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Bacillariophyta (diatoms) are a dominant group of planktonic algae in all oceans where they participate in a range of essential biogeochemical processes. Because they are photosynthetic, diatoms are among the major primary producers on which almost all the ocean life depends. Actually, they contribute to at least 20 % of the global carbon dioxide fixation and to the generation of oxygen. From the evolution point of view, diatoms' powerful photosynthetic ability derives from two consecutive endosymbiotic events of the red alga lineage chloroplasts. This complex origin resulted in a peculiar structure of the chloroplast that differs from green algae and land plants. Diatoms are living in an environment characterized by sudden and drastic modifications to which the algae cope in utilizing sophisticated mechanisms for protection within a unique silica cell wall. This capacity allowed diatoms to thrive in ice-cold waters and dominate in upwelling systems and subsurface layers. Basically, diatoms are considered the best fit group in turbulent environment. Altogether, diatoms are key organisms both for ecology but also for biotechnology.

In this chapter a general overview of the photosynthetic mechanism in diatom is presented, starting with a summary of the evolutionary history of diatoms. The chloroplast ultrastructure, the molecular structure and processes involved in photosynthesis and photoprotection in diatoms are then reviewed.
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. Impact of fossil fuel exploitation and carbon dioxide

Since the second half of the nineteenth century, a rise in human population and an increase in the city's growth was observed. The consequent accumulation of greenhouse gasses and pollutants in the atmosphere caused subsequent serious environmental outcomes, such as global warming and ocean acidification and de-oxygenation (Moss et al., 2010;Levy et al., 2015;[START_REF] Vooradi | Energy and CO2 management for chemical and related industries: issues, opportunities and challenges[END_REF]. Fossil fuel utilization for energy production, transportation, and industrial utilization are some of the most recognizable sources of pollution. Agriculture, especially associated with livestock, and deforestation are also largely contributing (IPCC, 2018: Global Warming of 1.5°C). Carbon dioxide (CO2) is the primary anthropomorphic greenhouse gas, accounting for around 77% of the total greenhouses gasses (GHG) emission [START_REF] Ellabban | Renewable energy resources: Current status, future prospects and their enabling technology[END_REF] and the first cause of global warming (Figure 1.1). At the end of 2015, in Paris, 192 parties legally bond themselves in the international treaty on climate change, commonly known as Paris agreement, setting up the rules to limit the global warming well below 2°C, preferably below 1.5°C. Unfortunately, the current pledges under the Paris agreement of 2015, are not sufficient to avoid surpassing 1.5°C and a special effort must be done reducing GHG emission. A great reduction in carbon dioxide emission is required to reach net zero in less than 15 years (IPCC report 2019) with an energy conversion towards renewable sources. This conversion must be coupled to the carbon dioxide removal (CDR) through carbon capture and storage (CCS) systems that can reduce the power plants CO2 emission. Captured carbon will be stored in underground reservoirs avoiding its release in the atmosphere. The first idea of CCS has been introduced in 1977 [START_REF] Marchetti | On geoengineering and the CO 2 problem[END_REF]. Since then, many projects have been initiated and are ongoing with a total number of 800 potential sedimentary basins classified as suitable for the underground storage of CO2. The CO2 stored underground will probably remain untouched for thousands of years. Despite helping to reduce the rise in temperature, the carbon will not be reintegrated in the organic cycle and thus remains at a very low potential as the carbon is not exploited in the trophic chain. Among different forms of green energy available on the planet, solar energy is the most abundant and, on a human scale, an endless source of energy. Earth surface receives solar energy at an approximate rate of 3400000 EJ/year that corresponds to 8000 times more the average annual energy consumption rate [START_REF] Breeze | Solar power[END_REF]. A great effort has been done in order to optimize the solar energy capture with the creation of high efficiency silicon based solar cells [START_REF] Duong | High efficiency perovskite-silicon tandem solar cells: Effect of surface coating versus Bulk incorporation of 2D Perovskite[END_REF] and solar water heating systems. In the latter, energy is collected through steam turbines connected to generators [START_REF] Jamar | A review of water heating system for solar energy applications[END_REF]. Other less common processes have been developed. One of this is the artificial photosynthesis that can be used to generate hydrogen in an artificial process which, differently from the common solar cells, are able to produce fuel simultaneously with the reduction of CO2 into hydrocarbon fuels (CH4 and CO) (Zhou et al., 2013). Photosynthesis organisms are naturally evolved organisms capable to integrate low oxidate state carbon into high energy organic molecules, exploiting solar energy with a relatively high efficiency. In order to infer on the difference between solar cells and photosynthetic organisms, it is necessary to consider the fraction of solar spectrum that solar cells and photosystems are able to use.

Common silicon solar cells have an absorption spectrum from the ultraviolet (UV) to the near infrared (NIR) around 1200 nm while the radiant energy collected by photosynthetic pigments is limited to the visible range (from 400 nm to 700 nm) and is called photosynthetically active radiation (PAR). In the case of solar cells, there is a limit of energy utilization, the so-called Shockley-Queisser limit [START_REF] Shockley | Detailed balance limit of efficiency of p-n junction solar cells[END_REF]. This limit assumes that the maximum theoretical solar energy conversion is around 32% but in a conventional solar cell, due to dissipative losses, the maximum efficiency reduces to 24% (See [START_REF] Hanna | Solar conversion efficiency of photovoltaic and photoelectrolysis cells with carrier multiplication absorbers[END_REF] for more details). In the case of a photosynthetic organisms, the maximum theoretical photosynthetic efficiency (PE) is the fraction of radiant energy converted to chemical bonds by the organisms and is calculated considering the bandedge absorption of the chlorophyll and the structure of the two photosystems. PE ranges around 12% but taking in account the losses in light harvesting antenna, photoprotection and respiration, the maximum limit PE is 4.6 and 6% for C3 and C4 plants respectively which drastically drops to 2.9% and 4.2% when measured in field (Zhu et al., 2010;[START_REF] Parlevliet | Efficient conversion of solar energy to biomass and electricity[END_REF]. The theoretical maximum solar energy conversion to biomass in microalgae is 10% and it has been calculated on the basis of the conversion of CO2 to glucose [START_REF] Melis | Plant Science Solar energy conversion efficiencies in photosynthesis : Minimizing the chlorophyll antennae to maximize efficiency[END_REF].

A possible photosynthesis-based solution for the CO2 emission mitigation

Photosynthetic organisms, including plants, microalgae and cyanobacteria, have evolved to exploit light energy to synthesize organic molecules from CO2. These organisms are thus capturing CO2 to synthesize diverse organic molecules, which include all the organic macromolecules classes (lipids, proteins, carbohydrates, etc.). These macromolecules can be widely used for the production of different biocommodities such as pharmaceuticals, nutraceuticals, food colorants, animal feed, bioplastics and biofuels. These processes are allowing to cycle the CO2 into biocommodities to improve life quality and at the same time mitigate the emissions. The most used and striking example is the exploitation of plant biomass for liquid fuel production especially for transportation use and aviation.

For the last, electric power is not yet optimized. More than 60 countries have started biofuel programs in order to supplement their fuel demands with inland produced biofuels. Over the decade of 2008 to 2018, world bioethanol production increased by 67% to 110.4 billion litres, USA and Brazil being the major productors (69% of the total production). The produced biofuel from these countries derives mostly from corn and sugarcane but other crop plants are used such as sugar beet for bioethanol and rapeseed (Brassica napus) for biodiesel production. Biofuels can be differentiated according to the feedstock characteristics, the conversion process, the type of biofuel and their utilization. Among several definitions, the most commonly used describes the different types of biofuels as first, second and third generation (Figure 1.2). Biofuels derived from food and animal feed crops were referred to the first generation and is generated mostly from techniques such as fermentation, distillation and transesterification. Second generation biofuels derive from non-food feedstock such as agricultural and forestry residues or dedicated crops such as Panicum virgatum [START_REF] Mitchell | Managing and enhancing switchgrass as a bioenergy feedstock[END_REF]. Compared to the first generation, second generation biofuel do not exploit edible biomass but competes with food and feed production through land utilization (e.g. [START_REF] Paschalidou | Energy crops for biofuel production or for food? -SWOT analysis (case study: Greece)[END_REF]. This requirement generates a growing demand for agricultural production, increasing the risk in deforestation and land biodiversity reduction. In fact, it replaces forest with mono-cultures, increasing groundwater pollution through fertilizer and pesticide utilization [START_REF] Fargione | Land clearing and the biofuel carbon debt[END_REF][START_REF] Whitaker | Consensus, uncertainties and challenges for perennial bioenergy crops and land use[END_REF]. Forest clearing carried out to get place for crop cultivation results in a reduction in CO2 absorption. Moreover, this leads to an increase in CO2 emission due to microbial activity on the rotting material and burning of the recovered wood. Moreover, the utilization of fertilizers to increase field productivity induces a release of N2O, another effective GHG [START_REF] Hanaki | The effect of biofuel production on greenhouse gas emission reductions[END_REF]. [START_REF] Searchinger | Use of U.S. croplands for biofuels increases greenhouse gases through emissions from land-use change[END_REF] reported a scenario in which an increase in crop usage for bio-ethanol production in the US will not effectively help to mitigate CO2 emissions but instead will double emissions over 30 years. First generation biofuels derived from edible biomass such as sugar beet for the production of bioethanol and rapeseed for the production of biodiesel. Second generation biofuels derived from non-edible biomass which production competes with food and feed in farmland utilization. Third generation biofuels derived from macro-and microalgae. Fourth generation biofuels derived from genetically improved algal biomass.

Microalgal biomass derived biofuels are the so called third generation biofuels. As reported above, microalgae possess a relatively high energy conversion through CO2 fixation activity. Moreover, differently from higher plants, they are unicellular organisms and the totality of the biomass has photosynthetic activity. Microalgae are thus a promising alternative to crop plants as a source of biomass and effective CO2 sequestrators. These organisms can be cultivated in open systems such as open ponds in which the culture is exposed to the environment, as well as in closed photobioreactors (PBRs). In the latter, the culture is isolated from the external environment with the sole exception of the light which can be sunlight or artificial light. In both cases, different geometries are applied in order to optimize the cultivation according to the microalgal species used. The possibility of building the cultivation facilities outside farmlands and in urban surfaces represents an important aspect of microalgae-based feedstock which allows to transform non-biologically active carbon storage surface into biologically active and non-competing with food and feed production. Moreover, microalgal cultivation for biomass production can be coupled with wastewater treatment [START_REF] Molazadeh | The use of microalgae for coupling wastewater treatment with CO2 biofixation[END_REF][START_REF] Škufca | Phycoremediation of municipal wastewater: Removal of nutrients and contaminants of emerging concern[END_REF]. Although microalgae have a great potential for CO2 mitigation and biocommodities production and they have been cultivated for more than 40 years, their utilization is still scarce [START_REF] Gerotto | Toward Enhanced Fixation of CO2 in Aquatic Biomass: Focus on Microalgae[END_REF]. The current understanding of the algal growth and photosynthesis is lacunose and their biotechnological applications both in small and large industrial scale cultivation facilities must be improved in order to make the microalgal based biocommodities competitive against non-renewable and polluting sources such as fossil fuel.

Strategies to enhance the production of microalgae biomass are different, mainly involving the manipulation of nutrients (e.g. nitrogen and phosphorus) and environmental factors (e.g. temperature, light and salinity). Unfortunately, these methods do not enhance the inherent metabolic capacity of the microalgae to hyperaccumulate the desired metabolite(s) [START_REF] Kumar | Bioengineering of microalgae: recent advances, perspectives, and regulatory challenges for industrial application[END_REF]. Genetic engineering of microalgae can help to overcome the inherent limitation of metabolic capacity for higher accumulation of desired biomolecules but also improving other features such as fast growth, light utilization etc [START_REF] Fu | Algal cell factories: Approaches, applications, and potentials[END_REF][START_REF] Kumar | Bioengineering of microalgae: recent advances, perspectives, and regulatory challenges for industrial application[END_REF]. Biofuel obtained from genetically improved microalgal strains has been reported as the fourth generation of biofuel [START_REF] Moravvej | The fourth generation of biofuel[END_REF].

Genetic engineering resides at the basis of the generation of the so called "green cell factories" and improving gene editing techniques are making microalgae genome editing faster and efficient [START_REF] Daboussi | Advances in editing microalgae genomes[END_REF]. Moreover, multidimensional "omics" technologies provide platforms to enhance the understanding of the complex biological system by describing nearly all biomolecules ranging from DNA to metabolites [START_REF] Rai | Multi-omics frontiers in algal research: Techniques and progress to explore biofuels in the postgenomics world[END_REF]. Possessing the right tools does not mean that the generation of the "cell factories" is an easy task. In order to identify the proper modifications required to render a microalgal species more efficient in terms of carbon capturing and biomolecules production, the understand of the cellular functions and their regulation is seminal. This manuscript, together with many others, will contribute in the elucidation and the comprehension of the cell functions as well as their control.

Diatoms, the world most diverse group of microalgae

Phytoplankton refers to a polyphyletic group of photosynthetic organisms with diverse ecology.

Phytoplankton includes prokaryotic (cyanobacteria) and eukaryotic microalgae (Figure 1.3). These organisms compose the basement of marine food web since they play a very important role in carbon fixation, nitrogen and phosphorus recycling [START_REF] Litchman | Trait-based community ecology of phytoplankton[END_REF]. Microalgae have colonized every type of ecological niche, facing different types of environmental conditions from thermal water to extremely cold regions [START_REF] Hopes | Evolution of Microalgae and Their Adaptations in Different Marine Ecosystems[END_REF][START_REF] D'alessandro | A thermal water microalga: Eutetramorus planctonicus as a promising source of fatty acids and lutein[END_REF], to hypersaline water such as the Dead Sea where its dissolved salts content has an average of 322.6 g/L (average sea salt content is 32 g/L) [START_REF] Oren | Microalgae and cyanobacteria of the Dead Sea and its surrounding springs[END_REF]. These organisms are found in industrial cooling systems [START_REF] Covarrubias | Thermophile mats of microalgae growing on the woody structure of acooling tower of a thermoelectric power plant in Central Mexico[END_REF][START_REF] Di Pippo | Biofilm growth and control in cooling water industrial systems[END_REF] but also in private pools when the water treatment is not present or not working correctly. They have been also observed to grow in radioactive mineral springs (Millan et al., 2020). Currently, 150000 species have been identified but some estimations account for more than 600000 species that represents more than 50% of the planet O2 production [START_REF] Chapman | Algae: The world's most important "plants"-an introduction[END_REF]. Diatoms (Figure 1.4) represent a major class of phytoplankton in both marine and freshwater environments with the highest number of species. From the evolution point of view, diatoms are believed to derive as a result of two consecutive endosymbiotic events (for more details refer to part II of the Introduction). Diatoms are extremely robust organisms that can inhabit virtually all photic zones, proliferate in different conditions, thrive in tropical and ice-cold waters and dominate upwelling systems and subsurface layers. They are considered the best fit group in turbulent environments [START_REF] Margalef | Life-forms of phytoplankton as survival alternatives in an unstable environment[END_REF]Herbstová et al., 2015). Despite the fact that diatoms constitute only 1% of the total Earth's biomass, they contribute to 20% of the total carbon fixation (For review see Falciatore et al., 2020). In addition to their great contribution in carbon fixation, diatoms participate in silicon cycle and nitrogen capture from various sources. Altogether, diatoms are key organisms with great species diversity (Beauger et al., 2015;Morin et al., 2016) with characteristics of importance in the field of biotechnology (Heydarizadeh et al., 2013;Vinayak et al., 2015;Sayanova et al., 2017;Schoefs et al., 2017). Diatoms naturally produce substances for foodstuffs, anti-biotics, and pharmaceutically active substances and they have been reported to produce an average annual yield of 132 MT of dry biomass per hectare over almost 5 years [START_REF] Wang | Prospects for commercial production of diatoms[END_REF]. These characteristics make diatoms very promising in the sustainable industrial field and their derived biomass can be industrially exploited as source of several high value-added molecules (HVAM) (For review see [START_REF] Sharma | Diatoms biotechnology: Various industrial applications for a greener tomorrow[END_REF]. 

Diatoms as source of biomolecules

Diatoms are widely exploited from the so-called green industry for environmental ecology, such as water treatment, but particularly as source of different biomolecules applied in several fields (Figure 1.5). Food, pharmaceutical, bioremediation bioenergy and nanotechnology are the most common fields of industrial application of diatom derived molecules (e.g. Lebeau and Robert, 2003;[START_REF] Bozarth | Diatoms in biotechnology: modern tools and applications[END_REF]Hildebrand et al., 2014;[START_REF] Fu | Algal cell factories: Approaches, applications, and potentials[END_REF][START_REF] Mishra | All new faces of diatoms: potential source of nanomaterials and beyond[END_REF][START_REF] Baldisserotto | Biological aspects and biotechnological potential of marine diatoms in relation to different light regimens[END_REF]. The cellular content varies according to the diatom species and their physiological response to biotic and abiotic factors such as light intensity, nutrient availability, temperature, salty stress, growth phase etc. [START_REF] Zhu | Strategies for Lipid Production Improvement in Microalgae as a Biodiesel Feedstock[END_REF]Sayanova et al., 2017;[START_REF] Barkia | Microalgae for high-value products towards human health and nutrition[END_REF]. These factors can act directly or indirectly on the carbon fixation and its orientation towards carbon storage molecules in the cell. For these reasons, biotechnological applications exploit the cellular responses to environmental changes to affect positively the productivity of these organisms. Diatom derived molecules and diatom applications not only represent a great potential to contribute to a greener tomorrow but they are also source of economic value.

P Proteins

Proteins are complex macromolecules that play important role in structural and metabolic processes.

In addition to possessing several scaffolding and enzymatic activities, proteins are also found to be integral components of the membrane and light harvesting complex. Microalgal protein content can range from 48% to over 70% on a dry weight basis [START_REF] Guedes | Application of microalgae protein to aquafeed[END_REF]. Proteins are essential for human nutrition due to their high biological value being rich in essential amino acids (AAs). Several microalgal species are comparable to other high-protein sources like soybeans, eggs, meat and milk [START_REF] Bleakley | Algal proteins: Extraction, application, and challenges concerning production[END_REF]. However, the application of microalgae in human nutrition has been so far limited mainly due to (1) the presence of non-protein components that can affect colour and smell [START_REF] Becker | Micro-algae as a source of protein[END_REF] and ( 2) the limitations of the number of microalgal species approved by the strict regulations on food use (e.g. European Novel Food regulation). However, proteins from microalgae are widely used for animal nutrition especially for aquaculture [START_REF] Yaakob | An overview: Biomolecules from microalgae for animal feed and aquaculture[END_REF][START_REF] Rajvanshi | Biomolecules from microalgae for commercial applications[END_REF].

Carbohydrates

Carbohydrates constitute a significant fraction of the microalgal biomass, on the form of mono-or disaccharides but also in a polymerized form. Carbohydrates can be found bond to proteins or lipids (i.e. glycoproteins and glycolipids) and other complex polysaccharides that have major structural features of the cell wall [START_REF] Arad | Red microalgal cell-wall polysaccharides: Biotechnological aspects[END_REF]. In microalgae, carbohydrates are stored in the form of β-glucans which are polysaccharides consisting in D-glucose polymers linked together by βglycosidic bonds [START_REF] Bobadilla | Soluble β-1,3/1,6-glucan in seaweed from the southern hemisphere and its immunomodulatory effect[END_REF]. Aside their importance as feedstock for bioethanol production [START_REF] Smachetti | Microalgal Biomass as an Alternative Source of Sugars for the Production of Bioethanol[END_REF], β-glucans possess extensive biological activities, including immunoregulatory, anti-inflammatory, antioxidant activities and anticancer activities [START_REF] Vetvicka | Beta glucan: Supplement or drug? From laboratory to clinical trials[END_REF]. The main energy storage carbohydrates in diatoms is the β-glucan composed of a polymer of β(1→3) and β(1→6) linked D-glucose called chrysolaminarin [START_REF] Beattie | Studies on the metabolism of the Chrysophyceae. Comparative structural investigations on leucosin (chrysolaminarin) separated from diatoms and laminarin from the brown algae[END_REF]. As a hydrophilic polymer, chrysolaminarin is stored in vacuoles [START_REF] Chiovitti | The glucans extracted with warm water from diatoms are mainly derived from intracellular chrysolaminaran and not extracellular polysaccharides[END_REF].

Lipids

Lipids are the most studied microalgal derived molecules and have gain increasing attention due to their potential industrial application not only in the field of biofuel production but also for nutraceutical and pharmaceutical applications (e.g. [START_REF] Chisti | Biodiesel from microalgae[END_REF][START_REF] Hu | Microalgal triacylglycerols as feedstocks for biofuel production: Perspectives and advances[END_REF][START_REF] Galasso | Microalgal derivatives as potential nutraceutical and food supplements for human health: A focus on cancer prevention and interception[END_REF].

The lipid content of microalgae is usually in the range of 20-50% of the cell dry weight, and can be as high as 80% of dry weight under certain conditions (Mimouni et al., 2012). Like in higher plants, microalgae possess two main lipid classes consisting in polar and non-polar (neutral) lipids along with betaine and some unusual lipids specific of some microalgal species [START_REF] Kumari | Algal lipids, fatty acids and sterols[END_REF]. Neutral lipids divide in several subgroups which include the glycerides (mono-, di-or triglycerides) but include also sterols and derivates.

Neutral lipids are used by microalgae as energy storage mostly in specific environmental conditions such as nutrient starvation [START_REF] Shi | Stresses as first-line tools for enhancing lipid and carotenoid production in microalgae[END_REF]. Triacylglycerols (TAG) represent the larger class of neutral lipids. Their structure is composed of a glycerol backbone in which three fatty acid (FA) molecules are covalently bond. The composition in FA varies according to the microalgal species (Sayanova et al., 2017). The FA composing TAG can be either saturated or unsaturated. Saturated FA, such as palmitic acid (16:0), do not contain unsaturated linkage and cannot incorporate more hydrogen atoms.

Unsaturated FA, on the other hand, possess one or more unsaturated carbon linkages and can be hydrogenated, becoming saturated. Diatom lipids are rich in polyunsaturated fatty acids (PUFAs) including α-linoleic acid, eicosapentaenoic acid (EPA) and docosahexaenoic (DHA) which belongs to the omega-3 FA category [START_REF] Yi | Exploring valuable lipids in diatoms[END_REF].

Polar lipids are amphiphilic lipids with a hydrophilic head and a hydrophobic tail. They tend to naturally organize themselves in a double layer with polar heads facing the exterior and aqueous environment ad hydrophobic tails towards the inside of the membrane. For this property, they are the major component of cellular membranes. They mainly include glycolipids (GL) and phospholipids (PL). Other less known polar lipids constituting the membranes of microalgae are the betaine lipids (BL) (Popko et al., 2016). PL containing phosphorus are the major constituents of membranes and they have different head groups modified by choline, ethanolamine, serine, or inositol and are described as phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI), respectively [START_REF] Reszczyńska | Lipids Composition in Plant Membranes[END_REF]. By contrast, in photosynthetic membranes, the major constituents are the nonphosphorus galactolipids (GL) mainly divided into two classes, monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). Moreover, another class of membrane lipids are the sulfoquinovosyldiacylglyceroles (SQDG), which belongs to the class of the sulfolipids and do not contain phosphorous. BL are other non-phosphorous lipids composed by a diacylglycerol and N-permethylated hydroxyamino acids [START_REF] Murakami | Betaine lipid is crucial for adapting to low temperature and phosphate deficiency in Nannochloropsis[END_REF]. Two different BL have been identified and are the two structural isomers diacylglyceryltrimethylhomoserine (DGTS), the most abundant [START_REF] Canãvate | Exploring occurrence and molecular diversity of betaine lipids across taxonomy of marine microalgae[END_REF] and diacylglyceryl hydroxymethyl-trimethyl-fl-alanine (DGTA), mostly found in microalgae species which contain Chl a and c such as the diatom Phaeodactylum tricornutum (Abida et al., 2015;[START_REF] Canãvate | Exploring occurrence and molecular diversity of betaine lipids across taxonomy of marine microalgae[END_REF].

Aside their involvement in energy storage and structural function in membranes, lipids have important function in cellular signal transduction in the autophagic cascade. In fact, lipids and lipid metabolizing enzymes mediate the autophagic process being involved in the TOR cascade, in which PI plays an important role. They also participate in membrane rafts formation in which autophagy involved proteins are recruited. Moreover, the physiochemical properties of the lipid bilayer are modulated according to the types of lipids present (Dall'armi et al., 2013, Shatz et al., 2016).

P Pigments

Pigments, in microalgae as well as in other photosynthetic organisms, are associated with specific protein complexes, the called light harvesting complexes (LHC). They are responsible for light harvesting and electron transfer to the reaction centres but also involved in photoprotection.

Pigments are grouped in three major classes: chlorophylls, carotenoids, and phycobiliproteins.

Pigment composition of the photosynthetic apparatus differs according to the microalgal species but all photosynthetic organisms use Chl a as part of their core reaction centre. Other chlorophylls (i.e. b, c, d, e, f, g, h, i) can also be present as accessory pigments (Kuczynska et al., 2015;[START_REF] Pagels | Pigments from microalgae[END_REF].

Other important pigments necessary for the correct functioning of the photosynthetic apparatus are the carotenoids such as β-carotene and the xanthophylls. They perform two major functions including light harvesting and protection against reactive oxygen species (ROS). Some of the carotenoids have a huge industrial potential. For example, the global market size for astaxanthin, a carotenoid produced by the green microalga Hematococcus pluvialis in specific environmental conditions (Lemoine and Schoefs, 2010), reached 600 million USD in 2018 with a forecast of 880 billion for 2026 (Ahuja and Rawat, 2019). More details on carotenoids can be found in part three of this chapter. The pigments of diatoms are quite different from higher plants and some algae, in fact Chl a and Chl c together with fucoxanthin (Fx) are components of the fucoxanthin-chlorophyll protein (FCP) complexes which replace plants LHC in performing the light-harvesting function. Moreover, differently from other species, the xanthophylls diadinoxanthin (Ddx) and diatoxanthin (Dtx) play a major role in photoprotection in diatoms. However, violaxanthin (Vx), antheraxanthin (Ax), and zeaxanthin (Zx) are also present may be engaged in the photoprotection process (Kuczynska et al., 2015). Due to their bioactive properties, such as ROS scavenging, pigments found both pharmaceutical and nutraceutical applications (Figure 1.5).

Other diatom derived molecules

In addition to the common high value-added molecules (HVAMs) mentioned in the previous paragraphs, diatoms are able to synthesize several other molecules with industrial, nutraceutical, pharmaceutical and cosmetic interest including silicon, vitamins, polyphenols, phytosterols and monoterpenoids (Lebeau and Robert, 2003b;[START_REF] Sharma | Diatoms biotechnology: Various industrial applications for a greener tomorrow[END_REF]. Most of the diatoms are encapsulated in the silica made structure called frustule [START_REF] De Tommasi | Diatom frustule morphogenesis and function: a multidisciplinary survey[END_REF]. Diatom derived silica is mainly applied in the fabrication of nanoparticles for drug delivery systems but is also used for other biomedical applications [START_REF] Maher | Diatom silica for biomedical applications: Recent progress and advances[END_REF].

Aside the production of the aforementioned metabolites, some diatom species are able to produce other specific molecules. Diatom extracts have been proven to possess anti-bacterial activities [START_REF] Lauritano | First identification of marine diatoms with anti-tuberculosis activity[END_REF] and biostimulant activity on crops [START_REF] Piotrowski | Cultivation of energy crops by ecological methods under the conditions of global climate and environmental changes with the use of diatom extract as a natural source of chemical compounds[END_REF].

Moreover, some diatom species produce toxins which belong to different classes of compounds with diverse chemical structure and thus different toxicity mechanisms. In humans, several phycotoxins can lead to gastrointestinal and neurological problems [START_REF] Villac | Toxic marine diatoms[END_REF][START_REF] Gaydos | Deadly diatoms : The latest on harmful algal blooms[END_REF]. The problem of phycotoxins arise in events of harmful algal blooms (HABs) that have consequences on human health, regional economy and food safety [START_REF] Gaydos | Deadly diatoms : The latest on harmful algal blooms[END_REF].

Some microalgal species produce peculiar molecules which chemical structure is still under

investigation. An example is the marennine, the blue molecule known as the cause of the blue colouring in oysters, produced by the diatom Haslea ostrearia which possesses a potential antibacterial effect on marine organisms [START_REF] Ng | Antibacterial products of marine organisms[END_REF][START_REF] Falaise | Harmful or harmless: Biological effects of marennine on marine organisms[END_REF].

O Other applications of diatoms

Aside the utilization of diatom biomass as feedstock for the extraction of HVAM, diatom possesses other applications in different fields. Diatoms found application in phycoremediation, from the removal of excess nutrient from eutrophic lakes to the removal of heavy metals, such as chromium (e.g. [START_REF] Kiran | Phycoremediation of eutrophic lakes using diatom algae[END_REF][START_REF] Marella | Wealth from waste: Diatoms as tools for phycoremediation of wastewater and for obtaining value from the biomass[END_REF]. Due to their omnipresence in the water environment, diatoms have also been exploited to assess water quality [START_REF] Tan | Benthic diatom based indices for water quality assessment in two subtropical streams[END_REF].

Microalgae are continuously subjected to stress

In the natural environment, microalgae are continuously facing changing conditions and they are rarely subjected to the optimal growing conditions. According to the latitude, water depth, region and due to the climate change, phytoplankton is brought to face different stressors that impact its growth rate but also its organic molecules content. In 1934, Alfred C. Redfield noted a similarity between the nutrient (C:N:P) ratio of plankton living in the surface of the ocean and the one living in the deep of the ocean [START_REF] Redfield | On the Proportions of Organic Derivatives in Sea Water and Their Relation to the Composition of Plankton[END_REF]. This ratio lately became the widely known "Redfield Ratio", established as 106:16:1 [START_REF] Redfield | On the Proportions of Organic Derivatives in Sea Water and Their Relation to the Composition of Plankton[END_REF]. The ratio has been consequently verified as optimal for maximum growth rate [START_REF] Goldman | Growth rate influence on the chemical composition of phytoplankton in oceanic waters[END_REF][START_REF] Elrifi | Steady-state luxury consumption and the concept of optimum nutrient ratios: a study with phosphate and nitrate limited Selenastrum minutum (chlorophyta)[END_REF]. The Redfield ratio has been used as tool to assess P and N limitation but without excluding other limitations [START_REF] Hillebrand | The nutrient stoichiometry of benthic microalgal growth: Redfield proportions are optimal[END_REF]. [START_REF] Martiny | Strong latitudinal patterns in the elemental ratios of marine plankton and organic matter[END_REF] analysed the C, N and P concentrations in approximately 5000 observations from more than 740 stations around the globe. These analyses showed the variable availability of these nutrients with N:P ratios, ranging between 5:1 to 316:1 and C:P ranging between 27:1 and 1702:1 (Figure 1.6). Being 16:1 the accepted optimal, nitrogen limitation occurs when the ratio N:P is inferior to the optimal and phosphorous limitation occurs when it is greater. Moreover, [START_REF] Martiny | Strong latitudinal patterns in the elemental ratios of marine plankton and organic matter[END_REF] reported a strong latitudinal correlation with these ratios (Figure 1.6). Phytoplankton communities are mostly exposed to seasonal changes in nutrient availability in the so-called upwelling and downwelling systems where currents assure a mixing between offshore and coastal waters. It is clear that in the natural environment, the division rate and the metabolic status of microalgal depends strictly on the conditions in which cells are submitted. Along the years since the appearing of the first microalgal specie to nowadays, microalgae have evolved to thrive in these natural conditions. The continuous nutrient limitation keeps the microalgal cell proliferation under control until an increase in nutrient availability stimulates an algal bloom (Wang et al., 2017). Upon the increase in nutrient availability and under the appropriate conditions of temperature, illumination, climate and hydrology, microalgal cells respond by rapid growth (Wang et al., 2017). In this frame of mind, a condition in which cell growth is not limited by any factor, being different from the one in which cells are naturally exposed to, can actually be considered "the stressful conditions". However, setting in line with the common conception of optimal and stressful condition, in this manuscript, non-limited growing conditions will be considered as optimal, while different limitations will be considered as stressful conditions. Cells can be submitted to different types of stressors where the main one is the low nutrient availability, i.e. the Redfield ratio is not respected. Together with the main nutrient availability stressors, other important ones must be taken into account. For example, microalgae are subjected to iron limitation, an essential element for microalgal development. In fact, local fertilization of the water stimulates a local microalgal bloom with a consequent increase in chlorophyll per unit of surface and a decrease in partial pressure of CO2 [START_REF] Boyd | Carbon Dioxide, pH, and Alkalinity[END_REF]. In the absence of human help, iron replenishing occurs mainly via atmospheric dust deposition [START_REF] Duce | Atmospheric transport of iron and its deposition in the ocean[END_REF] and thus according to the atmospheric activity, microalgae can be subjected to fluctuations in iron availability. Water temperature is another parameter that changes according to latitude and depth. Microalgae species are found in equatorial waters as well as in polar water. In fact, most of the species with potential industrial applications have been isolated from extreme latitudes [START_REF] Lyon | Polar Microalgae: New Approaches towards Understanding Adaptations to an Extreme and Changing Environment[END_REF]. Moreover, some phytoplanktonic species have evolved to thrive in geothermal sources where temperatures can reach up to 70°C [START_REF] Padisák | Phytoplankton in extreme environments: importance and consequences of habitat permanency[END_REF]. Another important parameter, that in most cases is associated with temperature, is light which in nature depends on the solar irradiance. In fact, temperature and irradiance are positively correlated, because solar irradiation increases water temperature [START_REF] Boyd | Carbon Dioxide, pH, and Alkalinity[END_REF]. In water environments, the photic zone is the region of water that is penetrated by light. In fact, light penetration does not extend to all the water column but depends on the absorption and scattering due to dissolved molecules and suspended materials. Along the depth of the photic zone, different light intensities are found and in the case of turbulent waters, microalgae can be exposed to drastic changes in light availability. Moreover, the diurnal and seasonal light patterns contribute to the light exposure variability. As the primary source of energy, light affects microalgae growth which increases nearly linearly at low irradiances, saturates at algal specific optimal irradiance and consequently declines due to photoinhibition induced by high irradiances levels [START_REF] Langdon | On the causes of interspecific differences in the growth-irradiance relationship for phytoplankton. II. A general review[END_REF][START_REF] Talmy | An optimality model of photoadaptation in contrasting aquatic light regimes[END_REF][START_REF] Edwards | Phytoplankton growth and the interaction of light and temperature: A synthesis at the species and community level[END_REF].

Natural water environment around the globe displays different salinity levels [START_REF] Valjarević | New updated world maps of sea-surface salinity[END_REF] and seawater microalgae have to face variations of salinity gradients both seasonally and occasionally [START_REF] Cullum | Importance of ocean salinity for climate and habitability[END_REF]. Some microalgal species have even evolved to thrive even in challenging salinity

conditions. An example is Dunaliella parva which is at the base of the carbon column of the Dead Sea [START_REF] Oren | Microalgae and cyanobacteria of the Dead Sea and its surrounding springs[END_REF].

In addition to the natural environmental variations that can induce abiotic stresses to the microalgal communities, anthropogenic activity contributes to the amplification of natural variations. Water pollution, oil spills, and climate change are making the survival of phytoplanktonic species more challenging, introducing new selective pressure and therefore reducing the ocean biodiversity [START_REF] Ibarbalz | Global trends in marine plankton diversity across kingdoms of life[END_REF]. Human activity also causes and acceleration of eutrophication due to the agricultural, industrial and urban activities. Some consequences of eutrophication are the formation of hypnotic zones (dead zones), HABs and reduced biodiversity [START_REF] Wurtsbaugh | Nutrients, eutrophication and harmful algal blooms along the freshwater to marine continuum[END_REF].

Microalgae evolved to deal with stresses

Fossil observations reported that the first eukaryotic phytoplanktonic species appeared around 1.5 billion years ago in the Proterozoic and have responsible through the years for the majority of organic matter flux to high tropic levels [START_REF] Falkowski | The evolution of modern eukaryotic phytoplankton[END_REF]. From the Proterozoic to nowadays, environmental changes, inducing the stresses described in the previous subsection, put an evolutionary pressure on these organisms that developed several strategies to face these stressing conditions. Excess of light is one stress to which microalgae have evolved to deal with. In fact, light stress is associated with the development of reactive oxygen species (ROS) that can cause damage at the photosystems and cell death. Photosynthetic organisms possess well conserved mechanisms of protection against excess of light (see section 1.2 for more details). As reported in the previous section, together with the light stress, microalgae are subjected to other abiotic stressors, especially nutrient limitations, and during the evolutive path they developed protective mechanisms. An example of stress protecting mechanism with an important industrial application is the production of the high market value ketocarotenoid astaxanthin by the green alga H. pluvialis under high irradiance, low nutrient availability, high salinity and high temperature (Lemoine and Schoefs, 2010). Another example is the accumulation of lipids under nutrient deficiency carried on by several microalgae such as the diatom P. tricornutum (Sayanova et al., 2017). The accumulation of lipids occurs in conditions of phosphorus or nitrogen starvation, in which TAGs are accumulated in lipid droplets as energy storage, but at the same time affecting cell growth (Valenzuela et al., 2012;Alipanah et al., 2015;[START_REF] Huang | Carbon Partitioning and Lipid Remodeling During Phosphorus and Nitrogen Starvation in the Marine Microalga Diacronema lutheri (Haptophyta)[END_REF]. Other examples can be brought on the table about the different responses of microalgae to environmental stresses, but the important challenge is to understand the mechanisms put in action by the organisms and which are the signals that induce these mechanisms. This knowledge will pave the way on the understanding of the microalgal physiology, molecular biology and biochemistry with a consequent efficient industrial application.

Genetic engineering to go beyond evolution

As highlighted above, some microalgae show interesting features for a potential industrial application especially for the production of bio-diesel due to their high lipid content, but others are potential sources of HVAM such as astaxanthin, lutein, beta-carotene etc. [START_REF] Chisti | Biodiesel from microalgae[END_REF][START_REF] Camacho | Potential industrial applications and commercialization of microalgae in the functional food and feed industries: A short review[END_REF][START_REF] Culaba | Biofuel from microalgae: Sustainable pathways[END_REF]. Unfortunately, the transition from laboratory to industrial scale has yet to be correctly performed [START_REF] Kamalanathan | Physiological limitations and solutions to various applications of microalgae[END_REF] and microalgae feedstock for biofuel or HVAMs production is not yet competitive against common sources, such as fossil fuel [START_REF] Hannon | Biofuels from algae: challenges and potential[END_REF][START_REF] Gifuni | Current Bottlenecks and Challenges of the Microalgal Biorefinery[END_REF]. To overcome this limitation, an ongoing research focuses on the optimization of microalgal cultivation and productivity not only on a biotechnological point of view but also on the genetic scale. In the biotechnological fields, researchers and industries are working on better cultivation conditions and new bioreactors design (e.g. [START_REF] Pruvost | Microalgae culture in buildingintegrated photobioreactors: Biomass production modelling and energetic analysis[END_REF][START_REF] Dębowski | Microalgae cultivation technologies as an opportunity for bioenergetic system development-advantages and limitations[END_REF].

Biotechnological effort so far carried on enabled to reach a relatively high productivity in some microalgal species and allowed their application at an industrial scale [START_REF] Borowitzka | Commercial-scale production of microalgae for bioproducts[END_REF]. However, the intrinsic metabolic capabilities of microalgae and cellular responses fixed an improvement barrier that cannot be overcame by these biotechnological strategies. Taking lipid production as example, it has been widely observed that lipid accumulation is triggered by stressing conditions, at the same time cell division rate is drastically affected (e.g. Sayanova et al., 2017). This type of response is shared between different types of stressing conditions. The most known stressor applied to induce lipid accumulation in microalgae is nitrogen starvation, but a similar response is observed under phosphorous starvation (Huang et al., 2019). Salinity and iron stress has also been reported to induce lipid accumulation at the cost of algal growth [START_REF] Liu | Effect of iron on growth and lipid accumulation in Chlorella vulgaris[END_REF][START_REF] Gour | Effect of salinity stress on lipid accumulation in scenedesmus sp. and chlorella sp.: Feasibility of stepwise culturing[END_REF]. On a biotechnological point of view, while lipid accumulation is very interesting, reduced cell division appears as a barrier for lipid rich biomass accumulation. To solve this problem, the two-stage cultivation method has been introduced This method consists in cultivating microalga under biomass accumulation conditions and consequently change the conditions, for example introducing a stress, in order to enrich the biomass in HVAMs [START_REF] Aziz | Two-stage cultivation strategy for simultaneous increases in growth rate and lipid content of microalgae: A review[END_REF]. To overcome these intrinsic limitations, researchers have focused their attention on genetic modification of microalgae. Powerful new genetic tools had opened the possibility of fast and easy genetic modification and synthetic biology (for review see [START_REF] Ng | A critical review of genome editing and synthetic biology applications in metabolic engineering of microalgae and cyanobacteria[END_REF]).

The knowledge in the control and regulation of the metabolism and cell functions is still too scarce to efficiently modify a microalgal strain on the aim of the industrial application. Scientific effort is thus necessary to deeply understand these processes and pave the way towards the creation of the microalgal cell factory.

Phaeodactylum tricornutum: a model diatom with huge industrial potential

Diatoms are eukaryotic and photosynthetic organisms widespread in water habitats. They are mostly unicellular and can be found in multicellular organization (Benoiston et al., 2017) and they belong to the division Heterokontophyta, also known as stramenopiles (e.g., [START_REF] Stiller | The evolution of photosynthesis in chromist algae through serial endosymbioses[END_REF]). The origins of diatoms date back to 1200 and 700 Ma where a red alga has been engulfed by a non-photosynthetic eukaryote (Benoiston et al., 2017;Scarsini et al., 2019). Nowadays, diatoms represent the largest group of eukaryotic algae with an estimated number of species ranging from 20000 to 30000 (Malviya et al., 2016). Diatoms contribute to the 20 % of world oxygen production that equals the oxygen production of the whole rainforests together (Field et al., 1998).

In 1910, Allen and Nelson isolated a small marine organism, which they referred to as Nitzschia closterium W. Sm. forma minutissima. The strain has been conserved at the Plymouth Marine Laboratory (Devon, England) and distributed to laboratories around the world. In 1935, Baker observed that the cells could take either spindle-shaped, oval-shaped or three-spiked shaped form, all belonging to the same genetically pure line. In 1943, Wilson, observing a weakly silicified cell wall and could not distinguish the valve markings, characteristic of the Nitzschioideae. He considered the triradiate form to be identical with an organism of doubtful affinities, Phaeodactylum tricornutum [START_REF] Bohlin | Zur morphologie und biologie einzelliger algen. Öfversigt af Kongliga Sven[END_REF]. During the end of the first half of 1950s, the strain isolated by Allen and Nelson became officially known as P. tricornutum [START_REF] Lewin | Observations on Phaeodactylum tricornutum[END_REF] (Figure 1.7). Currently, 10 different ecotypes have been isolated from 9 different geographical locations and accessioned (Martino et al., 2007;Rastogi et al., 2020). P. tricornutum (Figure 1.7) is a model diatom that can be considered the best-characterized of all diatoms (Butler et al., 2020). It is a robust laboratory species and can be grown in a wide range of culture media and accumulate a spectrum of marketable products. In outdoor mass-culture systems, it has been shown to dominate and outcompete other microalgae species due to its high pH tolerance and capability of growing in low light [START_REF] Spilling | The effect of high pH on structural lipids in diatoms[END_REF]Remmers et al., 2017). This diatom is well known to being able to synthesize a spectrum of interesting molecules (Table 1.1), not only native components like PUFAs and fucoxanthin, but also non-native components like polyhydroxybutyrates for bioplastics and monoclonal antibodies [START_REF] Hempel | Microalgae as bioreactors for bioplastic production[END_REF][START_REF] Hempel | From hybridomas to a robust microalgal-based production platform: Molecular design of a diatom secreting monoclonal antibodies directed against the Marburg virus nucleoprotein[END_REF]. Pilot-scale processes have shown the great potential of P. tricornutum source of feedstock for biofuels and high-value compounds production (Figure 1.8) [START_REF] Branco-Vieira | Potential of Phaeodactylum tricornutum for biodiesel production under natural conditions in Chile[END_REF]. In 2008, Bowler et al. published the fully sequenced genome of P. tricornutum that, with the genomes of Thalassiosira pseudonana and Skeletonema costatum, are the three only fully sequenced diatoms genomes available nowadays (Armbrust et al., 2004;[START_REF] Ogura | Comparative genome and transcriptome analysis of diatom, Skeletonema costatum , reveals evolution of genes for harmful algal bloom[END_REF]. Different P. tricornutum strains have been isolated since the first decade of the 20 th century and are present in stock centres around the world. De Martino et al. (2007) performed a genetic and phenotypic characterization of the isolated strains classifying them into 10 different ecotypes (Table 1.2). P. tricornutum has a pleiomorphic nature and its cell wall plasticity is related to its poorly silicified cell wall [START_REF] Lewin | Observations on Phaeodactylum tricornutum[END_REF][START_REF] Borowitzka | The polymorphic diatom Phaeodactylum tricornutum: Ultrastructure of its morphotypes[END_REF].

According to the ecotype, cells can be mainly found to take one of three different morphotypes:

fusiform, oval and triradiate (Table 1.2). Genotypic classification performed by De Martino et al. (2007) has been confirmed by Rastogi et al., in 2019. Four genotypic clades have been defined according to polymorphisms in the 18S and internal transcribed spacer 2 (ITS2) ribosomal DNA sequence (For mor details please refer to De Martino et al., 2007 andRastogi et al., 2019) (Table 1.2). The availability of the fully sequenced genomes enabled the creation of well-equipped genetic toolbox allowing gene targeted mutations and exogenous genes expression exploiting several techniques including CRISPR/Cas9 and bacterial conjugation [START_REF] Weyman | Inactivation of Phaeodactylum tricornutum urease gene using transcription activator-like effector nuclease-based targeted mutagenesis[END_REF]Nymark et al., 2016;Serif et al., 2018;Sharma et al., 2018;Stukenberg et al., 2018;Hu and Pan, 2020). Both nuclear and plastidic transformation have been reported (Xie at al., 2014). Moreover, P. tricornutum possesses a GC content of 48% that allows the expression of exogenous genes without carrying out codon optimization (Butler et al., 2020). This genetic toolbox not only allows the genetic modification for future production applications but also facilitates the research on gene function to better understand cell functions and metabolism control. Furthermore, cryopreservation protocols have been developed allowing longterm storage of specific strains or mutant lines without the requirement of a time-consuming culture management [START_REF] Falciatore | Transformation of nonselectable reporter genes in marine diatoms[END_REF][START_REF] Stock | Expanding the toolbox for cryopreservation of marine and freshwater diatoms[END_REF].

Due to the abovementioned features, P. tricornutum has been chosen as the model organism for the research that will be presented in this thesis manuscript. Martino et al. (2007) and Rastogi et al. (2019). (Valenzuela et al., 2012;Levitan et al., 2015b;Remmers et al., 2017Remmers et al., , 2018;;Alipanah et al., 2018). Even if the response appears simple, it is the result of an intricated mechanism of cell sensing, signalling that drives the regulation of the expression of numerous genes which result in the observable cellular response (Remmers et al., 2018). Cell cycle arrest as a response to nitrogen starvation, is directly connected with the reorganization of the central carbon metabolism which is directed towards the accumulation of storage products, such as lipids and carbohydrates [START_REF] Kim | Effect of cell cycle arrest on intermediate metabolism in the marine diatom Phaeodactylum tricornutum[END_REF]. At the same time, under nitrogen limitation, P. tricornutum becomes chlorotic. Its natural colour fades due to the reduction in the size of the antenna complexes which contain pigments, and a consequent reduction in photosynthetic activity. Plastids are gradually shout down and used as source of proteins while polar lipids are redirected towards an energy storage form (Levitan et al., 2015b). In fact, neutral lipid, mainly as TAG, are accumulated in the form of lipid droplets in the cellular cytoplasm (Jaussaud et al., 2020). Amino acid biosynthesis, and thus protein synthesis, are also reduced in the frame of nitrogen economy. The photosynthetically fixed carbon, even if limited, is mostly directed towards the synthesis of energy storage compounds. The effect of limited nitrogen availability on the control of cell functions and the identification of sensors and effectors of this control have been already studied [START_REF] Huysman | Molecular regulation of the diatom cell cycle[END_REF]Matthijs et al., 2016;Alipanah et al., 2018;[START_REF] Helliwell | A novel Ca2+ signalling pathway co-ordinates environmental phosphorus sensing and nitrogen metabolism in marine diatoms[END_REF]. Most of the publications mentioned in this paragraph analysed the differences between nitrogen repleted and limited nitrogen conditions, which gives important information about the effects of this stress on the cell metabolism. However, this approach lacks a view of the passage from one condition to the other. With this thesis, we will contribute to fill the lack of information on how the metabolic shift occurs in a daily basis. With a multidisciplinary approach, we focused on the gradual cellular sensing, response and regulation of the response when P. tricornutum faces a gradual reduction in nitrogen availability.
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Transcription factors, potential effectors of the metabolic reorientation

The intricate gene expression regulation which drives the cellular response to stress, as stated above, involves numerous genes belonging to different metabolic pathways and other cellular functions. Remmers et al. (2018) stated that the nitrogen limitation orchestrates the transcriptome. The utilization of the term "orchestration" recalls immediately the image of an orchestra in which the musicians are playing under the guide of the conductor and the principals of each group. A similar image can be associated with gene expression regulation by the activity of specific effectors: the transcription factors (TF) (Figure 1.9). Transcription initiation is one of the most important points of control of gene expression regulated by two different classes of DNA binding proteins: gene-non-specific factors like RNA polymerases and general TFs but also specific DNA-binding proteins called transcription factors. This regulation has been observed from simple prokaryotic organism to very complex eukaryotic organisms such as Homo sapiens [START_REF] Seshasayee | An overview of prokaryotic transcription factors: A summary of function and occurrence in bacterial genomes[END_REF][START_REF] Mitsis | Transcription factors and evolution: An integral part of gene expression (Review)[END_REF][START_REF] Suter | Transcription factors and DNA play hide and seek[END_REF]. Differently from gene-non-specific factors, TFs bind specific DNA sequences, the so-called DNA binding domain (DBD). Gene expression performed by transcription factors can be positive (i.e. gene expression is enhanced) or negative (i.e. gene expression is repressed). Regulatory mechanisms will not be detailed in this manuscript but can be found in literature (e.g. [START_REF] Mitsis | Transcription factors and evolution: An integral part of gene expression (Review)[END_REF]. TFs play an essential role in the modulation of the metabolism and cell functions in response to external and internal stimuli. The range of TFs control extends to several genes and the transcription of each gene can be controlled by one or a combination of different TF. Based on this combination, different effects can be observed (Singh et al., 1998). TFs can be hierarchised in a pyramid shaped organization where the higher-level transcription factors are controlling the lower-level ones [START_REF] Grotewold | Transcription factors for predictive plant metabolic engineering: are we there yet?[END_REF][START_REF] Song | A transcription factor hierarchy defines an environmental stress response network[END_REF]. In a simplistic model for French lovers, transcription factor hierarchy can be represented through the Eiffel tower (Figure 1.10). The master TFs are located in Mr. Eiffel's office at the top of the tower. At the bottom of the tower are located the genes coding for the structural proteins and the enzymes responsible for carrying out most of the cellular processes. In this representation, a higher-level transcription factor, often in cooperation with others, positively or negatively regulates the expression of lower-level TFs. The signal is transferred down the hierarchy, reaching at the end the corresponding cellular response. The hierarchy and the interaction between different TFs in gene regulatory process generate a very intricated scenario with multiple combinations. The elucidation of gene regulatory network and the involvement of the different TFs in the metabolic reorientation under environmental stress is not an easy task. The development of new and improved techniques throughout the years have fortunately eased these tasks with the introduction of automation and bioinformatics. 

New questions, new tools

One of the major biological question of modern biology, highlighted above, is the elucidation of the mechanisms that allows organisms to respond to external stimuli, being them abiotic or biotic. As suggested by Heydarizadeh et al. (2014), answering to these questions required not only the identification of the system components and make a "part list" of the players involved in the cellular response but also their function and their position in the response cascade. Functional genomics allows to progressively build the "part list" thanks to the knowledge acquired on DNA molecule during the last 80 years. The concept of DNA as a chemical molecule, principal component of the chromosomes, was first introduced by Frederick Miescher (1869) but only at the beginning of the 1940s, DNA has been identified as the genetic material. [START_REF] Beadle | Genetic Control of Biochemical Reactions in Neurospora[END_REF] hypothesized the "one-gene one-protein" theory and as consequence introducing the concept that a well-defined list of components, encoded by the DNA, allows the cell to be a cell, replicate and react in response to environmental changes. In 1953, the DNA structure has been elucidated but its sequencing was not available until several years later [START_REF] Watson | Molecular structure of nucleic acids: A structure for deoxyribose nucleic acid[END_REF]. Until data from genome sequencing became available, the "part list" mentioned above was progressively built up using biochemical studies, such as enzyme isolation or radioactive tracers. In 1965, the first sequence of radiolabelled RNA was obtained [START_REF] Holley | Structure of a ribonucleic acid[END_REF] and only in 1972, the first protein-encoding nucleotide sequence has been obtained [START_REF] Jou | Nucleotide sequence of the gene coding for the bacteriophage MS2 coat protein[END_REF] followed by the whole genome sequence four years later [START_REF] Fiers | Complete nucleotide sequence of bacteriophage MS2 RNA: Primary and secondary structure of the replicase gene[END_REF]. However, the access to the fully sequenced genomes was restrained to very small viral genomes. The development of the polymerase chain reaction in 1983, which allows the amplification of DNA molecules, paved the way to the next generation sequencing (NGS) techniques.

In fact, the first NGS technique was developed in the late 1990s [START_REF] Ronaghi | A sequencing method based on real-time pyrophosphate[END_REF]. In more than 20 years, many improvements have been made on NGS allowing to improve quality, reduce time and costs (for review see [START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF], opening the door of genome and transcriptome sequencing to the whole scientific community. The science of omics became thus the basis of molecular biology and omics-based approaches include not only genomics and transcriptomics but also a plethora of areas of research such as proteomic, metabolomics and several other variants according to biological molecules that are quantified and characterized in the project (e.g. lipids in lipidomic). With these techniques, scientists can characterise and quantify pools of biological molecules and explore their roles, relationships and actions in living organism. The high throughput nature of the techniques generates a large amount of data which must be processed in order to be exploited for further inference. For example, the world acquisition of genomic data is predicted to reach 1 zetta-bases per year in 2025 with the consequence storage need up to 40 exabytes per year [START_REF] Stephens | Big data: Astronomical or genomical?[END_REF]. Data management and data mining are the major bottleneck for omics-based research that cannot be performed by hand but require bioinformatic intervention. The advent of omics boosted the development of bioinformatic tools applied to biological research and the emergence of researchers specialized in this field: the bioinformaticians [START_REF] Vincent | Who qualifies to be a bioinformatician?[END_REF].

The tools and pipelines designed and used by bioinformaticians, which most of the time are open source, allow to process and analyse large amount of data coming from the aforementioned highthroughput analyses. A significant increase in user-friendly tools, usually available through Web services, has been observed, opening the access to the researches less specialized in bioinformatics [START_REF] Gauthier | A brief history of bioinformatics[END_REF]. The advent of omics and bioinformatics accelerated the research to obtain information on the different parts of the "part list" previously mentioned. The advance brought by these techniques is not only the high-throughput nature, which allows to reduce time, but also offers the possibility to observe the relations between the different biological molecules, whether they are genes, proteins, metabolites etc. In this Ph.D. manuscript, two omics techniques have been employed, transcriptomics and metabolomics, that together with the physiological and biochemical analyses allowed to take daily "screenshots" of the cellular status during the transition from non-limited to nitrogen-limited conditions.

