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KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 10 Globally, the incidence of fungal infections on human health represents a worldwide burden evidenced by worrisome prevalence values of roughly 1 billion superficial mycosis, 20 million allergic fungal diseases, and more than 1 million cases of invasive fungal infections. For this reason, it remains essential to continue sustained research to better understand the pathophysiology of fungal infections and to develop new strategies for early diagnoses and better targeting of antifungal therapeutic interventions. In this respect, the Host-Pathogen Interactions Study Group (EA 3142) develops for many years scientific projects in medical mycology and, more specifically, on fungal respiratory infections in cystic fibrosis (CF). In particular, most of the scientific programs led by the team focus on CF lung infections determined by Scedosporium species. One of the leading research axes of the unit consists of identifying pathogenic factors in Scedosporium and deciphering the adaptation mechanisms developed by the fungus to cope with the particular microenvironment in CF lungs.

In such perspective, for several years, the team has put efforts into studying cell signaling mechanisms that allow these opportunistic molds to perceive and cope with the CF host microenvironmental constraints.

In this context and as a continuation of my Master2 internship, the first part of this thesis was dedicated to the in silico exploration of the distribution and the evolution of a prominent family of sensor proteins, histidine kinases (HKs), in eukaryotic organisms, with particular emphasis on fungi. Since the role of HKs in Scedosporium was already tackled in the framework of a previous Ph.D. project led in the laboratory, the second part of my thesis program consisted of functionally characterizing two other types of cell signaling components in this fungus that frequently colonize the lung of CF patients. This includes first a transcription factor
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For this purpose, we have developed genetic approaches and phenotype analysis to investigate their potential involvement in the adaptation mechanisms of Scedosporium to CF lung stress-associated conditions.

On this basis and as a bibliographic review, we introduce in the first part of this manuscript five distinct sections that provide a state of the art on various aspects that will be addressed in this study, including: 1 Cystic fibrosis (CF)

o

Introduction

"There is not a true life expectancy for this disease because there are so many varying factors that contribute, but on average, people with cystic fibrosis are living into their 30's and 40's. That being said, there are those who live much longer than that... my goal is to be one of those."

This is how Kayla English, a cystic fibrosis (CF) patient, describes her will not only to survive but also to be happy, strong, and resilient.

CF is a multisystem genetic disease that primarily affects the respiratory and gastrointestinal systems. It is mainly widespread in Caucasian populations (Europe, Australia, North America) and is an inherited autosomal recessive disorder caused by mutations in the CFTR (Cystic Fibrosis Transmembrane conductance Regulator)

gene. The absence or dysfunction of the CFTR protein leads to thick mucus secretions in the lungs, favoring the entrapment of microorganisms, inflammatory infections, and chronic pancreatic insufficiency. As overwhelming and disappointing it may sound, improved diagnosis techniques and treatments have led to a higher life expectancy and quality of life in CF patients.
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1.2 Cellular and molecular basis of CF

Genetics

As mentioned previously, CF is an autosomal recessive disorder, which means that to develop the disease, the patient should have inherited a recessive allele from each parent [START_REF] Cutting | Cystic Fibrosis Genetics: From Molecular Understanding to Clinical Application[END_REF]. However, due to the relatively high mortality rate that used to occur in CF patients at a young age, and their inability to reproduce (symptoms of CF may include infertility) in the majority of cases [START_REF] Liechti-Gallati | References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 279 "Genotype/Phenotype Association in Cystic Fibrosis: Analyses of the ΔF508, R553X, and 3905insT Mutations[END_REF], CF is most often transferred to progeny from two healthy individuals that carry a recessive allele linked to CF. The mutations in the CFTR gene can either be homozygous or compound heterozygous, which means that there is a mutation on each of the recessive alleles, but that, however, doesn't necessarily need to be the same. Through molecular cloning, Bat-Sheva et al. demonstrated that there is only one CF locus in humans, more specifically on chromosome 7 [START_REF] Kerem | Identification of the Cystic Fibrosis Gene: Genetic Analysis[END_REF]).

The CF gene is 230,000 bp long with 27 exons [START_REF] Voynow | References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]. (Figure 1) 

The CFTR protein

CFTR protein is located on the apical membrane of epithelial cells, including the lungs, skin, digestive tract, pancreas, and liver [START_REF] Mall | CFTR: Cystic Fibrosis and Beyond[END_REF]. CF is caused by a defect in the CFTR gene, which encodes a membrane-associated cAMPregulated chloride channel. This protein ensures the transport of sodium and chloride across epithelial membranes, out of epithelial cells into the lumen.

Therefore, its dysregulation results in a thick and sticky mucus in lungs and many more disorders in other organs [START_REF] Boucher | Na+ Transport in Cystic Fibrosis Respiratory Epithelia. Abnormal Basal Rate and Response to Adenylate Cyclase Activation[END_REF].

CFTR is an ABC transporter (ATP-dependent cassette transporter) [START_REF] Hwang | Gating of the CFTR Cl-Channel by ATP-Driven Nucleotide-Binding Domain Dimerisation[END_REF] harboring distinct crucial domains: two membrane-spanning domains (MSD) usually composed of six transmembrane segments and two nucleotide-binding domains (NBD). The two MSDs are linked by a regulatory domain (RD) which contains some consensus phosphorylation sites [START_REF] Sheppard | Structure and Function of the CFTR Chloride Channel[END_REF]) (Figure 2). (A) CFTR protein is composed of distinct domains -two membrane-spanning domains (MSD1 and MSD2), each one composed of six transmembrane segments (TM1-6 and 7-12) forming the channel pore, two cytosolic nucleotide binding domains (NBD1 and NBD2), and a regulatory domain (RD). (B) Five domains pack together with a swap structure involving transmembrane segments from the two MSDs and close contacts of intracellular loops with sequences within the NBDs. (C) Such intramolecular interactions lead to a compact structure of the native protein, such as the one depicted in this structural model for CFTR and the PDB coordinates for CFTR [START_REF] Farinha | From the Endoplasmic Reticulum to the Plasma Membrane: Mechanisms of CFTR Folding and Trafficking[END_REF].

The mechanism that leads to the opening of the functional CFTR channel is now well understood. It starts with the phosphorylation of the RD by protein kinase A (PKA) on different serine residues. The RD, in turn, regulates and controls the activity of the channel and therefore is regulated by kinase and phosphatase activities within the cell to stimulate or inhibit its activity. After phosphorylation of the RD, ATP binds within the first NBD. This ATP molecule then forms a dimer with both NBDs, leading to hydrolysis of the ATP molecule. The chloride channel is thereby activated. Lastly, protein phosphatases dephosphorylate the RD leading to the inhibition of the CFTR channel, which shifts back to a quiescent state. In a healthy individual, this whole mechanism leading to the opening of the CFTR results in normal mucus secretions throughout the body. However, in patients with a defective CFTR gene, this process is modified in a way that inhibits conventional mucus secretions [START_REF] Hwang | Gating of the CFTR Cl-Channel by ATP-Driven Nucleotide-Binding Domain Dimerisation[END_REF]. and refolded in a process that maximizes the bioenergetics of the system.

Meanwhile, ER-associated degradation (ERAD) is constantly interacting with the protein to check for deleterious errors. This quality control procedure is remarkably effective and accounts for about 80% of the degradation of abnormal CFTR proteins. Whenever a protein is abnormal, such as the most common ΔF508 CFTR mutation, chaperone complexes will manage the ubiquitination and decomposition of the abnormal CFTR. Normal CFTR proteins will then be transported to the Golgi complex, where they are prepared to target the plasma membrane through further glycosylation occurring in the Golgi complex. Targeting of CFTR to the plasma membrane is mediated by Postsynaptic density -Drosophila disc large tumor suppressor -Zonula occludens-1 (PDZ) domain-containing proteins. In conclusion, the standard and healthy biogenesis of CFTR leads to functional chloride channels; however, a mutation, if present, will lead to the abortion of the biogenesis process. To date, six classes of mutations are described (Figure 3) [START_REF] Wilschanski | Correlation of Sweat Chloride Concentration with Classes of the Cystic Fibrosis Transmembrane Conductance Regulator Gene Mutations[END_REF]) [START_REF] Welsh | Molecular Mechanisms of CFTR Chloride Channel Dysfunction in Cystic Fibrosis[END_REF]) [START_REF] Boyle | A New Era in the Treatment of Cystic Fibrosis: Correction of the Underlying CFTR Defect[END_REF] [START_REF] Elborn | Cystic Fibrosis[END_REF]) [START_REF] Amaral | Hallmarks of Therapeutic Management of the Cystic Fibrosis Functional Landscape[END_REF]. Class I mutations are characterized by the absence of a CFTR messenger ribonucleic acid or the absence of formation of a CFTR protein due to nonsense, frameshift, or splice site mutation. However, class II mutations lead to trafficking defects that block the transport of the protein to the apical membrane of epithelial cells. This is due to a lack in the maturation of the protein. This engenders the formation of non-functional proteins that are not expressed at the surface of the plasma membrane. The ΔF508 mutation is a prominent example of this type of deletion. On the other hand, class III is identified with regulation defects, where the CFTR protein reaches the cell membrane; however, it is unable to respond to cAMP stimulation. Class IV mutations are known for channel defects, where the mutations alter the structure of the chloride channel, hence its stability, which decreases its selectivity and conductance. In this case, CFTR activity is significantly reduced. Class V mutations lead to synthesis defects relying on a reduced synthesis or defective processing of normal functional CFTR protein, resulting in the synthesis and production of smaller amounts of the protein. Last but not least, class VI mutations, which are rarely mentioned, alter the stability of the CFTR protein on the apical membrane of epithelial cells, which affects its functionality and leads to its premature degradation. It is noteworthy to highlight that classes I to III include the mutations that are most commonly found in the population worldwide, resulting in a non-functional CFTR protein, promoting a severe phenotype usually associated with drastic liver failure. On the contrary, classes IV to VI are related to residual activity of the CFTR protein. As a consequence, the pulmonary involvement is less important, as for the pancreas and the liver [START_REF] Ratjen | Cystic Fibrosis[END_REF]. In 2008, an alternative classification correlating the mutation with the phenotype was proposed for which four distinct groups were defined. Group A is responsible for typical CF symptoms. Group B encompasses mutations that induce non-classical CF. Group C corresponds to mutations that do not lead to clinical consequences.

Finally, group D includes mutations for which the impact CFTR activity is not well defined (C. [START_REF] Castellani | Consensus on the Use and Interpretation of Cystic Fibrosis Mutation Analysis in Clinical Practice[END_REF]. Overall, this new categorization is limiting because the genotype does not reflect the patients pulmonary involvement and should not be used as a prognostic factor.

Epidemiology of CF

In [START_REF] Farrell | The Prevalence of Cystic Fibrosis in the European Union[END_REF], determined the prevalence of CF for a total of 27 EU countries based on data-driven determinants and/or registries from different sources [START_REF] Farrell | The Prevalence of Cystic Fibrosis in the European Union[END_REF]). This study also included a summary of incidence values of CF in each of the EU countries. This was facilitated by the increasing efforts to diagnose CF in European countries during the past decade and an organized registration process on both national and regional levels. They identified 35,806 CF patients in a total population of 486,114,000 in 2004, which has resulted in a mean prevalence of 0.737 per 10,000. More particularly, they estimated that the incidence of CF in

France is 1:4700. This data was confirmed later on by Bellis et al. in 2017, revealing approximately 6884 patients with CF in France compared to 44,720 in Europe (Bellis, Dehilotte, and Lemonnier 2017) (Figure 4).

Figure 4 : Incidence of CF in Europe. [START_REF] Scotet | Newborn Screening for CF across the Globe-Where Is It Worthwhile?[END_REF] The prevalence of CF is higher in the West, North, and South-East of France and Northern Corsica and Guyana [START_REF] Bellis | Registre Français de La Mucoviscidose Données de l'année[END_REF]). The highest rates of CF are found in Europe, and the lowest in East Asia, with one case reported in every 100,000-350,000 births in East Asia compared to one case in 420-1,300 in Europe (Mirtajani et al. 2017) (Figure 5). Figure 5 : Incidence of CF in Asia. [START_REF] Scotet | Newborn Screening for CF across the Globe-Where Is It Worthwhile?[END_REF] On one hand, in North America (Figure 6), the prevalence of CF is one out of 2,500.

However, the prevalence differs across the American continent, where statistics show a prevalence of 1 in 3,500-8,500 in South America. More specifically, in Latin America, the distribution of CF in the northern region (Mexico), South (Argentina), then to the East (Brazil), and West (Chile) shows a higher prevalence. Nonetheless, Southern Argentina shows the highest level of occurrence (Mirtajani et al. 2017). As for the Middle East (Figure 7), little knowledge and data are available about the incidence and occurrence of CF. This may be due to the lack of proper diagnostic and registration procedures, along with the lack of appropriate medical awareness about this life-threatening disease. However, some statistical analysis showed that the average occurrence of CF in the Middle East is about one in every 2560-15,876 cases. Overall, it is also important to highlight that statistical studies proved that the incidence of CF is higher in children than in adults, with almost four children with CF for every three adults with CF, and the proportion of this disease in males is 8% higher than in females (Mirtajani et al. 2017). On the other hand, increased knowledge on the origin of the disease, the structure of the CFTR gene, and the function of the corresponding protein have allowed the development of new therapies that have helped in the extension of the lifespan of patients [START_REF] Cohen-Cymberknoh | Managing Cystic Fibrosis: Strategies That Increase Life Expectancy and Improve Quality of Life[END_REF]. Currently, the leading cause of death in CF patients remains respiratory distress for individuals who did not receive lung transplants, and the degradation of the respiratory function is associated with infections and chronic inflammation of the airways [START_REF] Cant | CFTR Structure and Cystic Fibrosis[END_REF]) [START_REF] Elborn | Cystic Fibrosis[END_REF]. The increase in life expectancy is also the consequence of within two months after birth with this test [START_REF] Bellis | Registre Français de La Mucoviscidose Données de l'année[END_REF].

However, cautions should be taken because it is possible that the diagnosis in infants is not 100% confirmed since patients may develop the symptoms of CF as they get older, specifically around the age of 20 (e.g., bronchiectasis, pancreatitis, infertility) [START_REF] Elborn | Cystic Fibrosis[END_REF]. This delay is explained by the synthesis of a CFTR protein which has retained a residual activity. Although managed late, this category of patients still has a high life expectancy since the developed phenotype will be less severe overall.

Symptomatology in CF

As previously mentioned, the CFTR mutation which leads to a defect in the cAMPdependent chloride channel is the cause behind developing CF. This protein is present on many epithelial surfaces. For instance, the chloride channel present on the surface of sweat glands will lead to an abnormally high chloride sweat test because in CF patients, the defective channel will lead to a decreased chloride influx into the sweat gland cell, and more chloride will be accumulated in the sweat ducts. As for the other glands epithelium, such as the pancreatic ducts, bronchi, gastrointestinal tract, cervix, and bile ducts, chloride is not secreted into the lumen, so sodium stays in the cells and attracts water, which will lead to very thick and viscous secretions in response to dehydration. The clinical picture consists of thick sputum as well as copious amounts of pus due to bronchiectasis. The patients also suffer from steatorrhea.

The complications include obstructive lung disease and male infertility due to the atresia of the vas deferens. Clogging of the pancreatic ducts, the cervical opening, bile ducts, and intestines (meconium ileus) is also commonly observed. Those will lead to malabsorption of vitamins K, E, D, A, female infertility due to the incapability of sperm to enter the cervix, gall stones, and constipation, respectively. However, it 9) due to an increase in the production of pro-inflammatory cytokines, neutrophilic infiltration, and free neutrophil elastase. Phagocytosis of micro-organisms has also been proved to be decreased, as well as oxidative stress in the respiratory tract [START_REF] Castellani | Cystic Fibrosis: A Clinical View[END_REF]. This inflammatory environment has also been noticed in the absence of infections, suggesting that it could be partially unrelated to the disease. the CFTR gene, so identifying either they are carriers or not [START_REF] Brewington | Diagnostic Testing in Cystic Fibrosis[END_REF].

Newborn screening

Newborn screening for CF is usually done for all newborns because it is among the set of diseases tested as risks of congenital genetic malformations [START_REF] Waters | Clinical Outcomes of Newborn Screening for Cystic Fibrosis[END_REF]. Newborn screening, by allowing early diagnosis, aids in improving the outcome of the disease due to the early onset of treatment and preventive measures. Furthermore, CF patients usually display improved Schwachman-Kulczycki (SK) scores on the newborn screening technique. This score is most widely used and is an accurate test used to ascertain the severity of CF symptoms. It is also used to track the progression of the disease in CF patients [START_REF] Stollar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]. It is done by taking few drops of blood from a heel prick that are then placed on a special card with the entire baby's information and sent to a specialized laboratory to be tested. The tests done on the baby's blood include testing a specific chemical produced by the pancreas (the immunoreactive trypsinogen, IRT) and a DNA test. 

Sweat test

Usually, if IRT levels and DNA testing showed CF profile in the newborn, the diagnosis of CF is confirmed by a sweat test. When CFTR protein is truncated, sodium is not reabsorbed, and the skin sweat has high concentrations of sodium. To confirm the diagnosis of CF, sweat is stimulated to measure sodium concentrations.

Fecal elastase

Fecal elastase (FE) is an additional but non-essential test that could complement the tests previously mentioned. Positive FE indicated pancreatic dysfunction, which is, as previously mentioned, a common feature in CF patients.

Nasal potential difference

Nasal potential difference is made by placing electrodes across nasal mucosa to measure the potential difference while various solutions at different concentrations are perfused. CFTR being responsible for chloride (an anion) transport, the electrodes are very accurate and effective to detect differences with high sensitivity [START_REF] Rowe | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]. 

Therapeutics or treatments of CF

To date, there are two main types of treatments, the one that targets the initial defect causing a truncated protein, and the other one that evolves around symptoms management. It is important to emphasize that in the last decade, a new technique focusing on individualized treatments is being developed, not only for CF but also for other genetic diseases. However, the two types of treatments aim to control, along with a dietary nutrition, some of the symptoms and reduce the severity of the disease, respectively. A summary of the newly described drugs in the therapeutic pipeline and their current status are compiled in 

Defect treatments

Essential defect treatments are divided into CFTR correctors and potentiators, gene replacement, and finally, translational readthrough. Figure 11 and Figure 12 give an overview of these specific and targeted therapies depending on mutation classes and organ manifestations of CF, respectively. 

CFTR correctors

CFTR correctors increase the number of CFTR proteins that make it to the cell membrane. This is done by either acting upon cellular chaperones that will destroy any misfolded protein or on the half-life time of the CFTR protein for optimizing its targeting to the cell membrane [START_REF] Varga | Enhanced Cell Surface Stability of Rescued ΔF508 Cystic Fibrosis Transmembrane Conductance Regulator by Pharmacological Chaperones[END_REF]).

Gene replacement

Gene replacement is still under development in the lungs due to high morbidity and mortality rates accompanying CF patients with arising lung pathologies. The only downside of this technique is the immunity barriers in the lungs, both intracellular and extracellular, that will limit gene transfer into the lungs through viral or non-viral gene therapies (Griesenbach and W.F.W. Alton 2012).

Translational readthrough

Translational readthrough, still under development, targets premature stop codons in nonsense mutations. It has been attempted by using aminoglycoside antibiotics that interacted with a proof-reading portion of the ribosome, thus not allowing it to recognize the pre-mature stop codon that occurred in a nonsense mutation. This had resulted in the expression of a full-length CFTR [START_REF] Howard | Aminoglycoside Antibiotics Restore CFTR Function by Overcoming Premature Stop Mutations[END_REF]) [START_REF] Smith | Inhaled Antibiotics for Pulmonary Exacerbations in Cystic Fibrosis[END_REF].

Respiratory treatments

Respiratory treatments aim at preventing the symptoms that usually lead to high mortality and morbidity rates in CF. 

Prevention & treatment of respiratory disease

The primary cause of mortality in CF patients is an obstructive respiratory disease, and thus the eradication of respiratory infections is of paramount importance. This is prevented by an early diagnosis of these infections and their adequate treatment.

The next part provides a synthetic overview on these aspects. The defect in the CFTR protein leads to the accumulation of numerous conditions that render the environment in the respiratory tract suitable for bacterial, viral, and fungal infections. The mutation in the CFTR gene usually alters the osmolarity in the airway surface liquid layer through increased absorption of sodium ions, resulting in continuous water absorption, leading to the dehydration of the airway surface liquid. Consequently, the mucus becomes thick, and the periciliary layer collapses.

As a result, cilia can no longer eliminate debris and infectious agents from the lungs by the mucociliary clearance mechanism. This leads to deleterious colonizations by bacteria, viruses, and fungi (Figure 13). The immune system reacts by producing pro-inflammatory cytokines as well as neutrophils. The resulting hyperinflammatory reactions lead to tissue damage, respiratory failure, lung transplant, and in 50% of cases to deaths.

Bacterial infections

Despite hyper-inflammatory reactions occurring in the lungs, bacterial pathogens form aggregates or biofilms to evade the host immune system. S. aureus is the most isolated bacterial species in the lungs of CF patients (70%) and P. aeruginosa becomes more common as patients age. S. aureus is a commensal bacteria usually found in the nares and the upper respiratory tract; however, it is considered pathogenic when isolated from the lower respiratory tract or other body sites. P.

aeruginosa is very common and frequently isolated in end-stage CF patients, where the Pseudomonas infection usually leads to respiratory failure and patients deaths. A study led by [START_REF] Ziesing | Fungal Epidemiology and Diversity in Cystic Fibrosis Patients over a 5-Year Period in a National Reference Center[END_REF] on the epidemiology of CF infections showed that Aspergillus species accounted for 35% of CF infections and, more specifically, A. fumigatus accounted for 29%.

As for

Scedosporium/Lomentospora complex isolates and E. dermatitidis, the percentage of infections was stable (5% each) over the five years of the study. However, it is also require an increase of 30-50% of the recommended dose for the treatment to be effective [START_REF] Schwarz | Progress in Definition, Prevention and Treatment of Fungal References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 286 Infections in Cystic Fibrosis[END_REF]. Scedosporium species are the second most common filamentous fungi colonizing the CF lungs (described in detail in the next section).

As for E. dermatitidis, it has been observed that biofilm formation of Scedosporium spp., a trait that is frequently observed in respiratory infections, may require alternative treatment strategies due to antifungal resistance. As for yeasts, their pathogenesis in the case of CF is not entirely understood; however, infections by 3 The histidine kinase superfamily (HK)

Candida

General overview

Phosphorylation is one of the most critical and widespread types of posttranslational modifications and ubiquitous processes involved in regulating many cell signaling pathways. The three prominent and well-characterized protein kinases are serine/threonine kinases, tyrosine kinases, and histidine kinases (HKs).

Serine/threonine and tyrosine kinases catalyze the phosphorylation of the hydroxyl group on serine/threonine and tyrosine amino acids, respectively. They are known as phosphohydroxyamino acids. In contrast, HKs are responsible for the phosphorylation of the 1-nitrogen or the 3-nitrogen of the imidazole ring of the histidine side chain. Aside from the thermodynamic stability, one of the crucial differences between the phosphohydroxyamino acids and phosphohistidine is the kinetic stability that depends on the pH. The phospho-ester bond in phosphohydroxyamino acids is more stable and resistant to acidic conditions than the phosphoamidate bond of the phosphohistidine, rendering the hydrolysis of phosphohistidine easier and more rapid.

Consequently, the historical techniques used to study and identify serine/threonine and tyrosine kinases, such as the partial acid hydrolysis of phosphoproteins, cannot be used or have to be adapted to explore HKs due to their acid-lability [START_REF] Besant | Detection and Analysis of Protein Histidine Phosphorylation[END_REF]. It is also worth indicating that, following hydrolysis of phosphoamidate in phosphohistidine, a high level of free energy is generated. This free energy is thus used to facilitate the transfer of the phosphoryl group from histidine to other amino acids such as aspartate, for example, in signaling proteins involved in two-component systems (TCS). [START_REF] Galperin | Phyletic Distribution and Lineage-Specific Domain Architectures of Archaeal Two-Component Signal Transduction Systems[END_REF].

Historically, two-component systems have been initially described in bacteria in the early '80s, with the pioneering identification of the envZ gene and the OmpB operon that regulates osmoadaptation in Escherichia coli (Mizuno, Wurtzel, and Inouye 1982). Subsequently, in 1994, the signal transduction by the envZ-OmpR phosphotransfer system has been described by [START_REF] Forst | Signal Transduction by the EnvZ-OmpR Phosphotransfer System in Bacteria[END_REF].

