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Introduction [Jack Legrand]

Microalgae represent a unique source of biomass and biodiversity in the living world. There are several hundred thousand species colonizing almost the entire globe. They represent the first link in the trophic chain, the main supplier of oxygen and the first consumer of CO2, some of whose storage is in the form of calcareous sediments. The advantage of microalgae over higher plants is their rapid growth. Their continuous cultivation makes it possible to direct their metabolism, thus opening the way to a renewable chemistry which does not encroach on the grounds reserved for agriculture and the forest. Photosynthetic microorganisms include all unicellular organisms, both eukaryotic and prokaryotic able to convert light radiant energy into chemical energy for the synthesis of their cellular constituents. Some are defined photoautotrophic, as they use inorganic carbon for growth. Depending on the level of complexity of their intracellular structure, these organisms are either classified as cyanobacteria (prokaryotes) or microalgae (eukaryotes). Microalgae show huge diversity in terms of intracellular structure, morphology and life styles which can lead to a wide range of biotechnological applications. Most studied groups of microalgae include green algae (Chlorophyta and Charophyta), red algae (Rhodophyta), diatoms (Bacillariophyceae), (Haptophyta) and Euglenozoa. With only a few dozen species of cultivated microalgae, annual world production is in the order of a few tens of thousands of tons. The last decades have shown the presence of a great diversity of molecules potentially recoverable from the biomass of microalgae and cyanobacteria. The algosourced molecules currently used are essentially water-soluble (phycobiliproteins) or liposoluble (carotenoids) pigments or lipids such as terpenes and terpenoids, lipids enriched with polyunsaturated fatty acids from the omega-3 series, eicosapentaenoic acids (EPA) and docosahexaenoic acids (DHA), which play an important role in preventing cerebral and cardiovascular diseases. Other niche markets are associated with cosmetic or nutraceutical applications, directly using biomass or crude extracts. Microalgae valorisation must examine all cellular constituents according to the biorefinery principle. The objective of biorefinery or algal refining is to develop a process for exploiting microalgae, based on a series of dedicated unit operations allowing the selective extraction of metabolites of interest by integrating the recycling of waste and by-products, paving the way for exploitation on an industrial scale of microalgae. The wealth of microalgae is not limited to molecules with high added value, and one of the major challenges of microalgal research is to enable developments on a very large scale and at competitive costs. Microalgae can provide molecules of varied interest in the field of Chemistry:

-lipid compounds, including triacylglycerols or hydrocarbons for use as biofuels and various organic compounds (aromatics, esters, etc.). For example, isomerization/methoxycarbonylation of unsaturated fatty acids leads to diesters and then polycondensation to polyesters, -polysaccharides (gelling agents, thickeners), -proteins (for human food or animal feed). The aim of the present chapter is to give a critical review of the analytical methods used for the different classes of molecules of the algal biomass: global biomass, proteins, polysaccharides, lipids, pigments and secondary metabolites.

Methods for biomass global characterization [Catherine Dupré]

