 helicase domino isoform X1 **    ***    **  **  

all GMOY011064 NA   *  ***    *    

all GMOY011075 
hippocampus abundant 

transcript 1 isoform X1 
         *   

all GMOY011328 
E3 ubiquitin- ligase TRIM33 

isoform X1 
*** ***      *     

all GMOY011499 tubulin polyglutamylase TTLL5        **     

all GMOY011575 Homeotic empty spiracles      *       

all GMOY011709 xmas-2  **           
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all GMOY011918 NA     **        

all GMOY011994 discs overgrown kinase     *        

all GMOY012004 Organic cation transporter   *** *** ***   ***    *** 

Noaus GMOY009305 NA            * 

NOb GMOY000017 NA         **    

NOb GMOY000301 
structural maintenance of 

chromosomes 2 
   *         

NOb GMOY000392 
Transcription termination factor 

2 
        ***    

NOb GMOY001122 
chromatin-remodeling complex 

ATPase chain Iswi 
  *  *    ***    

NOb GMOY002664 NA *** ***      **     

NOb GMOY002933 NA  *           

NOb GMOY003749 NA *** ***           

NOb GMOY003818 Src oncogene at isoform B    *         

NOb GMOY005118 sialin     *        

NOb GMOY005278 NA          *   

NOb GMOY005825 titin isoform X1     *        

NOb GMOY006700 lamin Dm0 * *           

NOb GMOY007135 pellino *** *** ***  ***  ***  ***  ***  

NOb GMOY007250 
dnaJ homolog subfamily B 

member 2 isoform X1 
    *        

NOb GMOY007798 E3 ubiquitin- ligase sina ** ***           
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NOb GMOY007904 sevenless        **     

NOb GMOY007927 
chitooligosaccharidolytic beta-

N-acetylglucosaminidase 
 *           

NOb GMOY009121 ecdysone receptor isoform X2   *          

NOb GMOY010705 NA *** ***           

NOb GMOY010738 high affinity cAMP-specific      **       

NOb GMOY010740 
ubiquitin carboxyl-terminal 

hydrolase 35 
  *          

NOb GMOY010796 NA  *           

NOb GMOY011696 isoform G          *   

NOb GMOY011858 titin        *     

NOf GMOY000269 
proton-coupled folate 

transporter 
*** ***   **     *   

NOf GMOY010920 
ubiquitin-like modifier-

activating enzyme ATG7 
  ***          

NOf GMOY011611 NA           *  

NOpai GMOY002453 NA     *        

NOpai GMOY003306 proteoglycan 4-like isoform X1           **  

NOpai GMOY004000 NA       ***    ** * 

NOpai GMOY007507 
transcription elongation factor B 

polypeptide 2 
   *         

NOpai GMOY008607 nose resistant to fluoxetine 6 *** ***           

NOppi GMOY002073 NA *** ***        *   

NOppi GMOY003159 eater   *          
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NOppi GMOY004902 
3-hydroxyisobutyryl- 

mitochondrial isoform X1 
        ***    

NOppi GMOY006151 
low-density lipo receptor-like 

isoform X9 
*** ***           

NOppi GMOY008445 
1-phosphatidylinositol 3-

phosphate 5-kinase 
    *        

 

a Gene name is that of the G. m. morsitans ortholog. 
b Site test for positive selection using codon substitution models M2a and M1.  
c Site test for positive selection using codon substitution models M8 and M7. 
d Branch test for divergent selective pressure acting on the foreground species. 
e Branch-site test for positive selection acting on some sites in the foreground species. 

* FDR < 0.20; ** FDR < 0.05; *** FDR < 0.005. 

 

 

 

Table 2.17 Testes genes showing a q-value (FDR, false discovery rate) < 0.20 based on site B (M7-M8) and branch-site models results (G. m. 

morsitans foreground branch). 
 

Testes* site B (M7-M8)_morsitans foreground branch, q-value < 0.2   

dataset gene putative_function P value qvalue (FDR) 

all GMOY007547 monocarboxylate transporter 8 1.77E-43 1.44E-39 

all GMOY007253 ryanodine receptor 44F isoform X5 4.43E-25 8.97E-22 

all GMOY005954 NA 3.27E-22 5.29E-19 

all GMOY004744 alpha- sarcomeric isoform X1 4.65E-18 5.39E-15 

all GMOY011328 E3 ubiquitin- ligase TRIM33 isoform X1 7.18E-18 7.27E-15 
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NOpai GMOY008607 nose resistant to fluoxetine 6 3.74E-17 3.36E-14 

all GMOY003628 katanin p60 ATPase-containing subunit A-like 1 1.05E-16 8.49E-14 

all GMOY005703 myosin heavy muscle isoform X11 1.65E-16 1.22E-13 

all GMOY002800 furin-like protease 2 isoform X1 3.15E-15 1.96E-12 

NOb GMOY007135 pellino 7.21E-13 3.44E-10 

NOb GMOY003749 NA 1.55E-12 6.96E-10 

NOb GMOY010705 NA 1.51E-10 5.83E-08 

all GMOY005863 NA 3.11E-10 1.10E-07 

all GMOY003915 cullin-3 isoform X2 5.94E-10 1.92E-07 

all GMOY004004 ubiquitin-conjugating enzyme E2 Q2 1.54E-09 4.79E-07 

all GMOY010684 scalloped isoform X1 2.54E-09 7.61E-07 

NOppi GMOY002073 NA 5.05E-08 0.000011 

all GMOY005627 MON2 homolog 1.46E-07 0.000027 

all GMOY006227 phospholipase A1 2 1.47E-07 0.000027 

NOppi GMOY006151 low-density lipo receptor-like isoform X9 5.02E-07 0.000086 

all GMOY003057 cyclin-dependent kinase 14 isoform X1 1.26E-06 0.000197 

NOb GMOY002664 NA 1.26E-06 0.000197 

all GMOY008639 non-specific lipid-transfer 6.28E-06 0.000795 

all GMOY004441 isoform A 7.34E-06 0.000914 

all GMOY005314 DNA fragmentation factor subunit beta 7.59E-06 0.000931 

NOb GMOY007798 E3 ubiquitin- ligase sina 0.000014 0.001607 

NOf GMOY000269 proton-coupled folate transporter 0.000014 0.001650 
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all GMOY001350 ethanolamine kinase 0.000050 0.004913 

all GMOY000168 sorting nexin-25 0.000061 0.005712 

all GMOY006579 RNA polymerase II large subunit 0.000077 0.006847 

all GMOY003370 Tyrosine- kinase shark 0.000087 0.007614 

all GMOY003636 NA 0.000331 0.025807 

all GMOY004875 
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase classes I and II 

isoform X4 
0.000340 0.026056 

all GMOY002287 apoptotic chromatin condensation inducer in the nucleus 0.000341 0.026056 

all GMOY007021 inorganic phosphate cotransporter 0.000520 0.036420 

all GMOY011709 xmas-2 0.000522 0.036420 

all GMOY002881 uridine diphosphate glucose pyrophosphatase-like 0.001058 0.068251 

all GMOY007750 gamma-tubulin complex component 5 0.001075 0.068251 

NOb GMOY006700 lamin Dm0 0.001066 0.068251 

all GMOY006132 MATH and LRR domain-containing PFE0570w 0.001537 0.090209 

all GMOY008545 NA 0.001768 0.101337 

all GMOY010094 NA 0.001832 0.103772 

all GMOY009744 apolipo D-like 0.001999 0.110928 

all GMOY002064 zinc finger 271-like 0.002229 0.121162 

all GMOY008876 Transcription initiation factor TFIID subunit 2 0.002582 0.129488 

all GMOY007157 ubiquitin conjugation factor E4 B 0.002788 0.134448 

all GMOY010311 probable cytochrome P450 4d14 0.003007 0.142833 

NOb GMOY007927 chitooligosaccharidolytic beta-N-acetylglucosaminidase 0.003015 0.142833 
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all GMOY004238 NA 0.003433 0.158923 

all GMOY004932 rab GTPase-activating 1-like isoform X1 0.003551 0.162739 

all GMOY009862 baculoviral IAP repeat-containing 6 0.003710 0.167890 

all GMOY009618 NA 0.003835 0.169847 

all GMOY000863 ubiquitin carboxyl-terminal hydrolase 34 0.004080 0.178677 

all GMOY010344 leucine-rich repeat-containing 20 isoform X1 0.004196 0.180807 

all GMOY007838 uncharacterized serine-rich 0.004799 0.194388 

NOb GMOY002933 NA 0.004878 0.196612 

NOb GMOY010796 NA 0.004945 0.198322 

     

Testes** Branchsite_morsitans foreground branch, q-value < 0.2   

dataset gene putative_function P value qvalue (FDR) 

all GMOY012004 Organic cation transporter 4.25E-20 3.45E-16 

all GMOY005954 NA 1.57E-07 0.000211 

all GMOY009683 NA 5.26E-06 0.004750 

all GMOY001887 leucine-rich repeats and immunoglobulin-like domains 3 8.48E-06 0.006243 

all GMOY007818 hypothetical protein FF38_05875 0.000045 0.021439 

all GMOY004222 glutamate receptor kainate 2 0.000149 0.044724 

all GMOY008388 disco- isoform A 0.000233 0.060701 

all GMOY009862 baculoviral IAP repeat-containing 6 0.000247 0.060701 

all GMOY007044 NADP-dependent malic enzyme 0.000256 0.061105 
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Nob GMOY000301 structural maintenance of chromosomes 2 0.000325 0.071201 

Nopai GMOY007507 transcription elongation factor B polypeptide 2 0.000457 0.084646 

all GMOY010152 voltage-dependent T-type calcium channel subunit alpha-1G 0.000717 0.118594 

all GMOY003081 helix-loop-helix 11 0.000767 0.119638 

Nob GMOY003818 Src oncogene at isoform B 0.001087 0.149306 

 

 

 
Table 2.18. Number of MAG genes (=92) in Glossina m. morsitans (G.mor), G. austeni (G.aus), G. fuscipes (G.fus), G. pallidipes (G.pai) and 

G. palpalis (G.ppi) tested for positive seletion after site (A and B), branch (Br) and branch-site (BrS) models. 

 

   Site test G.mor G.aus G.fus G.pai G.ppi 

dataset gene putative_function A B Br BrS Br BrS Br BrS Br BrS Br BrS 

all GMOY002550 plancitoxin-1   **          

all GMOY002583 NA          *   

all GMOY005874 NA    *         

all GMOY005914 transmembrane channel 1        *     

all GMOY007314 NA ** **           

NOb GMOY002399 NA *** ***   * *  **     

NOb GMOY004505 NA    *         

NOb GMOY007759 NA *** ***           
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NOb GMOY010622 
synaptic vesicular amine 

transporter isoform X1 
     *     *  

NOppi GMOY009723 
angiotensin-converting enzyme-

related 
    *        

 

 

a Gene name is that of the G. m. morsitans ortholog. 
b Site test for positive selection using codon substitution models M2a and M1.  
c Site test for positive selection using codon substitution models M8 and M7. 
d Branch test for divergent selective pressure acting on the foreground species. 
e Branch-site test for positive selection acting on some sites in the foreground species. 

* FDR < 0.20; ** FDR < 0.05; *** FDR < 0.005. 

 

 

Table 2.19 Candidate MAG genes showing a q-value (FDR, false discovery rate) < 0.20 based on site B (M7-M8) and branch-site models 

results (G. m. morsitans foreground branch). 