Until 1993 importantly, TCS were thought to be restricted to prokaryotes. However, with the cloning of the gene coding for ethylene receptor ETR1 of Arabidopsis thaliana by Chang et al. [START_REF] Chang | Arabidopsis Ethylene-Response Gene ETR1: Similarity of Product to Two-Component Regulators[END_REF]) and the identification of SLN1 in the yeast Saccharomyces cerevisiae by Ota et al. [START_REF] Ota | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF], it has been proven for the first time that eukaryotes use not only kinases that phosphorylate serine-threonine and tyrosine residues in their cell signaling circuitries, but also histidine residues. Then Kehoe et al. identified and described in 1996 and for the first time in cyanobacteria, specifically in Fremyella diplosiphon, the rcaE gene encodes a light-sensing phytochrome [START_REF] Kehoe | Similarity of a Chromatic Adaptation Sensor to Phytochrome and Ethylene Receptors[END_REF]. They have as well some features and regions common with plants ethylene receptors. These two discoveries have raised the possibility that phytochromes and ethylene receptors, even though divergent, have however emerged from the same common progenitor or ancestor. It is also highly likely that archaebacteria have then acquired TCS through horizontal gene transfer. Data analysis showed that almost all bacteria harbor TCS; however, half of the archaeal species possess TCS suggesting that they were indeed gained through lateral gene transfer (Kehoe and Grossman [START_REF] Wolf | Updated Clusters of Orthologous Genes for Archaea: A Complex Ancestor of the Archaea and the Byways of Horizontal Gene Transfer[END_REF]. In 1996, in homology with the bacterial TCS, DokA, which plays a vital role in the osmotic stress response in the amoeba Dictyostelium discoideum have been described. Along with that, another amoebal HK, i.e., DhkA, has also been discovered. However, sequence similarities between the two HKs are relatively low, suggesting that they control different functions [START_REF] Schuster | The Hybrid Histidine Kinase DokA Is Part of the Osmotic Response System of Dictyostelium[END_REF].

HK activity has also been detected in mammals [START_REF] Attwood | Histidine Kinases from Bacteria to Humans[END_REF]; nevertheless, mammalian genomes do not encode any specific bacterial or eukaryotic HK-like proteins. Consequently, approaches aiming at pharmacologically targeting HK proteins represent a promising strategy for the future development of antimicrobials in the context of human disease [START_REF] Bem | Bacterial Histidine Kinases as Novel Antibacterial Drug Targets[END_REF]) [START_REF] Shor | A Case for Two-Component Signaling Systems As Antifungal Drug Targets[END_REF].

Structure of HKs

The canonical structure of HKs is composed of various domains. The first region corresponds to a highly variable N-terminal sequence that determines which stimulus is perceived by the HK. This region is referred to as the "sensing domain". In prokaryotes, TCSs usually involve communication between two functional modules, i.e., HKs and response regulators (RRs), via phosphorylation events. The perception of a stimulus induces autophosphorylation of the HK, and the phosphate is then transferred to a RR which acts as a transcription factor to directly regulate a series of target genes required for an adapted response [START_REF] Appleby | Signal Transduction via the Multi-Step Phosphorelay: Not Necessarily a Road Less Traveled[END_REF]. In eukaryotes, TCSs are composed of additional modules, such as the histidine-containing phosphotransfer (Hpt) domain and the signaling routes that mediate the perception of stimuli involve a multi-step phosphorelay between three families of proteins: HK -> Hpt -> RR. In most eukaryotic TCSs, the RR either acts directly as a transcription factor or regulates downstream elements such as mitogenactivated protein kinase (MAPK) cascades or cyclic adenosine monophosphate (cAMP) signaling systems [START_REF] Hérivaux | Major Sensing Proteins in Pathogenic Fungi: The Hybrid Histidine Kinase Family[END_REF]. domain (N G1 F G2) in the HK. As observed for the archetypal two-component system in prokaryotes, the activated RR governs the expression of response genes. Similarly to plants, a four-step phosphorelay signaling pathway is observed in amoebae, but this latter controls a downstream cyclic AMP pathway. Finally, in fungi, knowledge is very fragmented. However, initial studies in Saccharomyces cerevisiae have demonstrated that HKs also constitute the initial sensing proteins of a four-step phosphorelay signaling pathway that governs a cascade of mitogen-activated protein (MAP) kinases [START_REF] Hérivaux | Major Sensing Proteins in Pathogenic Fungi: The Hybrid Histidine Kinase Family[END_REF].

Classification of HKs in fungi

The first classification of fungal HKs has been published by Catlett et al., 2003 and was based on few species (few fungal genomes available in this period) and restricted to several ascomycetous model species. This categorization relies on homologies and phylogeny observed within the H-box of these sensors (Figure 15). found in the N-terminus. Domains that compose the N-terminal sensor region of major HK groups, whose functions have been at least partially characterized, are provided on the left panel. Abbreviations: HAMP, Histidine kinases-Adenylate cyclases-Methyl accepting proteins and Phosphatases; TH, Transmembrane Helix; PAS, Period circadian protein-Aryl hydrocarbon receptor nuclear translocator protein-Single-minded protein; GAF, cGMPspecific phosphodiesterases-Adenylyl cyclases-FhlA; PHY, Phytochrome; S/Tkrd, Serine/Threonine kinase related domain. [START_REF] Hérivaux | Major Sensing Proteins in Pathogenic Fungi: The Hybrid Histidine Kinase Family[END_REF] This classification was conducted on the study of six different species, including

Cochliobolus heterostrophus, the fungal plant pathogen that causes southern corn leaf blight in maize, Botryotinia fuckeliana, the phytopathogen that causes the gray mold disease; Gibberella moniliformis, which is also known for 'maize ear and stalk rot fungus, the human pathogen Candida albicans, the model fission yeast

Schizosaccharomyces pombe and Neurospora crassa, a type of bread mold. The 11 described classes of fungal HKs were found to be present in the majority of ascomycetes molds. However, some of those HKs classes were more prevalent in fungal pathogens suggesting that they may interfere in conferring some pathogenicity patterns to these fungi by coding paralogs required for virulence.

A few years later, in 2010, Lavín et al. proposed a classification of basidiomycetes HKs [START_REF] Lavín | Genomic Analysis of Two-Component Signal Transduction Proteins in Basidiomycetes[END_REF]. The analysis was based on nine different species;

Cryptococcus neoformans (a human pathogenic yeast), Postia placenta (a brown rot fungus), Ustilago maydis (the corn smut agent), Laccaria bicolor (an edible mushroom), Phanerochaete chrysosporium (a white-rot fungus), Coprinus cinereus (a cosmopolitan mushroom), Puccinia graminis (a stem rust fungus), Sporobolomyces roseus (non-pathogenic red yeast), Melampsora laricis-populina (a poplar leaf rust fungus) and Pleurotus ostreatus (a common edible mushroom). In basidiomycetes, hybrid HKs were grouped into seven classes: IA, IB, IC, SGD-HK, Fph, STK-HK, and

Dual-HK (Figure 16). shown that the Ascomycota and Basidiomycota share common HK features; for example, the Ascomycota group I was proved to be similar to Basidiomycota SGD-HK. More class similarities were presented in 17). The following parts will focus on the current knowledge concerning the classification and function of HKs in fungi, and especially in pathogenic yeast and molds. The ascomycetous yeast C. albicans harbors three HK proteins, CaSln1p, CaNik1p, and Cahk1p, that belong to the previously defined groups VI, III, and X, respectively (Table 2). All three HK proteins were proven to be required in the yeast-to-hyphae morphogenetic transition in C. albicans [START_REF] Calera | Flocculation of Hyphae Is Associated with a Deletion in the Putative CaHK1 Two-Component Histidine Kinase Gene from Candida Albicans[END_REF][START_REF] Nagahashi | Isolation of CaSLN1 and CaNIK1, the Genes for Osmosensing Histidine Kinase Homologues, from the Pathogenic Fungus Candida Albicans[END_REF], and for virulence in a mouse model of invasive candidiasis. CaSln1 and CaNik1 also act as sensors of osmotic stress [START_REF] Calera | Flocculation of Hyphae Is Associated with a Deletion in the Putative CaHK1 Two-Component Histidine Kinase Gene from Candida Albicans[END_REF].

Importantly, CahK1 was demonstrated to be essential for survival in human neutrophils, biofilm formation, adherence to ex vivo human esophageal cells, and cell wall polysaccharides synthesis [START_REF] Román | The Cek1 MAPK Is a Short-Lived Protein Regulated by Quorum Sensing in the Fungal Pathogen Candida Albicans[END_REF]Torosantucci et al. 2002).

Finally, Cahk1p was evidenced to be an appropriate drug target in synergy with triazoles [START_REF] Chauhan | Two-Component Signal Transduction Proteins as Potential Drug Targets in Medically Important Fungi[END_REF]. mating, virulence, and melanin production in C. neoformans [START_REF] Bahn | A Unique Fungal Two-Component System Regulates Stress Responses, Drug Sensitivity, Sexual Development, and Virulence of Cryptococcus Neoformans[END_REF].

Further studies have revealed that the Tco1 pathway governs the ability of C.

neoformans to proliferate in host tissues and to cause diseases in infected mice, and have linked for the first time hypoxic adaptation and pathogenesis [START_REF] Chun | A Link between Virulence and Homeostatic Responses to Hypoxia during Infection by the Human Fungal Pathogen Cryptococcus Neoformans[END_REF].

The ascomycetous mold A. fumigatus genome encodes 13 putative HKs (belonging to groups I, III, IV, V, VI, VII, VIII, and X). Pott et al. have first demonstrated the involvement of Fos-1 in resistance to dicarboximide fungicides and novozym, cell wall assembly, and virulence in a systemic aspergillosis model [START_REF] Pott | The Isolation of FOS-1, a Gene Encoding a Putative Two-Component Histidine Kinase from Aspergillus Fumigatus[END_REF]) [START_REF] Clemons | Fos-1, a Putative Histidine Kinase as a Virulence Factor for Systemic Aspergillosis[END_REF]. Aspergillus HK TcsA was revealed to be involved in conidia formation [START_REF] Appleyard | A Novel `two-Component' Protein Containing Histidine Kinase and Response Regulator Domains Required for Sporulation in Aspergillus Nidulans[END_REF]. Finally, Chapeland-Leclerc and colleagues performed the systematic invalidation of the 13 A. fumigatus HK genes. The accurate phenotypic characterization of the relevant mutants allowed gaining new essential insights into the role of HKs in the physiology of A. fumigatus.

For instance, while some HKs were found to be involved in the cell wall integrity pathway and response to oxidant stress, several others were shown to participate in regulating the "fluffy" developmental program or conidiation [START_REF] Chapeland-Leclerc | Systematic Gene Deletion and Functional Characterization of Histidine Kinase Phosphorelay Receptors (HKRs) in the Human Pathogenic Fungus Aspergillus Fumigatus[END_REF].

Since candidiasis, cryptococcosis, and aspergillosis are three main common fungal infections behind high morbidity and mortality rates, and due to their resistance to many clinically used antifungals, new drugs are required to manage these lifethreatening infectious diseases. In such a perspective, due to their involvement in pathogenesis and stress adaptation in these opportunistic pathogens and their absence in mammals, HKs have been progressively proposed as innovative therapeutic targets.

However, it should be acknowledged that the most interesting and exciting discovery in the field remains hitherto the identification of the Drk1 (dimorphism regulating histidine kinase) responsible for mold to yeast transition in dimorphic fungi by [START_REF] Nemecek | Global Control of Dimorphism and Virulence in Fungi[END_REF]. This study has offered for the first time solid genetic evidence that a fungal HK governs the hyphato-yeast morphogenetic transition, the essential process required for pathogenicity in dimorphic fungi. With this enlightening article, Nemecek et al. have thus launched a decade of active and fruitful research to decipher the role of HKs in fungi with a particular emphasis on considering these sensor proteins as new therapeutic targets [START_REF] Hérivaux | Major Sensing Proteins in Pathogenic Fungi: The Hybrid Histidine Kinase Family[END_REF]. 4 The TOR pathway and the serine/threonine kinase Sch9

The TOR pathway

A signaling pathway conserved in all eukaryotes has emerged as an essential regulator of growth in response to favorable environmental conditions. This pathway involves a kinase, TOR (Target Of Rapamycin), as a central element and, although it was first identified in the yeast Saccharomyces cerevisiae, it is now well described among others in yeasts, mammals, Drosophila, and plants.

In the early 1960's, a Canadian team took soil samples in the Easter Islands (Rapa Nui in the local language). Analysis of these samples revealed a bacterium, Streptomyces hygroscopicus, which produces a secondary metabolite, known since under the name of rapamycin [START_REF] Crespo | Elucidating TOR Signaling and Rapamycin Action: Lessons from Saccharomyces Cerevisiae[END_REF]) [START_REF] Lorberg | TOR: The First 10 Years[END_REF].

Analysis of rapamycin revealed antifungal properties due to an inhibition of the cell cycle in the G1 phase. Later studies made it possible to demonstrate the same cytostatic properties in mammalian cells and, in particular, T immune cells (Thomson, Turnquist, and Raimondi 2009). This allowed suggesting that the molecular targets of rapamycin may be conserved in several eukaryotes and that fungal cells could be used to better understand the mode of action of this bio compound [START_REF] Heitman | FK 506-Binding Protein Proline Rotamase Is a Target for the Immunosuppressive Agent FK 506 in Saccharomyces Cerevisiae[END_REF]) [START_REF] Loewith | Target of Rapamycin (TOR) in Nutrient Signaling and Growth Control[END_REF].

A search for yeast mutants insensitive to rapamycin demonstrated the importance of the frp1 gene (FK506-binding Proline Rotamase) encoding the protein FKBP12 (FK506-Binding Protein). This protein, although not essential for cell life, is necessary for the toxicity of rapamycin. Given the rapamycin insensitivity of the fpr1 emerged in which rapamycin binds to the FKBP12 complex can then inhibit another target which would be essential for cell viability, growth, and proper functioning of the cell cycle. Among the other mutations highlighted by this screen, three were identified in the sequence of the target of the rapamycin-FKBP12 complex [START_REF] Schreiber | Chemistry and Biology of the Immunophilins and Their Immunosuppressive Ligands[END_REF]) [START_REF] Heitman | FK 506-Binding Protein Proline Rotamase Is a Target for the Immunosuppressive Agent FK 506 in Saccharomyces Cerevisiae[END_REF]. More specifically, two of these mutants were affected in the sequence of the tor1 gene and the last in the sequence of the tor2 gene. Unlike mutations in the frp1 sequence, mutations in tor sequences are gainof-function mutations that confer resistance to rapamycin, including in the heterozygous state. Given the data cited above, the model that has emerged and remains in force to explain the molecular mechanism of the action of rapamycin is therefore based on the binding of rapamycin to the FKBP12 protein. The FKBP12rapamycin complex specifically binds to a domain of the TOR protein, the FRB domain (FKBP12-Rapamycin Binding domain) (Figure 19), and causes its inactivation [START_REF] Lorenz | TOR Mutations Confer Rapamycin Resistance by Preventing Interaction with FKBP12-Rapamycin (*)[END_REF]) [START_REF] Choi | Structure of the FKBP12-Rapamycin Complex Interacting with Binding Domain of Human FRAP[END_REF].

The TOR protein

TOR proteins, which are very large kinases of approximately 2,500 amino acids and a molecular weight of roughly 280 kDa, are present in all eukaryotes and and are fairly conserved in sequence. As introduced above, S. cerevisiae harbors two tor genes (tor1 and tor2), but in other eukaryotes, only one copy of this gene has been found [START_REF] Crespo | Elucidating TOR Signaling and Rapamycin Action: Lessons from Saccharomyces Cerevisiae[END_REF]) [START_REF] Crespo | Inhibition of Target of Rapamycin Signaling by Rapamycin in the Unicellular Green Alga Chlamydomonas Reinhardtii[END_REF]. The structure of TOR protein consists of several domains (Figure 18). At the level of the release of the catalytic domain [START_REF] Hay | Upstream and Downstream of MTOR[END_REF]). Between the FAT and FATC domains is the FRB domain (FKBP12-Rapamycin Binding domain) and which is specific for TOR proteins and allows the binding of rapamycin and, therefore, the inactivation of TOR. Finally, before the FATC domain is the serine/threonine kinase domain, similar to that of phosphatidylinositol kinases. This domain is highly conserved between yeast and mammals, and the chimeric protein formed from the N-terminus of TOR of S. cerevisiae and the C-terminus of TOR of mammals makes it possible to complement the tor1 and tor2 mutants of yeast while this is not possible with the whole mTOR protein sequence [START_REF] Alarcon | Mammalian RAFT1 Kinase Domain Provides Rapamycin-Sensitive TOR Function in Yeast[END_REF]. The Tor kinase has also been shown to be essential for development in many other eukaryotic models. For instance, tor mutants of the model worm Caenorhabditis elegans also exhibit developmental blocking [START_REF] Long | TOR Deficiency in C. Elegans Causes Developmental Arrest and Intestinal Atrophy by Inhibition of MRNA Translation[END_REF], and mouse mutants die prematurely during early embryonic stages [START_REF] Hentges | FRAP/MTOR Is Required for Proliferation and Patterning during Embryonic Development in the Mouse[END_REF]. The TOR pathway is also essential in plant since it has been demonstrated that the loss of the tor kinase function in Arabidopsis leads to embryonic lethality as soon as the early (globular) stage. Finally, in yeasts (whether in S. cerevisiae or S. pombe), only the tor2 gene is essential for cell growth [START_REF] Kunz | Target of Rapamycin in Yeast, TOR2, Is an Essential Phosphatidylinositol Kinase Homolog Required for G1 Progression[END_REF])(Weisman 2010).

TOR complex organization

A biochemical purification approach of the yeast TOR1 and TOR2 proteins made it possible to demonstrate the existence of two very large protein complexes TORC1 and TORC2, of different composition (Figure 19) and function [START_REF] Zinzalla | Activation of MTORC2 by Association with the Ribosome[END_REF]) [START_REF] Loewith | Two TOR Complexes, Only One of Which Is Rapamycin Sensitive, Have Distinct Roles in Cell Growth Control[END_REF]. Among these two complexes, the TORC1 complex (TOR Complex 1) is composed of the TOR1 or TOR2 protein as well as KOG1 (Kontroller Of Growth1), LST8 (Lethal with Sec Thirteen 8), and TCO89 (TOR Complex One subunit of 89 kDa) [START_REF] Loewith | Two TOR Complexes, Only One of Which Is Rapamycin Sensitive, Have Distinct Roles in Cell Growth Control[END_REF]) [START_REF] Reinke | TOR Complex 1 Includes a Novel Component, Tco89p (YPL180w), and Cooperates with Ssd1p to Maintain Cellular Integrity in Saccharomyces Cerevisiae[END_REF]). The TORC1 complex is, of these two complexes, the only one that is sensitive to rapamycin [START_REF] Loewith | Two TOR Complexes, Only One of Which Is Rapamycin Sensitive, Have Distinct Roles in Cell Growth Control[END_REF]. Complex 2, meanwhile, is composed of the proteins TOR2, AVO1 (Adheres VOraciously to TOR2p), AVO2, AVO3, LST8, and BIT61 (BInding partner of TOR2p of 61 kDa) [START_REF] Reinke | TOR Complex 1 Includes a Novel Component, Tco89p (YPL180w), and Cooperates with Ssd1p to Maintain Cellular Integrity in Saccharomyces Cerevisiae[END_REF]) [START_REF] Loewith | Two TOR Complexes, Only One of Which Is Rapamycin Sensitive, Have Distinct Roles in Cell Growth Control[END_REF]. Although the genome of growth, they trigger distinct cell processes. Indeed, the TORC1 complex regulates translation and cell cycle progression while the TORC2 complex controls the cytoskeletal organization and AKT kinase activity. In other words, the TORC1 complex controls the temporal aspects of cell growth while the TORC2 complex controls the spatial aspects of growth [START_REF] Barbet | TOR Controls Translation Initiation and Early G1 Progression in Yeast[END_REF]) [START_REF] Loewith | Two TOR Complexes, Only One of Which Is Rapamycin Sensitive, Have Distinct Roles in Cell Growth Control[END_REF]. hog1 MAPK is also known to be recruited by sko1 to the osmolarity regulated gene promoters, suggesting that hog1 and sch9 act in an interdependent manner in the case of osmostress to ensure a transcriptional response upon this shock. In conclusion and importantly, sch9 kinase could be an intermediate protein that provides crosstalk between TOR and HOG pathways.

Sch9 in Fusarium graminearum

The interaction of sch9 with tor and hog proteins has also been observed in Fusarium graminearum, a phytopathogenic ascomycete responsible for the wheat and barley head blight, a disease affecting. As expected, sch9 mutant in F.

graminearum showed increased sensitivity to osmotic and oxidative stress, cell wall damaging agents, and rapamycin but showed increased thermal tolerance (Gu et al.

2015)

. In another study, Chen et al. characterized the function of F. graminearum sch9 and discovered that the mutant had reduced conidiation, mycotoxin deoxynivalenol (DON) production, and virulence on wheat heads (D. [START_REF] Chen | The Sch9 Kinase Regulates Conidium Size, Stress Responses, and Pathogenesis in Fusarium Graminearum[END_REF]. This suggested that sch9 is essential for many stress responses as well as for pathogenesis in F. graminearum.

Sch9 in Trichoderma reesei

Trichoderma reesei sch9 was proved to be involved in regulating vegetative growth, hyphal polarity, and in positively regulating conidiation in this hypercellulolytic fungus. In addition, sch9 mutation increased cellulase production and helped in maintaining cell wall integrity [START_REF] Lv | Trichoderma Reesei Sch9 and Yak1 Regulate Vegetative Growth, Conidiation, and Stress Response and Induced Cellulase Production[END_REF].

Bibliographic review A. fumigatus tor phosphorylates schA and rps6 schA during nutrient-sensing or osmotic stress. SchA also phosphorylates Rps6 and other targets and activates unknown transcription factors (UTF). UTFs will be transported to the nucleus via importins and bind to upstream regulatory elements (URE), activating targets related to ribosome biogenesis, iron assimilation, ornithine, amino acids biosynthesis, osmotic stress response, and sphingolipids biosynthesis. Upon osmotic stress, an increased (Ca 2+ ) is released in the cytoplasm, activating the calcineurin complex (CalA and CalB are the catalytic and regulatory subunits, respectively) that will dephosphorylate the transcription factor crzA. crzA will be transported to the nucleus via importins and bind to UREs, activating genes encoding MAP kinases of the HOG/sakA pathway and proteins of the two-component system (TCS). Upon increased (Ca 2+ ), crzA binds to the schA URE activating transcriptionally this gene. It is not known if there is any interaction between TOR and calcineurin/crzA. The MAPK sakA and mpkC are controlled by TOR and will be translocated to the nucleus upon nutrient-sensing or osmotic stress and will interact with the chromatin. the kinetics of trehalose breakdown [START_REF] Fillinger | CAMP and Ras Signalling Independently Control Spore Germination in the Filamentous Fungus Aspergillus Nidulans: Control of Spore Germination in A. Nidulans[END_REF]. In addition, Brown et al.

KABBARA
showed the involvement of schA in the regulation of creA derepression, which is known to be involved in the blockage of the transcription of genes that play a role in the usage of alternate sources of carbon in the presence of glucose [START_REF] Brown | Functional Characterisation of the Non-Essential Protein Kinases and Phosphatases Regulating Aspergillus Nidulans Hydrolytic Enzyme Production[END_REF]. The mechanism of the involvement of schA is detailed in Figure 22. 4.5.5

Sch9 in Candida albicans

Candida albicans is a common constituent of human microflora. This commensal fungus is characterized by its capacity to switch from spherical yeasts to filamentous hyphae, and this morphogenetic transition has been long associated with the pathogenicity of this yeast. Many regulators of the yeast-to-hyphae transition have been described, either under normal conditions or stress conditions. Under normoxia, the main effector is cAMP. When increased, it leads to relief of the repression of tpk1 and tpk2, the two cAMP-dependent catalytic subunits of PKA kinase [START_REF] Bockmühl | Distinct and Redundant Roles of the Two Protein Kinase A Isoforms Tpk1p and Tpk2p in Morphogenesis and Growth References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 267 of Candida Albicans: PKA Isoforms in C. Albicans[END_REF]. tpk1/2 govern in turn the activation to downstream transcription regulators such as the Enhanced Filamentous Growth protein 1 (efg1) that finally controls the regulation of the expression of genes involved in this particular morphogenetic switch. So efg1 activates hyphae formation, either by inducing the hyphae program or repressing the yeast program, but also can act as a negative regulator in accordance with a deacetylase complex to down-regulate the EFG1 promoter (to avoid proliferation and continuous polar expansion) [START_REF] Tebarth | Adaptation of the Efg1p Morphogenetic Pathway in Candida Albicans by Negative Autoregulation and PKA-Dependent Repression of the EFG1 Gene[END_REF]) (Figure 23). Importantly, sch9 turned out also to be a key regulator in CO2 signaling in pathogenic and non-pathogenic fungi. CO2 is a major component that contributes to many fungal fundamental processes such as morphology, mating, and sporulation. CO2 must be first converted into bicarbonate (HCO3 -) either spontaneously or via carbonic anhydrase enzymes to be assimilated. Bicarbonate then either affects metabolism or activates adenylate cyclase that usually elicits different mechanisms such as sporulation, virulence, morphology, and phenotypic switching. In C. albicans, the carbonic anhydrase responsible for the conversion of carbon dioxide is called nce103 [START_REF] Pohlers | Lipid Signaling via Pkh1/2 Regulates Fungal CO2 Sensing through the Kinase Sch9[END_REF]).