Photosynthesis in Diatoms
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Introduction

Light is the most important and essential source of energy on Earth, and is also one of the most important signals that organisms use to gather information about the surrounding environment (Darko et al. 2014;[START_REF] Depauw | Exploring the molecular basis of responses to light in marine diatoms[END_REF]. The ocean photosynthesis is mainly carried out by microscopic phytoplankton, which is composed by cyanobacteria Diatoms: Fundamentals and Applications and microalgae. These organisms are the major producers of the organic biomass on which almost all the ocean life depends. They fuel a range of essential biogeochemical processes, from the generation of oxygen to the cycling of important nutrients, such as nitrogen, silicon, carbon and to some extend phosphorus. More than half of Earth's surface is aquatic, where microscopic algae and cyanobacteria populations are the major primary producers. Their short life span and high population numbers recycle essential nutrients at fast rate. With human population growth, runoff of anthropogenic nitrogen and phosphorous from agriculture into the global water cycle, potentially can additionally enhance those processes. Microalgae are responsible for almost 45% of the global primary production while being only the 1% of Earth's estimated photosynthetic biomass. This impressive efficiency is achieved thanks to the fact that each cell is photosynthetically active, a contrasting situation with that of land plants (Benoiston et al. 2017). In aquatic environment, algae and cyanobacteria do not need to invest in building massive mechanical support structures like tree trunks. Being surrounded by water, they eliminate the complexity of cells and structures for water delivery against gravity. Loss of water within aquatic environment is also negligible and dependent on solute exchange rather that loss to atmosphere due to negative water potential. As net result of all these advantages, algae and cyanobacteria produce more biomass per unit or organism compared to other primary producers.

Among all the eukaryotic phytoplankton, diatoms, together with dinoflagellates and coccolithophores, are the dominant species (Benoiston et al. 2017). From the evolution point of view, diatoms are believed to derive as a result of two consecutive endosymbiotic events (Figure 8.1). Around 1.5 to 1.2 billion years ago [START_REF] Keeling | The tree of eukaryotes[END_REF], a prototypic eukaryote engulfed a cyanobacteria giving rise to a first photosynthetic eukaryote, represented today primarily by red and green algae. A second event of endosymbiosis occurred in which a red or a green alga has been engulfed by a non-photosynthetic eukaryote. For this reason many diatom genes/proteins align not only with sequences of green and red algae but also with homologues found in animal, fungus and cyanobacteria (Armbrust et al. 2004;Thiriet-Rupert et al. 2016). The symbiont later evolved through a considerable reduction of the cellular structure (McFadden 2014). This gave rise to many phyla, including mammals brain parasites (apicomplexa) and diatoms [START_REF] Reyes-Prieto | The origin and establishment of the plastid in algae and plants[END_REF]Benoiston et al. 2017). This complex origin has led to an evolution of a peculiar structure of the diatoms' chloroplast, different from those found in green algae and in land plants. It can be one of the main reasons of the high adaptation capacity and survival of these organisms to a fast changing environment [START_REF] Spetea | Changing the light environment: chloroplast signalling and response mechanisms[END_REF]Schoefs, Hu, & Kroth 2017). The chloroplast of these secondary endosymbionts is surrounded by four membranes, two derived from the primary endosymbiotic event and two from the second one. It is important to notice that the most external membrane forms a continuum with the nuclear envelope and the endoplasmic reticulum (Figure 8.2) [START_REF] Gibbs | The route of entry of cytoplasmically synthesized proteins into chloroplasts of algae possessing chloroplast ER[END_REF]; for a review, see Solymosi 2012). The ultrastructure of the secondary plastid is described in detail in the next paragraphs.

Diatoms, as other phytoplankton, can be exposed to a high variable underwater light climate due to the turbulences founded in the oceans. Other changes in light exposure are due to the absorption and scattering processes.

Diatoms have evolved to live and proliferate in different conditions, thrive in ice-cold waters and dominate upwelling systems and subsurface layers. They are considered the Photosynthesis in Diatoms best fit group in turbulent environment [START_REF] Margalef | Life-forms of phytoplankton as survival alternatives in an unstable environment[END_REF]. Diatoms are able to cope with fast environmental changes utilizing complex mechanisms [START_REF] Depauw | Exploring the molecular basis of responses to light in marine diatoms[END_REF] for protection within an amorphous silica cell wall. Diatom frustules are built with little energy investment from individual cells [START_REF] Raven | The transport and function of silicon in plants[END_REF]) therefore cells can grow faster The engulfment of an ancient cyanobacterium by an ancestral non photosynthetic eukaryote gave rise to an ancestral alga. The engulfed cyanobacteria evolved in green and red chloroplasts giving rise to green and red algae as well as their respective lineages. These plastid containing cells have been furthermore engulfed by a heterotrophic eukaryote giving rise to green lineage secondary endosymbionts that ultimately evolved to land plants. The red lineage secondary endosymbionts diversified into several monophylic branches, including the diatom one.

Diatoms: Fundamentals and Applications in variable aquatic environments. Furthermore, several species can cope with highly variable light conditions, suggesting that diatoms are capable of perceiving, responding to, and, probably, anticipating light variations and that they possess suitable molecular systems for mediating light responses as well as cyanobacteria and other algal species (Grossman, [START_REF] Photosynthesis In Diatoms Grossman | Tracking the light environment by cyanobacteria and the dynamic nature of light harvesting[END_REF]Rochaix 2002;[START_REF] Depauw | Exploring the molecular basis of responses to light in marine diatoms[END_REF]. Altogether, diatoms are key organisms with great species diversity [START_REF] Beauger | Recent progress in diatom's taxonomy and freshwater ecology[END_REF]Morin et al. 2016) showing remarkable adaptability (Herbstová et al. 2015), allowing them to keep photosynthesis functioning at its best rate regardless the environmental conditions. These characteristics are of importance in the field of biotechnology, in which stress conditions are usually used to trigger the production of secondary compounds (Vinayak et al. 2015;Heydarizadeh et al. 2013;Sayanova et al. 2017;Schoefs, Hu, & Kroth 2017).

In this chapter, a general overview of the photosynthetic mechanism in diatoms is presented, starting with the cell organization to the molecular structure and processes involved in the photosynthesis and photoprotection.

The Chloroplast Structure Reflects the Two Steps Endosymbiosis

Diatoms derive from a secondary endosymbiotic event that consists in an engulfment of a cell that was the result of an earlier endosymbiotic event. Upon the uptake of the symbiont, a massive gene loss and gene transfer to the nucleus occurred. The latter phenomenon resulted in the appearance of numerous genes in the nuclear genome of the host cell. The symbiont is no more a completely autonomous organism but an integral part of the newly generated cell. This gene transfer is observed in both endosymbiotic events, even if a plastid genome remains present. The primary endosymbiosis 8.1), these genes would have been located to the nucleus of the engulfed eukaryote. The genome of Thalassiosira pseudonana published by Armbrust et al. (2004) reveals that hcf136, psbO and tic22, as well as many others, were relocated again to the nucleus of the host. Moreover, some genes, for instance psbW encoding for another protein of the PSII, were retained in the plastid genome of the first host and transferred to the nuclear genome after the second event. The products of these genes are targeted to the plastid [START_REF] Nisbet | Diatom genomics: genetic acquisitions and mergers[END_REF]).

The consequence of the two-step endosymbiotic act is the complexification of the diatom chloroplast structure. It is surrounded by four membranes highly packed inside the cell (Figure 8.2). The outermost membrane is called the chloroplast endoplasmic reticulum membrane (cERM) and is supposed to derive from the phagocytic membrane of the non photosynthetic eukaryotic cell. In diatoms, cERM is directly connected to the endoplasmic reticulum (ER) and to the outermost nuclear envelope (oNE). Just beneath of the cERM there is the periplastidial membrane (PPM) that is considered to derive from the plasma membrane of the primary endosymbiont. The two innermost membranes, enclosing the chloroplast stroma and the thylakoids correspond to the chloroplast envelopes of plastid derived from the single endosymbiosis. The outer envelope membrane and the inner envelope membrane (oEM and iEM respectively) delineates the simple chloroplast and derives from the two limiting membranes of the Gram-negative cyanobacterial type of ancestor [START_REF] Petroutsos | Evolution of galactoglycerolipid biosynthetic pathways -From cyanobacteria to primary plastids and from primary to secondary plastids[END_REF]. Between the PPM and the oEM there is the periplastidial compartment corresponding to the symbiont cytoplasm. The complexification of the chloroplast structure makes the transport of metabolites and proteins between the cytoplasm and the chloroplast stroma as well as within the chloroplast subcompartments more difficult (for reviews, see [START_REF] Berger | A light switch based on protein S-nitrosylation fine-tunes photosynthetic light-harvesting in the microalga Chlamydomonas reinhardtii[END_REF][START_REF] Marchand | Chloroplast ion and metabolite transport in algae[END_REF]Marchand et al. 2018b). This is reflected in the protein import machinery which is, in Chromalveolata, facilitated by the symbiont specific Endoplasmic Reticulum Associated protein Degradation (ERAD) like machinery (SELMA). SELMA is derived from the ER-associated degradation machinery, not present in green lineages, that traced back to the symbiont specific transport machinery for ER-associated degradation, which now fulfills protein transport tasks at the PPM [START_REF] Grosche | The periplastidal compartment: a naturally minimized eukaryotic cytoplasm[END_REF]. In Phaeodactylum tricornutum Bohlin most of the plastid proteins are encoded in the nucleus and contain a bipartite topogenic signal that comprise the N-terminal signal peptide and a chloroplast-like transient peptide. Another short aminoacid sequence (the ASAFAP motif) is present and is necessary for the cleavage of the signal peptide. Imported proteins that harbour a Bipartite Targeting Sequence (BTS) signal involves three major systems. The first system is located on the cERM and is called sec61 complex. This is a co-translational mediation of the protein carrying signal across the cERM, the protein is released unfolded in the lumen of the cERM. The protein is now directed to the second system called SELMA, already introduced before. In SELMA, Derlin proteins (putative channel proteins) interact with the Diatoms: Fundamentals and Applications peptide targeting signal at the N-terminus, the BTS, in order to translocate the protein into the endosymbiont cytoplasm [START_REF] Lau | Protein-protein interactions indicate composition of a 480 kDa SELMA complex in the second outermost membrane of diatom complex plastids[END_REF]). The third system is the classic chloroplast translocons, TOC and TIC, located on the oEM and iEM respectively [START_REF] Botte | Plastids with or without galactoglycerolipids[END_REF][START_REF] Petroutsos | Evolution of galactoglycerolipid biosynthetic pathways -From cyanobacteria to primary plastids and from primary to secondary plastids[END_REF].

The electron microscopy study carried out by [START_REF] Gibbs | The route of entry of cytoplasmically synthesized proteins into chloroplasts of algae possessing chloroplast ER[END_REF]) on the Chrysophyte Ochromonas danica (current name Chlorochromonas danica (E. G. Pringsheim; R. A. Andersen, L. Graf; Y. Malakov & H. S.Yoon) has revealed a vesicular network present in the PPC, called initially periplastidial reticulum (PPR). The PPR is a complex organization of tubules, cisternae and vesicles, and seems to be one of the import ways of proteins into the chloroplast [START_REF] Gibbs | The route of entry of cytoplasmically synthesized proteins into chloroplasts of algae possessing chloroplast ER[END_REF]. It was observed that this reticulum is not extended in the whole PPC but is present in a restricted area localized at the level of the isthmus (I, Figure 8.2) close to the nucleus [START_REF] Gibbs | The route of entry of cytoplasmically synthesized proteins into chloroplasts of algae possessing chloroplast ER[END_REF]. In diatoms this vesicular network is species specific and pyrenoids can be with and without specific membranes [START_REF] Drum | Pyrenoids, raphes, and other fine structure in diatoms[END_REF].

In diatom chloroplasts, thylakoids are loosely stacked by group of three along their entire length with a few anastomoses, the number of the anastomoses depending on the species [START_REF] Bedoshvili | Chloroplast structure of diatoms of different classes[END_REF]. In diatoms there is not a topological differentiation into grana and stroma lamellae as in green algae and land plant chloroplasts (for reviews, see Solymosi 2012;[START_REF] Solymosi | Plastid structure, diversification and interconversions. II. Land plants[END_REF]. However, recent studies have revealed that the structure is more complex. A recent three dimensional reconstruction of P. tricornutum chloroplast suggests the existence of an intricate thylakoid network [START_REF] Flori | Plastid thylakoid architecture optimizes photosynthesis in diatoms[END_REF]. The central part of the chloroplast is occupied by the pyrenoid, a proteinaceous body that is usually penetrated by two thylakoid membranes (Figure 8.2). This chloroplast subcompartment, present in diatoms, as well as in other algae, plays an important role in the CO 2 concentration in proximity of the ribulose 1,5 bisphosphate carboxylase/oxygenase (RuBisCO), avoiding the oxygenase activity of RuBisCO [START_REF] Matsuda | Regulation of the induction of bicarbonate uptake by dissolved Co 2 in the marine diatom, Phaeodactylum tricornutum[END_REF]; for a review, see [START_REF] Clement | Diversity of CO 2concentrating mechanisms and responses to CO concentration in marine and freshwater diatoms[END_REF].

Photosynthetic Pigments

Photosynthesis requires energy from light to function. Diatoms are organisms characterized by a distinct pigment composition, different in most aspects from the pigments present in higher plants. Chlorophyll a (Chl a), Chl c and fucoxanthin (Fx) are the major pigments associated with Fx-Chl binding protein (FCP), that is the light harvesting complex (LHC) that performs the light-harvesting function in diatoms.

Chlorophylls

Several kinds of Chl can be found in photosynthetic organisms, but in diatoms only two types occur: Chl a, that is found in other algae and Chl c that act together in the lightharvesting process. Differently from other Chl, Chls c are Mg-phytoporphyrins rather than Mg-chlorines [START_REF] Photosynthesis In Diatoms | Chlorophyll c pigments: current status[END_REF]. From the chemical point of view, Chls c are protochlorophyllides (PChlide), but since that are functionally active in light-harvesting, the term Chl was retained to call this type of pigment. There are three main different
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Chl c present in diatoms: Chl c 1 , Chl c 2 and Chl c 3 , Chl c 1 and Chl c 2 being the most abundant. The structural differences between Chl c brings a change in the absorption spectrum of the photosynthetic apparatus (Kuczynska et al. 2015;[START_REF] Photosynthesis In Diatoms | Chlorophyll c pigments: current status[END_REF]. While Chl a plays the most important role in light utilization in diatoms, as well as in all the photosynthetic organisms, Chl c is an accessory pigment (like Chl b in higher plants).

Carotenoids

Among more than 700 types of carotenoids found in nature, seven kinds were found in diatoms. Usually, carotenoids exhibit an intense absorption between 400 and 500 with small changes due to the functional group attached. The major component of the carotenoids in diatoms is the xanthophyll Fx that plays an important role in light harvesting. Fucoxanthin has an allelic bond, a conjugated carbonyl, a 5,6-monoepoxide, and acetyl groups that contribute to the unique structure and spectral properties of the molecule. In fact, its absorption spectrum is shifted to 460-570 and confers to the algae the typical brown-yellow color. This shift is also important because it permits the absorption of more of the gap left by Chl in the green region (Kuczynska et al. 2015). Other carotenoids are crucial in the photoprotection mechanisms (for reviews, see Bertrand 2010;[START_REF] Moulin | Modification of the carotenoid metabolism in plastids: a response to stress conditions[END_REF]. The three most important are β-carotene (β-car), diadinoxanthin (Ddx) and diatoxanthin (Dtx). Also, the violaxanthin (Vx), antheraxanthin (Ax) and zeaxanthin (Zx) seems to be involved in the photoprotective process but only under long and high-light conditions (Lohr & Wilhelm 1999;Kuczynska et al. 2015).

The Organization of the Photosynthetic Apparatus

Diatoms have a typical photosynthetic apparatus composed by four major multisubunit protein complexes, namely PSII, cytochrome (Cyt) b 6 f, PSI and the ATP synthase CF 0 F 1 (Figure 8.3). They are sitting in the thylakoid membranes. The first three complexes are involved in light absorption, electron extraction from water and transfer to NADP + , whereas the fourth complex uses the H + gradient established across the thylakoid membrane to power ATP synthesis. Each PS is divided in two main functional units: the light harvesting antenna complex (LHC), and the reaction center, where the photochemical reactions take place. Briefly, the photons are absorbed by the pigments of the LHCII and the energy associated to the photons is transferred to the reaction center in which one Chl a molecule of the special Chl pairs of PSII (P680) is excited, and undergoes the separation of charges. The generated electron is sequentially transferred to the plastoquinone pool (PQ). The reduced PQ is oxidized by the Cyt b 6 f, which then reduces the mobile electron transporter from which the electrons are transferred to PSI. In PSI, the energy coming from the LHCI triggers charge separation at the level of the Chl pair of the reaction center (P700). The generated electron is transferred to ferredoxin (Fd) and then to Fd-NADP + -oxidoreductase that catalyzes the reduction of NADP + to NADPH used after in the carbon fixation reactions. The electron gap created at the level of P680 is filled with an electron originating from the water oxidation by the water oxidizing complex (WOC). This reaction also generates oxygen. The proton gradient generated Diatoms: Fundamentals and Applications through the thylakoid membrane by the electron transfer and the water oxidation is used to generate ATP through the catalytic activity of ATP synthase.

The PS organization is globally highly conserved among photosynthetic organisms with the only exception of the subunits composing the WOC [START_REF] Okumura | A novel protein in photosystem II of a diatom Chaetoceros gracilis is one of the extrinsic proteins located on lumenal side and directly associates with PSII core components[END_REF]. As mobile electron carrier between cyt b 6 f and PSI, diatoms use plastocyanin or cyt c 6 . The 'choice' between these two possibility could be dictated by the copper availability. Oceanic diatoms such as Thalassiosira oceanica Hasle uses plastocyanin while coastal species such as T. pseudonana and P. tricornutum use cytochrome c 6 instead (for a review, see Masmoudi et al. 2013). It is know that the ATP/NADPH ratio generated by the linear electron flow, already described, is not sufficient to fuel CO 2 import into the plasmid and assimilation in the Calvin cycle. Alternative pathways are present in Viridiplantae mostly comprises the cyclic electron flow (CEF) and water-to-water cycles [START_REF] Shikanai | Contribution of cyclic and pseudo-cyclic electron transport to the formation of proton motive force in chloroplasts[END_REF][START_REF] Asada | The water-water cycle as alternative photon and electron sinks[END_REF]. Genes encoding most of these alternative pathways components appear to be present in diatoms but the mechanism of ATP/NADH balancing are still unknown (Bowler et al. 2008;Prihoda et al. 2012;[START_REF] Grouneva | The thylakoid membrane proteome of two marine diatoms outlines both diatom-specific and species-specific features of the photosynthetic machinery[END_REF]. A recent study revealed that the optimization of the photosynthesis in diatoms is done by the rerouting of the photosynthetic flow towards mitochondrial respiration rather than CEF (Bailleul et al. 2015).

Unlikely in land plants and green algae, PSI and PSII antenna of diatoms have no specific composition in pigment-protein complexes. The antenna or lightharvesting complex is mostly composed by Fx-Chl a/c-binding protein (FCP), of which the protein moiety shares common features with the plant Chl a/b-binding protein (CAB). The FCP is encoded by a multigene family. For instance, 6 fcp genes have been first described in P. tricornutum and eight in both Sketetonema costatum 
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(Greville) Cleve and Cyclotella cryptica Reimann, J.C. Lewin & Guillard (Bhaya & Grossman 1993;[START_REF] Janssen | Changes in the photosynthetic apparatus of diatoms in response to low and high light intensities[END_REF]. Thanks to the sequencing of diatom genomes, it is now believed to exist between 20 and 30 fcp genes and related genes (Armbrust et al. 2004). The FCP, in addition to Chl a, contains accessory pigments different from higher plants: the Chl c, as associated Chl; Fx, as the main xanthophyll and Ddx and Dtx in lower amounts. Two different studies on P. tricornutum and Cyclotella meneghiniana Kützing, carried on respectively by [START_REF] Guglielmi | The light-harvesting antenna of the diatom Phaeodactylum tricornutum. Evidence for a diadinoxanthin-binding subcomplex[END_REF] and [START_REF] Büchel | Fucoxanthin-chlorophyll proteins in diatoms: 18 and 19 kda sub units assemble into different oligomeric states[END_REF], demonstrate that the LHC oligomer (LHCo) is made up of two fractions. The first fraction, LHCo-1, the major and more stable, is mainly composed by 18 kDa and 19 kDa polypeptides. It carries most of the Chl a and mostly one type of carotenoid, Fx [START_REF] Guglielmi | The light-harvesting antenna of the diatom Phaeodactylum tricornutum. Evidence for a diadinoxanthin-binding subcomplex[END_REF]. The second fraction, LHCo-2 is composed by only 18 kDa polypeptides and is responsible for the shoulder at 486 nm in the absorption spectra. LHCo-2 contains between 10% and 15% of the total antenna Chl, only a little of Chl c and is highly enriched in Ddx [START_REF] Guglielmi | The light-harvesting antenna of the diatom Phaeodactylum tricornutum. Evidence for a diadinoxanthin-binding subcomplex[END_REF]. These two fractions differ in their polypeptide composition and three major components of the two LHCo fractions are present. The most important are the Lhcf that are the main light harvesting pigment protein complexes. The second component, Lhcx, shows a high similarity with the LI818 and LhcSR of Chlamydomonas reinhardtii P.A. Dangeard and PsbS of land plants [START_REF] Peers | An ancient light-harvesting protein is critical for the regulation of algal photosynthesis[END_REF]). The third component, the Lhcr proteins, is assumed to serve as PSI antenna in diatoms, due to its high similarity with the red algae counterparts [START_REF] Büchel | Functional proteomics of light-harvesting complex proteins under varying light-conditions in diatoms[END_REF][START_REF] Gundermann | Identification of several sub-populations in the pool of light harvesting proteins in the pennate diatom Phaeodactylum tricornutum[END_REF]Lepetit et al. 2012). Several Lhc proteins, reported by [START_REF] Gundermann | Identification of several sub-populations in the pool of light harvesting proteins in the pennate diatom Phaeodactylum tricornutum[END_REF], are present in diatoms, these proteins are combined to form the FCP complexes. Different types of FCP complexes are present and bind different amounts of pigments depending on the necessity to tune the light harvesting capacity or activate the photoprotection mechanisms. Indeed, the abundance of the different complexes depends on the light exposure conditions.

In land plants and green algae, both PSII and PSI possesses their own light harvesting complexes (LHCII and LHCI respectively) assembled in super-complexes. In diatoms, the lack of small Chl-binding proteins [START_REF] Grouneva | The thylakoid membrane proteome of two marine diatoms outlines both diatom-specific and species-specific features of the photosynthetic machinery[END_REF]) is probably responsible for the absence of large PSII antenna supercomplexes typical of green algae and land plants. In P. tricornutum and Cyclotella meneghiniana, FCP adopts a trimeric organization [START_REF] Joshi-Deo | Characterization of a trimeric light-harvesting complex in the diatom Phaeodactylum tricornutum built of FcpA and FcpE proteins[END_REF]. Higher oligomeric forms were also isolated [START_REF] Büchel | Fucoxanthin-chlorophyll proteins in diatoms: 18 and 19 kda sub units assemble into different oligomeric states[END_REF]. The polypeptide composition of PSI core complex is variable among different diatom species [START_REF] Ikeda | Photosystem I complexes associated with fucoxanthin-chlorophyll-binding proteins from a marine centric diatom, Chaetoceros gracilis[END_REF]. Furthermore, in contrast to cyanobacteria, in which the PSI supercomplex is trimeric, diatom's PSI exists under monomeric form [START_REF] Veith | The monomeric photosystem I-complex of the diatom Phaeodactylum tricornutum binds specific fucoxanthin chlorophyll proteins (FCPs) as light-harvesting complexes[END_REF]. The reaction center of PSI is associated asymmetrically with a single or two rows of FCP [START_REF] Veith | The monomeric photosystem I-complex of the diatom Phaeodactylum tricornutum binds specific fucoxanthin chlorophyll proteins (FCPs) as light-harvesting complexes[END_REF][START_REF] Grouneva | The thylakoid membrane proteome of two marine diatoms outlines both diatom-specific and species-specific features of the photosynthetic machinery[END_REF][START_REF] Ikeda | Two types of fucoxanthin-chlorophyll-binding proteins I tightly bound to the photosystem I core complex in marine centric diatoms[END_REF]Herbstová et al. 2015).

In land plants and green algae, the PSII-LHCII super-complex is located in the stacking grana, while PSI-LHCI super-complex resides in the exposed stroma lamellae [START_REF] Chow | Granal stacking of thylakoid membranes in higher plant chloroplasts: the physicochemical forces at work and the functional consequences that ensue[END_REF][START_REF] Dekker | Supramolecular organization of thylakoid membrane proteins in green plants[END_REF][START_REF] Anderson | Dynamic flexibility in the structure and function of photosystem II in higher plant thylakoid membranes: the grana enigma[END_REF]. The immunolocalization of the PSs, carried on by [START_REF] Flori | Plastid thylakoid architecture optimizes photosynthesis in diatoms[END_REF], demonstrate that PSI is localized in the peripheral stromal facing thylakoid membrane and the PSII in the core localized thylakoid membrane. This separation prevents energy withdrawal between the two PSs via the thermodynamically favorable energy transfer, Diatoms: Fundamentals and Applications the so-called energy spillover [START_REF] Flori | Plastid thylakoid architecture optimizes photosynthesis in diatoms[END_REF]. In diatoms, the absence of apparent structural domain in the thylakoids favor the random distribution of PSs i.e. FCP are evenly distributed in the thylakoid membranes and serves both PSs [START_REF] Owens | Light-harvesting function in the diatom Phaeodactylum tricornutum. II. Distribution of excitation energy between the photosystems[END_REF][START_REF] Pyszniak | Immunocytochemical localization of photosystem I and the fucoxanthin-chlorophyll a/c light-harvesting complex in the diatom Phaeodactylum tricornutum[END_REF] or, at maximum a linear organization of the photosynthetic chains [START_REF] Grouneva | The thylakoid membrane proteome of two marine diatoms outlines both diatom-specific and species-specific features of the photosynthetic machinery[END_REF]. Only a moderate difference in PS localization has been reported [START_REF] Pyszniak | Immunocytochemical localization of photosystem I and the fucoxanthin-chlorophyll a/c light-harvesting complex in the diatom Phaeodactylum tricornutum[END_REF]. Recent data have shown that the outer lamellae of the diatom thylakoid stacks would be enriched in PSI and ATP synthase (Lepetit et al. 2012). This segregation of PSs may however not be related to the appressed character of the thylakoid membranes because the 'diatom' appressed thylakoids occurs in other Stramenopiles. Indeed, this segregation would be linked to the enrichment of the outer thylakoid in negatively charged saturated sulfoquinovosyl diacylglycerol (SQDG) while the medium lamellae would be more enriched in monogalactosyldiacylglycerol (MGDG) (for a review, see Lepetit et al. 2012;Heydarizadeh et al. 2013). Indeed, under red light, PSI-LHC supercomplexes segregate into membrane domains [START_REF] Bína | Novel structural aspect of the diatom thylakoid membrane: lateral segregation of photosystem I under red-enhanced illumination[END_REF], which would also be enriched in SQDG. The role of these aggregates remains to be examined.

Non-Photochemical Quenching (NPQ)

Diatoms, as other phytoplankton species, are exposed to a continuously changing light regime. Because an inadequate lighting impairs the photosynthetic process, photosynthetic organisms, including diatoms, may have developed strategies to react to such conditions. This includes the increase of the pigment cellular quota for collecting more efficiently the available photons in case of shading or low light exposure (e.g., Heydarizadeh et al. 2017). In contrast, the excess of energy should be dissipated in order to avoid the formation of reactive oxygen species (ROS) [START_REF] Schoefs | Protochlorophyllide reduction: mechanisms and evolution[END_REF]. Briefly, when a photon is absorbed by a Chl molecule, the associated energy is used to form singlet Chl ( 1 Chl * ), a high energetic status of this pigment. The energy of the 1 Chl * can be used in several ways [START_REF] Müller | Non-photochemical quenching. A response to excess light energy[END_REF]. The basis of photosynthesis is to use this energy for photochemistry i.e., for charge separation in the reaction center (see above). When it is not possible, for instance, under saturating lighting, the excess of energy is dissipated in the environment either under fluorescence and heat. Alternatively, 1 Chl * can be converted to Chl triplet ( 3 Chl*), a more stable Chl state that can react with oxygen to form ROS. The probability of 3 Chl* formation depends on the lifetime of the 1 Chl * that, in turn, depends on the rate of the three reactions listed before. Photosynthetic organisms are able to maintain low levels of 3 Chl* through the establishment of rapid photoprotective mechanisms, thus minimizing the formation of ROS [START_REF] Krieger-Liszkay | Singlet oxygen production in photosynthesis[END_REF]. The most important of these mechanisms is the nonphotochemical quenching of the Chl fluorescence (NPQ).

In land plants and green algae, the NPQ is divided in three main components: qE, qI and qT. qE, the most important component, is the energy dependent quenching that depends on the ΔpH generated between the thylakoid membrane, and the activity of the xanthophyll cycle (XC). The qI component, that is not well known, is related to the photoinhibition of the photosynthesis. qT is the energy relocation from the PSII to PSI. As already said the most important component of the NPQ is qE, that in principle Photosynthesis in Diatoms is activated by the built up of the trans-thylakoid membrane ΔpH and hence the acidification of the lumen, activating the de-epoxidases that allows the accumulation of epoxide free xanthophylls. These xanthophylls induce a conformational change to the LHCs converting them into an energy dissipating form rather than a photoreceptive form [START_REF] Müller | Non-photochemical quenching. A response to excess light energy[END_REF][START_REF] Rochaix | Regulation and dynamics of the light-harvesting system[END_REF].

In diatoms, the NPQ has been analyzed in details through its relaxation kinetic [START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, components and mechanisms[END_REF]. As in green algae and land plants, three components differing in shape, half-life and amplitude have been identified: the slow and fast components, qNs and qNf respectively, have exponential shapes. The intermediate and major component (qNi) has a sigmoidal shape. These three components have most likely their counterparts in the establishment of the NPQ [START_REF] Grouneva | A new multicomponent NPQ mechanism in the diatom Cyclotella meneghiniana[END_REF], Grouneva et al. 2009;[START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, components and mechanisms[END_REF]. The biological and mechanistic basis of the three components in diatoms are however partly different from those found in green algae and land plants.

The qNf component can be associated to the fast conformational change occurring within the thylakoid membranes at the start of the relaxation process [START_REF] Grouneva | A new multicomponent NPQ mechanism in the diatom Cyclotella meneghiniana[END_REF], Grouneva et al. 2009;[START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, components and mechanisms[END_REF][START_REF] Nagy | Modulation of the multilamellar membrane organization and of the chiral macrodomains in the diatom Phaeodactylum tricornutum revealed by small-angle neutron scattering and circular dichroism spectroscopy[END_REF]. This change of conformation is less understood in diatoms than in other groups of algae. The establishment of NPQ requires aggregation in vitro [START_REF] Gundermann | The fluorescence yield of the trimeric fucoxanthin-chlorophyll-protein FCPa in the diatom Cyclotella meneghiniana is dependent on the amount of bound diatoxanthin[END_REF]. Despite the lack of experimental evidence, it is expected that a similar mechanism occurs in vivo [START_REF] Miloslavina | Ultrafast fluorescence study on the location and mechanism of non-photochemical quenching in diatoms[END_REF]. The role of Lhcx-1 could be essential for this because it has been involved in the structural stability of thylakoid membranes (Bailleul et al. 2010;[START_REF] Zhu | Photoprotection in the diatom Thalassiosira pseudonana: role of LI818-like proteins in response to high light stress[END_REF]. Actually, the thylakoid membrane is essential for the fine tuning of the light-harvesting capacity under light stress. In P. tricornutum, modifications of the chiral organized macrodomains of pigment-protein complexes have been reported to occur under light-stress [START_REF] Szabó | Structurally flexible macro-organization of the pigment-protein complexes of the diatom Phaeodactylum tricornutum[END_REF]. These modifications would also reflect changes in the multicellular organization of the thylakoids [START_REF] Nagy | Modulation of the multilamellar membrane organization and of the chiral macrodomains in the diatom Phaeodactylum tricornutum revealed by small-angle neutron scattering and circular dichroism spectroscopy[END_REF].

The qNs component is associated with photoinhibition and/or partial dissipation of the pH gradient [START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, components and mechanisms[END_REF]. This component increases when T. pseudonana is exposed to HL for period higher than 60 min [START_REF] Zhu | Photoprotection in the diatom Thalassiosira pseudonana: role of LI818-like proteins in response to high light stress[END_REF].

The qNi component is related to the formation of the proton gradient through the thylakoid and to the Ddx de-epoxidation. Ddx de-epoxidation is part of the XC i.e., the enzymatic conversion of a de-epoxide form of xanthophyll to an epoxide form (Dtx) and vice versa. The two pigments that are engaged in the XC are normally present in the cells, bound to the FCP and their amount depends on the incident light. In high light, Ddx is converted to the Dtx by the Ddx de-epoxidase (DDE, also called VDE), an enzyme that is activated by the acidification of the thylakoid lumen (below a pH value of 6). The decrease in the thylakoid lumen pH is much faster in diatoms than in green algae and land plants and leads to the activation of the Dtx epoxidation reaction. Furthermore, the ΔpH induces the disaggregation of FCPs, a consequent protonation of these complexes resulting in a conformational change in the protein structure that enables the quenching activity of the Dtx [START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, components and mechanisms[END_REF]. Once NPQ is established, its further existence depends largely of the presence of Dtx instead of the ΔpH [START_REF] Goss | The importance of a highly active and ΔpH-regulated diatoxanthin epoxidase for the regulation of the PS II antenna function in diadinoxanthin cycle containing algae[END_REF].

In low light, the Dtx epoxidase (DEP, also called ZEP) carries out the reverse reaction leading to the reconversion of Dtx in Ddx. In contrast to the de-epoxidation reaction, Diatoms: Fundamentals and Applications the epoxidation reaction is always active. The rate of the epoxidation reaction being slower than the de-epoxidation one, Ddx accumulates [START_REF] Goss | The importance of a highly active and ΔpH-regulated diatoxanthin epoxidase for the regulation of the PS II antenna function in diadinoxanthin cycle containing algae[END_REF]. In P. tricornutum three isoforms of DDE/VDE and DEP/ZEP have been identified but it is not well clear which isoform(s) is/are involved in the Ddx cycle (Kuczynska et al. 2015). The enzymes structure, substrate and cofactors are similar in diatoms and higher plant but in diatoms, the mechanism of light dependent activation remain not well understood.

It has been reported that a long and very intense HL stress can trigger another XC in diatoms. This second XC consists in the conversion of Vx to Zx, through the intermediate Ax, thanks to the activity of VDE and the reconversion of Zx to Vx by ZEP. This cycle would not be primarily involved in photoprotection (Lohr & Wilhelm 1999). When compared to land plants and green algae, the activation of the Ddx to Dtx transformation could be 4-5 times higher in diatoms. Consequently, diatoms can dissipate up to 90% of the absorbed energy toward NPQ in over-saturating light conditions [START_REF] Ruban | The superexcess energy dissipation in diatom algae: comparative analysis with higher plants[END_REF][START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: mechanisms, evolution and ecophysiology[END_REF].

Carbon Uptake and Fixation

As major primary producers, the mechanisms of carbon fixation in diatoms are very important for biogeochemistry. In the ocean environment, the alkalinity (above pH 8) and salinity are very high, changing the equilibrium between aqueous carbon dioxide (CO 2 (Aq)) and carbonate ions (CO 3 2-) toward the formation of bicarbonate (HCO 3 -) [START_REF] Matsuda | Regulation of the induction of bicarbonate uptake by dissolved Co 2 in the marine diatom, Phaeodactylum tricornutum[END_REF]. Dissolved inorganic carbon (DIC) is a generic term designated these three forms of CO 2 . In seawater, the CO 2 concentration is 10-25 mM [START_REF] Clement | Diversity of CO 2concentrating mechanisms and responses to CO concentration in marine and freshwater diatoms[END_REF] i.e., much less than the >50 mM required to saturate diatom RuBisCO, the key enzyme of CO 2 fixation. In diatoms, at most conservative range and accounting for variability, the concentration has been reported to vary from 20 to 70 μM [START_REF] Badger | The diversity and coevolution of Rubisco, plastids, pyrenoids and chloroplast-based CO 2 -concentrating mechanisms in algae[END_REF][START_REF] Young | The potential for co-evolution of CO 2 -concentrating mechanisms and rubisco in diatoms[END_REF]. Actually, CO 2 compete with O 2 for the unique enzymatic active site and depending on the dominant gas partial pressure around the enzyme, RuBisCO catalyzes either the carboxylation or the oxygenation of ribulose-1,5-bisphosphate. The former reaction allows photosynthetic cells to gain carbon whereas the latter triggers the release of CO 2 . Both reactions are in competition for the same reaction center (for a review, see [START_REF] Jensen | Regulation of the calvin-bensonbassham cycle in the enigmatic diatoms: biochemical and evolutionary variations on an original theme[END_REF]. To avoid the oxygenase reaction at the RuBisCO catalytic site, it must be saturated [START_REF] Hopkinson | The physiology and genetics of CO 2 concentrating mechanisms in model diatoms[END_REF][START_REF] Jensen | Regulation of the calvin-bensonbassham cycle in the enigmatic diatoms: biochemical and evolutionary variations on an original theme[END_REF][START_REF] Da Silva | Inorganic carbon availability in benthic diatom communities: photosynthesis and migration[END_REF]. As cyanobacteria and green algae, diatoms possess carbon concentrating mechanisms (CCMs) in order to accumulate DIC, uptaking it from the surrounding. Algal cells have evolved different CCM based upon the pyrenoid, but its presence does not mean that the algae possess a CCM [START_REF] Ratti | Co 2 -concentrating mechanisms of the potentially toxic dinoflagellate Protoceratium reticulatum (Dinophyceae, Gonyaulacales)[END_REF][START_REF] Genkov | Functionalhybrid rubisco enzymes with plant small subunits and algal largesubunits: engineered rbcs cDNA for expression in Chlamydomonas reinhardtii[END_REF]. This region of the chloroplast is supposed to function as a central point of CCM. Two types of CCM have been reported to exist in diatoms. One is a 'biophysical CCM' in which CO 2 and HCO 3 -are transported by carbonic anhydrases (CAs) [START_REF] Kikutani | Thylakoid luminal θ-carbonic anhydrase critical for growth and photosynthesis in the marine diatom Phaeodactylum tricornutum[END_REF]) and bicarbonate transporters [START_REF] Nakajima | SLC4 family transporters in a marine diatom directly pump bicarbonate from seawater[END_REF]. The other CCM is called 'biochemical CCM' and would involve a prefixation of inorganic carbon into C4 compounds like in C4 land plants, and then converted back in C3 compounds and CO 2 in proximity of RuBisCO favoring its carboxylation activity. Evidence for this mechanism has been obtained in the diatom T. weissflogii (Grunow) G. Fryxell & Hasle (current name Conticribra weissflogii (Grunow) Stachura-Suchoples & D.M. Williams) [START_REF] Reinfelder | Unicellular C 4 photosynthesis in a marine diatom[END_REF]; [START_REF] Roberts | Carbon acquisition by diatoms[END_REF]) but remained to be demonstrated in other species (T. pseudonana: [START_REF] Clement | The nature of the CO 2 -concentrating mechanisms in a marine diatom, Thalassiosira pseudonanale[END_REF][START_REF] Kustka | Low CO 2 results in a rearrangement of carbon metabolism to support C 4 photosynthetic carbon assimilation in Thalassiosira pseudonana[END_REF]P. tricornutum: Haimovich-Dayan et al. 2013).

Both freshwater and marine diatoms have shown an active uptake of both CO 2 and bicarbonate. From the work of [START_REF] Matsuda | Recent progresses on the genetic basis of the regulation of CO acquisition systems in response to CO concentration[END_REF], it emerged that the uptake of carbon from the surrounding media from different DIC is species specific. CAs are crucial enzymes involved in carbon uptake and their activity depends on the pH and their localization in the cellular compartment. Recent studies have demonstrated the colocalization of internal CA and RuBisCO in the pyrenoid [START_REF] Matsuda | Origin and evolution of plastids and photosynthesis in eukaryotes[END_REF]. This pyrenoid localized CAs are activated at low CO 2 concentrations and permit an efficient formation of CO 2 in close proximity of RuBisCO, that has low affinity to CO.

External CAs are also present. As aforementioned, the alkaline and salty environment tend to move the equilibrium toward bicarbonate formation, forcing cells to invest energy on bicarbonate pumping, but the presence of external CAs counteracts this equilibrium shift in the periplasmic unstirred layer allowing cells to have access to CO 2 . In diatoms it has been shown that the occurrence of external CAs can be inconsistent and thus not essential [START_REF] John-Mckay | Variation in the occurrence of external carbonic anhydrase among strains of the marine diatom Phaeodactylum tricornutum (Bacillariophyceae)[END_REF]. In P. tricornutum, it has been demonstrated, thanks to the utilization of ethoxyzolamide (membrane permeable CA inhibitor), that internal CAs are physiologically necessary for the CCM [START_REF] Satoh | Inhibition of photosynthesis by intracellular carbonic anhydrase in microalgae under excess concentrations of CO 2[END_REF]. Several CAs have been localized in different cell compartments in both centric and pennate diatoms. There are CAs localized in the chloroplast envelopes, in the pyrenoid and in mitochondria with different function, from the aforementioned implication in CCM to completely different processes [START_REF] Giordano | An anaplerotic role for mitochondrial carbonic anhydrase in Chlamydomonas reinhardtii[END_REF][START_REF] Hopkinson | The physiology and genetics of CO 2 concentrating mechanisms in model diatoms[END_REF][START_REF] Matsuda | Origin and evolution of plastids and photosynthesis in eukaryotes[END_REF]. The studies of [START_REF] Allen | Evolution and functional diversification of fructose bisphosphate aldolase genes in photosynthetic marine diatoms[END_REF] in P. tricornutum demonstrated that the fructose bisphosphate is colocalized with the CAs in the pyrenoid and, since the RuBisCO is also colocalized, in the pyrenoid this implies that the first steps of the Calvin cycle occur in this region of the chloroplast in diatoms.

A functional biochemical CCM requires a carboxylation enzyme such as the phosphoenolpyruvate carboxylase (PEPC), which catalyzes the carboxylation of phosphoenolpyruvate (PEP) with HCO 3 -, forming a C4 carbon compound (oxaloacetate, malate, aspartate). This C4 compound is then cleaved by decarboxylating enzymes (malic enzyme ME and phosphoenolpyruvate carboxykinase PEPCK) to produce CO 2 in the vicinity of the RuBisCO [START_REF] Sage | The evolution of C 4 photosynthesis[END_REF]). These enzymes required for C4 pathway are present in C3 plants in which carry out different roles [START_REF] Aubry | The role of proteins in C3 plants prior to their recruitment into the C4 pathway[END_REF]. The C4 metabolism seems to be limited to particular species [START_REF] Matsuda | Origin and evolution of plastids and photosynthesis in eukaryotes[END_REF][START_REF] Roberts | Carbon acquisition by diatoms[END_REF]). Indeed, it has been reported in the diatom T. weissflogii [START_REF] Reinfelder | Unicellular C 4 photosynthesis in a marine diatom[END_REF][START_REF] Roberts | Carbon acquisition by diatoms[END_REF]) but remains to be demonstrated in other species. The two diatoms T. pseudonana and P. tricornutum have the genetic potential to operate a functional C4 CCM as all the genes required are present (Armbrust et al. 2004, Bowler et al. 2008;[START_REF] Shen | The diversity of CO 2 -concentrating mechanisms in marine diatoms as inferred from their genetic content[END_REF]. However, the functionality of this biochemical CCM has not been proven in these species and still remains controversial [START_REF] Clement | The nature of the CO 2 -concentrating mechanisms in a marine diatom, Thalassiosira pseudonanale[END_REF][START_REF] Raven | Inorganic carbon acquisition by eukaryotic algae: four current questions[END_REF][START_REF] Reinfelder | The role of the C 4 pathway in carbon accumulation and fixation in a marine diatom[END_REF][START_REF] Kustka | Low CO 2 results in a rearrangement of carbon metabolism to support C 4 photosynthetic carbon assimilation in Thalassiosira pseudonana[END_REF][START_REF] Tanaka | Localization of enzymes relating to C 4 organic acid metabolisms in the marine diatom, Thalassiosira pseudonana[END_REF]. [START_REF] Kustka | Low CO 2 results in a rearrangement of carbon metabolism to support C 4 photosynthetic carbon assimilation in Thalassiosira pseudonana[END_REF] argued that T. pseudonana could have evolved an unconventional C4 based CCM that involves the pyruvate carboxylase working in reverse to produce HCO 3 -from oxaloacetate in the chloroplast. This model requires Diatoms: Fundamentals and Applications the presence of bicarbonate transporters in the plasmalemma and ER membranes [START_REF] Nakajima | SLC4 family transporters in a marine diatom directly pump bicarbonate from seawater[END_REF].

The complexity and central role of the Calvin cycle in the photosynthetic organisms requires a fine regulation. In land plants and green algae, it is very well studied and finely regulated by light, pH, redox state, metabolism and protein interactions especially thioredoxin (Trx) mediated reversible reduction/oxidation of disulfide bonds/sulfhydryl group of cysteine residues [START_REF] Jensen | Regulation of the calvin-bensonbassham cycle in the enigmatic diatoms: biochemical and evolutionary variations on an original theme[END_REF]. Diatoms also have many different Trx located in different compartments, including the chloroplast, but the knowledge about their function is scarce. The function of plastidic Trx in diatoms seems to be limited and it was observed that none of the enzymes involved in the Calvin cycle are regulated this way, except for the fructose-1,6-bisphosphatase [START_REF] Matsuda | Origin and evolution of plastids and photosynthesis in eukaryotes[END_REF].

Conclusions and Perspectives

Despite the importance of the diatoms as primary producers, and their remarkable adaptation ability (Table 8.1), the details of their photosynthetic machinery, including architecture of the thylakoid membranes and how these membranes are important for the functionality of the photosynthetic machinery, remain partly to be discovered. A deeper knowledge about the photosynthetic process would be important not only for the understanding of the photosynthetic process in itself but also for the understanding of the distribution of species in the ocean and modification in diatoms assemblage. 

Photosynthesis in Diatoms

Because the production of molecules of interest by microalgae is based on CO 2 capture by microalgae, these data will impact the optimization of biotechnological processes based on microalgae.
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Introduction

Carotenoids are together with chlorophylls the most frequently coloured molecules found in our environment. Carotenoids are yellow to red coloured molecules famous for their in vivo light-harvesting ability, photoprotection, protein stabilization and antioxidant roles in the photosynthetic process. The latter activity is crucial because the aerobic metabolism, typical of eukaryotic cells, continuously generates reactive oxygen species (ROS) that can cause cellular damages. Large quantities of ROS may happen when cells experience a stress (e.g. [START_REF] Tan | Carotenoids: How effective are they to prevent age-related diseases?[END_REF][START_REF] Liu | Oxidative stress in neurodegenerative diseases: From molecular mechanisms to clinical applications[END_REF]. Because carotenoids conserve their properties in vitro, the interest for these natural molecules has progressively shifted from the curiosity of some to the general interest at the end of World War II when it became clear that lifestyle will be directed toward the consumption of more proceeded food. Food processing is usually destructive for natural molecules that, therefore, need to be replaced by food supplements. Carotenoids enter in this category and, since, has also attracted the attention for their antioxidant and colouring properties [START_REF] Ambati | Astaxanthin: Sources, extraction, stability, biological activities and its commercial applications-A review[END_REF][START_REF] Solymosi | Food colour additives of natural origin[END_REF]. With the exceptions of aphids [START_REF] Moran | Lateral transfer of genes from fungi underlies carotenoid production in Aphids[END_REF] and spotted spider mites [START_REF] Altincicek | Horizontally transferred fungal carotenoid genes in the two-spotted spider mite Tetranychus urticae[END_REF], carotenoids cannot be synthesized by animal cells and therefore must be acquired through the alimentation, before being eventually modified after ingestion [START_REF] Solymosi | Food colour additives of natural origin[END_REF]. Today, carotenoids are of considerable interest for numerous applications including food and feed, cosmetics and medicine [START_REF] Garg | Marine carotenoid fucoxanthin possesses anti-metastasis activity: Molecular evidence[END_REF][START_REF] Goff | Microalgal carotenoids and phytosterols regulate biochemical mechanisms involved in human health and disease prevention[END_REF], 2020;[START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF][START_REF] Tan | Carotenoids: How effective are they to prevent age-related diseases?[END_REF]Mimouni et al. 2012). For instance, carotenoids can help in fighting age-related macular degeneration, a disease leading causes of vision loss [START_REF] Edelshtain | Long-term treatment with 9-cis-β-carotene rich alga Dunaliella bardawil ameliorates photoreceptor degeneration in a mouse model of retinoid cycle defect[END_REF]). These being not the topic of this chapter, some examples of applications have been summarized in Table 5.1 (for reviews, see [START_REF] Novoveská | Microalgal carotenoids: A review of production, current markets, regulations, and future direction[END_REF], Cezare-Gomes et al. ( 2019)).

The new usages of carotenoids have increased the demand and contributed to an accelerated depletion of natural resources [START_REF] Alexandratos | World agriculture towards 2030/2050: The 2012 revision[END_REF].

To avoid endangering natural species, new sources for carotenoids are intensively searched [START_REF] Fernández-Sevilla | Biotechnological production of lutein and its applications[END_REF]) and microalgae emerged as organisms with a very high potential. In addition to the primary carotenoids they synthesize for photosynthesis, microalgae are also able to produce secondary carotenoids under stress conditions (Table 5.2). Indeed, with the development of molecular engineering, the idea that microalgae constitute the next platform organisms for the production of high value molecules has emerged [START_REF] Levitan | Diatoms: A fossil fuel of the future[END_REF]). The use of carotenoids is continuously increasing boosting the carotenoid market. It was estimated to be ~1.24 billion USD in 2016, and is projected to increase to ~1.53 billion USD by 2021, at a compound annual growth rate (CAGR) of 3.78% from 2016 to 2021 (http://www.bccresearch.com) (Liu et al. 2014, Ambati et al. 2019) (Fig. 5.1a). The markets for each carotenoid has no equivalent. As displayed in Fig. 5.1b, the most important are those related to astaxanthin (3,3'dihydroxy-β,β-carotene-4,4'-dione), lutein (β,ε-carotene-3,3'-diol) and β-carotene (β,β-carotene). The total production of natural carotenoids (with major carotenoids including fucoxanthin, lutein, violaxanthin and neoxanthin) has been estimated as 100 million tons/year [START_REF] Delgado-Vargas | Natural pigments: Carotenoids, anthocyanins, and betelains-Characteristics, biosynthesis, natural processing, and stability[END_REF]. The amount of publications about all the aspects related to carotenoids is yearly increasing (Fig. 5.2) reaching more than 14,000 publications listed in the Web of Science. Therefore, the writing of this chapter was not possible without making chooses and we apologize to the colleagues whose data of interests are not cited in this contribution. We tried to focus the selection of data on the most recent ones in order to show that the production of carotenoids by microalgae is a tailor-made process that should take into account biological factors such as the taxon (origin and the genome composition) but also the factors related to the environment such as temperature, light quality and quantity, salinity etc. but also rely on general biological responses to stress.

The Best Alga for the Highest Carotenoid Production: Does the Taxon Matter?

When reviewing literature, it appears clearly that the carotenoid production capacity is (at least) strain dependent (Table 5.3). For instance, [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF] reported that the total carotenoids accumulated by several strains of Dunaliella grown under red light varied from 1 to 3 according to the strain considered. In another study, 15 strains of chlorophycean microalgae were screened for the capacity of lutein production [START_REF] Del Campo | Carotenoid content of chlorophycean microalgae: Factors determining lutein accumulation in Muriellopsis sp. (Chlorophyta)[END_REF]. Because tens of thousands microalga taxa have been described [START_REF] Guiry | How many species of algae are there[END_REF], and new species are continuously described (e.g. Schoefs et al. (2020)), exploring the biodiversity looks to be a promising strategy for finding putative new taxon with either a unique carotenoid composition or productivity. This requires quick and precise tools not only for estimating the classification of the alga but also the amount of pigments. Carotenoid diversity and sometimes specific distribution in the different taxonomic branches (Table 5.4) offers the possibility to use the pigment composition for chemotaxonomic through a multivariate analysis (Paliwal 2018) screened 110 strains from West Ireland and discovered strains that can be considered as interesting alternative to traditional taxa for carotenoid production (Table 5.3).

Selecting strains using literature data requires to take into account the continuous evolution of taxonomy, that generates different names for the same taxon (Schoefs et al. 2020) (Table 5.5). 

Carotenoid Chemistry and Biochemistry

Carotenoids belongs to the family of terpenoid compounds and has more than 750 members [START_REF] Langi | Carotenoids: From plants to food and feed industries[END_REF][START_REF] Novoveská | Microalgal carotenoids: A review of production, current markets, regulations, and future direction[END_REF][START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF]. From the chemical point of view, carotenoids are C30-C50 molecules characterized by an extended network of conjugated double bonds. Carotenoids range in two subfamilies i.e. carotene and xanthophyll. The members of the former subfamily lack oxygen atoms whereas the members of the latter present hydroxy groups (hydroxycarotenoids such as zeaxanthin and lutein), keto groups (keto-carotenoids such as canthaxanthin and echinenone), epoxy groups (epoxycarotenoids such as violaxanthin and diadinoxanthin). The structure of some xanthophylls is even more complex combining several types of side groups like in astaxanthin (keto-et hydroxy-groups), dinoxanthin and fucoxanthin (epoxy-, acetylated groups and allene linkage) [START_REF] Dembitsky | Allenic and cumulenic lipids[END_REF] or display an acetylene linkage such as monadoxanthin [START_REF] Takaichi | Carotenoids in algae: Distributions, biosyntheses and functions[END_REF].

The extended network of conjugated double bonds forms the chromophore, allowing the absorption of visible light in the violet-green region. The range of the absorbed wavelengths can be in first approximation determined by the amount of conjugated double bonds along the carbon backbone: the higher the number of conjugated double bonds the longer the wavelengths the pigment absorbs [START_REF] Schoefs | Chlorophyll and carotenoid analysis in food products. Properties of the pigments and methods of analysis[END_REF]. A consequence of the presence of double bonds is the abundant number of carotenoid isomers (Schoefs 2005a). Thus, carotenoids may adopt several 3D-configurations that are important for their biological properties. For instance, cis-isomers of fucoxanthin have been reported to be more valuable than all-trans-isomers in human cancer lines [START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF]. Another consequence of the presence of this extended conjugated double bonds is the antioxidant properties of carotenoids [START_REF] Foo | Antioxidant capacities of fucoxanthin-producing algae as influenced by their carotenoid and phenolic contents[END_REF][START_REF] Sahin | Antioxidant composite films with chitosan and carotenoid extract from Chlorella vulgaris: Optimization of ultrasonic-assisted extraction of carotenoids and surface characterization of chitosan films[END_REF].

The carotenoid diversity in microalgae is very large and in many cases specific of taxa [START_REF] Mc Gee | Rapid chemotaxonomic profiling for the identification of high-value carotenoids in microalgae[END_REF]. For instance, lutein is only found in Chrysophyta, Euglenophyta, Chlorarachniophyta, Chlorophyta and some Rhodophyta (Table 5.4). In addition to the regular carotenoid content, some microalgae are able to produce one or several additional carotenoids with unique chemical structures as a stress response. A good example is the family of keto-carotenoids such as astaxanthin, canthaxanthin, fucoxanthin, peridinin and siphonaxanthin (Table 5.4).