 

MAG* Site B (M7-M8)_morsitans foreground branch, q-value < 0.2   

dataset gene putative_function P value qvalue (FDR) 

Nob GMOY002399 NA 1.04E-08 2.55E-06 

Nob GMOY007759 NA 5.08E-06 0.000686 

all GMOY007314 NA 0.000056 0.005341 
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MAG** Branchsite_morsitans foreground branch, q-value < 0.2 

dataset gene putative_function P value q value (FDR) 

Nob GMOY004505 NA 0.000897 0.134543 

all GMOY005874 NA 0.000929 0.136767 
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dN/dS ratio of MAG and testes genes selected for functional GO categories in six 

Glossina species 
 

In order to go deeper into the analysis of the evolutionary rates of MAG and testes 

orthologous genes across the six Glossina species (G. morsitans, G. pallidipes, G. 

austeni, G. fuscipes, G. palpalis, G. brevipalpis), we estimated the dN/dS ratio associated 

to each sequence (Yang, 2007). 

The relationships among gene function and gene evolutionary traits across the six species 

has been approached in both testes and MAGs by coupling GO functional classes with 

orthologous group evolutionary properties. Functional categories have been derived 

from curated lists associated with GO Molecular Function Level III. In the case of novel 

tsetse proteins, for which GO terms could not be assigned, but displaying high dN/dS 

values, potential functional role has been inferred, when possible, using InterPro.  

Glossina orthologous genes were categorized into 17 functional classes in the MAGs 

(Fig. 2.20) and 42 in the testes (Fig. 2.21). It is noteworthy that assignment of GO terms 

are made through homology/orthology to genes with annotated terms from D. 

melanogaster, thus assignments are usually biased towards slower evolving, well-

conserved genes. 

 

 

dN/dS ratio in MAG GO functional categories 

 

The different dN/dS ratios estimated for the functional GO classes of MAG orthologous 

genes across the six Glossina species are represented in Fig. 2.20. It appears that the 

estimated dN/dS average values are very heterogeneous among the classes, ranging from 

0.5 for odorant binding to 0.05 for carbohydrate derivative binding genes. Other 

interesting categories with relatively high dN/dS average ratios (0.25-0.44) are represented 

by novel genes (“none” in the figure), lyase activity, peptidase regulator activity and 

enzyme inhibitor activity. On the other hand, organic cyclic compound binding, 

oxidoreductase activity, small molecule binding, ion binding, transmembrane 

transporter activity, substrate specific transporter activity are those displaying the lowest 

dN/dS estimations. Considering their basic role in metabolic pathways, is not unexpected 

that such genes are evolving at a slow rate.  

By contrast, OBPs associated to reproductive tissues display high dN/dS values. The role 

of OBPs in tissues other than those involved in chemoreception may be explained by 

their specific carrier activities. Indeed, these proteins can transport any physiologically 

active ligands, including those transferred from males to females during the mating 

(Arya et al., 2010). Sex pheromones and other male products present in the seminal fluid 

and transferred to the females during copulation are poorly soluble compounds that, in 

aqueous media, need to be transported by binding proteins. The role of pheromone 

carrier has been described for both OBPs and CSPs, and the delivery of male products 
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to reproductive organs might suggests species- and sex-specific roles, thus justifying 

their fast evolution (Li et al., 2008; Sirot et al., 2008). 

Special attention must be addressed to the relatively high dN/dS values estimated for 

“novel” genes. They shared no similarity to sequences present in the GenBank database 

and were thus classified as “novel”. The proteins encoded by these genes have been 

found in the ejaculate of G. m. morsitans, which is transferred to the female during the 

mating. They have been suggested to be implicated in post-mating behaviors and as such, 

they may have implication in sexual selection and speciation. Moreover, in Glossina 

genomes, these putative novel genes revealed many duplication events, suggesting 

lineage-specific gene duplications, as already observed for other seminal fluid proteins 

(Almeida and Desalle, 2008). These considerations predict the fast evolutionary rate of 

this category, as indicated by the high dN/dS estimated average value. 
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Fig. 2.20 dN/dS ratio of selected gene functional categories in MAGs. Notched box plots show 

medians and extend to the first and third quartiles.  

 

 

dN/dS ratios in testes GO functional categories 

 
Contrarily to MAGs, testes genes display a low variability in the distribution of dN/dS 

estimate across the functional categories. Forty-two GO functional classes have been 
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identified in testes genes (Fig. 2.21). The mean for dN/dS values is lower than 0.3 for all 

the GO categories, meaning purifying selection. It is known that testes and MAGs 

participate in the maintenance of reproductive functions of insect males and, based on 

the information available from other insect taxa, it is likely that, in tsetse testes, key 

regulatory genes of spermatogenesis tend to be conserved to guarantee the male-specific 

processes required for sperm production (Bonilla and Xu, 2008). On the other hand, the 

MAG secretions may act as key factors in male reproductive success and, as such, the 

accessory gland protein-encoding genes are subject to rapid evolution as a result of 

sexual conflict and competition (Ram and Wolfner, 2007). 

The differences in term of evolution between testes and MAGs is presented in Fig. 2.22. 

It is interesting to notice that the selective pressure is acting differently on categories of 

genes associated to different male reproductive tissues. 
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Fig. 2.21 Evolutionary properties of selected gene functional categories in testes. Notched box plots show medians and extend to the first and 

third quartiles.  
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Fig. 2.22 Gene functional categories comparison between accessory gland and testes proteins. Testes = blue; AG = green. Notched box plots 

show medians and extend to the first and third quartiles. 
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MAGs and testes genes under positive and neutral selection 
 

Genes within different functional categories displaying the highest dN/dS ratio values in 

MAGs and testes were considered for cross comparison with the outcome of previously 

performed site B (M7-M8) and branch-site model tests. Genes were selected using 0.6 

dN/dS ratio as a threshold. As it appears from table 2.23, some of these genes with the 

highest dN/dS values have been also sorted by site-specific (*) and branch-site models 

(**) as candidates for positive selection (Table 2.23). 

Eight novel genes and two odorant binding genes where considered in MAGs. In testes, 

ten novel genes, one transferase activity and one carbohydrate derivative binding gene 

have been sorted. Six out of height novel MAG genes and the testes genes display 

orthology in only five species (G. morsitans, G. pallidipes, G. austeni, G. fuscipes, G. 

palpalis). All the other genes show orthology in all the six Glossina species. 

For MAGs, one novel (GMOOY007759) and one OBP gene (GMOY007314) resulted 

under positive selection also by site-specific B (M7-M8) test (* in Table 2.23), while 

only GMOY004505 resulted under positive selection also by branch-site model (** in 

Table 2.23). 

For testes, four novel genes resulted positive for selection also by site B (M7-M8) test. 

None of the testes genes resulted positive to selection according to the branch-site test. 

The identification of genes from the male reproductive tissues which are clearly under 

positive selection it is of particular value since the majority of them are coding for 

proteins which are component of the male ejaculate. As such, they are transferred to the 

female during the mating. They are expected to reflect the life histories of the species to 

promote post-mating behaviors, optimal sperm delivery, survival and egg fertilization 

capacity. 
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Table 2.23 Twenty-two transcripts displaying male-biased expression and significant dN/dS ratio. 

Omegafix is defined as the selective pressure estimated for the whole phylogeny.   

*site B (M7-M8) G. m. morsitans as foreground species.  

**Branch-site G. m. morsitans as foreground species. 
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2.4 The Paired transcription factor in G. m. morsitans 
 
 

 

After having identified the genes which, in the MAGs, codify for proteins that may have 

an important role in post-mating behaviors and fertilization, my interest was addressed 

to the analysis of the regulation of such genes. 

Promoters play an essential role in controlling gene expression as they are the binding 

sites for RNA polymerase. Multiple functional sites are involved in the binding of the 

polymerase; these elements, such as the TATA box, the Initiator motif (Inr) and the 

downstream core promoter element (DPE) serve as binding sites for transcription 

factors, which are also crucial in gene regulation. 

I studied the transcriptional regulation and promoter regions of the 24 highly expressed 

and MAG-specific genes because of the relevance they may have in the discovery of 

transcription factors that can be manipulated to interfere with their expression and, in 

turn, with tsetse flies fertility. 
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2.4.1 Materials and Methods 
 

 

Promoter analysis 

The promoter region of the 24 highly expressed and MAG-specific genes has been 

analyzed: GMOY000899, GMOY002399, GMOY004505, GMOY004506, 

GMOY005771, GMOY006927, GMOY006928, GMOY007759, GMOY007760, 

GMOY008628, GMOY009777, GMOY009778, GMOY002279, GMOY002442, 

GMOY004724, GMOY004725, GMOY010053, GMOY005874, GMOY005875, 

GMOY005876, GMOY007314, GMOY007757. 
The TRANSFAC (TRANScription FACtor) database of eukaryotic transcription factors 

was used to predict potential transcription factor binding sites. Optimized position 

weight matrices in prediction of putative binding sites for transcription factors identified 

in Drosophila melanogaster  have been used. 

 

RT-PCR tissue expression 
 

RNA isolation and RT-PCR from fresh tissues. Total RNA was isolated from MAG, 

testes, ejaculatory duct, fat body, gut and carcass according to the protocol supplied with 

Direct-zol RNA miniprep (Zymo Research). The concentration and purity of the RNA 

samples were determined using the NanoDrop 2000. Total RNA (2 μg) was reverse 

transcribed (RT) using iScript cDNA Synthesis kit (BioRad). The expression of Paired 

and β-tubulin cDNAs was determined using RT-PCR:  

GMOY001037 (Paired) F 5’-CATCGGCAAGTTCATCATATTCG-3’  

GMOY001037 (Paired) R 5’-GCGGCGGTAGTGTTGTTG-3’ 

Tubulin F 5’-ACGTATTCATTTCCCTTTGG-3’ 

Tubulin R 5’-AATGGCTGTGGTGTTGGACAAC-3’. 

The final PCR products were electrophoresed on 1.5% agarose gels containing ethidium 

bromide along with 100bp DNA markers. The experiment was repeated three times. 

 

Western blotting 

 
Accessory glands, testes, ejaculatory duct, fat body, gut and carcass from 10 virgin males 

(5 days old) were homogenized in cracking buffer (8M urea, 2% SDS, 5% Beta-

Mercaptoethanol, 125mM Tris-HCL pH 6.8). Freshly dissected tissues were added to 

cracking buffer and homogenization was performed in eppendorf tubes, using plastic 

pestles. Proteins were quantified using the RC-DC Protein Assay. 20 ug of protein 

mixture from each tissue were separated by SDS-PAGE and transferred to a 

nitrocellulose membrane using a transfer apparatus according to the manufacturer’s 

protocol (BioRad). After incubation with 5% dry milk 0.05% PBS-T for 2 hours, the 



The Paired transcription factor in G. m. morsitans 

65 
 

membrane was washed once with PBS-T and incubated with rabbit polyclonal anti-

segmentation protein paired antibody [0.5 ug/ml] at 4°C overnight. Membranes were 

washed three times for 10 minutes in PBST and incubated with a 1:20.000 dilution of 

goat-anti rabbit HRP conjugated antibody for 2 hours. Blots were washed with PBST 

three times for 5 min and developed with the SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) according to the manufacturer’s protocols. The membrane 

was washed with a stripping buffer (PBS 7ul/ml B-mercaptoetanol, 2%SDS) to remove 

the paired antibody. The membrane was washed twice with PBS and incubated with 

rabbit polyclonal tubulin antibody (1:5000) at 4°C overnight. Incubation with goat-anti 

rabbit HRP conjugated antibody and  membrane development were repeated/performed 

as described above. 