In this respect, studies have proven that the downregulation of nce103 requires the intervention of sch9. The current hypothesis consists of the fact that under high CO2 levels (>5% CO2), pkh1/2 are responsible for the phosphorylation and activation of Sch9, which is, in turn, inactivates the transcription factor cst6. Indeed, phosphorylation of cst6 renders this transcription factor unable to bind to the TGACGTCA motif present in the promoter of the nce103 gene and thus contributes to the decrease in the expression of this gene. Finally, this will result in a reduction of CO2 conversion and thus to its assimilation [START_REF] Pohlers | Lipid Signaling via Pkh1/2 Regulates Fungal CO2 Sensing through the Kinase Sch9[END_REF])(R. [START_REF] Martin | CO2 Sensing in Fungi: At the Heart of Metabolic Signaling[END_REF]) (Figure 25, Figure 26). to the regulation of cellular differentiation, response to various stress and even cell death. More specifically in fungi, these regulatory proteins were known for a long time to be involved in fungal pathogenicity since many TFs were found to contribute in the regulation of signaling pathways governing virulence. In this chapter, we will detail the most representative TF families found in fungi with special emphasis to those identified in S. apiospermum (Figure 28). During their evolution, organisms are witnessed to be increasing in complexity in order to adapt to raising and expanding environmental changes. This is one of the important and most highlighted outcomes of evolution: adaptation by increasing complexity. One way of increasing complexity is by increasing the number of transcription factors. However, the increase in the number of TFs does not really mean that new genes are acquired. Usually, increase in the number of TFs has been mediated in many species through rearrangement of pre-existing genes by alternative splicing, duplication events and the change of function of some essential gene families that are deemed to be key in several genetic regulatory networks.

Another way of creating a large repertoire of TFs is by creating new dimerized TF panel that have different DNA binding sites and dimerizing properties thus engendering emerging control circuits [START_REF] Amoutzias | One Billion Years of BZIP Transcription Factor Evolution: Conservation and Change in Dimerization and DNA-Binding Site Specificity[END_REF]). The most important and widely studied superfamilies are the dimerizing TFs, more particularly basic leucine zipper (bZIP) and basic Helix-Loop-Helix (bHLH) superfamilies. Both TF families have to dimerize prior to be able to reach their DNA binding sites.

Basic leucine zipper

bZIP proteins are an exclusive and conserved eukaryotic class of enhancer type TFs [START_REF] Deppmann | Cross-Species Annotation of Basic Leucine Zipper Factor Interactions: Insight into the Evolution of Closed Interaction Networks[END_REF]. They were proved to be essential for the correct development of organs and tissues [START_REF] Wang | Bone and Haematopoietic Defects in Mice Lacking C-Fos[END_REF], and play a main role in metabolism [START_REF] Darlington | C/EBPα: A Critical Regulator of Genes Governing Integrative Metabolic Processes[END_REF] [START_REF] Yamaguchi | Role of DBP in the Circadian Oscillatory Mechanism[END_REF].

These TF play critical roles not only in animals but also in other phylogenetic From a structural point of view, bZIPs include a considerably conserved ZIP domain, containing a basic region (BR) and a leucine zipper (LZ) [START_REF] Hurst | Transcription Factors. 1: BZIP Proteins[END_REF])(Figure 29). The BR is the region that binds to the DNA element which is generally a hexamer. There in response to various nitrogen sources [START_REF] Tang | The BZIP Transcription Factor VdAtf1 Regulates Virulence by Mediating Nitrogen Metabolism in Verticillium Dahliae[END_REF]). In F. graminearum and N. crassa bZIP TFs were shown to regulate hyphal growth, mycelial branching and conidia formation (L. Chen et al. 2020). Taken together, these discoveries shed light on the role of bZIP TFs in regulation of stress responses, conidiation and pathogenicity infungi.

Helix-loop-helix

The bHLH TFs display a structure comparable to that of bZIP. The bHLH domain is approximately 60 amino acids long and is composed of a BR corresponding to the DNA binding domain followed by two a helices separated by a loop region (Figure 30)(Sailsbery, Atchley, and Dean 2012) (Chen et al. 2020). implicated in various developmental and biological processes in fungi. For instance, GlSwi6 APSES protein of Ganoderma lucidum is involved in fungal growth and fruiting bodies formation and ganoderic-acid biosynthesis [START_REF] Zhang | Functional Analysis of an APSES Transcription Factor (GlSwi6) Involved in Fungal Growth, Fruiting Body Development and Ganoderic-Acid Biosynthesis in Ganoderma Lucidum[END_REF]). In Penicillium marneffei, this family of TFs controls conidiation and mating [START_REF] Borneman | A Basic Helix-Loop-Helix Protein with Similarity to the Fungal Morphological Regulators, Phd1p, Efg1p and StuA, Controls Conidiation but Not Dimorphic Growth in Penicillium Marneffei: A BHLH Developmental Regulator from P. Marneffei[END_REF]. Above all, this TF family includes Efg1p that plays a dual role as a transcriptional activator and repressor, whose balanced activity is essential for yeast, pseudohyphal and hyphal morphogenesis of Candida albicans [START_REF] Stoldt | Efg1p, an Essential Regulator of Morphogenesis of the Human Pathogen Candida Albicans, Is a Member of a Conserved Class of BHLH Proteins Regulating Morphogenetic Processes in Fungi[END_REF]. As for Aspergillus species, fungal bHLH TFs were demonstrated to be involved in a plethora of functions such as for instance, the regulation of sexual and asexual reproduction, production of secondary metabolites, cell cycle progression, carbohydrate metabolism, sclerotial formation, and many other processes. With the exception of F1 and F7, this robust analysis led to the assignment of biological and molecular functions to each fungal bHLH TF group based on sequence annotations and literature (Table 4). 

High Mobility Group transcription factors

Due to its length, genomic DNA of eukaryotes is firmly packed and condensed into chromatin in order to fit into the cell nucleus [START_REF] Murugesapillai | DNA Bridging and Looping by HMO1 Provides a Mechanism for Stabilizing Nucleosome-Free Chromatin[END_REF]. Diverse proteins play a role in adjusting the chromatin structure and in regulating gene expression by facilitating the access to condensed and packaged DNA. One family that has been found to regulate these structural changes is the High Mobility Group (HMG) proteins. HMGN proteins harbor the 30 amino acid nucleosomal binding domain (NBD) that allow them to bind to the nucleosome core particles (CP) [START_REF] Crippa | Nucleosome Core Binding Region of Chromosomal Protein HMG-17 Acts as an Independent Functional Domain[END_REF]. This domain is characterized by an 8 amino acid motif, RRSARLSA, encoded by a single exon and which has been proven to be conserved in all kingdoms (Figure 33). Approximately the same percentage of homeobox genes are found in plants. As for fungi, homeobox genes are less abundant, estimated to less than a dozen [START_REF] Derelle | KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]).

In animals, HDs are engaged in fundamental developmental processes and are responsible of an important and crucial plethora of functions. As a matter of fact, most tissues in animals require HDs in order to develop and to function properly.

For example, in mammals, they were proven to be essential for the control of embryonic stem cells development and state [START_REF] Young | Control of the Embryonic Stem Cell State[END_REF]. HD proteins were also demonstrated to play a role in development of the nervous system, more particularly in the development of the vertebrate brain and eye [START_REF] Schulte | TALE Transcription Factors during Early Development of the Vertebrate Brain and Eye[END_REF]. The deletion of HD, such as SIX (sine oculis homeobox) homeodomain type, involved in the development of cell populations that give rise to many organs and tissues such as the head, eye, retina, nose, kidney, brain, muscle and gonads, have led indeed to many pathologies and abnormalities in the organs and tissues mentioned above [START_REF] Kumar | The Sine Oculis Homeobox (SIX) Family of Transcription Factors as Regulators of Development and Disease[END_REF]) [START_REF] Purkayastha | Cancer Cell Metabolism and Developmental Homeodomain/POU Domain Transcription Factors: A Connecting Link[END_REF].

In plants, these prominent TFs also regulate many important aspects, for instance protein was shown to be implicated in hyphal development , but also in the biosynthesis of secondary metabolites such as aflatoxins [START_REF] Cary | The Aspergillus Flavus Homeobox Gene, Hbx1, Is Required for Development and Aflatoxin Production[END_REF]). In C.

neoformans, homeobox TF hob1 has been shown to regulate brain infection related genes [START_REF] Lee | Fungal Kinases and Transcription Factors Regulating Brain Infection in Cryptococcus Neoformans[END_REF]. Homeobox TF were shown to be required for conidiation and appressorium development in the rice blast fungus Magnaporthe oryzae [START_REF] Kim | Homeobox Transcription Factors Are Required for Conidiation and Appressorium Development in the Rice Blast Fungus Magnaporthe Oryzae[END_REF]). These TFs are also required for phialid development and conidiogenesis in Fusarium species [START_REF] Zheng | A Conserved Homeobox Transcription Factor Htf1 Is Required for Phialide Development and Conidiogenesis in Fusarium Species[END_REF]. Finally, , they regulate chlamydospore formation, conidiogenesis, and pathogenicity in the rice false smut fungus

Ustilaginoidea virens [START_REF] Yu | A Homeobox Transcription Factor UvHOX2 Regulates Chlamydospore Formation, Conidiogenesis, and Pathogenicity in Ustilaginoidea Virens[END_REF]).

In 2018, Vonk et al. have classified 2113 amino acid sequences coding for HD TFs from 222 fungal genomes belonging to basidiomycetes, ascomycetes and early diverging fungi [START_REF] Vonk | The Role of Homeodomain Transcription Factors in Fungal Development[END_REF]. This robust phylogenetic analysis has allowed the identification of 12 fungal HD groups for which some conserved functions has been assigned in Table 5. each (H. Du et al. 2015). They have the ability to fold into three a helices, where the second and third form a helix-turn-helix secondary structure (Millard, Kragelund, and Burow 2019). As for the composition of MYB repeats, they are made of many highly conserved tryptophan residues, regularly spaced in order to form a hydrophobic core (Figure 34). 2017) [START_REF] Valsecchi | MybA, a Transcription Factor Involved in Conidiation and Conidial Viability of the Human Pathogen Aspergillus Fumigatus[END_REF][START_REF] Bayram | MybA, a New Player Driving Survival of the Conidium of the Human Pathogen Aspergillus Fumigatus[END_REF].

Kila_N domain

The Kila_N domain, commonly found in prokaryotes and in eukaryotic DNA viruses 

Heat Shock Proteins

One way to cope with the changing environmental conditions, such as elevated temperatures, eukaryotes including fungi react by increasing the synthesis of heat shock or stress induced protein [START_REF] Morimoto | Cells in Stress: Transcriptional Activation of Heat Shock Genes[END_REF]. Heat shock proteins (HSP), also 

Zinc finger

The zinc finger protein family is one of the major families of TFs in eukaryotes. Zinc finger includes a conserved abb structure with one a helix displaying amino acids on its surface and two anti-parallel b strands. In addition, usually one or two zinc atoms are attached by histidine or cysteine residues which play a role in stabilizing the domain and in maintaining a convenient protein structure. These zinc fingers are able to bind DNA as well as RNA such as for example the TFIIIA which was the first eukaryotic TF to be identified, in particular in Xenopus where it was suggested to play a role in the 5S ribosomal gene transcription. This characteristic allows them to be engaged in transcriptional and translational processes. Furthermore, zinc fingers have been described to interact with proteins, thus intervening in protein-protein interactions but also protein chaperoning [START_REF] Laity | Zinc Finger Proteins: New Insights into Structural and Functional Diversity[END_REF]. Based on their structural properties, zinc fingers have been classified into 3 different classes (Table 6). Finally, class III referred to as zinc cluster which is Zn(II)2Cys6 (Zn2Cys6) consisting of six cysteine residues binding to two zinc atoms. This class is strictly restricted to fungi, as previously described and as confirmed in Figure 27, and is known to interact with DNA as monomers, homo or heterodimers.

Zinc_cluster proteins contain several functional domains apart from the cysteine-rich DNA binding domain, including the regulatory and activation domains (Figure 37). Representative TFs of this class is the Gal4 protein of S cerevisiae, which is necessary for the catabolism of galactose and melibiose [START_REF] Marmorstein | DNA Recognition by GAL4: Structure of a Protein-DNA Complex[END_REF]. is the terminal respiratory oxidase present in many filamentous fungi [START_REF] Bovier | Genetic and Functional Investigation of Zn2Cys6 Transcription Factors RSE2 and RSE3 in Podospora Anserina[END_REF], this function of zinc_cluster TFs was also demonstrated for N. crassa and A.

nidulans [START_REF] Chae | Two Zinc-Cluster Transcription Factors Control Induction of Alternative Oxidase in Neurospora Crassa[END_REF][START_REF] Suzuki | Reprogramming of Carbon Metabolism by the Transcriptional Activators AcuK and AcuM in Aspergillus Nidulans[END_REF]). RSE2 and RSE3 also regulate the expression of genes encoding the alternative NADH dehydrogenase, a flavohemoglobin, and various hydrolases [START_REF] Bovier | Genetic and Functional Investigation of Zn2Cys6 Transcription Factors RSE2 and RSE3 in Podospora Anserina[END_REF]. Finally, in Penicillium oxalicum, the Zn2Cys6 TF PoxCxrA was identified to be required for the enzymes cellulase and xylanase production in this fungus [START_REF] Liao | How an Essential Zn2Cys6 Transcription Factor PoxCxrA Regulates Cellulase Gene Expression in Ascomycete Fungi?[END_REF]. Taken together, these discoveries shed light on the implication of this highly distributed family of TFs in fungal development and pathogenesis. The transcription factor which has been functionally characterized further in this thesis belongs to the Zn_cluster family of proteins.

Chapter 3

Materials and methods
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1 Materials and methods

Sequence analysis

The complete Open Reading Frame (ORF) of S. apiospermum sch9 and Sapio_CDS7085 were retrieved from NCBI database using BLAST algorithm. The different sequences were analyzed by predicting domains using SMART algorithm.

Strains and standard growth conditions

The wild type strain of S. apiospermum is the IHEM 14462, whose genome has been sequenced in 2014 by [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. The strain was isolated in 1998 from the sputum of a patient with CF at the CHU of Tours. Nevertheless, disruption of sch9 was achieved in the Dku70 parental strain recently developed in S. apiospermum for increasing homologous recombination events during the transgenesis protocol (Staerck et al., unpublished). S. apiospermum is routinely cultured in yeast peptone dextrose agar (YPDA) or potato dextrose agar (PDA) (Appendix 1) medium supplemented with 0.5g chloramphenicol. Strains are incubated at 37°C for 7 to 14 days. Conidia used for any experiment were harvested from 9-day-old cultures. In some experiments, cultures were incubated under normoxia (37°C), hypoxia (0,1% CO2, 2% O2), hypercapnia (7% CO2, 18% O2) using Sci-tive chamber workstation from Baker Ruskinn.
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Extraction of genomic DNA

DNA was extracted from a 9 day-old culture on agar medium. Mycelia were dryscraped and placed in a tube containing 200 µL of beads, 300 µL of Breaking Buffer (Appendix 1) and 300 µL of phenol: chloroform: iso (25: 24: 1) saturated in TE.

Mycelium was ground using a Minibead beater (30 secs, 30V) followed by a centrifugation (5 min, 13 000g). Then 250 µL of chloroform:iso were added to 250 µL of the upper phase and the mix was centrifuged (5 min, 13 000g). 100% ethanol and 1/10 volume of Na-acetate were added to the upper phase. The tube was incubated for 20 min at -20°C and then centrifuged (20 min, 13,000 g). The pellet was dried at 37°C for 10 min and was finally resuspended in 25 µL of Tris-EDTA supplemented with 0.2 mg/mL RNaseA (Appendix 1) and was stored at -20°C.

Extraction of plasmid DNA

Minipreparation of plasmids (1 to 10 µg) was done following standard procedure [START_REF] Sambrook | Molecular Cloning: A Laboratory Manual[END_REF]: Bacterial clones were cultured in 3 mL liquid LB media supplemented with ampicillin (100 μg/mL). The liquid culture was centrifuged (5 min at 4600 rpm) following an overnight incubation at 37°C. The pellet was resuspended in 200 µL of the resuspension solution P1 (Appendix 1).

Bacteria were then lysed with 200 µL of an alkaline solution P2 (Appendix 1) and then neutralized with 200 µL of the neutralizing solution P3 (Appendix 1). Bacterial debris were eliminated by centrifugation (15 min, 12,000 g, 4°C). 500 µL of the supernatant were transferred to an eppendorf tube containing 1 mL of 100% EtOH (Fisher Scientific, Illkirch, France), and incubated at -20°C for 15 min. Centrifugation (10 min,15000 rpm, 4°C) was followed by the wash of the pellet with 100 µL of 70%

EtOH which was finally resuspended in 50 µL of Tris-EDTA and conserved at -20°C. 

Electrophoresis of nucleic acids

For the preparation of 0.8 or 1% agarose gel, the TAE 0,5X (Tris-acetate-EDTA) buffer and the Gel Loading Dye Purple 6X supplied by New England BioLabs (Evry, France) were used. The DNA size marker used was the Quick-Load Purple 2-Log 100 μg/mL provided by New England BioLabs (Evry, France), and the intercalating agent was Midori green 1% (Advance DNA strain, Nippon Genetics Europe, Dueren, Germany). The migration of the DNA fragments was done in the electrophoresis unit filled with TAE 0.5X, and was run for 35 min at 100V. DNA was visualized afterwards under UV light (l=254 nm).
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Construction of disruption cassettes

PCRs were performed with either the GoTaq DNA polymerase or with the Q5 ® high fidelity DNA polymerase. Reaction setups and components, as well as the thermocycling conditions are those provided by the supplier New England BioLabs (Evry, France). All primers were synthesized by IDT. PCR amplified fragments and endonucleases digested products were purified by using Machery Nagel purification Gel and PCR Clean Up Kit (Düren, Germany) according to the manufacturer instructions. The backbone plasmid PV189 was previously published and contains the resistance cassette 5'FRT-PXYL-PcFLP-PGDPA-HPH-TTRPC-3'FRT (Figure 39). Disruption cassettes were obtained by amplifying 5' and 3' UTR of the gene of interest ORFs borders, by using the primers couples SCH9 5' F/SCH9 5' R and the SCH9 3' F/SCH9 3' R for sch9 disruption cassette, and TF7085 5' F/TF7085 5' R and the TF7085 3' F/TF7085 3' R for TF7085 disruption cassette, that introduced the ClaI/HindIII and NotI/BstXI sites each, respectively. Both UTR ends were cloned in their respective endonuclease sites in the PV189 plasmid to yield plasmids PV189/Dsch9 and PV189/DTF7085 that contain the 5'-sch9-FLP/Hyg R -3'-sch9 and the 3'-TF7085-FLP/Hyg R -3'-TF7085, respectively. 

Bacterial transformation

Competent bacteria were prepared from a colony of E. coli cultured in 25 mL of SOC (Super Optimal broth with Catabolite repression) (Appendix 1) medium (overnight, 250 rpm, 37°C). When the absorbance at OD600 reached 0,8, a subculture of 500 mL of SOB (Super Optimal Broth) medium (Appendix 1) and 14 mL of the SOC culture was prepared. The culture was incubated (24h, 18°C, 120 rpm), and then centrifuged (15 min, 5500 rpm, 4°C). The pellet obtained was resuspended in 160 mL of PIPES buffer pH 6,7 (Appendix 1), incubated for 10 min on ice, then centrifuged (10 min, 4000 rpm 10, 4°C). The pellet was again resuspended in 40 mL of PIPES (piperazine-N-N'-bis). The whole process of incubation on ice and centrifugation was repeated. Finally the competent bacteria were resuspended in 3 mL of pure 7% DMSO (Dimethyl sulfoxide) and stored at -80°C.

The ligation product (10 µL) was added to 100 µL of Dh5a bacteria. The mixture was incubated for 30 min on ice, then for 5 min at 37°C in order to induce thermal shock. Subsequently, the bacteria were incubated for 1h at 37°C in 1 mL of liquid LB. Finally, the suspension was centrifuged (5 min, 4000 rpm) and the pellet was resuspended in 100 µL of LB and spread on LB + 100 µg/mL ampicillin plates.

Fungal transformation of Scedosporium protoplasts

Fungal transformation was performed on S. apiospermum protoplasts. 9-day-old Dku70 colonies cultured on PDA + phleomycin dishes were scraped, filtered on Miracloth (porosity of 0,22 µM) and then centrifuged (5 min, 4600 rpm). The pellet was resuspended with 1 mL of sterile water, and the spores were counted on Malassez cell. Four erlenmeyer flasks containing 200 mL of liquid YPD each, were inoculated with 6.10 7 spores of the parental strain and were incubated for 24h, 1) were added, and the mix was incubated on ice for 10 min. 200 µL of PTC were again added and incubated on ice for 10 min, then 800 µL of PTC followed by 675 µL of STC at room temperature were added. The protoplast-DNA suspensions were then introduced to the petri dishes containing the warm Molten Agar. The dishes were incubated for 16h at 37°C. After 16h, the agar was covered with a layer of 10 mL of Soft Agar supplemented with 50 µg/mL of hygromycin. For the negative control, the same procedure was done however the protoplasts were not put in contact with DNA, as for the viability control, the hygromycin layer was not added.
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Macroscopic and microscopic analysis

Macroscopic analysis was performed on 14-day-old colonies cultured on YPDA and MALT and incubated at 37°C. Microscopic examination was done using the classical scotch test after staining the mycelium with bromophenol blue.

Growth and germination kinetics

Colonies diameters were measured every day for 14 days after spotting 5 µL of a suspension equivalent to 5.10 5 spores/mL in the center of a petri dish containing YPDA medium and incubated at 37°C. As for germination, liquid cultures with the same inoculum concentrations (5.10 5 spores/mL) of each strain were prepared in a 12-well plate, and then incubated under normoxia, hypoxia or hypercapnia. Germ tubes were counted by using ImageJ image analyzer following a microscopic observation at the desired time.

Susceptibility to stress conditions

The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents: cumene hydroperoxide (0.5 and 1 mM), diamide (0.5 and 1 mM), H202 (0.25, 0.5 mM), menadione (25 and 50 µM), paraquat (0.5 mM), KCl (25 and 100 mM), NaCl (25 and 100 mM), sorbitol (0.5 M), caffeine (10 mM), congo red (500 µg/mL) and calcofluor white (70 µg/mL). Plates were incubated at 37°C for 3 days.

Reagents were all supplied by Sigma-Aldrich, Missouri, USA.
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KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum

| 117

Susceptibility to antifungals

The in vitro susceptibility testing was performed according to the Clinical and Laboratory Standards Institute (CLSI) reference protocol with slight modifications.

Freshly prepared conidia were suspended in RPMI-1640 (Sigma-Aldrich, Missouri, USA) prepared at a final concentration of 0.165 M for pH 7.0. RPMI was buffered with MOPS (Sigma-Aldrich, Missouri, USA) supplemented with 0.1% Tween-80.

Experiments were performed in 96 wells flat-bottom microplates with a final volume of 200 μL per well. Conidia at desired final concentration (2.10 5 conidia/mL) were tested for susceptibility to drugs at concentrations ranging from 15.625 ng/mL to 16 μg/mL. After incubating the microplates for 72h at 37°C, growth was monitored by spectrometry at 405 nm. The MIC50 was defined as the lowest concentrations of a drug inhibiting 50% of growth, compared to that observed in the drug-free control well.