Carotenoid biosynthesis occurs in chloroplasts [START_REF] Han | Astaxanthin in microalgae: Pathways, functions and biotechnological implications[END_REF][START_REF] Lichtenthaler | The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid biosynthesis in plants[END_REF]. The enzymes involved in the pathway are coded in the nucleus genome, produced in the cytoplasm as pre-proteins before being imported into the chloroplast. Carotenoid biosynthetic pathway has been the topic of several recent review papers [START_REF] Cherdchukeattisak | Detection and enhancement of ketocarotenoid accumulation in the newly isolated sarcinoid green microalga Chlorosarcinopsis PY02[END_REF][START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF]. In most microalgae, the carotenoid biosynthetic pathway is highly conserved thought that some species are able to accumulate unusual carotenoids via biosynthetic appendices such as the one resulting in the formation of keto-carotenoids and allelic carotenoids.

Carotenoids are synthesized from a C5 building block, the isopentenyl pyrophosphate (IPP) and its isomer, the dimethylallyl pyrophosphate (DMAPP). The isomerization step is catalyzed by IPP isomerase, coded by the gene ipi. Two pathways resulting in the production of these compounds have been described. The first one, denoted the mevalonate pathway occurs in animals, fungi, archaebacteria and certain bacteria. In eukaryotic cells, it is localized in the cytoplasm. The second pathway, the 2-C-methyl-D-erythriol 4-phosphate (MEP) pathway, is active in many eubacteria, including Escherichia coli, apicomplexa, algae and land plants. In some taxa, both pathways can be active (Table 5.6). In eukaryotic organisms, MEP pathway is located in plastids. This pathway involves several enzymes namely 1deoxy-D-xylulose-5-phosphate synthase (DXS), 1-deoxy-D-xylulose-5-phosphate reductosiomerase (DXR), 2-C-methyl-D-erythritol 4 phosphate (ISPD), 2-methyl-Derythritol 2,4-cyclodiphosphate synthase (ISPF), E-4-hydroxy-3-methylbut-2-enyl diphosphate synthase (HDS), 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase (HDR), isopentenyl diphosphate delta isomerase (IDI). The IPP building blocks are then assembled to yield geranyl-geranyl pyrophosphate. The condensation of two molecules of geranyl geranyl pyrophosphate (GGPP), catalyzed by the phytoene synthase (cyanobacteria: CrtB, microalgae: PSY) yields phytoene, a colourless compounds. CrtB/PSY enzyme is coded by a single gene or gene family [START_REF] Meléndez-Martínez | A comprehensive review on the colorless carotenoids phytoene and phytofluene[END_REF]. Sequential desaturations catalysed by phytoene desaturase (cyanobacteria: CrtP, microalgae: PDS) and ζ-carotene desaturase (cyanobacteria: CrtQ, microalgae: ZDS) resulting in the formation of pro-lycopene. Inhibition of the PDS enzymatic activity by herbicides such as norflurazon (5-amino-4-chloro-2-[3-(trifluoromethyl)phenyl]pyridazin-3-one) and fluridone (1-methyl-3-phenyl-5-[3-(trifluoromethyl)phenyl]pyridin-4-one) [START_REF] Ben-Amotz | Stereoisomers of β-carotene and phytoene in the alga Dunaliella bardawil[END_REF]) results in the accumulation of phytoene [START_REF] Laje | Phytoene accumulation in the novel microalga Chlorococcum sp. using the pigment synthesis inhibitor fluridone[END_REF][START_REF] Zhekisheva | Inhibition of astaxanthin synthesis under high irradiance does not abolish triacylglycerol accumulation of the green alga Haematococcus pluvialis (Chlorophyceae)[END_REF] and the absence of further carotenoids. Therefore, when applied in dividing microalgae, the carotenoid cellular quota decreases by dilution within the daughter cells [START_REF] Laje | Phytoene accumulation in the novel microalga Chlorococcum sp. using the pigment synthesis inhibitor fluridone[END_REF].

Pro-lycopene is then isomerized by a carotenoid isomerase (CRTISO) into alltrans-lycopene that serves as a precursor for the cyclases. Lycopene can be either cyclized at both ends by lycopene β-cyclase (LCYB), yielding β-carotene with two β-ionone end groups or to the combined actions of LCYB and lycopene ε-cyclases (LCYEs) resulting in the formation of α-carotene. The amount of each carotenoid type is determined by the absolute activities of LCYE and LCYB. α-carotene and β-carotene are modified allowing the structural diversification of carotenoids. 

Hydroxylated Carotenoid

Several unrelated types of carotenoid hydroxylases (CHY) have been identified so far among the different sequenced genomes. They are denoted as CrtR (cyanobacteria: Makino et al. ( 2008)), BCH/CHYB, CYP97A, CYP97B and CYP97C (microalgae and land plants: [START_REF] Kim | The evolution and function of carotenoid hydroxylases in Arabidopsis[END_REF], [START_REF] Cui | Evolutionary origins, molecular cloning and expression of carotenoid hydroxylases in eukaryotic photosynthetic algae[END_REF]). BCH/CHYB enzymes are nonheme di-iron hydroxylase whereas CYP97 enzymes contain a hemic iron absorbing at 450 nm (cytochrome P450) [START_REF] Yu | Gene cloning, sequence analysis, and expression profiles of a novel β-ring carotenoid hydroxylase gene from the photoheterotrophic green alga Chlorella kessleri[END_REF][START_REF] Cui | Gene cloning and expression profile of a novel carotenoid hydroxylase (CYP97C) from the green alga Haematococcus pluvialis[END_REF][START_REF] Kim | The evolution and function of carotenoid hydroxylases in Arabidopsis[END_REF].

Several conserved amino acid residues can be used for identifying the subfamily to which they belong. Using these elements, [START_REF] Cui | Cloning, identification and functional characterization of two cytochrome P450 carotenoids hydroxylases from the diatom Phaeodactylum tricornutum[END_REF] ranged CYP97b in the CYP97 A/B/C subfamily. β-carotene can be hydroxylated by a non-heme di-iron hydroxylase, called βcarotene hydroxylase (CHYB) to yield zeaxanthin. It is converted to violaxanthin by α-carotene can also be hydroxylated by two heme-containing cytochrome P450 monooxygenases (namely, carotene β-hydroxylase and carotene ε-hydroxylase), which leads to the formation of lutein (Fig. 5.3).

Astaxanthin and Other Keto-Carotenoids

Besides their huge potential for health industries, keto-carotenoids are used as feed in fish (salmon, trout) and shrimp aquaculture (see Table 5.1). Therefore many studies have been dedicated to this family of xanthophylls, including analytical means and certification activities (for a review, see Lemoine and Schoefs (2010)). The latter domain is linked to the chemical tridimensional structure of astaxanthin regarding the astaxanthin source: commercial synthetic astaxanthin is a mixture of the enantiomers (3R,3'R and 3S,3'S) and the meso compound (3R,3'S) in the ratio of 1:1:2, respectively [START_REF] Visioli | Astaxanthin in cardiovascular health and disease: Mechanisms of action, therapeutic merits, and knowledge gaps[END_REF][START_REF] Higuera-Ciapara | Astaxanthin: A review of its chemistry and applications[END_REF]) whereas astaxanthin extracted from H. pluvialis is only (3S,3'S) and mostly esterified [START_REF] Visioli | Astaxanthin in cardiovascular health and disease: Mechanisms of action, therapeutic merits, and knowledge gaps[END_REF]. Interestingly, the isomer conformation is not modified during astaxanthin metabolism in animal cells and therefore the conformation can be used for tracing the biological origin of astaxanthin found in fish for instance [START_REF] Turujman | Rapid liquid chromatographic method to distinguish wild salmon from aquacultured salmon fed synthetic astaxanthin[END_REF]). Keto-carotenoids derive from β-carotene. The capacity of keto-carotenoid biosynthesis has been described in one land plant petals, some yeasts and a few microalgal taxa (Chromochloris zofingiensis: 5.3 for the synonymous taxa).

Several pathways have been proposed for astaxanthin biosynthesis denoted as zeaxanthin and canthaxanthin pathways, respectively. They all involve β-carotene ketolase (β-carotene 4,4'-oxygenase) (BKT-microalgae: [START_REF] Lotan | Cloning and expression in Escherichia coli of the gene encoding β-C-4-oxygenase, that converts β-carotene to the ketocarotenoid canthaxanthin in Haematococcus pluvialis[END_REF], [START_REF] Fraser | Enzymic confirmation of reactions involved in routes of astaxanthin formation, elucidated using a direct substrate in vitro assay[END_REF]; CRTW-cyanobacteria: [START_REF] Kajiwara | Isolation and functional identification of a novel cDNA for astaxanthin biosynthesis from Haematococcus pluvialis and astaxanthin synthesis in Escherichia coli[END_REF], [START_REF] Choi | Characterization of two β-carotene ketolases, CrtO and CrtW, by complementation analysis in Escherichia coli[END_REF]), the enzyme adding sequentially the keto groups in C4 and C4' positions on the β-ionone rings of β-carotene, yielding echinenone (4-monoketo-β-carotene) and canthaxanthin (4,4'-diketo-β-carotene), respectively [START_REF] Breitenbach | Expression in Escherichia coli and properties of the carotene ketolase from Haematococcus pluvialis[END_REF]. BKT enzymes are characterized by conserved histidine motifs postulated as binding nonhemic iron required for enzymatic activity [START_REF] Fraser | In vitro characterization of astaxanthin biosynthetic enzymes[END_REF]) on the β-ionone rings of β-carotene. Interestingly, the S251W mutation reduced the capacity of BKT1 to catalyse β-carotene transformation, to canthaxanthin that instead catalyses the ketolutein production, suggesting that this region of the enzyme could be related to the α-ionone and β-ionone-ring selectivity [START_REF] Ye | Defining the biosynthesis of ketocarotenoids in Chromochloris zofingiensis[END_REF]). This mutation is located at the C-terminus of the enzyme amino acid sequence.

Canthaxanthin is then sequentially hydroxylased by β-carotene hydroxylase (BHY) in C3 and C3' positions, resulting in the formation of astaxanthin [START_REF] Varela | Production of carotenoids by microalgae: achievements and challenges[END_REF][START_REF] Sun | Cloning and functional analysis of the β-carotene hydroxylase of Arabidopsis thaliana[END_REF][START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF]. The production of keto-carotenoids can be restricted to part of the algal life cycle such as the zygospores (Chlamydomonas: [START_REF] Lohr | Genome-based examination of chlorophyll and carotenoid biosynthesis in Chlamydomonas reinhardtii[END_REF]). Astaxanthin accumulates in the cytoplasm in lipid globules (Lemoine and Schoefs 2010).

A few microalgae such as Chlorosarcinopsis PY02 accumulate canthaxanthin rather than astaxanthin. The biosynthetic pathway is similar to that found in Haematococcus pluvialis i.e. β-carotene is first hydroxylated twice to yield echinenone and canthaxanthin, respectively by BKT enzymes. To explain the preferential accumulation of 3-OH-echinenone and canthaxanthin, [START_REF] Cherdchukeattisak | Detection and enhancement of ketocarotenoid accumulation in the newly isolated sarcinoid green microalga Chlorosarcinopsis PY02[END_REF] hypothesize that both hydroxylase and ketolase compete for β-carotene and suggest that the hydroxylase (BHY) is less active than the ketolase (BKT).

Two genes code for BKT enzymes, namely BKT1 and BKT2. BKT1, in addition to catalyse the hydroxylation of β-carotene to canthaxanthin can also convert zeaxanthin to astaxanthin [START_REF] Huang | Induced high-yield production of zeaxanthin, lutein, and β-carotene by a mutant of Chlorella zofingiensis[END_REF][START_REF] Wang | The biosynthetic pathway of carotenoids in the astaxanthin-producing green alga Chlorella zofingiensis[END_REF]. A single nucleotide insertion (+G395) or substitution in highly conserved regions (H168R, 552K, P284L or S251N) resulted in the non-functionality of BKT1 in Chromochloris zofigiensis [START_REF] Ye | Defining the biosynthesis of ketocarotenoids in Chromochloris zofingiensis[END_REF].

Fucoxanthin, an Abundant Allelic Carotenoid

Fucoxanthin is probably the most abundant carotenoid produced on Earth [START_REF] Haugan | Isolation and characterisation of four allelic (6'S)-isomers of fucoxanthin[END_REF]. It is characterized by the presence of an allelic bond. Beside its role in vivo as light-harvesting pigment, it shows a huge potential for medical treatment [START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF]). Despite its important potential, the biochemical pathways along which it is produced in vivo are not yet elucidated. Three pathways have been proposed. The first one involves neoxanthin, the end carotenoid product of the β-carotene to violaxanthin transformation. Neoxanthin would serve as a substrate for fucoxanthin, diadinoxanthin or/and abscisic acid syntheses [START_REF] Gong | Carotenoids from microalgae: A review of recent developments[END_REF]. The second pathway is very similar to the first one but would use diadinoxanthin as the precursor of fucoxanthin [START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF]. The 3rd possibility differs from the second pathway by the steps transforming β-carotene to violaxanthin that would involve β-cryptoxanthin and β-cryptoxanthin-5,6-epoxide instead than zeaxanthin and antheraxanthin (Bertrand 2010) (Fig. 5.3). [START_REF] Cui | Cloning, identification and functional characterization of two cytochrome P450 carotenoids hydroxylases from the diatom Phaeodactylum tricornutum[END_REF] and [START_REF] Kuczynska | Isolation and purification of all-trans diadinoxanthin and all-trans diatoxanthin from diatom Phaeodactylum tricornutum[END_REF] disagreed on the activity of the 3rd pathway in diatoms. The absence of this pathway is likely because when the genes encoding CYP97b1 and CYP97b2 were cloned in a strain of Escherichia coli producing β-carotene, only CYP97b1 showed an hydroxylase activity, producing zeaxanthin and no β-cryptoxanthin [START_REF] Cui | Cloning, identification and functional characterization of two cytochrome P450 carotenoids hydroxylases from the diatom Phaeodactylum tricornutum[END_REF].

No gene coding for BCH enzyme was found in the genome of Phaeodactylum tricornutum CCAP 1055/1 and only a partial sequence was found in Thalassiosira pseudonana CCMP 1335 [START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF][START_REF] Gong | Carotenoids from microalgae: A review of recent developments[END_REF]. Interestingly, two genes coding for CYP97b or LUT-like hydroxylase P450 enzyme (CYP97b1/LUT-like 1 and CYP97b2/LUT-like 2) have been predicted in Phaeodactylum tricornutum and might be involved in either pathways [START_REF] Gong | Carotenoids from microalgae: A review of recent developments[END_REF][START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF]. Recently, [START_REF] Cui | Cloning, identification and functional characterization of two cytochrome P450 carotenoids hydroxylases from the diatom Phaeodactylum tricornutum[END_REF] cloned CYP97b1 and CYP97b2 genes to study their cellular localization. Both enzymes were targeted in the chloroplast but CYP97b2 could possibly also targeted in the cytoplasm.

Stress Controls Carotenoid Biosynthesis: Biochemical and Molecular Control

Carotenoids are crucial molecules for the development of microalgal cells. Their biosynthesis depends on the presence of adequate physico-chemical conditions in the cell environment. For instance, when ions serving as cofactor for enzymes involved in the carotenoid biosynthetic pathway are deficient, the carotenoid production is reduced (e.g., Mn: phytoene synthase, Fe: β-carotene hydroxylase) [START_REF] Lee | Metabolic engineering towards biotechological production of carotenoids in microorganisms[END_REF][START_REF] Dineshkumar | An advanced hybrid medium optimization strategy for the enhanced productivity of lutein in Chlorella minutissima[END_REF]. Other unfavourable conditions, such as cell aging [START_REF] Gu | Comparison of different cells of Haematococcus pluvialis reveals an extensive acclimation mechanism during its agin process: From a perspective of photosynthesis[END_REF], temperature [START_REF] Tjahjono | Hyperaccumulation of astaxanthin in a green alga Haematococcus pluvialis at elevated temperatures[END_REF][START_REF] Giannelli | Effects of temperature on the astaxanthin productivity and light harvesting characteristics of the green alga Haematococcus pluvialis[END_REF], irradiance level [START_REF] Gu | Quantitative proteomic analysis of thylakoid from two microalgae (Haematococcus pluvialis and Dunaliella salina) reveals two different high light-responsive strategies[END_REF][START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF], UV-B irradiation, salinity [START_REF] Gao | Comparison of astaxanthin accumulation and biosynthesis gene expression of three Haematococcus pluvialis strains upon salinity stress[END_REF], nutrient deprivation (Sampathkumar et al. 2019;[START_REF] Azadeh | Impact of nutrient starvation on intracellular biochemicals and calorific value of mixed microalgae[END_REF][START_REF] Wu | Lipid-rich microalgal biomass production and nutrient removal by Haematococcus pluvialis in domestic secondary effluent[END_REF][START_REF] Scibilia | Photosynthetic response to nitrogen starvation and high light in Haematococcus pluvialis[END_REF] and drought, alone or in combination [START_REF] Hagen | Accumulation of secondary carotenoids in flagellates of Haematococcus pluvialis (Chlorophyta) is accompanied by an increase in per unit chlorophyll productivity of photosynthesis[END_REF][START_REF] Su | Metabolomic and network analysis of astaxanthin-producing Haematococcus pluvialis under various stress conditions[END_REF][START_REF] Zhekisheva | Accumulation of oleic acid in Haematococcus pluvialis (Chlorophyceae) under nitrogen starvation or high light is correlated with that of astaxanthin esters[END_REF]Lemoine and Schoefs 2010;[START_REF] Hong | Enhanced autotrophic astaxanthin production from Haematococcus pluvialis under high temperature via heat stress-driven Haber-Weiss reaction[END_REF][START_REF] Dominguez-Bocanegra | Influence of environmental and nutritional factors in the production of astaxanthin from Haematococcus pluvialis[END_REF]) generate a stress against which the cells must react under penalty of dying. Among the different response mechanisms triggered by stress, the metabolic reorientation allows the accumulation of compounds such as lipids (Sayanova et al. 2017) and carotenoids (Lemoine and Schoefs 2010). If the metabolic network along which the carotenoids are synthesized is rather well established, the regulation pathways controlling the activity of the biochemical network remain mostly unknown. In this section, the impacts of stress on the carotenoid production are summarized as well as the signalling and some biochemical and molecular regulation aspects.

The Composition of the Growth Medium

In the natural environment, water evaporation triggers nutrient precipitation, reducing nutrient availability for the microalgae. Consequently, the concentration in sodium chloride increases and together with the decrease in nutrient availability triggers a stress. Simultaneously, the light intensity can increase, adding to the stress perception by the microalgae. These natural conditions to which each microalgal cell is exposed can be somehow mimicked by changing the culture environment, including the composition of the growth medium, to induce the carotenoid production by microalgae [START_REF] Srinivasan | Effect of dissolved inorganic carbon on β-carotene and fatty acid production in Dunaliella sp[END_REF][START_REF] Srinivasan | Bicarbonate supplementation enhances growth and biochemical composition of Dunaliella salina V-101 by reducing oxidative stress induced during macronutrient deficit conditions[END_REF]Sampathkumar et al. 2019).

The Ionic Composition

Ions are crucial for nearly all cellular activities. For instance, magnesium is vital for chlorophyll biosynthesis [START_REF] Schoefs | Protochlorophyllide reduction-What is new in 2005?[END_REF]) and more generally for photosynthesis and other cell processes. Two types of ions can be defined: the essential and the nonessential ions. Essential ions are nitrate, phosphate [START_REF] Boussiba | Changes in pigments profile in the green alga Haematococcus pluvialis exposed to environmental stresses[END_REF]) and sulfur ions [START_REF] He | Astaxanthin accumulation in the green alga Haematococcus pluvialis: Effects of cultivation parameters[END_REF]) and nonessential are calcium, magnesium, chromium, cobalt and iodine ions [START_REF] Fabregas | Optimization of culture medium for the continuous cultivation of the microalga Haematococcus pluvialis[END_REF]. To ensure an adequate ion cellular homeostasis within the different cell compartments, each of them hosts an arsenal of ion transporters (Marchand et al. 2018[START_REF] Marchand | Chloroplast ion and metabolite transport in algae[END_REF]. Unbalance of the ionic composition may promote stress effects (Masmoudi et al. 2013), impacting directly or indirectly the carotenoid production. For instance, a high magnesium concentration in the growth medium of the green alga Chlorella vulgaris promotes phytohormone production (Ben Amor-Ben [START_REF] Amor-Ben Ayed | Effect of magnesium ion concentration in autotrophic cultures of Chlorella vulgaris[END_REF], that are thought to act as a cell stress signalling way involved in the carotenoid production. Salinity occupies a particular place in the biology of living organisms because sodium are highly toxic to organisms that are not adapted to it (Masmoudi et al. 2013). Therefore, increasing the sodium concentration in the growth medium may constitute a stress able to trigger the accumulation of secondary carotenoids (astaxanthin-Haematococcus pluvialis: [START_REF] Gao | Comparison of astaxanthin accumulation and biosynthesis gene expression of three Haematococcus pluvialis strains upon salinity stress[END_REF], β-carotene-Dunaliella: [START_REF] Raja | Exploitation of Dunaliella for β-carotene production[END_REF], [START_REF] Zarandi-Miandoab | Optimization of the four most effective factors on β-carotene production by Dunaliella salina using response surface methodology[END_REF], lutein-Chlorella sorokiniana: [START_REF] Cordero | Enhancement of lutein production in Chlorella sorokiniana (Chorophyta) by improvement of culture conditions and random mutagenesis[END_REF]). Altogether, a careful look at the ionic composition of the growth medium is required when optimizing carotenoid production by microalgae.

The Nitrate and Phosphate Availability

Nitrogen availability is among the crucial component of the growth medium because it stimulates cell division. When the growth medium is depleted partially or totally in bioavailable nitrogen, cell replication is slowed down and the accumulation of secondary carotenoid is stimulated (Lemoine and Schoefs 2010). The gene coding the acetyl-CoA carboxylase, the enzyme catalysing the limiting step of fatty acid synthesis, is especially upregulated [START_REF] Zhao | Transcriptome analysis of Haematococcus pluvialis of multiple defensive systems against nitrogen starvation[END_REF]. Actually, all the genes coding enzymes catalysing the transformation of IPI/DMAPP to astaxanthin were upregulated, the highest regulation being observed for psy, zds, chyB and bkt genes [START_REF] Zhao | Transcriptome analysis of Haematococcus pluvialis of multiple defensive systems against nitrogen starvation[END_REF]). Geranylgeraniol diphosphate is at the crossroad of the chlorophyll [START_REF] Schoefs | The formation of chlorophyll from chlorophyllide in leaves containing proplastids is a four-step process[END_REF] and carotenoid biosynthetic pathways (Heydarizadeh et al. 2013). Nitrogen deprivation down-regulates the expression of genes coding enzymes involved in phytol production suggesting that the flux of IPP is oriented toward secondary carotenoid production. This is correlated with the overexpression of the PSY encoding genes [START_REF] Zhao | Transcriptome analysis of Haematococcus pluvialis of multiple defensive systems against nitrogen starvation[END_REF]) and consistent with the disorganization of the photosynthetic apparatus [START_REF] Tan | Cytochrome f loss in astaxanthin-accumulating red cells of Haematococcus pluvialis (Chlorophyceae): Comparison of photosynthetic activity, photosynthetic enzymes, and thylakoid membrane polypeptides in red and green cells[END_REF][START_REF] Lemoine | Cytoplasmic accumulation of astaxanthin by the green alga Haematococcus pluvialis (Flotow)[END_REF]. Interestingly, the genes involved in lutein biosynthesis were also upregulated. The genes coding for the enzymes involved in zeaxanthin and canthaxanthin pathways both reported to end with astaxanthin were upregulated. A similar upregulation was observed in Haematococcus pluvialis exposed to blue light [START_REF] Gu | Quantitative proteomic analysis of thylakoid from two microalgae (Haematococcus pluvialis and Dunaliella salina) reveals two different high light-responsive strategies[END_REF]) and exogenous phytohormone applications.

Recent data suggest that the level of nitrogen is probably not the sole factor acting on the activity of the secondary carotenoid pathway. Actually, it would be the C/N ratio that would regulate the secondary carotenoid production and not the actual carbon or nitrogen cellular quota. High C/N ratio would favour the production of these compounds (astaxanthin-Haematococcus pluvialis: [START_REF] Kang | Complementary limiting factors of astaxanthin synthesis during photoautotrophic induction of Haematococcus pluvialis: C/N ratio and light intensity[END_REF], [START_REF] Kakizono | Effect of carbon/nitrogen ratio on encystment accompanied with astaxanthin formation in a green alga, Haematococcus pluvialis[END_REF], astaxanthin-Chromochloris zofingiensis: [START_REF] Sun | Sugar-based growth, astaxanthin accumulation and carotenogenic transcription of heterotrophic Chlorella zofingiensis (Chlorophyta)[END_REF], cantaxanthin-Chlorosarcinopsis sp.: [START_REF] Cherdchukeattisak | Detection and enhancement of ketocarotenoid accumulation in the newly isolated sarcinoid green microalga Chlorosarcinopsis PY02[END_REF].

As nitrate starvation, phosphate starvation triggers astaxanthin accumulation in Haematococcus pluvialis [START_REF] Fan | Does astaxanthin protect Haematococcus against light damage?[END_REF].

The Carbon Source

Organic molecules, such as carotenoids are exclusively or mostly composed of carbon atoms. Microalgae being photosynthetic organisms, they need a carbon source to feed their metabolism with this compound (Schoefs et al. 2017). A few microalgae are able to use gaseous CO 2 and nearly all use predominantly the dissolved inorganic CO 2 (DIC), the availability of which is not only crucial for biomass production but also for the production of biomolecules, including carotenoids. DIC deficiency limiting growth and the production of biomolecules (e.g. Heydarizadeh et al. (2017), ( 2019)), a sufficient DIC availability is required for efficient growth and carotenoid production [START_REF] Juneja | Effects of environmental factors and nutrient availability on the biochemical composition of algae for biofuels production: A review[END_REF][START_REF] Gardner | Cellular cycling, carbon utilization, and photosynthetic oxygen production during bicarbonate-induced triacylglycerol accumulation in a Scenedesmus sp[END_REF]. Thanks to the carbon concentration mechanisms, microalgae are able to utilize up to 50 times more efficiently CO 2 that land plants [START_REF] Anto | Biomass enhancement and bioconversion of brown marine microalgal lipid using heterogeneous catalysts mediated transesterification from biowaste derived biochar and bionanoparticle[END_REF]. Optimizing DIC for lutein production by Chlorella pyrenoidosa triggered an upregulation of the pds, lyc and chy genes and resulted in the improvement of the production of carotenoid production by 300% (Sampathkumar and Gothandam 2019). A few studies have been dedicated to the effect of aeration on Haematococcus pluvialis [START_REF] Göksan | Growth characteristics of the alga Haematococcus pluvialis Flotow as affected by nitrogen source, vitamin, light and aeration[END_REF]. [START_REF] Azizi | Distinctive nutrient designs using statistical approach coupled with light feeding strategy to improve the Haematococcus pluvialis growth performance and astaxanthin accumulation[END_REF] showed that cell growth under aeration with air at 380 ppm CO 2 at 0.5 vvm instead of 1 vvm favoured biomass production of Haematococcus pluvialis and astaxanthin production under high light. Other carbon sources than inorganic carbon can be used depending of the taxon. For instance, Haematococcus pluvialis can develop on different organic carbon sources (DOC) such as acetate, malonate and glycerol (Table 5.8). In the presence of DOC, microalgae are developing in mixotrophic conditions that may impact the production of secondary carotenoids [START_REF] Orosa | Carotenoid accumulation in Haematococcus pluvialis in mixotrophic growth[END_REF]. Interestingly, the utilization of glycerol by the strain H 6 of Haematococcus pluvialis did not change either the biomass or the photosynthetic activity when grown under low light (150 μmol m -2 s -1 ). In these conditions, the carbon flux was oriented toward the accumulation of pyruvate that in turn was transformed to acetyl CoA, a precursor of fatty acids. The formation of acetyl CoA occurred through the action of a glycerol dehydrogenase that transforms glycerol to dihydroxyacetone (DHA) and glycerol-3-phosphate dehydrogenase, respectively. DHA is then converted to DHA phosphate (DHAP) by a DHA kinase or through the formation of glyceric acid, that would be ultimately converted to DHAP, the precursor of acetyl CoA [START_REF] Zhang | A strategy for stimulating astaxanthin and lipid production in Haematococcus pluvialis by exogenous glycerol application under low light[END_REF]. Such a reorientation of the carbon flux under low light was also observed in the diatom Phaeodactylum tricornutum grown under carbon starvation condition (Heydarizadeh et al. 2017(Heydarizadeh et al. , 2019)). Altogether, this suggests that lipid accumulation constitutes a default answer to stress conditions in these organisms. It is well established that an active fatty acid biosynthesis is required for the accumulation of astaxanthin in Haematococcus pluvialis, the fatty acids being used for astaxanthin esterification [START_REF] Lemoine | Cytoplasmic accumulation of astaxanthin by the green alga Haematococcus pluvialis (Flotow)[END_REF][START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF]. It is therefore not completely surprising that in the presence of exogenous glycerol, astaxanthin accumulated in Haematococcus pluvialis H 6 even under low light intensity, even though that in these conditions, astaxanthin cellular quota will not as high than under high-light conditions [START_REF] Zhang | A strategy for stimulating astaxanthin and lipid production in Haematococcus pluvialis by exogenous glycerol application under low light[END_REF]. The ability of microalgae to use other carbon sources than DIC renders the development of biotechnological processes using heterotrophy and mixotrophic cultivation modes. Because in these conditions, the competition for light is reduced or absent, respectively, a significant increase of the biomass productivity is allowed [START_REF] Abreu | Mixotrophic cultivation of Chlorella vulgaris using industrial dairy waste as organic carbon source[END_REF].

Light Quantity and Light Quality for Enhancing Carotenoid Production

In the natural environment water evaporation i.e. a decrease of the height of the water column, is often accompanied by salt precipitation and crystallization. Consequently, light attenuation by the water column decreases [START_REF] Kirk | Solar heating of water bodies as influenced by their inherent optical properties[END_REF]) while the surface albedo increases [START_REF] Varela | Production of carotenoids by microalgae: achievements and challenges[END_REF]. The upregulation of PtCyp97b1 and PtCyp97b2 by HL might be not as fast as psy, pds, zep, vde and vdl genes in the diatom Phaeodactylum tricornutum [START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF]) but it exhibits a similar transitory response that the P450 hydroxylase genes in the green algae Haematococcus pluvialis [START_REF] Cui | Gene cloning and expression profile of a novel carotenoid hydroxylase (CYP97C) from the green alga Haematococcus pluvialis[END_REF] and Chlorella kessieri [START_REF] Yu | Gene cloning, sequence analysis, and expression profiles of a novel β-ring carotenoid hydroxylase gene from the photoheterotrophic green alga Chlorella kessleri[END_REF]. Actually, HL induces a burst of ROS that may trigger secondary carotenoid production such as astaxanthin [START_REF] Zhekisheva | Accumulation of oleic acid in Haematococcus pluvialis (Chlorophyceae) under nitrogen starvation or high light is correlated with that of astaxanthin esters[END_REF]Lemoine and Schoefs 2010;[START_REF] Hong | Enhanced autotrophic astaxanthin production from Haematococcus pluvialis under high temperature via heat stress-driven Haber-Weiss reaction[END_REF][START_REF] Domínguez-Bocanegra | Influence of environmental and nutritional factors in the production of astaxanthin from Haematococcus pluvialis[END_REF]) and is usually considered as a major factor triggering carotenoid production by microalgae [START_REF] Lamers | Carotenoid and fatty acid metabolism in light-stressed Dunaliella salina[END_REF]. All the genes but ipi coding for the enzymes involved in the MEP pathway are upregulated [START_REF] Gwak | Comparative analyses of lipidomes and transcriptomes reveal a concerted action of multiple defensive systems against photooxidative stress in Haematococcus pluvialis[END_REF]). However, it is not always the case as demonstrated in Table 5.7 (see Table 5.5 for the synonymous 2019)) (Table 5.8).

Light intensity is certainly an important factor for controlling algae metabolism. Besides this characteristic, light quality is also a factor to consider because it reflects environmental modifications, to which photosynthetic organisms may react (Darko et al. 2014). The sensitivity to the wavelength requires sensors: pigments and photoreceptors [START_REF] Hegemann | Algal sensory photoreceptors[END_REF]. Using specific illuminations, alone or in combination with white light, the synthesis of total carotenoids can be enhanced [START_REF] Gonçalves | Combination of light emitting diodes (LEDs) for photostimulation of carotenoids and chlorophylls synthesis in Tetradesmus sp[END_REF]. Blue light is activating the transcription of the genes involved in the carotenoid biosynthetic pathways (green algae: Chlamydomonas: [START_REF] Bohne | Regulation of carotenoid biosynthesis genes in response to light in Chlamydomonas reinhardtii[END_REF], Volvox: [START_REF] Kianianmomeni | Cell-type specific light-mediated transcript regulation in the multicellular alga Volvox carteri[END_REF]; diatoms: [START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF]). [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF] have studied the impact of different LED lighting of the accumulation of β-carotene in different strains of Dunaliella salina. Beside the fact that the β-carotene accumulation capacity was strain dependent, the accumulation was the highest under red light (625-680 nm) or white light supplemented with red light. β-carotene increased transiently in blue-light grown cells transferred to red light [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF]. The cells accumulating the highest β-carotene concentrations were also those having the highest oxygen consumption and consequently the lowest photosynthetic activity [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF]. Interestingly, the trends of cellular phytoene, the β-carotene precursor, follows the same trends than β-carotene itself [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF]. The smaller rate of oxygen uptake compared to mitochondrial respiration suggests a function in directly coupling oxygen uptake and the exergonic reaction of plastoquinol oxidation with plastoquinone reduction by a phytoene/phytoene desaturase couple, to permit endergonic carotene desaturation without ATP involvement [START_REF] Bennoun | Chlororespiration and the process of carotenoid biosynthesis[END_REF]. [START_REF] Bennoun | Chlororespiration and the process of carotenoid biosynthesis[END_REF] and [START_REF] Salguero | Carotenoids as protective response against oxidative damage in Dunaliella bardawil[END_REF] suggested a connection between phytoene desaturation and chloroplastic oxygen dissipation through the plastoquinol:oxygen oxidoreductase. In Dunaliella, the connection would be controlled by the flux of red photons [START_REF] Xu | Carotenoid production by Dunaliella salina under red light[END_REF]. The quality and quantity of the red photon would be sensed by phytochrome [START_REF] Yokthongwattana | Chloroplast acclimation, photodamage and repair reactions of photosystem-II in the model green alga Dunaliella salina[END_REF][START_REF] Schroeder | Singlet oxygen and peroxyl radicals regulate carotenoid biosynthesis in Phaffia rhodozyma[END_REF][START_REF] Bennoun | Chlororespiration and the process of carotenoid biosynthesis[END_REF]) and would involve the reduction of the transcription factor PIF1, an inhibitor of carotenoid biosynthesis [START_REF] Yokthongwattana | Chloroplast acclimation, photodamage and repair reactions of photosystem-II in the model green alga Dunaliella salina[END_REF].

Beside the visible light, nonvisible light such as UV radiations, alone or/and as supplementing PAR can enhance carotenogenesis when compared with visible light. In Dunaliella salina and Haematococcus pluvialis, UV-C (200-280 nm) irradiation triggers the accumulation of secondary carotenoids, a phenomenon that is accompanied by the typical events of cell settlement i.e. detachment of the flagella and cell volume increase [START_REF] Sharma | UV-C mediated rapid carotenoid induction and settling performance of Dunaliella salina and Haematococcus pluvialis[END_REF]. The studies performed with Dunaliella salina revealed that the UV-A (320-400 nm) effect might be related to the presence of a specific photoreceptor because neither UV-B (290-320 nm) nor blue light was as effective in triggering β-carotene accumulation (Jahnke 1999).

The Availability of Other Biochemical Pathways

As already explained, carotenoids are made of carbon atoms and therefore their accumulation requires a functional carbon metabolism. Indeed, this is crucial for the accumulation of astaxanthin molecules because nearly all the astaxanthin molecules that accumulate are esterified with one or two fatty acids (Haematococcus pluvialis: [START_REF] Lemoine | Cytoplasmic accumulation of astaxanthin by the green alga Haematococcus pluvialis (Flotow)[END_REF]; [START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF]; Scenedesmus sp.: [START_REF] Aburai | Effect of light level and salinity on the composition and accumulation of free and ester-type carotenoids in the aerial microalga Scenedesmus sp. (Chlorophyceae)[END_REF], Chromochloris zofingiensis: [START_REF] Zhang | The crosstalk between astaxanthin, fatty acids and reactive oxygen species in heterotrophic Chlorella zofingiensis[END_REF]). Several reports have established that an active tricarboxylic acid cycle [START_REF] Wang | Cellular capacities for high-light acclimation and changing lipid profiles across life cycle stages of the green alga Haematococcus pluvialis[END_REF][START_REF] Li | Transcriptome-based analysis on carbon metabolism of Haematococcus pluvialis mutant under 15% CO2[END_REF][START_REF] Wu | Lipid-rich microalgal biomass production and nutrient removal by Haematococcus pluvialis in domestic secondary effluent[END_REF][START_REF] Recht | Patterns of carbohydrate and fatty acid changes under nitrogen starvation in the microalgae Haematococcus pluvialis and Nannochloropsis sp[END_REF]Recht et al. , 2014;;[START_REF] Zhekisheva | Accumulation of oleic acid in Haematococcus pluvialis (Chlorophyceae) under nitrogen starvation or high light is correlated with that of astaxanthin esters[END_REF]) and an active biosynthetic pathway are sine qua non conditions for astaxanthin accumulation in Haematococcus pluvialis [START_REF] Gwak | Comparative analyses of lipidomes and transcriptomes reveal a concerted action of multiple defensive systems against photooxidative stress in Haematococcus pluvialis[END_REF][START_REF] Chen | Molecular mechanisms of the coordination between astaxanthin and fatty acid biosynthesis in Haematococcus pluvialis (Chlorophyceae)[END_REF][START_REF] Lemoine | Cytoplasmic accumulation of astaxanthin by the green alga Haematococcus pluvialis (Flotow)[END_REF][START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF][START_REF] Hu | Transcriptomic analysis unveils survival strategies of autotrophic Haematococcus pluvialis against high light stress[END_REF]. However, strains such as Coelastrum sp. HA-1 [START_REF] Liu | Isolation and characterization of a marine microalga for biofuel production with astaxanthin as a co-product[END_REF]) and Ankistrodesmus sp. [START_REF] Kopecky | Microalgae as a source for secondary carotenoid production: A screening study[END_REF] that accumulate 50% and nearly all their astaxanthin as a nonesterified form, respectively, have been described. This suggests that the mandatory character of the activity of the fatty acid biosynthetic pathway is relative. To get further insight in this biochemical control, [START_REF] Liu | Enhancement of linoleic acid content stimulates astaxanthin esterification in Coelastrum sp[END_REF] studied the impact of externally added linoleic acid on the astaxanthin esterification in Coelastrum sp. HA-1. Interestingly, the presence of exogenously added linoleic acid downregulated the fatty acid biosynthetic pathway while stimulating the astaxanthin esterification. The authors concluded that the presence of a high level of nonesterified astaxanthin in this taxon results of a low activity of the fatty acid biosynthetic pathway and suggests that the regulation could operate through a fatty acid threshold that would be reached to allow astaxanthin accumulation. To obtain further insights on the involvement of the primary metabolism during the process of in vivo astaxanthin accumulation in Haematococcus pluvialis, Hu et al. (2020) used a metabolic approach that has revealed changes in the level of numerous metabolite including nucleotides, organic acids etc. (Table 5.9). In Chromochloris zofingiensis, another taxon accumulating astaxanthin, transcriptome analyses revealed the upregulation of the genes coding for astaxanthin biosynthesis enzymes whereas the genes coding enzymes involved in side pathways were down-regulated [START_REF] Huang | Transcriptome analysis of Chlorella zofingiensis to identify genes and their expressions involved in astaxanthin and triacylglycerol biosynthesis[END_REF]. 

Signalling

In the above sections, the effects of various stresses are described. Once the stress is sensed by the dedicated receptors, the information must be sent to the targets concerned in order to trigger the appropriate response. This section is dedicated to the ways in which stress messages are conveyed. Under nonstressful conditions, the rate of ROS formation and scavenging are in balance and ROS does not accumulate within cells [START_REF] Dring | Stress resistance and disease resistance in seaweeds: The role of reactive oxygen metabolism[END_REF]. This equilibrium is compromised under stress conditions while ROS accumulates intracellularly. There are several lines of evidence such as the inhibition of astaxanthin production by Haematoccocus pluvialis under high light in the presence of exogenously added glutathione, a strong antioxidant (Hu et al. 2020) that validate the hypothesis according to ROS, especially, 1 O 2 are involved in the regulation of astaxanthin accumulation process [START_REF] Fan | Does astaxanthin protect Haematococcus against light damage?[END_REF]Lemoine and Schoefs 2010;[START_REF] Baxter | ROS as key players in plant stress signalling[END_REF].

The status of phytohormones is not clear in microalgae. Several receptors for auxins have been identified in microalgae [START_REF] Alsenani | Transcriptomewide analysis of Chlorella reveals auxin-induced carotenogenesis pathway in green microalgae[END_REF]) whereas others have established that the exogenous application of phytohormones impacts microalgal physiology [START_REF] Li | Identification and metabolomic analysis of chemical modulators for lipid accumulation in Crypthecodinium cohnii[END_REF][START_REF] Jiang | Effect of diethyl aminoethyl hexanoate on the accumulation of high-value biocompounds produced by two novel isolated microalgae[END_REF]. Unfortunately, the results are often contradictory (Table 5.10), suggesting that the effects are taxon dependent. According to [START_REF] Chen | Enhanced coproduction of astaxanthin and lipids by the green microalga Chromochloris zofingiensis: Selected phytohormones as positive stimulators[END_REF] indole-3-propionic acid (IPA) was the most effective phytohormone to stimulate the accumulation of astaxanthin in Chromochloris zofigiensis (49% increase). Other phytohormones such as IPA and abscisic acid (ABA) had a similar effect but accompanied by a depressed biomass production. The fact that phytohormones such as gibberellic acid, indole-3-acetic acid (IAA) and indole-3butyric acid (IBA) promoted astaxanthin but not lipids suggests that these phytohormones may be used for enhancing free astaxanthin accumulation in the absence of the usually synergetically biosynthesis of lipids [START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF][START_REF] Chen | Enhanced coproduction of astaxanthin and lipids by the green microalga Chromochloris zofingiensis: Selected phytohormones as positive stimulators[END_REF]. To summarize, the real role of phytohormones in carotenoid accumulation would be more in coordinating the efficient production of astaxanthin and lipids in Chromochloris zofigiensis [START_REF] Chen | Enhanced coproduction of astaxanthin and lipids by the green microalga Chromochloris zofingiensis: Selected phytohormones as positive stimulators[END_REF].

Elements of Regulation

A few data are available on the regulation mechanisms of the carotenoid biosynthesis. Classically, transcriptional, post-transcriptional and biochemical factors are all involved in the regulatory network. For instance, high levels of white light (1000 μmol m -2 s -1 ) induced a contrasting modifications of the mRNA level corresponding to the carotenoid hydroxylase Cyp97a1 of Chlorella kessleri; it decreased at the early stage of the treatment before a strong increase when the treatment was continued after 10 h [START_REF] Yu | Gene cloning, sequence analysis, and expression profiles of a novel β-ring carotenoid hydroxylase gene from the photoheterotrophic green alga Chlorella kessleri[END_REF]. The amount of carotenoids varied concomitantly with the mRNA level [START_REF] Yu | Gene cloning, sequence analysis, and expression profiles of a novel β-ring carotenoid hydroxylase gene from the photoheterotrophic green alga Chlorella kessleri[END_REF].

Red light lowers the concentration of PIF1 transcription factor, a repressor of carotenoid biosynthesis [START_REF] Salguero | Carotenoids as protective response against oxidative damage in Dunaliella bardawil[END_REF].

The rate limiting steps of several sections of the carotenoid biosynthetic pathways have been identified (Table 5.8). For instance, in the cyanobacterium Synechocystis sp. PCC6803, β-carotene hydroxylase is the rate limiting step of the conversion of βcarotene to zeaxanthin, the regulation being exerted by the availability in the enzyme itself [START_REF] Lagarde | Increased production of zeaxanthin and the other pigments by application of genetic engineering techniques to Synechocystis sp. strain PCC 6803[END_REF]. Despite the fact that it was reported that phytoene desaturase constitutes the rate limiting step in Synechococcus sp PCC 7942 [START_REF] Chamovitz | Molecular and biochemical characterization of herbicide-resistant mutants of cyanobacteria reveals that phytoene desaturation is a rate-limiting step in carotenoid biosynthesis[END_REF], the heterologous overexpression of crtP in the cyanobacterium Synechocystis sp. PCC 6803 did not yield to an increase of the carotenoid cellular quota [START_REF] Lagarde | Increased production of zeaxanthin and the other pigments by application of genetic engineering techniques to Synechocystis sp. strain PCC 6803[END_REF]. However, the overexpression of both crtP and crtB resulted in an increase of the carotenoid content by 50% [START_REF] Lagarde | Increased production of zeaxanthin and the other pigments by application of genetic engineering techniques to Synechocystis sp. strain PCC 6803[END_REF], suggesting that the two enzymes form a complex in which the product of the first reaction is funnelled to the second enzyme. The limiting steps of astaxanthin biosynthesis are phytoene, lycopene and canthaxanthin synthesis [START_REF] Su | Metabolomic and network analysis of astaxanthin-producing Haematococcus pluvialis under various stress conditions[END_REF][START_REF] Gao | Comparison of astaxanthin accumulation and biosynthesis gene expression of three Haematococcus pluvialis strains upon salinity stress[END_REF].

Carotenoid accumulation under stress conditions may require de novo enzyme biosynthesis as in the case of astaxanthin accumulation in Haematococcus pluvialis [START_REF] Gwak | Comparative analyses of lipidomes and transcriptomes reveal a concerted action of multiple defensive systems against photooxidative stress in Haematococcus pluvialis[END_REF][START_REF] Hu | Transcriptomic analysis unveils survival strategies of autotrophic Haematococcus pluvialis against high light stress[END_REF][START_REF] Schoefs | Astaxanthin accumulation in Haematococcus requires a cytochrome P450 hydroxylase and an active synthesis of fatty acids[END_REF]. 

Genetic Engineering

The amount of carotenoid produced by microalgae can be also enhanced using genetic engineering. Theoretically, these methods allow to combine the quality aspects of carotenoid production i.e. the type of carotenoid and the quantity through cloning in adequate producing organisms (e.g. bacteria: [START_REF] Takemura | Pathway engineering for efficient biosynthesis of violaxanthin in Escherichia coli[END_REF], fungus: Misawa and Shimada (1998), [START_REF] Miura | Production of the carotenoids lycopene, beta-carotene, and astaxanthin in the food yeast Candida utilis[END_REF], microalga: [START_REF] Leon | Metabolic engineering of ketocarotenoids biosynthesis in the unicelullar microalga Chlamydomonas reinhardtii[END_REF]). First trials to produce carotenoids using genetic engineering consisted in expressing genes various types of organisms. For instance, the β-carotene ketolase and β-carotene oxidase from Haematococcus pluvialis were expressed in a strain of Escherichia coli producing β-carotene and zeaxanthin [START_REF] Harker | Biosynthesis of ketocarotenoids in transgenic cyanobacteria expression the algal gene for β-C-4-oxygenase, crtO[END_REF], the cyanobacterium Synechococcus PCC7942 [START_REF] Breitenbach | Expression in Escherichia coli and properties of the carotene ketolase from Haematococcus pluvialis[END_REF] and the land plant Arabidopis (Zhong et al. 2011). In Chlamydomonas reinhardtii, the expression of the Haematococcus pluvialis bkt gene led to transgenic strains able to synthesize keto-carotenoids not present in the wild strain [START_REF] Leon | Metabolic engineering of ketocarotenoids biosynthesis in the unicelullar microalga Chlamydomonas reinhardtii[END_REF]). The overexpression of a mutant version of the pds gene in Chromochloris zofingiensis and Haematococcus pluvialis led to increased levels of total carotenoids (+32% for Chlorella) and astaxanthin (+54% for Chlorella and +26% for Haematococcus) in transformants (Liu et al. 2013a, Steinbrenner andSandmann 2006). Expression of the endogenous nuclear pds gene in the chloroplast of Haematococcus pluvialis showed up higher astaxanthin accumulation [START_REF] Galarza | Overaccumulation of astaxanthin in Haematococcus pluvialis through chloroplast genetic engineering[END_REF]. Chlamydomonas strains overexpressing exogenous psy genes (from Dunaliella salina and Chromochloris zofigiensis) were able to display a 2 fold increase in lutein level [START_REF] Couso | Overexperssion of an exogenous phytoene synthase gene in the unicellular alga Chlamydomonas reinhardtii leads to an increase in the content of carotenoids[END_REF][START_REF] Cordero | Enhancement of lutein production in Chlorella sorokiniana (Chorophyta) by improvement of culture conditions and random mutagenesis[END_REF]). However, not all microalgal cloned genes are active in bacteria. For instance, PtZEP1, coding zeaxanthin epoxidase in the diatom Phaeodactylum tricornutum does not show any activity in Escherichia coli [START_REF] Eilers | Identification of genes coding for functional zeaxanthin epoxidases in the diatom Phaeodactylum tricornutum[END_REF]. The homologous expression of cyanobacterial genes was also tested. For instance, [START_REF] Lagarde | Increased production of zeaxanthin and the other pigments by application of genetic engineering techniques to Synechocystis sp. strain PCC 6803[END_REF] reported the increase of zeaxanthin and other carotenoid production in engineered Synechocystis sp PCC6803. Recently, [START_REF] Ye | Defining the biosynthesis of ketocarotenoids in Chromochloris zofingiensis[END_REF] reported the selection of mutants of Chromochloris zofingiensis ATCC 30412 using a random mutagenesis strategy. The mutants accumulate only traces of canthaxanthin and astaxanthin unless they are grown mixotrophically on glucose as an alternative carbon source. In these conditions, the content of astaxanthin was reduced when compared to the wild-type but the amount of zeaxanthin was 7-11 higher.

Conclusion and Perspectives

The production of carotenoids by microalgae requires an optimized growth medium that might be taxon specific and biotechnological processes for. For instance, the production of astaxanthin by Haematococcus pluvialis is a two-step process because the stresses triggering astaxanthin accumulation inhibit cell division. The biomass that is produced during the first step is stressed for accumulating astaxanthin. Consequently, two growth media might be required. For instance [START_REF] Nahidian | Effect of nutrients on the growth and physiological features of newly isolated Haematococcus pluvialis TMU1[END_REF] optimized a growth medium for the biomass production of Haematococcus pluvialis TMU1 while [START_REF] Azizi | Distinctive nutrient designs using statistical approach coupled with light feeding strategy to improve the Haematococcus pluvialis growth performance and astaxanthin accumulation[END_REF] optimized a medium for astaxanthin production by Haematococcus pluvialis NIES 144 and Haematococcus pluvialis UTEX 2505. The optimization of the growth medium includes the selection of an adequate CO 2 source and/or aeration system. The optimization of all these parameters allowed [START_REF] Azizi | Distinctive nutrient designs using statistical approach coupled with light feeding strategy to improve the Haematococcus pluvialis growth performance and astaxanthin accumulation[END_REF] to increase significantly the astaxanthin production by Haematococcus pluvialis. It is generally assumed that sodium carbonate is more economically feasible because it is transported in an easier manner than gaseous carbon dioxide and it exhibits a higher solubility than carbon dioxide [START_REF] Hsueh | A batch study on the bio-fixation of carbon dioxide in the absorbed solution from a chemical wet scrubber by hot spring and marine algae[END_REF]) allowing saturation of the growth medium in DIC (Sampathkumar and Gothandam 2019).

An often overlooked parameter in microalgal biotechnological at large scale is the changing weather conditions, not only the light-dark cycle and the seasonality but also the unpredictable and daily variations. [START_REF] Zhang | A strategy for stimulating astaxanthin and lipid production in Haematococcus pluvialis by exogenous glycerol application under low light[END_REF] reported that in Yunnan Province (China) the light intensity can reach 2000 μmol m -2 s -1 at noon but the frequent rains and cloudy conditions reduce it at 150 μmol m -2 s -1 for long period, therefore affecting astaxanthin production. To overcome this difficulty, authors have suggested the use of organic carbon source as its utilization does not rely on the photosynthetic activity.

Carotenoids are mostly hosted in the photosynthetic membranes where they serve to harvest light and/or as antioxidant molecules. In eukaryotic organisms, the photosynthetic membranes are located in the chloroplasts (Solymosi 2012). When Cars accumulate under stress, they are associated with lipids and proteins into droplets that accumulate in the chloroplasts (β-carotene: Ben-Amotz et al. (1982); [START_REF] Derwenskus | Pressurized extraction of unsaturated fatty acids and carotenoids from wet Chlorella vulgaris and Phaeodactylum tricornutum biomass using subcritical liquids[END_REF]) or in the cytosol as in Haematoccoccus sp. [START_REF] Lemoine | Cytoplasmic accumulation of astaxanthin by the green alga Haematococcus pluvialis (Flotow)[END_REF]). The hydrophobic nature of carotenoids as well as their cellular localization lowers the efficiency of the extraction procedures. This, together with the high cost of the downstream processes (Vinayak et al. 2015;[START_REF] Postma | Selective extraction of intracellular components from the microalga Chlorella vulgaris by combined pulsed electric field-temperature treatment[END_REF]) have slowed down the exploitation of microalgae as a source of carotenoids. To accelerate this development, alternative extraction methods are developed. Supercritical CO 2 extraction, sometimes using a co-solvent (e.g. [START_REF] Chronopoulou | Extraction of carotenoids and fat-soluble vitamins from Tetradesmus obliquus microalgae: An optimized approach by using supercritical CO 2[END_REF]), pressurized extraction [START_REF] Derwenskus | Pressurized extraction of unsaturated fatty acids and carotenoids from wet Chlorella vulgaris and Phaeodactylum tricornutum biomass using subcritical liquids[END_REF], ultrasound [START_REF] Plaza | Comprehensive characterization of the functional activities of pressurized liquid and ultrasound-assisted extracts from Chlorella vulgaris[END_REF], microwaves [START_REF] Pasquet | Study on the microalgal pigments extraction process: Performance of microwave assisted extraction[END_REF]) and pulsed electric fields [START_REF] Parniakov | Pulsed electric field and pH assisted selective extraction of intracellular components from microalgae Nannochloropsis[END_REF] are among these possibilities. Nevertheless, these methods are destructive for the biomass and energy consuming and the generated wastes need to be treated (Vinayak et al. 2015). To reduce the impact of the biotechnological processes on the environment, biorefinery and biocompatible extraction concepts have been proposed. Both propose a holistic view of blue biotechnology based on microalgae.

Clearly, carotenoids are among the molecules with an attractive future. Although carotenoids are common molecules found in microalgae, they can be over accumulated in cells using environment constraints. Despite of this potential, there are not enough data to make microalgae a real platform for the production of carotenoids. More studies should be dedicated to the different aspects of the regulation of the carotenoid biosynthesis, this knowledge being crucial for the development of biotechnological processes aiming at carotenoid production by microalgae.