 

RNAi 

 
Paired siRNA and negative control (GFP siRNA) were purchased from Integrated DNA 

Technologies. Two duplex sequences were used to interfere with the paired gene:  

morsitans_paired _1: 5’-UCGCAAAUACCGUCCUUUAUCAGCUUU-3’ 

morsitans_paired_5: 5’-CUAUCGUUUGAUUUCCAUCUGCUUCAA-3’.  

Paired and GFP siRNA were resupended in PBS (for a concentration of 1ug/ul) and 

injected in the abdomen of 14 male teneral flies (within 24 h from eclosion and before 

the first blood meal): 7 with paired siRNAs and 7 with GFP siRNAs. Every male was 

injected with 3ul of siRNA, paired or GFP (negative control). Injections were performed 

using a personalized injector. The flies received the first blood meal 24 hours after 

injection. Flies were dissected 72 hours after injection and the paired RNA silencing was 

confirmed by q-PCR. 

 

q-PCR 

 
The RNA was obtained from the abdomen of the injected flies and the paired expression 

was tested by q-PCR. Paired q-PCR primers: GAPDH expression was used as control.  

Paired qPCR-F 5’- GGATATAGCAGATATAGAAGG-3’ 

Paired qPCR-R 5’- AAGTTGAAAGTCGTATTGA-3’ 

GAPDH qPCR-F 5’-CTGATTTCGTTGGTGATACT-3’ 

GAPDH qPCR-R 5’-CCAAATTCGTTGTCGTACCA3’.
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2.4.2 Results and Discussion 

 

Promoter analysis of highly expressed MAG genes: the GMOY005874 example 

 

I focused on the transcriptional regulation and promoter regions of the 24 highly 

expressed and MAG-specific genes. 

Here we show the promoter analysis results for the most abundant G. m. morsitans MAG 

gene: GMOY005874. The gene presents two paralogs, GMOY005875 and 

GMOY005876, and orthologs in G. pallidipes, G. austeni, G. fuscipes, G. palpalis and 

G. brevipalpis have been identified. The three paralogs showed a conserved gene 

structure in all six species, with two exons and a gene product that ranges from 131 to 

135 amino acids in length. The predicted protein sequences resembles that of OBPs, 

presenting six α-helical domains and six highly conserved cysteine residue that have 

distinct disulphide bonds (Manoharan et al., 2013). Protein similarity is about 50% 

between GMOY005874 and GMOY005875, 28% between GMOY005874 and 

GMOY005876 and 26% between GMOY005875 and GMOY005876. 

The TRANSFAC (TRANScription FACtor) database of eukaryotic transcription factors 

has been used to predict potential transcription factor binding sites (Wingender et al., 

2000). A consistent conservation of transcription binding sites is present among the three 

paralogous genes in all the putative orthologous sequences. In particular, the analysis 

led to the identification of the paired transcription factor-binding site (Fig. 2.24). 

 

 

 
 
Fig. 2.24 Genomic organization of the three paralogs GMOY005874-5875-5876 in G. m. 

morsitans. Coding sequences (CDS) are represented in yellow and the paired binding site in pink. 

The paired consensus sequence is 5’-AAATTGC-3’. The illustration is not in scale. 

 

 

Paired transcription factor: gene expression and tissue specificity 
 

The paired gene (prd) was firstly described in the fruit fly, Drosophila melanogaster. 

prd belongs to the pair-rule gene family that participates in the determination of anterior–

posterior axis during early embryogenesis (Baumgartner and Noll, 1990); it is necessary 
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for postembryonic viability and for male fertility through the regulation of accessory 

gland development (Xue et al., 2001; Xue and Noll, 2000). 

prd is the founding member of the Pax genes. They encode an evolutionarily conserved 

family of transcription factors with multiple DNA binding motifs and play key roles in 

animal development. All members of the Pax family are defined by the presence of a 

highly conserved 128-amino-acid paired domain (PD) (Noll, 1993).  

The evolutionarily conserved domain consists of the N-terminal subdomain (PAI) and 

the C-terminal (RED) domains, each containing a helix– turn–helix motif capable of 

binding DNA (Xu et al., 1999). In Drosophila, the RED domain has been recently found 

to be specifically required for the expression in the male accessory glands of Acp26Aa 

(an accessory gland specific peptide) and the sex peptide, and for the induction of female 

post-mating response  (Li et al., 2015) (Fig. 2.25a).  

I investigated the tissue specificity of paired using previously developed MAG- and 

testes RNAseq datasets. RNAseq data are available from three male physiological states: 

teneral (i.e. within 24h post-eclosion), 3 days old virgin and 3 days old mated flies. In 

all the three groups, paired expression is significantly higher in accessory glands than in 

testes (Fig. 2.25b).  
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Fig. 2.25 a) Paired tissue expression in D. melanogaster (source: FlyBase). b) Paired tissue 

enrichment in G. m. morsitans male accessory glands; transcriptome data from male accessory 

glands and testes in teneral, 3 days old virgin, 3 days old mated flies respectively. 

 

An RT-PCR analysis on RNA derived from five body compartments (male accessory 

glands, testes, fat body, gut and carcass) confirmed that paired is transcribed and 

enriched in the MAGs (Fig. 2.26). Samples have been obtained from 5 days old virgin 

G. m. morsitans males. 

 
 
Fig. 2.26 Tissue distribution of paired. Paired (GMOY001037) RT-PCR primers: F: 

5’CATCGGCAAGTTC-CATCATATTCG-3’; R: 5’-GCGGCGGTAGTGTTGTTG-3’.  
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To localize paired at the protein level, I performed a western blot analysis on paired 

protein. Taking advantage of commercially available rabbit polyclonal antibodies 

against the Drosophila paired protein, I probed six G. m. morsitans tissues for the 

presence of paired. The protein sequence recognized by the antibody corresponds to the 

N-terminal portion (1-50) of the D. melanogaster paired protein. As shown in the 

alignment between the two paired protein sequences (Fig. 2.27) this portion of protein 

is highly conserved between the two species.   

 

 
 
Fig. 2.27 Domain of interest of anti-paired antisera. Alignment between the region of interest in 

D. melanogaster and G. m. morsitans. 

 

 

 

 

Six male tissues (accessory glands, testes, ejaculatory duct, fat body, gut and carcass) 

were dissected from 5 days old virgin males. Western blot analysis revealed protein only 

at one band on the membrane corresponding to the male accessory gland tissue. As 

expected by in silico prediction, the size of the detected band is of about 63 kDa, between 

50 and 75 kDa marker bands (Fig. 2.28). The Drosophila paired gene is composed by 

two exons and the gene product is a protein made up of 613 amino acids with a molecular 

weight of 65 kDa.  
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Fig. 2.28 Paired protein detection in male accessory glands through western blot analysis. Six 

tissues from 5 days old virgin males have been analyzed: MAG, testes, ejaculatory duct, fat body, 

gut and carcass. 

 

 

Paired and GMOY005874 RNAi 

 
dsRNA primers for paired and GMOY005874 have been designed (Table 2.29). Three 

days-old virgin males (fed the day before the injection) have been injected in the 

abdomen with 3 ug of paired dsRNAs. As a control, an equal number of flies have been 

injected with 3 ug of GFP dsRNAs. Preliminary results based on qPCR analyses 

performed  on 7 paired-injected flies and 7 GFP injected flies are shown in Fig. 2.30. 

 

 

Paired 
F_taatacgactcactatagggGCCAACTCCGAATAGCTTGA 

R_taatacgactcactatagggCTTTGGAAGGTGAACCGAAA 

GMOY005874 
F_taatacgactcactatagggTGGCTGTAGCTGCAAACATC 

R_taatacgactcactatagggTGGATTACGGTCTCCTGCTT 

 
Table 2.29 Paired and GMOY005874 primers for dsRNA synthesis. T7 tag peptide is included 

in all the sequences. 
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Fig. 2.30 RNAi experiment using paired dsRNA and GFP dsRNA as control. Preliminary 

results were obtained from seven paired injected flies and seven controls.  

 

These results suggest the presence of a reduction in paired expression, but additional 

samples are needed, especially to minimize controls’ variability. A reduction in gene 

GMOY005874 expression has been detected, indicating, at least for this gene, the 

potentiality of this transcription factor in controlling the expression of MAG genes. 
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2.5 Conclusions and Perspectives 
 

 

The genetic diversity and the phylogenetic relationships among the Glossina species 

have been previously analyzed based on mitochondrial and nuclear ribosomal DNA 

sequences (Dyer et al., 2008; Schneider et al., 2013). However, species phylogenies 

derived from comparisons of single genes are rarely consistent with each other, often 

leading to the assessment of controversial phylogenetic relationships among the species. 

Completely sequenced genomes has been proven to allow the construction of a 

phylogeny that is less sensitive to inconsistencies such as horizontal gene transfer and 

unrecognized paralogy, and more representative of whole-genomes than are single-gene 

trees (Snel et al., 1999). 

For this reason, we took advantage of the release of six Glossina species (G. morsitans, 

G. pallidipes, G. austeni, G. fuscipes, G. palpalis, G. brevipalpis) and we used a genome-

wide approach to disentangle their phylogenetic relationships. Moreover, this gave us 

the possibility to approach comparative genomic analyses among these species. 

Comparative genomic analyses are particularly valuable to understand species-specific 

biology as well as recent evolutionary histories. Our genomic phylogenetic analysis 

suggests that Morsitans, Palpalis and Fusca groups all show a monophyletic origin, with 

G. brevipalpis (Fusca group) being the most differentiated species. It is noteworthy that 

the phylogenetic relationships estabilished by our analysis reflects the biological 

diversities, such as the geographical distribution, the eco/ethological constrains, the 

degrees of vectorial capacity and the mating behavior, characteristic of each of the 

Glossina group. 

Based on this phylogeny, we used the molecular clock approach to derive the time of 

splitting among the Glossina groups and the included species. Orthologs genes derived 

from Musca domestica allowed us to date also the divergence between Musca and the 

Glossina genus at 209 Mya, in the Triassic period. Within the Glossina genus, we 

estimated the divergence time between the most distantly related G. brevipalpis and the 

Palpalis and Morsitans groups at ̴ 54 Mya, i.e. Eocene period, while the divergence 

between the Morsitans and Palpalis groups has been dated at ̴ 21 Mya, i.e. Miocene 

period. These data provide a good support to disentangling the evolutionary relationships 

within Diptera. 

The availability of genome sequences from six Glossina species provides unprecedented 

opportunities to study the evolution of reproductive traits relevant for interpreting the 

species differentiation.  Indeed, reproduction is one of the fundamental processes 

influencing several aspects of insect’s life and it is often the target of control methods 

aiming at reducing the insect population size. Such control strategies are particularly 

effective in reproductive systems similar to the one displayed by tsetse flies (Vreysen et 

al., 2000). In this frame, a key role is played by male reproductive genes that encode for 
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proteins involved in fertilization, such as seminal fluid proteins (SFPs). They are 

fundamental in influencing female post-mating physiological and behavioral changes as 

well as other processes involved in sexual competition and, thus, subjected to strong 

evolutionary pressures. Evolutionary and comparative genomics analyses gave us the 

opportunity to identify the presence of adaptive evolution in proteins of the reproductive 

system in Glossina species. We identified gene candidates for positive selection among 

those expressed in the male reproductive tissues, MAG and testes. Our analysis was 

based on 2,563 male genes, whose transcripts have been selected, in the G. m. morsitans 

transcriptome, on the basis of their higher expression in one tissue compared to the other. 