Transmission electron microscopy

Conidia recovered from a 9 day-old culture were processed for TEM analysis.

Recovered conidia were primarily washed in cacodylate buffer (0.1 M) then pelleted for 5 min at 5000g and at 4°C. Afterwards, conidia were incubated in a fixative solution (2.5% glutaraldehyde, 2% paraformaldehyde, 0.1 M cacodylate buffer) for 24h at room temperature under vacuum. Next they were washed with cacodylate buffer, and incubated for 24h in 2% KMnO4 in cacodylate buffer at 4°C. After washing, fixed conidia were incubated for 2h at room temperature in 2% osmium tetroxide, then washed in Milli-QTM water, and finally dehydrated through a series of ethanol-water solutions (50, 70, 95% ethanol, 2x30 min each) followed by 100% ethanol (3x20 min). The ethanol was then substituted with propylene oxide (3x20 min). Conidia were impregnated overnight in a propylene oxide-Epon mixture (1:1),
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RT -qPCR

For RNA extraction, fungal mycelium was ground in liquid nitrogen and RNA was extracted using Machery Nagel RNA NucleoSpin RNA Plant and Fungi extraction kit extraction (Düren, Germany). The expression of genes was performed via Quantitative Real Time PCR (RT-qPCR) by using the Step One Plus Thermalcycler (Applied Biosystems Foster City, CA). RT-qPCR was performed using 2X Fast SYBR® Green Master Mix (Thermofisher, Applied Biosystem) using the manufacturer instructions. The PCR thermal profile consisted in an initial incubation at 95°C for 20 sec, followed by 40 cycles of 30 sec at 95°C, 30 sec at 60°C and 15 sec of denaturation at 95°C with a final extension of 1 min at 60°C. Reverse transcriptase was done on 500 ng of RNA samples using SuperScript TM II Reverse Transcriptase kit (Invitrogen, Cergy Pontoise, France). cDNA was then 1/10 th diluted before being stored at -20°C. Genes encoding for actin were used for normalization. Relative quantification (RQ) of gene expression was determined from the threshold cycle (Ct) values, according to the following formula. Killing assays. Non-adherent conidia were removed as described above, whereas adherent conidia were removed by discarding supernatant after additional steps of washing with warm PBS and centrifugation at 500 g for 5 min. After verifying under the microscope that the adherent conidia have been eliminated, the cell pellets were resuspended with 500 μL of water and incubated at 4°C for 30 min to allow macrophages to lyse by osmotic pressure and release intracellular ingested conidia in solution. The lysis of macrophages was also confirmed with microscopic examinations. The suspension was then centrifuged at 4600 rpm for 5 min to sediment released conidia. Macrophages debris were removed by treating cell suspension with DNase, RNase, and proteinase K (all from Invitrogen, Cergy Pontoise, France) as applied previously [START_REF] Marr | Early Events in Macrophage Killing of Aspergillus Fumigatus Conidia: New Flow Cytometric Viability Assay[END_REF]. Two controls were run in each replicate: the negative control reflecting the live conidia (macrophagesunexposed conidia) and the positive control referring to heat-killed conidia (killed at 85°C for 30 min). Conidia were then co-labeled with 25 μg/mL of propidium iodide (PI) (Sigma-Aldrich, Missouri, USA) for 30 min at room temperature in darkness.

Phagocytosis assays

Conidia were analyzed using FACSCanto II cytometer, where both controls were used to set gates for the positivity of each marker. Conidia were considered live when they were only FITC-positive and dead in case of double-positivity (FITC+ PI+).

Statistical analysis

Statistical tests were performed by using GraphPad Prism 8.0. The two-way Anova analysis was mostly used to evaluate differences between two strains, followed by Bonferroni posttests for kinetics studies. Results for TEM studies were performed using the parametric t-test after checking samples normal distribution. Results were considered significantly different when p < 0,05.

If not indicated, all experiments were performed in independent replicates with at least three technical replicates.

Chapter 4 The first part of this thesis was dedicated to a broad phylogenomic analysis that was initiated during my Master 2 "Infectious diseases and applied bioinformatics" internship (4 month in 2017, co-direction with the Lebanese University, Tripoli-Lebanon). Indeed 18 additional months of in silico investigations were necessary to complete this ambitious study that provided for the first time a global analysis of the diversity and evolution of sensor histidine kinases in eukaryotes.

Results
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Histidine kinases (HKs) are primary sensor proteins that act in cell signaling pathways generically referred to as "two component systems" (TCSs). TCSs are among the most widely distributed transduction systems used by both prokaryotic and eukaryotic organisms to cope with a wide range of environmental cues. While the structure and distribution of these sensing proteins are now well documented in prokaryotes, information is still fragmentary for eukaryotes. In addition, the underlying mechanisms that drive the marked diversity among eukaryotic HKs, the number of genes, the structure, and the functional variations remain largely obscure. More precisely, the evolutionary paths that led to the appearance, transfer, duplication, and loss of HK genes have not been addressed broadly across the In our previous analysis, we have provided a preliminary insight into the distribution of HKs in the eukaryotic lineages. However, the underlying mechanisms that shape the marked diversity among eukaryotic HKs, the number of genes, the structure, and the functional variations remain largely obscure. More precisely, the evolutionary paths that led to the appearance, transfer, duplication, and loss of HK genes remain obscure. Although some authors have hypothesized that the acquisition of HKs in some eukaryotic lineages occurred via both the early mitochondrial endosymbiosis and the later endosymbiosis involving a cyanobacterium-like prokaryote that gave rise to plastids, this issue have not been addressed broadly across the eukaryotes. In addition, it is highly likely that other types of genetics mechanisms, such as more recent horizontal gene transfer events, have played a major role in the evolution of the HK repertories observed in the eukaryotic lineages.

In the previous part of this manuscript, we report the first description of HK structures in the SAR supergroup. The distribution of these predicted proteins was highly heterogeneous within the SAR clades and we failed to identify any homologues in the genomes of Apicomplexa. Hence, therapeutic developments based on the inhibition of HK activity will unfortunately not be useful in combatting malaria, toxoplasmosis or other coccidian diseases. The high level of genetic divergence between the genomes of the representative SAR species selected for this analysis complicated the phylogenomic approaches and it was not possible to In this context, we were fortunate to be commissioned by the editor of Biomolecules (in the framework of a special issue entitled 'Phytohormones' edited by Dr. Guzel Kudoyarova) to write a short commentary article spotlighting this recent discovery by Chen and colleagues. This article entitled 'Cytokinin Sensing in Bacteria' was also an excellent opportunity for our team to provide pioneering evidence that this type of receptor-hormone recognition may also occur in the framework of symbiotic interactions between plants and bacteria. aurantiacum, S. minutisporum, and S. dehoogii was performed and revealed a list of 134 genes either absent or not functional in the non-colonizing species S. dehoogi but present in the other four pathogenic species. Here, we functionally characterized one gene identified through this comparative approach encoding specific C6 zinc finger transcription factor (TF). No significant differences were observed between the mutant and the parental strains regarding growth, germination, susceptibility to different stress causing agents, and ultra-structure. We discuss that additional experiments should be performed to give more insight concerning the role of this TF in S. apiopsermum.

Results
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Introduction

CF is a multisystem genetic disease that affects primarily the respiratory but also the gastrointestinal systems. This genetic disease is mainly widespread in Caucasian populations (Europe, Australia, North of America). It is an inherited autosomal recessive disorder and is caused by mutations in the CFTR gene. The absence or the malfunctioning of the CFTR protein, leads to thick mucus secretions in the lungs, favoring the entrapment of airborne bacteria and fungal spores. The resulting chronic respiratory infections are the leading cause of morbidity and mortality in CF.

Bacteria are the major causative agents of these infections, however several fungal species may also chronically colonize the respiratory tract of the patients, sometimes leading to respiratory infections or sensitization.

Fungi of the Scedosporium genus, whose taxonomy has evolved a great deal recently, indeed rank second among filamentous fungi colonizing CF airways, after Aspergillus fumigatus. The Scedosporium genus currently comprises mainly 10 species, among which 4 are well described in CF context namely S. minutisporum, S. aurantiacum, S. apiospermum, S. boydii. Some Scedosporium species are also known to only occur as environmental mold including S. dehoogii which has never been found to be isolated in the respiratory tract of CF patients. To identify candidate genes potentially involved in the adaptation and pathogenicity of Scedosporium species, a comparative genomics study was recently carried out by Duvaux et al., (unpublished). For this purpose, 5 isolates were sequenced from each of the four pathogenic species S. boydii, S. apiospermum, S. aurantiacum, S.

minutisporum, and the non-colonizing species S. dehoogii. The comparative genomic analysis allowed the identification of 134 genes which were either absent in S. dehoogii isolates but conserved in all other pathogenic isolates, or with point mutations potentially leading to a loss of function in the environmental species.

Among the set of 134 genes it is highly likely that some of them may play a role in the adaptation of Scedosporium species to the particular microenvironment of the CF lungs. For this matter, our team has engaged a global functional genomic approach to decipher the putative contribution of these genes in such adaptative processes. Here, we were particularly interested in studying the function of one of these candidate genes, namely Sapio_CDS7085, encoding a transcription factor (TF). The functional analysis was carried out more specifically in the pathogenic species S. apiospermum since this is the species that easily colonizes the CF lung has benefited in recent years from fair progresses in terms of omic ressources [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]) [START_REF] Vandeputte | Comparative Transcriptome Analysis Unveils the Adaptative Mechanisms of Scedosporium Apiospermum to the Microenvironment Encountered in the Lungs of Patients with Cystic Fibrosis[END_REF] as well as of genetic engineering strategies (Le [START_REF] Govic | Synthesis of the Hydroxamate Siderophore Nα-Methylcoprogen B in Scedosporium Apiospermum Is Mediated by SidD Ortholog and Is Required for Virulence[END_REF]).

Materials and methods

Sequence analysis

Sequence of Sapio_CDS7085 was extracted from NCBI database and domains were predicted by using SMART algorithm.

Strains and standard growth conditions

The wild type strain of S. apiospermum is the IHEM 14462, whose genome has been sequenced in 2014 by [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. The strain was isolated in 1998 from the sputum of a patient with CF at the CHU of Tours.

Nevertheless, disruption of Sapio_CDS7085 was achieved in the Dku70 parental strain recently developed in S. apiospermum for increasing homologous recombination events during the transgenesis protocol. S. apiospermum was routinely cultured in yeast peptone dextrose agar (YPDA, 5 g/L yeast extract, 10 g/L pancreatic peptone, 20 g/L glucose, and 20 g/L agar) or potato dextrose agar (PDA, 20 g/L dextrose, 200 g/L infusion from potatoes, and 15 g/L bacteriological agar) medium supplemented with 0.5 g/L chloramphenicol.
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Strains were incubated at 37°C for 7 to 14 days. Conidia used for any experiment were harvested from 9-day-old cultures.

Extraction of genomic DNA

Genomic DNA was extracted following a culture on agar medium for 9 days using the standard phenol-chloroform DNA extraction method [START_REF] Sambrook | Molecular Cloning: A Laboratory Manual[END_REF]. The DNA pellet was resuspended in Tris-EDTA (10 mM Tris-HCl pH8.0, 1mM EDTA) supplemented with 0.2 mg/mL RNaseA, and was stored at -20°C.

Extraction of plasmid DNA

Plasmid DNA was isolated from recombinant clones of E. coli either by alkaline lysis or by using the NucleoBond® Xtra Midi kit by Macherey-Nagel (Düren, Germany)

following the manufacturer instructions. (Evry, France). All primers were synthesized by IDT and are listed in Table 1. PCR amplified fragments and endonucleases digested products were purified by using Machery Nagel purification Gel and PCR Clean Up Kit (Düren, Germany) according to the manufacturer instructions. The backbone plasmid PV189 was previously published and it is composed of 5'FRT-PXYL-PcFLP-PGDPA-HPH-TTRPC-3'FRT. Disruption cassette was obtained by amplifying 1160 kb 5' and 1051 kb 3' UTR of the TF7085

PCR amplifications and plasmid constructions

ORFs borders, (contig SEQ_SAPIO_0110, position 390128..391678) by using the primers couples TF7085-5' F/TF7085-5' R and the TF7085-3' F/TF7085-3' R that introduced the ClaI/HindIII and NotI/BstXI sites respectively (Figure 1). Both UTR ends were cloned in their respective endonuclease sites in the PV189 plasmid to yield plasmid PV189/DTF7085 that contains the 5'-TF7085-FLP/Hyg R -3'-TF7085

(Figure 1). 

Macroscopic and microscopic analysis

Macroscopic analysis was performed on 14-day-old colonies cultured on YPDA and MALT (15 g/L malt extract; 0.5 g/L chloramphenicol) and incubated at 37°C.

Microscopic examination was done using the classical scotch test after staining the mycelium with bromophenol blue. 
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Growth and germination kinetics

For the study of growth kinetics, colony diameters of the studied strains were measured every day for 14 days after spotting 5 µL of a suspension equivalent to 5.10 5 spores/mL in the center of an agar YPDA medium and incubated at 37°C. As for germination studies, liquid cultures in YPD broth (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose, and 0.5 g/L chloramphenicol) with the same inoculum concentrations (5.10 5 spores/mL) of each strain were prepared in a 12-well plate and then incubated under normoxia, hypoxia, or hypercapnia. Germ tubes were counted by using ImageJ following a microscopic observation at the desired time.

Susceptibility to stress conditions

The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents: cumene hydroperoxide (0.5 and 1 mM), diamide (0.5 and 1 mM), H202 (0.25, 0.5 mM), menadione (25 and 50 µM), paraquat (0.5 mM), KCl (25 and 100 mM), NaCl (25 and 100 mM), sorbitol (0.5 M), caffeine (10 mM), congo red (500 µg/mL) and calcofluor white (70 µg/mL). Plates were incubated at 37°C for 3 days.

Reagents were all supplied by Sigma-Aldrich, Missouri, USA.

Antifungal susceptibility testing

The in vitro susceptibility testing was performed according to the Clinical and Laboratory Standards Institute (CLSI) reference protocol with slight modifications.

Freshly prepared conidia were suspended in RPMI-1640 (Sigma-Aldrich, Missouri, USA) prepared at a final concentration of 0.165 M for pH 7.0. RPMI was buffered with morpholino-propane sulfonic acid (MOPS) (Sigma-Aldrich, Missouri, USA) supplemented with 0.1% Tween-80. Experiments were performed in 96 wells flatbottom microplates with a final volume of 200 μL per well. Conidia at desired final concentration (2.10 5 conidia/mL) were tested for susceptibility to drugs at concentrations ranging from 15.625 ng/mL to 16 μg/mL. After incubating the microplates for 72h at 37°C, growth was monitored by spectrometry at 405 nm. The MIC50 was defined as the lowest concentrations of a drug inhibiting 50% of growth, compared to that observed in the drug-free control well.
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Transmission electron microscopy

Conidia recovered from a 9 day-old culture were processed for TEM analysis as described by [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. Thin sections were obtained and examined on a JEM-1400 Transmission Electron Microscope (TEM) (Jeol, Paris,

France) operating at 120 kV. Only longitudinal sections were taken into consideration to evaluate cell wall thickness.

RT -qPCR

For RNA extraction, fungal mycelium was ground in liquid nitrogen and RNA was 

Statistical analysis

Statistical tests were performed by using GraphPad Prism 8.0. The two-way Anova analysis was mostly used to evaluate differences between the two strains, followed by Bonferroni posttests. Results for TEM study were performed using the parametric t-test after checking samples normal distribution. Results were considered significantly different when p < 0.05.

Results

Sequence analysis

A comparative genomics study was carried out by Duvaux et al. (unpublished) on the genomes of S. minutisporum, S. aurantiacum, S. apiospermum, S. boydii (the four being pathogenic for CF lungs) and S. dehoogii (non-colonizing species) and has resulted in the identification of 134 genes present in the pathogenic species but absent or not functional in the genome of the environmental strain. Among this set of genes, we were primarily interested in prioritizing the study of sequences encoding proteins that may play a pivotal role in the perception, signaling and regulation of stress responses. In such a perspective, we noticed that the list Sequences were extracted from NCBI database. Sequence alignments and phylogenetic tree were generated using ClustalW algorithm. TF sequences containing some representative pfam DBD (with an e-value below 10 -3 ) were selected to generate the phylogenetic tree. 
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Disruption of the Sapio_CDS7085 gene

The 5'-TF7085-FLP/Hyg R -3'-TF7085 cassette was used to transform the Dku70 parental strain. A series of 16 Hyg R clones were grown from single-spore isolates and then were screened by PCR by using the TF7085-5' F/TF7085-3' R primer couple (Table 1). This first screening suggested that homologous integration of the disruption cassette at the Sapio_CDS7085 locus occurred only in a single clone (referred to hereafter as DTF7085) which revealed a PCR fragment of 8803 kb, whereas a the 15 remaining displayed WT Sapio_CDS7085 locus (3940 kb). Knockout of the targeted locus in the DTF7085 clone was finally confirmed by using TF7085_Verif_F1/TF7085_Verif_R1 primers (Table 1) that hybridize before and after the 5' and 3' flanking regions of the disruption cassette, respectively (4355 kb band for the parental strain vs. 9218 kb for the transformant) (Figure 3).

TF7085 disruption in this clone was also confirmed by RT-qPCR. While the TF7085 mRNA in the Dku70 strain was detected using TF7085_qpcr_F1 and TF7085_qpcr_R1 internal primers (Table 1), Sapio_CDS7085 gene transcription was not detected in the DTF7085 mutant (Figure 3). 
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Growth and morphology

Macroscopic aspects of DTF7085 mutant was observed in comparison with the parental strain (Figure 4). On YPDA and DTF7085 exhibited slightly larger mycelium diameter than the parental strain. The same result was observed on MALT media. Figure showing the appearance of colonies after culture on YPDA and MALT media followed by incubation for 14 days at 37°C.

Growth kinetics study revealed no significant differences in colony diameters between the two tested strains (Figure 5). These results are in accordance with what was observed macroscopically. Growth kinetics of both the mutant and parental strain were studied following the culture of strains on YPDA media and incubated for 14 days at 37°C. Five technical replicates were used to acquire these results. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Microscopic analysis did not reveal any apparent differences (hyphal section, conidia) between the mutant and parental strains (Figure 6). Taken together, these observations suggest that DTF7085 does not obviously affect growth and morphogenesis of S. apiospermum. 

Germination kinetics

Monitoring of morphogenesis evolution of conidia on YPDA revealed that Sapio_CDS7085 gene deletion positively regulates the germination in early stages (from 0h to 10h of incubation) (Figure 7). However, this difference becomes not significant from 12h of incubation. These results thus suggest that TF7085 may negatively regulate the early stages of the germination process in S. apiospermum but this apparent role is then compensated/attenuated by other regulators in later stages. For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, and germination was monitored every few hours. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Susceptibility to various stress conditions

The role of Sapio_CDS7085 in resistance to oxidative stress was then monitored by testing different molecules such as cumene hydroperoxide, menadione, H202, and
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| 217 diamide (Figure 8). The results suggest that Sapio_CDS7085 gene deletion may not influence S. apiospermum susceptibility to the tested oxidative agents.

Figure 8 : Susceptibility testing to oxidative stress. The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents.

Plates were incubated at 37°C for 3 days.

The examination of the osmotolerance of DTF7085 and the parental strain to NaCl, KCl and sorbitol at different concentrations (Figure 9) revealed that both strains displayed the same growth rates in high osmolarity media suggesting that Sapio_CDS7085 does not participate in the adaptation of S. apiospermum to hyperosmotic conditions. The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents.

Plates were incubated at 37°C for 3 days.

Control Cumene (0,5mM) Cumene (1mM) Diamide (0,5mM) Diamide (0,25mM) Strains were also tested for their sensitivity to cell wall stress causing agent, such as congo red and calcofluor white. As it is shown in Figure 10, DTF7085 mutant did not present altered sensitivity to these molecules compared to the parental strain.

H 2 O 2 (O,25mM) H 2 O 2 (O,5mM) Menadione (25µM) Menadione (50µM) △ku70 △TF7085 △ku70 △TF7085
Sapio_CDS7085 does not participate in the adaptation of S. apiospermum to cell wall stress causing agents, consequently Sapio_CDS7085 probably does not exhibit defects in cell wall integrity. The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents.

Plates were incubated at 37°C for 3 days.

Antifungal susceptibility

S. apiospermum is known to be resistant to most clinically used antifungals. The influence of DTF7085 in regulating antifungal susceptibility was thus investigated (Figure 11). Susceptibility to voriconazole, isavuconazole, amphotericin B and caspofungin revealed no significant differences in comparison with the parental strain. These results indicate that Sapio_CDS7085 gene deletion does not alter S.

apiospermum susceptibility to the tested antifungals. Susceptibility testing has been performed for voriconazole, isavuconazole, amphotericin b, and caspofungin for both strains following CLSI recommendations. MIC50 was calculated for each drug. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Conidia cell structure and architecture

Transmission electron microscopy (TEM) examination showed normal cellular ultrastructures for conidia and germ tubes in the mutant strain compared to the parental strain (Figure 12). TEM analysis also revealed the absence of significant differences in the thickness of fungal cell wall (Figure 13). 
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Discussion

In fungi, the roles of TFs vary from regulating cell cycle progression and maintenance of intracellular homeostasis to the control of cellular differentiation, and response to various stress and even cell death. Since these regulatory proteins thus govern the regulation of a wide range of essential cellular processes and above all because TF had been previously demonstrated to be implicated in the pathogenicity of many fungal organisms including yeast and mold (Bultman, Kowalski, and Cramer 2017) [START_REF] Tang | Convergent and Distinctive Functions of Transcription Factors VdYap1, VdAtf1, and VdSkn7 in the Regulation of Nitrosative Stress Resistance, Microsclerotia Formation, and Virulence in Verticillium Dahliae[END_REF]) [START_REF] Heredia | An Expanded Cell Wall Damage Signaling Network Is Comprised of the Transcription Factors Rlm1 and Sko1 in Candida Albicans[END_REF]) [START_REF] Yi | Transcription Factor Liv4 Is Required for Growth and Pathogenesis of Cryptococcus Neoformans[END_REF], we found relevant to select a TF as a first candidate gene to functionally characterize among the series of 134 genes that are absent in S. dehoogii (environmental species) but present in all the other pathogenic species including S. minutisporum, S. aurantiacum, , S. apiospermum, and S. boydii.

Unfortunately, we did not find any significant differences in terms of growth, germination, cell ultra-structure and susceptibility to antifungals and stress causing apiospermum to resist ingestion and killing when co-cultured with macrophages.

Taken together, these data suggest that sch9 might play a role in stress tolerance, morphogenesis, and host-pathogen interactions in S. apiospermum. Thus further studies should be led to consider sch9 as a future therapeutic target in S.

apiospermum. Aspergillus fumigatus is the most frequent species among filamentous fungi colonizing CF lungs. However, other fungi are increasingly reported in this context, particularly S. apiospermum ranks second among the filamentous fungi colonizing CF patients [START_REF] Ramirez-Garcia | Scedosporium and Lomentospora: An Updated Overview of Underrated Opportunists[END_REF]. Nevertheless, the pathogenesis of Scedosporium infections remains poorly understood. Notably, the mechanisms developed by these molds to establish within the bronchial tree are still unknown.
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Indeed, thick mucus secretions, hypoxia, and hypercapnia conditions create a particular micro-environment that consequently forces S. apiospermum to adapt to those particular yet difficult stress conditions to survive and colonize CF patients lungs.

TOR, a signaling pathway conserved in all eukaryotes, has emerged as an essential regulator of growth in response to favorable environmental conditions. This pathway involves a kinase, Tor (Target Of Rapamycin), as a central element.

Although it was first identified in the yeast Saccharomyces cerevisiae, it is now well described in many eukaryotic models. Sch9 kinase belongs to the AGC kinase factor CrzA, a central effector of the calcium/calcineurin signaling pathway governing mainly fungal pathogenesis, virulence, and ion tolerance (de [START_REF] Castro | ChIP-Seq Reveals a Role for CrzA in the A Spergillus Fumigatus High-Osmolarity Glycerol Response (HOG) Signalling Pathway: Aspergillus Fumigatus CrzA ChIP-Seq[END_REF]. In Candida albicans, Casch9 was demonstrated to play an essential role in preventing hyphal formation under hypoxia, hypercapnia, and at high temperatures [START_REF] Stichternoth | Sch9 Kinase Integrates Hypoxia and CO2 Sensing To Suppress Hyphal Morphogenesis in Candida Albicans ▿[END_REF]. Thus, sch9 turned out also to be a key regulator in CO2 signaling in fungi. In context, we were particularly interested in this study in deciphering the role of sch9 in S. apiospermum, emphasizing various stress conditions inherent to the microenvironment encountered in the lung of patients with CF.