Zhong, Y.-J., Huang, J.-C., Liu, J., Li, Y., Jiang, Y., Xu, Z.-F., et al. (2011). Functional characterization of various algal carotenoid ketolases reveals that ketolating zeaxanthin efficiently is essential for high production of astaxanthin in transgenic Arabidopsis. Journal of Experimental Botany, 62, 3659-3669. Zuluaga Tamayo, M., Choudat, L., Aid-Launais, R., Thibaudeau, O., Louedec, L., Letourneur, D., Gueguen, V., et al. (2019). Astaxanthin complexes to attenuate muscle damage after in vivo femoral ischemia-reperfusion. Marine Drugs, 17, 354.

Aim of the PhD project

The biotechnological interest and the potential market that microalgae-based feedstock can generate attracted great attention from both the industrial and the scientific community. Although the response of microalgae to unfavourable conditions such as nitrogen starvation is well known to lead to an accumulation of lipid at the expanse of cell division, little is known about the actors involved in this response. The aim of the PhD project is to obtain knowledge about the regulation of different biosynthetic pathways when microalgae are subjected to nitrogen starvation and to understand the relatively precise pattern of response to these unfavourable conditions from a molecular, biochemical and physiological point of view. To reach this goal, a special focus has been addressed on the transition from the nitrogen repleted condition to nitrogen starvation. P. tricornutum was cultivated in highly controlled conditions in a laboratory scale photobioreactor. This cultivation environment allowed to tightly control the growing conditions modulating the nitrogen supply. Physiological, biochemical and molecular analyses allowed to daily monitor the response of the cells and outline the pattern of the 

Introduction

In natural environment, microalgae are subjected to fluctuations in nutrient availability. For example, eutrophication has become a global epidemic leading to the more frequent apparition of algal blooms (Kim et al., 2020). In fact, increase in nutrient availability causes an increase in microalgal division rate with a consequent overproduction of biomass. Microalgae can also be subjected to limitation in nutrient, for example in the costal upwelling systems (e.g. [START_REF] Xiu | Future changes in coastal upwelling ecosystems with global warming: The case of the California Current System[END_REF]. In general, heading away from the Redfield ratio induces a limitation to the microalgal growth but at the same time a cellular accumulation of energy storage molecules such as lipids (e.g. [START_REF] Simionato | The response of Nannochloropsis gaditana to nitrogen starvation includes de novo biosynthesis of triacylglycerols, a decrease of chloroplast galactolipids, and reorganization of the photosynthetic apparatus[END_REF]Levitan et al., 2015;Alipanah et al., 2015;Remmers et al., 2017Remmers et al., , 2018;;Yaakob et al., 2021).

Microalgae have evolved to deal with changing environmental conditions by modulating their metabolic fluxes and cellular functions according not only to nutrient availability but also to other abiotic factors, such as light intensity, temperature and salinity stresses [START_REF] Griffiths | Lipid productivity as a key characteristic for choosing algal species for biodiesel production[END_REF][START_REF] Cheng | Assessment of environmental stresses for enhanced microalgal biofuel production -an overview[END_REF][START_REF] Zhu | Strategies for Lipid Production Improvement in Microalgae as a Biodiesel Feedstock[END_REF]Sayanova et al., 2017). Moreover, Heydarizadeh et al. (2019) reported that a limitation in inorganic carbon availability has an impact in the carbon fluxes of cellular metabolism in P. tricornutum directing it towards the formation of phosphonyl pyruvate (PEP), an important branching point metabolite from the de novo biosynthesis of lipids.

The aim of this chapter focuses on the understanding of the response of P. tricornutum cells to nitrogen starvation that leads not only to an accumulation of lipids but also to a complex cellular response that involves the entire metabolism of the carbon, cell cycle regulation and apoptosis.

As reported above, different stressing conditions induce apparently similar cellular responses.

Therefore, it is crucial to isolate the nitrogen starvation from other limitations, such as phosphorous starvation, that can simultaneously occur and potentially impact the cellular response. In this experiment, to ensure that the observed effects are due to the decrease in nitrogen availability, the phosphorous availability as well as iron and light availabilities must remain non-limiting. Maintaining the culture conditions stable throughout the experiment time course and changing the only parameter of interest, is crucial to avoid the introduction of biases and to maintain a consistency in the continuous monitoring. The experimental plan includes a daily follow-up of the culture with continuous monitoring systems and sampling for downstream analyses (Biochemical and molecular).

The choice of the cultivation method is thus very important and has been carefully chosen. A plethora of laboratory scale cultivation methods are available but they can be classified in four main categories deemed as "classic": the batch, the fed-batch, the chemostat and the turbidostat. The simplest culturing method is the batch culture that consists in a first and only inoculation of the microalgal culture into fresh culture medium. The only exchange of the system with the exterior are gas and light exposure. Specific culture conditions are set at the beginning and evolve during the time course of the experiment. In fact, the cell growth induces an increase in cell concentration in the medium which generates self-shading and thus a change in availability of the photons per cell. This cultivation method does not allow to control the nutrient concentration which decreases as the cells are consuming them.

An accumulation of cellular waste metabolites can have negative effects on the cell metabolism and growth. Moreover, signal molecules such as phytohormones can vary during the timecourse of the experiment and have effects on cell function and culture growth. The typical growth pattern in a batch culture is independent from the type of cultured cells and starts with a first lag phase, in which cells adapt to the changed environmental conditions. Lag phase is followed by a growth phase in which cells thrive exploiting the abundant nutrients, reaching later a stationary phase due to the upcoming of a limitation in at least one parameter (nutrient, light availability etc). During this phase two types of scenarios are possible, either there is a lower rate of cell division or the death rate equals the division rate.

The second culture medium is the so-called fed-batch which is a consecutive succession of batch cultures. In fact, part of a previous batch culture is used as a pre-inoculum for the setup of a consequent culture, a cycle repeated according to the experimental requirements. The culture renew can is carried on with a variable time delay. The continuous culture renewal allows to keep nutrients available for cells. Even if it is different from batch culture and allows to perform semi continuous cultures, this method do not permit to maintain a stability of the culture conditions but cells will still be subjected to fluctuations in nutrient availability.

A continuous cultivation method, differently from batch and fed batch, is based on a continuous controlled addition of fresh medium through the activation of a peristaltic pump, thus inducing the loss of part of the culture and permitting the maintenance of a constant volume. These methods have been conceived to allow the maintenance of constant culture conditions with respect to a particular component. Two major continuous culturing methods are exploited in research, the chemostat and the turbidostat. The chemostat was first applied to bacteria cultivation in the 1950s [START_REF] Monod | The growth of bacterial cultures[END_REF][START_REF] Novick | Description of the chemostat[END_REF]. The basis of this cultivation method is the continuous and constant addition of fresh nutrient-containing medium and a consequent removal to maintain the culture volume constant. According to the growing condition and the dilution rates, an increase or decrease of cell concentration can be observed. At steady-state, the cell growth rate equals the dilution rate maintaining the cell concentration stable during the time.

The turbidostat is a variant of the chemostat in which, instead of adding medium at a constant rate, cell concentration is maintained stable. Through a feedback loop, optical density is exploited to dilute the culture when cell concentration exceeds the pre-set threshold. Cell concentration being stable, the availability of nutrients is thus equal for each cell.

According to the type of cultivation method previously described, different cultivation vessels are available which can go from a simple Erlenmeyer flask to complex electronically controlled photobioreactors (PBR). The experimental requirements of this research project do not fit with a batch culture method due to the lack in parameter control during the time course of the experiment. In fact, in batch culture phosphorous availability will decrease together with nitrogen. Hence, the observed effects will be due to the combination of the two changes in availability. Following this reasoning, we chose to perform this experiment in a computer controlled PBR operated in continuous turbidostat. The PBR is equipped with supplemental devices separated from the main chassis that divide in two main groups: the gas managing system and the medium managing system (Figure 2.1). The first one includes an auxiliar device which permits the fine regulation of air/CO2 mix and allowing to control the inorganic carbon input. The mix is generated from ambient air and CO2 from a storage bottle (not reported in figure). The device is set to take into account the atmospheric CO2. The outlet from the gas mixing system is connected to the PBR through a pipe system. Before entering the culture vessel, air is filtered and humidified and air/CO2 mixture flux is regulated by the electronic control of the device. The medium managing system is composed of medium reservoirs and a peristaltic pump that allows the medium addition into the culture. An overflow pipe connected to a collection flask was put in place in order to collect the medium overflow. On the left of the PBR is located the gas managing system (3). Gas mixing system GMS 150 used to precisely prepare the air/CO2 mixture before injection in the PBR bubbling system through the bubbling loop (5). Air and CO2 are supplied on the mixing system from bottles through the dedicated inlets (4). A solenoid valve ( 6) is electronically controlled by the system in order to interrupt the bubbling when requested (e.g. optical density reading). An air filter ( 7) is added to avoid potential impurities of the air/CO2 mixture to reach downstream compartments. A bottle containing ultrapure sterile water where the air/CO2 mixture to humidify it prior to enter the cultivation vessel (8). A sampling catheter (9). On the right side of the PBR is located the medium managing system. A peristaltic pump (10) to provide fresh medium supply to the culture when requested; it is electronically interfaced with the system. A switch valve (11) to switch between a medium supply and another. Medium supply bottles ( 12)-( 13): containing the two types of medium supply used in this experiment (bottle size not in scale). Waste batch ( 14) to collect the PBR flowthrough. Adapted from the manufacturer hardware manual (https://psi.cz/). The illustration does not show the computer used to control the PBR and collect.
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Introduction

Since the industrial revolution, the human population and city sizes have risen. To sustain the continuous increase in the energy demand, fossil energies were massively used, becoming progressively limited. The accumulation in the atmosphere of greenhouse gasses and pollutants has serious environmental consequences to a point that alternative and more sustainable sources have to be developed (Moss et al., 2010;Levy and Patz, 2015). Being the only living organisms able to use inorganic carbon to produce organic compounds, photosynthetic organisms constitute an alternative of choice. However, large exploitation of plants for other purposes than food and feed production resulted in a counterproductive competition for agricultural land use, rocking the inflation of food prices [START_REF] Kazamia | Assessing the environmental sustainability of biofuels[END_REF]. Microalgae are another type of photosynthetic organisms that can be grown in open ponds or photobioreactors (i.e. farmlandless areas, thus removing the land competition) with the aim to use them as cell factories in production platforms (Gordon et al., 2019). Among microalgae, diatoms represent one of the most abundant groups of marine eukaryotic organisms. Thanks to their unique ability to acclimate to changing environmental conditions, they have colonized any kind of environment including lichens or mosses (e.g. Schoefs et al. (2020)). Actually, diatoms have always played a crucial role in the biosphere as they contribute to 20-40% of oceanic biomass production and circa 20% of the total carbon fixation (Benoiston et al., 2017;Falciatore et al., 2020). Their metabolic diversity and flexibility make them attractive organisms for a wide range of applications in diverse industrial and commercial fields, including biofuel, nanotechnological applications, pigments and dietary lipids (e.g. Mimouni et al. (2012)).

Despite the tremendous progress in cultivation systems, the use of diatoms as cell factories remains in its infancy. Recent analyses pointed out the high cost of downstream processes and the relative lack of knowledge in diatom biology (e.g. (Heydarizadeh et al., 2014); Vinayak et al. (2015)). The actual view of the cell metabolic network is similar to a marshalling yard which distributes carbon atoms among the different biosynthetic pathways. In non-stressful conditions, the carbon atoms, our train carts, are mostly injected in the pathway producing carbohydrates, used as fuel for mitochondria to get the energy needed for cell division. Stressful conditions trigger metabolic switches, changing the carbon flow towards the production of energy dense compounds i.e. lipids (Sayanova et al., 2017). This metabolic reorientation appears as a default mechanism in diatoms accompanied by a reduction in division rate (Heydarizadeh et al., 2019). In this study, the marine diatom Phaeodactylum tricornutum was selected as the model organism since it presents many advantages, including culture easiness and an annotated genome (Bowler et al., 2008;Butler et al., 2020;Falciatore et al., 2020). Furthermore, the taxon is genetically amenable (Apt et al., 1996;Karas et al., 2015;Serif et al., 2018;Sharma et al., 2018;[START_REF] Fabris | Extrachromosomal genetic engineering of the marine diatom Phaeodactylum tricornutum enables the heterologous production of monoterpenoids[END_REF][START_REF] George | Metabolic engineering strategies in diatoms reveal unique phenotypes and genetic configurations with implications for algal genetics and synthetic biology[END_REF]Hu and Pan, 2020). The effects of nitrogen starvation on P. tricornutum have been widely studied.

Unfortunately, the lack of homogeneity in the experimental procedures and parameters do not allow to easily combine the different information to obtain a comprehensive view of the cellular responses from molecular to physiological levels (Table S1). Thus, the dynamics and orchestration of the different cellular responses remain to be fully clarified. To significantly contribute to this field, a multidisciplinary strategy, including maintaining all parameters but nitrogen availability as stable as possible throughout the experiment was adopted: P. tricornutum was grown in a highly controlled photobioreactor operated in turbidostat mode, from a non-limited to depleted nitrogen condition. Molecular, biochemical and physiological parameters were followed along the transition. This work shows that nitrogen depleted state contains cells in equilibrium with their environment, meaning that the cellular mechanisms no longer evolve qualitatively (change of the cell status) but only quantitatively (no change of the cell status). The qualitative variations therefore take place during a transition phase separating the initial equilibrium state (nitrogen repleted) and the final deficient state. The transition is characterized by carbon metabolism reorientation towards energy storage and a reduction of cellular activities, including plastidial ones that are however kept in stand-by awaiting the potential upcoming optimal growing conditions.

Material and methods

The photobioreactor P. tricornutum (Pt4) (UTEX 646) was cultivated in f/2 medium (Guillard and Ryther, 1962) in photobioreactor (PBR) (FM150, Photon System Instruments, Czech Republic) operated in turbidostat mode (Table 1) using the company software (Version 0.7.14). The PBR was equipped with sensors for light transmission, chlorophyll (Chl) fluorescence, temperature-pH (Mettler Toledo InPro3253SG/120/PT1000), dissolved inorganic carbon (DIC) (Mettler Toledo InPro5000/12/120) and dissolved oxygen (Mettler Toledo InPro6800/12/120). The PBR setup is presented in figure S1. The culture was continuously supplied with 1.2 mL min -1 of a mixture air/CO2 (2000 ppm CO2). After 5 days of stable growing conditions, the PBR was fed with f/2 medium but containing 0.15 mM NaNO3. We will refer to the day when the medium was changed as the Day from the Reduction of Nitrogen Supply (DRNS). pH, temperature, DIC and O2 were continuously monitored. Chl fluorescence yield measurements were carried on in light adapted state and in dark adapted state of each light-dark cycle (Table 1) (for the definition of the fluorescence parameters, see table S2). 

Estimation of the growth rate

The cultivation in turbidostat mode requests that the culture turbidity remains constant. Turbidity (OD735) was measured at 735nm in order to avoid pigment contribution. To maintain the OD735 constant, a peristaltic pump (Photon Systems Instruments PP500) was actioned by the PBR central controller when OD735 increased over the threshold set at 0.151 in order to maintain cell density of 4 10 6 cells per milliliter. The medium in excess is pushed in a container and collected as overflow (14 in Fig. S1.1). The daily volume of overflow allows the estimation of the dilution rate. Actually, the time course of the cell density (x) is a function of the cell division rate (μs) and the dilution rate (D) (Equation 1) [START_REF] Gresham | The functional basis of adaptive evolution in chemostats[END_REF] 𝑑𝑥 𝑑𝑡 = 𝜇 𝑠 ⋅ 𝑥 -𝐷 ⋅ 𝑥 (Equation 1)

When all the nutrients are in excess and the growth rate is positive meaning that cells divide faster and the dilution rate is higher. As consequence:

𝜇 𝑠 = 𝐷 (Equation 2)
The decrease in limiting nutrient induces a decrease in division rate that the automatic dilution compensates accordingly. Thus, the changes in the dilution rate reflects the division rate.

Cells were daily counted using a Neubauer hemacytometer according to Heydarizadeh et al. (2019).

Sample harvesting

Samples were collected sterilely (Figure S1). For carbohydrates, proteins, lipids and pigments extraction, cells were centrifuged (3000 x g, 10 min, 4 °C). Pellets were washed 3 times with a PBS solution (Cold Spring Harbor Protocols, 2006) before storage at -80°C. Samples for RNA extraction and metabolite extraction were collected on glass filters (Whatman® glass microfiber filters, Grade GF/A, Merck) under gentle vacuum (50 mmHg), immediately frozen in liquid nitrogen, washed 3 times with a PBS solution and stored at -80°C. Samples for carbon and nitrogen determination were harvested on fiberglass filters under gentle vacuum (50 mmHg), washed 3 times with a PBS solution and dried at 70•C for 48 h. Sampling volumes and quantities are reported in Table S3.

Elemental analyses

Nitrate concentration in the medium were rapidly determined according to [START_REF] Carvalho | Rapid spectrophotometric determination of nitrates and nitrites in marine aqueous culture media[END_REF].

Briefly, 220 nm absorbance were measured on centrifuged culture supernatant (Perkin Elmer Lambda-25). NaNO3 aqueous solution was used for calibration.

Internal Nitrogen (N-int) and carbon (C-int) pools were determined using the C7N elemental analyser (Eager 300, Thermo Scientific) according to Heydarizadeh et al. ( 2019)

RNA extraction and high throughput transcriptome analysis

Total RNA was extracted from samples with the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich).

The purified total RNA extracts were processed with RNAstable® LD (Sigma-Aldrich 

Neutral lipid quantification

Neutral lipids were estimated by Nile red fluorescence according to Huang et al. (2019). Pellets were resuspended in dimethyl sulfoxide (DMSO) 25% and stained with 1.5 μL Nile red (Sigma-Aldrich, Saint-Quentin Fallavier, France) solution 1 mg mL -1 in DMSO (100%). The 298 K fluorescence at 580 nm was excited at 530 nm (slits 5nm) (Perkin Elmer LS-55, Villebon sur Yvette, France). DMSO diluted glyceryl trioleate (Sigma-Aldrich T7140-500MG, purity ≥99%) was used for calibration (Figure S2).

Protein quantification

Protein extraction was performed by mechanical lysis with the FastPrep-24™ 5G Homogenizer (MP Biomed, France). Sample pellets were mixed with glass beads (Merck, 425-600 μm, acidwashed) and 50 µL ultrapure water for mechanical lysis (4 m s -1 for 30s). Sample was chilled in ice for 1 min. After a second lysis cycle, 950 µL of ultrapure water were added to the lysate and homogenised for 30s. The lysate was centrifuged at 16000 x g for 20 min at 4°C. Protein concentrations were determined using the Bradford method (Bradford, 1976) using a double-beam spectrophotometer (Perkin Elmer Lambda-25). Bovine serum albumin (Sigma-Aldrich, purity ≥98%) was used for protein quantification calibration (Figure S2).

Carbohydrate quantification

Carbohydrate quantification was performed according to a slightly modified Dubois' protocol [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF]. Briefly, the extraction was performed by mechanical lysis with the FastPrep-24™ 5G Homogenizer (MP Biomed, France). Sample pellets were mixed with glass beads (Merck, 425-600μm, acid-washed) and 1.5 mL of 0.05 M sulphuric acid-water solution. Extract-containing tubes were incubated at 60°C for 30 min, vortexing every 10 min, then chilled for 10 min on ice. The lysate was centrifuged at 16000 x g for 20 min at 4°C. In glass tubes, 2.5 mL of H2SO4 (>95%) were added to 1 mL of extract supernatant with a subsequent addition of 250 μL of 3%, phenolwater solution (99%, Merck). The glass tubes are then incubated in a water bath at 95°C for 30 min then chilled on ice for 10 min. Colorimetric quantification has been performed verifying the absorbance at 485 nm using a double-beam spectrophotometer (Perkin Elmer Lambda-25). Glucose (Merck, ≥ 99.5%) was used for total carbohydrate quantification calibration (Figure S2).

Stored energy estimation

The energy stored in organic molecules (Ea) was obtained by converting the different energy reserve fractions (i.e. neutral lipids, proteins and carbohydrates) into energetic equivalents using their combustion energy i. e. Lipids: 39 500 mJ mg -1 , Proteins: 24 000 mJ mg -1 , Carbohydrates: 17 500 mJ mg -1 (Gnaiger, 1983;[START_REF] Aderemi | Oxidative stress responses and cellular energy allocation changes in microalgae following exposure to widely used human antibiotics[END_REF]. The available energy is thus: E a (mJ 10 6 cells -1 ) = E carbohydrates + E lipids + E proteins (Equation 3)

where Ecarbohydrates, Elipids, Eproteins were calculated by multiplying the respective combustion energy by the quantity of corresponding macromolecules per 10 6 cells.

Pigment quantification

Pigment extraction was performed by mechanical lysis with the FastPrep-24™ 5G Homogenizer (MP Biomed, France) under green ambient light [START_REF] Schoefs | Determination of pigments in vegetables[END_REF]. Sample pellets were mixed with glass beads (Merck, 425-600 μm, acid-washed) and 100 μL of pure acetone (Merck, ≥ 99.5%) for mechanical lysis (4 m s -1 for 30 s). Samples were centrifuged at 16000 x g for 5 min at 4°C and supernatants were collected in a new microtube. Lysis cycles were repeated until the pellets fade to white. Absorbance spectra of the pooled supernatant were recorded between 400 nm and 800 nm (Perkin Elmer Lambda-25). The Chl a, Chl c and total carotenoids concentrations were calculated according to Heydarizadeh et al. (2017) using the following equations:

Chl 𝑎 (mg L -1 ) =

[11,77(𝐷𝑂 663𝑛𝑚 -𝐷𝑂 750𝑛𝑚 )-0.32(𝐷𝑂 663𝑛𝑚 -𝐷𝑂 750𝑛𝑚 )]×𝑣 𝑙×𝑉 (Equation 4)

Chl 𝑐 (mg L -1 ) =

[26.27(𝐷𝑂 630𝑛𝑚 -𝐷𝑂 750𝑛𝑚 )-3.52(𝐷𝑂 663𝑛𝑚 -𝐷𝑂 750𝑛𝑚 )]×𝑣 𝑙×𝑉 (Equation 5)

Total carotenoids (mg L -1 ) =

[1000(𝐷𝑂 473𝑛𝑚 -𝐷𝑂 750𝑛𝑚 )-8.08 × 𝐶ℎ𝑙 a ×l -Chl 𝑏 ×l]×𝑣 183.4×𝑙×𝑉

(Equation 6) where v is the pigment extraction volume, V the sampling volume and l the optical path.

Metabolomic analysis

Metabolomic analyses were performed on samples i.e. -2, 4, 5, 6, 7, 8 DNRS and 10/11 DNRS grouped on a single sample. Metabolite extractions were performed according to [START_REF] Courant | How metabolomics can contribute to bio-processes: A proof of concept study for biomarkers discovery in the context of nitrogen-starved microalgae grown in photobioreactors[END_REF]. Briefly, samples were plunged into 5 mL of boiling mixture (ethanol-water, 75:25 v/v, 90-95 °C) for one minute, vigorously shaked for 3 s and re-incubated for one minute. The extraction process was then quenched by plunging tubes for 3 min in ethanol-water (75:25 v/v) at -80 °C. After filter removal the tubes were centrifuged (4500 x g, 5 min, 20 °C). The supernatants were filtered on precombusted glasswool and collected in glass vials. The organic solvent phase was evaporated using rotavapor (Rotavapor R-205 Evaporation System, Buchi; heating bath B-490, Buchi, Vacuum pump PC500, Vacuubrand) and lyophilized (Lyophilizer Christ Alpha 1-2 Plus, Christ; Vacuum pump E2M5, Edwards). Lyophilized extract was then resuspended with 1 mL methanol-water (20:80 v/v) and stored at -80 °C prior filtration (mesh 0.2 μm) . LCHRMS/MS analyses were performed with an Agilent 1290 Infinity II LC system coupled to a high-resolution time-of-flight mass spectrometer (Q-Tof 6550 iFunnel, Agilent technologies, CA, USA) equipped with a Dual Jet Stream® electrospray ionization source (positive mode). Detailed information on analyses parameters is reported in Supplementary Information S1. The Agilent Mass Hunter Workstation software (version B.07) was used to process the raw MS data, including extraction of molecular features (MFs), generation of molecular formulas, library searching and database searching. Identification of the most relevant entities was supported by MS information and searches in the METLIN database (http://metlin.scripps.edu) and the Dictionary of Marine Natural Products (DMNP) library [START_REF] Blunt | Marine natural products[END_REF][START_REF] Wolfender | Current approaches and challenges for the metabolite profiling of complex natural extracts[END_REF]. Metabolomic analysis resulted in the detection of 4267 compounds ranging from 0.1 and 2.8 kDa in size. In order to reduce the number of compounds to elucidate, the change in compound detected quantity was compared to the change in transcript abundance during the time course of the experiment. As a preliminary step, only compounds and transcripts which change in abundance compared to the control conditions are significant at least on a timepoint were retained. After this first screening, each compound pattern has been compared with each gene. In order to be as stringent as possible, only the combinations which display a significant direct correlation (|slope|=1, from 0.95 to 1.05; p>0.05). The results shown 419 compound-gene combinations which include115 compounds. The 115 compounds were kept for further analyses and elucidation.

Statistics

compiled python script exploiting pandas (version 1.2.1), numpy (version 1.19.5), matplotlib (version 3.3.3) and scikit-learn (version 0.24.1) packages. Propagation of uncertainties in data processing was carried out following the mathematical rules [START_REF] Arras | An introduction to error propagation: Derivation, meaning and examples of equation Cy= Fx Cx FxT[END_REF]. Linear and nonlinear fitting analyses were performed with the free version of CurveExpert software available for download (Hyams, D. G., CurveExpert software, http://www.curveexpert.net, 2010).

Results

P. tricornutum was cultivated in a PBR operated in turbidostatic mode and exposed to 67-fold reduction in nitrogen availability. In order to identify the potential different steps of this transition, a PCA was performed with the biochemical and physiological traits (i.e. DIC, neutral lipid, carbohydrate, protein, total pigment, N-int and C-int cellular quota, Fv/Fm, qN, qP, rETR). The first two components explained 86% of the sample variance (Figure 1A). Two groups can be defined: (i) a group containing all the time points from day -5 to day 4 that will be referred as Nitrogen-Repleted (Nrep) condition and (ii) a second group, from 7 to 15 DRNS that will be referred as Nitrogen-Starvation (NS) condition (Table 2). The two states are linked by succession of transitory states through day 5 and 6, forming the transition phase. These two timepoints will be considered separately due to the importance of underlining the differences during the transition. The culture entered the transition phase, not at the onset of the DRNS but when the minimum Next availability is reached at day 5 (0.03 mM NO3 -corresponding to 0.007 µmol NO3 -/10 6 cells) (Figure 1B). However, the transition between NRep and NS is rather led by N-int variations and hereby considered as the key factor. Biochemical and physiological traits during the time course of the experiment were therefore plotted against the change in intracellular N-int. The plots, reported in figure S3 confirm the information given by the performed PCA in which two groups are underlined with the transition in between. From the DRNS, the N-ext decreased from 10 mM (NRep) to an average of 0.03 (NS) (Figure1B and Table 2). With a four-days delay, N-int dropped by 64%. N is thus the phase transition governing factor since culture entered the transition phase when minimum N-ext is reached and the NS phase when minimum N-int is reached (Table 2). Cell division rate decreased with a timing and kinetic very close to the N-int (Figure 1B). 

Effects of the nitrogen starvation on the cellular energy content

Carbohydrates, lipids and proteins are potential substrates for respiration and represent the three major macromolecule classes used to Ea. The kinetic of the Ea shows two increasing phases separated by a transient pause (ANOVA 95%, p = 0.8) (Figure 1C). The first increase depends to the transition phase and consist in the accumulation of both carbohydrates and neutral lipids (Figure 1D). A pause occurred at the onset of the NS phase with no significant Ea increase (ANOVA 95%, p = 0.8; Figure 1C). Ea accumulation resumed with the only energy accumulation in the form of neutral lipids (Figure 1D). Soluble proteins cell quotas decreased gradually from the onset of the transition phase, contributing negatively to the energy storage (Figure 1D). In the present experiment, the major source of carbon as building blocks for these high energy-containing molecules was DIC. DIC increased rapidly during the transition phase and continued to increase in NS with a reduced rate (Figure 1E) while C-int displayed a small increase (9.3%) not coherent with the high lipid accumulation (Figure 1C, D). These observations suggest that the metabolic reorientation relies on carbon reallocation mechanisms rather than carbon fixation. To confirm the hypothesis of reduction in carbon fixation and bringing evidence on the carbon reallocation theory, photosynthetic activity and respiration activities were assessed.

Impact of the nitrogen starvation on the photosynthetic and respiratory activities

In NRep, cellular pigment quota remained stable and reduced to 37% of the maximum in NS conditions (Table 2). Reduction in pigment content has direct effects on light energy harvesting and it can be a direct response to the changes in photosynthetic efficiency. Chlorophyll fluorescence was used as proxy of the photosynthetic efficiency (Roháček et al., 2008). Both in dark adapted state (ΦP0) and light adapted state (ΦII) decreased during the transition phase reaching an average of 0.48 and 0.23 respectively (Figure 2A), indicating a reduced photochemical utilization of the light energy. The photochemical quenching (qP) that indicates the actual photochemical capacity of PSII in light adapted state decreased from 100% to 60-70%, suggesting a decrease in the capacity of reopening PSII after excitation (Figure 2B). This generated a need to dissipate the excess of absorbed energy as heat as revealed by the transient increase of the non-photochemical quenching (qN) from day 5 to day 15 DNRS (Figure 2C). A pattern similar to ΦP0 was observed for the relative electron transport rate (rETR) (Figure 2D). The daily average dissolved oxygen rapidly decreases at the onset of the transition phase (Figure S4A). The decrease in dissolved oxygen has a negative linear correlation with the increase in DIC (Figure S4B), suggesting that the factor influencing the DIC affects also the dissolved oxygen. Since a negative linear correlation was observed between DIC and photosynthetic performance (Figure S5A and B), the same correlations were performed between the dissolved O2 and the same two photosynthesis parameters showing a positive relation in both cases (Figure S5C andD). Decrease in dissolved O2 is thus due to the decrease in its production by the reduced photosynthetic activity and its consumption by the respiratory activity. 

Effect of a small N pulse to cell growth and biochemical composition

To get information on the capability of the cell to recover from NS, a nitrogen pulse was applied to the culture after 31 DRNS to reach a final nitrate concentration of 0.35 mM. Figure S6 shows the fast response of the cells to the sudden increase in N-ext. Within 24 h, cells remobilize the energy stored in lipids to transiently synthesize proteins and pigments, resuming cell division after a lag phase of at least 3 days as well.

Transcriptomic and metabolomic analyses

On the mindset of investigating the effects and mechanisms underlying the NRep-NS transition, transcriptomic analyses were performed on 11 time points. To observe the changes induced by the RNS, the changes in gene transcript availability were expressed compared to the control NRep Overall, 2560 genes were differentially expressed in at least one DNRS (Supplementary dataset 1). Although, the PCA analysis (Figure 3A) exhibits a pattern very similar to the PCA based on the biochemical and physiological data (Figure 1A). However, they differ by the positioning of 15 DNRS that is here detached from the NS phase group, suggesting that important changes in gene expression occurred at this time point. For the sake of simplicity in the figure representation, five phases will be considered: (i) NRep, (ii) 5 and 6 DRNS, (iii) NS and (iv) 15 DRNS. In the case of NRep and NS, the average transcript levels across the corresponding DNRS were calculated for each gene for the heatmaps creation (Figure 4 to 6). To strengthen the information given by the transcriptomic analysis, metabolic profiling analysis was performed through LC-MS on samples corresponding to 4, 5, 6, 8, 10 and 11 DNRS, which all allowed the detection of 4267 compounds (p-value ≤0.05) (Supplementary dataset 2). Compound content kinetics show that 2867 display a significant variation (|log2FC| ≥ 2) compared to controlled conditions (before DRNS) for at least one time point. A PCA analysis was performed taking into account these 2867 compounds (Figure 3B), resulting in a similar pattern observed on a transcriptomic level. A little shift was observed corresponding to the translation of the transcripts changes at the metabolic level, as well as a great change observed at day 10 and 11. 

Nitrogen uptake, scavenging and assimilation

At the onset of the transition phase, transcript availability of genes encoding for plasma membrane nitrate and ammonium transporters increased. The upregulation of the urea transporters (UT) encoding genes was observed when cells entered the NS phase (Figure 4). Similarly, an increase in the transcript levels is also observed in two of the three genes encoding for the vacuolar nitrate transporters. On the contrary, the expression level of the gene encoding the plastidial nitrite transporter (NAR1), nitrate reductase (NR) and the plastidial nitrite reductase (NiR) displayed a peculiar expression pattern, with a decrease during the transition phase and an overexpression in NS.

Genes involved in the mitochondria ammonia fixation were mostly upregulated from the onset of the transition phase. A strong upregulation of the gene encoding the cytoplasmic glutamate dehydrogenase (GDH-B: J13951) was observed as soon as NS state was reached. An increase in transcript levels was observed for the mitochondrial GOGAT but not for the plastidial GOGAT encoding gene (Figure 4). External amino acid could serve as alternative N source [START_REF] Flynn | Nitrogen-sources for the growth of marine microalgae -role of dissolved free amino-acids[END_REF]. In this concern, the periplasmic L-amino acid oxidase (PLAAOx) catalyzes the cleavage of the ammonium group from free amino acids (Thiriet-Rupert et al., 2018). The transcript levels of the PLAAOx encoding gene greatly increased from the onset of the transition phase and remains upregulated during NS. However, a significant increase in PLAAOx transcripts starting from 4 DRNS suggests a potential role in cell sensing of N level. Thiriet-Rupert et al. ( 2018) reported that the PLAAOx encoding gene is coexpressed with the gene encoding the coccolith scale associated protein (CSAP) during nitrogen starvation in Tisochrisis lutea, which was also observed in P. tricornutum (R = 0.9963, R 2 = 0.9926). An increase in transcript levels was observed for genes encoding proteins involved in N recycling such as deaminases, acetamidases and formamidase (Alipanah et al., 2015). The genes encoding for transporters of different nitrogen containing molecules, such as polyamines and small polypeptides were also upregulated in NS (Supplementary dataset 1). 

Amino acid metabolism

Total cell protein quota started to decrease after the RNS reflecting both an increase in protein degradation and a decrease in protein synthesis. An upregulation of the genes encoding ubiquitin ligases, the enzymes that initiating the protein degradation and two 26S proteasome regulatory subunits (Subunit N3, EG02475 and isoform 2 of the subunit 5, EG0162) was observed in NS. Moreover, an increase in transcript levels encoding components of the ubiquitin-mediated protein degradation pathway was observed (Supplementary dataset 1). Coherently, a decrease in transcript abundance for genes encoding aminoacyl-tRNA synthetases, ribosomal proteins and translation and elongation factors was also observed. The overall transcript availability of genes involved in the biosynthesis of amino acids was reduced in NS conditions (Supplementary dataset 1) with the sole exception of the serine and glycine, glutamine and glutamate biosynthetic pathway involved in photorespiration and central metabolism (Figure S8 and Figure S9). Branched-Chain AAs (BCAA) have been reported to be involved in the accumulation of triacylglycerols (TAG) (Ge et al., 2014;[START_REF] Liang | Branchedchain amino acid catabolism impacts triacylglycerol homeostasis in Chlamydomonas reinhardtii[END_REF][START_REF] Pan | Amino Acid Catabolism During Nitrogen Limitation in Phaeodactylum tricornutum[END_REF]. Most of the genes involved in the BCAA degradation were upregulated (Figure S10). In particular, the transcript abundance of the gene encoding the dihydrolipoyllysine-residue (2-methylpropanoyl) transferase (DHLTA, J54219), increased over 6-fold, remaining upregulated all along the transition and NS phases (D15 included) (Figure S10). Transcript abundance of two genes encoding propionyl-CoA carboxylase carboxylases (PCC1 (J51245) and PCC2 (J45886)) started to be upregulated at the onset of the transition phase peaking during the NS. Furthermore, an increase in transcript level was observed in the gene encoding the methylcrotonyl-CoA carboxylase (MCC2) (Figure S10). [START_REF] Pan | 3-Hydroxyisobutyryl-CoA hydrolase involved in isoleucine catabolism regulates triacylglycerol accumulation in Phaeodactylum tricornutum[END_REF] reported MCC2 as a key enzyme for which the silencing of the encoding gene (J19329) caused a decrease of carbon flux toward TCA cycle resulting in a decrease in TAG accumulation and nitrogen utilization. A change was also observed for the 3-hydroxyisobutyryl-CoA hydrolase (HIBCH) transcript abundance, which significantly increases in NS (Figure S10). Aside from proteins, other molecules such as polyamines require N for their synthesis. Polyamines are playing an essential regulatory function and are synthesized in all organisms including diatoms [START_REF] Lin | Polyamines in Microalgae: Something Borrowed, Something New[END_REF]. The overall transcript abundance of the genes involved in the polyamines synthesis was decreased from the onset of the transition to the establishment of the NS phase (Supplementary dataset 1).

Lipid metabolism

Figure 5 presents transcript abundance changes for genes involved in lipid metabolism including de novo FA biosynthesis and the acetyl-CoA independent pathway.

De novo biosynthesis

De novo FA biosynthesis depends directly on the plastid-residing acetyl-CoA pool which is most likely the primary substrate for this pathway in diatoms [START_REF] Zulu | Current trends to comprehend lipid metabolism in diatoms[END_REF]. De novo FA biosynthesis begins with the condensation of acetyl-CoA and malonyl-CoA which are gradually added to the forming acyl molecule through the fatty acid synthesis (FAS) cycle resulting in the acyl-CoA formation [START_REF] Wang | Dual expression of plastidial GPAT1 and LPAT1 regulates triacylglycerol production and the fatty acid profile in Phaeodactylum tricornutum[END_REF][START_REF] Zulu | Current trends to comprehend lipid metabolism in diatoms[END_REF]. Then, the acyl groups are sequentially attached on the glycerol molecule, generated by the activity of the phosphoglycerol kinase (PGK) to form both storage and structural lipids (Figure 5). The whole genes encoding for components of the de novo FA biosynthesis were strongly downregulated (Figure 5). Moreover, transcript abundance of most of the genes encoding enzymes involved in the acylglycerols formation was reduced all along the transition phases and the NS phase. In particular, all the five genes encoding lysophosphatidic acid acyltransferase (LPAT), responsible for the intermediate conversion of lysophosphatidic acid to phosphatidic acid, were significantly downregulated. The downregulation of LPAT encoding gene under NS conditions has been observed by Alipanah et al. (2015), in opposition with what observed previously by Valenzuela et al. (2012). The final conversion of DAG to TAG is carried out by the action of diacylglycerol O-acyltransferases (DGAT) encoded by six paralogous genes, two of which being slightly upregulated (DGAT1 and DGAT2D) and two downregulated (DGAT2A and DGAT2C) in NS. The upregulation of DGAT1 and DGAT2D under NS starvation has been also observed by Alipanah et al. (2015). On the other hand, Remmers et al. (2018) reported no significant upregulation of the six DGAT encoding genes suggesting that the activity of these enzymes is not a limiting factor during steady-state growth under N-limitation conditions.

Acetyl-CoA independent biosynthesis

Beside the de novo FA biosynthetic pathway, a second pathway for FA synthesis is present in diatoms: the acetyl-CoA independent. This last does not require the presence of an acetyl-CoA pool for the synthesis of acyl-CoA but recycles it from pre-existing polar lipids [START_REF] Cagliari | Biosynthesis of triacylglycerols (TAGs) in plants and algae[END_REF] (Figure 5). Membrane lipids including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylglycerol (PG) are hydrolysed by phospholipases. Phospholipases C (PLC) and phospholipases D (PLD) are responsible for the release of DAG from PI/PG and PC/PE, respectively (Alipanah et al., 2018). While negligible change in transcript abundance were observed for the genes encoding PLC, a strong upregulation was observed for genes encoding the PLD. Five out of 6 PLD encoding genes were strongly upregulated from the onset of the transition throughout NS (Figure 5). The released DAG can serve as substrate for TAG formation through the activity of DGAT and PDAT. The latest catalyses the transacylation of an acyl group in position sn-2 of the PC to the position sn-3 of the DAG forming TAG and LPC. The transcript abundance of the single PDAT gene in P. tricornutum started to increase at the onset of the transition phase, reaching a maximum in NS. Another acyl group recycling pathway is the Land's cycle [START_REF] Lands | Metabolism of glycerolipids. 2. The enzymatic acylation of lysolecithin[END_REF][START_REF] Zulu | Current trends to comprehend lipid metabolism in diatoms[END_REF] (Figure 5) which involves the hydrolysis of PC and PE in Lyso-PC (LPC) and Lyso-PE (LPE) respectively by the activity of the phospholipases A (PLAs). The second reaction that closes the cycle is catalyzed by the activity of the acyl-CoA:lysophosphatidylcholine (LPC) acyltransferase (LPCAT), which leads to the reformation of PC and PE. While one single LPCAT has been identified in P. tricornutum (Bowler et al., 2008), two PLA transcripts have been identified encoding for two different PLAs: PLA1, which cleaves an acyl group in position sn-1 from a PC releasing the acyl-CoA and LPC whereas PLA2 cleaves the acyl group in position sn-2. Transcript abundance of genes encoding PLA1a and PLA2 significantly increased at the end of the transition phase (7 DRNS) and remained upregulated all along the NS. In line with what was reported by Abida et al. (2015), a decrease in transcripts encoding MGDG synthase (MGD) and an increase in DGDG synthase (DGD) was observed, suggesting a reduction in MGDG synthesis and its conversion to DGDG for a further degradation. Decrease of membrane lipids, especially plastidial membrane lipids such as MGDG and DGDG, was also observed on a metabolomics point of view (Supplementary dataset 2). Moreover, two putative DAG forms were shown to decrease in NS phase and in line with the hypothesis of a remodelling of lipids towards energy storage ones (Supplementary dataset 2).

Lipid storage

Due to their non-polarity, neutral lipid accumulation requires a proper storage in hydrophobic subcellular structures called lipid droplets (LD) which are characterized by specific LD proteins (LDP) [START_REF] Goold | Microalgal lipid droplets: composition, diversity, biogenesis and functions[END_REF][START_REF] Lupette | The architecture of lipid droplets in the diatom Phaeodactylum tricornutum[END_REF]Leyland et al., 2020). Two different LDP are present in P. tricornutum, StLDP (Stramenopiles LDP) and PtLDP1 (P. tricornutum LDP1) (Wang et al., 2017;[START_REF] Lupette | The architecture of lipid droplets in the diatom Phaeodactylum tricornutum[END_REF]Leyland et al., 2020). While PtLDP1 transcript abundance gradually decreased from the onset of the transition phase with a minimum at 15 DRNS, StLDP encoding gene is overexpressed mirroring PtLDP1 expression pattern (supplementary dataset 1). Wang et al., 2017 reported that PtLDP1 upregulation results in an upregulation of DGAT2, GPAT and FAS encoding genes while in this experiment an overall downregulation is observed for these genes (Figure 5). Moreover, a putative seipin homologous encoding gene (J47296) was mostly upregulated during the transition phase (supplementary dataset 1). The activity of seipins is important for LD biogenesis and maturation [START_REF] Lu | Identification of a putative seipin ortholog involved in lipid accumulation in marine microalga Phaeodactylum tricornutum[END_REF]. 

The central metabolism

In diatoms, cytosolic glycolysis pathway is partially duplicated in the mitochondria and in the chloroplast [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF]. When the N-ext became minimum at 5 DRNS (Figure 1), genes encoding for components of both organelle pathways started to be downregulated (Figure 6). While most of the glycolytic enzymes catalyse also the reverse reaction in the gluconeogenesis, phosphofructokinase (PFK) and pyruvate kinase (PK) are unidirectional enzymes and the overexpression of their relative genes suggests an increase in C flux toward the catabolic pathway even though two of the four PK genes were downregulated (Figure 6). [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF] reported the presence of a plastidic enolase (ENO) and two non-functional mitochondrial but no cytosolic ENO has been described so far. Other pathways parallel to glycolysis exist: one of these being the pentose phosphate pathway (PPP) [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF] and the alternative to PPP which involves the xylulose-5-phosphate/fructose-6phosphate phosphoketolase (XPK) [START_REF] Fabris | The metabolic blueprint of Phaeodactylum tricornutum reveals a eukaryotic Entner-Doudoroff glycolytic pathway[END_REF]. Gene encoding this enzyme involved in these two pathways were upregulated only during the transition phase (Supplementary dataset 1). Pyruvate, the product of glycolysis and alternative pathways, can then enter the tricarboxylic acid cycle (TCA) via two ways (Figure S13): ( 1) the conversion to acetyl-CoA by the activity of the pyruvate dehydrogenase complex (PDH), or (2) the conversion to oxaloacetate by the action of the pyruvate carboxylase (PYC). The overall genes involved in the TCA were upregulated in NS, with an overall expression peak at 8 DRNS (Figure S13).

β-glucans metabolism

β-1,3-glucans biosynthetic pathway (Figure 6) starts with the formation of glucose-1-phosphate catalysed by the phosphoglucomutase (PGM) which transfers the phosphate of the glucose-6phosphate from position 6 to 1. The conversion of glucose-1-phosphate to uridine diphosphate glucose (UDP-glucose) is catalysed by the cytoplasmic UDP-glucose pyrophosphorylase (UGP) [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF]. Then, UDP-glucose serves as a substrate for the linear polymerisation catalysed by the activity of β-1,3-glucan synthase (BGS, single gene). This reaction generates a linear β-1,3glucan that can be further processed to β-1,3/1,6-glucan called chrysolaminarin. The last reaction is catalysed by β-1,6-transglycosylases (TGS, 3 genes). The chrysolaminarin breakdown to glucose molecules is carried on by endo-and exo-β-glucanases (endo-BGS, exo-BGS) (Figure 6). Small oligosaccharides are further hydrolysed to glucose by the activity of β-glucosidases (BG), glucose feeding the central metabolism. An overall downregulation of the genes involved in chrysolaminarin biosynthesis was observed in conditions in NS phase (Figure 6), while a significant increase in transcript level was observed for genes encoding the enzymes catalysing the breakdown of β-1,3-glucans which increase during the transition phase. They remained elevated all along the NS phase (Figure 6).

Photosynthesis and carbon fixation

Light harvesting LHC proteins are functional components of photosystems having different functions including light harvesting, photosystem regulation and photoprotection [START_REF] Bassi | Lhc proteins and the regulation of photosynthetic light harvesting function by xanthophylls[END_REF]Scarsini et al., 2019). In NS, most of the LHC genes were downregulated with some few exceptions including LHCX4, LHCR10. These two transcripts, together with the high-light inducible protein 1 (HLIP1) transcript, were overrepresented immediately at the onset of the transition phase (Figure 1). Four other genes were upregulated in these conditions: LHCF6, LHCF9 and LHCF15 were transiently upregulated during NS whereas HLIP1b was transiently upregulated at the onset of NS. An overall strong downregulation was observed for the nuclear encoded PSII reaction centre (psb) genes involved in photosynthesis and photosynthetic electron transport chain (Supplementary dataset 1). The only observed exception was the gene encoding the iron-sulfur clusters of the cytochrome b6/f complex (PETC) that mediates the electron transfer between PSII and the PSI: it was upregulated during NS.

Photochemistry and carbon assimilation

The majority of the transcripts involved in photosynthesis were downregulated, in particular a strong reduction was observed for the gene encoding the chloroplastic ferredoxin-NADP reductase (J23717) responsible of the photosynthetic production of NADPH, confirming the observations reported by Alipanah et al. (2015). In general, NS induced a strong reduction in transcript availability of most of the genes involved in the Calvin-Benson-Bassham cycle (Supplementary dataset 1), while an overall increase in transcript abundance was observed for genes involved in the central PEP-pyruvate hub and genes involved in the biochemical C4 cycle. High expression levels in NS were observed for the genes encoding the phosphoenolpyruvate carboxylase 2 (PEPCase2) but also its antagonist, the phosphoenolpyruvate carboxykinase (PEPCK). An increase in transcript levels of genes encoding the malic enzyme (ME) and 2oxoglutarate:malate exchanger (EG02645) was observed in NS with two major expression peaks at 8 and 15 DRNS. While the malate exchanger encoded gene was upregulated, an overall downregulation was observed for the 4 plastidial triose phosphate transporters encoding genes (TPT1, TPT2 and TPT4a/b; [START_REF] Moog | Localization and evolution of putative triose phosphate translocators in the diatom Phaeodactylum tricornutum[END_REF]). Most of the carbonic anhydrase (CA) genes were downregulated especially in NS with the sole exception of the CA1 which gene expression doubled at the onset of NS phase (Supplementary dataset 1). [START_REF] Huang | Phaeodactylum tricornutum photorespiration takes part in glycerol metabolism and is important for nitrogen-limited response[END_REF] observed an increase in serine and glycine de novo biosynthesis via photorespiration, highlighting the potential importance of the photorespiration in N redistribution in NS conditions. Our transcriptomic analysis showed an increase in several gene encoding for components of the photorespiration pathway. In fact, increase in transcript levels of genes encoding for serine/alanine:glyoxylate aminotransferase (J49601, J43874) and the gene encoding for the glycine decarboxylase (EG02292) was observed (supplementary dataset 1). These two enzymes convert respectively the toxic glyoxylate in glycine, than in serine, releasing one molecule of CO2 and one molecule of ammonia [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF][START_REF] Kunze | Permeability of the peroxisomal membrane: lessons from the glyoxylate cycle[END_REF]) (Figure S8).

Photorespiration

Photosynthetic and photoprotective pigment synthesis

As expected, in NS, the P. tricornutum culture colour faded from a pronounced brown-green to a very light yellow recalling the chlorotic phenotype observed in other photosynthetic organisms (e.g. [START_REF] Allen | Nitrogen chlorosis in blue-green algae[END_REF]). The transcript abundance of most of the genes involved in chlorophyll a biosynthetic pathway was decreased in this condition (Supplementary dataset 1). The sole exception was observed for CHLC_2 and POR4, which were upregulated in NS. Simultaneously, genes encoding for the carotenoid biosynthesis were downregulated in NS. Moreover, lowering the N availability triggered a reduction of the transcripts levels corresponding to two main key enzymes of the xanthophyll cycle, violaxanthin de/epoxidase and zeaxanthin epoxidase (Scarsini et al., 2019). Moreover, metabolite elucidation showed that 6 putative compounds belonging to the carotenoid biosynthetic pathway decreased in abundance during the timecourse of the experiment and thus being in line with what was observed on a transcriptomic level (Supplementary dataset 1).

Discussion

The described analyses were performed in highly controlled growing conditions allowing to observe the response of P. tricornutum to the sole NS avoiding other limitations. The highly controlled turbidostat mode cultivation allows to maintain specific culture conditions for a long period of time free from the biases of the batch and fed-batch mods [START_REF] Mcgeachy | An accessible continuous-culture turbidostat for pooled analysis of complex libraries[END_REF] and the addition of fresh medium is controlled by cell division rate. In fact, this last is linearly proportional to the nutrient availability and vice versa (Yaakob et al., 2021). In absence of desired modifications, such as the removal of nitrogen from the supplied medium, cells are continuously submitted to non-limiting nutrient availability. If nitrogen is removed from the supplied medium, it will be the only growth limiting nutrient. Other nutrients, such as phosphorous, remain stable as they are uptake by the cells with a rate proportional to the culture growth (Yaakob et al., 2021). In general, under turbidostat, each cell is submitted not only to constant nutrient, save desired removal, but also light supply, keeping the cell concentration sufficiently low, the self-shading effect will be minimized [START_REF] Carvalho | Light requirements in microalgal photobioreactors: an overview of biophotonic aspects[END_REF]. This scenario cannot be reproduced in batch culture where growing conditions continuously evolve. Not only the nutrient availability per cell gradually decreases but also light distribution is affected by the increase in cell concentration. Continuous cultivation methods such as chemostat and turbidostat have been shown to be important for experiment reproducibility, not only on a biochemical and physiological but as well in a molecular level (Regenberg et al., 2006;[START_REF] Daran-Lapujade | Chemostat-based micro-array analysis in baker's yeast[END_REF] 

Intracellular nitrogen availability guides the passage between two equilibria, NRep and NS

In nature, microalgae grow in very variable conditions and they may be submitted to reduced N availability that may eventually evolve into N starvation. As described above, the only modulated parameter is the N availability in the form of nitrate while all the other parameters are kept constant. The multidisciplinary approach allows to have a comprehensive view of the transition from NRep to NS on highly controlled growing conditions. The broad picture of the metabolic reorientation given by the PCA of transcriptomics, metabolomic and biochemical-physiological responses (Figure 1 and 3) was crucial to highlight that the DRNS induces a shift from an equilibrium to another. As expected, an equilibrium is observed in NRep conditions since cells are not subjected to limitation. Interestingly, a second equilibrium is observed when NS is reached. Cell metabolism has been reoriented and no qualitative changes were observed. Independently from the timepoint, cells in NS phase possess the same metabolic instruction set. The observed changes during NS phase are thus only quantitative (e.g. increased neutral lipid content), qualitative changes (i.e. metabolic reorientation) have occurred during the transition phases. The N-int appears to be the driving force that guides the shift between NRep and NS. In fact, cells remained in NRep until the minimum N-ext was reached and cells were forced to utilize the N-int. Division rate and N-int are closely interconnected (Figure 1B). In fact, N-int is split between the two daughter cells during cell division. Each daughter cell will receive half the N-int of the mother and the lower N-int will affect cell division rate (Alipanah et al., 2015). An equilibrium is reached when the actual nitrogen availability is enough to maintain a minimum level of cell division rate. Even if the parameter guiding the NRep to NS transition is N-int, cells are not unaware changing environmental conditions before the trigger point. Indeed, 69 genes were differentially regulated at day 4 including PLAAOx and CSAP encoding genes and one transcription factor of the heat shock family (HSF) (Supplementary dataset 1).

Decreasing nitrate availability triggers nitrate uptake and storage rather than a direct utilization

The time shift of the decay of N-int compared to N-ext (Figure 1) is due to the presence of intracellular N storage pool [START_REF] Shoman | The dynamics of the intracellular contents of carbon, nitrogen, and chlorophyll a under conditions of batch growth of the diatom Phaeodactylum tricornutum (Bohlin, 1897) at different light intensities[END_REF]. Aside from organic N, present in proteins and other N-containing molecules, NO3 -can be directly stored in the cells. McCarthy et al. (2017) reported that cells possess a remarkable ability of rapidly transport assimilate and also presumably store NO3 -in vacuoles. The transient decrease of NR encoding transcript during the transition phase in contrasts with increased transcript levels of genes encoding NO3 -transporters of both plasmalemma and tonoplast, confirms the hypothesis of a potential storage of NO3 -in the vacuoles (Figure 4). A temporary decrease in NR has been also observed by Longworth et al. (2016) within the 72h of nitrogen starvation. Nitrate was the only N source in the medium, however the effort of the cell to scavenge nitrogen from other N containing molecules such as free amino acids is suggested by the upregulation of the gene encoding the PLAAOx. This enzyme oxidises the aminoacidic groups to release ammonium which can be readily exploited by the cell as source of N. The early overexpression of the PLAAOx and CSAP encoding genes (Figure 4), which has also been observed in T. lutea [START_REF] Garnier | Use of a lipid rich strain reveals mechanisms of nitrogen limitation and carbon partitioning in the haptophyte Tisochrysis lutea[END_REF], suggests a potential involvement of PLAAOx and CSAP in nitrogen sensing. Moreover, an alternative source of ammonium can be the photorespiration which has already been observed as taking place in nitrogen limited conditions [START_REF] Huang | Phaeodactylum tricornutum photorespiration takes part in glycerol metabolism and is important for nitrogen-limited response[END_REF]. The increase in transcripts encoding not only mitochondrial GOGAT but also serine/alanine:glyoxylate aminotransferase and glycine decarboxylase leads to the conclusion that in NS a cellular effort in ammonia assimilation is observed in accordance with what introduced by Remmers et al. (2018). Amidase activity is also contributing to ammonia scavenging facing N deprivation (Alipanah et al., 2015).