Orthology was assessed in the other five Glossina species and the genes were tested for 

the occurrence of positive selection using codon substitution models in PAML. dN/dS 

ratios, site-specific and branch-site models allowed us to identify potentially highly 

evolving sequences along the Glossina lineage, leading to the identification of a number 

of genes candidate for positive selection according to more than one test. It is noteworthy 

that positive selection is more likely to occur in some site of the gene rather than along 

all the sequence, and only along a single branch of the phylogeny. Interestingly, most of 

the identified genes in both tissues remained uncharacterized, since similarities with 

sequences described in reproductive tissues of different species are difficult to be 

detected, confirming their status of highly evolving sequences. Such considerations 

allow us to consider our “novel” genes putatively involved in species- or group-specific 

processes and, thus, of relevant interest for further evolutionary and applicative analyses. 

Considering the applicative potential of male reproductive genes and, in particular of 

fast evolving and species-specific male accessory gland sequences, we analyzed the 

regulatory elements responsible for the expression of the 24 most highly expressed 

accessory glands genes in G. m. morsitans. 

Tissue-specific transcriptomic data revealed the presence of a transcription factor known 

as Paired. In silico analysis confirmed the transcription binding in the promoter region 

of most of the genes under study. The Paired transcription factor expression profile and 

protein localization have been demonstrated to be MAG-specific, thus suggesting a role 

in regulating the expression of MAG genes and, in turn, male reproduction. The 

important role in reproduction of this transcription factor is also confirmed by its 

sequence conservation among the Glossina species analyzed. From the applicative point 

of view, it can be an important target for the manipulation of male reproduction in tsetse 

flies. Under this perspective, we are performing RNAi experiments in order to evaluate 

the silencing effect of Paired on ejaculate composition, fertility and female post-mating 

behaviors.  
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Chapter 3: Identification and characterization of male-specific 

sequences in the Asian tiger mosquito Aedes albopictus 
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3.1 Background 

 
3.1.1 Aedes albopictus and its impact on public health 

 
The tiger mosquito Aedes albopictus (Skuse) (Diptera: Culicidae) is classified among 

the 100 most invasive species worldwide according to the Global Invasive Species 

Database (Lowe et al., 2000). It is recognized as an important vector for many 

arboviruses such as those responsible for Dengue, Chikungunya, West Nile and Zika 

(Faraji et al., 2014; Gratz, 2004), epizootic viruses (Lambrechts et al., 2010; Paupy et 

al., 2009) and nematodes (Giangaspero et al., 2013; Pietrobelli, 2008). Because of the 

continuous evolutionary adaptation occurring between the host (the mosquito) and the 

virus, Ae. albopictus competence for various viruses is of particular concern. Moreover, 

this mosquito ability to feed both on humans (anthropophilic behavior) and animals 

(zoophilic behavior) exponentially increases the risk to propagate zoonotic pathogens 

from animal-to-animal and from animal-to-human (Paupy et al., 2009). 

Aedes albopictus impact on public health has strongly increased in the last 30-40 years, 

when the species spread from its native home-range area in East Asia and colonized parts 

of Europe, the Americas, the Caribbean, Africa and the Middle East. Following the 

spread of Aedes aegypti and Culex pipiens, the expansion of Ae. albopictus is the third 

example of diffusion favored by human activities. Nevertheless, biological traits such as 

physiological and ecological plasticity contributed to its rapid diffusion, increasing its 

potential to adapt and colonize new environments and forcing the coexistence with other 

vector species (Bonizzoni et al., 2013).  

 

 

3.1.2 Aedes albopictus biological traits 
 

The life cycle of Ae. albopictus consists of four distinct stages: egg, larvae, pupa, and 

adult (Fig. 3.1). Temperature and photoperiod both affect all the developmental stages 

of the mosquito, thus determining the number of generation per year, which ranges from 

5-7, in temperate regions, to 17 in tropical areas (Hawley, 1988). An average of 40-90 

eggs are produced by females after each blood meal, with about 300-350 eggs per 

lifetime (Hawley, 1988). Eggs can overwinter, through the so-called phenomenon of 

diapause. The aquatic phase can be completed in 5-6 days if the water temperature 

reaches 20-25°C, or up to three weeks at lower temperatures (14-18°C). During the larval 

stage, which include four instars (L1,L2,L3,L4), the size of the mosquito can increase 

from 2 to 10 mm in length. The L4 instar is followed by the pupal stage, when the 

mosquito stop feeding and the metamorphosis into the adult occurs. 

Both males and females take nutrients from plant fluids, such as nectars and decaying 

fruits, and display a lifespan of about three weeks (Fang, 2010). Females also feed on 
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blood, which is necessary for eggs maturation. Although showing an anthropophilic 

behavior, Ae. albopictus can also feed on a variety of other hosts, including other 

mammals, birds and reptiles (Delatte et al., 2010; Sullivan et al., 1971). The preferential 

feeding on human blood is the main reason why Ae. albopictus is such an efficient 

disease vector and why it is so difficult to reduce its disease transmission potential. 

Females can be infected by pathogens taking the blood meal from an infected host: some 

pathogens are able to colonize the mosquito salivary glands, increasing their chances to 

be injected into a new host during the subsequent blood meal. 

 

 

  
 
Fig. 3.1 The life cycle of the Asian tiger mosquito. 

 

 

3.1.3 Aedes albopictus distribution 
 

Aedes albopictus is native of the tropical forests of Southeast Asia. However, over the 

past 30 years, the increasing globalization of trade and human movements along with 

environmental changes facilitated the introduction and establishment of this invasive 
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mosquito in every continent except Antarctica (Enserink, 2008; Gasperi et al., 2012; 

Lambrechts et al., 2010; Medlock et al., 2012). 

 

 
 
Fig. 3.2 Global map of the predicted distribution of Ae. albopictus. The map depicts the 

probability of occurrence (from 0 blue to 1 red) at a spatial resolution of 5 km × 5 km (Kraemer 

et al., 2015). 

 

 

Besides its ecological plasticity, the dispersal and spread of the Asian tiger mosquito is, 

indeed, a typical example of invasion mediated by human activities. The eggs of Ae. 

albopictus can withstand desiccation for many months and survive long transportation 

times, thus, being easily transported via the trade of used tyres and the importation of 

live plants (Bonizzoni et al., 2013; Delatte et al., 2011; Manni et al., 2015). Used tires 

that collect rainwater provide suitable habitats for eggs and larvae survival, as well as 

suitable breeding environments for adult mosquitoes. Eggs resistance to desiccation, 

allow them to hatch, even after several months, in new geographic locations with the 

result of large numbers of mosquitoes arising in different places (Gasperi et al., 2012).  

The tiger mosquito colonization of Europe started in Albania in the late 1970s (Adhami 

and Reiter, 1998). The second invaded country was Italy in the 1990s (Sabatini et al., 

1990), and subsequently the species spread into the Mediterranean basin. Since its 

importation into Italy through Genoa (Enserink, 2008), Ae. albopictus has become 

established in most areas of the country, mostly in urban areas and at an altitude of less 

than 600m above sea level. In the Americas, the species was initially reported in Texas 

(USA) in 1985 and, since then, it spread northward and eastward, having now been 

reported in over 25 US states. In Latin America it was first reported in Brazil in 1986, 

and later in Mexico in 1988 (Eritja et al., 2005). Reports of species importation were 

recorded also in New Zealand in 1994, in Bolivia, Cayman Islands, Costa Rica, Cuba, 
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Honduras, Dominican Republic, El Salvador, Guatemala, and Panama in 1995, in 

Columbia in 1997, and in Argentina in 1998 (Eritja et al., 2005) (Fig. 3.2). 

Because of its rapid adaptation to new environments, once it is established in a region, 

the eradication process of the mosquito can be very difficult and constant surveillance 

and appropriate control strategies are required (Holder et al., 2010). 

 

 

3.1.4 Aedes albopictus control methods 
 

Currently, there are neither effective vaccines nor treatments available against mosquito-

borne diseases. The ongoing strategies rely mainly on vector population control 

programs. In order to impair the ability of a mosquito to serve as a disease vector, it is 

necessary to interfere with biological aspects relevant to its vectorial capacity, such as 

reproduction, olfaction, longevity and immunity. 

Such vector control strategies include: 

i) Environmental modifications, based on removing/covering temporary water 

containers (Fonseca et al., 2013); 

ii) Mechanical methods, such as odor baits that help reducing adult populations 

of mosquitoes targeting gravid or host-seeking females (Mackay et al., 

2013); 

iii) Chemical compounds, like insect growth regulators used as chemical 

larvicides, and pyrethroids used as chemical adulticides, commonly applied 

because of their low toxicity towards mammals (Vontas et al., 2012); 

iv) Biological measures, for example using entomopathogenic fungi, copepods, 

or Bacillus thuringiensis and plants essential oils as microbial and botanical 

larvicides respectively. Another emerging strategy takes advantage of the 

Wolbachia-induced cytoplasmic incompatibility that results in embryonic 

mortality in matings between insects of the same species with different 

Wolbachia infection status (Bourtzis et al., 1998; Minard et al., 2013; 

Valiente Moro et al., 2013; Zouache et al., 2009); 

v) Genetic-based strategies, such as the use of sterile mosquitoes (within 

Sterile Insect Technique - SIT - programmes) and related techniques. 

Preliminary studies confirmed the feasibility of using SIT to suppress 

natural populations of Ae. albopictus in Europe, supporting the development 

of novel genetic-based approaches (Bellini et al., 2007; Bellini et al., 2013; 

Madakacherry et al., 2014) (Fig. 3.3).  
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Fig. 3.3 Control methods available against Aedes spp. (Bti: Bacillus thuringiensis var. 

Israelensis; Lsph: Lysinibacillus sphaericus; dsRNA: double-stranded RNA) (Baldacchino et al., 

2015). 

 
 

3.1.5 Features of the Aedes albopictus genome  

 
The recent release of two genome assemblies for two strains of the Asian tiger mosquito, 

respectively, provided a considerable contribution to advance studies in this species. The 

two sequenced strains are the Foshan laboratory strain, originally sampled around 30 

years ago from the native area of this mosquito (Chen et al., 2015), and the Fellini 

laboratory strain originally sampled from an Italian region (Dritsou et al., 2015).  

Although both genome projects faced difficulties in obtaining a high quality assembly, 

they are providing valuable information about its genomic structure and its pattern of 
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evolution. Comparative analyses with other insect genomes is revealing several 

interesting features, one of these is the genome size. So far, the Aedes genomes are the 

largest among mosquitoes, ranging from 1,376 mega base pairs (Mb) of Ae. aegypti to 

1,967 Mb and 940 Mb of Ae. albopictus Foshan and Fellini strain, respectively (Chen et 

al., 2015; Dritsou et al., 2015). 

The huge difference in genome size in respect to other mosquito species, like An. 

gambiae, which is 264 Mb,  is probably due to the large amount of transposable elements 

(TEs) and repetitive elements found in Aedes genomes (Holt et al., 2002; Severson and 

Behura, 2012).  Aedes mosquitoes also show differences in the karyotype structure when 

compared to An. gambiae. The mosquito family (Diptera: Culicidae) is indeed divided 

into two subfamilies: Anophelinae and Culicinae in heteromorphic and homomorphic 

sex chromosomes have evolved, respectively. In Aedes and Culex mosquitoes 

(Culicinae), male development is initiated by a dominant male-determining locus (M-

locus) located on a homomorphic sex-determining chromosome (Newton et al., 1974). 

On the other hand, Anopheles mosquitoes have fully differentiated heteromorphic sex 

chromosomes where the male-determining locus resides on the non-recombining Y 

chromosome (Marin and Baker, 1998).  

The mitotic chromosome complement of Ae. albopictus, as well as Ae. aegypti, consists 

of three pairs of metacentric chromosomes (Rai, 1963), with the sex determination locus 

associated to the smallest homomorphic autosome 1 (McClelland, 1962). 