Materials and methods

Sequence analysis

Sequence search and analysis were performed following a sequence similarity search by Blast, and domains were predicted using the SMART algorithm.

Strains and standard growth conditions

The wild type strain of S. apiospermum is the IHEM 14462, whose genome has been sequenced in 2014 by [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. The strain was isolated in 1998 from the sputum of a patient with CF at the CHU of Tours.

Nevertheless, disruption of sch9 was achieved in the Dku70 parental strain recently developed in S. apiospermum for increasing homologous recombination events during the transgenesis protocol. g/L bacteriological agar) medium supplemented with 0.5 g/L chloramphenicol.

Strains were incubated at 37°C for 7 to 14 days. Conidia used for any experiment were harvested from 9-day-old cultures. In some experiments, cultures were incubated under normoxia (37°C), hypoxia (0,1% CO2, 2% O2), hypercapnia (7% CO2, 18% O2) using Sci-tive chamber workstation from Baker Ruskinn.

Extraction of genomic DNA

Genomic DNA was extracted following culture on agar medium for nine days using the standard phenol-chloroform DNA extraction method [START_REF] Sambrook | Molecular Cloning: A Laboratory Manual[END_REF].The DNA pellet was resuspended in Tris-EDTA (10 mM Tris-HCl pH8.0, 1mM EDTA) supplemented with 0.2 mg/mL RNaseA and was stored at -20°C.

Extraction of plasmid DNA

Plasmid DNA was isolated from recombinant clones of E. coli either by alkaline lysis or by using the NucleoBond® Xtra Midi kit by Macherey-Nagel (Düren, Germany)

following the manufacturer instructions.

PCR amplification and plasmid constructions

PCRs were performed with either the GoTaq DNA polymerase or with the Q5 ® high fidelity DNA polymerase. Reaction setups, components, and thermocycling conditions are those provided by the supplier New England BioLabs (Evry, France). All primers were synthesized by IDT and are listed in Table 1. PCR amplified fragments and endonucleases digested products were purified using Machery Nagel purification Gel and PCR Clean-Up Kit (Düren, Germany) according to the manufacturer's instructions. The backbone plasmid PV189 was previously published and it is composed of 5'FRT-PXYL-PcFLP-PGDPA-HPH-TTRPC-3'FRT. Disruption cassette was obtained by amplifying 1137 kb 5' and 1272 kb 3' UTRs of the sch9 ORFs borders, (contig SEQ_SAPIO_0088, position 2078350..2081181) by using the primers couples SCH9 5' F/SCH9 5' R and the SCH9 3' F/SCH9 3' R that introduced the ClaI/HindIII and NotI/BstXI sites respectively (Figure 1). Both UTR ends were cloned in their respective endonuclease sites in the PV189 plasmid to yield plasmid PV189/Dsch9 that contains the 5'-sch9-FLP/Hyg R -3'-sch9 (Figure 1). 
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Fungal transformation

The fungal transformation was performed on S. apiospermum protoplasts following standard PEG-CaCl2 chemical procedure as described by Liu et al., (Z. Liu and Friesen 2012). For the sch9 gene disruption experiment, protoplasts of Dku70 strain were transformed with 10 µg of the 5'-sch9-FLP/Hyg R -3-sch9 cassette released by digestion of PV189/Dsch9 with ClaI restriction enzyme. Selection of transformants was made by plating protoplasts on molten agar supplemented with 50 µg/mL hygromycin B.

Macroscopic and microscopic analysis

Macroscopic analysis was performed on 14-day-old colonies cultured on YPDA and MALT (15 g/L malt extract; 0.5 g/L chloramphenicol) and incubated at 37°C.

Microscopic examination was done using the classical scotch test after staining the mycelium with bromophenol blue. 
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Growth and germination kinetics

For the study of growth kinetics, colony diameters of the studied strains were measured every day for 14 days after spotting 5 µL of a suspension equivalent to 5.10 5 spores/mL in the center of an agar YPDA medium and incubated at 37°C. As for germination studies, liquid cultures in YPD broth (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose, and 0.5 g/L chloramphenicol) with the same inoculum concentrations (5.10 5 spores/mL) of each strain were prepared in a 12-well plate and then incubated under normoxia, hypoxia, or hypercapnia. Germ tubes were counted by using ImageJ following a microscopic observation at the desired time.

Susceptibility to stress conditions

The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents: cumene hydroperoxide (0.5 and 1 mM), diamide (0.5 and 1 mM), H202 (0.25, 0.5 mM), menadione (25 and 50 µM), paraquat (0.5 mM), KCl (25 and 100 mM), NaCl (25 and 100 mM), sorbitol (0.5 M), caffeine (10 mM), congo red (500 µg/mL) and calcofluor white (70 µg/mL). Plates were incubated at 37°C for 3 days.

Reagents were all supplied by Sigma-Aldrich, Missouri, USA.

Antifungal susceptibility testing

The in vitro susceptibility testing was performed according to the Clinical and Laboratory Standards Institute (CLSI) reference protocol with slight modifications.

Freshly prepared conidia were suspended in RPMI-1640 (Sigma-Aldrich, Missouri, USA) prepared at a final concentration of 0.165 M for pH 7.0. RPMI was buffered with morpholino-propane sulfonic acid (MOPS) (Sigma-Aldrich, Missouri, USA) supplemented with 0.1% Tween-80. Experiments were performed in 96 wells flatbottom microplates with a final volume of 200 μL per well. Conidia at the desired final concentration (2.10 5 conidia/mL) were tested for susceptibility to drugs at concentrations ranging from 15.625 ng/mL to 16 μg/mL. After incubating the microplates for 72h at 37°C, growth was monitored by spectrometry at 405 nm. The MIC50 was defined as the lowest concentrations of a drug inhibiting 50% of growth than that observed in the drug-free control well.
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Transmission electron microscopy (TEM)

Conidia recovered from a nine-day-old culture were processed for TEM analysis as described by [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. Thin sections were obtained and examined on a JEM-1400 Transmission Electron Microscope (TEM) (Jeol, Paris,

France) operating at 120 kV. Only longitudinal sections were taken into consideration to evaluate cell wall thickness.

RT -qPCR

For RNA extraction, fungal mycelium was ground in liquid nitrogen, and RNA was 

Phagocytosis assays

Cells preparation and co-culture. Peripheral blood mononuclear cells (PBMC), i.e., monocytes were isolated from healthy human donors and differentiated to M1 phenotype-macrophages in complete RPMI 1640 (Lonza) containing 50 ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF) as previously described [START_REF] Paolini | Lactic Acidosis Together with GM-CSF and M-CSF Induces Human Macrophages toward an Inflammatory Protumor Phenotype[END_REF]. Conidia were stained with 40 μg/mL of fluorescein isothiocyanate (FITC) (Sigma-Aldrich, Missouri, USA) in phosphate-buffered saline (PBS) in darkness with constant shaking (120 rpm). FITC-labeled conidia (5.10 5 cells)

were co-cultured with adherent M1 macrophages (cell ratio of 1:1) in a 6-well plate in a total volume of 500 μL of complete RPMI-1640. Macrophages were co-cultured with conidia for 6H at 37°C in 5% CO2. Later, dishes were put on ice for 20 min to stop phagocytosis and processed into either the ingestion or the killing experiment.

Two independent replicates with technical triplicates in each were carried out for every conidia type. Killing assays. Non-adherent conidia were removed as described above, whereas adherent conidia were removed by discarding supernatant after additional washing with warm PBS and centrifugation at 500g for 5 min. Cell pellets were resuspended with 500 μL of water and incubated at 4°C for 30 min to allow macrophages to lyse by osmotic pressure and release intracellular ingested conidia in solution. The suspension was then centrifuged at 4600 rpm for 5 min to sediment released conidia. Macrophages debris were removed by treating cell suspension with DNase, RNase, and proteinase K (all from Invitrogen, Cergy Pontoise, France) as applied previously [START_REF] Marr | Early Events in Macrophage Killing of Aspergillus Fumigatus Conidia: New Flow Cytometric Viability Assay[END_REF]. Two controls were run in each replicate: the negative control reflecting the live conidia (macrophages-unexposed conidia) and the positive control referring to heat-killed conidia (killed at 85°C for 30 min). Conidia were then labeled with 25 μg/mL of propidium iodide (PI) (Sigma-Aldrich, Missouri, USA) for 30 min at room temperature in darkness. Conidia were analyzed using FACSCanto II cytometer, where both controls were used to set gates for the positivity of each marker. Conidia were considered live when they were only FITCpositive and dead in case of double-positivity (FITC+ PI+). As for the percentage of killing, it corresponds to the number of macrophages-killed conidia to the total number of conidia released by macrophages that have been lysed by osmotic pressure, multiplied by 100. 
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Statistical analysis

Statistical tests were performed by using GraphPad Prism 8.0. The two-way Anova analysis was mainly used to evaluate differences between the two strains, followed by Bonferroni posttests in kinetics studies. Results for the TEM study were performed using the parametric t-test after checking the samples normal distribution. Results were considered significantly different when p < 0,05. If not indicated, all experiments were performed in independent replicates with at least three technical replicates.

Results

3.4.1

Identification of an sch9 homolog gene in S.

apiospermum

The complete Open Reading Frame (ORF) of S. apiospermum sch9 was retrieved from the NCBI database following a sequence similarity search by Blast using Candida albicans sch9 (Candida albicans SC5314, XP_720953.2) and Aspergillus fumigatus sch9 (Aspergillus fumigatus Af293, XP_750389.1). Protein Blast revealed 69% query coverage and 57.7% identity with Sapio_CDS3554 using Casch9 as a query sequence. However, Afsch9 revealed 66% query coverage and 62.52% identity with the same Scedosporium sequence Sapio_CDS3554 (XP_016644332.1).

SMART analysis specified that the three sequences harbor (i) a protein kinase C conserved region 2, (ii) a serine/threonine protein kinase catalytic domain, and (iii)

an extension to the serine/threonine-type protein kinase. 
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Disruption of the sch9 gene

The 5'-sch9-FLP/Hyg R -3'-sch9 cassette was used to transform the Dku70 parental strain. A series of 12 Hyg R clones were grown from single-spore isolates and then were screened by PCR by using the SCH9 5' F/SCH9 3' R primer couple (Figure 1)(Table 1). Homologous integration of the disruption cassette at the sch9 locus occurred in a single clone which revealed a PCR fragment of 9,015 kb, whereas the remaining displayed a WT sch9 locus (PCR amplification fragment of 4,072 kb). To confirm this result, a second PCR was done on this Dsch9 clone by using SCH9_Verif_F1/SCH9_Verif_R1 primers (4568 kb band for the parental strain vs.

9511 kb band for the mutant strain) (Table 1) located before and after the 5' and 3' flanking regions, respectively (Figure 2). primers situated before and after the 5' and 3' flanking regions respectively.
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RT-qPCR also confirmed sch9 disruption in this single clone. While the sch9 mRNA in the Dku70 strain was easily detected by RT-qPCR using SCH9_qpcr_F1 and SCH9_qpcr_R1 primers (Table 1), sch9 gene transcription was found absent in the Dsch9 strain in all of the four tested conditions (normoxia, hypoxia, hypercapnia, and hypoxia + hypercapnia) (Figure 3). 

Macroscopic and microscopic aspects of the

Dsch9

As preliminary experiments, macroscopic and microscopic aspects were assessed.

On YPDA and MALT media, Dsch9 colony exhibited smaller and less filamentous colonies than Dku70 (Figure 4). Interestingly, differences were also observed in colony pigmentation when comparing the Dsch9 with the parental strain. Figure showing the appearance of colonies after culture on YPDA and MALT media followed by incubation for 14 days at 37°C.

Except for Dsch9 displaying thinner filaments than the parental strain, no apparent differences between both strains were observed (Figure 5). TEM analysis also revealed differences in cell wall thickness (Figure 7) between Dsch9 and parental strain conidia and germ tubes. Dsch9 conidial cell wall was slightly reduced compared to Dku70 conidia, however, the difference was ascertained to be not significant with a p-value > 0,05. Interestingly, the cell wall thickness of germ tubes significantly differed, where the cell wall of sch9 mutant germ tubes (66.37 nm ± 12.86 nm) were found to be thinner than the parental strain (105.4 nm ± 30.73 nm) with a p-value < 0,001. Measurements and comparison of conidia size were critical because some of the sections were longitudinal, and the others were transversal. Statistical analyses were performed by using Graphpad prism 8.0 parametric t-tests due to the normal distribution of samples.

Conidia size and granulosity

Since TEM revealed particular and unique intracellular reticular structures of unknown function in the Dsch9 but could not shed light on differences regarding conidia size, granulosity and cell size were analyzed by flow cytometry (Figure 8). Representation of the differential percentages in cell size (FSC) and granulosity (SSC) in both strains. These results were obtained following a flow cytometry analysis of the conidia of Dsch9 and Dku70.
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Flow cytometry analysis showed that the forward scatter (FSC) intensity, which is proportional to the diameter of the cell, is equivalent in Dsch9 and in Dku70, whereas Dsch9 showed an increased SSC compared to the Dku70 which is an indicator of the internal complexity of a cell. In conclusion, these later results are in line with those of TEM.

Growth analysis

Since we previously observed a reduced mycelial development for Dsch9 on YPDA and MALT media compared to the parental strain (Figure 4), growth kinetics was determined for both mutant and parental strains (Figure 9). Growth kinetics of both the mutant and parental strain were studied following the culture of strains on YPDA media and incubated for 14 days at 37°C. Five technical replicates were used to acquire these results. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Results

KABBARA

Monitoring growth on YPDA, Dsch9 revealed significantly reduced growth kinetics compared to the Dku70 at each time point. The difference in growth observed in the initial time point, which increased regularly and dramatically during the analysis, suggests that the deletion of the sch9 gene affects S. apiospermum fitness.

Germination analysis

Because we previously observed differences in growth kinetics as early as the initial time points, germination kinetics was then assessed. When strains were cultured in liquid YPD at 37°C, a progressive increase in the germination rates of both Dsch9 and Dku70 was observed as depicted in Figure 10. Beyond 16h, germination was impossible to assess due to overgrowth of the mycelium. Although not significant, deletion of the sch9 gene obviously boosts the germination capacity in S.

apiospermum (Figure 10). For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, and germination was monitored every few hours. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.
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Germination in S. apiospermum was previously found to be influenced by hypoxia and hypercapnia. As a consequence, germination of Dsch9 and the parental strain was compared after 16h of growth. Accordingly, the percentage of germination of Dsch9 was found significantly more important under hypoxia (67.9% ± 0.870%) and hypercapnia (66.4% ± 0.613%) compared to normoxia (17.3% ± 3.352%) (Figure 11)

as observed for the parental strain. However, under hypoxia or hypercapnia, germination was significantly higher in Dsch9) than Dku70 (67.9% vs. 34.3% for hypoxia and 67.9% vs. 49.3% for hypercapnia, respectively). Thus, these results suggest a role of the sch9 gene in controlling the germination process in S.

apiospermum under hypoxic or hypercapnic conditions. For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, or under hypoxia or hypercapnia, and a microscopic examination was achieved at 16h. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.
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Susceptibility to various stress conditions

The role of sch9 in resistance to oxidative stress was monitored by testing different molecules such as cumene hydroperoxide, menadione, H202, and diamide (Figure 12). Interestingly, although the default in the fitness of the mutant strain affects its growth in our drop-plate assay, the results suggest an increased hypersensitivity of Dsch9 to cumene and menadione compared to the parental strain. These results suggest that sch9 confers resistance of the fungi to some oxidative stress-causing agents. Figure 12 : Susceptibility testing to oxidative stress. The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents.
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Plates were incubated at 37°C for 3 days.

The examination of the osmotolerance of Dsch9 and the parental strain to NaCl, KCl, and sorbitol at different concentrations (Figure 13) revealed that both strains displayed similar growth rates in high osmolarity media, suggesting that sch9 does not participate in the adaptation of S. apiospermum to hyperosmotic conditions. The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents.

Plates were incubated at 37°C for 3 days.

Susceptibility to antifungals

S. apiospermum is known to be resistant to most of the clinically used antifungals.

The influence of Dsch9 in regulating antifungal tolerance was thus investigated.

Susceptibility to voriconazole, isavuconazole, amphotericin B, and caspofungin revealed no significant differences compared to the parental strain indicating that sch9 gene deletion does not alter S. apiospermum tolerance to the tested antifungals (Figure 15). 

Interaction of S. apiospermum with innate immune cells

The crucial role of early germination events in recognizing A. fumigatus contaminating spores by the host immune system is well-engrained in the literature [START_REF] Briard | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF])(Gonçalves et al. 2020). We were thus interested in monitoring the interaction between S. apiospermum conidia with macrophages. For this purpose, two criterions revealing the interaction of the Dsch9 and the Dku70 strains with macrophages were assessed, including the ingestion of conidia and their killing by PBMC-derived macrophages type M1. The percentage of ingestion of the Dsch9 was significantly increased compared to the Dku70 (40.93 ± 2.75 vs. 25.20 ± 0.69, respectively) (Figure 16). In addition, the percentage of killing was found more important for Dsch9 conidia compared to the parental strain following co-culture with macrophages (37.53 ± 8.01 vs. 16.30 ± 5.80, respectively) (Figure 17). These results suggest that the sch9 gene confers to the fungus a protection against the innate immune response processes, including phagocytosis and killing by macrophages. The TOR signaling pathway has been heavily proved to play significant roles in regulating different stress-and pathogenicity-associated cellular processes in some opportunistic fungal species. In this respect, the present study was focused on analyzing the sch9 gene encoding a substrate of TOR in S. apiospermum. Indeed, this pivotal kinase could be involved in the adaptation of this prevalent fungal species to the particular lung microenvironment encountered in the context of CF. Previous studies have shed light on the ultra-structure of dormant and germinating conidia cell walls in S. apiospermum [START_REF] Vandeputte | Draft Genome Sequence of the Pathogenic Fungus Scedosporium Apiospermum[END_REF]. Fungal cell walls of filamentous Ascomycota are commonly constituted of two superimposed layers, an external electron-dense protein-rich layer, and an internal carbohydrates-rich electron transparent layer. In A. fumigatus, the role of cell wall proteins varies from maintaining cell shape to protecting the cell against foreign substances, mediating adhesion for cell migration and fusion, and transmitting external stimuli to the intracellular environment. Finally, they act as mediators in absorbing molecules [START_REF] Linder | Hydrophobins: The Protein-Amphiphiles of Filamentous Fungi[END_REF]) [START_REF] Gastebois | Aspergillus Fumigatus : Cell Wall Polysaccharides, Their Biosynthesis and Organization[END_REF].

Results

KABBARA

In this study, a reduced thickness of the external cell wall layer was observed in the sch9 mutant. The role of TOR signaling was found to be essential for ribosome biogenesis and protein synthesis in various eukaryotic models. Thus, it is possible to hypothesize that the deletion of the sch9 gene is indirectly responsible for the impaired synthesis of external cell wall proteins by disrupting the global translation machinery. In addition, this altered protein synthesis machinery could be potentially correlated to the observed white reticular organelles accumulation in mutant cells.

Overall, these marked cell dysregulations could play a central role in the observed altered fitness of mutant cells. The functional analysis of the S. apiospermum Dsch9 also revealed some increased susceptibility to specific stress-imposing reagents when compared with the parental strain. First, the mutant strain did not show any differential sensitivity to osmotic stress agents. However, Dsch9 showed increased sensitivity to cumene hydroperoxide and to menadione that both generate ROS leading to oxidative stress. The sch9 mutant had also increased sensitivity to congo red, calcofluor white, and caffeine, the causing agents of cell wall stress. Therefore, our results suggest that the sch9 gene is required for general stress responses in S. apiospermum. Therefore, the treatment of deadly scedosporiasis still relies on few therapeutic options, and the development of therapeutic alternatives is urgently needed. We thus investigated the susceptibility of the sch9 mutant to the four previously mentioned antifungals. Unfortunately, we did not find any differential susceptibility to any of the tested drugs. The Sch9 seems not to participate in the regulation of antifungal susceptibility in S. apiospermum. Taken together, these observations limit the possibility of pinpointing Sch9 as a key component that adjunctive therapies could target to improve the efficacies of currently available drugs.

Results

KABBARA

Surprisingly, while the growth rate was reduced in the sch9 mutant at 37°C, we observed that the mutant strain displayed an enhanced germination ability compared to the parental strain. This phenotype was found even more marked under hypoxic or hypercapnic conditions. As previously described in C. albicans The conidium is well known to be the quiescent and the main infective form in filamentous fungi. In A. fumigatus, germination of conidia is a crucial step that triggers the activation of innate immunity by stimulating pro-inflammatory signaling pathways (Latgé, Beauvais, and Chamilos 2017) [START_REF] Luther | Phagocytosis of Aspergillus Fumigatus Conidia by Murine Macrophages Involves Recognition by the Dectin-1 Beta-Glucan Receptor and Toll-like Receptor 2[END_REF]). The swelling of the conidia that precedes the first steps of germination causes the release of the immuno-protecting rodlet layer, which subsequently leads to the distortion of the melanin layer [START_REF] Brakhage | Interaction of Phagocytes with Filamentous Fungi[END_REF]), which will lead to the exposure and emergence of PAMPs such as fungal cell wall b-glucan and galactosaminogalactans (GAGs).

Subsequently, phagocytic cells are recruited and further bind and recognize PAMPs (pathogen associated molecular patterns) of the foreign conidia through their PRRs (pattern recognition receptor). Hence, the innate immune system is in turn stimulated and responds by releasing cytokines and interferons. These immune mediators lead to an inflammatory response and activate the adaptive immunity, which activates finally antigen-specific immune responses leading to the killing of the infecting microorganism. This whole mechanism might explain the increased percentage of ingestion and killing by macrophages of Dsch9 conidia that accompany the enhanced germination rate in the sch9 mutant.

To summarize, sch9 deletion seriously affected fitness in standard growth conditions and has led primarily to a decrease in hyphal development. In addition, sch9 mutant showed increased sensitivity to some oxidative and cell wall stress-causing agents. However, the deletion of sch9 boosted germ tube formation during the first hours of growth, particularly when cultured under hypoxic and hypercapnic conditions.

Results

KABBARA

Furthermore, under standard growth conditions, the sch9 mutant exhibited decreased germ tube cell wall thickness compared to the parental strain. Finally, sch9 disruption affected the ability of S. apiospermum to resist ingestion and killing when co-cultured with macrophages. Taken together, these data suggest that sch9 might play a role in stress tolerance, morphogenesis, and host-pathogen interaction in S. apiospermum. Of course, further studies should be led to consider sch9 as a therapeutic target to treat S. apiospermum infections. As observed in other pathogenic fungi, sch9 seems to play a pivotal role in morphogenesis, hostpathogen interactions and in adaptation to microenvironmental stress in CF lungs, but further studies are needed to consolidate this putative candidate as a future therapeutic target. Beyond this preliminary analysis of the structure and distribution of HKs in various eukaryotic lineages, we must expand our knowledge on these prominent sensory proteins towards both evolutionary and functional aspects.

From an evolutionary perspective, it would be highly relevant to gain more insight into the various genetic events that have led to the appearance, expansion, and loss of HKs groups within respective eukaryotic lineages. For this purpose, some global role in the pathogenesis of various microorganisms such as bacteria (Mycobacteria [START_REF] Samanovic | Proteasomal Control of Cytokinin Synthesis Protects Mycobacterium Tuberculosis against Nitric Oxide[END_REF], Xanthomonas (F.-F. Wang et al. 2017), Rhodococcus [START_REF] Crespi | Fasciation Induction by the Phytopathogen Rhodococcus Fascians Depends upon a Linear Plasmid Encoding a Cytokinin Synthase Gene[END_REF])), fungi (Claviceps [START_REF] Hinsch | Functional Characterization of the First Filamentous Fungal TRNA-isopentenyltransferase and Its Role in the Virulence of Claviceps Purpurea -Hinsch -2016[END_REF], Magnaporthe [START_REF] Chanclud | Cytokinin Production by the Rice Blast Fungus Is a Pivotal Requirement for Full Virulence[END_REF])) and nematodes (Heterodera [START_REF] Siddique | A Parasitic Nematode Releases Cytokinin That Controls Cell Division and Orchestrates Feeding Site Formation in Host Plants[END_REF]) and protozoa (Toxoplasma and plasmodium [START_REF] Andrabi | Plant Hormone Cytokinins Control Cell Cycle Progression and Plastid Replication in Apicomplexan Parasites[END_REF]). Thus, there is considerable excitement that new HK and new functions with potential link to host-pathogen-interactions will be discovered in the near future.