Chloroplast stand-by mode as long-term cell survival mechanism

The passage to NS exposes cells to an energy imbalance between light availability and the demand from cellular metabolism, including cell division (Remmers et al., 2018). The gradual development of the chlorotic phenotype is consistent with the decrease in transcript abundance of the majority of genes encoding LHCs, also reflected in the optimization of antenna size. On the other hand, the increased LHCX4 and LHCR10 transcript abundance suggests the need to increase the dissipation of excess absorbed energy. These two proteins belong to distinct families of LHCs reported to play important roles in photoprotection (Lepetit et al., 2012;[START_REF] Collier Valle | System responses to equal doses of photosynthetically usable radiation of blue, green, and red light in the marine diatom Phaeodactylum tricornutum[END_REF]Taddei et al., 2016;[START_REF] Buck | Lhcx proteins provide photoprotection via thermal dissipation of absorbed light in the diatom Phaeodactylum tricornutum[END_REF]. Both LHCX4 and LHCR10 encoding genes have been reported to be upregulated under N deprivation (Yang et al., 2013;Alipanah et al., 2015). While LHCR10 has been shown to be involved in photoprotection in response to low light-to-high light transition of P. tricornutum [START_REF] Collier Valle | System responses to equal doses of photosynthetically usable radiation of blue, green, and red light in the marine diatom Phaeodactylum tricornutum[END_REF], LHCX4 does not appear to be involved in the fluorescence quenching photoprotection [START_REF] Buck | Lhcx proteins provide photoprotection via thermal dissipation of absorbed light in the diatom Phaeodactylum tricornutum[END_REF][START_REF] Buck | Identification of sequence motifs in Lhcx proteins that confer qE-based photoprotection in the diatom Phaeodactylum tricornutum[END_REF]. [START_REF] Buck | Identification of sequence motifs in Lhcx proteins that confer qE-based photoprotection in the diatom Phaeodactylum tricornutum[END_REF] suggested that one gene alone cannot contain all required regulatory cis-elements needed to respond to the multitude of environmental triggers and thus LHCX4 protein may play an integrative role between N starvation and photoprotection. Thus, the optimization of antenna size resulted in a decrease of the energy flow through the photosynthetic reaction centres, limiting photodamages and NADPH and ATP productions, two key cofactors of the Calvin-Benson-Bassham cycle. In NS conditions, ribulose cannot be transformed in 3-phosphoglycerate but could enter in the photorespiratory cycle [START_REF] Sharkey | Regulation of photosynthetic electron-transport in Phaseolus vulgaris L.; as determined by room-temperature chlorophyll a fluorescence[END_REF]Bailleul et al., 2015). This is demonstrated by the increase of DIC (also observed by Valenzuela et al., 2012), the lack of increase in cell carbon quota (Figure 1C) and, the changes in expression of genes encoding Calvin-Benson-Bassham and photorespiration components (supplementary dataset 1). This interpretation is further supported by the upregulation of the genes coding the enzymes involved in the photorespiratory pathway such as the alanine:glyoxylate aminotransferase (J49601, Supplementary dataset 1). A reduction of the plastidial activities follows a reduction of its energy content. Despite being exposed to low nitrogen availability for longer than 25 days, P. tricornutum was capable of a fast (within a day) recovering of cell activities when a nitrogen source was reintroduced (Figure S6). This fast recovering is incompatible with a complete shutdown and degradation of the chloroplast. These results confirm previous observations made by Valenzuela et al. (2012). In short, NS turns chloroplast metabolism in a stand-by mode and hence the cell metabolism. In this scenario, the energy available in the chloroplast is not enough to keep it functioning and mechanisms of organelle crosstalk need to be established as demonstrated by Bailleul et al. (2015). Indeed, the increase in the transcription levels for genes encoding components of the malate valve (2-oxoglutarate:malate translocator and malic enzyme) suggests a connection between the different cellular pyruvate hubs and the energy transfer from the TCA to the plastid. Interestingly, the activation of the pyruvate hub (PEPCK, PEPC1 and PYC1) has been described as a default answer to the energy unbalance (Heydarizadeh et al. (2019), allowing the chloroplast stand-by mode described in this work. This stand-by mode is reminiscent of the quiescent state described in Chlamydomonas reinhardtii [START_REF] Tsai | Recovery from N Deprivation Is a Transcriptionally and Functionally Distinct State in Chlamydomonas[END_REF] and Nannochloropsis oceanica [START_REF] Zienkiewicz | The microalga Nannochloropsis during transition from quiescence to autotrophy in response to nitrogen availability[END_REF] Regardless their denomination, quiescent state or stand-by mode, these mechanisms seem highly conserved among microalgae and are crucial for cell survival in unfavourable conditions, such as those that may occur in nature. Deciphering these mechanisms may contribute to speed up the development of microalgae as cell factories for the production of metabolites.

The intricated response of the central carbon metabolism to nitrogen starvation

Central carbon metabolism plays an important role in carbon partitioning mainly towards the synthesis of the major organic macromolecule classes (i.e. carbohydrates, proteins, lipids) and plays a crucial role in response to environmental changes [START_REF] Launay | Regulation of carbon metabolism by environmental conditions: A perspective from diatoms and other Chromalveolates[END_REF]. Differently from TAG, carbohydrate cellular quota is higher under NS but no continuous increase is observed (Figure 1D). In fact, [START_REF] Caballero | Quantification of chrysolaminarin from the model diatom Phaeodactylum tricornutum[END_REF] observed that P. tricornutum accumulates only 6% of cellular carbon in the form of chrysolaminarin in NS. In general, microalgae tend to break down storage carbohydrates in order to redirect carbon towards lipid biosynthesis (Hockin et al., 2012;Yang et al., 2013). Physiology and transcriptomic analysis showed a decrease in photosynthetic activity and carbon fixation through Calvin-Benson-Bassham cycle, implying a decrease in de novo glucose generation and thus reduced substrate for storage carbohydrates. The increase in carbohydrate cell quota, already reported in literature [START_REF] Caballero | Quantification of chrysolaminarin from the model diatom Phaeodactylum tricornutum[END_REF]Remmers et al., 2018) may suggest an increase in energy storage in the form of chrysolaminarin. However, according to transcriptomic analysis, a decrease of chrysolaminarin biosynthesis and an increase in its breakdown could have occurred (Figure 6). The observed carbohydrate quota increase could be the effect of the active central metabolism suggested by the increase in transcript abundance of cytosolic glycolysis and TCA. The observed increase in carbohydrate quota is not continuous but occurred mostly during the transition phase. Thus, this increase is not due to an effort in carbohydrates storage but a carbon backbones remobilization and a central metabolism overactivity. The increase in transcript levels encoding two enzymes involved in gluconeogenesis, PEP carboxykinase (PEPCK) and pyruvate carboxylase 1 (PYC1) could suggest the neosynthesis of simple sugar and explain the increase in carbohydrate cell quota. This hypothesis is corroborated by the observation of Matthijs et al. (2017) as an increase in maltotriose, maltose and glucose in nitrogen depleted P. tricornutum cells. Remmers et al. (2018) stated that the central carbon metabolism response to NS as an intricate regulation of three oxidative pathways and the gluconeogenesis. Increase in transcript levels of genes encoding components cytosolic classic glycolytic pathway is observed, suggesting an increase in glycolytic activity and confirming what observed by Remmers et al. (2018) on both transcriptomic and proteomic level. Organelle counterpart are on the other hand downregulated. The increase in transcripts levels encoding components of the PPP, which produce NADPH [START_REF] Kroth | A model of carbohydrate metabolism in the diatom Phaeodactylum tricornutum deduced from comparative whole genome analysis[END_REF], has been observed. This pathway, together with chrysolaminarin degradation and glycolysis suggests an increased effort of N starved cells to provide carbon fluxes through the TCA and balance the reduced NADPH production from photosynthesis, as reported previously by Alipanah et al. (2015). The upregulation of genes encoding components of the TCA cycle also suggests an overactivity of the answering the need of cells to compensate for the energy loss due to the reduced photosynthetic activity. Furthermore, TCA serves as recycling of the carbon backbones derived from proteins and AA (Hockin et al., 2012). These catabolic activities produce oxaloacetate which can be converted in PEP by the activity of PEPCK or enter the malate shunt, contributing to the subcellular compartment energy balance [START_REF] Selinski | Malate valves: old shuttles with new perspectives[END_REF]. [START_REF] Flügge | The role of transporters in supplying energy to plant plastids[END_REF] highlighted the crucial role of the PEP supply to plastids and the restriction, which may be eventually fatal for the plastid performance. Both the accumulation of TAG and carbohydrates as well as protein degradation are energy requiring [START_REF] Peth | The ATP costs and time required to degrade ubiquitinated proteins by the 26S proteasome[END_REF][START_REF] Subramanian | Comparative energetics and kinetics of autotrophic lipid and starch metabolism in chlorophytic microalgae: implications for biomass and biofuel production[END_REF]. Accelerating the central carbon metabolism allows to the cells to both generate energy molecules and recycle carbon backbones during NS.

Lipids accumulation during NR-to-NS involves intracellular carbon remobilization rather than CO2 fixation

The gradual accumulation of lipids and carbohydrates starts at the onset of the transition phase (Figure 1D). To explain this result, two alternative and nonexclusive hypotheses can be proposed: either the carbon required for the production of these molecules comes from the photosynthetic carbon fixation or/and from internal carbon reallocation. The data presented in this manuscript are in favour of the second hypothesis because all the genes involved in the FAS cycle are drastically downregulated, that would result in a strong reduction of the carbon flux through the de novo lipid biosynthesis pathway. The reduction in de novo FA biosynthesis has been previously observed in literature which support the hypothesis of a lipid reallocation rather than biosynthesis (Valenzuela et al., 2012;Alipanah et al., 2015;Remmers et al., 2018). This reduction is attested by the strong increase in DIC together with a decrease in photosynthesis (ΦII and qP). A further proof of the reallocation of the carbon rather than a fixation is also explained by the very small percentage increase in cell carbon quota (Figure 1C) which does not fit with a de novo lipid biosynthesis deriving from carbon fixation. Moreover, the de novo fatty acid biosynthesis requires the acyl carrier protein (ACP) which expression is downregulated. Thus, in the absence of an active carbon fixation, cells have no other choice than to convert pre-existing membrane lipids such as PC and PE. The choline and ethanolamine groups are removed by the action of the PLD, of which the majority of genes are upregulated in NS. The upregulation of genes encoding for the DGAT fits with an increase in TAG synthesis utilizing acyl groups mostly generated by the breakdown of the phospholipids by the activity of the PLA, which encoding genes are upregulated. On the same frame, PDAT enzymes transfer directly a FA from the phospholipids to the DAG while DGAT attaches a free FA group to DAG molecules. The same happens to the MGDG and DGDG which are also source of DAG and FA. Despite no gene encoding galactolipases has been so far identified in P. tricornutum, both transcriptomic and metabolomic data indicate an increase in galactolipid catabolism, thus releasing fatty acids for TAG synthesis through lipid recycling.

Conclusions

The interdisciplinary approach used to study the kinetic of response of P. tricornutum to a gradual reduction in nitrogen availability allowed to observe that cells shift from one metabolic status, where energy is mainly exploited for cell division, to another one, where cells division rate is reduced in favour of energy storage. The reduction in nitrogen availability forces the cells to exploit the intracellular nitrogen pool and thus induces a dismantling of non-essential N-containing cellular component. Division rate is reduced in response to low N and accumulation storage molecules, mainly neutral lipids, are accumulated. Plastids are the subcellular components mainly affected by nitrogen starvation and their activity is reduced to a "standby mode" with a lower carbon fixation level. The response resides in the intricated modulation of the central carbon metabolisms which is the flywheel of the cell allowing to maintain a basal energy status under these sub optimal conditions. In fact, even after long nitrogen limitation, cells are capable of a fast remobilization of the stored energy to recover their function. P. tricornutum cells respond to NS, and generally to environmental stresses, with a mechanism similar to quiescence, where energy is stored and nonessential activities are drastically reduced.

(≥3000 counts), score (≥0.00%); (3) extraction ion chromatogram (EIC) tolerance (symmetric ppm ± 15 and ±0.5 min); ( 6) EIC peak integration and filtering (Agile2: Agilent integrate algorithm), FbI filters: absolute height (≥2000 counts); (8) FbI post processing filters (absolute height [≥1000 counts], score Tgt [≥50.00%]). A compound must satisfy the checked FbI in at least 2 files, in at least one sample group. Thus, out of a total of 15,073 ions the different sorting allowed to obtain a set of 6311 ions. This entity filtering allowed creating a higher quality data set so that the subsequent multivariate analysis could be more meaningful. After pre-processing data, data was exported to Mass profiler professional (MPP version 15.0, Agilent Technologies, Santa Clara, CA, USA) for processing and analysis List of publications reporting information on nitrogen starvation response in P. tricornutum. (a) P. tricornutum culture collection ID and ecotype, information is reported according to each reference. (b) Type of treatment that has been performed. Ntreatment refers to an exposure of the P. tricornutum strain to N starvation; N+ to Ncomparison refers to the comparisons between N availability and N limitation; N+ to Ntransfer refers to a transfer of cells from nitrogen replated to nitrogen starved conditions; N+ to N-transition refers to a transition from N repleted to N starved conditions. Comparisons between different nitrogen sources and N and P combined limitation are specified. (c) Different nitrogen concentration used for N+ and Ntreatment reported in the corresponding reference. (d) Type of culture used in the reference publication: batch in flask of photobioreactor (PBR) or continuous in PBR (chemostat or turbidostat are specified). (e) Type of medium used: ASP-2 [START_REF] Provasoli | The development of artificial media for marine algae[END_REF]; f/2 medium (Guillard and Ryther, 1962); ASW, artificial sea water; ESAW, enriched ASW; RSE medium. Particular medium types and variants is specified. Walne solution [START_REF] Walne | Experiments in the large-scale culture of the larvae of Ostrea edulis L[END_REF]. For f/4 medium composition refer to the respective publication. (f) Light cycle and light intensity, not always the information is available. (g) Temperature, not always the information is available. (h) Carbon source. Mainly through air bubbling, air flux and CO2 percentage are reported when available (CO2 in the air was 409.8 ppm in 2019). The table is not exhaustive and may omit some publications and relative information. [START_REF] Bacova | Epigenetic mechanisms leading to genetic flexibility during abiotic stress responses in microalgae: A review[END_REF]. These chemical modifications render genes or genomic regions more or less prone to transcriptional activity and thus changing the transcription level of the genes included in these regions [START_REF] Bacova | Epigenetic mechanisms leading to genetic flexibility during abiotic stress responses in microalgae: A review[END_REF]. While epigenetic guides long term effects on gene expression [START_REF] Bacova | Epigenetic mechanisms leading to genetic flexibility during abiotic stress responses in microalgae: A review[END_REF], transcription factors (TFs) are key actors guiding the fast gene expression regulation but dependent on epigenetics. For example, methylation of CG dinucleotides influences the transcriptional activity of DNA regions by occluding the access to TFs [START_REF] Hughes | Transcription factors read epigenetics[END_REF]. 3. 1). Although the presence of some differences due to the different pipelines used, both classifications show that the most represented TF in P. tricornutum are heat shock factors (HSFs), Myb factors (named after avian myeloblastosis virus) and basic leucin zipper (bZIP) factors. HSFs, are transcriptional regulators of genes involved in the response to different stresses, for example heat shock after which they were named [START_REF] Morimoto | Transcriptional regulation of heat shock genes. A paradigm for inducible genomic responses[END_REF].

HSFs bind specific DBDs present in the promotorial region of the regulated genes called heat shock elements. In non-stress conditions, HSFs function is inhibited by their association to heat shock proteins (HSPs). Under stressing condition, HSPs are misfolding, triggering the dissociation from the HSFs which can bind the DBD, regulating the gene expression [START_REF] Shamovsky | New insights into the mechanism of heat shock response activation[END_REF]. HSFs possess a conserved overall domain organization with an N-terminal helix-turn-helix (HTH) DBD, followed by an oligomerization domain, a short peptide for nuclear import and a C-terminal activation domain (Gua et al., 2016). were shown to be also involved in the phosphorus starvation response in P. tricornutum [START_REF] Rayko | Transcription factor families inferred from genome sequences of photosynthetic stramenopiles[END_REF][START_REF] Kumar | Bioengineering of microalgae: recent advances, perspectives, and regulatory challenges for industrial application[END_REF]. Myb proteins are characterized by two different regions, an Nterminal conserved HTH DBD and a diverse C-terminal modulator region [START_REF] Ambawat | MYB transcription factor genes as regulators for plant responses: An overview[END_REF]. Myb

TFs have been subdivided in three major groups according to their DBDs. These lasts contain up to three imperfect repeats containing regularly spaced tryptophane amino acid residues which form an helix-loop-helix (HLH) domain [START_REF] Lipsick | One billion years of Myb[END_REF][START_REF] Rayko | Transcription factor families inferred from genome sequences of photosynthetic stramenopiles[END_REF].

bZIP factors play an important role in several cellular functions that can be developmental or physiological responses to stress [START_REF] Rayko | Transcription factor families inferred from genome sequences of photosynthetic stramenopiles[END_REF]. In plants, this class of TFs has been associated

with the response to temperature, water, and salt stress [START_REF] Yang | Genome-wide identification of bZIP transcription factors and their responses to abiotic stress in celery[END_REF] but they are also involved in response to pathogen attacks in land plants [START_REF] Alves | Plant bZIP transcription factors responsive to pathogens: A review[END_REF]. Moving to the microalgal field, Chlamydomonas reinhardtii bZIP TFs have been observed in the response to salt stress (Ji et al., 2018) and in P. tricornutum evidences show their involvement in the regulation of the tricarboxylic acid cycle (TCA) regulation (Matthijs et al., 2017). bZIP TFs are characterized by a highly conserved basic leucine zipper domain [START_REF] Hurst | Transcription factors. 1: bZIP proteins[END_REF]. This domain is composed of a DNA binding region of basic amino acids such as arginine and lysine and a leucine zipper, which consists in a periodic repetition of leucine residues and allows dimerization.

Basic helix-loop-helix (bHLH) factors is another important class of TFs involved in the response to several abiotic stresses and development in the case of multicellular organisms. Plant bHLH TFs have been reported to respond to draught, salt and chilling stresses (Liu et al., 2014;[START_REF] Sun | Transcriptional regulation of bHLH during plant response to stress[END_REF]. Not much is known on the function of bHLH in microalgae. The overexpression (OE) of bHLH2 in Nannochloropsis salina showed an increase in growth rate in the early growth period and high nutrient uptake leading to an increase in lipid rich biomass productivity [START_REF] Kang | Increased biomass and lipid production by continuous cultivation of Nannochloropsis salina transformant overexpressing a bHLH transcription factor[END_REF]. Another TF belonging to the bHLH family, named RITMO1, has been observed to regulate the diel biological rhythm in P. tricornutum [START_REF] Annunziata | BHLH-PAS protein RITMO1 regulates diel biological rhythms in the marine diatom Phaeodactylum tricornutum[END_REF]. bHLH domain is composed of two highly conserved and functionally distinct domains consisting in the basic domain, responsible of DNA binding and an HLH domain which facilitates the interaction with other proteins to form homo-and heterodimeric complexes [START_REF] Littlewood | Transcription factors 2: helix-loop-helix[END_REF].

In general, TFs possess a DBD and dimerization domains which allows the formation of the transcriptional regulatory complex. In addition, some TFs possess additional domains that enables the combination of the transcription regulation activity to the sensing activity. For example, two-domain associations shared by both Nannochloropsis gaditana and P. tricornutum have been reported. The first one is composed by a bHLH domain in combination with a Per-Arnt-Sim (PAS) domain. PAS domain was named after the three proteins in which it was first discovered: Per for period circadian protein, Arnt for aryl hydrocarbon receptor nuclear translocator protein and Sim for single-minded protein [START_REF] Möglich | Structure and signaling mechanism of Per-ARNT-Sim domains[END_REF]. The RITMO1 TF, previously mentioned, possesses a PAS domain responsible of the involvement of this TF in the circadian rhythm regulation [START_REF] Annunziata | BHLH-PAS protein RITMO1 regulates diel biological rhythms in the marine diatom Phaeodactylum tricornutum[END_REF]. The second domain association involves bZIP and a LOV domain (Light Oxygen Voltage), a ubiquitous photoreceptor [START_REF] Glantz | Functional and topological diversity of LOV domain photoreceptors[END_REF]. bZIP-LOV are called Aureochromes and couples blue light sensing with transcriptomic regulation activity of the TF [START_REF] Takahashi | AUREOCHROME, a photoreceptor required for photomorphogenesis in stramenopiles[END_REF][START_REF] Huysman | AUREOCHROME1a-mediated induction of the diatom-specific cyclin dsCYC2 controls the onset of cell division in diatoms (Phaeodactylum tricornutum)[END_REF][START_REF] Mann | The Aureochrome Photoreceptor PtAUREO1a Is a Highly Effective Blue Light Switch in Diatoms[END_REF].

Transcription factors in P. tricornutum: what do we know?

Since the publication of the complete genome sequencing (Bowler et al., 2008) and the development of different genetic engineering techniques (e.g. [START_REF] Weyman | Inactivation of Phaeodactylum tricornutum urease gene using transcription activator-like effector nuclease-based targeted mutagenesis[END_REF][START_REF] Nymark | CRISPR/Cas9 gene editing in the marine diatom Phaeodactylum tricornutum[END_REF]Stukenberg et al., 2018b;Serif et al., 2018), P. tricornutum has become a very important model organism for microalgal studies. Several research groups are focused on the elucidation and comprehension of different cell functions from the metabolism regulation to cell cycle and response to stress. However, very little is known about the activity of TFs in P. tricornutum and only the function of few of them have been elucidated. In 2005 Harada's team identified a CO2-cAMP responsive element (CCRE) in the promoter of plastidial carbonic anhydrase (CA) gene of P. tricornutum, which transcription is repressed in high CO2 concentrations [START_REF] Harada | Regulation of the expression of intracellular βcarbonic anhydrase in response to CO2 and light in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Harada | CO2 sensing at ocean surface mediated by cAMP in a marine diatom[END_REF]. [START_REF] Ohno | CO 2-cAMP-responsive cis-elements targeted by a transcription factor with CREB/ATF-like basic zipper domain in the marine diatom Phaeodactylum tricornutum[END_REF] reported that CCREs are targets of a bZIP family TF named bZIP11 potentially involved in the inorganic carbon availability response in P. tricornutum.

Aureochromes are another family of TF which function has been described in P. tricornutum.

Aureochrome1a (AUREO1a) and bZIP10 have been reported to be involved in the regulation of cell cycle [START_REF] Takahashi | AUREOCHROME, a photoreceptor required for photomorphogenesis in stramenopiles[END_REF][START_REF] Huysman | AUREOCHROME1a-mediated induction of the diatom-specific cyclin dsCYC2 controls the onset of cell division in diatoms (Phaeodactylum tricornutum)[END_REF][START_REF] Mann | The Aureochrome Photoreceptor PtAUREO1a Is a Highly Effective Blue Light Switch in Diatoms[END_REF]. Cell cycle control occurs through the combined activity of bZIP10 and AUREO1a which control the activity of the cyclin dsCYC2 itself involved in the relieve of the light-dependent G1 [START_REF] Huysman | AUREOCHROME1a-mediated induction of the diatom-specific cyclin dsCYC2 controls the onset of cell division in diatoms (Phaeodactylum tricornutum)[END_REF]. Upon illumination, homodimers of these two TFs will occupy two different regulatory sites in the CYC2 promotorial region and synergistically activating it [START_REF] Huysman | AUREOCHROME1a-mediated induction of the diatom-specific cyclin dsCYC2 controls the onset of cell division in diatoms (Phaeodactylum tricornutum)[END_REF]. been unveiled as the first circadian rhythm regulator in P. tricornutum and in microalgae in general [START_REF] Annunziata | BHLH-PAS protein RITMO1 regulates diel biological rhythms in the marine diatom Phaeodactylum tricornutum[END_REF]. Moreover, it has been observed that the rhythmicity of the expression pattern of this TF is marked by the photoperiod and maintained in both continuous light and dark [START_REF] Annunziata | BHLH-PAS protein RITMO1 regulates diel biological rhythms in the marine diatom Phaeodactylum tricornutum[END_REF]).

Aside from this example, the involvement of the transcription factors in the gene regulation in diatoms remains scarce. Both the identification and characterization of TFs, may help to understand their role in the molecular and cellular mechanisms of the cellular response to stress and metabolism reorientation in diatoms.

It is in this frame that we decided to contribute to the research in this field and undertake the road of TF selection and mutant generation in order to add pieces at the puzzle of the transcription regulation in P. tricornutum.

Cellular responses to environmental stimuli and the role of transcription factors

The highly intricated cellular response to nitrogen availability described in chapter II implies the presence of a complex cell sensing and control of its function including metabolism and cell cycle which reside in the regulation of the gene expression. This last is an intricated process that involves coordination of multiple dynamic events subjected to multi-level regulation [START_REF] Mitsis | Transcription factors and evolution: An integral part of gene expression (Review)[END_REF]. The main regulators of gene expression activity are the TFs. In fact, some TFs react in response to specific biotic or abiotic stimuli, as for example happens with the blue light in the PAS domain containing TFs.

Gene expression regulation can occur not only by the activity of one TF but different TFs can act in a cooperative manner [START_REF] Mitsis | Transcription factors and evolution: An integral part of gene expression (Review)[END_REF]. In land plants, TF have been observed to be involved in several cell responses to various types of stress and to regulate the secondary metabolism [START_REF] Meraj | Secondary metabolism transcriptional factors regulate plant stress responses through mediating secondary metabolism[END_REF]. They have been observed to interact with the mitogen-activated protein kinase (MAPK) cascades [START_REF] Pitzschke | MAPK cascade signalling networks in plant defence[END_REF], the protection against reactive oxygen species (ROS) [START_REF] Camejo | Reactive oxygen species, essential molecules, during plant-pathogen interactions[END_REF] and several hormones cascade response [START_REF] Meraj | Secondary metabolism transcriptional factors regulate plant stress responses through mediating secondary metabolism[END_REF]. The action of TFs on the transcriptional activity of the regulated genes does not only depend on the presence or absence of the TF but also on the binding site (TFBS) (Weingarten-Gabbay and Segal, 2014). TFBS can be found in different positions at different distances from the starting ATG with different orientation inducing unpredictable effects of the transcription activity when TF are bound (Weingarten-Gabbay and Segal, 2014). Moreover, the architecture of the promoters is often composed by multiple TFBS for different TFs to bind and act in combination through physical interactions to activate or repress transcription [START_REF] Walhout | Unraveling transcription regulatory networks by protein-DNA and protein-protein interaction mapping[END_REF]. These interactions act synergistically and not simply summing up the effects of the single TF alone. Studies have shown how the same TF activity is different according to the partner TF (e.g. [START_REF] Bakiri | Promoter specificity and biological activity of tethered AP-1 dimers[END_REF][START_REF] Reed | DEAF-1 regulates immunity gene expression in Drosophila[END_REF]. In Arabidopsis thaliana, the physical interaction between MYB and bHLH TF families has been observed to regulate the biosynthesis of glucosinolate [START_REF] Frerigmann | bHLH05 is an interaction partner of MYB51 and a novel regulator of glucosinolate biosynthesis in arabidopsis[END_REF]. Different TF families have been observed to act in combination with each other in the secondary metabolism such as flavonoid biosynthesis in A. thaliana and in the Norway spruce [START_REF] Xu | Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes[END_REF][START_REF] Nemesio-Gorriz | Identification of Norway spruce MYB-bHLH-WDR transcription factor complex members linked to regulation of the flavonoid pathway[END_REF]. The combinatorial action of the TFs cannot be excluded in microalgae. Each TF recognizes and binds specific cis-regulatory elements (CRE) enhancing or repressing the gene expression. In general, multiple TFBS are present in the promotorial region and thus multiple TFs can bind simultaneously. Combinatorial activity of TFs is thus possible and act as logic functions with the consequent possible Boolean operation according to the TFs momentarily bond to it [START_REF] Istrail | Logic functions of the genomic cis-regulatory code[END_REF][START_REF] Schilstra | Bio-logic: Gene expression and the laws of combinatorial logic[END_REF]. The number and complexity of logic results depends on the number of TF that can bind and act on a CRE and the way they interact with each other. For example, one TF (called A) which enhances the gene expression can act in competition with a second TF (called B) which silences the gene expression. The upregulation of A or downregulation of B will result in an increase in gene expression while vice versa a downregulation can be observed. An up regulation or downregulation of both A and B will thus have no effect on the gene expression. Gene expression regulation by the action of TFs is thus very complex and requires deep studies. Similar mechanisms are most likely present in the response of P. tricornutum to nitrogen starvation where an intricated interaction occurs between sensory and regulatory cascades which translate the abiotic signal (in this case the nitrogen starvation) and convert it in a cellular response.

TFs are effectors that act at different levels of control on the expression of specific genes, resulting in a potential change in protein levels that will lead to a change in cell function or metabolic pathway activity. Studying the effects on the phenotype of a differential expression of TFs, through the generation of OE, silencing (SI) and KO mutants, could highlight the position occupied by the specific transcription factor in the intricate cellular response to nitrogen starvation.

Diatom genetic transformation methods

Both forward and reverse genetics have been exploited to understand the function of the proteins encode by the genes either targeted or randomly affected. Forward genetics consist in the examination of the genetic cause of a phenotype induced by a random mutation induced by a mutagen treatment (i.e. chemical or physical). Reverse genetics on the other hand consist in the investigation of the phenotype induced by a specific gene mutation. Both these methodologies allow the association of specific genes to specific functions and cell responses [START_REF] Fu | Advances in microalgal research and engineering development[END_REF]. The availability of next generation sequencing techniques and the sequencing of microalgal genomes allowed to make a leap towards the targeted genetic engineering of microalgae with the development and improvement of the applied techniques. The first sequenced diatom genome was from Thalassiorisa pseudonana in 2004 (Armbrust et al., 2004) followed by P. tricornutum in 2008 (Bowler et al., 2008) that together with the sequenced genomes of other microalgal species contributed to the publicly available sequenced genomes estimated to range between 30 and 40 [START_REF] Fu | Advances in microalgal research and engineering development[END_REF]. The knowledge of the microalgal genomes and transcriptomes serves as genetic resources for predictive biology [START_REF] Lopatkin | Predictive biology: modelling, understanding and harnessing microbial complexity[END_REF], for transcriptomic analyses and for the creation of specific vectors to carry out genetic engineering. This last includes the OE, Si and KO but also the integration of exogenous genes in the genome of the transformed cells. In P. tricornutum, a toolbox of efficient genetic engineering techniques has been set up and tested, from simple OE to SI through RNA interference but also gene K.O. through clustered regularly interspaced short palindromic repeat Cas9associated nucleases (CRISPR/Cas9), transcription activator-like effector nucleases (TALENs) and zincfingers nucleases (ZFNs) techniques (e.g. Apt et al., 1996;[START_REF] De Riso | Gene silencing in the marine diatom Phaeodactylum tricornutum[END_REF]Nymark et al., 2016a;Sharma et al., 2018;Serif et al., 2018;[START_REF] Madhuri | A strategy to complement PtAUREO1a in TALEN knockout strains of Phaeodactylum tricornutum[END_REF]. All these techniques require the transfection of the target cell with exogenous genetic material. In the case of OE and exogenous gene expression, the transfected gene, including promotor and termination regions, will be integrated in the genome and expressed by the cell. The integration can occur randomly or can be targeted in the case of homologous recombination (e.g. [START_REF] Sodeinde | Homologous recombination in the nuclear genome of Chlamydomonas reinhardtii[END_REF][START_REF] Kilian | High-ef fi ciency homologous recombination in the oil-producing alga Nannochloropsis sp[END_REF] Gene SI is similar to OE, the only difference is that the integrated gene is encoding an antisense RNA of the target transcript which interferes with its expression or induces its degradation [START_REF] Wilson | Molecular mechanisms of RNA interference[END_REF].

TALENs, ZFNs and CRISPR/Cas9 on the other hand require a more complex machinery to induce the mutation. In fact, cells will be transfected with the nucleases encoding genes. Cells synthesize these proteins which will carry out the mutation through double strand DNA cleavage on a specific site inducing the mutation on the target gene [START_REF] Gaj | ZFN, TALEN, and CRISPR/Cas-based methods for genome engineering[END_REF]. The proteins composing the mutation machinery do not always require the transfection with DNA but some developed techniques show how the proteins and ribonucleoproteins can be directly delivered into the cells (Serif et al., 2018;[START_REF] Furuhata | A method using electroporation for the protein delivery of Cre recombinase into cultured Arabidopsis cells with an intact cell wall[END_REF]. Different methods for exogenous DNA or protein delivery in the cell are available, all of them with positive and negative aspects. Cotransformation with two different plasmids, one containing a selectable marker gene and the other the gene of interest is widely used with relatively high percentage of transformants expressing both.

CRISPR/Cas9 technique: a small review

CRISPR/Cas9 genome editing system derives from the natural virus resistance mechanisms that have evolved in Bacteria and Archaea [START_REF] Barrangou | CRISPR provides against viruses in prokaryotes[END_REF]. CRISPR stands for "clusters of regularly interspaced short palindromic repeats" that are specialized DNA regions with repeated sequences of nucleotides interspaced with DNA sequences. These lasts, in the bacterial immunity systems, are fragments of genetic material from viruses that have previously infected the bacteria. In the advent of second viral infection, the interspacing DNA sequences serve as template for the generation of complementary RNA molecules that allows the recognition of the infecting viral genetic material.

These RNA molecules are bond by CRISPR associated (Cas) nucleases and addressed to the viral genomic material thus disrupting it [START_REF] Barrangou | CRISPR provides against viruses in prokaryotes[END_REF].

Since 2012, this bacterial feature has been adapted for genetic manipulation, an effort awarded with the Nobel price [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF]. Since then, the CRISPR/Cas9 mutagenesis has been applied on different organisms including P. tricornutum (Nymark et al., 2016). At the core of CRISPR/Cas9 technique, there is the Cas9 endonuclease which, as similarly observed in the bacterial immunity system, is associated with a specific RNA molecule, the so-called single guide RNA (sgRNA). The sgRNA sequence, contain a region of association with Cas9 and a region of complementarity with the selected target sequence (Figure 3. 

E Electroporation

Electroporation (EP), also called electro-permeabilization, is a widely used method for cell transformation based on the observation from [START_REF] Neumann | Permeability changes induced by electric impulses in vesicular membranes[END_REF] describing the changes in permeability in biological membranes after the exposition to electric pulses. Since then, EP has been used to deliver variety of molecules, including proteins and DNA, through biological membranes. Electroporation is a widely used method for the transfection of numerous algae, pioneered in C. reinhardtii [START_REF] Shimogawara | High-efficiency transformation of Chlamydomonas reinhardtii by electroporation[END_REF]. The physical principle of this technique is based on the formation of a local transmembrane voltage which destabilizes the two-layer phospholipids.

The membrane acts as a capacitor that accumulates charges across the membrane through ion migration. When the maximum capacity is reached, a rapid localized rearrangement occurs releasing the charge through pores formation [START_REF] Melikov | Voltage-induced nonconductive pre-pores and metastable single pores in unmodified planar lipid bilayer[END_REF]. DNA, proteins or drugs are free to enter the cell. Pioneering research exploits electroporation for the biocompatible extraction of molecules from microalgal cells [START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF]. Special equipment is thus necessary to carry out electroporation, submitting cells to the tightly controlled electric field necessary for the permeabilization. In fact, permeabilized membranes need to be rapidly resealed in order to keep cells viable and specific pulses duration are applied according to the desired treatment [START_REF] Bodénès | Inducing reversible or irreversible pores in Chlamydomonas reinhardtii with electroporation: Impact of treatment parameters[END_REF]. Nuclear transformation through electroporation has been successfully performed in P.

tricornutum and different protocols are available in literature (Hu and Pan, 2020;[START_REF] Ifuku | Efficient transformation of the diatoms Phaeodactylum tricornutum by multipulse electroporation[END_REF].

Particle bombardment

Particle bombardment, also referred as biolistics (from biological ballistics) or particle-mediated gene transfer is another well exploited technique for nucleic acid and/or protein delivery. This technique consists in directly shooting cells with 0.4 to 1.7 μm gold or tungsten particles to which the genetic material and proteins are non-covalently attached. Particles are accelerated towards the immobilized cells thanks to the high-pressure gas in the barrel upstream the particles and the vacuum generated downstream (Sanford et al., 1987). At the impact with the cells, the accelerated particles will penetrate both cell wall and membrane, delivering the DNA/protein. P. tricornutum transformation through particle bombardment has been successfully carried out since 1996 (Apt et al., 1996) and optimized along the years.

Bacterial conjugation

Bacterial conjugation, or trans-kingdom conjugation (Figure 3.2) consists in the exploitation of the bacteria ability to transfer genomic material into both prokaryotic and eukaryotic cells, including microalgae (e.g. [START_REF] Waters | Conjugation between bacterial and mammalian cells[END_REF]Karas et al., 2015;[START_REF] Muñoz | Stable transformation of the green algae Acutodesmus obliquus and Neochloris oleoabundans based on E. coli conjugation[END_REF]. The bacterial species used for this technique is Escherichia coli holding an episome, called conjugative plasmid, conferring the ability to synthesize the shuttle plasmid transfer machinery. Bacteria are thus able to form the conjugation pilus and transfer the shuttle plasmid to an acceptor target cell. The peculiarity of this technique is the fact that the transferred material is not integrated in the target genome but remains in the episomal form, being replicated as well as the genomic chromosomes. The cargo plasmid is thus containing, together with the selection marker and the gene of interest, a telomeric region, necessary for its replication and an origin of transfer necessary for the bacteria to initiate its transfer to the target cell. 

C Comparisons between the three transformation techniques

The three genetic material delivery methods introduced above are currently performed with positive results in P. tricornutum. Each of these methodologies have different positive and negative aspects that must be considered when choosing the mutant generation technique (Table 3.2). The first parameter that must be considered is the efficiency of DNA delivery in the cell. The highest transformation efficiencies have been achieved with electroporation and bacterial conjugation methods which showed 10-and 100-times higher efficiency than particle bombardment respectively [START_REF] Miyagawa | Research note: High efficiency transformation of the diatom Phaeodactylum tricornutum with a promoter from the diatom Cylindrotheca fusiformis[END_REF][START_REF] Zhang | High-efficiency nuclear transformation of the diatom Phaeodactylum tricornutum by electroporation[END_REF]Karas et al., 2015;Sharma et al., 2018). A second important parameter to consider is the complexity of the equipment used to deliver the genetic material into the target cells. Special equipment is necessary to perform both electroporation and particle bombardment, the price of these devices can reach several thousands of euros. Moreover, the pricing of the consumables is not negligible. In contrast, bacterial conjugation does not require specific equipment more than the simple cell biology/bacteriology ones. Another major difference between electroporation, particle bombardment and bacterial conjugation is the stability of the transformation. With the former methods, the vector DNA is either linearized or fragmented during the delivery. The linearized or fragmented DNA is randomly integrated in the genome. The random insertion can cause off-target mutation with a risk of disrupting other genes and causing both lethal and non-lethal mutations. When the insertion into the target genome occurs in a non-lethal manner, the newly inserted gene or genes are expressed by the cells. In contrast, bacterial conjugation allows the transfer of the entire vector that is then stably maintained in an episomal form in the host cell as long as the cells are maintained in a selective medium (Sharma et al., 2018). Therefore, bacterial conjugation does not include an integration in the genome, thus avoiding the risk of off-target mutations. Moreover, the possibility of removal of the episome allows removal of the Cas9 gene. In fact, it has been observed that prolonged exposure to Cas9 activity can lead to unwanted mutation caused by the 5 bp mismatch tolerance of this mutagenesis system. It is thus convenient to remove the episome after a period of time (Sharma et al., 2018).

The three vector delivery techniques introduced here were used to generate different TFs mutant lines. OE, SI and KO through CRISPR/Cas9 techniques were employed to create the three possible scenarios: gene expression is amplified, downregulated or knocked out. The next paragraphs will explain how the target genes have been selected and the mutant lines generated. 

Employed vectors and plasmids

E Electroporation and particle bombardment

The plasmid employed for gene OE and SI in P. tricornutum was pPha-T1 [START_REF] Zaslavskaia | Transformation of the diatom Phaeodactylum tricornutum (Bacillariophyceae) with a variety of selectable marker and reporter genes[END_REF]. This plasmid is a general-purpose transformation vector in P. tricornutum (Figure 3.3). The multiple cloning site (MCS) is flanked by the promoter and terminator regions of the gene encoding the fucoxanthinchlorophyll a-c binding protein A (fcpA). The vector contains the sh-ble gene, which confers resistance to zeocin [START_REF] Drocourt | Cassettes of the Streptoalloteichus hindustanus ble gene for transformation of lower and higher eukaryotes to phleomycin resistance[END_REF]. The resistance cassette is under the control of the fcpB (fucoxanthinchlorophyll a-c binding protein B) promoter and the fcpA terminator.

The plasmid employed for gene knockout through CRISPR/Cas9 technique was pKSdiaCas9_sgRNA (Nymark et al., 2016) (Figure 3.4) obtained from the plasmid repository AddGene (ID: 74923). This plasmid, based on the pBlueScript KS+ vector (Stratagene), contains the gene encoding the codon optimized diaCas9 gene containing N-and C-terminal nuclear localization signals (NLS) with 3× FLAG repeats at the N-terminal part. The diaCas9 gene is under the control of the LHCF2 promoter and has a LHCF1 terminator sequence (Nymark et al., 2016). Single guide RNA (sgRNA) gene is under the P. tricornutum U6 promoter. sgRNA gene contains two BsaI restriction sites for the integration of the target sequence. BsaI restriction enzyme recognizes asymmetric DNA sequences and cleaves outside of their recognition sequence. These types of restriction enzymes are called Type IIS and are used in the Golden Gate Assembly (for more information see [START_REF] Engler | A one pot, one step, precision cloning method with high throughput capability[END_REF][START_REF] Engler | Golden gate shuffling: A one-pot DNA shuffling method based on type ils restriction enzymes[END_REF]). This plasmid does not harbour an antibiotic resistance cassette and it is thus necessary to couple the transformation with a second plasmid, containing the selection gene, which in this experiment is pAF6 [START_REF] Falciatore | Transformation of nonselectable reporter genes in marine diatoms[END_REF].

Conjugation

pTA-Mob, kindly provided by Dr Angela Falciatore (CNRS research director), is the conjugative plasmid (mobilization helper plasmid). It contains all the genes necessary to the conjugative transfer and the bacterial resistance cassette for gentamicin [START_REF] Strand | A new and improved host-independent plasmid system for RK2-based conjugal transfer[END_REF]. It was used to confer conjugative ability to the E. coli DH10β.

pPtPuc3_diaCas9_sgRNA (AddGene ID: 109219), gently provided by Dr Angela Falciatore, is the episome based vector with CRISPR/Cas9_sgRNA module for genome editing in P. tricornutum (Figure 3.5) (Sharma et al., 2018). This plasmid was used for the generation of non-transgenic Cas9 edited lines in P. tricornutum through bacterial conjugation. As well as pKSdiaCas9_sgDNA, pPtPuc3_diaCas9_sgDNA contains the codon optimized Cas9 expression gene and the sgRNA. 

Vector preparations

O Overexpression and silencing

In order to perform OE and SI mutagenesis, coding sequences and small RNAs were amplified from the extracted genomic DNA (gDNA) of P. tricornutum (UTEX 646). Target gene amplification was performed with the Phusion® High-Fidelity DNA Polymerase (NEB catalogue#: M0530S/L) following the manufacturer protocol. In order to generate the OE mutant lines, TF encoding sequences were amplified exploiting the primers reported in the annexed Table A 1.

For both OE and Si, amplification primers were designed with adaptors allowing to clone the amplicon in the MCS of the selected vector. Vector (pPha-T1) and gene amplicons were restricted with the desired restriction enzymes (Table A 1 andTable A 2) at 37°C for 15 minutes to a maximum of 2 hours according to the restriction enzyme. The gene amplicon was ligated in the pPha-T1 vector exploiting the T4 DNA ligase (Promega # M1801) and transfected in E. coli DH5α for amplification. Colonies containing pPha-T1 with the integrated gene of interest were screened by colony PCR with the two pPhaMCS forward and reverse primers (Forward: 5'-AAGATCAGCTGGCCTAGCAA-3'; Reverse: 5'-TTCGTGCACCATGAGAGCAA-3'). Vectors were extracted and stored at -20°C before sequencing verification.

C CRISPR/Cas9 directed mutagenesis CRISPR/Cas9 target sequences were selected using the publicly available PhytoCRISP-Ex web tool (https://www.phytocrispex.Biologie.ens.fr/CRISP-Ex/). For each gene, two target sequences were chosen as close as possible to the transcription start codon. A mutation closer to the gene ATG increases the possibility to generate a truncated non-functional protein in the mutant lines [START_REF] Inácios | Nonsense mutations in close proximity to the initiation codon fail to trigger full nonsense-mediated mRNA decay[END_REF]. Two specific 4 bp overhangs were added to the 24 bp oligonucleotides sequences identified through PhytoCRISP-Ex two specific 4 bp overhangs order to allow the ligation in to the sgRNA scaffold in the vector (Figure 3.6). Selected target sequences are reported in annexed Table A 3 The same procedure was followed to prepare the pPtPuc3_diaCas9_sgRNA for the transformation through bacterial conjugation. 

P. tricornutum transformation

E Electroporation

Transformation of P. tricornutum using electroporation was performed as described by Hu and Pan (2020) with the help of professor Hanhua Hu (Key Laboratory of Algal Biology, Chinese Academy of Sciences, Wuhan, China). Between 8 and 10 μg of purified pPha-T1_OE and pPha-T1_Si plasmids were restricted with ScaI-HF (NEB #R3122) for linearization. For each electroporation event, 2×10 8 cells of P. tricornutum were collected during the exponential growing phase, centrifuged (1500xg at 4°C for 10 minutes) and washed thrice with 1 mL of aqueous solution of sorbitol (375 mM). The use of sorbitol is crucial in order to preserve an adequate osmotic equilibrium while removing salts which are incompatible with electroporation. After the last centrifugation, the pellet was resuspended in 100 μL of sorbitol solution and mixed with 4 μg of linearized plasmid. Forty μg of pre-denatured salmon sperm DNA (95° for 5 minutes followed by 30 minutes on ice) were added to the cells-DNA mix and kept on ice. The electroporation was performed with the Gene Pulser Xcell™ Electroporation System (Bio-Rad # 1652660) using 2 mm electroporation cuvettes. The transformation mix previously prepared was transferred into the ice chilled 2 mm cuvettes and the electroporation performed. The electroporation system was adjusted to exponential decay, 0.5 kV voltage, 25μF capacitance, and 400Ω shunt resistance.

After the electric shock, the mix was immediately transferred to a 50 mL falcon containing 10 mL of f/2 medium and incubated overnight at dim light (~30 μmol of photons m -2 s -1 ) with no shaking.

Afterwards, cells were centrifuged at 1500 g for 10 minutes at 21°C, plated on selective solid f/2 and incubated at 21°C in continuous light for 2 weeks.

P Particle bombardment

Transformation of P. tricornutum through particle bombardment was performed as described by [START_REF] Nymark | CRISPR/Cas9 gene editing in the marine diatom Phaeodactylum tricornutum[END_REF], thanks to the collaboration with the team of Dr Angela Falciatore (Institut de Biologie Physico-Chimique, Paris, France). Two hundred fifty ng of pKS diaCas9_sgRNA and 2.5 μg of pAF6 plasmid DNA were coated on the tungsten microparticles as described by [START_REF] Nymark | CRISPR/Cas9 gene editing in the marine diatom Phaeodactylum tricornutum[END_REF].

P. tricornutum cells were harvested during the exponential growth phase and 0.5×10 8 cells, spread on solid medium (50% (v/v) seawater, 1% (w/v) agar) and transferred in the growing chamber for overnight storage. Particle delivery was performed using the Biolistic PSD-1000/He Particle Delivery System (Bio-Rad Laboratories) following the manufacturer instructions. The bombardment of 7 spots evenly distributed on the plate was performed thanks to the Hepta System (Bio-Rad Laboratories)

which enlarge the number of spots from one to 7. After 24 hours of growth after the bombardment, cells were transferred to new selective plates (50% (v/v) seawater 1% (w/v), 100 μg mL -1 of zeocin).

The transfer has been performed washing off the cells with 1 mL of sterile f/2 and transferring them into two selection plates. Plates were sealed with parafilm and incubated in the growing chamber (12:12 light cycle 150 μmol of photons m -2 s -1 ) from to 2 to 4 weeks.

B Bacterial conjugation

Bacterial conjugation protocol was adapted from Karas et al. (2015). The protocol was retrieved from www.protocols.io: https://www.protocols.io/view/diatom-transformation-via-bacterial-conjugation-hgpb3vn. E. coli DH10β was used for the episome transfer to P. tricornutum cells. DH10β cells already containing the pTA_Mob plasmid were kindly provided by Dr Adrien Thurotte (Institute of Molecular Biology, Goethe University, Frankfurt, Germany). The original pTA_Mob plasmid was provided by

Professor Rami Lale (Department of Biotechnology and Food Science, NTNU university, Gløshaugen, Norway). E. coli DH10β, holding the conjugative plasmid pTA_Mob, were rendered competent through the Hanahan calcium chloride method [START_REF] Hanahan | Studies on transformation of Escherichia coli with plasmids[END_REF]. Competent cells where then transfected with the shuttle vector pPtPuc3_diaCas9_sgRNA and selected in solid LB containing kanamycin (50 μg/mL) and gentamicin (20 μg/mL). The resistance cassettes of kanamycin and gentamicin are present in pPtPuc3_diaCas9_sgRNA and pTA_Mob respectively.

P. tricornutum cells were pre-cultivated in L1 medium to reach a cell concentration of 10 8 cells/mL.

Cells were then plated in solid 50% L1 (1% bactoagar) and incubated in the growing chamber for 4 days (12:12 light cycle). After 4 days incubation, P. tricornutum cells were collected from the plate with 2 mL of liquid L1 and the concentration adjusted to 5×10 8 cells/mL. In parallel, E. coli DH10β containing both the conjugative and the shuttle plasmids were cultivated overnight (37°C with 270 rpm shaking) in selective LB medium.

The day of the transformation, 50 mL of the bacterial culture were inoculated in new SOC medium with a dilution ratio of 1:50 and incubated until reaching an optical density at 600 nm of 0.8-1. The bacterial culture was then centrifuged at 3000 xg for 10 minutes and resuspended in 500 μL of fresh SOC. Two hundred μL of each culture (bacteria and microalgae) were mixed together and plated in solid medium for transformation (50% L1, 5% LB, 1% bactoagar). The transformation plates were incubated for 90 minutes at 30°C followed by 48 hours incubation at 21°C (12:12 light cycle).

Afterwards, cells were collected with 1 mL of L1 and 500 μL inoculated in solid 50% L1 containing 50 μg/mL of zeocine. The plates were then incubated at 20°C from 2 to 3 weeks (12:12 light cycle).

Results

Data from the transcriptomic analyses previously described in chapter II allowed the characterization of the changes in expression during the transition from N repleted to N starved conditions of genes encoding several P. tricornutum TF. Manual functional annotation based on database information (https://protists.ensembl.org, https://mycocosm.jgi.doe.gov, https://www.uniprot.org) and literature data was coupled to bioinformatic tools such as Blast2GO (https://www.blast2go.com/).

This annotation allowed to implement the TFs lists published by [START_REF] Rayko | Transcription factor families inferred from genome sequences of photosynthetic stramenopiles[END_REF] and Thiriet-Rupert et al. (2016). TF gene ID and names are reported in annexed Table A 4.

Transcription factor selection

Two approaches were adopted to identify the TFs which are potentially involved in the response of P.

tricornutum to nitrogen starvation, and select their encoding genes as target for gene editing: a first approach based on literature and a second approach based on experimental results.

L Literature based approach

For the selection of TFs potentially involved in lipid accumulation, a literature research was performed including all the publications reporting both whole transcriptome sequencing and quantitative realtime RT-PCR based analyses of P. tricornutum cultures under different limitations, including nitrogen, phosphorus and iron. Information on the changes in expression change of the different TF encoding genes was gathered from the publications referred in Table 3.3. 

Type of limitation Publication

Nitrogen TF candidates which encoding genes displayed significant expression changes (Log2 of the fold change > |1|), were retained. Bibliographic research allowed the identification of 14 TF encoding genes of which a differential regulation has been consistently reported in different stress conditions. Retained TF candidates are grouped in Figure 3.7.

To complement the information gathered on the involvement of TF in lipid accumulation as a response to nutrient limitation in P. tricornutum, an additional bibliographic research was performed enlarging the field of study and including other photosynthetic species. In fact, several publications described the implication of specific TFs in the lipid accumulation in other microalgae species such as C.

reinhardtii, Nannochloropris sp. and Tisochrisis lutea but also in higher plants like A. thaliana, Glycine max (soybean) and Medicago truncatula. The following table reports the organisms and the number of genes that have been observed as involved in lipid accumulation by the different reference publications (Table 3.4). Among all the TFs pinpointed by these analyses, Myb1R_SHAQKYF3 (J44256) encoding gene have been already reported as upregulated in NS (Figure 3.7). CCCH11 is another TF which gene has been observed as strongly upregulated in N, P and iron starvation and potentially involved in lipid accumulation (Figure 3.7). Moreover, bZIP14, together with bZIP8 and bZIP6-PAS were highlighted by these analyses. bZIP14 was shown to regulate the TCA cycle, playing an important role in carbon reallocation in P. tricornutum (Matthijs et al., 2017). These orthology analyses allowed to identify TF which can potentially serve in the regulation of the cellular responses to nutrient limitation, especially nitrogen starvation. Targeting the genes encoding these TF may result in specific phenotypes and thus information about the involvement of the transcription factor in a physiological and biochemical response of the cells.