Also in species with well-defined heteromorphic sex chromosomes such as Drosophila 

and Anopheles, Y chromosome sequences have proven resistant to traditional methods 

of sequence assembly because of its repetitive nature, thus being rarely annotated in 

published genomes of non-model organisms (Bernardo Carvalho et al., 2009). This is 

the reason why, despite the publication of the Ae. albopictus genome, sequences from 

the M-locus are still uncharacterized. 
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3.2 Aim of the work 
 

During my PhD studies, I have been involved in two projects targeting Ae. albopictus, 

with the aim of i) achieve a better understanding of the mosquito genomic features, and 

ii) provide the genetic basis for improving the vector control strategies against this 

important vector. The first one was in the framework of the Ae. albopictus genome 

project (Italian strain), in which I have been involved in the determination of the genome 

size of the Fellini strain and in the manual curation and annotation of Odorant Binding 

Proteins (OBPs) and Odorant Receptor (OR) genes. 

The second project was focused on the identification of male-specific sequences suitable 

for the development of a genetic sexing strain to be used in SIT campaigns. Using 

cytogenetic and molecular approaches, I characterized the chromosome complement of 

the Fellini strain to shed light on the Ae. albopictus male determining factor.  
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3.3 Materials and Methods 
 

 

Mosquito strain  
 

This study was performed using mosquitoes of the Fellini strain provided by the 

Laboratory of Romeo Bellini (CAA, Crevalcore - Italy).  

 

Genome size estimation 
 

A series of ten-fold dilutions of a known concentration of a linearized plasmid containing 

the amplicon sequence corresponding to part of the Ae. albopictus G6PDH gene 

identified from RNA-seq data (Genbank/EMBL Accession Nr KT279821) was 

monitored in real-time using a MiniOpticon (Bio-Rad) machine. As the length of the 

amplicon was known, the concentrations of the dilutions could be calculated as copies 

per microlitre. Comparison between the calibration curve of the CT values derived from 

the standard dilution series and those derived from the same G6PDH amplicon in 

genomic Ae. albopictus DNA samples of known concentration, allowed the absolute 

number of target gene copies to be calculated, and hence the genome size (Dritsou et al., 

2015). 

 

Gene annotation 

 
TBLASTN searches were performed using as queries the aminoacid sequences of the 

111 Odorant binding proteins (OBPs) and 112 Odorant receptors (ORs) of Ae. aegypti 

(Bohbot et al., 2014; Manoharan et al., 2013). The contigs and scaffolds that produced 

hits (cut-off e-value of 1E-10) were used to interrogate, using BLASTX, local protein 

databases of the Ae. aegypti OBPs and ORs. Multiple contigs and scaffolds with hits to 

an OBP or OR were assembled using CAP3. GeneWise was used to obtain gene model 

predictions based on homology with Ae. aegypti OBP and OR proteins (Dritsou et al., 

2015). 

 

Chromosome preparations  
 

Chromosome preparations were obtained from imaginal discs (IDs) of Ae. albopictus 

4th instar larvae of as described in (Sharakhova et al., 2011) for Ae. aegypti. Larvae were 

placed in ice for immobilization. Larval heads were removed in cold hypotonic solution 

(0.5% sodium citrate) and the thorax dissected in order to extract the IDs. After 10 min. 

in hypotonic solution, a drop of fixative solution (ethanol/acetic acid in 3∶1 ratio) was 

applied. 50% propionic acid was added for maceration, and IDs were squashed under a 



The Asian tiger mosquito, Aedes albopictus 

 

84 
 

cover slip (22×22 mm). Chromosomes were DAPI-stained and the slides were mounted 

using the VECTASHIELD mounting medium (Vector Laboratories). Chromosomes 

were screened under an epifluorescence Zeiss Axioplan microscope and images were 

captured using an Olympus DP70 digital camera. 

 

Representational difference analysis (RDA) 
 

The Representational Difference Analysis (RDA) (Chang, 2002) was applied to identify 

male-specific or male-enriched sequences in Ae. albopictus.  

To this aim, I extracted genomic DNA from seven male and seven female adult 

mosquitoes (Fellini strain). The genomic DNA was then digested with two four-cutter 

endonucleases, DpnII (recognition site: 5’-GATC-3’, 3’-CTAG-5’) and MseI 

(recognition site: 5’-TTAA-3’, 3’-AATT-5’), resulting in the DpnII and MseI male 

and female Representations. To generate the “tester”, R adaptors were replaced by J 

adaptors only in the male Representation. 

As a second step, we performed the subtractive hybridization using a 1/100 tester/driver 

ratio. Then, male-specific DNA was re-amplified to generate the Differential Product 1 

(DP1) using J adaptors as primers. Following this procedure, we performed a second and 

a third round of subtractive hybridizations: the DP2 was obtained using a new DNA 

tester generated by substituting the DP1 J adaptors for N adaptors and using two different 

tester/driver ratios 1/100 and 1/800, while the DP3 was obtained substituting the DP2 N 

adaptors for J adaptors and using three different tester/driver ratio 1/100, 1/400 and 1/800 

(Fig.2).
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3.4 Results and Discussion 
 

 

The Aedes albopictus genome project: Genome size determination 
 

The draft genome of the Italian strain was determined using a standard NGS-Illumina 

(next generation sequencing) approach and derived from L4 larvae of an isofemale line 

developed in lab rearing conditions. 

The genome size, which describes the DNA content in picograms per haploid genome 

(C-value). Real-time PCR-based method relies on the absolute quantification of a single 

copy gene (Higuchi et al., 1993). The C-value can then be easily calculated by dividing 

the mass of sample DNA by the copy number determined for single-copy genes, where 

the amount of sample used is determined by UV absorption spectrometry. The single 

copy gene utilized for A. albopictus was the G6PDH gene. A series of ten-fold dilutions 

of known concentration of the linearized plasmid containing the amplicon sequence 

corresponding to the gene was monitored in real-time PCR and, as the length of the 

amplicon was known, the concentrations of the dilutions has been calculated as copies 

per µl. Using genomic Ae. albopictus DNA samples of know concentration, the Ct values 

calibration curves derived from the standard dilution series was compared to those 

derived from the same G6PDH amplicon, allowing the absolute quantification of target 

gene copies, thus the genome size. For further details, please see the insert “Aedes 

albopictus genome paper”. 

I estimated the genome size of the Fellini strain at 0.94 Gbp. This value is relatively 

close to the estimate genome size of the assembly before scaffolding, measuring 1.12 

Gb.  

The size of the assembled genome is comparable to that of the other Aedes genome 

available, i.e. Ae. aegypti. Interestingly, the Aedes genomes (Ae. albopictus and Ae. 

aegypti) are the largest of any mosquito species sequenced to date (Fig. 3.4), which vary 

from 278 Mb for An. gambiae to 540 Mb and 1376 Mb for Culex quinquefasciatus and 

Ae. aegypti, respectively (Arensburger et al., 2010; Nene et al., 2007). 

Previous studies already emphasized the particularly large size of the Ae. albopictus 

genome compared to other insect species, with genome size variation observed also 

among different populations of the same species and that can be attributed to changes in 

the amounts and organization of repetitive DNA (Black and Rai, 1988) and that might 

explain the extraordinary adaptive capacity of this species (Rai and Black, 1999; 

Severson and Behura, 2012). A huge variation in the estimation of the genome size is 

observed also in the comparison between the Fellini strain and the Foshan strain (1967 

Mb (Chen et al., 2015)). However, a proportion of this variation might be attributed to 

the different strategies adopted for the genome size determination in the two different 

consortia. 
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Fig. 3.4 Dipteran genome size. From left to right: G. m. morsitans 389 Mb, D. melanogaster 175 

Mb, Ae. aegypti 1376 Mb, C. quinquefasciatus 540 Mb, A. gambiae 278 Mb (Aksoy and IGGI, 

2010; Arensburger et al., 2010; Ellis et al., 2014; Holt et al., 2002; Nene et al., 2007) (Source: 

Geoffrey Attardo). 

 

 

Annotation of olfactory genes  

 
The genome revealed the expansion of gene families involved in immunity, olfaction, 

sex determination, diapause and insecticide resistance, contributing to the plasticity of 

its genome as well as abundant repetitive DNA classes (Chen et al., 2015; Dritsou et al., 

2015). 

Ae. albopictus, like other mosquito species, relies on olfactory cues for host-seeking, 

blood-feeding and the detection of oviposition sites. In the frame of the genome project, 

I identified and annotated OBP and OR genes of Ae. albopictus. 

The protein sequences of 111 Odorant binding proteins (OBPs) and 112 Odorant 

receptors (ORs) of Ae. aegypti (Bohbot et al., 2007; Bohbot et al., 2014; Manoharan et 

al., 2013) were used as queries for TBLASTN and BLASTX searches. Orthologues were 

identified for 110 and 98 A. aegypti OBPs and ORs, respectively. 

Due to the extensive fragmentation of many of the genes, it was not possible to determine 

the actual number of OBPs and ORs present in the genome. Fifty-four of the Ae. 

albopictus OBP sequences were complete, although the sequence often spanned more 

than one contig. Partial sequences were obtained for 56 OBP orthologues, for 25 of 

which it was not possible to identify the region corresponding to the signal peptide, 
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typical features of OBPs, perhaps due to the higher variability of these regions compared 

to the rest of the gene. 

Thirty-five of the OR sequences were complete (although two contained frame-shifts), 

again frequently spanning several different contigs; six of the complete ORs were 

identified in single contigs, whereas 12 were identified in single scaffolds. Twenty-one 

of the incomplete OR sequences lacked one or both termini and encoded conceptual 

polypeptides between 305 and 411 amino acids in length. Orthologues of 14 Ae. aegypti 

ORs (namely OR3, 5, 14, 16, 17, 28, 65, 96, 98, 103, 107, 114, 124 and 127) appear to 

have been lost in Ae. albopictus, however, a number of gene lineage expansions are 

clearly evident, for example, AaegOR60, AaegOR61 and AaegOR63 have at least two 

homologues in Ae. albopictus, whereas AaegOR70 has at least three. Further analyses 

will help completing the Ae. albopictus OBP and OR repertoires and will open the way 

for the functional characterization of these proteins with the aim of developing novel 

and effective attractants and repellents for monitoring and control purposes (extracted 

from Dritzou et al., 2015).
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Building a genetic sexing strain for the tiger mosquito 

 

3.4.1 Cytogenetic characterization of the mitotic chromosome complement of 

Aedes albopictus 

 
For the SIT technique to be successful, several factors must be taken into account: i) the 

species should be easily colonized and mass-reared at a reasonable cost; ii) for species 

where females can transmit disease, it is necessary that they are removed from the release 

insects; iii) the released males need to be as competitive as wild males, and iv) the target 

population should be reduced in size (using other techniques) before the release of the 

sterile males (Yamada et al., 2015). 

In order to identify male-specific sequences suitable for the development of a genetic 

sexing strain for Ae. albopictus, we used cytogenetic and molecular approaches. The 

idea is to use molecular markers, obtained by molecular techniques such as the 

Representational Difference Analysis, that can be associated to the banding pattern 

observed in mitotic chromosomes prepared from male and female mosquitoes. 
Successful physical mapping for any organism relies on a robust source of high-quality, 

easily obtainable chromosome preparations. Because of the abundance of repetitive 

elements in the genome, the polytene chromosomes of Aedes mosquitoes are unsuitable 

for cytogenetic studies. At the same time, the large size of the genome make mitotic 

chromosomes large and easily identifiable (Sharakhova et al., 2011). 