A transcription factor identified by a comparative genomic approach seems finally not to be associated to stress tolerance in Scedosporium apiospermum

The phenotype analysis carried out on the Sapio_CDS7085 mutant compared to the parental strain did not reveal any significant differences in the conditions we tested, suggesting that this TF does not play a significant role in stress adaptation in S.

apiospermum. However, we did not test our strain in any of the currently available in vitro and in vivo models to determine the potential roles in host-pathogen interaction and pathogenesis. First, it would be interesting to monitor the interaction between S. apiospermum conidia (parental strain and DTF7085) with perspective. Two experimental models were developed in immunocompetent and immunosuppressed rats by [START_REF] Lelièvre | Experimental Models of Disseminated Scedosporiosis with Cerebral Involvement[END_REF]. In addition, a neutropenic murine model of disseminated scedosporiosis was developed in Javier Capilla team [START_REF] Capilla | A Novel Murine Model of Cerebral Scedosporiosis: Lack of Efficacy of Amphotericin B[END_REF]).

On the mechanical and structural level, further additional experiments should be conducted. DNA recognition domain of this transcription factor should be revealed, as well as the DNA binding sequence that has the highest affinity with Sapio_CDS7085 binding domain. This will allow recognizing the target genes that this TF regulates and consequently give more insight into the cell signaling pathways and cellular processes in which these proteins participate in S.

apiospermum. Finally, a transcriptomic analysis can also be led to compare expression patterns in the mutant and the parental strain, combined to a differential metabolomic analysis to compare the metabolome represented in each strain.

Beyond focusing too much on these preliminary but negative results concerning the TF encoded by Sapio_CDS7085, it would be above all relevant for our research team to test the effect of the disruption of several other candidate genes from the list of the 134 genes. For this purpose, the GEIHP team will actively drive a functional genomics program in the framework of new Ph.D. programs. However, it would not be rational to initiate the characterization of all the candidate genes simultaneously. In the perspective of therapeutic developments, future functional analysis must prioritize the study of genes revealed by the comparative genomics approach especially encoding:

(i)

The indoleamine 2,3-dioxygenase that converts tryptophan to kynurenine.

Microbe-derived kynurenines are increasingly correlated with many fungal diseases, including invasive aspergillosis and infections of chronic granulomatous disease patients [START_REF] Choera | A Multifaceted Role of Tryptophan Metabolism and Indoleamine 2,3-Dioxygenase Activity in Aspergillus Fumigatus-Host Interactions[END_REF]).

(ii) Three GPI-anchored proteins that could be involved in the adhesion or germination of conidia. Indeed, the team has previously proved the (iii) Six efflux pumps belonging to the major facilitator (MF) or ATP-binding cassettes (ABC) transporters. These could be potentially involved in the efflux of some toxic compounds that are entrapped into the mucus of the CF lung [START_REF] Papon | Improving and Standardizing Protocols for Cystic Fibrosis Routine Microbiology[END_REF].

However, beyond focusing our future experiments on other families of genes such as those described above, it would be imperative for the team to engage in new strategies for powerful gene disruption in S. apiospermum. As highlighted in this study, the currently used knock-out genetic system in our fungal model is far from being optimized and efficient, and the generation of a mutant strain still requires many months of experimental work. Fortunately, our group developed in recent months the CRISPR-Cas9 system (Poirier et al., unpublished results). We now have firm evidence that such an innovative tool could be considered for actively disrupting genes in S. apiospermum. This would definitively accelerate our capacity to decipher the role of an extensive palette of genes in this species by a reliable functional genomics approach.

sch9 plays an important role in the physiology of S. apiospermum

Our first study dealing with the functional characterization of a fungal TF, yet initially identified by comparative genomics, did not yield any results that could link its role in stress adaptation in S. apiospermum. We thus decided at the beginning of the last year of this Ph.D. program to investigate the function of sch9 since its involvement in stress tolerance had been previously described in different pathogenic fungal species. Sch9 is a downstream effector of Tor, which has not been elucidated yet in S.

apiospermum. Tor has been described in some fungal species to be involved in normal cellular processes like cell growth, ribosome biogenesis, and autophagy and protein synthesis. However, in some other fungal species, the TOR pathway has been linked with pathogenesis. For instance, in F. graminearum, a genetic regulatory network was outlined and elucidated the involvement of the TOR signaling pathway in vegetative growth and virulence (F. [START_REF] Yu | The TOR Signaling Pathway Regulates Vegetative Development and Virulence in Fusarium Graminearum[END_REF].

Additionally, in A. flavus and A. parasiticus, the highly toxic and carcinogenic aflatoxin production was seen to be glutamine dependent, the latter being the major nitrogen source for aflatoxin production. Rapamycin (Tor inhibitor) has been able to suppress glutamine production and decrease aflatoxin synthesis, conidiation, and vegetative growth. This study has thus shed light on an unprecedented link between the TOR pathway and the regulation of secondary metabolite biosynthesis in two Aspergillus species (B. Wang et al. 2017). Bonifazi and colleagues, also described that the inhibition of the PI3K/Akt/mTOR inflammatory pathways, by targeting them with intranasally delivered siRNA, protects from aspergillosis [START_REF] Bonifazi | Intranasally Delivered SiRNA Targeting PI3K/Akt/MTOR Inflammatory Pathways Protects from Aspergillosis[END_REF]. Taken together, these studies thus advocate the involvement of the TOR pathway in the pathogenesis and virulence of pathogenic filamentous fungi. Thereby, this has prompted us to determine the role of sch9 and its putative implication in such processes in the pathogenic model S.

apiospermum.

Fortunately, and contrary to what has been observed for the Sapio_CDS7085 encoding a TF, our functional analysis of the S. apiospermum sch9 described earlier revealed some significant and interesting differences in some experiments compared to the parental strain. These differences have notably suggested the involvement of the sch9 gene in S. apiosermum fitness, stress tolerance, and hostpathogen interactions. Beyond these preliminary results we obtained during this last
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14 Figure 1 :

 141 Figure 1 : Chromosomal localization of the CF gene. CF gene spanning 250 Kb of genomic DNA and comprising 27 exons. The 6.6 Kb mRNA after processing (Prasad 2018).

15 Figure 2 :

 152 Figure 2 : CFTR protein structure. (A) CFTR protein is composed of distinct domains -two membrane-spanning domains (MSD1 and MSD2), each one composed of six transmembrane segments (TM1-6 and 7-12) forming the channel pore, two cytosolic nucleotide binding domains (NBD1 and NBD2), and a regulatory domain (RD). (B) Five domains pack together with a swap structure involving transmembrane segments from the two MSDs and close contacts of intracellular loops with sequences within the NBDs. (C) Such intramolecular interactions lead to a compact structure of the native protein, such as the one depicted in this structural model for CFTR and the PDB coordinates for CFTR (Farinha and Canato 2017).

  Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 16 1.2.3 Classes of mutations in the CFTR gene Nowadays, only around twenty distinct mutations have a frequency above 0,1% in the population. The most frequent mutation is the recessive deletion of phenylalanine in position 508 of the CFTR gene (F508del or Phe508del, abbreviated ΔF508). However, with the increase in the number of mutations progressively discovered in the past decades in the CFTR gene, studies have been made to classify mutations in classes according to the functional properties of the encoded protein with respect to chloride regulation in the apical membrane of epithelial cells. Mutations are classified based on the defect they cause regarding the biogenesis of the CFTR channel. Translation of the CFTR protein in the rough endoplasmic reticulum (RER) is the first step of normal CFTR biogenesis. This first step is followed by the N-linked glycosylation process, where a glycan is attached to a nitrogen atom of the protein. All along protein translation, CFTR is being folded
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 3 Figure 3 : Classification of CFTR mutations. (Boyle and De Boeck 2013)
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21 Figure 6 :

 216 Figure 6 : Distribution of CF patients in North America. (Mirtajani et al. 2017)

22 Figure 7 :

 227 Figure 7 : The distribution of patients with CF in several countries in the Middle East. According to the data mentioned above, a lack of uniform distribution is visible (Mirtajani et al. 2017).

  neonatal screening based on the detection of immunoreactive trypsin (TIR). It reflects pancreatic function and allows early and appropriate patient management, especially in Europe (O'Sullivan and Freedman 2009)(Elborn 2016). In France, it was introduced in the early 2000's and 2016, where 50% of patients were diagnosed Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 23

Figure 8 : 25 Figure 9 :

 8259 Figure 8 : Relation between phenotype, genotype, and CFTR function in patients with CF, carriers, and healthy individuals. (Elborn 2016)

Figure 10

 10 Figure 10 depicts a visual representation of the type and distribution of newborn screening programs applied across Europe.

Figure 10 :

 10 Figure 10 : Newborn screening programs in Europe. (Elborn 2016).

30 Figure 11 :

 3011 Figure 11 : Representation of drugs targeting specific CFTR mutations. The many mutations in CFTR can be broadly grouped into classes depending on the effect the mutation has on the CFTR protein. Many drugs are under development and target specific classes or individual mutations (examples shown in green), whereas other approaches could be considered mutation agnostic (blue) (Davies et al. 2019).

  Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 33 Airway clearance therapy It consists of a physical therapy where the patients wear a vest that compresses the chest (McCool and Rosen 2006). This process aims to help CF patients in softening the mucus so it can be eliminated by mucociliary clearance. Another therapy used for airway clearance is positive expiratory pressure (PEP). It is linked to the concept of mechanical ventilation. A PEP device is placed in the mouth of the patient, and then the patient respires for 12-15 breaths. The device is removed for the patient to perform 2 to 3 forced expiratory breaths. The device provides backpressure into the patient lungs, causing the build-up of gas. This leads to increased clearance of mucus and thus effective airway clearance (Elkins, Jones, and van der Schans 2006). Nutrition A non-functional CFTR in the pancreas leads to thick secretions leading to limited pancreatic enzyme secretions. The nutritional deficiencies caused by this pancreatic insufficiency include lack of vitamin A, E mainly, and vitamins D and K. This can be corrected through dietary supplementation.

  Figure13: CF lung infections are polymicrobial, complex, and challenging to treat. The airways of patients with CF are colonized from a various host and environmental sources. Patients subsequently develop chronic infections composed of diverse microorganisms. These communities both influence and are impacted by their human host through complex, multifactorial interactions. As highlighted in the figure, CF lung microbial communities encounter frequent antibiotic therapy, host immune factors, and an altered lung environment throughout disease progression, all of which contribute to the development of chronic communities that often have decreased microbial diversity and are populated by organisms that have become highly adapted and resilient to treatment. Eventually, chronic pulmonary infection culminates in a decline in lung function, which becomes most severe during pulmonary exacerbations and late-stage disease progression. This steep decline in lung function ultimately leads to respiratory failure, the primary cause of morbidity and mortality in CF patients today[START_REF] Filkins | Cystic Fibrosis Lung Infections: Polymicrobial, Complex, and Hard to Treat[END_REF].

  Methicillin-resistant S. aureus and P. aeruginosa cause a real challenge in the treatment of these infections. Infections by Achromobacter xylosoxidans, Stenotrophomonas maltophilia, and non-tuberculosis Mycobacterium such as Mycobacterium avium are also commonly isolated in CF patients and lead to the worsening of the lungs of CF patient.

  species have been linked with localized and systemic infections, an induction of oral and genital thrush, vascular access device-related infections, and post-transplantation complications. It is thus essential to identify the species/strain by which the patient is infected to administer the proper treatment due to fluconazole-resistant species. But in general, it is recommended to start with an azole treatment and then adjust it if needed. Echinocandins are also used for two species, C. tropicalis and C. glabrata and amphotericin B, which has secondary side effects (Schwarz et al. 2018)(Mello et al. 2021). In the next section, we provide an up to date overview on the taxonomy, ecology, mode of contamination, pathogenic mechanisms, diagnosis, and treatments of Scedosporium species in the context of CF. Scedosporium apiospermum | 54

  The central region is the transmitter domain consisting of both histidine kinase A (dimerization/phosphoacceptor) (HisKA) and cognate histidine kinase-like ATPase catalytic (HATPase_c) subdomains. The HisKA domain includes an H-box, usually containing a phosphorylatable histidine, and an X-box (Grebe and Stock 1999). The HATPase_c subdomain has four different boxes: the N-, G1-, F-, and G2-boxes (Grebe and Stock 1999). In contrast to prokaryotic HKs, most eukaryotic HKs harbor an additional C-terminal receiver domain (REC) characterized by the presence of a three amino-acid signature (DDK) that includes a phosphorylatable aspartate residue. The additional and fused REC domain makes that eukaryotic HKs are generally called hybrid HKs[START_REF] Appleby | Signal Transduction via the Multi-Step Phosphorelay: Not Necessarily a Road Less Traveled[END_REF] (Figure14).

  Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 57

Figure 14 :

 14 Figure 14 : Canonical schemes depicting signaling pathways involving HKs in prokaryotes, amoebae, plants, and fungi.In prokaryotes, most signaling pathways involving HKs simply consist of two components. The perception of a stimulus by the sensor domain (grey box) induces the autophosphorylation of a conserved histidine (H, pink box) by the catalytic domain (N G1F G2, yellow box) in the HK. The phosphate is then transferred to a conserved aspartate residue (D) located on a cytosolic response regulator (RR), and the activated RR governs the expression of response genes. In plant cells, most (but not all) HKs constitute the initial sensing proteins of a four-step phosphorelay signaling pathway involving phosphorylation events of two downstream elements, i.e., histidine phosphotransfer shuttle proteins (Hpt) and RRs. Note that a first phosphorylatable receiver domain (DDK) is fused to the catalytic

Figure 15 :

 15 Figure 15 : Basic structure of fungal HKs. Basic structure of fungal HKs. They are composed of three main regions: a highly variable Nterminal sequence that determines which stimulus is perceived by the HK ("sensor" domain), a central transmitter domain consisting of both histidine kinase A (HisKA) and cognate histidine kinase-like ATPase catalytic subdomains (HATPase_c), and a C-terminal receiver domain showing a three amino-acids signature (DDK). Fungal HKs are currently categorized in 16 groups according to the sequence analysis of two regions: the H-box signature (alignment of group III HKs from major pathogenic fungi are provided in the right panel) containing the phosphorylatable histidine (red background) and the combination of domains

  Figure16: Schematic representation of the conserved domain structures found in the groups of basidiomycete hybrid HKs.[START_REF] Lavín | Genomic Analysis of Two-Component Signal Transduction Proteins in Basidiomycetes[END_REF] 

  Mucormycotina. Another interesting structure named MS-HKII (Mucormycotina Specific HK type II) displays two Type 1 periplasmic binding fold superfamily-related regions (Type 1 PBFS) at its N-terminus and a central domain related to protein tyrosine kinases (Tyr kinase) (Defosse et al. 2015). Two transmembrane domains Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 62 separate the Type 1 PBFS and Tyr kinase regions. The MS-HK II seems unique to several Mucormycotina but is also found in the early-diverging fungal lineage Mortierellales. Overall, this updated classification of fungal HKs teaches us that fungi have strongly expended the repertory of these prominent sensors during the evolution and this has likely played a predominant role in their ability to colonize a broad range of ecological niches.

Figure 17 :

 17 Figure17: Some notable functions currently assigned to the prominent groups III, VI, VIII, X, and dual HKs.[START_REF] Hérivaux | Major Sensing Proteins in Pathogenic Fungi: The Hybrid Histidine Kinase Family[END_REF] 

  According to the classification of Defosse et al., the basidiomycetous yeast C. neoformans harbors a total of 7 described HK proteins categorized in groups I, III, VIII, IB, and dual HKs (Defosse et al. 2015). The main association of HKs and pathogenicity was found for Tco1. This group III HK was shown to be implicated in Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 65
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  mutants and the non-essential character of this gene for cell viability, a model has Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 68

N

  -terminal region, the TOR protein contains repeated HEAT motifs (Huntingtin, Elongation Factor3, A subunit of PP2A, TOR1) of approximately 40 amino acids (Andrade and Bork 1995). These repeats form antiparallel a helices, which allow protein-protein interactions. It has been shown, in several eukaryotes, that these repeats allow the TOR protein to form multimers (Zinzalla et al. 2011). The FAT Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 69 domain (FRAP, ATM, and TRRAP) can interact with the C-terminal FATC domain (Cterminal FAT), thus allowing the conformational change of the protein and the

Figure 18 :

 18 Figure 18 : TOR complexes in S. cerevisiae. (Inoue and Nomura 2018)

  mammals contains a single TOR protein, biochemical purification studies have also demonstrated in these organisms complexes of composition and function identical to what has been observed in yeast (Hara et al. 2002)(Dos D. Sarbassov et al. 2004). Although the two TOR complexes together participate in the stimulation of cell Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 71

Figure 19 :

 19 Figure 19 : TOR Complex 1 (TORC1) and TOR Complex 2 (TORC2) of S. cerevisiae.Depicted are TOR-associated proteins (KOG1, TCO89, LST8, AVO1-3, and BIT61) and the domains found in TOR (HEAT, FAT, FRB, Kinase, and FATC). Both TORC1 and TORC2 are multimers, likely dimers. TORC1 mediates the rapamycin-sensitive signaling branch that couples growth cues to the accumulation of mass. Stimuli that positively regulate TORC1 and TORC1 outputs that promote mass accumulation are depicted with black arrows. Inputs that negatively regulate TORC1 and the stress-and starvation-induced processes that TORC1 regulates negatively are depicted with red bars. TORC2 signaling is rapamycin insensitive and is required for the organization of the actin cytoskeleton. Upstream regulators of TORC2 are not known.[START_REF] Wullschleger | KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF] 

Figure 20 :

 20 Figure 20 : Model of a signaling pathway involving torc1, Pol I/II/III, and sch9. torc1 regulates ribosomal RNA synthesis through both sch9-dependent and -independent mechanisms. torc1 directly regulates maf1 basal phosphorylation in the nucleolus, which is critically required for Maf1 nucleoplasm-to-nucleolus transport and Pol III-dependent transcription. torc1 also regulates the non-essential maf1 cytoplasm-to-nucleus transport through sch9-dependent phosphorylation of maf1. torc1 also controls Pol I through both sch9-dependent and sch9-independent mechanisms, but the sch9 target(s) is not presently known. Modulation of Pol I and Pol III by sch9 is dispensable for torc1 to promote ribosome biogenesis and cell growth. (Y. Wei and Zheng 2009)

  Figure 21 : A possible model for the interaction between A. fumigatus schA, calcineurin/crzA, and sakA/mpkC during nutrient sensing and osmotic stress.

  It is likely mpkC modulates sakA, and both phosphorylate several of the UTFs to activate them as transcription factors. (Alves de Castro et al. 2016) Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 78 Another study by Fillinger et al. provided insight into the role of schA in regulating

Figure 22 :

 22 Figure 22 : A schematic for the mechanisms by which NPKs regulate creA repression and hydrolytic enzyme production. Upon growth on cellulose as a sole carbon source, a drop in phosphorylated glucose and RAS-mediated PKA activation, results in the loss of the positive signal for creA nuclear localization and repression. Subsequently, the drop in intracellular ATP and an alteration in TOR signaling, results in schA and snfA controlling creA re-localization and hydrolytic enzyme production. Bold arrows represent experimentally proven, while dotted arrows represent hypothetical connections (Brown et al. 2013).

Figure 23 :

 23 Figure 23 : Model for transcriptional repression by efg1p in C. albicans.In hypha-inducing conditions, Efg1p is activated by PKA isoforms tpk1p and tpk2p. Activated efg1p initiates hypha formation by inducing genes involved in hypha formation and/or by repressing genes directing the yeast form. In parallel, efg1p, in conjunction with the sin3p-rpd3p deacetylase complex, silences chromatin and down-regulates EFG1 promoter activity. EFG1 down-regulation may lower efg1p-activity levels in hyphal tip cells and thereby lead to an adaptation to the inducing conditions by preventing cell proliferation and allowing continued polar expansion.[START_REF] Tebarth | Adaptation of the Efg1p Morphogenetic Pathway in Candida Albicans by Negative Autoregulation and PKA-Dependent Repression of the EFG1 Gene[END_REF] 

Figure 24 :

 24 Figure 24 : Model for the regulation of filamentation by sch9 in C. albicans.(A) Wild-type cells grown under hypoxia at high CO2 levels. Under hypoxia, efg1 acts as a repressor of filamentous growth, but czf1 limits its repressor activity. Under high CO2 levels, the PKA isoforms tpk1 and tpk2 are activated, presumably by bicarbonate-mediated activation of adenylate cyclase. It is proposed that PKA is downregulated in certain environments (surface growth, temperatures of <37°C) by the TOR1-Sch9 pathway to prevent hypha formation. It is yet unclear if sch9 increases efg1 repressor activity by inactivation of czf1, as shown, or by another mechanism, e.g., by blocking PKA activity. ace2 is required for hypoxic filamentation by a yet-unknown mechanism. (B) Lack of sch9 or tor1 activity during hypoxic growth under high CO2 fails to repress the CO2-triggered increase in PKA activity, leading to hyperfilamentation. (C) A moderate level of efg1 repressor activity under hypoxic growth and low CO2 levels suffices to block hypha formation at low PKA activity[START_REF] Stichternoth | Sch9 Kinase Integrates Hypoxia and CO2 Sensing To Suppress Hyphal Morphogenesis in Candida Albicans ▿[END_REF]).

Figure 25 :

 25 Figure 25 : Model of nce103 regulation under changing CO2 conditions in C. albicans.(A) In the 5% CO2 environment, sch9 is activated by phosphorylation of T570 via pkh1/2, whereby pkh1/2 activity is influenced by phytosphingosine (PHS) and phosphatidylinositol (PI). Moreover, a direct influence of CO2 levels on sch9 activation is possible. Activated sch9 phosphorylates the transcription factor cst6, which is subsequently not able to induce nce103 expression. This results in very low nce103 levels, which do not enhance CO2 fixation. (B) Under air conditions, sch9 is not activated by pkh1/2 and does not inhibit cst6. Active cst6 induces nce103 expression and enhances the nce103 protein level, leading to fixation of CO2. Furthermore, nce103 seems to be induced by another, so far unknown mechanism.[START_REF] Pohlers | Lipid Signaling via Pkh1/2 Regulates Fungal CO2 Sensing through the Kinase Sch9[END_REF] 

  Figure 27 : Repartition of DNA binding domains in metazoan, fungi and plants. The repartition of different DNA binding domains was analyzed in three eukaryotic supergroups: plantae, metazoan and fungi. Figures were generated from the CIS-BP database that compiles a large quantity of TF derived from diverse studies including notably the ENCODE project, Transfac, HOMER and JASPAR databases.

  Figure 28 : Repartition of DNA binding domain in fungal pathogenic species.Furthermore, the repartition of DNA binding domains of pathogenic species belonging to the fungal kingdom was particularly approached. To have a homogeneous and reliable selection, a representative pathogenic species of each family of the fungal kingdom was selected. Figures were generated from the CIS-BP database that compiles a large quantity of TF derived from diverse studies including notably the ENCODE project, Transfac, HOMER and JASPAR databases.

  kingdoms. For instance, in plants, studies led on Arabidopsis thaliana showed that bZIP factors are essential for seed development and flower maturation (Dröge-Laser et al. 2018). In yeast, more particularly in Schizosaccharomyces pombe, bZIP factors are necessary for sexual differentiation and entry into stationary phase (Takeda et al. Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 90 1995; Watanabe and Yamamoto 1996). Morevover, this family of TFs has also been stated to be engaged in the initiation of cellular responses to UV damage or osmotic stress in fission yeast (Hai et al. 2018)(Toone, Morgan, and Jones 2001).