E Experimental approach

Transcriptomic analysis performed on the samples collected during the nitrogen starvation induction experiment presented in chapter I allowed to outline the different expression pattern of TFs encoding genes during the transition from nitrogen repleted conditions (NRep) to nitrogen starvation (NS). A hierarchical cluster heatmap has been performed on the change in TFs gene expression during the time course of the experiment. This heatmap includes all the timepoints from the reduction of nitrogen supply (RNS) compared to the control conditions (before RNS). The cluster heatmap can be divided in three main clusters: a first one regrouping TF encoding genes whose expression is mainly upregulated, a second one regrouping genes whose expression is mainly downregulated and a third group of genes not differentially expressed through the experiment time course (Figure 3.9). The group of mainly upregulated genes can be subdivided in three different subclusters where the first one (navy green in Figure 3.9) is formed by 15 different transcription factors encoding gene which are upregulated throughout the N starvation (NS) phase, reaching the highest values. This subcluster includes TFs belonging to the HSF and bZIP family, such as bZIP14, bZIP16 and two PAS domain containing TFs as bZIP5-PAS and bHLH1b-PAS. This last has been reported, together with bHLH1a, as involved in the cellular rhythmicity [START_REF] Annunziata | A bHLH-PAS protein regulates light-dependent diurnal rhythmic processes in the marine diatom Phaeodactylum tricornutum[END_REF]. CCCH11 in the only TF belonging to the CCCH zinc-finger family appearing in this subcluster. CCCH family TFs have been observed to be involved in stress responses both in animals and plant [START_REF] Rameneni | Comprehensive analysis of CCCH zinc-finger-type transcription factors in the Brassica rapa genome[END_REF][START_REF] Zou | High-efficiency promoter-driven coordinated regulation of multiple metabolic nodes elevates lipid accumulation in the model microalga Phaeodactylum tricornutum[END_REF] and control oleic acid content in the rapeseed Brassica napis [START_REF] Zhang | An integrated omics analysis reveals molecular mechanisms that are associated with differences in seed oil content between Glycine max and Brassica napus[END_REF]. The red cluster reported in Figure 3.9 regroups genes which display a transitional expression increase during the time course of the experiment. In fact, their gene expression increases mainly during the first part of the NS phase (this phase refers to the phases reported in chapter II) and recovers expression levels comparable to the control conditions from day 10 (Figure 3.9). The second cluster regrouping the negatively affected TF encoding genes by NS includes two subclusters (green and violet) and two isolated genes (HSF1b and HSF4.6a) (Figure 3.9). The violet subcluster groups all the genes that are more negatively affected by the nitrogen starvation and display a downregulation throughout all the NS phase (Figure 3.9). Two of these genes encode for two aureochrome family TFs. The Aureochromes are blue light sensors and have been observed to induce a dramatic global gene expression change in P. tricornutum when shifting from red to blue light [START_REF] Mann | The Aureochrome Photoreceptor PtAUREO1a Is a Highly Effective Blue Light Switch in Diatoms[END_REF]. HSF4.6a and HSF1b, that have been clustered

separately from the rest of the downregulated genes, display two transitory downregulation peaks (Figure 3.9). In particular, the transcription levels of HSF4.6a decrease 180 times compared to the control. This gene has been observed to decrease in NR mutants compared to the wild type (Levitan et al., 2015a). Differently from Levitan et al. (2015b) results show a decrease in transcript levels of this gene under NS. Moreover, HSF4.6a has been reported to be involved in light sensing and being downregulated under blue light and dark in cryptochrome P knock down P. tricornutum mutants [START_REF] Knig | The influence of a cryptochrome on the gene expression profile in the diatom Phaeodactylum tricornutum under blue light and in darkness[END_REF]. The gene encoding TAZ2 is another gene which displays two transitory downregulation peaks with a major one during 5 and 6 DRNS (Figure 3.9). As established in chapter II, these two days represent the transition phase from NRep to NS states and where the major biochemical and physiological changes occur. Investigate on the possibility of the involvement of this TF in the aforementioned transition could be crucial. 

Mutant generation

In order to dig deeply in the potential involvement of TF in the regulation of the cellular responses to nitrogen starvation, different mutants were generated in order to dysregulate the expression of genes encoding the selected TFs. Two genetic backgrounds were used which are Pt1 and Pt4 belonging to the two different genetic clades (A and B, Table 1.2, chapter I).

On the basis of the results obtained from both literature and transcriptomic analyses reported in the previous sections, several target TFs were selected for mutant generation. The gene expression patterns of the selected TFs are reported in Figure 3.10. TF genes highly responsive to nitrogen limitation were prioritized in this selection. Moreover, the genes encoding for TF that have been reported to be involved in cell cycle have also being considered for mutant generation since a decrease in division rate is observed in NS. Some particular cases are genes that encode TFs reported to be involved in light sensing, such as the aureochrome 2 (Aureo2) and bZIP5-PAS. In the performed experiment described in chapter II, the light exposure was maintained constant throughout the experiment and no change between red and blue light was performed. The transcriptional activity of these genes showed to be influenced by nitrogen availability and further analyses may clarify their potential involvement in the response to this limitation.

The generated and verified vectors for the three different transformation techniques are reported in Table 3.5. The generation of some of the vectors did not lead to positive results. Vector generation are time consuming procedures and in an event of a failed generation, no further attempts were performed allowing to concentrate time and effort on the successfully generated vectors. The different lines obtained with the three transformation method are reported in Table 3.6. Initially, the project envisaged an autonomous generation of P. tricornutum mutants through electroporation. In this frame, several attempts were performed in order to deliver pPha-T1_HSF4.6a_OE vector in P. tricornutum (UTEX 646) cells trough electroporation following the electroporation protocol described by Hu et al. (2020) but no optimal transformation conditions were met and the transformation efficiency was close to zero. One single potential HSF4.6a OE resistant colony was obtained (*, Table 3.6).

Together with the transformant lines reported in Table 3.6, other mutant lines are available. Thirteen Pt1 bZIP16 SI previously prepared at the MMS laboratory in collaboration with Professor Hanhua Hu and 52 Pt1 bZIP5-PAS kindly provided by Dr Angela Falciatore. Table 3.5 -List of generated vectors for OE, SI and KO. For OE and SI mutant lines generation, the vector used was always pPha-T1. For KO mutant generation trough CRISPR/Cas9 technique, the vector used is specified each time depending on the transformation method used. TS, target sequence. 

Discussion

Transcription factors target genes

The two approaches for the selection of TF potentially involved in the cellular responses to N starvation allowed to identify the most interesting genes, among the large number of genes which expression is affected. Thanks to the literature approach, the effects on N starvation to the transcription of TF encoding genes were compared with other types of limitations. Moreover, information was corroborated by studies performed in other microalgal species and higher plants. The experimental approach allowed to observe the kinetic of the change in gene expression of the TF encoding genes and combine them with the physiological and biochemical responses of the cells. This approach will allow to potentially associate the change in gene expression with the cell responses on a physiological and biochemical point of view. E2F-dp3 belongs to the family of the E2F TFs which has been reported to be involved in retinoblastoma related DNA repair and cell cycle progression in plants [START_REF] Horvath | Arabidopsis Retinoblastoma Related directly regulates DNA damage responses through functions beyond cell cycle control[END_REF][START_REF] Perrotta | Molecular analysis of the E2F/DP gene family of daucus carota and involvement of the DcE2F1 factor in cell proliferation[END_REF]. The reduction of cell division rate is a cellular response to nitrogen starvation that, as reported in the general introduction, creates an obstacle for the biotechnological optimization of microalgae industrial application. E2F-dp3 could be potentially implicated in the interconnection between N starvation and the reduction in division rate.

The CCCH11 encoding gene is among the most affected TF by environmental stresses. Its expression level increases in conditions of nitrogen, iron and phosphorous starvation. Its expression appears to not be related to the ability of the cell to uptake and process inorganic nitrogen on the form of nitrate.

In fact, in the NR21 mutant, in which the expression of the nitrogen reductase (NR) has been knocked down, the expression of CCCH11 gene is not affected. An OE is observed when NR21 is submitted to nitrogen starvation. For this reason, CCCH TFs could be related to the nitrate sensing cascade and further investigation is necessary.

Despite no change in culture light exposure were introduced, change in expression of genes encoding TF involved in blue light sensing, i.e. the aureochromes [START_REF] Mann | The Aureochrome Photoreceptor PtAUREO1a Is a Highly Effective Blue Light Switch in Diatoms[END_REF] was observed. Both literature and the experiment performed in this Ph.D. project show that aureo2 gene expression is affected by nitrogen starvation and other nutrient limitation. It is thus not clear if aureo2 is directly involved in the responses of the cell to nutrient stress or if its gene expression is indirectly affected by these conditions. N starvation, as previously stated, induces a decrease in plastidial activities with a reduction in photosynthetic performance. This response is due to the fact that cells must reduce their excess light absorption relative to the biosynthetic sinks for this energy and mitigate the damage that may be caused by this excess irradiance since the repair mechanisms are N dependent. Increasing the cellular response capability to light exposure could be important in conditions of N starvation. The dysregulation of aureo2 gene expression could allow to get more insight into the functions of this TF.

The large number of TF genes affected by the nitrogen starvation suggests a very complex control of the metabolism and cellular functions. According to the "Tour Eiffel" distribution of the transcription factors level of control, described previously, the expression of low-level TFs can be controlled by others with higher level of control. This statement implies that potentially some TFs, which gene expression change, may be not directly involved in the response to NS but part of an integrative cell function and metabolism control.

Mutant generation techniques

All the three transformation methods revealed effective and permitted the generation of numerous transformants. Difficulties have been encountered performing P. tricornutum transformation through electroporation. Even following the established protocol (Hu and Pan, 2020), a near zero efficiency was obtained. Among the different hypothesis, high cell mortality was excluded since culture appeared healthy after 24 hours of post-treatment cultivation in non-selective medium. Another hypothesis is the silica present in the cell wall which, for its physical property, represents a substrate for DNA binding and avoids DNA penetration into the cell [START_REF] Shi | DNA binding to the silica surface[END_REF]. P. tricornutum frustule is poor in silica (Le [START_REF] Costaouëc | New structural insights into the cellwall polysaccharide of the diatom Phaeodactylum tricornutum[END_REF] and cells were cultivated for 15 days in silica depleted medium prior to the transformation. This treatment could have not been enough to remove silica from cell frustules. The inability to obtain satisfying efficiencies through electroporation was the main reason to exploit other techniques of transformation.

Among the three techniques exploited, bacterial conjugation revealed the easiest to perform thanks to its requirement of common laboratory material and devices. Compared to the other techniques, bacterial conjugation avoids the off-target effects of the mutation since there is no genomic integration of the vector which remains in the form of episome (Sharma et al., 2018). In the case of KO mutant generation through CRISPR/Cas9 technique, the Cas9 and sgRNA gene are expressed from the episome, inducing the mutation in the nuclear genome according to the target sequence. While the removal of selective pressure through the cultivation in non-selective medium induces the loss of the episome, the targeted mutation is maintained but no exogenous DNA is present (Karas et al., 2015;Sharma et al., 2018;[START_REF] Slattery | An expanded plasmidbased genetic toolbox enables Cas9 genome editing and stable maintenance of synthetic pathways in phaeodactylum tricornutum[END_REF]. Moreover, a constitutive expression of Cas9 nuclease has been reported to be toxic in C. reinhardtii (Nymark et al., 2016). The elimination of Cas9 expression cassette allows to limit this problem.

Conclusions and prospectives

The importance of TF in the regulation of the metabolic reorientation in response to stress as well as the regulation of the whole cell functions have been well acknowledged by the scientific community.

However, the lack of information on the activity of TFs in specific cell function is still too big. Among the TF encoding genes identified in P. tricornutum, only few of them have been well characterized [START_REF] Annunziata | BHLH-PAS protein RITMO1 regulates diel biological rhythms in the marine diatom Phaeodactylum tricornutum[END_REF]Matthijs et al., 2017;Huysmann et al., 2013). Great effort must be done both in vivo and in silico, with the generation of mutants and the analysis of transcriptomic data. At the end of 2020, a publicly available platform called PhaeoNet has been created which allows the visualization of a holistic portrait of the transcriptional coordination in the model organism P. tricornutum [START_REF] Ait-Mohamed | PhaeoNet: A holistic RNAseq-based portrait of transcriptional coordination in the model diatom Phaeodactylum tricornutum[END_REF]. The in silico analyses still need the confirmation from in vivo observations.

Research effort that must be done is still great and a crucial step necessary is the generation of mutants which expression of TFs genes is dysregulated. The study of the phenotype generated by these dysregulations will give insights on the function of the TF encoded by the mutated gene. During this PhD project, several transformant lines were generated. The aim was to obtain OE, SI and KO mutant lines which display a specific phenotype and in particular opposite one in the case of OE compared to KO and SI.

Mutant screening is still in an early state. A large scale screening analyses will allow to reduce the potentially interesting mutants to a small number of lines which display a phenotype different from wild type lines. Mutant lines with peculiar phenotype will be deeper characterized on a molecular, physiological and biochemical level, in order to get more insight on the effects of the TF mutation.

Moreover, the mutant lines selected will be exposed not only to non-limited conditions but also to 4 4. Chapter IV -Methodologies for mutant screening

The definition of phenotype is the sum of observable characteristics derived from the expression of the organism genotype. While the genotype is fairly stable, the phenotype is dynamic and can change according to the environmental conditions. Phenotypical characterization has always been used to identify the organism which possess the researched features. As an example, an Anatolian farmer of 10000 ya, which wants to increase its productivity, employs strategies to identify the wheat species which are the most productive. These strategies, even if very simple, are considered a phenotypical screening and is analogous to the more sophisticated methods exploited nowadays. With the technological development, scientists are now combining phenotypical and genotypical screening in order to research the organism which displays interesting features among a large group of organisms.

Moreover, screening techniques are widely used to identify generated mutants which display a phenotype different from the wild type strain or a specific phenotype, in the case of targeted mutations. In the process of mutant generation, numerous transformant lines are produced but not all of them will be retained for downstream analyses. During the generation of random mutants, there is no specific expected feature and only the transformants which display interesting features will be retained. In the case of targeted mutation, a potential phenotype is expected but, for reasons explained above, the phenotype observed could not be the result of the wanted mutation but a result of an off-target mutation. The process of identifying and selecting interesting mutant lines involves three major steps: (1) mutant screening, (2) mutant validation and (3) mutant characterization. The screening process allows to gradually reduce the number of potentially interesting transformant lines to few, which will be then validated and characterized. Mutant screening can be performed through different techniques based on biochemical, physiological and molecular approaches. In the methodology setup, time and work load must be carefully taken in account. A mutant screening technique must be able to identify the differences induced by the mutation while being relatively fast and high-throughput, allowing to pinpoint the potentially interesting mutant strains among a large number of transformants. In general, detailed and comprehensive analyses are not compatible as screening techniques and proxies of the mutation are used. Molecular, biochemical and physiological differences between the transformants and control lines (usually wild type) can be used as proxy.

Part of the aim of this Ph.D. project is to identify the potential involvement of TF in the control of the cellular responses to nitrogen stress with a focus on the metabolic reorientation towards the accumulation of lipids. A potential dysregulation of the expression of a gene encoding a TF potentially involved in the metabolic reorientation regulation may result in an increase or decrease of the cellular content of the major classes of organic macromolecules (i.e. lipids, proteins and carbohydrates). The transformant cell content in organic macromolecules can be measured and compared with the wild type. For example, in the case a transformant line displays a significantly higher or lower lipid cellular content compared to the wild type under equal cultivation conditions, that transformant line will be retained for the mutant evaluation and characterization process. The strategy adopted in this Ph.D.

project relies on the biochemical quantification of the three major classes of organic macromolecules.

Different biochemical methods allow to quantify the cellular content of organic macromolecules. They can be simple, such as the Bradford assay which allows to quantify soluble proteins (Bradford, 1976),

or more complex techniques such as chromatography associated to mass spectroscopy, which in this case allows a more detailed quantification of organic molecules.

In the search of a reliable but fast method to perform the aforementioned research of interesting mutant lines, a protocol based on vibrational spectroscopy was set up and optimized. This procedure allows the visualization of the biochemical differences with a single run, avoiding the tedious and timeconsuming more conventional quantification methods, described and adopted in chapter II. Not requiring large sample volume, this technique opens the possibility to the miniaturization of the culture and the exploitation of microtiter plates as cultivation vessels. Several publications describe the use of microplate in order to run screening analyses, the quantification of microalgal molecules content and the effects on microalgal growth by specific marine natural products [START_REF] Pereira | Microplate-based high throughput screening procedure for the isolation of lipid-rich marine microalgae[END_REF]Van Wagenen et al., 2014;[START_REF] Zhao | Microalgal microscale model for microalgal growth inhibition evaluation of marine natural products[END_REF]. Van Wagenen et al. (2014) described a microplate-based method for high-throughput screening of microalgal growth potential under different light intensity regimes as strategy to replace screening through photobioreactor (PBR) cultivation.

Brief history of multi-well microplates

Multi-well microplates or microtiter plates (Figure 4.1) are most frequently used in molecular biology, diagnostics, therapeutics, biomedical and pharmaceutical fields. The first 12-well microplate have been created in 1950 by the Hungarian scientist Dr Gyula Takatsy who hand-machined it out of polymethyl methacrylate (PMMA) bloc [START_REF] Takatsy | Uj modszer sorozatos higitasok gyors es pontos elvegzesere [A rapid and accurate method for serial dilutions[END_REF]. Since then, different types of multi-well plates have been designed and produced out of several polymeric materials, mostly polystyrene and polycarbonate. Recently, microplates which do not absorb UV light have been made of cyclic olefin copolymer (COC) as cheap alternative to quartz [START_REF] Nunes | Cyclic olefin polymers: Emerging materials for lab-on-a-chip applications[END_REF]. From 1961, microplates became widely used for serological investigations and in 1970 were adapted to run immunological assays (e.g. ELISA), followed by subsequent standardization of the dimensions and commercialization. In 1998, microplates designers agreed for the standardization of microplates dimensions mostly encouraged by instrument manufacturers, allowing the creation of devices for high throughput analyses on microplate (for review see [START_REF] Auld | Microplate selection and recommended practices in high-throughput screening and quantitative biology[END_REF]. Microtiter plates usage is in continuous development and one of the interesting applications is the cell cultivation. They offer the possibility to cultivate prokaryotic and eukaryotic cells, both unicellular and multicellular [START_REF] Kosa | Microtiter plate cultivation of oleaginous fungi and monitoring of lipogenesis by high-throughput FTIR spectroscopy[END_REF]Lee et al., 2019a;[START_REF] Krishnamurthi | A new analysis method for evaluating bacterial growth with microplate readers[END_REF]. 

Vibrational spectroscopy

The three major classes of organic macromolecules cellular content are generally separately measured through established biochemical procedures. The ability to quantify these molecules performing a single analytical procedure represents an advantage in time which is important when dealing with a large number of samples.

InfraRed (IR) spectroscopy techniques are non-destructive methods relying on the interpretation of molecular bond vibrations in the spectral ranges of wavenumber between 14,000 -4,000 cm -1 (Near InfraRed, NIR), 4,000-400 cm -1 (Mid InfraRed, MIR) and 400-10 cm -1 (far infrared or Terahertz). The energy carried by this part of the electromagnetic spectrum is relatively weak and thus not ionizing [START_REF] Stuart | Infrared Spectroscopy: Fundamentals and Applications[END_REF]. The energy is transferred to the molecules by changing their vibrational state that can stretch or bend in a symmetric or asymmetric manner [START_REF] Stuart | Infrared Spectroscopy: Fundamentals and Applications[END_REF]. Depending on the molecule composition, there are one or several degrees of freedom for the vibration, i. e. in a simple di-atomic molecule only one degree of vibration is possible corresponding to the stretching and compression of the bond [START_REF] Stuart | Infrared Spectroscopy: Fundamentals and Applications[END_REF]. The vibrational spectra of a polyatomic molecule depend strongly on its chemical structure and interactions with the surroundings and dynamical transformations between multiple conformations [START_REF] Baiz | Vibrational spectroscopic map, vibrational spectroscopy, and intermolecular interaction[END_REF]. IR spectroscopy allows to identify and quantify molecules on the basis of their functional groups which absorb IR radiation at specific wavelengths [START_REF] Berthomieu | Fourier transform infrared (FTIR) spectroscopy[END_REF][START_REF] Valand | A review of Fourier Transform Infrared (FTIR) spectroscopy used in food adulteration and authenticity investigations[END_REF]. As the Beer-Lambert law is applied, the intensity of the absorbance is directly proportional to the concentration of a pure compound or a particular feature or functional group in the molecules present in the sample [START_REF] Lambert | Photometria, sive de mensura et gradibus luminis, colorum et umbrae[END_REF][START_REF] Beer | Bestimmung der Absorption des rothen Lichts in farbigen Flüssigkeiten[END_REF]. Fourier transform IR (FTIR) has become a very important tool not only for chemical analyses but also for biological assays [START_REF] Baiz | Vibrational spectroscopic map, vibrational spectroscopy, and intermolecular interaction[END_REF]. The term Fourier transform originates from the mathematical conversion required to convert raw data into the actual spectrum prior to analyses. Vibrational spectroscopy can thus offer rapid, high-throughput, and non-destructive analysis of a wide range of samples through their unique "fingerprinting" capabilities (for review see [START_REF] Hackshaw | Vibrational spectroscopy for identification of metabolites in biologic samples[END_REF]. FTIR analyses can thus allow to generate a characteristic fingerprint of specific molecules or a biological sample. In this Ph.D. project, FTIR analyses were performed through an FTIR-imaging system that allows to explore heterogeneous samples like biological ones.

Aim of the chapter

During this PhD project, it has been chosen to test the possibility of the cultivation of P. tricornutum in 12-well microplates (Figure 4.1). P. tricornutum revealed easy to cultivate in these conditions.

However, in the absence of mixing, cells tend to precipitate at the bottom of the well, thus affecting growth. Moreover, possibility of running in situ optical density and fluorescence analyses appeared convenient for screening purposes but in order to run analyses in the microplate readers, a homogenized culture is necessary. Indeed, microplate readers detector beam passes through the very centre of the microplate requiring thus a homogeneous culture and an absence of obstacle in the optic path. Mixing by pipetting is avoided due to the necessity of opening up the microplate and increasing the risk of contamination and loss of the axenicity of the cultures. Hand mixing or exploiting devices already commercialised revealed several problems. First, hand shaking cannot be carried out continuously for cultivation purposes. Besides, hand mixing before the analysis with the plate reader is difficult to control and frequently leads to the generation of small droplets on the plate cover, thus preventing the correct optical reading. Continuous mixing with orbital or swinging devices is possible but leads to the formation of microalgal deposits in the centre of the plate, maintaining the culture inhomogeneous (Figure 4.2). Aiming to solve the problems reported above, a cultivation support and mixing device was designed and built. Its homogenization capability was compared to commercially available devices. Microalgal growth in microtiter plates was compared to flask culture. A proof of concept was carried out exploiting both cultivation in microtiter plates and vibrational spectroscopy for the screening of the generated mutants.

Materials and methods

Mutant maintenance

Generated transformant lines were initially maintained in solid f/2 medium containing the selective antibiotic (zeocin). In order to ensure the correct elimination of non-stable mutations, obtained through electroporation and biolistics, colonies were replica plated in non-selective medium. After 30 days of growth in non-selective medium, colonies were replica plated again in selective medium. In the occurrence of a non-stable integration of the vector in the genome, the passage in non-selective medium, will allow the loss of the resistance cassette and thus the elimination in the later passage in selective medium. Conjugative transformants were maintained in selective medium and afterwards replated in non-selective medium to ensure the elimination of the episome. Solid medium cultivation was used as long term transformant lines maintenance (Figure 4.3). Small amount liquid culture (14 μL polypropylene graduated tubes; Figure 4.3) of the different transformants lines were kept in order to maintain them into a ready to go condition that allows to perform a pre-inoculum necessary when the culture pass from solid to liquid. Differently from solid Petri dish cultivation, separate tubes limit the spread of potential contamination from one line to the others.

Microalgal cultivation

Two P. tricornutum ecotypes were analyzed: UTEX 646 (Pt4) and CCMP2561 (Pt1) both wild type and mutants. P. tricornutum was cultivated in f/2 medium (Guillard, 1975) 

Culture homogenization methods

Different methodologies and devices were employed to homogenize the culture in microtiter plate (Table 4.1). These methods were compared for the homogenization capability with the developed device. The optical density at 735 nm was used as proxy for the evaluation of the homogenization efficiency. The homogenization through pipetting with a P1000 micropipette, considered as optimal, was used as reference. Driven by the necessity of having a device that allows the homogeneous mixing of the culture in each 12 of the wells of a 12-well microplate, we conceived a device able to magnetically induce the rotation of a small ferromagnetic bar. A magnetic stirrer is a device widely used in laboratories and consists of a rotating magnet or a stationary electromagnet that creates a rotating magnetic field. The magnetic field induces a spin momentum in a ferromagnetic stir bar immersed in a liquid mixture [START_REF] Loos | Processing of polymer matrix composites containing CNTs[END_REF].

MAGILUX-Cell is based on this principle in which small magnetic rotors are placed under each well.

The rotation of each magnetic rotor is induced by motors driven by a microcontroller which allows to control the speed and direction of each motor.

execute autonomously the program or is directly controlled by a computer or laptop through a Universal Serial Bus (USB). MAGILUX-Cell is equipped with a rotary encoder and a display which allow the user to navigate in the built-in menu and set up the desired parameters (rotation speed and illumination). In order to have a correct individual illumination of each well, it is recommended to use microtiter plates mainly made of dark plastic material with the only exception of the bottom of each well and the plate cover (Figure 4.6). This configuration confines the light coming from each LED to the respective well.

MAGILUX-Cell increases sample homogenization and experimental reproducibility

The optical density at 735 nm (OD735), used as proxy for the evaluation of the homogenization quality, allowed to observe differences among the methods reported in Table 4. A different scenario is observed by hand mixing where a consistency between the OD measured after hand mixing and pipetting was observed (Figure 4.7). However, as previously reported, hand mixing for several times leads to the formation of small droplets on the plate cover with the consequent disruption of the optical path clearance. Moreover, the droplet increases the risk of well-to-well contaminations because they can flow by capillarity through the unsealed space between the cover and the well walls.

Mixing methods which displayed a good reproducibility coupled with an excellent mixing effectiveness are MAGILUX-Cell and the VWR Standard 5000. Culture mixing with the VWR Standard 5000 showed reproductible OD735 measurements especially when longer mixing times were performed. For some applications, for example when the cultures must be kept under specific conditions, keeping the measuring times short is essential to limit the introduction of biases in the experiment. One hour of mixing prior to the measurement is thus not compatible. Moreover, VWR Standard 5000 is a large device weighting 45kg, making it a non-practical device to be moved. MAGILUX-Cell turns out to be the most practical and efficient device for the purpose in terms of homogenization.

Further investigation was performed in order to observe if a daily culture mixing had an impact on cell growth. Cell growth in microplate was monitored over 14 days with a daily mixing with 4 different methods: manually, with MAGILUX-Cell and VWR Standard 5000 (15 minutes). In Figure 4.8 are reported the growing curves recorded in four different microplates during 14 days (12h/12h light cycle, 300 mols of photons m -2 s -1 ). The dotted curves report the logistic curve that are fitting the measured points during the 14 days experiment. The slope of the logistic regression, represented by the coefficient c in the formula reported in the table displayed in Figure 4.8, allows to evaluate the slope of each curve and thus estimate the average growth rate. Results show that a daily homogenization performed with the MAGILUX-Cell allowed to achieve a culture growing rate at least twice higher than the other three mixing strategies tested. These results reinforce the previous results, confirming the efficiency of MAGILUX-Cell in homogenizing the culture. 

Is cultivation in microtiter plates comparable to flasks?

In the frame of space optimization and screening, 12-well microtiter plates cultivation was considered as an alternative to flask cultivation. In order to verify the absence of negative effects on cellular growth in microtiter plates, cultivation in these lasts was compared with cultivation in flask for both Pt1 and Pt4 ecotypes. MAGILUX-Cell device was used to perform daily homogenization on microtiter plate cultures.

Growing curves (Figure 4.9) show no difference between the cultivation in flasks of 12-well microplates until day 8 where a diversion is observed. For both ecotypes, at the concentration 7.5•10 6 cells/mL, flask cultures display a decrease in division rate (Figure 4.9). This effect is not observed in microtiter plates. The answer to this difference may be linked to the light distribution inside the culture. In fact, changes in intensity and spectra of light reaching individual cells are impacted by cell density [START_REF] Kula | Culture density influence on the photosynthetic efficiency of microalgae growing under different spectral compositions of light[END_REF][START_REF] Perin | The potential of quantitative models to improve microalgae photosynthetic efficiency[END_REF]. This inhomogeneity of the light distribution among the culture has major consequences on the photosynthetic metabolism. Cells that receive limiting light perform photosynthesis at lower rate producing less energy and thus a decrease in biomass production is observed. Self-shading or shadow effect is the phenomena observed when the light availability in the inner layers of a culture is reduced by the most external layers. This phenomenon increases with the increase in cell concentration and depends on the thickness of the culture volume.

Culture volume and thickness in flasks is higher compared to the microtiter plates and self-shading effect is thus greater in flasks. 

Conclusions and prospectives

MAGILUX-Cell is a device conceived out of the necessity and thus designed in order to fit the needs required in this PhD project. The preliminary tests have demonstrated the efficiency of the device in providing a good homogenization of the cells in the culture volume which is reflected in reproducible OD735 measurements and an accelerated culture development. Indeed, the comparison between flasks and microtiter plates showed comparable growth, making microtiter plate cultivation a practical and cheaper alternative to flasks.

Moreover, the compact dimensions and small weight of MAGILUX-Cell reduce the overload of culture room and can be easily placed inside relatively small thermostated chambers. The easy electronic design enables the use of this device to every type of users while allowing a high freedom of reprogramming for users with advanced programming skills. Furthermore, the additional illumination module allows to submit the cultures in each well to specific light/dark cycles and light intensities. 

INTRODUCTION

The increase of human populations, the reduction of farmland and the expansion of cities contribute to an accelerated depletion of natural resources to a point that finding alternative sources of natural resources, including biomolecules, is becoming crucial. Microalgae are a promising feedstock for the production of biomolecules belonging to the major organic macromolecules classes (Mimouni et al., 2012) while utilizing sun energy through the photosynthetic process (Scarsini et al., 2019). In addition, microalga culture does not require farmland, reducing the competition for space with other farm productions (Gordon et al., 2019).

Unfortunately, the current knowledge on microalgae does not allow the development of biotechnological sustainable processes from the ecological and financial point of views. Several bottlenecks need to be addressed before establishing microalgae as efficient cell factories (Vinayak et al., 2015). Obtaining appropriate strains dedicated to a specific production is one of the major challenges. To reach this goal, two strategies may be applied: (1) the exploration of microalgal biodiversity to find appropriate strains with high industrial application potential and (2) the genetic modifications of wild-type microalgal strains to improve their productivity. The efficient and fast selection of natural and genetically improved strains is thus seminal to identify the strains that perform better when cultured. The development of large-scale screening techniques is a challenge. In particular, the identification of cell lines, which possess the phenotype of interest among a mutagenized population, can be a particularly tedious process for which it may be necessary to analyze hundreds or even thousands of transformants.

High throughput methods for microalgal cultivation in small volumes have been developed since a long time [START_REF] Heinemann | Random mutations directed to transmembrane and loop domains of the light-harvesting chlorophyll a/b protein: impact on pigment binding[END_REF]. More recently, Van Wagenen et al. ( 2014) described a methodology that allows the cultivation of microalgae in small volume multi-well plates with results comparable to a photobioreactor cultivation. However, the development of a macromolecule quantification screening method which does not require large sampling volumes is fundamental since conventional biochemical analyses require relatively high amounts of culture sample.

Fourier transform infrared spectroscopy (FTIR) is a widespread vibrational spectroscopy technique that can provide a chemical fingerprint of samples (either solid, liquid, or gas) with a wide range of applications. In the field of microalgae, FTIR was used to confirm the metabolic plasticity that microalgae display in response to environmental stress such as nutrient stress [START_REF] Giordano | Fourier Transform Infrared spectroscopy as a novel tool to investigate changes in intracellular macromolecular pools in the marine microalga Chaetoceros muellerii (Bacillariophyceae)[END_REF][START_REF] Heraud | Mapping of nutrient-induced biochemical changes in living algal cells using synchrotron infrared microspectroscopy[END_REF][START_REF] Stehfest | The application of micro-FTIR spectroscopy to analyze nutrient stress-related changes in biomass composition of phytoplankton algae[END_REF][START_REF] Sigee | The influence of phosphorus availability on carbon allocation and P quota in Scenedesmus subspicatus: a synchrotron-based FTIR analysis[END_REF][START_REF] Dean | Impact of phosphorus quota and growth phase on carbon allocation in Chlamydomonas reinhardtii: an FTIR microspectroscopy study[END_REF][START_REF] Dean | Using FTIR spectroscopy for rapid determination of lipid accumulation in response to nitrogen limitation in freshwater microalgae[END_REF][START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF][START_REF] Bajhaiya | High-throughput metabolic screening of microalgae genetic variation in response to nutrient limitation[END_REF][START_REF] Driver | Metabolic responses of eukaryotic microalgae to environmental stress limit the ability of FT-IR spectroscopy for species identification[END_REF][START_REF] Giordano | Impact of inhibitors of amino acid, protein, and RNA synthesis on C allocation in the diatom Chaetoceros muellerii: a FTIR approach[END_REF][START_REF] Pogorzelec | FTIR imaging analysis of cell content in sea-ice diatom taxa during a spring bloom in the lower Northwest Passage of the Canadian Arctic[END_REF][START_REF] Cointet | Lipids in benthic diatoms: a new suitable screening procedure[END_REF]. However, most of these studies focused on freshwater microalgae while only few FTIR spectroscopy analyses have been performed on marine microalgae, including diatoms [START_REF] Giordano | Impact of inhibitors of amino acid, protein, and RNA synthesis on C allocation in the diatom Chaetoceros muellerii: a FTIR approach[END_REF][START_REF] Pogorzelec | FTIR imaging analysis of cell content in sea-ice diatom taxa during a spring bloom in the lower Northwest Passage of the Canadian Arctic[END_REF][START_REF] Cointet | Lipids in benthic diatoms: a new suitable screening procedure[END_REF]. Among diatoms, Phaeodactylum tricornutum is a popular widely used model species, for both physiology studies and genetic engineering (Heydarizadeh et al., 2014(Heydarizadeh et al., , 2017(Heydarizadeh et al., , 2019;;[START_REF] Bowler | Phaeodactylum tricornutum[END_REF]Butler et al., 2020). Ten different P. tricornutum ecotypes have been isolated around the world, differing on both genotypic and phenotypic levels (Martino et al., 2007;Rastogi et al., 2020). The genetic modification tools available for this species make it possible to create mutants relatively easily (e.g., Nymark et al., 2016;Serif et al., 2018;Stukenberg et al., 2018;Hu and Pan, 2020).

This manuscript reports a high-throughput phenotypic microalgal screening methodology based on FTIR-coupled microscopy to quantify lipids, proteins and carbohydrates cell contents in different growth conditions and different ecotypes or strains of the diatom P. tricornutum. Both P. tricornutum ecotypes were cultured in f/2 medium (Guillard, 1975) supplemented with bicarbonate (14.3 mM NaHCO 3 ). Precultures and experimental cultures were constantly maintained at 21 ± 1 • C and 150 μmol m -2 s -1 . Culture axenicity was checked by plating a drop of culture onto LB medium and f/2 medium supplemented with 0.5% bacto-peptone and 0.1% yeast extract, both incubated in the dark at 21 • C for at least 7 days to check for eventual bacterial presence. P. tricornutum was cultivated in cell culture flasks (T-25 and T-75 according to the experiment requirement, Sarstedt). To obtain P. tricornutum cells (Pt4) enriched in lipids, microalgae were cultivated in nitrogen (N)-depleted f/2 medium (i.e. [NO 3 -]=0). To validate the FTIR methodology, a N-starvation experiment was conducted on Pt4 in a 1 L laboratory scale photobioreactor (PBR) (FM150, Photon System Instruments, Czechia) operated in turbidostat mode (∼3.5 × 10 6 cells ml -1 ) as described in [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF]. Briefly, the culture was continuously supplied with 1.2 ml min -1 of a mixture air/CO 2 (2,000 ppm CO 2 ) at 21 • C and 150 μmol photons s -1 m -2 (white LED panel). The culture was initially exposed in non-limited conditions (5 days) and then fed with f/2 medium containing 0.15 mM NaNO 3 for 20 days. Samplings along the starvation were performed.

MATERIALS AND METHODS

Microalgal Strains and Culture Conditions

A N-starvation experiment (NO 3 -depleted f/2 medium) was finally conducted on Pt1-Wuhan, Pt1-Paris and Pt4: exponential cultures were transferred from N-repleted to N-depleted medium for 18 days in flasks in the same conditions than described above (temperature, light). Samplings were performed along the starvation at 0, 6, 10, and 18 days.

Cell Counting and Growth

Cell density was determined using a Neubauer hemacytometer (Hausser Scientific, Horsham, PA, United States). For the comparison between ecotypes, cell densities were determined using a double beam spectrophotometer (Lambda 25, Perkin Elmer). Optical density (OD) was measured at 735 nm and calibration curves prepared for each strain and each condition in order to associate OD to cell density. Calibration curves are reported in Supplementary Figure 1A. Determination of growth rates was obtained using the software CurveExpert Basic 1 through a logistic model fitting (Bolzmann). 1. 

Wavenumber (cm -1 ) Assignment 3,700-3,000 V O-H of water, V N-H of amide, V C-O of carbohydrates 3,008 V C-H of C=CH-chains of lipids 2,954
Vas CH 3 of methyl groups 2,926

Vas CH 2 of methylene groups 2,855

V CH 2 and V CH 3 of methyl and methylene groups 1,746

V C=O ester of lipids and fatty acids 1,655

V C=O of proteins (Amide I) 1,548

δ N-H and V C-N of proteins (Amide II) Band assignments are taken from references [START_REF] Giordano | Fourier Transform Infrared spectroscopy as a novel tool to investigate changes in intracellular macromolecular pools in the marine microalga Chaetoceros muellerii (Bacillariophyceae)[END_REF] and [START_REF] Mayers | Chalmers Publication Library Rapid determination of bulk microalgal biochemical composition by Fourier-Transform Infrared spectroscopy Rapid determination of bulk microalgal biochemical composition by Fourier-Transform Infrared spectroscopy[END_REF]. V , symmetric stretching; Vas , asymmetrical stretching; δ , symmetric deformation (bend); δas , asymmetric deformation (bend).

manually adjusted to provide optimal brightness and resolution. Fluorescent images were merged and colored using the Zen Blue software (Zeiss). Fiji software 4 (ImageJ v1.53c) was used to estimate the volume of LDs. Stacks from LSCM images containing only the fluorescence channel were converted to a Z-projection. The diameter of each LD was measured manually and used to calculate the volume of a sphere (assuming that all LDs are spherical).

Statistics

Linear and non-linear fitting analyses were performed with the Curve Expert software 1 . Analyses of variance (ANOVA) were performed using a python script exploiting scipy (version 1.5.2), statsmodels (version 0.12.0), and bioinfokit (version 2.0.3).

RESULTS AND DISCUSSION

A high-throughput sensitive methodology based on FTIR was designed and evaluated on the marine diatom P. tricornutum. It allowed to assess carbon allocation changes in response to N-starvation.

Typical Infrared Spectra of Phaeodactylum tricornutum

The functional groups attached to the different organic macromolecules absorb IR radiation at specific wavelengths, generating a complex spectrum considered as a fingerprint of the cellular composition [START_REF] Movasaghi | Fourier transform infrared (FTIR) spectroscopy of biological tissues[END_REF][START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF]. For a suitable exploitation, three to four steps are necessary:

(1) the FTIR full raw spectrum (800-4,000 cm -1 ) needs to be processed (Supplementary Figure 3A); (2) a cut-down of the spectrum can be further performed keeping only wavenumbers included in 800-2,000 cm -1 to avoid the spectral perturbation generated by the large water peak (Supplementary Figure 3B);

(3) a baseline correction either on the entire spectrum or the cut-down spectrum (Supplementary Figures 3C,D); and (4) a normalization procedure can be performed (Supplementary Figures 3E,F). FTIR spectra often exhibit baseline offset and curvilinear trend caused by changes in optical path length and light scattering. Baseline removal aims at resetting all spectra on a common baseline [START_REF] Sandak | Chemical changes to woody polymers due to high-temperature thermal treatment assessed with near infrared spectroscopy[END_REF][START_REF] Shen | Study on baseline correction methods for the Fourier transform infrared spectra with different signal-to-noise ratios[END_REF]. The normalization procedure is carried out in order to uniform the information from spectra and to correct spectra for changes in optical path length and light scattering. This process can be particularly important when dealing with inhomogeneous samples which is the case in microalgae cultures [START_REF] Sandak | Chemical changes to woody polymers due to high-temperature thermal treatment assessed with near infrared spectroscopy[END_REF]. SNV normalization was used to transform each measured spectrum into a signal with a mean of 0 and a variance of 1 [START_REF] Barnes | Standard normal variate transformation and de-trending of near-infrared diffuse reflectance spectra[END_REF]: the mean value of the spectrum (the offset) (Supplementary Figure 3E) is subtracted to each absorbance value, which is subsequently divided by its respective raw standard deviation (Supplementary Figure 4F). The data obtained in this study are presented in two different ways: (1) baseline-corrected only and (2) baseline-corrected followed by a SNV normalization.

Examples of baseline-corrected spectra obtained from a culture sample of P. tricornutum in two different N availability conditions are reported in Figure 1. Different peak intensities at particular wavenumbers are observed depending on the N availability in which cells have been grown (Figure 1). Two spectral ranges are particularly affected: (1) 800 to 2,000 cm -1 and (2) 2,800 to 3,100 cm -1 . Strong absorption bands at approximately 1,043, 1,074, 1,107, 1,142, and 1,156 cm -1 observed mostly in N-depleted condition correspond to the vibration of C-O bonds of polysaccharides (Table 1; [START_REF] Giordano | Fourier Transform Infrared spectroscopy as a novel tool to investigate changes in intracellular macromolecular pools in the marine microalga Chaetoceros muellerii (Bacillariophyceae)[END_REF][START_REF] Mayers | Chalmers Publication Library Rapid determination of bulk microalgal biochemical composition by Fourier-Transform Infrared spectroscopy Rapid determination of bulk microalgal biochemical composition by Fourier-Transform Infrared spectroscopy[END_REF]. Absorption bands observed at 1,548 and 1,655 cm -1 correspond to the vibration of the N-H, C-N and C=O of amide groups belonging to proteins (Table 1). The stretching C=O bonds of esters of lipids and fatty acids are found at 1,746 cm -1 while those at 2,855, 2,926, and 2,954 cm -1 correspond to the symmetric and asymmetric stretching of CH 2 and CH 3 methyl and methylene groups of fatty acids (Table 1). As demonstrated by [START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF], absorbance peak height can be used for macromolecules quantification instead of peak integral. On an overall analysis, the N-starvation induces an increase in lipid and carbohydrate cell quotas as well as a decrease in protein cell quota in comparison to N-replete conditions (Figure 1), as observed in literature through conventional biochemical analyses (Huang et al., 2019).

Reproducibility of Fourier Transform Infrared Measurements

Reproducibility, as a major principle of a scientific method, is a key feature of an effective analysis. In previous works [START_REF] Dean | Using FTIR spectroscopy for rapid determination of lipid accumulation in response to nitrogen limitation in freshwater microalgae[END_REF][START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF][START_REF] Driver | Metabolic responses of eukaryotic microalgae to environmental stress limit the ability of FT-IR spectroscopy for species identification[END_REF], FTIR was performed on a unique sensor and samples required time to dry, making this technique low throughput. In our work, we used imaging spectroscopy that allows to visualize the sample on which the analysis is performed. Multiple areas can thus be selected to record the IR spectra. This allowed to randomly collect absorbance spectra in different areas of the sample i.e. recording technical replicates within the same sample (Supplementary Figure 2), and different samples within the same holder.

The reproducibility among both technical and biological replicates was tested. Reproducibility of the results increases with the number of technical replicates (Supplementary Figure 5A). Indeed, no significant difference (ANOVA, p<0.05) was found between the 8 technical replicates for all the wavenumbers studied. However, a higher variability was found (particularly visible for the 1,746 cm -1 peak representing lipids) when less than 4 replicates were considered (Supplementary Figure 5A). The lack of uniformity of the dried drop on the measuring plate can explain the variability of the measurements (Supplementary Figure 2). Eight randomly distributed spots of analyses were set as the optimal compromise between statistical significance, reproducibility and time spent on each sample for the analyses.

Biological replicates consist in samples containing different cells cultivated in the same culture conditions. Six biological replicates (drops A-F; Supplementary Figures 5B,C) were tested in order to evaluate the inter-sample reproducibility. The peak amplitude for each biological replicate is the average of the eight technical replicates. From these analyses, different results were observed according to the different spectra processing steps performed. The single baseline correction (Supplementary Figure 5B) does not allow a complete reproducibility among the different biological replicates: ANOVA tests (p<0.05) revealed differences between peak heights among the biological replicates for all the wavenumbers considered (p<0.05). Performing SNV normalization on baseline-corrected spectra (Supplementary Figure 5C) reduces the differences among biological replicates and increases the reproducibility of the experiment (no significant difference among replicates, p<0.05). Clearly, standardization of spectra using SNV achieves a scaling effect. This normalization was originally proposed to reduce scattering effects in the spectra but was also proved to be effective in correcting the interference caused by variations in pellet thickness or/and optical path [START_REF] Razak | Rapid discrimination of halal and non-halal pharmaceutical excipients by fourier transform infrared spectroscopy and chemometrics[END_REF].

How Does the Number of Cells Impact the Fourier Transform Infrared Spectroscopy Absorbance?

As already reported in literature, sample thickness is a crucial point and can lead to deviations from the Beer-Lambert's law [START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF]. Cell density is influencing the sample thickness and must thus be taken into account. For a given cell density, the size of the deposited drop can be considered constant since it depends on the force of gravity, the surface tension coefficient and the roughness of the surface of the silica plate [START_REF] Eid | The physics of water droplets on surfaces: exploring the effects of roughness and surface chemistry[END_REF], which are constant in the experiments described in this paper. The diameter of the deposited drop was not impacted during the evaporation of the water as reported previously by [START_REF] Mampallil | Some physics inside drying droplets[END_REF]. To verify the effect of cell density on the experiment reproducibility, FTIR analyses were performed on different cellular densities of Pt4 cells enriched in lipids. Different cell densities were prepared and a drop of each solution deposited on the silica reading plate. As expected, the absorbance increased with cell density and reached a saturation level for densities higher than 6 × 10 6 cells ml -1 (Figure 2A and Supplementary Figure 6A). The correlation between absorbance and number of cells remained linear under 3 × 10 6 cells for all the wavenumbers considered (Figure 2B and Supplementary Figure 6B). Figure 2C has been obtained through the SNV normalization procedure to remove the inhomogeneity of the sample (which in this case is the cell density). The graph shows how the replicability at 1,746 cm -1 with a number of cells deposited ranging from 10 6 to 3 × 10 6 cells is high. This is also the case for the other wavenumbers, although less pronounced (Supplementary Figure 6C). The instability at lower cellular densities is probably linked to the inhomogeneous distribution of cells inside the drop area (Supplementary Figure 7). The stable values observed with the normalization procedure indicates that depositing a specific number of cells is not necessary when remaining between 10 6 and 3 × 10 6 cells. The normalization step corrects sampling and human errors when cell density is FIGURE 5 | Validation of the FTIR methodology using data from a N-starvation experiment conducted in a photobioreactor [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF]. Correlations between lipids quantified from FTIR absorbance measured at 1,746 cm -1 and lipids concentrations quantified by fluorescence after Nile Red staining considering (A) baseline-corrected spectra and (B) baseline-corrected and normalized spectra. Two million cells were deposited on the silica plate. Adjusted R 2 and Pearson's correlation coefficients of the linear regression curves (r) are indicated on the graphs.

determined manually (Malassez or Neubauer hemacytometers). Hence, normalization steps avoid determining cell density of the culture which is, in addition to error prone, time-consuming.

Correlations Between Fourier Transform Infrared Spectroscopy Absorbance and Biochemical Quantification of Metabolites

The power of FTIR spectroscopy is the quantification at one glance of the three major macromolecular pools (Q Lipids , Q Proteins and Q Carbohydrates ). In literature, both external or internal references have been exploited for their quantification. For example, [START_REF] Wagner | The use of FTIR spectroscopy to assess quantitative changes in the biochemical composition of microalgae[END_REF] used glucose, glycerol tripalmitate and bovine serum albumin as external references for quantification calibration. However, a biological sample is a very complex matrix containing a mix of molecules, the interactions of which are reflected in the vibrational spectrum [START_REF] Larkin | Environmental dependence of vibrational spectra[END_REF]. Exploiting external references for the generation of calibration curves could introduce a bias since molecular interactions are not correctly reproduced. This work proposes a different approach: the use of biological samples of P. tricornutum as standards. To generate the different standards, a serial dilution of a N-starved Pt4 culture with a N-repleted Pt4 culture was performed to provide a large range of values for lipid, protein, and carbohydrate cell quotas. For each serial dilution, Q Lipids , Q Proteins , and Q Carbohydrates were determined through conventional biochemical assays. Having determined the effective cell quota and to be in the linear range of the Beer-Lambert's law, samples of 2 × 10 6 cells from the different serial dilutions were deposited on the silica plate to perform the FTIR analyses described above. Strong linear correlations were obtained between biochemically quantified lipids and the absorbance at 1,746 cm -1 either after baseline correction (Figure 3A) or normalization (Figure 3B). Correlations for the other wavenumbers are found in Supplementary Figure 8 and regression equations after baseline correction and/or normalization indicated in Table 2.

The results show that the organic macromolecules classes (lipids, proteins, and carbohydrates) can be quantified exploiting the IR absorbance at their specific wavenumber after the generation of proper calibration curves (i.e. using biochemical quantification methods). Performing a normalization increases the reliability of the quantification, particularly for proteins.

Validation of the Fourier Transform Infrared Spectroscopy Methodology Using Data From a N-Starvation Experiment Conducted in a Photobioreactor

The ability of the FTIR methodology to give results similar to those obtained by traditional methods [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF] has been tested. Figure 4 shows how both methodologies are comparable. Linear fittings between FTIR quantifications and measured quotas were performed (Figure 5 for lipids at 1,746 cm -1 and Supplementary Figures 9, 10 for carbohydrates, proteins and fatty acids). The blue dotted lines represent theoretical values that must be expected while black squares are the plotted data (biochemical versus FTIR quantifications). Linear regressions of the plotted data are reported as well (red continuous lines). Adjusted R 2 and Pearson's correlation coefficient of the linear regression curves (r) are higher when normalization is performed (Figure 5A compared to Figure 5B and Supplementary Figure 10 compared to Supplementary Figure 9), confirming that normalizing spectra allows a better quantification. Moreover, the high values of R 2 (>0.83) and r FIGURE 6 | Carbohydrates, proteins and lipids quantifications through the FTIR based methodology performed during a N-starvation of 18 days in the different ecotypes and strains of P. tricornutum. Quantifications performed with standard biochemical protocols are presented as histograms in the graph while quantifications using FTIR absorbance are represented as colored-dots (red square, green triangle, and blue dots), considering (A) baseline-corrected spectra or (B) baseline and normalized-corrected spectra. FTIR quantifications are performed at 1,074 cm -1 for carbohydrates, 1,655 cm -1 for proteins, and 1,746 cm -1 for lipids.

(>0.92) confirm the coherence between the two quantification methods (excepted for fatty acids wavenumbers).

The relatively lower R 2 (0.83<R 2 <0.89) obtained for the wavenumber 1,746 cm -1 (Figure 5) could be due to the specificity of the biochemical quantification technique which is designed to quantify neutral lipids while FTIR quantify lipids regardless their class. [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF] showed how in N-starvation, cells are principally accumulating neutral lipids through membrane lipid remodeling. The comparison of lipid content estimation through vibrational spectroscopy and a total lipids quantification through another biochemical technique, such as gravimetric analyses [START_REF] Patel | Lipids detection and quantification in oleaginous microorganisms: an overview of the current state of the art[END_REF] could potentially reveal a direct linear correlation. The fatty acids measurements (2,855-2,954 cm -1 ) do not show high correlations, especially when the normalization correction is applied (R 2 <0.43 and r<0.68), probably due to the partial overlapping of these peaks with the large water peak at 3,000-3,700 cm -1 . Although better correlations are found for fatty acids with only a baseline correction (R 2 >0.76 and r>0.67), the peak at 1,746 cm -1 is much more representative of the lipid accumulation and should thus be used for quantification. For proteins quantification, both 1,548 or 1,655 cm -1 can be used. Each of the five wavenumbers 1,043, 1,074, 1,107, 1,142, or 1,156 cm -1 can be used for a correct quantification of carbohydrates.

Application of Fourier Transform Infrared Spectroscopy Analysis to Infer Differences in Metabolites Quantifications Between Ecotypes of P. tricornutum During a N-Starvation Experiment

Around the world, ten different P. tricornutum ecotypes have been isolated and characterized. Being different at both genotypic and phenotypic levels, the ecotypes may also diverge in their cellular quota in major organic macromolecules (Martino et al., 2007;Rastogi et al., 2020). The described FTIR methodology was applied to characterize quantitatively the biochemical changes during 18 days of N-starvation exposure on two different ecotypes of P. tricornutum i.e. Pt1 and Pt4 with the aim to describe the potential metabolic divergences between them. Figure 6 compares the different cellular quota determined using conventional biochemical quantifications (bars) with those obtained using FTIR measurements (coloreddots, carbohydrates: 1,074 cm -1 , proteins: 1,655 cm -1 , lipids: 1,746 cm -1 ) after baseline correction (Figure 6A) and normalization (Figure 6B) using equations from Table 2.

Surprisingly, performing the normalization on spectra was not suitable for the comparison of metabolite contents between P. tricornutum ecotypes. The global trends of the different metabolites were similar (increase in carbohydrate and lipid contents and a decrease in protein content) but the differences between ecotypes were totally masked, indicating that the quantification using the SNV normalization may not be suitable for comparing different microalgal species or ecotypes unless specific regression equations to each of them are applied. Much better correlations are found when spectra are only baselinecorrected, indicating that this data treatment may be used to compare different species or ecotypes, keeping in mind the greater variability of the data when spectra are not normalized.

Phenotypic Divergence Between Phaeodactylum tricornutum Ecotypes and Strains

Intrinsic differences between the two ecotypes can be observed in Figure 6A. Indeed, Pt4 shows a significantly higher Q Carbohydrates compared to both Pt1 all along the N-starvation: at day 6 of N-starvation, Pt4 contains twice as much Q Carbohydrates than both Pt1. The Q Proteins is also slightly higher, though not significant, for Pt4, especially in N-repleted condition (Figure 6A). No matter the ecotype considered, the Q Lipids increased along the starvation, reflecting the reorganization of the carbon flux toward the production of storage lipids (e.g. Hockin et al., 2012;Levitan et al., 2015;McCarthy et al., 2017). The Q Lipids of Pt4 18 days after the removal of N supply is significantly higher than that of Pt1-Paris. This result is confirmed by both FTIR spectroscopy and biochemical quantifications and strengthened by confocal microscopic analyses performed using BODIPY 505/515. Indeed, the distribution of LDs 10 days after the removal of N supply (Figure 7) indicates that LDs accumulated by Pt1-Paris are globally weaker than Pt1-Wuhan themselves smaller than Pt4. While Pt1-Paris seems to possess a single population of small LDs (<2 μm 3 ), Pt4 possesses two to three subpopulations in the culture: the first one in the lowest ranges (<2 μm 3 ) and the second and third ones peaking around 6-8 and 16-18 μm 3 (Figure 7A). This result is in line with the observations of [START_REF] Wong | A comparison of lipid storage in Phaeodactylum tricornutum and Tetraselmis suecica using laser scanning confocal microscopy[END_REF] who found that Pt4 LDs ranged from 0.1 to 38 μm 3 in N-deficient conditions. Our results also tend to confirm what suggested Jaussaud et al. (2020) and Leyland et al. (2020) using epifluorescence microscopy. Indeed, Leyland et al. (2020) observed a higher yield of LDs from cells disrupted by hypotonic shock in Pt4 compared to Pt1 with multiple small LDs for Pt1 and two relatively large LDs for Pt4. By analyzing the dynamics of LD formation in Pt1, Jaussaud et al. (2020) highlighted the stepwise generation of subpopulations, at least three, marked by an increase in size over time reaching a maximum value. Here, we confirm the existence of LDs subpopulations but also the presence of larger LDs for Pt4 (Figure 7B). Jaussaud et al. (2020) suggested that LDs grow until they reach a size limited by cell packing with other membrane organelles and by the stiffness of the limiting cell wall. They also observed larger LDs in a mutant line having larger cells compared to wild type cells. The presence of larger LDs in Pt4 could be due to larger Pt4 cells compared to Pt1. Indeed, cell measurements performed on brightfield microscope pictures showed differences in cell dimensions between the different ecotypes 18 days after the removal of N supply (Supplementary Figure 11). In particular, Pt4 ecotype appears 1.5 times wider than Pt1 ecotypes while small or no differences are observed in length. Pigment quantifications assessed (Supplementary Figure 12), revealed a higher total carotenoid (mainly represented by fucoxanthin) content and a lower Chl a/Chl c ratio in Pt4 than in Pt1, especially in N-repleted condition. According to [START_REF] Lamote | Assembly of the photosynthetic apparatus in embryos from Fucus serratus l[END_REF], the lower values of the Chl a/Chl c ratio suggests a larger light harvesting antenna in Pt4 than in Pt1. This interpretation fits with the higher content in fucoxanthin in Pt4 since it is the main pigment of the fucoxanthin-protein complexes forming the light-harvesting antenna in diatoms (for a review see [START_REF] Büchel | Light-harvesting Complexes of Diatoms: fucoxanthin-Chlorophyll Proteins[END_REF]. This result is in line with the lower non-photochemical quenching capacity observed for Pt4 and proposed to be an adaptive trait to low light conditions (Bailleul et al., 2010). This accession has also been proposed to establish an upregulation of a peculiar light harvesting protein LHCX4 in extended dark conditions (Bailleul et al., 2010;Taddei et al., 2016). In N-repleted condition, a significantly higher maximal division rate was observed for Pt4 (0.99 ± 0.05 day -1 , p < 0.05) compared to Pt1-Wuhan (0.73 ± 0.06 day -1 ) and Pt1-Paris (0.67 ± 0.05 day -1 ) but also a lower maximal cell density for Pt4 (8 × 10 6 of cells ml -1 while being around 11 and 12 × 10 6 of cells ml -1 for respectively Pt1-Paris and Pt1-Wuhan) (Figure 8). These results highlight a faster division rate and a higher N intake cell -1 for Pt4 compared to both Pt1 strains. In line with these observations, Rastogi et al. (2020) pointed out the presence of a higher copy number in the genome of Pt4 of a gene involved in nitrate assimilation (Phatr3_EG02286 encoding a nitrite reductase), suggesting an altered mode of nutrient acquisition in Pt4 compared to the other ecotypes.