In this context, using the Fellini strain provided by Romeo Bellini Laboratory (CAA, 

Crevalcore), we characterized the mitotic karyotype of Ae. albopictus. Following a 

protocol established for Ae. aegypti, we used imaginal discs (IDs) of 4th instar larva as a 

source of mitotic chromosomes (Fig. 3.5). In order to identify unique banding patterns 

that characterize the three different chromosomes, slides were stained with both DAPI 

and GIEMSA stains (Fig. 3.6). 

Ae. albopictus has three pairs of chromosomes as all the mosquito species (2n=6), with 

the exception of Chagasia bathana (2n=8) of the subfamily Anophelinae. 

Unlike Anophelinae, sex chromosomes of Aedes and Culex are homomorphic. In 

accordance with Ae. aegypti linkage groups, chromosome 1 is the shortest, chromosome 

2 the longest, and chromosome 3 the one of medium length (Sharakhova et al., 2011). 

In Ae. aegypti, the M-locus has been mapped to chromosome 1, band 1q21; nevertheless, 

in other Culicinae mosquitoes, it has been found in non-canonical locations, indicating 

either translocation or turnover of the sex-determining gene (Ferdig et al., 1998; 

Venkatesan et al., 2009). 
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Fig. 3.5 On the left, an example of Ae. aegypti larva. On the right, IDs are shown. The location 

of the IDs under the cuticle in thoracic segments of 4th instar larvae are indicated by the arrows 

(Sharakhova et al., 2011). 

 

 

 
 
Fig. 3.6 Mitotic chromosome complement of individual Ae. albopictus larvae. From top to 

bottom: DAPI (A) and Giemsa stained chromosomes (B,C).  

 

 

In order to identify cytological differences between male- and female-derived Ae. 

albopictus chromosomes, we prepared 40 mitotic chromosome slides from individual 

larvae. Our cytogenetic results, using DAPI and GIEMSA stains, show two different 

banding patterns in mitotic chromosome preparations (Fig. 3.6). One of the two banding 

pattern observed comprise a GC-rich band on one chromatid on the long arm of 

chromosome 1 and not in the other (putative male pattern, Fig. 3.6 A-B). The same band 
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is instead not visible in neither of the two chromatids of mitotic chromosome 1, referring 

to the second pattern observed (putative female pattern, Fig. 3.6 C). Since Aedes larvae 

do not exhibit morphological dimorphism, it was not possible to know whether the slides 

refer to a female or a male karyotype. However, using only the thoracic part of the larva 

give us the possibility to further analyze the same sample, obtaining genomic DNA or 

RNA. The identification of male-specific DNA markers could be used to know a priori 

the sex of the larvae is one of the main objective of this research project.  

 

 

3.4.2 Molecular characterization of Aedes albopictus sex chromosomes through 

the identification of male-linked sequences 
 

Characterization of male-specific sequences may play a fundamental role in the 

elucidation of the molecular nature of the male determining factor and could shed light 

on the evolution of sex chromosomes within this dipteran family. In order to identify 

male-specific or male-enriched sequences, we used a Representational Difference 

Analysis approach (RDA), previously used in our laboratory to identify male-linked 

sequences in Bactrocera oleae (Gabrieli et al., 2011), to be associated to the banding 

pattern detected by cytogenetic analysis. 

The RDA is a reliable way to detect differences between two similar complex genomes. 

With this method, series of subtractive hybridizations are performed using two 

representations (amplicons) of the two genomes to be compared. Reduction of the 

complexity of the genome is essential for efficient subtractive hybridization, and 

excessive reduction of the complexity will result in the loss of target (Ushijima et al., 

1997). As a result, target restriction fragments initially amplified from one genome, the 

“tester”, that are not amplified from the other genome, the “driver”, are further amplified 

approximately 106-fold in excess of common fragments (Baldocchi and Flaherty, 1997). 

We were interested in male specific sequences so we used the female genomic DNA as 

“driver” and the male genomic DNA as “tester”. 

As a first step, the RDA protocol requires the generation of male and female 

Representations by PCR of adaptors-ligated genomic fragments. We used three pairs of 

adaptors: the R series, used in the preparation of the amplicon representation, and the J 

and N series used for hybridization-amplifications (Table 3.7). 
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Table 3.7 Primers used for Representation Difference analysis (RDA). The R-series primers were 

used in the preparation of the amplicon representation; the J- and N-series primers were used for 

hybridization-amplifications. 

 

 

We observed a putative male-specific band only in samples digested with the MseI 

enzyme (1/100 tester/driver ratio) and not in samples digested with the DpnII enzyme 

(Fig. 3.8). 

 

 
Fig. 3.8 Gel electrophoresis showing MseI-DP2 using a 1/100 tester/driver ratio and MseI-DP3 

using 1/100, 1/400 and 1/800 ratios. 

 

Primer Sequence (5'-3')

R-DpnII 24  AGCACTCTCCAGCCTCTCACCGCA

R-DpnII 12  GATCTGCGGTGAGA

J-DpnII 24  ACCGACGTCGACTATCCATGAACA

J-DpnII 12  GATCTGTTCATGGA

N-DpnII 24  AGGCAACTGTGCTACTCGAGGGAA

N-DpnII 12  GATCTTCCCTCGAG

R-MseI 24  AGCACTCTCCAGCCTCTCACCGCAT

R-MseI 12  TAATGCGGTGAG

J-MseI 24  ACCGACGTCGACTATCCATGAACAT

J-MseI 12  TAATGTTCATGG

N-MseI 24  AGGCAACTGTGCTACTCGAGGGAAT

N-MseI 12  TAATTCCCTCGA
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The putative male-specific band (Fig. 3.8) present in the DP3 and referring to the 1/100 

tester/driver ratio was gel eluted and cloned, and ten positive clones were selected and 

sequenced (Fig. 3.9). 

 

 

 
 
Fig. 3.9 Sequencing result of the rda10_M13F clone. 

 

 

Sequences were subjected to BLAST analyses and best hits are reported in table 3.10. 

Sequencing results revealed six out of ten different sequences: rda1, rda2, rda3, rda7, 

rda9 and rda10. rda4 and rda5 sequences were not suitable because of a poor sequencing 

results and rda6 and rda8 sequences were identical to rda1 and rda10 sequences, 

respectively. Putative male-specific/-enriched sequences on genomic male/female DNA 

have been tested on both male and female genomic DNA but the results showed no male-

specificity. 

Thus, alternative approaches such as chromosome quotient (Hall et al., 2013) can be 

performed in the future. 

 

 

 
 
Table 3.10 BLAST analysis of the RDA clones identified. 

 

Clone Clone length (bp) BLASTn best hits Accession number e-value Score Maximum identity (%)

rda1 255 Solanum lycopersicum chromosome ch12, complete genome HG975524.1 0.004 52 97

rda2 206 Salmo salar clone BAC S0142M23, complete sequence EU816603.1 3.00E-28 134 84

rda3 275 Aedes albopictus microsatellite alb212 sequence JQ886085.1 3.00E-11 79 82

rda7 207 Aedes aegypti clone p515, Pony-Aa-A14 MITE repeat region AF208671.1 3.00E-28 134 76

rda9 256 Drosophila ananassae retrotransposon tom, 3' LTR M37656.1 0.17 46 89

rda10 207 Aedes aegypti, clone XX-97O18, complete sequence AC150257.12 6.00E-50 206 82
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3.5 Conclusions and Perspectives 
 

 

Aedes albopictus is a worldwide invasive species. It represents a serious threat for public 

health, and therapeutic treatments as well as effective control strategies against vector-

borne diseases are still missing. 

The two genome projects independently designed by two different consortia are good 

examples of the efforts of the scientific community towards the study of this important 

mosquito species. Genomic data are providing novel insights into the biology of the 

species, allowing the identification of molecular targets to be further explored to enhance 

the vector control strategies. Aedes albopictus genome revealed the presence of abundant 

repetitive DNA classes together with the expansion of gene families involved in 

immunity, olfaction, sex determination, diapause and insecticide resistance. In 

particular, I found its genome to be 0.94 Gbp in size, and I begin characterizing the set 

of olfactory genes (OBPs and ORs), which play fundamental roles in host-seeking 

behavior. However, due to the extensive fragmentation of many of the genes, it was not 

possible to determine the actual number of OBPs and ORs present in the genome. 

Together with the large genome and the abundance of repetitive elements, another 

relevant feature of this species is represented by its homomorphic sex chromosomes. 

The identification of male-specific sequences aimed at improving/developing SIT-based 

control strategies are particularly challenging. Probably due to the repetitive nature of 

the Ae. albopictus genome, the RDA approach, which relies on subtractive 

hybridizations of male and female genomic DNA, failed to retrieve library-specific short 

sequences and it is not suitable in such cases. Recently, six Y chromosome genes have 

been identified in Anopheles species (Hall et al., 2013) using the so-called CQ, 

Chromosome Quotient approach. This technique can be exploited for the 

characterization of the M-factor also in other insect species, where males and females 

are sequenced separately. Probably, it will be the best approach to identify male-specific 

sequences also in Ae. albopictus, as it has been demonstrated to work on species with 

highly fragmented genome assemblies. The characterization of male-specific DNA 

markers will provide unique markers for population and phylogenetic analysis, and 

opportunities for developing genetic sexing strains reliable for SIT-based applications. 
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Chapter 4: Genomic insights into the reproductive biology of 

the medfly, Ceratitis capitata 
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4.1 Background 
 

 

4.1.1 The Mediterranean fruit fly, Ceratitis capitata: economic importance 
 

The Mediterranean fruit fly (medfly) Ceratitis capitata is a highly invasive agricultural 

Dipteran pest belonging to the Tephritidae family (Maddison and Bartlett, 1989). From 

its sub-Saharan Africa home range, this species quickly spread to Asia, Europe, South 

and Central America, becoming a global invader (Malacrida et al., 2007; Malacrida et 

al., 1992).  

The success of medfly invasion worldwide, is due to several biological features of this 

species, including:  

i) its highly polyphagous behavior (i.e. the ability to infest a wide range of different plant 

species): the medfly can cause significant damages to more than 300 species of fruits, 

ornamental plants and vegetables, including citrus, subtropical fruits, grapes and 

pomegranates (Liquido et al., 1991). 

ii) its ability to tolerate cooler climates: medflies can overwinter as adults, as pupae in 

the ground, and also as eggs and larvae in the fruits; therefore the species can be easily 

transported across continents through international trades (Harris and Carey, 1989; 

Harris and Lee, 1989; Scolari et al., 2012; Vera et al., 2002). For these reasons, 

quarantine restrictions are in place in many countries, including USA and Japan, on fruits 

imported from infested areas. The economic loss due to medfly is estimated around 

US$192 million/year. 

iii) its extremely high reproductive potential: females can produce 300-800 eggs during 

their two-months lifespan. In addition, in temperate climates this species can reach 

six/seven generations per year, and even more than twelve under tropical weather 

conditions (i.e. multivoltine life cycle) (Thomas et al., 2001). 

 

 

Fig. 4.1 Medfly life cycle (http://www.oxitec.com/agriculture/our-products/medfly/). 
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The damage to crops begins when a female lays her eggs beneath the skin of a host fruit 

(approximately 1mm). The hole produced by the female ovipositor allows easy access 

to many microorganisms, such as Rhizopus stolonifera and Phytophthora spp (Cayol et 

al., 1994), responsible for premature rotting of the fruit. After two-three days, the eggs 

hatch and the larvae start to feed and develop in the fruit’s pulp, making it inedible. After 

three larval stages lasting six to ten days, the larvae “jump” out from the fruit to pupate 

in the soil (Fig. 4.1). 