  Figure 29 : Structure of the c-Jun/c-Fos heterodimer. The c-Jun/c-Fos complexes bind DNA as heterodimers. Each bZIP protein contains a leucine zipper (ZIP) and adjacent basic (b) DNA-binding domain that together constitute the bZIP domain. The ZIP domain organizes into heptad repeats with amino acid residues denoted as positions a-g. Hydrophobic interactions (black arrows) between a (blue) and d (red) residues stabilize dimer formation (Stolz and McCormick 2020)

Figure 30 :

 30 Figure 30 : Fungi bHLH entropies, logos, and consensus. (A) The bHLH normalized group entropy by position. Lower values indicate conservation, whereas values close to one approach complete randomness. (B) The graphical representation of the amino acids at each position of the bHLH domain. Symbols representing amino acids are scaled by their bit score (a derivation of entropy) at a given position. (C) The 50-10 consensus sequences for fungi. Using an alignment of bHLH domains, amino acids occurring at a frequency of more than 50% at a given site are displayed. At each of these sites, additional amino acids are displayed beneath if they are conserved in 10% or more of the sequences (Sailsbery, Atchley, and Dean 2012).

  Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 96In mammals, these proteins are classified into three major groups: HGMA, HMGB, and HMGN[START_REF] Gerlitz | Biochemistry and References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF])[START_REF] Štros | The HMG-Box: A Versatile Protein Domain Occurring in a Wide Variety of DNA-Binding Proteins[END_REF]. These three groups of proteins contain variable chromatin binding-motifs, however, they all regulate the properties of the chromatin fiber. HMGA are characterized by the AT hooks (containing the consensus PRGRP sequence flanked by additional positively charged residues) (Figure31) which are their major chromatin binding motif. They play a role in cellular differentiation and proliferation, regulation of gene expression, differentiation processes, and in carcinogenesis[START_REF] Sgarra | Nuclear Phosphoproteins HMGA and Their Relationship with Chromatin Structure and Cancer[END_REF])[START_REF] Reeves | HMGI/Y Proteins: Flexible Regulators of Transcription and Chromatin Structure[END_REF]).

Figure 31 :

 31 Figure 31 : Determinants of HMGA-chromatin interactions. A schematic diagram of HMGA proteins is depicted. The AT hooks appear as red cylinders.The factors listed to the left of the green arrow promote the interaction with HMGA with chromatin, while those listed to the right of the red arrow promote dissociation of HMGA from chromatin[START_REF] Gerlitz | Biochemistry and References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]).

Figure 32 :

 32 Figure 32 : Determinants of HMGB-chromatin interactions. Shown is a schematic diagram of HMGB proteins. The 3 structural domains of HMG box A and HMG box B are indicated. The factors listed to the left of the green arrow promote the interaction of HMGB with chromatin, while those listed to the right of the red arrow promote dissociation of HMGB from chromatin (Gerlitz et al. 2009).

98 Figure 33 :

 9833 Figure 33 : Determinants of HMGN-chromatin interactions.Shown is a schematic diagram of HMGN proteins. The R-S-RL listed above the nucleosomal binding domain (NBD) denotes amino acid residues that specify the interaction of HMGN proteins with nucleosome core particles. The factors listed to the left of the green arrow promote the interaction of HMGN with chromatin, and those listed to the right of the red arrow promote dissociation of HMGN from chromatin. NLS, nuclear localization signal, RD, regulatory domain[START_REF] Gerlitz | Biochemistry and References KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF]).

  stress and light response, lateral root outgrowth, stem cell maintenance, but above all flowering[START_REF] Brandt | Homeodomain Leucine-Zipper Proteins and Their Role in Synchronizing Growth and Development with the Environment[END_REF] [START_REF] Costanzo | The Role of WOX Genes in Flower Development[END_REF].In fungi, HD TFs play a role in reproduction and development, secondary metabolism, and virulence[START_REF] Vonk | The Role of Homeodomain Transcription Factors in Fungal Development[END_REF]. In A. flavus, hbx1, a homeobox Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 100

  Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 101 Table 5 : Annotation of the groups of homeodomain transcription factors identified through the phylogenetic analysis. (Vonk and Ohm 2018) 5.5 Myeloblastosis transcription factors Myeloblastosis (MYB) TF were first identified in the avian myeloblastosis virus but has led to the discovery of MYB proteins in all eukaryotes including fungi, plants, amoebae and animals where these regulatory proteins are relatively conserved (Vonk and Ohm 2018). MYB TFs are composed of a MYB domain as well as a transcriptional regulatory region. The MYB domain is usually constituted of three imperfect MYB repeats (may vary from 1 to 4 repeats) covering 50-55 amino acids Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 102

Figure 34 :

 34 Figure 34 : Plant MYB transcription factor classes. Illustration showing different plant MYB protein classes, depending on the number of adjacent MYB repeats (R). The primary and secondary structures of a typical R2R3-MYB are indicated. H, helix; T, turn; W, tryptophan; X, amino acid (X) (Dubos et al. 2010).

104 Figure 35 :

 10435 Figure 35 : Schematic representation of the conserved functional domains of APSES proteins in several model fungi. (Zhao et al. 2015)

  referred to as molecular chaperones, are an essential tool for surviving under stressful conditions; and if left unchecked might lead to irreversible cell damage and consequently to cell death[START_REF] Sorger | Heat Shock Factor and the Heat Shock Response[END_REF]. Indeed, they are involved in the synthesis, transport and folding of proteins. In fact, the response guided by HSP upon stress is mediated by the Heat Shock Factor (HSF), which activates transcription of HSP Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 105 encoding genes. In unstressed cells, HSF is available under monomeric form either in the cytoplasm or in the nucleus, however as soon as cells sense a heat shock stress, HSF assembles into a trimer, which is mediated by arrays of hydrophobic heptad repeats (HR-A and HR-B) that form a coiled coil, and bind to the Heat Shock Element (HSE) which is the DNA recognition sequence present in the 5' flanking region of heat shock responsive genes. The heat shock response is an extremely conserved cellular reaction activated upon proteotoxic stress i.e. heat, oxidative stress, and toxins. Figure 36 represents the regulation of the transcription of a typical HSP gene in mammals by the heat shock factor 1 (HSF1).

Figure 36 :

 36 Figure 36 : Regulation of Hsp transcription by heat shock factor 1. (a) Domain structure of human HSF1. (b) Proteotoxic insults convert inactive monomers of HSF1 into trimers with DNA binding activity. HSF1 trimers bind heat shock elements (HSEs) and induce transcription of HSP genes (Reis, Pinho, and Oliveira 2017).

  Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 107Class I, found in eukaryotes, is considered as the classical zinc finger, and includes the Cys2His2 (C2H2) proteins. It has one or repetitive zinc finger units, where each unit harbors an amino acid sequence that interacts with a zinc atom. They can bind to nucleic acids as monomers.Class II zinc fingerscover the Cys4 (C4) structures and are characterized by one zinc finger unit binding nucleic acids in a homodimer or heterodimer state. It has been proven that homodimers recognize sequences with inverted repeats, when heterodimers bind to direct repeats. Importantly, Class II comprises the GATA proteins which are broadly represented in S. apiospermum (Figure28). GATA proteins bind through their zinc finger domains to a DNA sequence in the regulatory regions of their target genes, called the GATA motif [(A/T)GATA(A/G)] (Urnov 2002).

Figure 37 :

 37 Figure 37 : Functional domains of zinc cluster proteins. Zinc cluster proteins can be separated into three functional domains: the DBD, the regulatory domain, and the acidic region. In addition, the DBD is compartmentalized into subregions: the zinc finger, the linker, and the dimerization domain. These regions contribute to DNA-binding specificity and to protein-DNA and protein-protein interactions. MHR, middle homology region (MacPherson, Larochelle, and Turcotte 2006).

Figure 38 :

 38 Figure 38 : Relative distribution of regulator pfam family members in different fungal phyla. A: ascomycetes, B: basidiomycetes, C: pezizomycotina; D: saccharomycotina; E: taphrinomycotina. The average number of transcription factors for each phylum is indicated underneath each pie chart. The number of genomes analyzed in each phylum or subphylum is indicated in parentheses (Todd et al. 2014).

  The dimerized protein binds to a symmetrical 17 base pair nucleic acid sequence[START_REF] P Pan | DNA Binding Domain of GAL4 Forms a Binuclear Metal Ion Complex[END_REF]. In M. oryzae, 61 Zn2Cys6 TF genes were found to play essential roles in fungal development and pathogenicity[START_REF] Lu | Systematic Analysis of Zn2Cys6 Transcription Factors Required for Development and Pathogenicity by High-Throughput Gene Knockout in the Rice Blast Fungus[END_REF]). More particularly, CNF1 was reported to negatively regulate asexual development in this Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 109 rice blast fungus. A putative Zn2Cys6 have also been demonstrated to confer resistance to isoprothiolane (IPT), a systemic fungicide used since the 70's in controlling the rice blast M. oryzae (Zuo-Qian Wang et al. 2018). In Podospora anserina, RSE2 and RSE3 belonging to the zinc_cluster TF family were shown to be important for the expression of a gene encoding the alternative oxidase (aox) which

  Materials and methodsKABBARASamar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 112 Maxipreparation of plasmids (10 to 100 µg) was done by using the NucleoBond® Xtra Midi kit by Macherey-Nagel (Düren, Germany) following the manufacturer instructions. 1.5 Dosage of DNA and RNA Dosage of DNA and/or RNA was carried out with a Qubit® fluorimeter (Invitrogen, Cergy Pontoise, France) on 1 to 20 μL of sample diluted in a reaction volume of 200 μL. This technique is based on the addition of a fluorescent reagent which forms a complex with nucleic acids, of which the concentration can be evaluated after calibration of the fluorimeter using the Quant-iTTM dsDNA Broad-range or RNA Broad range Assay kit.

Figure 39 :

 39 Figure 39 : Schematic representation of the backbone PV189 plasmid.Here only the functional part of the resistance cassette is represented. This cassette is composed of two modules. The first (on the right part of the panel) corresponds to Hyg B resistance marker. The hygromycin resistance gene is under the control of the GPDA promoter and TRPC terminator. On the left panel, the second module is composed of the Penicillium chrysogenum flippase (PcFLP) under the control of the PXYL promoter. Once integrated in the genome, the whole cassette could be excised by the FRT/FLP system, by incubating the transformant clone in xylose containing broth as a source of carbon.

  Materials and methodsKABBARASamar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 115 37°C, at 120 rpm. Digestion of conidia cell wall was performed by placing collected mycelia in falcon tubes containing 20 mL of OM/Glucanex solution each (Appendix 1). The tubes were incubated for 4h at 37°C and 120 rpm. Protoplasts were then washed and recovered by adding 200 µL of ST (Sorbitol-Tris) (Appendix 1) followed by a centrifugation (20 min, 2000g, 4°C). Protoplasts that have settled at the interface of the 2 phases were recovered, and a series of washing with STC (Sorbitol-Tris-CaCl2) was performed and finally ended with the resuspension of the protoplast pellet with 5mL STC. The suspension was then filtered through a 100 µM canvas and centrifuged (20 min, 2000g, 4°C) and finally resuspended with 500 µL of STC. The protoplasts were counted on Malassez cell apparatus and then resuspended in an appropriate volume to reach a final concentration of 10 8 protoplasts/mL. A negative control and a viability test were done in parallel with the positive tests. 20 mL petri dishes were prepared; each containing 20 mL of Molten Agar (Appendix 1) composed of 10 mL saccharose, 8 mL soft agar and 2% yeast/aa (casamino acids). One-hundred µL of protoplasts (10 7 ) were added on 25 µL containing 5 µg of the transforming DNA along with 25 µL of cold STC. Afterwards, 200 µL of PTC (PEG-Tris-CaCl2) (Appendix

  Cells preparation and co-culture. Peripheral blood mononuclear cells i.e monocytes were isolated from healthy human donors and differentiated to M1 phenotypemacrophages in complete RPMI 1640 (Lonza) containing 50 ng/mL of granulocytemacrophage colony-stimulating factor (GM-CSF) as previously described(Paolini et Materials and methods KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 119 al. 2020). Conidia were stained with 40 μg/mL of fluorescein isothiocyanate (FITC) (Sigma-Aldrich, Missouri, USA) in phosphate-buffered saline (PBS) for 30 min in darkness with constant shaking (120 rpm). Conidia were then washed twice with PBS 1X, and then they were resuspended in 1 mL of PBS 1X. Conidia were counted in the Malassez chamber. FITC-labeled conidia (5.10 5 cells) were co-cultured with adherent M1 macrophages (cell ratio of 1:1) in a 6-well plate in a total volume of 500 μL of complete RPMI-1640. Macrophages were co-cultured with conidia for 6H at 37°C in 5% CO2. Later, plates were put on ice for 20 min to stop phagocytosis and processed into either the ingestion or the killing experiment. Two independent replicates with technical triplicates in each were carried out for every conidia type. Ingestion assays. Cells were lifted from wells by incubating on ice and then gently mixed and transferred to Eppendorf tubes. The suspension was washed twice with PBS 1X and centrifuged at 500g for 5 min to eliminate RPMI and non-adherent conidia. Macrophages were then marked with anti CD14 mAb (Miltenyi Biotec, Germany) for 15 min at 4°C, rinsed twice with 1% BSA-0.01% sodium azide-PBS, and stained for viability with 7-AAD (Invitrogen, Cergy Pontoise, France). Cells were analyzed on FACSCanto II cytometer (Becton Dickinson, New Jersey, USA) to quantify the percentage of conidia ingestion by macrophages. Data were gated to remove dead macrophages. A double-positive population (CD14+ FITC+) was considered to reflect macrophages with ingested conidia (intracellular and/or adherent conidia).
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Results

  KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 173 draw any general conclusions about the evolutionary relationships of HKs in this supergroup.However and surprisingly, we detected in our previous study some homologies between sequences from the brown algae Ectocarpus siliculosus and the Ectocarpus siliculosus virus 1 (ESV-1). To gain more insight into this preliminary observation we report here a complete phylogenetic and structural analysis of E. siliculosus and ESV-1 HKs. Our results suggest for the first time a potential involvement of megaviruses in the evolution of the HK battery in brown algae. Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 174 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 175 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 176 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 177 Article 3: CHASEing cytokinin receptors in plants, bacteria, fungi and beyond For several years, our research team has benefited from a fair recognition concerning the HK family of proteins in fungi. In addition, in 2017 we had the opportunity to describe for the first time the presence of cytokinin and ethylene receptor homologs in early diverging fungi (EDF) (Hérivaux et al. 2016). On this basis, Nicolas Papon was commissioned by the editor of Trends in Plant Science to write a short review dealing with the recent advances on cytokinin signaling in prokaryotes and non-plant eukaryotic organisms. This invitation occurring during the first months of my PhD program, my supervisor has delegated to me the writing of this short review. We thus compiled in this conceived manuscript recent breakthrough providing evidence that CHASE domain-containing HK receptors are not limited to terrestrial plants but may also intervene in other eukaryotes (fungi, amoebae) and prokaryotes (phytopathogenic bacteria, cyanobacteria). Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 178 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 179 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 180 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 181 Article 4: Cytokinin sensing in bacteria One major advance in the field that was published during the first months of my PhD program was the first description of a bacterial receptor named PcrK sensing the plant hormone cytokinin to promote adaptation to oxidative stress (F.-F. Wang et al. 2017). This tremendous advancement provided for the first time mechanistic insights into how pathogenic bacteria use CHASE containing-HK receptors to recognize the cytokinin signals of the host plant during the infectious process. We notably highlighted this breakthrough in the previous Trends in Plant Science mini- review. However no structural evidence was provided by Wang and colleagues concerning the binding of the plant hormone to the bacterial receptor PcrK. In such perspective, Chen et al. has revealed for the first time in the Journal of Structural Biology the crystallographic structure of the pythopathogenic bacterial sensor PcrK CHASE domain. This study has allowed to shed light on the mechanisms by which the plant-borne cytokinin i.e. isopentenyladenine binds to the PcrK sensing domain (P. Chen et al. 2019).
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 1992021 Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 182 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 183 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 184 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 185 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 186 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 187 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 188 Article 5: Cytokinin and ethylene cell signaling pathways from prokaryotes to eukaryotes Finally, we got the opportunity to be invited by the editor of Cells in the framework of the special issue entitled 'Hormonal Signaling in Plants and the Changing Environment' to write a review compiling recent knowledge on cytokinin and ethylene cell signaling pathways from prokaryotes to eukaryotes. This article was written in collaboration with Dr. Baptiste Bidon who was recruited as a Postdoctoral fellow in our team to support the scientific program CRHoMic financed by the 'Pays de la Loire'. This project involving nine partner laboratories all around the world consisted on the characterization of ethylene and cytokinin receptors in eukaryotic microorganisms. Above all, I have found in this invitation a unique opportunity to make a strong synthesis all knowledge acquired on HKs during the first part of my PhD program. Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 189 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 190 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 191 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 192 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 193 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 194 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 195 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 196 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 197 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 198 Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | Deciphering the function of the transcription factor Sapio_CDS7085 in Scedosporium Article in preparation: Functional characterization of the C6 zinc fungal transcription factor in Scedosporium apiospermum As a continuation of my Master2 internship, the first part of my PhD program consisted on the exploration of the distribution and evolution of the HK family within the eukaryotic clades. Because the laboratory focused for many years on medical mycology and more specifically on the characterization of mechanisms involved in the adaptation of S. apiospermum to the microenvironment encountered in the CF lung, it would have been relevant to pursue my PhD program, in line with the first in silico part, with the study of the role of HKs in such adaptative processes in S. apiospermum. However, the involvement of HKs in stress adaptation and pathogenicity was already tackled within the PhD program as another member of our team (Anais Hérivaux, 2015-2018). At the time, to determine my PhD project, it appeared delicate to begin an additional PhD program on the functional characterization of S. apiosmermum HKs. However, we were particularly interested in continuing this PhD project with topics dealing with fungal cell signaling pathways orchestrating stress responses in fungi. In 2017, the first data on the genomic comparative analysis perfomed on four pathogenic species of Scedosporium and the non-colonizing species Scedosporium Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 200 dehoogii have opened new windows in the laboratory to identify genes potentially involved in the adaptation and pathogenicity of Scedosporium spp. This study has revealed 134 genes present or functional in the 4 studied pathogenic species, however, absent or non-functional in the environmental species S. dehoogii. Thereby, the following part consisted in the characterization of one member of this list, Sapio_CDS7085 encoding a transcription factor. Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | Species of the Scedosporium genus rank second among the filamentous fungi colonizing the respiratory tract of cystic fibrosis (CF) patients. Nevertheless, the pathogenesis of Scedosporium infections remains poorly understood. Notably, the mechanisms developed by the fungus to establish within the respiratory tract of the patients are still unknown. Among the different species of this genus, only four of them are mostly described in human pathology, however only one species, S.dehoogii, is frequent in the environment and unable to colonize the respiratory tract. A comparative genomic analysis on S. boydii, S. apiospermum, S.

Results
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  PCRs were performed with either the GoTaq DNA polymerase or with the Q5 ® high fidelity DNA polymerase. Reaction setups and components, as well as the thermocycling conditions are those provided by the supplier New England BioLabs Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 206

Figure 1 :

 1 Figure 1 : Representation of the CDS7085 gene locus, the PV189 backbone plasmid, and the disruption cassette for the Sapio_CDS7085 gene.

  Characterization of genes involved in the pathogenicity of Scedosporium apiospermum performed on S. apiospermum protoplasts following standard PEG-CaCl2 chemical procedure as described by Turgeon et al. and Le Govic et al. (Le Govic et al. 2020)(Turgeon et al. 2010)(Z. Liu and Friesen 2012). For Sapio_CDS7085 gene disruption experiment, protoplasts of Dku70 strain were transformed with 10 µg of the 5'-TF7085-FLP/Hyg R -3'-TF7085 cassette released by digestion of PV189/DTF7085 with BstXI restriction enzyme. Selection of transformants was done by plating protoplasts on molten agar supplemented with 50 µg/mL hygromycin B.
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  extracted using Machery Nagel RNA NucleoSpin RNA Plant and Fungi extraction kit extraction (Düren, Germany). The expression of genes was performed via Quantitative Real Time PCR (RT-qPCR) by using the Step One Plus Thermalcycler (Applied Biosystems Foster City, CA). RT-qPCR was performed using 2X Fast SYBR® Green Master Mix (Thermofisher, Applied Biosystem) using the manufacturer instructions.. Reverse transcriptase was done on 500 ng of RNA samples using Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 210 SuperScript TM II Reverse Transcriptase kit (Invitrogen, Cergy Pontoise, France). Genes encoding for actin were used for normalization. Relative quantification (RQ) of gene expression was determined from the threshold cycle (Ct) values, according to the following formula.

  includes 7 genes encoding transcription factors in S. apiospermum among which one gene has been retained, Sapio_CDS7085. Preliminary pfam analysis suggested Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 211 that the predicted protein belongs to the C6 zinc family of TF. The phylogenetic analysis depicted in Figure 2 confirmed this result since the Sapio_CDS7085 predicted protein clusters together with fungal C6 zinc proteins of Fusarium oxysporum, Talaromyces marneffei, Pochonia chlamydosporia, Metarhizium anisopliae and Gal4 of S. apiospermum.

Figure 2 :

 2 Figure 2: Phylogeny of prominent classes of TF unraveling the categorization of the Sapio_CDS7085.Sequences were extracted from NCBI database. Sequence alignments and phylogenetic tree were generated using ClustalW algorithm. TF sequences containing some representative pfam DBD (with an e-value below 10 -3 ) were selected to generate the phylogenetic tree.

  Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 212

213 Figure 3 :

 2133 Figure 3 : Molecular characterization of the TF7085 mutant by PCR. (A) Schematic representation of the wild-type and disrupted TF7085 locus. (B) PCR analysis of the TF7085 locus in the parental strain and the DTF7085 by using TF7085_Verif_F1/TF7085_Verif_R1 primers situated before and after the 5' and 3' flanking regions respectively. (C) The presence of TF7085 mRNA was detected by RT-qPCR in both strains at day 8.
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Figure 4 :

 4 Figure 4 : Macroscopic visualization of the mutant and parental strains.Figure showing the appearance of colonies after culture on YPDA and MALT media followed by incubation for 14 days at 37°C.

215 Figure 5 :

 2155 Figure 5 : Growth kinetics of the TF7085 mutant and the parental strain.Growth kinetics of both the mutant and parental strain were studied following the culture of strains on YPDA media and incubated for 14 days at 37°C. Five technical replicates were used to acquire these results. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Figure 6 :

 6 Figure 6 : Microscopic examination of the TF7085 mutant and the parental strain.Figure showing the microscopic examination of both the mutant and parental strain after being cultured on YPDA and MALT media and incubated for 14 days at 37°C.

Figure 7 :

 7 Figure 7 : Germination kinetics of the TF7085 mutant and the parental strain.For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, and germination was monitored every few hours. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Figure 9 :

 9 Figure 9 : Susceptibility testing to osmotic stress.The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents. Plates were incubated at 37°C for 3 days.
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Figure 10 :

 10 Figure 10 : Susceptibility testing to cell wall stress.The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents. Plates were incubated at 37°C for 3 days.

Control

  Figure 11 : Antifungal susceptibility testing. Susceptibility testing has been performed for voriconazole, isavuconazole, amphotericin b, and caspofungin for both strains following CLSI recommendations. MIC50 was calculated for each drug. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

  Figure 12 : Visual images of TEM observation of spores and germ tubes. (A) represents conidia of the parental strain observed by TEM. (B) conidia of DTF7085 observed by TEM. (C) germ tubes of parental strain observed by TEM. (D) germ tubes of DTF7085 observed by TEM.