Altogether, our results highlight that P. tricornutum ecotypes differ in their major macromolecules cell quotas and nutrient acquisition intensity: Pt4 cells absorb more nitrate and funnel more energy in the photosynthetic apparatus with consequently a higher ATP production and a faster division in N-repleted conditions. When facing N-starvation, Pt4 cells have a higher protein and carbohydrates content coupled with bigger cytoplasmic LDs, probably related to their larger cell volume compared to Pt1 cells. These results strengthen the genetic divergence already highlighted between Pt1 and Pt4. Indeed, using whole genome sequencing, Rastogi et al. (2020) draw a comprehensive landscape of the genomic diversity between the 10 accessions of P. tricornutum. They described strong genetic subdivisions of the accessions into four genetic clades with populations of each clade possessing a conserved genetic and functional makeup, likely a consequence of the limited dispersal of P. tricornutum in the open ocean. They observed that Pt4 was the most genetically divergent ecotype. However, the link between genetic and phenotypic divergence still remains to be elucidated.

Interestingly, the two Pt1 lines differ in their lipid content (Figures 6,7). Pt1-Wuhan seems to possess, in addition to the small population of LDs present in Pt1-Paris (<2 μm 3 ), a second subpopulation of LDs of higher volumes (8-10 μm 3 ) (Figures 7A,B). This finding strengthens the significantly higher accumulation of neutral lipids measured using Nile red fluorescence in Pt1-Wuhan compared to Pt1-Paris. Although both lines originated from the same Culture Collection (CCMP 2561), this result may highlight a different evolutionary adaptation of the two strains induced by the culture conditions under which both Pt1 strains were maintained. As reported by [START_REF] Lakeman | The strain concept in phytoplankton ecology[END_REF], in laboratory cultures, because of rapid growth rates and high population densities, mutations affecting the phenotype are likely to arise. Different processes can lead to genetic evolution in strains maintained in different laboratories. Genetic drift is likely to occur when serial transfer of microalgae are performed for maintenance: a relatively small and random inoculum of the genetic diversity is taken from the parent culture to start a new batch, introducing potentially genetic drift into the evolutionary history of the strain [START_REF] Lakeman | The strain concept in phytoplankton ecology[END_REF]. Selective pressure may also be exerted by culture conditions. It occurs every time culture conditions are altered (temperature, irradiance, salinity, nutrients, etc.) and can be as subtle as a shift in light quality when growth chamber bulbs are replaced or as profound as a modified growth medium when a strain is sent to a new laboratory. The more times a strain is transferred between laboratories and subjected to novel growth conditions, the greater the potential for it to evolve properties that deviate from those of its original phenotype [START_REF] Lakeman | The strain concept in phytoplankton ecology[END_REF].

CONCLUSION

Fourier transform infrared spectroscopy methodology developed in this study is suitable for the quantification of cellular quota of the major metabolites classes of unicellular organisms provided some simple rules are followed (Table 3): (1) deposit the adequate amount of cells, (2) performing baseline correction on spectra collected at 800-200 cm -1 , (3) performing the SNV normalization because it contributes to decrease the variability between biological samples, and (4) choose the adequate wavenumbers for biomolecule quantifications. In comparison to conventional chemical analyses, FTIR spectroscopy has striking advantages: (1) a high reliability and sensitivity, (2) a high speed of measurement procedure, (3) a low volume of sample is necessary, (4) no need to perform complex and time-consuming extractions, and (5) no need to determine the sample cell density which is time-consuming and subjected to error-prone. Data reported in this paper also confirm the metabolic divergence between Pt1 and Pt4 and even highlight phenotypic divergence between strains of the same ecotype cultured in laboratories with probably different maintenance modes. This suggests that exploring the intra-species processes of evolution can be trickier than expected and that even in our controlled laboratory environments, evolution do not cease to exert its influence. [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF]. Correlations between quantification estimated by FTIR and quantifications performed by standard biochemical methods at the different wavenumbers using baseline-corrected spectra.

Figure S10

-Validation of the FTIR methodology using data from a N-starvation experiment conducted in a photobioreactor [START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF]. Correlations between quantification estimated by FTIR and quantifications performed by standard biochemical methods at the different wavenumbers using normalized-corrected spectra. ) from different mutant lines and wild types. The filled shapes represent two wild type strains. For ease of visualization, a straight red line was traced over the distribution of wild type points.

Sample projections from two wild type strains are located on a straight line reported in red on the PCA that will be considered as the control reference (Figure 4.10). The overlapping position of the two wild type groups is an indicative of a good reproducibility of this technique. The PCA allowed to pinpoint some HSF4.6a mutant lines which display differential content in lipids, proteins and carbohydrates compared to the wild types. One OE line (OE-18) appears clearly separated from the two wild-type strains. It shows a lower lipid and carbohydrate content and a higher protein content compared to the wild type strain. On the opposite, two KO lines (KO1-24 and KO2-3) and two SI lines are distant from the wild type phenotype showing thus a higher lipid and carbohydrate content and a lower protein content. As expected, the OE of a gene, that in this case is HSF4.6a, should potentially generates a phenotype opposite from the downregulation or the disruption of the gene in the case of the KO mutant. This observation suggests the potential involvement of the HSF4.6a TF in the accumulation of lipids in P. tricornutum. In NS, as observed in chapter II, P. tricornutum accumulated carbohydrates but mainly lipids. Under these environmental conditions, the transcript encoding HSF4.6a decreased suggesting its negative correlation with lipid accumulation. The phenotype of the OE mutant 18 is coherent with the observation aforementioned: the OE of the HSF4.6a gene result in a decrease of lipid content in the cell.

The performed experiment is the proof of concept that the vibrational spectroscopy-based technique presented is suitable to screen mutants which display interesting phenotypes. In this case, the application of this protocol allowed to pinpoint the HSF4.6a mutant lines which will be submitted to further studies and confirmations. The presence of the mutation through molecular biology assays is in progress.

5. General conclusions and prospectives

The main force that has driven this Ph.D. project is the understanding of the molecular mechanisms that control and drive the response to nitrogen deprivation in microalgae. In general, the cellular responses to unfavourable conditions consists in the reduction of their activity to a minimum level, entering into quiescence aiming to the longest possible survival. This response to unfavourable conditions has been described in bacteria. Bacteria species like Bacillus are able to form spores that allow long term survival in extreme environmental conditions at the cost of proliferation (for review see [START_REF] Bressuire-Isoard | Sporulation environment influences spore properties in Bacillus: evidence and insights on underlying molecular and physiological mechanisms[END_REF]. The green microalga H. pluvialis has been observed to encyst, synthesize and accumulate high amounts of lipids, carbohydrate and the antioxidant pigment astaxanthin while reducing growth rate (e.g. Lemoine and Schoefs, 2010;Recht et al., 2014). H. pluvialis cyst has been reported to confer a high mechanical resistance [START_REF] Praveenkumar | Morphological change and cell disruption of Haematococcus pluvialis cyst during high-pressure homogenization for astaxanthin recovery[END_REF] to the cell and makes it similar to bacterial spores. Similar responses are observed in P. tricornutum where no cyst formation is observed but cell metabolism is redirected towards an energy saving mode and cellular functions are reduced to a minimum level. These responses allow cell survival in unfavourable conditions while maintaining the capability of a recovery in case of potential upcoming growing conditions. Similar responses have been observed in other microalgal species (Wang et al., 2019) suggesting a shared response among different species. The understanding of the mechanism involved in one species can be shared with other microalgal species and is thus important. The experiment that has been performed in this Ph.D. project aimed to contribute to this understanding.

The key of the originality of this particular study is the constant monitoring of the cellular status from the state of nitrogen availability to nitrogen starvation performed on a multidisciplinary level. The performed sampling program allowed to obtain a daily log of the cellular status throughout the experiment. In addition to a detailed analysis of each parameter, data were analysed as a whole through PCA. All the three performed PCA pinpointed the same checkpoints where major changes are observed and highlighted the presence of two different phases: (1) nitrogen repleted (NRep) and (2) nitrogen starved (NS) phases.

Major qualitative changes at all levels were observed during the transition phase between NRep and NS and were guided by the intracellular N pool rather that the N available in the medium.

Transcriptomic analyses, accompanying the biochemical and physiological ones, allowed to identify the metabolic pathways that are more affected than others. The central carbon metabolism appears to be at the basis of cellular stand quiescence, keeping a basal energetic equilibrium. The large number of differentially expressed genes are a sign of an intricated regulation of the gene expression that is guided by the activity of TF. The performed analyses showed that several TF encoding genes are differentially expressed during the passage from NRep to NS. Different expression patterns were observed on the differentially expressed TF genes, suggesting an intricated involvement of the encoded TFs in the cellular responses to NS. TFs mutant lines generated by selecting specific target genes according to both experiment and literature, will be screened and characterized in order to obtain information about each target TF and elucidate their function. Preliminary results obtained through microplate cultivation and FTIR based biochemical analyses highlight the potential involvement of HSF4.6a in the metabolic reorientation towards the accumulation of lipids under nitrogen starvation.

On a long-term view, the understanding of the cellular responses to nitrogen starvation and their regulation may be crucial on a biotechnological point of view. As established and described in the introductory part of this manuscript, microalgae are potentially interesting sources of HVAMs produced under specific environmental conditions. However, the accumulation of HVAMs in microalgal cells comes at the expanse of biomass accumulation. This cellular response represents a biotechnological barrier that should be overcame to make microalgae a competitive source of biocommodities. Knowing how cells respond to the starvation enables to identify the leverage points that could be potentially used to improve HVAM productivity. For example, the experiment performed, accompanied by literature, suggests that there is a tight correlation between cell division and lipid accumulation in P. tricornutum. The idea of increased rich biomass production may be a blind alley. The division rate and thus biomass accumulation is, so far, incompatible with the cellular accumulation of storage compounds such as lipids. This barrier is biotechnologically overcame with the two-stage cultivation [START_REF] Aziz | Two-stage cultivation strategy for simultaneous increases in growth rate and lipid content of microalgae: A review[END_REF] but other strategies may be practicable. The performed experiment showed how cells are able to rapidly recover from a long nitrogen starvation suggesting a quiescence rather than a cell death. Keeping cells at the edge between NRep and NS may potentially maintain a minimal division rate while lipids are accumulated. To make the process biotechnologically amenable, it may be associated with the biocompatible extraction of HVAM. Even if in its infancy, the concept of biocompatible extraction has shown a great potential for biotechnological applications (Vinayak et al., 2015;[START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF]. The combination of stress-edge cultivation with the biocompatible extraction may allow to exploit microalgal cells as factories. Ideally, cells may be kept on a stress-edge state by cultivating them under an external nitrogen supply rate close to the cell nitrogen utilization, forcing cells to keep mobilizing the internal nitrogen pool but still maintaining a sufficient photosynthetic activity. A periodical biocompatible extraction will allow to recover lipids while leaving cells viable and ready for further lipid accumulation. This is a hypothetical and still utopic scenario to give a glimpse of the potential practical application of information collected from experiments such as the one described in this manuscript. The biotechnological optimization by tweaking the cultivation strategy is still limited by the metabolic capability of cells. The advent of the fourth-generation biofuels aims to overcome this limitation. In this frame, the performed selection of potential TF target genes and the generation of the respective mutants, aims to the understanding of the role of these TFs in the response to nitrogen starvation and lipid accumulation. Differently from the mutagenesis of one single gene encoding an enzyme involved in a metabolic pathway, the TF mutagenesis aims to find the keys to the control of the entire metabolic pathways and cell functions.

Ideally, TFs modification may allow to tweak the cellular responses to environmental stress. The ability of modifying microalgal metabolism to improve productivity and carbon capturing ability will have important effects, not only on a commercial scale but also on an ecological point of view. As stated in the introduction, in the natural environment, microalgae are most of the time exposed to unfavourable conditions. In these conditions, as confirmed by the performed experiment, their capability of fixing CO2 is significantly reduced. Improving microalgae capabilities of CO2 capturing as primary carbon source for biofuel production, implies that CO2 will be withdrawn from the atmosphere with a higher rate. Vinayak et al. (2015) reported that there is not enough industrial CO2 waste to convert to biofuel to replace fossil energies used for transport. In this utopic but plausible scenario, an increased in CO2 production will even be necessary.

The vibrational spectroscopy-based technique for the biochemical characterization of microalgal samples, described in this manuscript, appears to be very promising. In fact, it enables the "three in one" biochemical analyses of small amounts of sample thus avoiding the time-consuming conventional methods which require larger amounts of biological sample. The technique was applied on P. tricornutum cells with changing nitrogen conditions. Further studies and the utilization of FTIR chemometrics on other microalgal species must be done to confirm its utilization on other phytoplanktonic species.

The developed device, named MAGILUX-Cell, allowed to implement a device that permits good homogenization of small solution volumes in 12 well microtiter plates. MAGILUX-Cell was conceived out of need due to the necessity of culture homogenization prior to the optical density measurement with a microplate reader. Before the creation of MAGILUX-Cell, the optical density analyses were difficult to reproduce, requiring a manual homogenization and most of the time the opening of the microplate with the consequent risk of culture contamination. The preliminary tests performed on the developed device showed its superiority in homogenization compared to the other methodologies tested. The prototype was also routinely used in the research field confirming its efficacy and practicality. The device is still in a prototyping stage but with a great potential. Even if not formally considered an invention, MAGILUX-Cell may find a commercial application to open the access to other members of the scientific community. On a pure biotechnological scale, this Ph.D. project allowed to provide some interesting methodologies in the microalgal field of study. For example, the vibrational spectroscopy technique, initially conceived for the screening of mutants, may be applied for the fast biochemical analyses of newly isolated microalgal strains. Part of the microalgal research community focuses on the isolation of new microalgal strains not only to find potentially industrially interesting strains but also to characterize phytoplanktonic (and not only) species that colonize the planet Earth.

An example is the Tara Ocean foundation, which isolated more than 100000 new marine species (https://oceans.taraexpeditions.org).

In conclusion, this Ph.D. project aimed to the improvement of the knowledge in the metabolic reorientation and its control that occur in P. tricornutum to face changing nitrogen availability. The research performed brought to the table new evidence on this topic. Nonetheless, the road to the fully comprehension of the mechanism involved is still long and further research must be carried on.

Table A 1 -Oligonucleotides used for endogenous gene encoding sequences amplification for gene overexpression. Each oligo contains the specific restriction enzyme recognition site for directional cloning in the vector (red). Protective bases are added to the oligos in order to ensure a good cleavage close to the end of the DNA fragment (yellow). 

TF name

Gene

GRAZIE

  

Figure 1 . 1 -

 11 Figure 1.1 -Change in world CO2 emission during the last century followed by the increase in global temperatures. .........................................................................................................................................

Figure 1 .

 1 Figure 1.2 -Graphic representation of the different classes of biofuels. ...............................................

Figure 1 .

 1 Figure 1.3 -Schematic phylogenetic tree representing the distribution of phytoplanktonic taxa across eukaryote lineages (in color). .................................................................................................................

Figure 1 .

 1 Figure 1.4 -Arranged diatoms on microscope slides in the California Academy of Sciences diatom collection.. ...............................................................................................................................................

Figure 1 .

 1 Figure 1.5 -Industrial applications of diatoms and diatom derived molecules. ....................................

Figure 1 . 6 -

 16 Figure 1.6 -Predicted elemental ratios at the ocean surface. The predictions have been performed by Galbraith and Martiny (2015) using the observed PO4 3-and NO3 -concentrations from the upper 30 m in the World Ocean Atlas. ............................................................................................................

Figure 1 .

 1 Figure 1.7 -Bright field of P. tricornutum cells (Pt4 ecotype). ..............................................................

Figure 1 .

 1 Figure 1.8 -P. tricornutum as source of feedstock for biofuel and HVAM production. .......................

Figure 1 .

 1 Figure 1.9 -The cellular orchestra.. ......................................................................................................

Figure 1 .

 1 Figure 1.10 -Simplistic representation of the hierarchy of transcription factors. ...............................

Figure 2 . 1 -

 21 Figure 2.1 -Illustration of the PBR setup. ...........................................................................................

Figure 3 . 1 -

 31 Figure 3.1 -Cas9-sgRNA mediated DSB and DNA repair mechanisms. ..............................................

Figure 3

 3 Figure 3.2 -Illustration of the transformation through trans kingdom conjugation. .........................

Figure 3

 3 Figure 3.3 -pPha-T1 map describing all the feature of this plasmid. .................................................

Figure 3

 3 Figure 3.4 -pKSdiaCas9_sgRNA map describing all the feature of this plasmid. ...............................

Figure 3

 3 Figure 3.5 -pPtPuc3_diaCas9_sgRNA map describing all the feature of this plasmid. ......................

Figure 3 . 6 -

 36 Figure 3.6 -Example of target sequence selection using PhytoCrispr-Ex. ..........................................

Figure 3 . 7 -

 37 Figure 3.7 -Most differentially expressed gene observed in the analysed literature. .......................

Figure 3 . 8 -

 38 Figure 3.8 -Different classes of homologous TFs belonging to the 62 different groups of orthology. ............................................................................................................................................................

Figure 3 . 9 -

 39 Figure 3.9 -Cluster heatmap on the change in gene expression of TFs encoding genes. ..................

Figure 3 .

 3 Figure 3.10 -Target TF encoding genes for mutant generation. ........................................................

Figure 4 . 1 -

 41 Figure 4.1 -Microtiter plates. .............................................................................................................

Figure 4

 4 Figure 4.3 -P. tricornutum cultures in microtiter plates. ...................................................................

Figure 4

 4 Figure 4.2 -Transformant colonies in solid (left) and liquid (right) f/2 medium. ...............................

Figure 4 . 5 -

 45 Figure 4.5 -Illustration of the mechanical principle of the device. ....................................................

Figure 4 . 6 -

 46 Figure 4.6 -Illumination module addition. .........................................................................................

Figure 4 . 7 -

 47 Figure 4.7 -Optical density at 735 nm of P. tricornutum cultures after mixing with the different methods (black squares) and after the homogenization performed by pipetting (red dots). ...........

Figure 4 . 8 -

 48 Figure 4.8 -Growth curves of P. tricornutum. ....................................................................................

Figure 4 . 9 -

 49 Figure 4.9 -Comparison between cultivation in flasks and microtiter plates. ...................................

Figure 4 .

 4 Figure 4.10 -PCA analysis on FTIR spectra from different lines. ........................................................

Table 1 .

 1 2 -Origin and morphotype and genotype of the 10 accessions of P. tricornutum. .................Table 3.1 -P. tricornutum transcription factors from different families. ........................................... Table 3.2 -Comparison of electroporation, particle bombardment and bacterial conjugation methods for transforming microalgae. ............................................................................................... Table 3.3 -List of publications used to identify potential TFs involved in lipid accumulation. .......... Table 3.4 -List of publication used in the homology comparison. ..................................................... Table 3.5 -List of generated vectors for OE, SI and KO. ..................................................................... Table 3.6 -Obtained transformant lines. ............................................................................................ Table 4.1 -Table summarizing the different mixing methods used in the comparison study. .........

Figure 1 . 1 -

 11 Figure 1.1 -Change in world CO2 emission during the last century followed by the increase in global temperatures. Black dots represent the global temperature difference with respect to the 20th century average (temperature anomaly). Data have been obtained from the National Centre for Environmental information (NOAA, https://www.ncdc.noaa.gov/cag/). Red squares represent the global annual CO2 emission; data have been obtained from Our World in Data website (https://ourworldindata.org/co2-emissions).
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 13 Figure 1.3 -Schematic phylogenetic tree representing the distribution of phytoplanktonic taxa across eukaryote lineages (in color). Illustrations of (a) Chlorophyceae, (b) Pseudoscourfieldia sp., (c) Porphyridium cruentum, (d) Gymnochlora dimorpha, (e) Dinoflagellates, (f) Odontella sp. (g) Bolidomonas pacifica, (h) Dictyocha sp., (i) Aureococcus anophagefferens, (j) Heterosigma akashiwa, (k) Pinguiochrysis pyriformis, (l) Ochromonas sp., (m) Nannochloropsis salina, (n) Calcidiscus sp., (o) Cryptomonas sp., (p). Adapted from Not et al. (2012).
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 14 Figure 1.4 -Arranged diatoms on microscope slides in the California Academy of Sciences diatom collection. Photograph of fossil diatoms collected in Pt. Reyes National Seashore in Marin County, California, and arranged on a microscope slide in 1968 by A.L. Brigger. www.flickr.com, California academy of sciences geology.
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 16 Figure 1.6 -Predicted elemental ratios at the ocean surface. The predictions have been performed by Galbraith and Martiny (2015) using the observed PO4 3-and NO3 -concentrations from the upper 30 m in the World Ocean Atlas.
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 17 Figure 1.7 -Bright field of P. tricornutum cells (Pt4 ecotype). The cells have been submitted to 18 days of nitrogen starvation. The large lipid droplets are clearly visible.

Figure 1 .

 1 Figure 1.8 -P. tricornutum as source of feedstock for biofuel and HVAM production. P. tricornutum cultivation on an industrial scale and evaluation of the productivity has been performed on 3 different pilot-scale production plants. Adapted from Branco-Vieira et al. (2020).
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 19 Figure 1.9 -The cellular orchestra. Analogy between gene expression regulation carried on by TFs and the orchestra directed by the conductor. Simplistically, each orchestra section has been associated to specific metabolic pathways and functions. The TFs (conductors) regulate the gene expression of the components of the different pathway/function. Each TF affects a different regulation of gene expression as well as each different conductor has its own way of directing the orchestra. The base photograph for the features the Chicago Symphony Orchestra, © Todd Rosenberg Photography (https://hancher.uiowa.edu/2017-18/ChicagoOrchestra).
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 1 Figure 1.10 -Simplistic representation of the hierarchy of transcription factors. The hierarchy of transcription factors can be represented as the Eiffel tower. The high-level TFs interact positively or negatively with the lower levels transcription factors. In the same way, intermediate level TFs are interacting with the low-level TFs. The coordination of TFs among the different levels results in the orchestration of the different metabolic pathways.
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 81 Figure 8.1 Representation of the plastid evolution.The engulfment of an ancient cyanobacterium by an ancestral non photosynthetic eukaryote gave rise to an ancestral alga. The engulfed cyanobacteria evolved in green and red chloroplasts giving rise to green and red algae as well as their respective lineages. These plastid containing cells have been furthermore engulfed by a heterotrophic eukaryote giving rise to green lineage secondary endosymbionts that ultimately evolved to land plants. The red lineage secondary endosymbionts diversified into several monophylic branches, including the diatom one.

Figure 8 . 2

 82 Figure 8.2 Organization of the secondary plastid in diatoms. The plastid is limited by four membranes: The chloroplast endoplasmic reticulum membrane (cERM), that is fused with the outer nuclear envelope. The periplasmic membrane (PPM), that delineates the periplastidial compartment (PPC). The outer and inner envelope membranes (oEM and iEM). Inside the chloroplast (C) are present the thylakoids. The pyrenoid (P) is delimited by the dash lines. C: chloroplast, I: isthmus, M: mitochondrion, N: nucleus

Figure 8 . 3

 83 Figure 8.3 The photosynthetic electron transport chain. The thylakoid membrane with the different components of the electron transport chain is shown. The linear electron transport pathway is shown by dashed red lines starting from the water to the NADPH. The proton transfer is shown by dashed blue lines, the proton gradient between stroma and lumen, generated by the electron transport chain, is exploited by the ATP synthase to generate ATP.

   https://doi.org/10.1007/978-3-030-50971-2

Fig

  Fig. 5.1 Carotenoid market. a Time-course of the predictions for the carotenoid market and the actual carotenoid market. b Individual carotenoid market sizes. After http:// www.bcresearch.com and[START_REF] Borowitzka | High-value products from microalgae-Their development and commercialization[END_REF] 

Fig. 5 . 3

 53 Fig. 5.3 Metabolic scheme of the carotenoid pathways in microalgae. Green, blue, red and brown designate reactions or regulation aspects specific of Chlorosarcinopsis, Chromochloris zofigiensis, Haematococcus pluvialis and Chl c containing algae, respectively. Elipses and arrows with open heads represent enzymes and regulatory factors, respectively

  [START_REF] Huang | Isolation and characterization of a carotenoid oxygenase gene from Chlorella zofingiensis (Chlorophyta)[END_REF]; Tetradesmus: Pirastru et al. (2011), Chlorosarcinopsis sp: Cherdchukeattisak et al. (2018), screening: Kopecky et al. (2000)), Haematococcus pluvialis being the most famous (Chen et al. 2020) (see Table

  control and decision points that guides the orientation of the carbon atoms in one biosynthesis pathway rather than another. Focal point of this research is the reorientation of the carbon fluxes towards the lipid biosynthetic pathway. In microalgae cells, as every photosynthetic organism, carbon atoms derive mainly from carbon fixation through photosynthesis. In optimal growing conditions, the carbon flux is mostly directed towards cell growth, while under nitrogen starvation the flux is reoriented in favour of lipid biosynthesis. An important question that arises is whether the carbon flux that is directed towards lipid accumulation comes from the carbon fixation through photosynthesis or from a reallocation of the already present carbon backbones. Part of the aim of this PhD project is the identification of the key controllers of the metabolic reorientation. Transcription factors (TFs), being activators or repressors of gene expression, regulate most of the cellular processes, allowing organisms to adjust their enzymatic machinery in response to external stimuli. Identification of the TFs involved in the response to nitrogen starvation is thus crucial to understand its regulation and control. The dysregulation of the TFs gene expression and the observation of the generated phenotype will help decipher their role in the response to nitrogen starvation. This type of information will allow to place the first tile to pave the way towards the future generation of microalgal cell factories.

  Kuenen and Johnson (2009) highlighted the advantages of using continuous cultivation methods in order to control growing conditions. Moreover,[START_REF] Daran-Lapujade | Chemostat-based micro-array analysis in baker's yeast[END_REF] andRegenberg et al. (2006) who independently performed transcriptomic analyses of Saccharomyces Cerevisiae under chemostat conditions observed 95% agreement for transcriptomic changes in three independent replicates. The information brought by these two research groups underline the importance of controlled condition for the reproducibly of the experiments, especially when sensible analyses are performed.The chosen PBR in this study, is a computer control microalgae laboratory scale cultivation device manufactured by Photons Systems Instruments (PSI, Drasov, Czech Republic). The PBR is composed of a main chassis and other external modules for the power supply gas and medium supply (Figure2.1).The chassis contains the cultivation vessel and culture support components. One of these is the thermoelectric module which allows the culture temperature regulation through a Peltier element[START_REF] Peltier | Nouvelles expériences sur la caloricité des courants électrique[END_REF]. Another component is the white led panel for culture illumination which covers the entire surface of the flat panel allowing a homogeneous light distribution through the culture. The turbidostatic mode feature enabled in this PBR model is permitted thanks to an embedded turbidimeter which allows the continuous monitoring of the cell density. An auxiliary feature integrated in this PBR is a double modulation fluorimeter (blue and red excitation lights) allowing to run in situ chlorophyll fluorescence analyses (for more details on chlorophyll fluorescence analyses please refer toRoháček et al. (2008)). Moreover, the cultivation vessel offers the possibility for the integration of pH and temperature, dissolved oxygen and dissolved carbon dioxide membrane sensors.

Figure 2 . 1 -

 21 Figure 2.1 -Illustration of the PBR setup.(1) FMT 150 PBR central unit: it is composed of the cultivation chamber with all the electronic circuits for the PBR-computer interface. It also contains the led panel, the bubbling system, temperature control unit, the integrated densitometer and fluorometer for chlorophyll fluorescence analysis. In the upper part of the central unit, three sensors are visible (2) and are the dedicated sensors for temperature/pH, oxygen and DIC monitoring. On the left of the PBR is located the gas managing system (3). Gas mixing system GMS 150 used to precisely prepare the air/CO2 mixture before injection in the PBR bubbling system through the bubbling loop (5). Air and CO2 are supplied on the mixing system from bottles through the dedicated inlets (4). A solenoid valve (6) is electronically controlled by the system in order to interrupt the bubbling when requested (e.g. optical density reading). An air filter (7) is added to avoid potential impurities of the air/CO2 mixture to reach downstream compartments. A bottle containing ultrapure sterile water where the air/CO2 mixture to humidify it prior to enter the cultivation vessel (8). A sampling catheter (9). On the right side of the PBR is located the medium managing system. A peristaltic pump (10) to provide fresh medium supply to the culture when requested; it is electronically interfaced with the system. A switch valve (11) to switch between a medium supply and another. Medium supply bottles (12)-(13): containing the two types of medium supply used in this experiment (bottle size not in scale). Waste batch (14) to collect the PBR flowthrough. Adapted from the manufacturer hardware manual (https://psi.cz/). The illustration does not show the computer used to control the PBR and collect.

Figure 1 -

 1 Figure 1 -Culture parameters in response to the transition from NRep to NS conditions. (A) Principal component analysis (PCA) of the different physiological and biochemical traits. The first two components of the PCA explain the 86,3% of the variance, 75% is explained by the first component allowing the outline of two groups: the NRep (Violet) and NS (Yellow) groups and the transition links them together. (B) Time-courses of cell density, N-int and N-ext. (C) Cellular available biochemical energy during the time course of the experiment. Day 0 refers to DNRS. (D) Soluble proteins (blue), carbohydrates (black) and neutral lipids (red) cellular content. (E) DIC and intracellular carbon.

Figure 2 -

 2 Figure 2 -Impact of the nitrogen starvation on the photosynthetic performance. (A) ΦII (closed symbol) and ΦP0 (open symbol), (B) qN, (C) qP and (D) rETR.

Figure 3 -

 3 Figure 3 -Principal component analysis on transcriptomic and metabolomic results. (A) PCA performed on the significantly differentially expressed genes (|log2FC| ≥ 1). The first two components of the PCA explain 71.8% of the variance. (B) PCA performed on metabolites metabolite abundance compared to the control (Before DRNS) during the timecourse of the experiment. Only metabolites which change is significant (|log2FC| ≥ 2) in at least one of the timepoints was considered for the analysis. As for figure 1A, two major groups are delimited: NRep (green) and NS (yellow) with a transition phase in between. Differently from figure 1A, day 15 have been considered separated from the main NS group.

Figure 4 -

 4 Figure 4 -Nitrogen uptake and assimilation pathways in P. tricornutum. The heatmaps report the change in gene expression in NRep (from 1 to 4 DRNS, day 5, day 6, NS and day 15). Daily variations of gene expression are reported in figure S7. NRT, nitrate transporter; VNRT, vacuolar nitrate transporter; NR, nitrate reductase; NAR1, nitrite transporter; Nir, nitrite reductase; NAD(P)H-Nir, nitrite reductase NAD(P)H dependent; GSII/III, glutamate-ammonia ligase; GOGAT, glutamate synthase; ACOAT, acetylornithine aminotransferase; AGPR, N-acetyl-gamma-glutamylphosphate reductase; GACT, glutamate N-acetyltransferase; AKG, acetylglutamate kinase; ALT, L-alanine transaminase; AST, aspartate aminotransferase; PLAAOx, periplasmic L-amino acid oxidase; FORM, formamidase; GDH, glutamate dehydrogenase; CP, carbamoyl phosphate; pgCPS, carbamoyl phosphate synthetase; unCPS, carbamoyl phosphate synthase mitochondrial, UT, urea transporter; URE, urease; CL, cyanate lyase, HR, Hydroxylamine reductase; GDH, glutamate dehydrogenase; OCD, ornithine cyclodeaminase; ODC, ornithine decarboxylase; P5CS, pyrroline-5-carboxylate synthase; P5CR, pyrroline-5-carboxylate reductase; OTC, ornithine transcarbamylase; ARG, arginase; ASL, argininosuccinate lyase; ASuS, argininosuccinate hydratase; AKA, α-keto acid.

Figure 5 -

 5 Figure 5 -De novo and acetyl-CoA independent lipid biosynthetic pathways in P. tricornutum. Overall change in gene expression at each phase. PDC, pyruvate dehydrogenase complex; ACC, acetyl-CoA carboxylase; MCAT, malonyl-CoA:ACP transacylase; FAB, fatty acid biosynthesis; PGK, phosphoglycerate kinase; GPAT, glycerol-3phosphate: acyl-ACP acyltransferase; LPAT, lysophosphatidate acyltransferase; PAP, phosphatidate phosphatase; CDS, phosphatidate cytidylyltransferase; PGPS, CDP-diacylglycerol--glycerol-3-phosphate 3phosphatidyltransferase, PLC, phospholipase C; SQD1, UDP-sulfoquinovose synthase; SQD2, glycosyl transferase; UPG/PGM, UDP-glucose-pyrophosphorylase/phosphoglucomutase; UGE, UDP-galactose 4-epimerase; MGD, MGDG synthase; DGD, DGDG synthase; EPT, ethanolamine phosphotransferase; PLD, phospholipase D; PLA, phospholipase A; LPCAT, lysophosphatidylcholine acyltransferase; PDAT, phospholipid:diacylglycerol acyltransferase; DGAT, acyl CoA:diacylglycerol acyltransferase; ACP, acyl carrier protein. The heatmap is reported only when change in gene expression is observed in at least one of the isoforms. Daily variations of gene expression are reported in figure S11.

Figure 6 -

 6 Figure 6 -Transcriptional changes of the genes involved in glycolysis/gluconeogenesis and pentose phosphate pathways and the synthesis and degradation of chrysolaminarin. Heatmaps are reported when changes in gene expression was observed in at least one of the isoforms. Full information on the gene expression change during the time-course of the experiment is reported in figure S14. BG, beta-glucosidase, GLK, glucokinase; GPI, glucose-6phosphate isomerase; FBP, fructose-1,6-bisphosphatase; PFK, phosphofructokinase; FBA, fructose bisphosphate aldolase; GAPD, glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; TIM, triosephosphate isomerase; G6PDH, glucose 6phosphate dehydrogenase; PGL, 6-phosphogluconolactonase, 6PGDH, phosphogluconate dehydrogenase; RPE2, ribulose-phosphate 3-epimerase; TKT, transketolase; TALDO, transaldolase; UPG/PGM, UDP-glucosepyrophosphorylase/phosphoglucomutase; PGM, phosphoglucomutase; UGP, UTP--glucose-1-phosphate uridylyltransferase; BGS, 1,3-beta-glucan synthase; TGS, 1,6-β-transglycosylases; Exo-BGA, exo-β-glucanase; Endo-BGA, endo-β-glucanase. Mitochondrial and plastid transcriptional changes are reported as overall change, the detailed pathways and transcript abundance change are reported in figure S13.

  . The parameters of Mass Profiler Professional were set as follows: Experiment type: Combined (Identified + Unidentified); Organism: None; Workflow type: Data Import Wizard. Total data set: 6263 -II Experiment -All Entities (Created from Significance Testing and Fold Change workflow step): -5427-Filtered on Flags (Entities retained in which at least 1 out of 27 sample has Present [P] or Marginal [M] Flag) -5427-Filtered by frequency (where at least 100.0 percent of samples in any 1 out of 6 conditions has flag [P]) -4418-Oneway ANOVA, p (P-value cut-off ) <0.05 -4267-Fold change >= 2.0 -(Pairing option: All conditions against control)
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 1 In order to perform the required analyses to have insight on biochemical and molecular responses of P. tricornutum to the transition from N repleted to N limited conditions, culture samples have been collected throughout the experiment time course. The following table summarizes the sampling program, reporting the sampling volume for each type of analyses and the quantity of sample replicates. Transcription factors: a small overview In all living organisms, the coordination and regulation of gene expression is crucial for growth, development, cell cycle progression as well as for adaptation to environmental changes. Different mechanisms are put in action by the cell to modulate gene expression. Epigenetics is one of the most important mechanisms for microalgal genetic flexibility that consists in the chemical modification of histone proteins or DNA molecule

  In general, TFs specific DNA sequences called cis-acting elements are located in the promoter region of target gene. Binding to this specific region, TFs are able, in combination with other non-specific factors, to interact with the transcriptional machinery and modulate transcription timing and levels, influencing thus positively or negatively the transcription machinery activity. TFs are usually classified according to the differed DNA binding domains (DBDs) they recognize and bind allowing the modulation of gene expression. Several TFs have been identified in P. tricornutum by both Rayko et al. (2010) and Thiriet-Rupert et al. (2016) (Table

  [START_REF] Mann | The Aureochrome Photoreceptor PtAUREO1a Is a Highly Effective Blue Light Switch in Diatoms[END_REF] observed a dramatic change in global gene expression in the Aureo1a knock-out (KO) lines and confirmed its important role in blue light sensing.Matthijs et al. (2017) described the involvement of bZIP14 in the regulation of the tricarboxylic acid cycle (TCA). The analyses they carried out, showed a co-expression of genes encoding TCA cycle components and bZIP14 in NS conditions. They observed the presence of bZIP14 binding motifs in the promoter region of genes encoding components of the TCA. In fact, the OE of bZIP14 gene induced an OE of genes encoding components of the TCA. bHLH are a third class of TFs of which the function in P. tricornutum have been elucidated.[START_REF] Annunziata | A bHLH-PAS protein regulates light-dependent diurnal rhythmic processes in the marine diatom Phaeodactylum tricornutum[END_REF] described how bHLH1a dysregulation affects cell cycle and growth according to the different light cycles. The bHLH1a protein, also called RITMO1 (from the Italian term for rhythm), has

  1). Thanks to this complementarity region, the Cas9-sgRNA ribonucleoprotein can induce a targeted double strand break to a desired position in the target genome. The DNA damage is then repaired by cellular endogenous mechanisms which are (1) the nonhomologous end joining (NHEJ) mediated repair and (2) the homologous directed recombination (HDR). The first mechanism is characterized by rejoining the broken ends without the use of extensive homology and frequently associated with the presence of small insertions and deletions (indels) at the break site (Pickar-Oliver and Gersbach, 2019) (Figure 3.1). The second mechanism consists in a homologous directed recombination (HDR) where a homologous donor is exploited by the cell as template to repair the double strand brake (Pickar-Oliver and Gersbach, 2019) (Figure 3.1). This repair mechanism is exploited for genetic mutation to perform targeted gene insertions, specific base pairs alterations and gene modification.

Figure 3 . 1 -

 31 Figure 3.1 -Cas9-sgRNA mediated DSB and DNA repair mechanisms. The double strand brake induced by the Cas9 ribonucleoprotein can be repaired through two main ways: (1) NHEJ mediated repair consists in an error prone repair that results in the introduction of small insertion of deletions disrupting the gene; (2) HDR mediated repair consist in the repair of the double strand break that exploits a homologous piece of DNA present in the nucleus. This technique can be used to insert pieces of DNA of interest.

Karas

  et al. (2015) set up and optimized this technique on P. tricornutum.
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 32 Figure 3.2 -Illustration of the transformation through trans kingdom conjugation. The donor E. coli cells possess the conjugative plasmid which contains the genes encoding the proteins composing the conjugative machinery. The shuttle plasmid, which contains the gene of interest, is transferred in the host cells where it remains in the episomal form.

Figure 3 .

 3 Figure 3.3 -pPha-T1 map describing all the feature of this plasmid. The plasmid allows the expression of genes (endogenous and exogenous) in P. tricornutum. The map has been created with SnapGene (https://www.snapgene.com/)

Figure 3 .

 3 Figure 3.5 -pPtPuc3_diaCas9_sgRNA map describing all the feature of this plasmid. From Karas et al. (2015), AddGene ID: 109219. The plasmid allows the expression of a P. tricornutum codon-optimized Cas9 protein and the sgRNA containing the CRISPR/Cas9 target sequence between the two BsaI restriction sites. The plasmid also contains the kanamycin (KanR) and zeocin (BleoR) resistance cassettes, the transfer origin (oriT) and the centromere region CEN/ARS. The map has been created with SnapGene (https://www.snapgene.com/).

  .pKSdiaCas9-sgRNA plasmids preparation were performed following the protocol from[START_REF] Nymark | CRISPR/Cas9 gene editing in the marine diatom Phaeodactylum tricornutum[END_REF]. The generated plasmids were transfected in E. coli DH5α for amplification. were used for colony PCR screening to select colonies containing the plasmid harbouring the correct target sequence. After extraction, plasmids were stored at -20°C and sent for sequencing.
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 36 Figure 3.6 -Example of target sequence selection using PhytoCrispr-Ex. Gene coding sequence (fasta) is used as query for PhytoCRISP-Ex which will generate an output table with the information on the best possible target sequence in the input sequence. Adapters are added to the sequence which is then inserted by ligation in the linearized plasmid according to Nymark et al. (2017).

  Figure 3.7 -Most differentially expressed gene observed in the analysed literature. The heatmap reports the differential expression under the different conditions studied in the specific publication. NS, nitrogen starvation; NR21, nitrate reductase knock-down mutant; PS, phosphorous starvation; FeS, iron starvation. The grey cells indicate the absence of data. Column index indicates the reference publication.
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 38 Figure 3.8 -Different classes of homologous TFs belonging to the 62 different groups of orthology. TFs gene ID and name are reported in annexedTable A 5.
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 39 Figure3.9 -Cluster heatmap on the change in gene expression of TFs encoding genes. On the right are reported the heatmaps of the different clusters of mostly upand down-regulated gene during NS. The two heatmap were cropped from the entire cluster heatmap generated (left)

Figure 3 .

 3 Figure 3.10 -Target TF encoding genes for mutant generation. The table reports the name and ID of each selected TF. For each TF encoding gene, the expression pattern along the timecourse of the experiment from chapter II.

  HSF1b and HSF1a were negatively affected by the nitrogen starvation and their response is consistent with what observed in literature. The expression of HSF4.6a encoding gene appears fluctuating and the transitory peak during the transition phase (5 and 6 DRNS) suggested the potential involvement of the encoded TF in the control of cellular responses in these conditions. As reported in chapter II, during the transition phase a major cellular response is observed, both on a physiological and biochemical levels, and this TF could be involved in these responses. The inconsistency with what reported in literature (Figure3.7) is another point in favour of a deeper investigation. For the same transitory expression pattern, TAZ2 has been selected as potential target gene. Other three HSF family members TFs, HSF 4.3b, HSF 4.3b and HSF1.3b were selected due to the overall upregulation of their encoding genes. The transitory OE of the gene encoding HSF4.3b, is confirmed by what observedMatthijs et al. (2016), suggests its potential involvement in the transitory changes that allows the cell to adapt to the NS condition.
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 41 Figure 4.1 -Microtiter plates. Example of microtiter plates with different well number and size (Figure taken from https://www.kisker-biotech.com/)

Figure 4 .

 4 Figure 4.2 -P. tricornutum cultures in microtiter plates. (A) Cultures without agitation: the deposit is visible at the bottom of the well. (B) Cultures subjected to swinging agitation: the cell deposit is formed in a line in the middle of the well according to the direction of the swinging. (C) Cultures subjected to orbital agitation: the movement creates a vortex that tends to concentrate cells in the very centre of the well.
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 43 Figure 4.3 -Transformant colonies in solid (left) and liquid (right) f/2 medium. Example of solid medium transformant lines maintenance. A printed grid is fixed under the plate and it is used to keep track of the different lines.

  enriched with NaHCO3 (14.3 mM final concentration). Cells were cultivated in culture flask (Tissue culture flask T-25, Sarstedt) and 12-well microtiter plates (Cell culture plates, Sarstedt). To maximize culture volume, culture flasks were kept in vertical position. The culture volume employed for cultivation in culture flasks is up to 30 mL while in microplates a maximum of 3 mL for each well is allowed. Growing conditions were set to continuous light (150 μmol of photons m-2 s-1) at 21°C for 20 days with punctual daily mixing.Neubauer chamber was used to measure cell concentration. Optical density at 735 nm of microplate cultures was performed in situ with the xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad).

  Figure 4.4 -Concept design of the 12-well microplate stirrer. Three-dimensional design of the conceived system that allows the cultivation and the controlled stirring of solutions inside the microplate wells with the aid of a small ferromagnetic rod.

  Being a device initially conceived for microalgal cultivation, it was improved with the possibility of illumination of each single culture on a modular manner(Figure 4.6). The illumination is possible thanks to 12 LED positioned under each well and individually controlled by an external controlling unit.
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 46 Figure 4.6 -Illumination module addition. The module harbours 12 differentially controlled LED. The control is done by an external controlling unit connected with a specific connector in the back of the device (controlling unit not shown). Microtiter plates to adopt when illumination intensity and cycle are differential for each well.

1 .

 1 From the graph reported in Figure4.7, two types of information can be extrapolated:(1) the homogenization effectiveness of the method employed and (2) the reproducibility of the homogenization. The first one can be obtained by comparing the different homogenization methods to the control by pipetting while the second is shown by the dimension of the standard deviation. The higher the standard the more the measures are diverging from the average and symptom of bad reproducibility.An overestimation of the OD735 is observed with the absence of homogenization(Figure 4.7). This is due to the fact that the microalgal cultivation without shaking allows cells to not uniformly deposit at the bottom of the well. Although overestimated, the measurement remains reproductible. An overestimation of the OD735 coupled to a large standard deviation is observed by mixing through the Grant bio PMR-30 and the integrated mixing system of the xMark microplate reader (Figure4.7). These two observations are a symptom of poor and inconsistent culture homogenization. The formation of inhomogeneous clots of cells is at the origin of the non-reproducible OD measurements.

Figure 4 . 7 -

 47 Figure 4.7 -Optical density at 735 nm of P. tricornutum cultures after mixing with the different methods (black squares) and after the homogenization performed by pipetting (red dots). OD735 measurements with the xMark plate reader (Table 4.1) were converted in cell concentrations exploiting a calibration curve previously performed (see section 4.4). A 12-well microplate with 12 culture replicas was analysed for each mixing procedure. Values correspond to the average and standard deviation of the 12 wells of each plate. Absence of mixing (A); manual mixing (B); xMark integrated mixing system (C); Grant bio PMR-30 (D); VWR Standard (Std) 5000 5min (E), 15min (F) and 60min (G); MAGILUX-Cell (H). xMark™ Microplate Absorbance Spectrophotometer passed the absorbance linearity test until 2.5 OD (data are available on the manufacturer website https://www.bio-rad.com/).
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 48 Figure 4.8 -Growth curves of P. tricornutum. Comparison of the growth curves of P. tricornutum over 14 days. Cultures were daily homogenized with four different methods. The dotted lines represent the logistic regression of each curve of which formula, slope and R squared of the regression are reported in the figure table.
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 49 Figure 4.9 -Comparison between cultivation in flasks and microtiter plates. Growing curves of Pt1 and Pt4 P. tricornutum ecotypes in 30 mL of culture in flask or 3 mL in 12-well microplate.

  A non-negligible drawback of this type of device is the requirement of specific ferromagnetic stirring rods which require sterilization prior their usage and must be moved away from the optical path of the microplate reader during the analyses. An invention disclosure has been deposited to an external patent attorney of Le Mans University which declared MAGILUX-Cell not an invention and thus non patentable. A sealed envelope, called "Envelope Soleau", containing the technical details of MAGILUX-Cell and the results of the performed experiments was deposited at the French National Institute of Industrial Property (INPI) and will serve as proof of priority for inventions. MAGILUX-Cell is still in a developing stage and will require improvement and further testing. Cultivation with continuous mixing will be performed in order to study the effects of the continuous mixing on the culture growth, including the integrated illumination.

  Two ecotypes were used in this study: Pt4 (UTEX 646) and Pt1 (CCMP 2561). Two Pt1 strains were studied, coming from geographically different laboratories: Pt1-Wuhan, kindly provided by Pr H. Hu from the Center for Algal Biology and Applied Research from the Chinese Academy of Sciences at Wuhan (China), and Pt1-Paris kindly provided by Dr. A. Falciatore from the Laboratoire de Biologie du Chloroplaste et Perception de la Lumière chez les Microalgues, Institut de Biologie Physico-Chimique (IBPC, Paris, France).

FIGURE 1 |

 1 FIGURE 1 | Typical FTIR spectra recorded from P. tricornutum (Pt4) in two different conditions: N-replete (blue line) and N-deplete (red line). Major band assignments are indicated by arrows and defined in Table1.

FIGURE 2 |

 2 FIGURE 2 | Correlations between FTIR absorbance measured at 1,746 cm -1 and the number of cells deposited on the silica plate (A) Baseline-corrected spectra considering 0 to 10 million cells, (B) Baseline-corrected spectra considering 0 to 3 million cells, (C) Baseline-corrected and normalized spectra considering 0 to 3 million cells. The coefficient of determination (R 2 ) of the linear regression curve is indicated.

FIGURE 3 |

 3 FIGURE 3 | Correlations between FTIR absorbance measured at 1,746 cm -1 and lipids concentrations quantified by fluorescence after Nile-Red staining considering (A) baseline-corrected spectra and (B) baseline-corrected and normalized spectra. Two million cells were deposited on the silica plate. Coefficients of determination (R 2 ) of the linear regression curves are indicated.

FIGURE 4 |

 4 FIGURE 4 | Comparison between standard biochemical and FTIR quantifications along the N-starvation performed in a photobioreactor[START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF] considering (A) baseline-corrected spectra or (B) baseline and normalized-corrected spectra. FTIR quantifications are performed at 1,074 cm -1 for carbohydrates, 1,655 cm -1 for proteins and 1,746 cm -1 for lipids.

FIGURE 7 |

 7 FIGURE 7 | Volume analysis of LDs in the different ecotypes and strains of P. tricornutum after 18 days of N-starvation. (A) Histogram reporting the occurrence frequencies for LDs of specific dimension ranges. Line graph reports the cumulative occurrence frequencies for increasing size of LDs; (B) Violin plot reporting the occurrence frequency distribution of the different size of LDs.

FIGURE 8 |

 8 FIGURE 8 | Growth curves of the different ecotypes and strains of P. tricornutum in N-replete condition. A logistic model was used for the determination of growth rates.

Figure S1 -

 S1 Figure S1 -Calibration curves correlating the optical density measured at 735 nm using a spectrophotometer and the number of cells in nitrogen replete (N+) and nitrogen starvation (NO) at day 6, 10 and 18 for (A) Pt4, (B) Pt1-Wuhan and (C) Ptl Paris. Regression equations are indicated below each graph.

Figure S2 -

 S2 Figure S2 -Visualization of a drop deposited on the silica plate and dried showing the distribution of the 8 technical replicates recorded (100 μm-100μm window).

Figure S3 -

 S3 Figure S3-Example of (A) a raw spectrum recorded (800-4000 cm -1 ), (B) a cut-down raw spectrum recorded (800-2000 cm -1 ), (C) the baseline visualization, (D) a baseline-corrected (rubber-band)spectrum, (E) a normalized (standard normal variate) spectrum before offset correction and (F) a normalized spectrum after offset correction.

Figure S4 -

 S4 Figure S4-Calibration curves performed for the quantification of (A) lipids, (B) proteins and (C) carbohydrates.

Figure S5 -

 S5 Figure S5 -Reproducibility highlighted by the measure of the absorbance. (A) 1 to 8 technical replicates (inside a drop) with baseline-corrected spectra, (B) 1 to 6 biological replicates (6 drops named A to F) with baseline-corrected spectra and (C) 1 to 6 biological replicates with normalized-corrected spectra.
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 S6 Figure S6 -Correlations between FTIR absorbance and the number of cells analyzed. (A) 0 to 10 million cells deposited on the silica plate and baseline-corrected spectra, (B) 0 to 3 million cells and baseline-corrected spectra and (C) 0 to 3 million cells and normalized-corrected spectra.

Figure S7 -

 S7 Figure S7 -Examples of dried culture drops deposited on the silica plate. (A) inhomogeneous distribution of the cells when 0.3 million cells are deposited; (C) more homogenous distribution when 2 million cells are deposited.

Figure S8 -

 S8 Figure S8 -Correlations between FTIR absorbance and concentrations quantified by standard biochemical methods. (A) baseline-corrected spectra and (B) normalized spectra. Two million cells were deposited on the silica plate.

Figure S9 -

 S9 Figure S9-Validation of the FTIR methodology using data from a N-starvation experiment conducted in a photobioreactor[START_REF] Scarsini | The Transition Kinetic Toward Nitrogen Deprivation in the Marine Diatom Phaeodactylum tricornutum: A Multidisciplinary Approach[END_REF]. Correlations between quantification estimated by FTIR and quantifications performed by standard biochemical methods at the different wavenumbers using baseline-corrected spectra.

Figure S11 -

 S11 Figure S11 -The violin distribution of the cell length (A) and width (B) of the different P. tricornutum ecotypes and strains. The measurements were performed on brightfield microscope pictures.

Figure S12 -

 S12 Figure S12 -Pigment quantifications on the different P. tricornutum ecotypes and strains following the N-starvation experiment of 18 days: (A) Chl a, (B) Chl c, (C) Chl a/Chl c and (D) fucoxanthin cell contents.
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Figure 4 .

 4 Figure 4.10 -PCA analysis on FTIR spectra from different lines. Top: Contribution of the two components of the PCA. The firs component is driven by the three major organic macromolecules classes and the second component is driven mainly by lipids. Bottom: PCA performed on the FTIR spectra (800-2000 cm -1) from different mutant lines and wild types. The filled shapes represent two wild type strains. For ease of visualization, a straight red line was traced over the distribution of wild type points.