 

 

4.1.2 Ceratitis capitata distribution 

 
In the last decades, population genetic studies clarified the medfly colonization 

processes. The most supported hypothesis set the origin of the medfly diffusion in the 

sub-Saharan East Africa (Hagen et al., 1981), and its subsequent spread to adjoining 

African regions and towards the Mediterranean coasts. The genetic differentiation 

between these populations is significantly related with the geographic distance, 

suggesting a hierarchical migration structure through Spain and along the Mediterranean 

basin to the East (Gomulski et al., 1998; Malacrida et al., 1998). The strong adaptability 

showed by this species to the different Mediterranean ecological condition can easily 

explain why the medfly is considered a global invader (Malacrida et al., 2007). 

The species is now distributed in most tropical and temperate regions of the world and 

constantly threatens to invade or reinvade new areas (Carey, 1991) (Fig. 4.2).  

Indeed, besides Mediterranean Europe and the Middle East, the medfly is present in most 

African regions including Indian Ocean islands, South and Central America, western 

Australia and the Pacific region (Szyniszewska and Tatem, 2014). The species has been 

established for about a century in Hawaii and, although extensive eradication efforts 

have been made, it is repeatedly detected into Florida and California (Carey, 1996; Jang, 

2007). The cost of each previous medfly incursions in California is estimated to range 

from US$300,000 to US$200,000 (APHIS, 1992). However, despite more than 250 

emergency eradication projects have been directed against medfly in California and 

100% success have been declared for each program, more than nine tephritid species are 

still established in the area (Papadopoulos et al., 2013). 
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Fig. 4.2 Worldwide distribution of the medfly (source: IAEA, http://nucleus.iaea.org). 

 

 

4.1.3 Ceratitis capitata control methods and the SIT 

 
At present, the control of medfly populations in the wild mainly relies on the use of 

chemicals (i.e. insecticides or attractants) that have a broad spectrum of action and affect 

also non-target species (Fig. 4.3). Moreover, insecticide resistance is a constantly 

emerging threat. The development of environmentally friendly and cheap methods to 

control this pest would be of great benefit (Kapongo, 2007). 

Because of the highly invasiveness and the difficulties faced in the eradication process, 

medfly is the most thoroughly studied tephritid fruit fly species at the genetic and 

molecular levels and it has become a model for the analysis of other fruit flies invasions. 

Ceratitis capitata was the first target species for a large-scale fruit fly AW-IPM (Area-

Wide Integrated Pest Management) program based on SIT (Hendrichs et al., 2002; 

Klassen, 2005), a method that for more than 25 years kept Mexico, USA and half of 

Guatemala free of the pest. This technique consists in the release in the field of sterile 

males, which can compete with wild males to mate with females. Females that mate with 

a sterile male produce no offspring, thus reducing the next generation's population. Only 

sterile males contribute to population suppression and the success of SIT depends on the 

fitness and competitiveness of sterilized males. Generally, X-ray sterilized males show 

reduced mating competitiveness and low mating success compared to wild males (Lance 

et al., 2000). Despite the fact that this technique has proved to be useful in eradicating 

medflies populations in certain areas, this strategy is expensive and relies on insect mass 

rearing in large biofactories.  Moreover, females of C. capitata can remate, thus affecting 

SIT effectiveness. Currently, the SIT is the most promising alternative to pesticides and 
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several efforts have been made to improve the efficacy and decrease the costs of this 

technique.  

 

 
 

Fig. 4.3 Medfly functional genomics resources and their impact on the improvement of the SIT 

(Scolari et al., 2014). 

 

 

Current SIT applications are based on the use of a genetic sexing strain based on the 

temperature sensitive lethal (tsl) mutation. Resultant males are mass-reared in billions 

per week for sterilization and released in North, Central and South America, Australia, 

South Africa, and Mediterranean countries including Spain and Israel, to not only control 

existing populations but to also prevent new invasions/re-invasions (Dyck et al., 2005). 
In the last 20 years, enormous progress has been made in understanding medfly biology, 

with the goal of developing/optimizing a wide range of molecular tools for the 

implementation of population control strategies (Scolari et al., 2014) 

However, currently, the SIT is the most promising alternative to pesticides, and a lot of 

research is currently ongoing to improve the efficacy and decrease the costs of this 

technique. To be most successful, this approach requires i) knowledge of the genetic 

basis of its complex mating behavior ii) knowledge of the genetic background of the 

released males and the genetic structure of the target population, iii) a genetic sexing 

strain for male-only production, iv) a sterilization system that inflicts the least possible 

fitness load, and v) effective procedures to monitor the efficiency of the programs. Since 

the mating in medfly is a composite process (Lance and McInnis, 2005), with males 

producing multiple sexual signals (visual, acoustic and olfactory) and females being 

highly selective based on male courtship performances (Whittier et al., 1992), the ability 
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of sterilized males to attract and mate with wild females is crucially important for the 

success of the SIT. Our group is currently focusing on understanding the 

genetic/genomic bases of this complex mating behavior. In the following paragraph I 

introduce the biological features I studied in the framework of the medfly genome 

project with the aim of deepen our understanding of medfly biology to improve the SIT 

application. 

 

 

4.1.4 Ceratitis capitata reproductive biology 
 

The mating process in the medfly consists of four main phases: i) males’ aggregation 

(also called “leks”), ii) sexual signaling from males (release of sex pheromones to attract 

females), iii) male courtship, and iv) sperm transfer.  

The lek polygyny is the main mating strategy used by C. capitata: usually, two to 20 

males aggregate under plant leaves to form small groups (called “leks”) and, with a 

fanning movement of the wings, they start releasing pheromones and generating an 

acoustic “calling song” with the aim of attracting females (Eberhard, 2000). The 

“calling” behavior of males consists in the evagination of the rectal ampulla, which is a 

bubble-shaped structure from which the sex pheromone blend is emitted (Arita and 

Kaneshiro, 1989; Levinson et al., 1987; Prokopy and Hendrichs, 1979; Whittier et al., 

1992). Chemicals produced by males attract females to the “lekking” leaves. The 

pheromone blend is made by three to five major chemicals known to be attractive to the 

females and by other 50 components with still an unknown function (Heath et al., 1991; 

Siciliano et al., 2014). Mating occurs on the leaves or leaf nodes and rarely on fruits of 

host trees and, and it can lasts from one to three hours. Male diet, and particularly the 

amount of carbohydrate and proteins, influences both the courting performance in leks, 

the copulatory frequency and success, and also the female receptivity (Eberhard, 2000).  

 

a) Ceratitis capitata chemoreception 
 

The molecular machinery of chemoreception plays a fundamental role in the medfly 

reproductive behavior, for example in behaviors associated with courtship. For these 

reasons, chemoreception is a good target for the development of innovative pest control 

strategies. 

However, still little is known about the chemosensory machinery components involved 

in the detection of olfactory clues. 

In order to characterize the medfly chemosensory repertoire, a recent study identified a 

number of OBP transcripts starting from EST libraries derived from different tissues 

(adult heads, male reproductive tracts and embryos) (Gomulski et al., 2012). A total of 

seventeen putative OBP transcripts were identified, five of which share high sequence 

similarities and close phylogenetic affinities to Drosophila melanogaster pheromone 
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binding protein related proteins (PBPRPs). This finding paved the way to evolutionary 

and functional comparisons with homologous sequences from other tephritids of 

economical relevance such as those of the genera Bactrocera and Rhagoletis (Siciliano 

et al., 2014). 

One of these five genes (CcapOBP83a-2) is highly expressed in the antennae, with the 

highest expression in sexually mature individuals (Siciliano et al., 2014). Phylogenetic 

analysis revealed that this medfly OBP clusters with Drosophila OBPs involved in the 

detection of pheromones. Additional studies revealed that this OBP displays high 

binding affinity  for (E,E)-α-farnesene, one of the five major compounds in the medfly 

male pheromone mixture (Siciliano et al., 2014), corroborating its role in 

chemoreception, and more specifically in the medfly reproductive behavior.  

Odorant receptors are another important class of chemosensory proteins that are part of 

a large family of highly divergent seven-transmembrane domain proteins. In the 

membrane they form a heteromeric complex with a highly conserved non-conventional 

OR named as Odorant receptor co-receptor (Orco) (Vosshall and Hansson, 2011). Orco 

is highly conserved among all insect species analyzed to date and is involved in the 

localization of ORs to ORN dendrites (Larsson et al., 2004).  

The result section report the characterization of medfly OBPs and ORs, which has also 

been included in the recently published medfly genome paper.  

 

b) Ceratitis capitata seminal fluid 
 

Insect ejaculate transferred from the male to the female comprises not only the 

spermatozoa, but a number of different components, which have an important role in 

triggering a series of known physiological and behavioral changes in the mated female. 

The identification of the ejaculate components and their functions have been studied also 

in the medfly and resulted in a series of interesting findings (Eberhard, 2000; Jang, 2002; 

Jang et al., 1998), which are briefly described in the following section. Such previous 

knowledge was the starting point for my work on the identification and annotation of the 

genes encoding proteins which have the potential to be transferred in the medfly seminal 

fluid.  

 

Sperm transfer and use  

 

In behavioral ecology, polyandry refers to a class of mating systems where females mate 

multiply, most often with different males. In medfly, polyandry is a frequent event in the 

field, and it is regulated by environmental, genetic and physiological factors (Bonizzoni 

et al., 2007; Bonizzoni et al., 2002; Gavriel et al., 2009; Kraaijeveld et al., 2005). 

Females store spermatozoa in their reproductive tracts, which comprise two 

spermathecae (used for long-term storage) and a fertilization chamber (Marchini et al., 

2001; Twig and Yuval, 2005). On the other hand, males have an aedeagus with three 
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ejaculatory openings, one for each female storage compartment (Fig. 4.4). Sperm are 

injected within the female sperm storage organs simultaneously (Marchini et al., 2001). 

After insemination, sperms can survive for up to 18 days (Scolari et al., 2008; Twig and 

Yuval, 2005). 

 

 
 

Fig. 4.4 Dissection of the male reproductive tract including the testes and accessory glands 

(Scolari et al., 2012). 

 

 

High fecundity and high genetic variability are crucial for the success of an invasive 

insect species, and polyandry is a good reproductive strategy to ensure egg fertilization 

even in presence of a genetic bottleneck (Chapman et al., 1998; Gavriel et al., 2009; 

Kraaijeveld et al., 2005). 

Noticeably, polyandry and sperm use negatively impact the SIT (see page xx), which, to 

be efficient, has to be monitored in terms of number of sterile males released, and their 

mating success. In 2008, Scolari et al., described the first sperm-specific marking 

systems in C. capitata (Scolari et al., 2008; Scolari et al., 2014) (Fig. 4.5).  

 

 



The medfly, Ceratitis capitata 

103 
 

 
 

Fig. 4.5 On the right a transgenic Mediterranean fruit fly male carrying two different types of 

molecular markers (overall EGFP green and Dsred testes-specific colour). On the left a non-

transgenic male (Source: Francesca Scolari). 

 

 

The system was based on the spermatogenesis-specific β2-tubulin (Ccβ2t) promoter. 

Fluorescent sperm can be easily isolated from both testes and spermathecae, and the 

corresponding strains did not show major competitiveness disadvantages in laboratory 

conditions. This is of great importance for SIT. Moreover, such markers should facilitate 

studies related to the mating behavior of the medfly, unraveling mechanisms of sperm 

transfer, sperm storage, use, precedence and sperm competition (Scolari et al., 2008). 