Figure 13 :

 13 Figure 13 : A representation of the thickness (in nm) of conidia and germ tubes cell wall. This figure represents the differences in the cell wall thickness in the conidia and germ tubes of both DTF7085 and Dku70. These results were obtained following observation by TEM. Statistical analyses were performed by using Graphpad prism 8.0 parametric t-tests due to the normal distribution of samples.
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222 3

 222 agents. Taken together, these results suggest that further experiments should be carried out aiming to define the processes regulated by Sapio_CDS7085. In such perspective, the role Sapio_CDS7085 in host-pathogen interaction should be investigated in different available in vitro and in vivo models. These later experiments are an essential prerequisite to state if Sapio_CDS7085 is involved or not in the adaptation and pathogenesis in S. apiospermum. To avoid too much redundancy, we propose to continue this discussion section in the last part of my thesis manuscript (Conclusion and perspectives).ResultsKABBARASamar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | Function of the serine/threonine kinase Sch9 in Scedosporium Article in preparation: Deciphering the role of the serine/threonine kinase Sch9 in Scedosporium apiospermum On the basis of the negative results obtained during the characterization of the function of the TF Sapio_CDS7085, we decided, halfway through the thesis, to engage in the study of a S. apiospermum gene for which the orthologous sequence was previously associated to stress adaptation and pathogenicity in some fungal models. We thus selected the sch9 gene encoding a serine/threonine kinase involved in the TOR pathway. More specifically, we selected this gene because it has been shown to be involved in the morphogenesis and adaptation to hypoxic and hypercapnic conditions in C. albicans. As a consequence, sch9 could represent an excellent candidate to participate in the adaptation mechanisms developed by S. apiospermum to cope with the particular environment of CF lungs. Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum is considered an emerging opportunistic fungal pathogen, affecting mainly immunocompromised patients. Notably, this mold ranks second among filamentous fungi infecting CF patients. Infections by S. apiospermum can develop clinically from being localized to causing pulmonary colonization and invasive disseminated infections, leading to high mortality rates. This is due mainly to patients clinical status, limited biological diagnostic techniques, and resistance to currently used antifungals. For this reason, it remains essential to pursue sustained research better to understand the pathophysiology of these deep-seated fungal infections and to develop new strategies for early diagnoses and better targeting of antifungal therapeutic interventions. In the present study, the sch9 gene encoding a major TOR pathway effector has been characterized. While seriously affected in fitness in standard growth conditions, sch9 deletion has decreased hyphal development.In addition, sch9 mutant showed increased sensitivity to some oxidative and cell wall stress-causing agents. However, Dsch9 displayed an increase in germ tube formation during the first hours of growth and when cultured under hypoxic and hypercapnic conditions. Furthermore, under standard growth conditions, the sch9 mutant exhibited decreased germ tube cell wall thickness compared to the parental strain. Finally, sch9 disruption affected the ability of S.

  Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 2253.2 IntroductionCF is the main hereditary genetic disease among the European Caucasian population and the third rare disease in France. It is due to a mutation in the CFTR gene, which encodes a membrane transporter involved in electrolytic exchanges through the plasma membranes of numerous epithelial cell types. Various organs are affected by the dysfunction of this membrane transporter, but the vital prognosis depends mainly on respiratory damage. Indeed, the respiratory tract of patients is frequently colonized by microorganisms, and the resulting infections constitute the leading cause of morbidity and mortality in CF.In the respiratory tract, mutations in the CFTR gene result in thickening of the bronchial mucus and alterations in mucociliary clearance, which allows the trapping of inhaled bacterial and fungal spores and creates an environment favorable to the growth of microorganisms. Bacteria, in particular Pseudomonas aeruginosa, are the prominent agents of these infections, justifying the specific attention paid to bacterial infections in recent decades. This advancement has made it possible to improve the therapeutic management and prevention of these infections, which, together with the implementation of early diagnosis of CF and the improvement of the nutritional status of patients, has led to a significant increase in the life expectancy of patients.However, alongside bacteria, many fungal species can also colonize the respiratory tract of CF patients. This colonization, facilitated by repeated courses of antibiotics and by the administration of oral corticosteroids, contributes to the exacerbation of the inflammatory reaction and can also lead to actual infections, the frequency of which has steadily increased in parallel with increased patient life expectancy. However, unlike bacterial infections, little is known today about the epidemiology and pathophysiology of fungal infections.ResultsKABBARASamar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 226

(

  protein kinases A, G, and C) family and is one of the major TOR effectors. This serine/threonine kinase acts upon phosphorylation at the C terminal end by Torc1 in positively regulating ribosome biogenesis, glycolysis, and growth. In S. cerevisiae, Sch9 phosphorylates thus reduces and inhibits the accumulation of the serine/threonine kinase Rim15 in the nucleus, consequently blocking the entry into the G0 phase. However, inhibition of Torc1 by rapamycin, or repressing the activation of Sch9 independently by knocking out or down the gene, proved that the TOR/Sch9 pathway is involved in decreasing the chronological lifespan of the budding yeast. An interesting finding was also described by Ahuir et al., which showed that mutants of sch9 were sensitive to hyperosmotic stress and that the loss of function also led to impairment and lack of transcriptional response of different response genes upon this hyperosmotic shock (Pascual-Ahuir and Proft 2007). In A. fumigatus, schA (ortholog of sch9) was shown to be controlled by the transcription Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 227

S

  . apiospermum was routinely cultured in yeast peptone dextrose agar (YPDA, 5 g/L yeast extract, 10 g/L pancreatic peptone, 20 g/L glucose, and 20 g/L agar) or Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 228 potato dextrose agar (PDA, 20 g/L dextrose, 200 g/L infusion from potatoes, and 15
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Figure 1 :

 1 Figure 1: Representation of the sch9 gene locus, the PV189 backbone plasmid, and the disruption cassette for the sch9 gene.
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  extracted using Machery Nagel RNA NucleoSpin RNA Plant and Fungi extraction kit extraction (Düren, Germany). The expression of genes was performed via Quantitative Real-Time PCR (RT-qPCR) by using the Step One Plus Thermal cycler (Applied Biosystems Foster City, CA). RT-qPCR was performed using 2X Fast SYBR® Green Master Mix (Thermofisher, Applied Biosystem) using the manufacturer instructions. Reverse transcriptase was done on 500 ng of RNA samples using Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 233 SuperScript TM II Reverse Transcriptase kit (Invitrogen, Cergy Pontoise, France). Genes encoding for actin were used for normalization. According to the following formula relative quantification (RQ) of gene expression was determined from the threshold cycle (Ct) values (Livak and Schmittgen 2001). DCtexperiment = Cttarget -Ctreference, (corresponding to the experimental conditions) DCtcontrol = Cttarget -Ctreference, (corresponding to the control conditions) RQ = 2 -(DCtexperiment -DCtcontrol)

  Ingestion assays. Cells were lifted from wells by incubating on ice. The suspension was washed twice with PBS 1X and centrifuged at 500g for 5 min to eliminate RPMI and non-adherent conidia. Macrophages were then marked with anti CD14 mAb (Miltenyi Biotec, Germany) for 15 min at 4°C and stained for viability with 7-Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 234 Aminoactinomycin D (7-AAD) (Invitrogen, Cergy Pontoise, France). Cells were analyzed on FACSCanto II cytometer (Becton Dickinson, New Jersey, USA) to quantify the percentage of conidia ingestion by macrophages. Data were gated to remove dead macrophages. A double-positive population (CD14+ FITC+) was considered to reflect macrophages with ingested conidia (intracellular and/or adherent conidia). The ingestion percentage corresponds to the number of live macrophages that have ingested spores to the total number of live macrophages multiplied by 100.

  Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 235

  Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum

237 Figure 2 :

 2372 Figure 2 : Molecular characterization of the sch9 mutant by PCR. (A) Schematic representation of the wild-type and disrupted sch9 locus. (B) PCR analysis of the sch9 locus in the parental strain and the Dsch9 by using SCH9_Verif_F1/SCH9_Verif_R1

238 Figure 3 :

 2383 Figure 3 : Verification of the sch9 mutant by RT-qPCR. The verification of Dsch9 was done by studying the relative expression of the sch9 gene by RT-qPCR compared to the parental strain. Kinetics (day 6 to day 10) of the relative expression was studied in four different conditions. (A) Relative expression of the sch9 gene in the mutant and the parental strains under normoxia. (B) Relative expression of the sch9 gene in the mutant and the parental strains under hypoxia. (C) Relative expression of the sch9 gene in the mutant and the parental strains under hypercapnia. (D) Relative expression of the sch9 gene in the mutant and the parental strains under hypoxia+hypercapnia.

239 Figure 4 :

 2394 Figure 4 : Macroscopic visualization of the mutant and parental strains.Figure showing the appearance of colonies after culture on YPDA and MALT media followed by incubation for 14 days at 37°C.

Figure 5 :

 5 Figure 5 : Microscopic examination of the sch9 mutant and the parental strain.Figure showing the microscopic examination of both the mutant and parental strain after being cultured on YPDA and MALT media and incubated for 14 days at 37°C.

Figure 6 :

 6 Figure 6 : TEM observation of spores and germ tubes. (A) represents conidia of the parental strain observed by TEM. (B) conidia of sch9 mutant observed by TEM. (C) germ tubes of parental strain observed by TEM. (D) germ tubes of sch9 mutant observed by TEM.
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Figure 7 :

 7 Figure 7 : A representation of the thickness (in nm) of conidia and germ tubes cell wall. This figure represents the differences in the cell wall thickness in the conidia and germ tubes of both Dsch9 and Dku70. These results were obtained following observation by TEM.

242 Figure 8 :

 2428 Figure 8 : Graphical representation of the FSC and SSC in Dsch9 and Dku70.

243 Figure 9 :

 2439 Figure 9 : Growth kinetics of the sch9 mutant and the parental strain.Growth kinetics of both the mutant and parental strain were studied following the culture of strains on YPDA media and incubated for 14 days at 37°C. Five technical replicates were used to acquire these results. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

244 Figure 10 :

 24410 Figure 10 : Germination kinetics of the sch9 mutant and the parental strain.For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, and germination was monitored every few hours. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

  Figure 11 : Germination rates of Dsch9 and Dku70 under normoxia, hypoxia, and hypercapnia.For this study, liquid cultures were performed in liquid YPD media and incubated at 37°C, or under hypoxia or hypercapnia, and a microscopic examination was achieved at 16h. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.
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Figure 13 :

 13 Figure 13 : Susceptibility testing to osmotic stress.The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents. Plates were incubated at 37°C for 3 days.

Figure 14 :

 14 Figure 14 : Susceptibility testing to cell wall stress.The viability of the conidia was analyzed in different stress conditions by spotting 5 μL of serial 1:10 conidial dilutions (from 2.10 7 to 2.10 1 spores/mL) on YPDA plates as a control, or on YPDA plates supplemented with different concentrations of stress causing reagents. Plates were incubated at 37°C for 3 days.

  Figure 15 : Antifungal susceptibility testing. Susceptibility testing has been performed for voriconazole, isavuconazole, amphotericin b, and caspofungin for both strains following CLSI recommendations. MIC50 was calculated for each drug. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

249 Figure 16 :

 24916 Figure 16 : Percentage of conidial phagocytosis in sch9 mutant. The percentage of phagocytosis was studied when Dsch9 and Dku70 conidia were cocultured with macrophages and then analyzed by flow cytometry. Three technical replicates were performed. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

Results 250 Figure 17 :

 25017 Figure 17 : Percentage of conidial killing by macrophages in sch9 mutant. The percentage of killing was studied when Dsch9 and Dku70 conidia) were co-cultured with macrophages and then examined by flow cytometry. Three technical replicates were performed. Statistical analyses were performed by using Graphpad prism 8.0 two-way ANOVA tests.

  Likewise, Sch9 could represent a potential therapeutic target for therapeutic development for life-threatening fungal infections.S. apiospermumDsch9 displayed a reduced growth rate that likely primarily derives from a global default in fungal fitness. Similarly, the deletion of the sch9 gene led to Results KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 252 cell growth reduction in S. cerevisiae and F. graminearum (Pascual-Ahuir and Proft 2007)(D. Chen et al. 2014). While the decrease in conidia size was previously shown for the sch9 mutant in S. cerevisiae and F. graminearum, in our conditions, we did not observe any differences in conidia size between the sch9 mutant and the parental strain in S. apiospermum. Nevertheless, flow cytometry revealed significantly increased SSC values corresponding to increased granulosity and complexity in the ultra-structure of the sch9 mutant. These results are in accordance with the occurrence of white reticular organelles in TEM in the Dsch9. The latter has not been previously defined, and no function has been assessed to them, thus, their role remains unknown.
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  However, further experiments are needed to gain more insight into the role of Sch9 in governing specific features of the stress response pathway in S. apiospermum. Scedosporium species are well described as resistant to amphotericin B and the most recent triazole drug, isavuconazole. They also display reduced susceptibility to the most recent family of antifungals, i.e., echinocandins, and more particularly to caspofungin. In this regard, voriconazole is recommended, in combination or not with another class of antifungal, by the European guidelines as first-line treatment for patients with Scedosporium deep-seated infections[START_REF] Ramirez-Garcia | Scedosporium and Lomentospora: An Updated Overview of Underrated Opportunists[END_REF]).

Results

  KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 254 under hypercapnic conditions, Sch9 negatively regulate Nce103, which is a carbonic anhydrase responsible for the conversion of CO2 to HCO3 -. CO2 was broadly described to be a positive regulator of morphogenesis in pathogenic fungi. This thus appears in accordance with the enhanced germination observed upon sch9 deletion in S. apiospermum. Additional experiments should further reinforce this hypothesis to decipher the role of the different actors and their interactions in the TOR signaling pathway upon governing early stress-induced morphogenetic processes in S. apiospermum.
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  perspectives KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 256 Improving our knowledge concerning structural diversity, phylogenetic distribution, and function of HKs within the eukaryotic lineages It is essential to remind once again that this part of the Ph.D. program arose initially as a continuation of a first internship that I realized in the framework of my Master2 "Infectious diseases and applied bioinformatics" (Lebanese University, Tripoli-Lebanon). My supervisor Nicolas Papon, focusing in part his research on the study of the HKs sensor proteins, my Master2 internship project consequently consisted of deciphering the evolution and distribution of HKs in the eukaryotic tree of life. However, due to the limited period of my internship (four months during spring 2017), along with the challenging magnitude of work that was represented by such an ambitious project, the completion of the phylogenetic analysis was indeed postponed as the first part of my Ph.D. program. HKs, are primary sensors that act in cell signaling pathways generically referred to as "two-component systems" (TCSs). These sensing proteins are thus part of the most widely distributed transduction systems used by both prokaryotic and eukaryotic organisms to cope with a wide range of chemical and physical stress. As the first section of my Ph.D. program, the structural diversity and the phylogenetic distribution of HKs in the five major eukaryotic supergroups were thus explored. This study provided a preliminary overview concerning the structure and distribution of HKs in Eukaryota. Whereas HKs had been previously identified in Plants, Fungi and Amoebozoa, we presented in this study the first description of this family of proteins in unexplored clades such as Apusozoa, Excavata, and SAR. We observed the conservation of some HK groups within eukaryotic supergroups that are putatively involved in crucial physiological processes including light perception, General conclusion and perspectives KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 257 hormone sensing, development, and stress adaptation. As highlighted in this work, when available, combining data concerning the function of HK groups with robust phylogenetic analysis helped in deciphering some evolutionary path, notably by correlating the presence of some HK topologies with physiological traits of organisms. It remains thus essential in a near future to accelerate the provision of data concerning the role of HKs in the other eukaryotic clades by developing efficient functional genomic approaches.

  in silico strategies have emerged recently for supporting the identification of gene transfer events within organisms(Glöckner et al. 2016). Thus beyond the first example provided by our analysis on E. siliculosus and its cognate giant virus ESV-1 that shed light on the implication of horizontal gene transfer between both organisms and led to the expansion of HKs families in brown algae, these new in silico strategies should be exploited to highlight many other evolutionary paths that have shaped the current HKs distribution in eukaryotes.With the exception of plants and some fungal species, globally, the role of the different groups of HKs remains largely obscure. In the near future, tremendous efforts are needed to functionally characterize a broad palette of HKs groups with unknown functions. For instance, in the context of my Ph.D. program, the dissemination of two types of hormone (cytokinin and ethylene) HK receptors, initially thought to be restricted to terrestrial plants, was unearthed. Ethylene and cytokinin have mainly been documented as prominent phytohormones essential for land plant developmental programs; anyhow wide range of prokaryotic and General conclusion and perspectives KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 258 eukaryotic organisms (plants, algae, fungi, amoebae, and bacteria) use these as signaling molecules to regulate cellular processes. Paradoxically, even though cytokinin and ethylene serve as signaling molecules in different kingdoms, it has been supposed for a long time that canonical cytokinin and ethylene signaling pathways are restricted to terrestrial plants. These considerations are now called into question due to identifying genes encoding cytokinin and ethylene receptor homologs in many other lineages within the tree of life. Indeed, cytokinin and ethylene receptor homologs were recently described in many types of microorganisms (fungi, amoeba, SAR, pathogenic bacteria, and cyanobacteria). Consequently, it would be interesting to biochemically and functionally characterize the role of these cytokinin and ethylene receptor homologs in a broad palette of eukaryotic microorganisms. This would provide an unprecedented opportunity to shed light on the dissemination and evolution of these hormones as both intra-and inter-specific communication molecules in prokaryotic and eukaryotic organisms. In such a perspective, the recent discoveries by our team on the dissemination of putative ethylene and cytokinin HK receptors gave rise to a couple of important awarded programs that are now in course in the laboratory. The first named 'Mycormones' and supported by the ANR aims to determine the role of these phytohormone receptors in the establishment of symbiosis between fungi and plant roots. More recently, the team was granted by the 'Pays de la Loire' to launch an important collaborative program dealing with the characterization of the biological role of such phytohormones receptor homologs in broad series of eukaryotic microorganisms (CRHoMic project). Importantly, although focusing strong efforts on the study of receptors sensing hormones that were initialy described in plants could appear awkward for the scientific policy of a medical mycology laboratory, it is essential to remind that this research could potentially open new windows in the field of host-pathogen interactions. In this respect, cytokinin was, for instance, found to play an important General conclusion and perspectives KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 259

  PBMC-derived macrophages type M1 as performed in the framework of the study of the sch9 gene. This experiment would allow acquiring data concerning the interaction of the DTF7085 and the Dku70 strains with macrophages, including the ingestion of conidia and their killing by macrophages (collaboration with the 'Centre de Recherche en Cancérologie et Immunologie' team (CRCINA), Team 07: Innate Immunity and Immunotherapy, directed by Dr. Yves Delneste). This would allow us to determine a putative implication of the Sapio_CDS7085 gene in response to the innate immune system. Furthermore, virulence should be experimented in turn in vivo on murine models. Several experimental models could be tested from such a General conclusion and perspectives KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 260

  General conclusion and perspectivesKABBARASamar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 261 involvement of GPI-anchored proteins in cell wall changes during the germination of S. boydii (Ghamrawi et al. 2014).
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. Bibliographic review KABBARA Samar | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum | 29 (Davies et al. 2019)

  The high number of fungal infections in CF patients has been explained by the recurrent antibiotic treatments that target bacterial infections and that, however, have positively regulated fungal growth.

	Aspergillus infections usually lead to two main clinical scenarios, either Aspergillus
	colonization of the airways or allergic bronchopulmonary aspergillosis (ABPA). The
	treatment course differs depending on the patients clinical status; however,
	Aspergillus infections are usually treated with voriconazole as a first-line treatment
	and alternatively with posaconazole. Importantly, it has been shown that CF patients
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Table 2

 2 

	and derived from a more

Table 2 :

 2 Compilation and structure of HKs in prominent pathogenic fungi.

	(Defosse et al. 2015)

(sporulation, biofilm formation, competence), virulence, antibiotic resistance, and many others (e.g., flagellar assembly, secretion systems)

(Mascher, Helmann, and 

Table 3

 3 

summarizes the function of variable bHLH TFs in different Aspergillus species (B.-T. Wang et al. 2019).

Table 3 :

 3 In 2012, Sailsbery et al. classified fungal bHLH TFs. Using different bioinformatic and phylogenetic tools, the 490 bHLH fungal TFs were categorized into 12 groups (F1-F12). In order to decipher the differential characteristics on which this classification was generated, several statistical tools and classification models were tested to determine the fundamental molecular architecture and the different sequences that describe each fungal group[START_REF] Sailsbery | Phylogenetic Analysis and Classification of the Fungal BHLH Domain[END_REF].
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Table 4 :

 4 Known biological and molecular functions for bHLH proteins by fungal group.

[START_REF] Sailsbery | Phylogenetic Analysis and Classification of the Fungal BHLH Domain[END_REF] 

Table 6 :

 6 Three major classes of eukaryotic zinc finger proteins.

[START_REF] Macpherson | A Fungal Family of Transcriptional Regulators: The Zinc Cluster Proteins[END_REF] 

Table 1 :

 1 List of primers.

	Primer	Sequence from 5' to 3'
	SCH9 5' F	GCGCAAAATCGATgacaagtatcttgaatgctctggg
	SCH9 5' R	GCGCAAAAAGCTTgtaatctcttgtcgtgtaagtccg
	SCH9 3' F	GCGCAAAGCGGCCGCggctgactctcctttcatcgtcgg
	SCH9 3' R	GCGCAAACCACCGCGGTGGagtgacgaagaggctgtgtggtca
	SCH9_Verif_F1	tgtctagaaatctggtcttcgtcc
	SCH9_Verif_R1	caggggttaacctcactcaagccg
	SCH9_qpcr_F1	tcgacatgtccgaggaacac
	SCH9_qpcr_R1	ccgccttcaggaatcggaat

'Rhizophagus irregularis' 'Metarhizium anisopliae' 'Botrytis cinerea' 'Talaromyces marneffei' 'Scedosporium apiospermum' 'Histoplasma capsulatum' 'Coccidioides immitis' 'Batrachochytrium dendrobatidis' 'Metarhizium robertsii' 'Cryptococcus neoformans' 'Blastomyces dermatitidis' 'Puccinia graminis' 'Candida albicans' 'Ustilago maydis' 'Nosema bombycis' 'Sporothrix schenckii' 'Arthrobotrys oligospora' 'Fusarium oxysporum' 'Malassezia globosa' 'Aspergillus fumigatus'
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To unravel the general role of the TOR pathway and consequently sch9 in S.

apiospermum, further experiments comparing phenotype of the sch9 mutant with that of the parental strain treated with rapamycin should be realized. Indeed, the tor gene is well known to be essential; this means that no genetic mutant of the gene could be likely engineered in S. apiospermum. Thus it would be more relevant to benefit from a pharmacological inhibition of the Tor protein by rapamycin to perform comparison analysis of phenotypes.

The experiments that have already been carried out during this thesis should be first complemented with the study of the phosphorylation of tor, as well as sch9 by western blot, along with the inhibition of the TOR pathway by rapamycin. This study may prove that in S. apiospermum sch9, as in other fungal species, is a tor downstream effector. This study should be strengthened by an expression analysis of the sch9 gene in order to monitor a potential differential regulation in the parental strain vs. the strain treated with rapamycin. Since sch9 is potentially an effector of tor, the inhibition of Tor by rapamycin may have similar effects to that observed when the sch9 gene is deleted in S. apiospermum.

On the other hand, all phenotypic analyses performed in this study on the sch9 mutant should be re-tackled on a parental strain treated with rapamycin compared to the sch9 mutant.

Another interesting perspective would rely on deciphering the relationship between Sch9 and the carbonic anhydrase Nce103. This pivotal metabolic enzyme converting CO2 in HCO3 -in the cell has been previously described as negatively regulated by Sch9 in hypercapnic conditions in some fungal models. Given that CO2

was broadly described as a positive regulator of morphogenesis in pathogenic fungi, it may be interesting to investigate the expression and phosphorylation of Nce103 in the sch9 mutant compared to the parental strain (R. [START_REF] Martin | CO2 Sensing in Fungi: At the Heart of Metabolic Signaling[END_REF]) [START_REF] Elleuche | Characterization of genes involved in the pathogenicity of Scedosporium apiospermum[END_REF].

In parallel, and based on the transcriptomic data revealed by [START_REF] Stichternoth | Sch9 Kinase Integrates Hypoxia and CO2 Sensing To Suppress Hyphal Morphogenesis in Candida Albicans ▿[END_REF] in C. albicans unraveling the differential expression of genes under variable conditions (hypoxia and hypercapnia), an RNAseq study is ongoing on the Dsch9 and the parental strain to acquire more information on the downregulated and upregulated transcripts by Sch9 in each condition.

Although our preliminary experiment challenging S. apiospermum conidia with PBMC-derived macrophages has yielded significant results suggesting a role of the S. apiospermum sch9 gene in the resistance to phagocytosis and killing, further investigations must be performed using experimental models closer to the CF context. This would include, for instance, testing the interaction of S. apiospermum conidia with alveolar macrophages in vitro. In addition, virulence should be experimented in turn in vivo on murine models as those described for consolidating the function of the previous TF [START_REF] Lelièvre | Experimental Models of Disseminated Scedosporiosis with Cerebral Involvement[END_REF]) [START_REF] Capilla | A Novel Murine Model of Cerebral Scedosporiosis: Lack of Efficacy of Amphotericin B[END_REF]).

Finally, our functional analysis of the sch9 gene in S. apiospermum obviously suffers from the absence of an sch9 reintegrant strain, i.e., a Dsch9 in which the wild type allele of sch9 has been re-introduced. In that sense, while the PCR analysis was done on the sch9 mutant confirmed the insertion of the disruption cassette at the sch9 locus, however, this does not exclude the possibility of an additional ectopic integration of the cassette. This possibility of an additional insertion should be eliminated definitively by performing a Southern blot analysis (ongoing).