  Oligonucleotides used for the amplification of the long antisense sequences encoding the RNA for gene silencing mutant generation. Each oligo contains the specific restriction enzyme recognition site for directional cloning in the vector (red). Protective bases are added to the oligos in order to ensure a good cleavage close to the end of the DNA fragment (yellow). target sequences for CRISPR/Cas9 mutagenesis. Designed oligonucleotides for the insertion in both CRISPR/Cas9 mutagenesis vectors. The target sequence is in bold, the complementary sequence is reported for each target sequence. Adapters are added to the sequence which is then inserted by ligation in the linearized plasmid according to[START_REF] Nymark | CRISPR/Cas9 gene editing in the marine diatom Phaeodactylum tricornutum[END_REF]. List of transcription factors. List of the TFs gene ID and name are reported. https://protists.ensembl.org genome assembly ASM15095v2.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .1 -Macromolecules synthesized by P tricornutum at industrial scale and their applications (modified from Butler et al., 2020)

 1 

	Class of product	Product	Functional use	References
		EPA	Pharmaceutical/Nutraceutical -	Sevilla et al., 2004;
			Cardiovascular health; precursor for	
			prostaglandin-3, thromboxane-3, and	Hamilton et al., 2015;
			leukotriene-5 eicosanoids	Pudney et al., 2019;
				Rodolfi et al., 2017;
				Gao et al., 2017
		DHA	Pharmaceutical/Nutraceutical -Primary	Hamilton et al., 2015;
	Lipids		structural component of the human brain, cerebral cortex, skin, and retina	Pudney et al., 2019; Wang et al., 2017
		Arachidonic acid	Pharmaceutical/Nutraceutical-prostaglandin	Wang et al., 2017
			precursor	
		TAG	Industrial-Biodiesel	Branco-Vieira et al., 2017
		Brassicasterol	Pharmaceutical/Nutraceutical-Decreased risk	D'adamo et al., 2019
			of coronary heart disease; anti-inflammatory	
			activities	
	Carbohydrates	Chrysolaminarin	Pharmaceutical/Nutraceutical-Antioxidant	Gao et al., 2017
		Fucoxanthin	Pharmaceutical/Nutraceutical-Antioxidant,	Gao et al., 2017;
			anti-obesity, anticancer, anti-inflammatory	
	Tarpenoids and			
	carotenoids	Lupeol	Pharmaceutical/Nutraceutical-Antiprotozoal,	D'adamo et al., 2019
			antimicrobial, antitumor, chemopreventative	
		Betulin	Pharmaceutical/Nutraceutical-Antitumor	D'adamo et al., 2019
		Polyhydroxybutyrate (PHB)	Industrial-Bioplastics	Hempel et al., 2011a
		Human IgGαHBsAg: antibody	Pharmaceutical-Monoclonal antibody	Hempel et al., 2011b
		against hepatitis B virus surface		
		protein		
	proteins compounds and Non-native	retention signal (DDEL) at the C-surface protein lacking the ER antibody to hepatitis B virus IgG1/kappa Ab CL4mAb:	Pharmaceutical-Monoclonal antibody	Hempel et al., 2012
		termini of both antibody chains		
		Monoclonal IgG antibodies	Pharmaceutical-Monoclonal antibody	Hempel et al., 2017
		against the nucleoprotein of		
		Marburg virus (close relative of		
		Ebola virus)		

Table 1 .2 -Origin and morphotype and genotype of the 10 accessions of

 1 

P. tricornutum. Adapted from De

Metabolic reorientation under nitrogen limitation: what is missing

  

	1.1.9.					
					Major	Genetic
					morphotype	clade
					[Frequencies]	
	Pt1	CCMP632	Off Blackpool, UK	ca. 1956	Fusiform	A
			54.0000N-04.0000W		95%-100%	
	Pt2	CCAP 1052/1A	English Channel, off	Prior	Fusiform	A
			Plymouth, UK	1910	95%-100%	
			50.3620N-04.1700W			
	Pt3	CCAP 1052/1B Brackish clonal culture	1930s	Oval	A
			isolated from		60%-75%	
			Plymouth strain (Pt2),			
			UK			
	Pt4	CCAP 1052/6	Island of Segelskår,	1951	Fusiform	B
			near Tvarminne,		95%-100%	
			Finland			
			63.0000N-27.0000E			
	Pt5	CCAP 1052/6	Gulf of Maine, Cape	1972,	Fusiform	C
			Cod Bay, West Dennis,	winter	95%-100%	
			Chase Garden Creek,			
			MA, USA			
			41.7600N-70.2000W			
	Pt6	CCMP631	Nantucket Bay, off	ca. 1956	Fusiform	D
			Woods Hole, MA, USA		95%-100%	
			41.5250N-70.6736W			
	Pt7	CCMP1327	Great South Bay, off	1952	Fusiform	D
			Long Island, MA, USA		95%-100%	
			40.6600N-73.2500W			
	Pt8	NEPCC 640	Jericho Beach,	1987,	Triradiate	D
			Vancouver, BC,	March	80%-85%	
			Canada			
			40.6600N-73.2500W			
	Pt9	NEPCC 640	Territory of Guam,	1981,	Oval 60%-75%	A
			Northern Mariana	Feb.	at 15°C-19°C	
			Islands, Micronesia		Fusiform 80%-	
			13.8333N-144.7500E		95% at 25°C-	
					28°C	
	Pt10	MACC B228	Dalian, Yellow Sea	2000	Fusiform 95%-	C
					100%	

P. tricornutum, as other microalgal species, react to nitrogen starvation with the accumulation of storage lipids and the reduction in the division rate

Table 8 . 1

 81 Nonexhaustive summary of the main differences in photosynthesis in diatoms and green algae.

		Diatoms	Green algae
	Evolutionary origin	Secondary	Primary endosymbiosis
		endosymbiosis	
	Number of membranes	4	2
	surrounding the thylakoids		
	Presence of grana	No	Yes
	Lateral heterogeneity in the PS	Weak	Strong
	distribution		
	NPQ	Very intense and	Intense and slow
		fast	
	CCM	Yes	Yes but exceptions such as Caulerpa

(Ulvophyceae) exist

[START_REF] Kevekordes | Inorganic carbon acquisition by eight species of Caulerpa (Caulerpaceae, Chlorophyta[END_REF] K., E. and U. 1994;[START_REF] Palmqvist | Photobiont-related differences in carbon acquisition among green-algal lichens[END_REF][START_REF] Palmqvist | Photobiont-related differences in carbon acquisition among green-algal lichens[END_REF] 

Table 5 . 1

 51 Some example of putative and real application fields using carotenoids

		β-carotene	Astaxanthin	Canthaxanthin	Fucoxanthin Lutein
	Food	+ (Guedes	+ (Ao and Kim	No longer	+ Neumann	-
	antioxidant	et al. 2011)	2019)	(Esatbeyoglu and	(Neumann	
				Rimbach 2017)	et al. 2019;	
					Sellimi et al.	
					2017)	
	Food	+ (Giménez	+ (Pogorzelska	No longer	+ (Sellimi	+ (Grčević
	colourant	et al. 2015)	et al. 2018)	(Esatbeyoglu and	et al. 2017)	et al. 2019)
				Rimbach 2017)		
	Medicine	+ (Le Goff	+ (Gateau et al.	+ (Palozza and	+ (Neumann	+ (Shimazu
	(in use or	et al. 2019)	2017; Zuluaga	Krinsky 1992)	et al. 2019;	et al. 2019)
	putative)		Tamayo et al.		Garg et al.	
			2019)		2019)	
	Feed	+ (Vincent	+ (Langi et al.	+ (Alonso-Alvarez	-	+ (Mehariya
		et al. 2017)	2018)	et al. 2018;		et al. 2019)
				Esatbeyoglu and		
				Rimbach 2017)		
	Food	+ (Hemilä	+ (Tamjidi	+ (Arab et al.	+ (Sellimi	+ (Jaswir
	supplement	2018)	et al. 2018)	2019)	et al. 2017)	et al. 2011)
	Cosmetics + (Freitas and	(Anunciato	-(Sujac (Sujak	-	+ (Anunciato
		Gaspar 2016)	and da Rocha	2009)		and da Rocha
			Filho 2012)			Filho 2012)

Table 5 .2

 5 Putative sources and alternative sources among microalga for the production of carotenoids and carotenoid precursors for industrial applications. The shaded lines indicate carotenoids that are produced under stress conditions. TC: Total carotenoids. Completed after[START_REF] Raposo | Carotenoids from marine microalgae: A valuable natural source for the prevention of chronic diseases[END_REF] andGateau et al. 

		Cellular concentration			Haematococcus pluvialis: up to 7% DW/40 mg g -1 DW (Sathasivam and Ki	2018; Lorenz and Cysewski 2000), 75% TC	(Raposo et al. 2015)	Chlorella zofingiensis: up to 3.7% DW (Liu	et al. 2014)	2015), Chlorella zofingiengis: 50% TC	(Raposo et al. 2015), 0.9% DW (Sathasivam	and Ki 2018)	Dunaliella salina: up to 13% DW	(Sathasivam et al. 2019), 50%	Coelastrella striolata var. multistriata:	4.75% DW (Abe et al. 2007), Chlorella	vulgaris: 45% TC (Raposo et al. 2015)	Botryococcus braunii: 0.17% DW	(Tonegawa et al. 1998)	(continued)
		Microalgal alternative source	Red alga	Dunaliella salina (Christaki et al. 2013)														2015)	Botryococcus braunii (Tonegawa et al. 1998)
		Traditional sources			Yeast: yeast Xanthophyllomyces	dendrorhous (Phaffia rhodozyma)										Bacterium: Gordonia jacobaea	
	(2017)	Carotenoids	α-carotene	α-carotene	Astaxanthin											Canthaxanthin		Echinenone

(Rodríguez-Sáiz et al. 2010; Schmidt et al. 2011) Botryococcus braunii, Chlorella zofingiensis, Diacronema vlkianum, Euglena rubida, Haematococcus pluvialis, Neochloris wimmeri, Scotiellopsis oocystiformis (Lemoine and Schoefs 2010; Kopecky et al. 2000; Christaki et al. 2013; Ranga Rao et al. 2010; Del Campo et al. 2004; Orosa et al. 2000; Zhang and Lee 1997; Durmaz et al. 2009) β-carotene Industrial production: Chemistry, fungus: Blakeslea trispora (Britton et al. 2009); dietary: carrots and other vegetables Arthrospira platensis, Botryococcus braunii, Chlorococcum sp., Dunaliella salina, Parietochloris sp., Synechocystis sp., Chlorella zofingiengis (Del Campo et al. 2007; Solovchenko et al. 2008) Arthrospira sp.: 80% TC (Raposo et al. (Veiga-Crespo et al. 2005) Anabaena sp. (Shahidi and Brown 1998), Coelastrella striolata var. multistriata (Abe et al. 2007), Chlorella vulgaris (Raposo et al. carinospeciosa, Odontella aurita, Paralia longispina, Phaodactylum tricornutum, Vischeria helvetica, Vischeria punctata, Vischeria stellata (Kim et al. 2012a; Li et al. 2012a, b) (Fernández-Sevilla et al. 2010; Lin et al. 2015) Auxochlorella protothecoides, Botryococcus braunii, Chlorella minutissima, Chlorella protothecoides, Chlorella pyrenoidosa, Chlorella sorokiniana, Chlorella zofingiensis, Chlorococcum citriforme, Coelastrella sp., Galdieria sulphuraria, Muriellopsis sp., Neospongiococcus gelatonosum, Parachlorella kessleri, Scenedesmus almeriensis, Scenedesmus bijugus, Vischeria stellata

[START_REF] Dineshkumar | An advanced hybrid medium optimization strategy for the enhanced productivity of lutein in Chlorella minutissima[END_REF][START_REF] Fernández-Sevilla | Biotechnological production of lutein and its applications[END_REF][START_REF] Del Campo | Outdoor cultivation of microalgae for carotenoid production: Current state and perspectives[END_REF][START_REF] Rao | Characterization of microalgal carotenoids by mass spectrometry and their bioavailability and antioxidant properties elucidated in rat model[END_REF][START_REF] Cuaresma | Productivity and selective accumulation of carotenoids of the novel extremophile microalga Chlamydomonas acidophila grown with different carbon sources in batch systems[END_REF][START_REF] Durmaz | Effect of temperature on α-tocopherol, fatty acid profile, and pigments of Diacronema vlkianum (Haptophyceae)[END_REF][START_REF] Ghosh | Microalgal rainbow colours for nutraceutical and pharmaceutical applications[END_REF] 

Auxochlorella protothecoides: 0.76 mg g -1

[START_REF] Minhas | The isolation and identification of new microalgal strains producing oil and carotenoid simultaneously with biofuel potential[END_REF]

,

Porphyridium cruentum

[START_REF] Christaki | Functional properties of carotenoids originating from algae[END_REF][START_REF] Rao | Characterization of microalgal carotenoids by mass spectrometry and their bioavailability and antioxidant properties elucidated in rat model[END_REF][START_REF] Sajilata | The carotenoid pigment zeaxanthin-A review[END_REF][START_REF] Cuaresma | Productivity and selective accumulation of carotenoids of the novel extremophile microalga Chlamydomonas acidophila grown with different carbon sources in batch systems[END_REF][START_REF] Sathasivam | A Review of the biological activities of microalgal carotenoids and their potential use in healthcare and cosmetic industries[END_REF][START_REF] Schubert | Carotenoid composition of marine red algae[END_REF] 

Porphiridium cruentum: 94.5% TC

[START_REF] Schubert | Carotenoid composition of marine red algae[END_REF] 

Table 5 .3

 5 Comparison of the carotenoid productivity of different microalga species and strains

	Zeaxanthin												
	Lutein			6.1 mg g -1 DW (Mc	Gee et al. 2018)	2.4 mg g -1 DW (Mc	Gee et al. 2018)	7.2 mg g -1 DW (Del	Campo et al. 2000)			>5 mg g -1 DW	(Vaquero et al. 2014)
	Fucoxanthin	3.3 mg g -1 DW	(Mc Gee et al.	2018)									
	Canthaxanthin									1 mg g -1 DW	(Cherdchukeattisak	et al. 2018)	
	β-carotene												
	Astaxanthin												
	Total Car												
	Strain	Amphora sp. DMG_CW_23		Brachiomonas AP_SW_11	submarina	Chlorella variabilis AP_OT_10		Chlorococcum SAG62.80	citriforme	Chlorosarcinopsis sp. PY02		new species, Coccomyxa sp.	not yest	deposited in a	collection	Coccomyxa sp.

Table 5 .4

 5 Carotenoid distribution among the algal taxa. Neochrome is an artifact formed from neoxanthin that is present in the OT extract by the acid-catalyzed rearrangement during isolation[START_REF] Britton | Carotenoids[END_REF] 

	Haptophyceae	+ (Mc Gee et al. 2018)						+ (Mc Gee et al. 2018)	+(Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)									(continued)
	Dinophyceae	+ (Mc Gee et al. 2018)						+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018)							
	Chrysophyceae	+ (Mc Gee et al. 2018)						+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018)							
	Rhodophyceae	+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018)			+ (Mc Gee et al. 2018)												
	Glaucophytes	+																	
	Cyanobacteria	+																	
	α-carotene	β-carotene	Alloxanthin	Antheraxanthin	Canthaxanthin	Crocoxanthin	Cryptoxanthin	Diadinochrome	Diadinoxanthin	Diatoxanthin	Dihydrolutein	Fucoxanthin	Heteroxanthin	Loroxanthin	Loroxanthin-decenoate	Loroxanthin-dodecenoate	Lutein	Micromonal	Micromonol

Table 5

 5 

	Haptophyceae											Mamiellophyceae	
	Dinophyceae					+ (Mc Gee et al. 2018)						Cryptophyceae	+ (Mc Gee et al. 2018)
	Chrysophyceae									+ (Mc Gee et al. 2018)		Prasinophyceae	+(Mc Gee et al. 2018)
	Rhodophyceae										+ (Mc Gee et al. 2018)	Bacillariophyceae	
	Cyanobacteria Glaucophytes											Chlorophyceae	in 37 of the 67 taxa	examined (Mc Gee et al.	2018)
	.4 (continued)	Monadoxanthin	Mutatoxanthin	Neochrome	Neoxanthin	Peridinin and peridin isomers	Prasinoxanthin	Siphonaxanthin and siphonaxanthin-like	Uriolide	Violaxanthin	Zeaxanthin	Euglenophyta	α-carotene

β-carotene + (Mc Gee et al. 2018) + (Kopecky et al. 2000; Mc Gee et al. 2018) + (Mc Gee et al. 2018) + (Latasa et al. 2004) Alloxanthin + (Mc Gee et al. 2018) Antheraxanthin + (Kopecky et al. 2000; Mc Gee et al. 2018) + under very high light (Lohr and Wilhelm 1999) (Mc Gee et al. 2018) (continued)

Table 5

 5 

	Mamiellophyceae							+ (Le Goff et al. 2020)									+ (Le Goff et al. 2020)	(continued)
	Cryptophyceae		+ (Mc Gee et al. 2018)													
	Prasinophyceae							+ (Latasa et al. 2004)	+ (Latasa et al. 2004)		+ (Mc Gee et al. 2018;	Latasa et al. 2004)	in 44 of the 67 taxa	examined (Mc Gee et al.	2018)	in 41 of the 67 taxa	examined (Mc Gee et al.	2018)	+ (Mc Gee et al. 2018;	Latasa et al. 2004)	+ (Latasa et al. 2004)	+ (Latasa et al. 2004)
	Bacillariophyceae				+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018)							
	Chlorophyceae																+ (Kopecky et al. 2000;	Mc Gee et al. 2018)
	Euglenophyta	+ (Mc Gee et al. 2018)				+ (Mc Gee et al. 2018)	+ (Mc Gee et al. 2018)			+ (Mc Gee et al. 2018)						
	.4 (continued)	Canthaxanthin	Crocoxanthin	Cryptoxanthin	Diadinochrome	Diadinoxanthin	Diatoxanthin	Dihydrolutein	Fucoxanthin	Heteroxanthin	Loroxanthin		Loroxanthin-decenoate			Loroxanthin-dodecenoate	Lutein	Micromonal	Micromonol

Table 5

 5 

	Mamiellophyceae			+ (Le Goff et al. 2020)				+ (Le Goff et al. 2020)				
	Cryptophyceae	+ (Mc Gee et al. 2018)										
	Prasinophyceae		+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018;	Latasa et al. 2004)		+ (Latasa et al. 2004)	+ (Latasa et al. 2004)		+ (Latasa et al. 2004)	
	Bacillariophyceae											
	Euglenophyta Chlorophyceae		+ (Mc Gee et al. 2018)		+ (Mc Gee et al. 2018) + (Kopecky et al. 2000;	Mc Gee et al. 2018)			+ (Mc Gee et al. 2018)			+ (Kopecky et al. 2000;	Mc Gee et al. 2018)
	.4 (continued)	Monadoxanthin	Mutatoxanthin	Neochrome	Neoxanthin	Peridinin and peridin	isomers	Prasinoxanthin	Siphonaxanthin and	siphonaxanthin-like	Uriolide	Violaxanthin

+ under very high light (Lohr and Wilhelm 1999) + (Mc Gee et al. 2018; Latasa et al. 2004) Zeaxanthin + (Mc Gee et al. 2018) + under very high light (Lohr and Wilhelm 1999) + (Mc Gee et al. 2018; Latasa et al. 2004)

Table 5

 5 

	.5 Examples of some taxon synonymies	New name	Synonymous	Reference
		Chromochloris	Chlorella	Fučíková and
		zofingiensis	zofingiensis	Lewis (2012)
		Porphyridium	Porphyridium	Drew and Ross
		purpureum	cruentum	(1965)

Table 5 . 6

 56 Occurrence of the different isopentenyl diphosphate (IPP) biosynthetic pathways in different microalgal taxa. (-) very weak if any contribution. The mevalonic acid (MVA) pathway is localized in the cytoplasm, while the methylerythritol phosphate (MEP) pathway is plastid located. Modified after[START_REF] Gateau | Carotenoids of microalgae used in food industry and medicine[END_REF] 

	Superphylum/Phylum	Genus species	Pathway used to synthesize IPP
			MVA	MEP
	Cyanobacteria	Synechocystis		+ (Cunningham et al.
				2000; Disch et al.
				1998; Lichthenthaler
				1998)
	Chlorophyta	Scenedesmus	-(Schwender et al.	+ (Schwender et al.
		obliquus	1996)	1996)
		Chlamydomonas	-(Disch et al. 1998;	+ (Disch et al. 1998;
		reinhardtii	Lichthenthaler 1998)	Lichthenthaler 1998)
		Chlorella fusca	-(Disch et al. 1998;	
			Lichthenthaler 1998)	
		Phaeodactylum	+ (Cvejić and Rohmer	+ (Cvejić and Rohmer
		tricornutum	2000)	2000)
		Nitzschia ovalis	+ (Cvejić and Rohmer	+ (Cvejić and Rohmer
			2000)	2000)
	Rhodophyta	Cyanidium	-(Disch et al. 1998;	+ (Disch et al. 1998;
		caldarium	Lichthenthaler 1998)	Lichthenthaler 1998)

+

[START_REF] Disch | Distribution of the mevalonate and glyceraldehyde phosphate/pyruvate pathways for isoprenoid biosynthesis in unicellular algae and the cyanobacterium Synechocystis PCC 6714[END_REF][START_REF] Lichthenthaler | The plants' 1-deoxy-D-xylulose-5-phosphate pathway for biosynthesis of isoprenoids[END_REF]

) Dunaliella salina -(Capa et al. 2009) + (Capa et al. 2009) Chrysophyta Ochromonas malhamensis + (Maurey et al. 1986) + (Maurey et al. 1986) Euglenozoa Euglena vulgaris + (Disch et al. 1998) (Lichthenthaler 1998) -(Disch et al. 1998; Lichthenthaler 1998) Bacillariophyta Rhizosolenia setigera + (Massé et al. 2004) + (Massé et al. 2004) Haslea ostrearia -(Massé et al. 2004) + (Massé et al. 2004)

Table 5 .7

 5 Some examples of contrasted effects on HL on the accumulation of carotenoids

		Total	Canthaxanthin β-carotene Lutein	Fucoxanthin
		carotenoids	
	Chlorella fusca	+ (Duarte	
		and Costa	
		2018)	
	Synechococcus	+ (Duarte	
	nidulans	and Costa	
		2018)	
	Acustodesmus sp.		+ (Grama	-(Grama
			et al. 2014)	et al. 2014)
	Dunaliella salina		+ (Lamers
			et al. 2010)
	Tetradesmus	-		+ (Chan
	obliquus	(Gonçalves		et al. 2013)
		et al. 2019)	
	Arthrospira	-(Ajayan	
	platensis	et al. 2012)	
	Chlamydomonas	-(Wagner	
	reinhardtii	et al. 2016)	
	Phaeodactylum			-(Heydarizadeh
	tricornutum			et al. 2017, 2019)

Table 5 .8

 5 Rate limiting steps of the carotenoid biosynthesis. Both section of the biosynthetic pathways and the rate limiting steps can be visualized in Fig.5.3

	Organism	Biosynthetic	Rate limiting step	Reference
		section		
	Synechocystis sp. PCC	β-carotene →	β-carotene	Lagarde et al. (2000)
	6803	zeaxanthin	hydroxylation	
	Synechococcus sp.	IPP → β-carotene Phytoene desaturation Chamovitz et al. (1993)
	PCC 7942			
	Haematococcus	IPP →	Phytoene, lycopene and	Gao et al. (2015), Su
	pluvialis	astaxanthin	canthaxanthin	et al. (2014)
			formation	
	taxa). Recently, low light intensity has also been recognized as a mean to increase
	fucoxanthin accumulation in microalgae (Heydarizadeh et al. (2017), Heydarizadeh
	et al. (			

Table 5 .9

 5 Comparison of the metabolic changes occurring during the astaxanthin accumulation under high and low light (from(Hu et al. 2020) 

	Family of compounds	Compounds	Changes during astaxanthin
			accumulation	
			High light	Low light
	Nucleotides	Most	↓	↓
		Inosine	No change	No change
	Carbohydrates	Glucose, glucose-6-phosphate,	↑	↑
		glyceraldehyde, erythrose,		
		xylose, deoxyribose, rhamnose		
	Organic acids	2-oxoglutarate, succinate	↓	↓
		Malate	No change	↓
	Proteogenic amino acids	Alanine, arginine, asparagine,	↓	↓
		aspartate, isoleucine, leucine,		
		methionine, proline, serine;		
		tryptophane, tyrosine		
		Glutamic acid	↑	↑
	Nonproteogenic acid	Pyroglutamic acid, glutathione,	↑	↑
		pipecolic acid		
	Lipids	Traumatic acid, traumatin, sn-1	↓	↓
		lysophosphatidylcholine, sn-1		
		lysophosphatidylethanolamine		
		Decanoid acid, trihydroxy	↑	↑
		octadecadienoic acid		

Table 5 .

 5 10 Summary of the effects of phytohormones on carotenoid production and associated processes

		Transcription of	astaxanthin genes
		Lipid accumulation	
		Astaxanthin	++
		Carotenoid	accumulation
		Biomass	++
	Phenomenon	Autofluorescence	++
			Indole-3-acetic acid (IAA)	Indole-3-butyric acid (IBA)
			Auxin
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Table 1 -Summary of the cultivation parameters.

 1 

	Parameter	Value
	Culture volume	1 L
	Cell concentration	~3.5 10 6 cells mL -1
	Carbon Supply	0.24 mL min -1
	Temperature	21 °C
	Light	White LED panel, 175 µmol photons s -1 m -2 , light dark cycle: 23h40/0h20

  Bioconductor version 3.11, Anders et al., 2010). Functional annotations of the transcriptome were carried out using Gene Ontology (GO) terms and enriched with the bioinformatics tool Blast2Go and a manual cross reference between published data and online public databases (https://protists.ensembl.org/; https://mycocosm.jgi.doe.gov/; https://www.ncbi.nlm.nih.gov/). Heatmaps were generated with an ad hoc Python script based on seaborn repository (gplots version 0.11.0, https://seaborn.pydata.org/index.html). The scripts can be found in the following repository: https://github.com/IlBarbe/SimpleSmallPythonScipts.

). Pairedend next generation sequencing has been performed by the Annoroad company (Corporate HQ, Beijing, China) with Illumina NextSeq 550AR Sequencer. Sequencing results and quality are reported in Supplementary Dataset 1. Raw data were processed with the Trimmomatic tool (version 0.36,

[START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF]

) to remove adapters. A total of 45.9 million high-quality clean reads (96.15% clean reads) were aligned with Hisat alignment software (version 2.1.0,

[START_REF] Kim | Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype[END_REF] 

on the high-quality reference transcriptome (NCBI assembly accession number: GCF_000150955.2). Expression abundances were quantified using

Htseq-count (version 0.11.2, (Anders et al., 2015) 

and differentially expressed genes (FDR ≤ 0.001; |Log2(FC)| ≥ 1) identified using the R package DESeq (

Table 2 -Summarizing table presenting the culture parameters during the NRep and NS phases Biochemical and Physiological trait NRep NS
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	Dissolved inorganic carbon availability variation [µM]	≃ 4	From 4 to 8
	Extracellular inorganic nitrogen availability [mM of NO3 -]	From 10 to 0.13	≃0.038
	Neutral lipid cell quota [µg/10 6 cells]	≃ 0.5	From 14 to 80
	Carbohydrate cell quota [µg/10 6 cells]	≃ 3.8	≃12
	Soluble protein cell quota [µg/10 6 cells]	≃ 5.08	≃ 2.37
	Average pigment cell quota [µg/10 6 cells]	Chl a = 0.18; Chl c =	Chl a = 0.06; Chl c =
		0.024; Car = 19.12	0.016; Car = 7.08
	Nitrogen cell quota [µg/10 6 cells]	≃ 2.78	≃ 0.99
	Carbon cell quota [µg/10 6 cells]	≃ 13.99	≃ 14.86

Table 3 .1 -P. tricornutum transcription factors from different families.

 3 Adapted from[START_REF] Rayko | Transcription factor families inferred from genome sequences of photosynthetic stramenopiles[END_REF] Thiriet Rupert et al. (2016) 

	TF family	Rayko et al., 2010 Number %	Thiriet-Rupert et al., 2016 Number %
	AP2/ERF	3	1.4	2	1.02
	bHLH	7	3.3	8	4.08
	bZIP	23	10.8	25	12.76
	C2H2	20	9.4	4	2.04
	C3H	15	7.1	11	5.61
	CCAAT	1	0.5	3	1.53
	CPP			5	2.55
	CSF	5	2.4	5	2.55
	CXC/tesmin	5	2.4		
	E2F/DP	5	2.4	5	2.55
	Fungal TRF	1	0.5	1	0.51
	GARP/G2-Like			2	1.02
	Homeobox	4	1.9	4	2.04
	HSF	70	33	67	34.18
	mTERF			5	2.55
	MYB	34	16	27	13.77
	NF-Y	5	2.4	11	5.61
	Sigma-70	8	3.8	8	4.08
	TAF9	1	0.5		
	TAZ	5	2.4		
	TUB			3	1.53

Myb factors are structurally and functionally very diverse: the function of most of the Myb factors is unknown but some well-studied examples indicate their activity in the regulation of secondary metabolism, cell morphogenesis and signal transduction mediation in response to abiotic stress. They

Table 3 .2 -Comparison of electroporation, particle bombardment and bacterial conjugation methods for transforming microalgae. *

 3 Transformation efficiency calculated dividing the transformed colonies by the total cells submitted to the transformation. **in the case of CRISPR/Cas9 induced mutation the mutation is stable but the episome can be lost if the selection antibiotic is removed

	Criteria	Electroporation	Particle Bombardment	Bacterial conjugation
	Equipment requirement	Complex	Complex	Simple
	Transformation efficiency*	̴ 2.8-4.5×10 -5	̴ 2×10 -7 to ̴ 6.5×10 -6	̴ 4.0×10 -4
	Cotransformation rates	̴ 60%	̴ 70%	?
	Quantity of plasmid used per transformation	4μg	0.5 to 0.8 μg	200ng
	Plasmid integration in the genome	Yes	Yes	No
	Incubation time	2 weeks	3 to 6 weeks	2 weeks
	Stability of transformation	Stable	Stable	Non stable**

Table 3 .3 -List of publications used to identify potential TFs involved in lipid accumulation
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. WT, Wild Type; NR21, nitrate reductase mutant. The bibliographic research was performed in early 2019 and thus does not include later publications.

Table 3 .6 -Obtained transformant lines.

 3 All the transformant lines obtained with the different transformation techniques on the two different ecotypes. OE, overexpression; SI, silencing; KO, knock down

	Transformation technique	TF name	Type of mutation	Number of lines	Ecotype
			OE	4+1*	Pt4
		HSF4.6a	SI	2	Pt4
	Electroporation	HSF4.3c	SI	3	Pt4
		E2F-dp3	SI	4	Pt4
		bZIP8	SI	2	Pt4
			KO TS I	95	Pt1
		HSF4.6a	KO TS II	37	Pt1
	Particle bombardment		OE	80	Pt1
			SI	99	Pt1
		E2F-dp3	SI	21	Pt1
		Aureochrome2	KO TS I	52	Pt1
		HSF1.3b	KO TS I	48	Pt1
		HSF4.3b	KO TS I	52	Pt1
	Bacterial conjugation				
		HSF1b	KO TS I	35	Pt1
		TAZ2	KO TS I	26	Pt1
		CCHH11	KO TS I	11	Pt1

Table 4 .1 -Table summarizing the different mixing methods used in the comparison study.

 4 The mixing time column reports the mixing times employed for the test. Speed reported according to the device datasheet and the speed in rpm was not always accessible. * The movement consists in a combined swinging on the axis X and Y of the device platform resulting in a rocking motion

	Mixing device	Type of movement	Reference	Mixing time	Speed*
	Absence of mixing	---	---	---	---
	Manual	Orbital (8 shaped)	---	1/2 min	Variable
	xMark integrated mixing	Vibrational	https://www.bio-	2 min	Low
	system, Bio-Rad		rad.com/		
	Grant bio PMR-30	Two axes swinging**	https://www.grantinstru	2 min	
			ments.com/		
	VWR Standard 5000	Orbital	https://ch.vwr.com/	5 min	≈150rpm
				15 min	
				60 min	
	MAGILUX-cell	Rotational	This study	1/2 minutes	≈250 rpm

* *

fr This article has been published in Frontier in Plant Science, special issue on Metabolic Regulation of Diatoms and other Chromalveolates Diatoms

  1,2 , Veidl B.1 , Amiard F. 3 , Niepceron F. 3 , Badawi M. 1 , Lagarde F. 3 , Schoefs B.1 , are feedstock for the production of sustainable biocommodities, including biofuel. The biochemical characterization of newly isolated or genetically modified strains is seminal to identify the strains that display interesting features for both research and industrial applications. Biochemical quantification of organic macromolecules cellular quotas are time-consuming methodologies which often require large amount of biological sample. Vibrational spectroscopy is an essential tool applied in several fields of research. A Fourier transform infrared (FTIR) microscopy-based imaging protocol was developed for the simultaneous cellular quota quantification of lipids, carbohydrates, and proteins of the diatom Phaeodactylum tricornutum. The low amount of sample required for the quantification allows the high throughput quantification on small volume cultures. A proof of concept was performed (1) on nitrogen-starved experimental cultures and (2) on three different P. tricornutum wild-type strains. The results are supported by the observation in situ of lipid droplets by confocal and brightfield microscopy. The results show that major differences exist in the regulation of lipid metabolism between ecotypes of P. tricornutum.
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TABLE 1 |

 1 Band assignment and functional groups of a typical spectrum of P. tricornutum.

TABLE 2 |

 2 Regression equations and coefficients of determination (R 2 ) of the correlations between FTIR absorbance measured at the different wavenumbers and standard biochemical quantifications considering either baseline-corrected spectra or baseline and normalized-corrected spectra performed on Pt4.

	Baseline spectra	Baseline and Normalized spectra

y: FTIR absorbance measured at the specific wavenumbers (a.u.). x: concentrations of the different metabolites measured (carbohydrates, proteins, or lipids) with standard biochemical methods.

TABLE 3 |

 3 Rules to follow for a suitable quantification of lipids, proteins and carbohydrates in P. tricornutum through the described FTIR technique.

	Feature	Parameter
	FTIR modus	Transmission
	Parameters	4 cm -1 resolution, 32 scans/spectrum
	Number of cells to deposit on the silica	1×10 6 to 3×10 6 cells
	plate	
	Number of biological replicates	3
	Number of technical replicates	8
	Collection of the raw spectrum	800-2,000 cm -1
	Baseline-correction	Rubber-band
	Normalization	Standard normal variate
	Lipids quantification	1,746 cm -1
	Proteins quantification	1,548 or 1,655 cm -1
	Carbohydrates quantification	1,043, 1,074, 1,107, 1,142, or
		1,156 cm -1
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Transition toward nitrogen deprivation in the diatom Phaeodactylum tricornutum highlights chloroplast stand-by and deep metabolic reshuffling

Scarsini M. 1 , Thiriet-Rupert S. 1,2 , Veidl B. 

Supplementary Data Information S1 Figures S1-S21

Table S1-S3

Supplementary Information S1 Detailed information on metabolomic analyses -LCHRMS/MS analyses were performed with an Agilent 1290 Infinity II LC system coupled to a high-resolution time-of-flight mass spectrometer (Q-Tof 6550 iFunnel, Agilent technologies, CA, USA) equipped with a Dual Jet Stream® electrospray ionization (ESI) source (positive mode). The operation parameters were the following: capillary voltage at 3900 V, fragmentor voltage at 150 V and skimmer at 60 V. The sheath gas was at 350 °C (12 mL min -1 ), the drying gas at 175 °C (5 mL min -1 ) and the nebulizer at 43 psi. Nitrogen was used as the collision gas. Mass spectra were acquired in full scan analysis over an m/z range of 50-1700 using the extended dynamic range and storage in centroid mode. The instrument resolution was 15,000 FWHM (Full Width at Half Maximum) at m/z 118.0862 and 30,000 FWHM at m/z 922.0098. To ensure the desired mass resolution, continuous internal calibration (Tuning Mix) was performed during analyses by using the signals at m/z 121.0509 (protonated purine) and m/z 922.0098 [protonated hexakis(1H,1H,3Htetrafluoropropoxy) phosphazine (HP-921)] in the positive ion mode. For all samples analyzed, three replicates of each analytical sample were injected in the same batch and the order of sample injection was randomized to avoid sample bias. Two quality controls were performed: (1) measured data from a certified reference materials of seven equimolar concentrations phycotoxins (Zendong et al., 2017) including okadaic acid (OA), dinophysistoxin-1 (DTX1), yessotoxin (YTX), azaspiracid-1 (AZA1), 13-desmethyl spirolide C (desMeC), gymnodimine (GYM), pectenotoxin-2 (PTX2) purchased from National Research Council Canada;

(2) equal volumes of each sample were pooled together each sample and periodically analyzed throughout the samples analytical run. This will ensure that none or minimal metabolic information was lost.

Without additional preparation, aliquots (5 μL) of each sample were separated on a column "Acquity UPLC HSST3" (Waters) (2.1x150 mm, 1.7 μm), and the products were eluted at a flow rate of 200 μL min -1 using a gradient composed of solvents A (water-formic acid 100:0.001 v/v) and B (acetonitrile-formic acid 100:0.001 v/v), according to the following procedure: 0-3 min, 100% A; 3-8 min 0%-50% B; 8-13 min 50% B; 13-20 min 50-95% B;20-30 min, 95% B, 30-31 min 95-0% B, 31-36 min 100% B. In this study, several preprocessing steps (feature finding, alignment, filtration and normalization) were used to reduce the large number of data to an operational size and to obtain an adequate set of compounds before applying multivariate analysis. Before process all the data obtained by QTOF-MS in full scan MS mode, acquired data was pre-processed by the Agilent metabolomics software platform using Profinder (version B.10.0). A specific methodology was set to be as representative as possible of the total number of ions in samples. The parameters for pre-processing were established based on the batch recursive feature extraction (RFE) for small molecules option. RFE included a molecular feature extraction (MFE) and then used mass and retention time (Rt) from the results to perform a targeted feature extraction referred to as Find by Ion (Step 8 of 8). The RFE was programmed based on: (1) extraction parameters for in input data: Rt (0.000-30.500 min), peak filter with height ≥ 300 counts, ion species (positive ions +H and +Na). ( 2) alignment parameters: Rt tolerance (0.10 min); mass tolerance (±10 ppm + 2.00 mDa).

(3) MFE filters: absolute height

Supplementary Figure S1

Schematics of the cultivation setup. (1) FMT 150 PBR central unit: it is composed of the cultivation chamber with all the electronic circuits for the PBR-computer interface. It also contains the led panel, the bubbling system, temperature control unit, the integrated densitometer and fluorometer for chlorophyll fluorescence analysis. In the upper part of the central unit, three sensors are visible (2) and are the dedicated sensors for temperature/pH, oxygen and DIC monitoring. On the left of the PBR is located the gas managing system (3). Gas mixing system GMS 150 used to precisely prepare the air/CO2 mixture before injection in the PBR bubbling system through the bubbling loop (5). Air and CO2 are supplied on the mixing system from bottles through the dedicated inlets (4). A solenoid valve ( 6) is electronically controlled by the system in order to interrupt the bubbling when requested (e.g. optical density reading). An air filter ( 7) is added to avoid potential impurities of the air/CO2 mixture to reach downstream compartments. A bottle containing ultrapure sterile water where the air/CO2 mixture to humidify it prior to enter the cultivation vessel (8). A sampling catheter (9). On the right side of the PBR is located the medium managing system. A peristaltic pump (10) to provide fresh medium supply to the culture when requested; it is electronically interfaced with the system. A switch valve (11) to switch between a medium supply and another. Medium supply bottles ( 12)-( 13): containing the two types of medium supply used in this experiment (bottle size not in scale).

Waste batch ( 14) to collect the PBR flowthrough. Adapted from the manufacturer hardware manual (https://psi.cz/). The illustration does not show the computer used to control the PBR and collect.

Supplementary Figure S2

Calibration curves for carbohydrates, lipids and proteins quantification. (A) The calibration curve has been prepared with a sequential dilution of an aqueous solution of glucose. Total carbohydrate quantification has been done following the phenol-sulfuric acid method described by Nielsen ( 2017). (B) The calibration curve has been generated preparing a sequential dilution of glyceryl trioleate (Sigma-Aldrich T7140-500MG, purity ≥99%) in 25% DMSO (v/v in ultrapure water). Fluorescence spectra were recorded with a Perkin Elmer LS-55 (PerkinElmer , Excitation wavelength: 530nm, Emission: 545-800nm). (C) Calibration curve has been made with a serial dilution of bovine serum albumin (BSA, Sigma-Aldrich, purity ≥98%). Bradford method (Bradford, 1976) has been used for BSA quantification and xMark (Bio-Rad) spectrophotometer was used for the measurements.

Supplementary Figure S3

Major organic macromolecules cellular quota and dissolved inorganic carbon in the culture medium according to the intracellular nitrogen. Intracellular nitrogen (N-int) was considered as the parameter that guides the cell physiological and biochemical responses. Simple plots have been generated to observe the correlation between N-int and biochemical parameters. A similar pattern is observed in all the plots where an evolution during the time course of the experiment is observed. Two main groups are observed, with a transition on 5 and 6 DRNS. Each point has been marked with the respective time point after DNRS. All the graphs clearly show two major groups with the in between point corresponding to day 5 after DNRS, several times day 6 can be considered in between. All the information given by these graphs is grouped in the PCA (Fig. 1).

Supplementary Figure S4

Dissolved oxygen in the culture medium and its correlation with the change in DIC and photosynthetic parameters. In photosynthetic organisms oxygen is both produced by photosynthesis and consumed by respiration. The oxygen input from the bubbling system being constant, the dissolved oxygen in the medium depends from the combined activity of respiration and photosynthetic. (A) Change in average daily dissolved oxygen during the time course of the experiment. The average value was calculated during 24h and omitting the period of dark exploited to relax the reaction centers of the photosystems. (B) Linear correlation between dissolved oxygen and change in DIC.

Supplementary Figure S5

Correlation between DIC, DIO and two photosynthetic activity parameters. Photosynthetic organisms, including P. tricornutum, integrate inorganic carbon into organic molecules to the process of the photosynthesis.

Changes in DIC and DIO may thus be correlated with the photosynthetic activity. To verify this statement linear correlations were performed between DIC and two different photosynthetic parameters. The first one is the maximum photochemical efficiency of PSII in LAS which serve as proxy to evaluate how much energy is directed trough the photochemistry and thus carbon fixation. The second one is the relative photosynthetic electron transport rate which gives information on the activity of the photosynthetic electron transport chain which generates energy exchange molecules later used by the CBB cycle. 

Supplementary Figure S6

Cell response to a small pulse of inorganic nitrogen. After 31 days of nitrogen limited growing conditions, an amount of nitrate was introduced in the photobioreactor in order to increase the inorganic nitrogen availability to 0.37 mM. The cells directly reacted to the increased nitrogen availability The biochemical a physiological response have been recorded and results are reported in the following figure. 

Supplementary Figure S8

Serine (SER) and glycine (GLY) biosynthesis. RuBP, Ribulose 1,5-bisphosphate.

Supplementary Figure S9

Glutamate (GLU), glutamine (GLN), alanine (ALA) and aspartate (ASP) biosynthesis. GOGAT, Glutamate synthase; GS, glutamine synthase; GDH, glutamate dehydrogenase; A-AL, aspartate ammonia ligase; AS, asparagine synthase; ANSI, asparaginase; OA, omega-amidase; AAT, aspartate transaminase; ADSS, Adenylosuccinate synthetase; ADSL, Adenylosuccinate lyase; ASS, citrulline-aspartate ligase; ASL, arginosuccinate lyase; ALT, Alanine transaminase. 

Supplementary Figure S10

Supplementary Figure S12

Supplementary Figure S14

Glycolysis/gluconeogenesis, pentose phosphate pathway and chrysolaminarin metabolism in P.tricornutum with the detailed daily heatmap reporting the change in gene expression during the time course of the experiment. BG, beta-glucosidase, GLK, glucokinase; GPI, glucose-6-phosphate isomerase; FBP, fructose-1,6bisphosphatase; PFK, phosphofructokinase; FBA, fructose bisphosphate aldolase; GAPD, glyceraldehyde-3phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; TIM, triosephosphate isomerase; G6PDH, glucose 6-phosphate dehydrogenase; PGL, 6phosphogluconolactonase, 6PGDH, phosphogluconate dehydrogenase; RPE2, ribulose-phosphate 3-epimerase; TKT, transketolase; TALDO, transaldolase; UPG/PGM, UDP-glucose-pyrophosphorylase/phosphoglucomutase; PGM, phosphoglucomutase; UGP, UTP--glucose-1-phosphate uridylyltransferase; BGS, 1,3-beta-glucan synthase; TGS, 1,6-β-transglycosylases; Exo-BGA, exo-beta-glucanase; Endo-BGA, endo-beta-glucanase. 

Supplementary Table. S1 Supplementary Table. S2

Material and methods

Bacteria cultivation and transformation

Escherichia coli DH5α and DH10β were cultivated in Lysogen Broth (LB) [START_REF] Bertani | Studies on lysogenesis. I. The mode of phage liberation by lysogenic Escherichia coli[END_REF] or Super Optimal Broth (SOC) medium [START_REF] Hanahan | Studies on transformation of Escherichia coli with plasmids[END_REF], depending on the experiment requirements, at 37°C under agitation. For solid cultivation in Petri plates, bacteria were cultivated on LB or SOC with an addition of 5% of bactoagar. Selective medium was obtained with the addition of ampicillin (100 μg/mL), kanamycin (50 μg/mL), gentamicin (20 μg/mL) or a combination of them according to the experimental requirements. Bacteria were made competent through heat shock treatment as reported by [START_REF] Froger | Transformation of Plasmid DNA into E. Coli using the heat shock method[END_REF].

Microalgae cultivation

P. tricornutum [START_REF] Bohlin | Zur morphologie und biologie einzelliger algen. Öfversigt af Kongliga Sven[END_REF] was cultivated in filtered f/2 medium (Guillard, 1975) at 21°C and with continuous illumination (150 μmol m -2 s -1 ). For growth in solid media, cultures were grown in f/2 with the addition of bactoagar (1%). For P. tricornutum cultivation in preparation for electroporation treatment, a silica depleted f/2 medium was used. L1 medium [START_REF] Guillard | Stichochrysis immobilis is a diatom, not a chrysophyte[END_REF] was used for P. tricornutum cultivation in preparation for bacterial conjugation. Bacterial conjugation treatment was performed in 50% L1 1% bactoagar for solid medium preparation. Seawater for L1 preparation has been collected offshore from St Malo (France), filtered and autoclaved (20 min at 121°C). Before use, all media were sterilized through autoclave treatment (121°C, 1 bar, >30 minutes).

Selective medium was obtained with the addition of zeocin to solid (75 μg/mL) or liquid (3.5 μg/mL) media. Liquid culture cell count was performed on Neubauer chamber. All medium and culture manipulations were performed under sterile conditions. Two P. tricornutum ecotypes were analyzed, UTEX 646 (Pt4) and CCMP2561 (Pt1). Pt1 was kindly provided by Dr. Falciatore from the Laboratoire de Biologie du Chloroplaste et Perception de la Lumière chez les Microalgues, Institut de Biologie Physico-Chimique (IBPC, Paris, France). Glycine max 1

Genomic and plasmidic DNA extraction

In order to find sequence homologies between the genes involved in lipid accumulation in other species and P. tricornutum, whole genome and Orthofinder analyses were performed. Orthofinder is an orthogroups inference algorithm that allows to identify homology relations between sequences (Emms andKelly, 2015, 2019). The analysis resulted in 63 groups of orthology (orthogroups) among which 44 contain genes belonging to P. tricornutum, 21 of which contain TF encoding genes. A total of 112 genes belonging to P. tricornutum were classified in these 44 orthogroups. Forty-three of the 112 genes encode for TFs, 69 encode other proteins and 23 encode for proteins with unknown function.

Among the 43 TF encoding genes from P. tricornutum genome, the most represented TF families are Myb with 14 TFs, followed by CCCH and CBF with 5 and 4 TFs respectively.

nitrogen limited conditions in order to verify if the mutation affects positively or negatively the response of the cells to these environmental conditions. The prototyping process of MAGILUX-Cell led to the conception of a device in which each microtiter plate well is individually and independently stirred with a specific speed and direction. The stirring is magnetically induced thanks to a motor-actuated rotor which harbours two magnetic cylinders similarly to the commercially available magnetic stirrers with larger dimension (Figure 4.5). The rotating magnetic field induces a momentum on a ferromagnetic rod positioned in each well of the microtiter plate (Figure 4.5). The presence of the stirring rod inside the well could be a problem during in situ microplate measurements being a potential obstacle to the light beam in the microplate reader devices. An ad hoc ferromagnetic rod was created in order to solve this problem. The dimensions of the ferromagnetic rod allow its displacement on the side of the well freeing the light beam path (Figure 4.5). The device is controlled by an open-source programmable microcontroller board called Arduino MEGA (https://www.arduino.cc/). The microcontroller board is able to receive and emit both analogue and digital output and can be interfaced with several types of peripherals such as humandevice interfaces (e.g. pushbuttons, potentiometers, displays, etc), sensors (e.g. temperature, humidity, photoresistors, etc), and output devices (e.g. Light Emitting Diodes (LEDs), motor driver boards, etc). The microcontroller is programmable in C and C++ programming language with a specific programming environment (Arduino IDE) available for Windows, iOS and Linux. The device can

M Mechanical and electronic principle

Fourier Transform Infrared Spectroscopy

Samples were centrifugated at 3,000×g for 10 min, washed twice with a NaCl solution (1,032 mOsmol), vacuum dried for 5 min and stored at -20 • C until use. Samples were resuspended in ultrapure water in order to obtain the desired number of cells ml -1 . One μl of the suspension was deposited on a silicon plate and dried at 37 • C for 15 min. The silicon plate was previously carefully washed with isopropanol (Fisher Scientific, >99.5%) and dried. Three biological samples (three drops) were considered. Infrared (IR) spectra were collected at the Vibrational Spectroscopy platform of the IMMM (Le Mans University) using a FTIR-microscope Spotlight 200i (Perkin Elmer) controlled by the Spectrum TM software (Perkin Elmer). Spectra were collected from eight randomly distributed spots on the drop avoiding the centre (Supplementary Figure 2) with a 4 cm -1 spectral resolution and 32 scans per spectrum in transmission modus. Each spectrum was collected in the range 800-4,000 cm -1 (Supplementary Figure 3A) on a square surface area of 10 4 μm 2 . A cut-down spectrum in the range 800-2,000 cm -1 (Supplementary Figure 3B) was also used. For construction of the baseline, the spectrum was divided into n ranges determined from a convex hull of the spectrum. The minimum Y value of each range was determined. Connecting the minima with spline lines creates the baseline. Starting from "below, " a rubber band was stretched over this curve (Supplementary Figure 3C). The baseline points that do not lie on the rubber band were discarded. The baseline was subtracted from the raw data to yield the flattened spectrum (Supplementary Figure 3D; [START_REF] Shen | Study on baseline correction methods for the Fourier transform infrared spectra with different signal-to-noise ratios[END_REF]. To normalize spectra, the Standard Normal Variate (SNV) method was used [START_REF] Barnes | Standard normal variate transformation and de-trending of near-infrared diffuse reflectance spectra[END_REF]. The SNV is performed first calculating the average intensity value and subsequently subtracting this value from each spectrum (Supplementary Figure 3E). Then, the sum of the squared intensities was calculated, and the spectrum divided by the square root of this sum (the standard deviation). After SNV, each spectrum has a mean of 0 and a standard deviation of 1 (offset correction) (Supplementary Figure 3F). HyperSpec version 0.99 2 , prospectr version 0.2.1 3 [START_REF] Barnes | Standard normal variate transformation and de-trending of near-infrared diffuse reflectance spectra[END_REF] and base version 4.0.4 packages were used to perform rubber-band baseline correction, normalization and offset correction, respectively. All packages were compiled with R version 4.1.0. Analyses were performed using the arithmetic mean spectra resulting from three biological replicates (three drops per sample) themselves resulting from eight technical replicates (eight spectra per drop).

Metabolite Quantifications

Sample were centrifugated at 3,000×g for 10 min, washed twice with a NaCl solution (1,032 mOsmol) and stored at -20 • C until use. Neutral lipid cell quota (called Q Lipids ) was quantified by Nile Red staining according to Huang et al. (2019). Room temperature fluorescence spectra were recorded with the Perkin Elmer LS-55 (PerkinElmer R , Excitation wavelength: 530 nm, Emission: 545-800 nm, slit: 5 nm). Dimethyl sulfoxide-diluted 2 https://github.com/r-hyperspec/hyperSpec 3 https://rdrr.io/cran/prospectr/ glyceryl trioleate (Sigma-Aldrich T7140-500MG, purity ≥ 99%) was used for calibration (Supplementary Figure 4A). Soluble proteins and total carbohydrates cell quota (denoted as Q Proteins and Q Carbohydrates respectively) were measured according to Heydarizadeh et al. (2019). Colorimetric analyses were performed using the Lambda-25 spectrophotometer (PerkinElmer R ) at 595 and 485 nm (slit: 5 nm) for proteins and carbohydrates, respectively. Bovine serum albumin (Sigma-Aldrich, purity ≥98%) and glucose were used for proteins and carbohydrates quantification calibrations respectively (Supplementary Figures 4B,C). Photosynthetic pigments were extracted using acetone (Merck, ≥99.5%) according to Heydarizadeh et al. (2017). Absorbance spectra were recorded between 400 and 800 nm (Perkin Elmer Lambda-25 spectrophotometer) and Chl a, Chl c and total carotenoids concentrations calculated according to equations from Heydarizadeh et al. (2017).

Brightfield Microscopy for the Estimation of Cell Size

Pictures were collected with an Olympus CX23 brightfield microscope (objective Olympus 40X) equipped with a ISH300 digital camera (Tucsen Photonics, China). Fiji software 4 (ImageJ v1.53c) was used to measure cell lengths and widths of the different P. tricornutum ecotypes and strains.

Confocal Microscopy for the Estimation of Lipid Droplet Volumes

Samples of Pt1 strains and Pt4 were used for imaging using laser scanning confocal microscopy (LSCM). Lipid droplets (LDs) were stained using BODIPY 505/515 (Invitrogen Molecular Probes, Inc., CA, United States), a lipophilic dye with improved properties for confocal imaging. In comparison to Nile Red, the BODIPY 505/515 has a narrower emission spectrum allowing fluorescence enhancement of LDs [START_REF] Cooper | Visualizing "green oil" in live algal cells[END_REF][START_REF] Govender | BODIPY staining, an alternative to the Nile Red fluorescence method for the evaluation of intracellular lipids in microalgae[END_REF]. One ml of culture (5 × 10 6 cells ml -1 ) was treated with 50 μl of DMSO and stained during 10 min with 1 μl of BODIPY 5 mM. The number of cells analyzed for each replicate ranged from 50 to 180 cells (three biological replicates were considered 
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4.5.

Mutant screening: proof of concept of the vibrational spectroscopy technique

The vibrational spectroscopy-based technique described in the previous section was applied on a group of transformant lines in order to proof the capability of this technique to identify mutant strains which phenotype differs from the wild type strain. The FTIR based protocol was designed for the quantification of three of the major organic macromolecules (lipids, proteins and carbohydrates)

through the analyses of the IR absorption spectra. In fact, the IR absorption spectra are mainly affected by the sample content of these three major macromolecules and for this reason can be considered as a biochemical fingerprint of the sample. For example, when a mutation induces a higher accumulation of lipids and a lower protein content compared to the wild type strain, the resulting IR absorption spectrum of that particular mutant will be affected. The difference can thus be exploited as proxy for the selection of mutant with potentially interesting phenotypes, such as a higher lipid accumulation compared to the wild type in equal growing conditions.

The proof of concept was performed on a small number of P. tricornutum HSF4.6a OE, SI and KO mutants. A principal component analysis was performed including the whole spectra from 800 to 2000 wavenumber (cm -1 ). For each transformant line, spectra were collected on 8 different spots on the