 

 

Seminal fluid proteins (SFPs) 
 

Testes and male accessory glands (MAGs) participate in the maintenance of 

complementary reproductive functions. In the testes, the key regulatory genes of 

spermatogenesis tend to be conserved to guarantee the male specific processes required 

for sperm production (White-Cooper and Bausek, 2010). By contrast, the accessory 

gland secretions act as key factors in male insect reproductive success and the genes 

expressed in the MAGs are subject to rapid evolution as a result of sexual conflict and 

competition (Ravi Ram and Wolfner, 2007). 

Transcriptomic resources (Scolari et al., 2012) developed from medfly testes and male 

accessory gland tissues were useful to identify the molecular components of the male 

reproductive system, among which transcripts encoding proteins involved in 

spermatogenesis, fertility, sperm-egg binding, as well as those enconding SFPs. As 

previously mentioned, SFPs are fast-evolving genes, and they are ideal target for the 

development of species-specific diagnostic markers or for novel and environmentally-

friendly chemosterilants which will mimic the effects of MAG proteins, like impairing 

the sperm storage, or interfering with female remating (Le et al., 2014). 
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4.1.5 Ceratitis capitata in the post-genomic era 
 

Ceratitis capitata was the first non-drosophilidae species in which the germline was 

genetically transformed (Loukeris et al., 1995), enabling studies on its biology in ways 

that were previously impossible (Ogaugwu et al., 2013; Schetelig et al., 2009; Schetelig 

et al., 2009) Fig.4.5.  

The medfly genome sequence has been recently published (Papanicolaou et al., 2016), 

allowing a more detailed analysis of the complex biological traits responsible of its 

development, and its peculiar adaptation to the environment. This is one of 30 arthropod 

genome sequencing projects that have been initiated as a part of a pilot project of the 

i5K consortium, whose aim is to sequence the genome of 5000 insect species in the 

coming years (Consortium, 2013). 

Thanks to this genome sequencing effort, new genes, promoters and regulatory 

sequences are being characterized and are now studied for i) developing and improving 

sexing strains, ii) monitoring the released males in the field, and iii) determining the 

mating status of wild females (Scolari et al., 2014). 

This new knowledge, along with genetic tools available for functional and applied 

studies, have the potential to significantly advance the means of controlling the size and 

invasive potential of medfly populations. The availability of the genome sequence of 

two closely related dipterans, i.e. D. melanogaster and Musca domestica, enabled 

comparative genomic analyses on gene families involved in adaptation and invasiveness. 

The medfly genome has been sequenced from DNA extracted from pools of adult flies 

from lines inbred for 20 generations and the genome size was estimated to be of 479 Mb 

(Papanicolaou et al., 2016). In-depth curation of more than 1,800 mRNAs shows specific 

gene expansions that can be related to invasiveness and host adaptation, including gene 

families for chemoreception, xenobiotics metabolism, cuticle proteins, opsins and 

aquaporins among others. In addition, genes relevant to IPM control have been 

characterized, including those that could be target of genetic modifications to improve 

medfly strains used in SIT (Papanicolaou et al., 2016). 
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4.2 Aim of the work 
 

The medfly has been an established lab organism for several decades, and is notable as 

being the closest non-drosophilid relative to Drosophila subject to genetic analysis 

(Papanicolaou et al., 2016). In order to improve the SIT, already used to control several 

tephritid species in the contest of integrated pest management approaches, several 

genetic studies have been performed on medfly in order to use genetic manipulation of 

the species in this direction. 

It was the first to have its germ-line efficiently transformed by a transposon-based vector 

system and it is now a model system for genetic manipulation in non-drosophilids, 

including functional genomics analysis, new vector systems for transgene stabilization, 

genomic targeting, and transgenic strains created for population control (Papanicolaou 

et al., 2016). 

During my PhD studies, I participated to the medfly genome project. Part of my research 

was dedicated to the manual curation and annotation of genes involved on reproduction 

and chemoreception, specifically OBPs, ORs and putative seminal fluid proteins. 
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4.3 Materials and Methods 
 

Chemoreceptor genes identification and annotation 
 

OBP and OR gene families have been annotated performing tBLASTn searches on the 

genomic scaffold sequences, using D. melanogaster and M. domestica OBPs and ORs 

as queries. BLASTx, local protein databases of the D. melanogaster and M. domestica 

OBPs and ORs, was used for putative proteins encoded by the identified gene models 

that produced hits (<1e–10). Gene models were manually curated on WebApollo and 

named using a numerical system, with genes on the same scaffold numbered 

sequentially. Signal peptide sequences were excluded before alignment and the 

phylogenetic analyses of OBP protein sequences. 

For each family the amino acid sequences were aligned using MAFFT v7 (Katoh and 

Standley, 2013) with the E-INS-i strategy, BLOSUM62 matrix, 1000 maxiterate and 

offset 0 or CLUSTALX v2.0 (Larkin et al., 2007) using default settings with the relevant 

families of D. melanogaster. The most appropriate model of molecular evolution for 

each dataset was determined using MEGA 6.0.6 (Tamura et al., 2013). Phylogenetic 

relationships were estimated using maximum likelihood with 1000 bootstrap replications 

using MEGA 6.06 retaining positions present in at least 75 % of the sequences. The 

resulting mid-point rooted tree was drawn using FigTree v1.4 

(http://tree.bio.ed.ac.uk/software/figtree/) and iDraw (www.indeeo.com). BLASTp 

searches were performed on the JAMg Consensus Gene Set v1, as well as high-

confidence and low-confidence protein sets from NCBI. For further details, see pag. 127. 

 

Seminal fluid proteins genes annotation  
 

Putative medfly SFP genes have been annotated using the amino acid sequences of the 

146 characterized D. melanogaster SFPs (Findlay et al., 2009) (tBLASTn, e-value <10–

10).  Sixty-four of the Drosophila SFPs gave no significant hits to the medfly genome, 

whereas the remaining sequences resulted in multiple hits.  

The predicted amino acid sequences of the identified medfly gene models were 

considered for annotation if they gave significant reciprocal BLASTp hits (e-value <10–

10) in the NCBI nr database to sequences belonging to known SFP functional classes. In 

addition, we queried (tBLASTx, e-value <10–10) the genome scaffolds using the ESTs 

previously derived from medfly male testes and male accessory glands (Scolari et al., 

2012). The predicted amino acid sequences of the identified gene models were 

considered for annotation if they gave significant reciprocal BLASTp (e-value <10–10) 

hits in the NCBI nr database to sequences belonging to known SFP functional classes. 

For further details, see pag. 127.

http://www.indeeo.com/
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4.4 Results and Discussion 
 

 

Chemoreception genes: insights into adaptation and invasiveness 
 

As previously described, medfly is a phytophagous species which strongly relies on its 

host plants. This is a crucial difference compared to the dietary habits of both Drosophila 

and Musca, which mainly feed on decaying organic matter and carcasses, respectively. 

The capacity of the medfly to exploit a wide range of host plants is also due to its 

sophisticated chemosensory system. 

The functional characterization of molecules involved in chemoreception, such as those 

involved in courtship or fruit detection, not only provides insights of its extraordinary 

adaptation, but might be crucial for developing new synthetic ligands that can act as 

attractants or repellents. Such molecules can be integrated as part of Integrated Pest 

management (IPM) control strategies, and specifically used for disrupting oviposition 

and mating behaviors.  

Forty-six OBP genes were identified in the medfly genome, compared to 52 in D. 

melanogaster (Vieira and Rozas, 2011) and 85 in M. domestica (Scott et al., 2014). In 

addition, we could classify the identified sequences in the different subfamilies. The 

members of the thirty Classic OBP subfamily (containing six highly conserved cysteine 

residues that form three disulphide bonds) have been found in the C. capitata genome, 

together with ten members of the Minus-C OBP subfamily (four conserved cysteine 

residues and only two disulphide bonds), six Plus-C (contain additional conserved 

cysteine residues), and two Dimer or Double OBPs (Fig. 4.6). 
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Fig. 4.6 Phylogenetic relationships of OBPs from C. capitata, D. melanogaster and M. 

domestica. The midpoint rooted maximum likelihood (log likelihood = -33834) tree was inferred 

using the Le & Gascuel model (Le and Gascuel, 2008) with a discrete Gamma distribution and 

some invariable sites. Bootstrap values greater than 50% (1000 replications) are shown. The 

different subfamilies of OBPs are highlighted by colored shading (Papanicolaou et al., 2016). 
 

 

Moreover, besides having several separate expansions of receptors implicated in fruit 

detection and courtship, the similarities observed between C. capitata and Drosophila 

are most likely due to similarities in their ecology (Papanicolaou et al., 2016). Also 76 

OR have been identified in the medfly genome. 
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For further discussion and results, see the insert “The whole genome sequence of the 

Mediterranean fruit fly, C. capitata (Wiedemann), reveals insights into the biology and 

adaptive evolution of a highly invasive pest species”, pag. 127. 

 

 

Ceratitis capitata seminal fluid protein (SFP) genes 
 

As previously discussed, SFPs are known to induce numerous physiological and 

behavioral post-mating changes in females. These changes include the i) receptivity to 

re-mating; ii) sperm storage parameters; iii) egg production; iv) sperm competition and 

feeding behaviors (Avila et al., 2011). SFPs play critical roles in sperm activation, 

gamete interaction and ovulation but only limited information are available on their 

functional roles, mostly because of their rapid evolution as demonstrated by (Begun et 

al., 2006), therefore representing a large repertoire of unexplored potential targets for 

controlling reproduction, which can enhance population control strategies, such as the 

SIT. 

We identified 459 putative SFP genes that have been further grouped into 17 functional 

classes previously defined for Drosophila SFPs (Fig. 4.7) (Findlay et al., 2008). 

 

 

Fig. 4.7 Proposed functional classes of putative Seminal Fluid Protein (SFP) coding genes 

identified in the medfly genome. In the box, dissected male reproductive tract including the testes 

and the accessory glands (AGs) (Papanicolaou et al., 2016). 

 

 

Proteases account for the most abundant class of genes, followed by genes involved in 

lipid metabolism and chitin binding, and sequences with unknown function. Male and 
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female whole body RNA-Seq libraries (female ISPRA SRR836189 and male ISPRA 

SRR836190), as well as reproductive tissue datasets, showed that 37 of all annotated 

genes are male-biased, with 31 of them being predominantly transcribed in the male 

reproductive tissues. Although SFP-encoding genes do not necessarily display a male-

biased expression profile, these features make them putative candidates for further 

analyses. For detailed discussion on the most abundant seminal fluid proteins identified 

in the medfly genome, please see the insert “The whole genome sequence of the 

Mediterranean fruit fly, Ceratitis capitata (Wiedemann), reveals insights into the 

biology and adaptive evolution of a highly invasive pest species”,  pag. 127.
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4.5 Conclusion and Perspectives 
 
The resources I contributed to generate in the medfly genome project are already of key 

importance for the development of several research lines: 

1) The annotated chemosensory proteins are being expressed in heterologous systems 

to perform binding assays with odorant molecules derived from male pheromone 

mixture and plants. This will allow to identify both the natural ligands but also 

understand the features of the binding pockets (in the case of OBPs), allowing the 

planning of binding assays to identify novel and powerful attractants/repellents. 

2) The annotation of a wide dataset of seminal fluid proteins is the basis for proteomic-

based investigations aimed at identifying the actual components of the seminal fluid. 

Given the amount of tools (including transgenesis) available for the study of gene 

functions in the medfly, it will be possible to rapidly proceed to: i) RNAi-based 

assays on selected candidates, to evaluate the individual effects of specific SFP on 

the post-mating physiology of the medfly females (i.e. manipulating its fertility or 

remating capacity); ii) comparative genomics analyses, as I performed in tsetse fly 

species (see chapter 2), to identify similarities and differences among the tephritidae 

family, as several genomes are being currently sequenced. 
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