Introduction

Any analysis of biochemical composition as well as of process efficiency in regards to a valorization of microalgae biomass should be based on accurate and reproducible methods for determining its proximate composition. Indeed the cellular components are usually expressed as a percentage on a weight basis or as pg per cell. These data are used for mass balance calculations of the bioprocess to understand the relations between the biochemical species produced and the substrates consumed. Then proximate analysis of microalga biomass includes the determination of the dry biomass, ash content but also elemental composition. Some of characteristics could be taken into account in assessing the effectiveness of some biorefinery process. Relatively recent documents detail Standard Operating Procedure in order to minimize potential errors related to such routine analysis [START_REF] Silkina | Standard Operating Procedures for Analytical Methods and Data Collection in Support of Pilot-Scale Cultivation of microalgae[END_REF]2]. According to the way the microalgae are produced, two preliminary studies should be necessary. A quality control (QC) could be necessary in case of nonapplication of good manufacturing practices and then that those cultures could be suspected to be contaminated [START_REF] Grobbelaar | Quality control and assurance: crucial for the sustainability of the applied phycology industry[END_REF]. The method of microalga identification by microscopical observations is based on the morphology [START_REF] Manoylov | Taxonomic identification of algae (morphological and molecular): species concepts, methodologies, and their implications for ecological bio-assessment[END_REF]. Some database such as AlgaeBase [START_REF] Guiry | AlgaeBase. World-wide electronic publication[END_REF] or some microalgae identification guides are available [START_REF] Tomas | Identifying Marine Phytoplankton[END_REF]. However, this cytological approach, as it can be misleading, especially in the case of species with few morphological features (e.g. coccoid cells), has been associated with biochemical traits, mainly the carotenoid and/or the fatty acid profiles [START_REF] Lang | Fatty acid profiles and their distribution patterns in microalgae; a comprehensive analysis of more than 2000 strains from the SAG culture collection[END_REF][START_REF] Mc Gee | Rapid chemotaxonomic profiling for the identification of high-value carotenoids in microalgae[END_REF]. Some authors have proposed the FTIR spectra of whole cells for identification of the microalgae species [START_REF] Giordanoa | Spectroscopic classification of 14 different microalga species: first steps towards spectroscopicmeasurement of phytoplankton biodiversity[END_REF]. This analysis requires few cells, which have to be washed, as some components of the culture medium such as nitrate could interfere with the infrared spectra. However, it was shown that these spectra are changing as a function of metabolic activities [START_REF] Driver | Metabolic responses of eukaryotic microalgae to environmental stress limit the ability of FT-IR spectroscopy for species identification[END_REF]. The application of FTIR analysis as QC is only suitable to continuous cultures at steady state, to detect any deviation of the cell suspension. For industrial production, DNA barcoding could be used for species identification, based on DNA sequence similarity against a sequence database of a defined species [START_REF] Zou | How DNA barcoding can be more effective in microalgae identification: a case of cryptic diversity revelation in Scenedesmus (Chlorophyceae)[END_REF]. The Consortium for the Barcode of Life (CBOL) has recommended for microalgae DNA barcodes the use of a two-step approach with the use of a universal pre-barcode marker followed by the use of a more specific second marker [START_REF] Ratnasingham | Bold: The Barcode of life data system[END_REF]. DNA-based identification should be particularly useful for identifying species with no or few structural characters [START_REF] Mann | DNA barcoding for species identification and discovery in diatoms[END_REF] DNA metabarcoding could be used to trace microalgae of industrial interest, as already done for some plants of industrial interest [START_REF] Dubrulle | DNA metabarcoding as a tool to trace plants of interest in ingredients or cosmetics[END_REF]. The other preliminary study deals with the sample collection methods, which should be adapted to the behavior of the microalga culture. By contrast with cell suspensions cultivated in well-stirred photobioreactors, some species grow as colonies, such as Botryococcus braunii, as cell aggregates, as a result of natural palmelloid stage or flocculation. The sampling protocol has to take into account the increase in the settling rate of such heterogeneous suspension to limit the variability of the results. In some processes, microalgae are cultivated as biofilm [START_REF] Blanken | Optimizing carbon dioxide utilization for microalgae biofilm cultivation[END_REF][START_REF] Carbone | Evaluating microalgal attachment to surfaces: a first approach towards a laboratory integrated assessment[END_REF]. The sampling is done by scrapping biomass from a known area of the support, which size depends on the regularity of the biofilm thickness on the support [START_REF] Gross | Yearlong evaluation of performance and durability of a pilot-scale revolving algal biofilm (RAB) cultivation system[END_REF][START_REF] Zhang | A simple method for quantifying biomass cell and polymer distribution in biofilms[END_REF].

Dry weight method (DW)

Centrifugation or filtration

The gravimetric measurement of DW is the reference method used for each species to calibrate the other indirect methods. The Standard Operating Procedures (SOPs) corresponding to this method are well described elsewhere [2]. Accurate and precise values of microalgal dry weight are obtained thanks to the use of appropriate protocols [START_REF] Laurens | Algal biomass constituent analysis: method uncertainties and investigation of the underlying measuring chemistries[END_REF]. A precise volume (v) of the culture (suspension cultures) or of the buffer with the homogenized biofilm sample has to be filtered or centrifuged. The filtration method on glass filters, usually GF/C or GF/F, is faster than the centrifuge method. It has to be used for buoyant microalgae, either oleaginous or gas-vacuolated species, a part of the biomass being lost in the supernatants. These filters retain particles down to 0.7 µm, just enough for collecting cells of Ostreococcus tauri (0.8 µm). For picoplankton cells (0.2-2 µm) and some cyanobacteria (size down to 0.5 µm) the use of membrane filters with a 0.2 or 0.1 µm pore size is necessary. The filters inside an aluminum cup and the centrifuge tubes should be pre-dried at 103-105 °C for 1 h followed by incubation for 15 to 30 minutes in a desiccator to prevent moisture absorption. Then the aluminum cup + the filter or the centrifuge tube are preweighted (mass m1).

4.2.2.2 Washing the biomass Biomass of marine species as well as from (photo)heterotrophic strains grown in hypertonic culture medium as the result of high salt and/or organic substrates concentrations have to be washed before drying [START_REF] Zhu | Determination of biomass dry weight of marine microalgae[END_REF]. The aim is to eliminate the components of the culture medium to avoid overestimation of the biomass concentration. However, rinsing with distilled water could induce some cell lysis, as the result of the hypotonic shock, and then an underestimation of the DW. The biomass should be rinsed with an isotonic solution. Fast, accurate and precise values of the actual osmotic strength of the culture medium are obtained by using freezing-point micro-osmometers; it needs very small samples (<100 µL). Isotonic solutions of either ammonium formate or ammonium bicarbonate are generally used. Both salts decompose to volatile compounds during the drying, the first one at 105 °C and the second at 60 °C. If the biomass is presumed to contain volatile components, ammonium bicarbonate should be used. Moreover the dewatering could be done in a vacuum oven at 40 °C. When the pH of the cell cultures is higher than pH 9, some protocols recommend a washing with acidified solutions (5 to 10 mM HCl) to remove salts, mainly carbonates, adsorbed on the cell walls. It works with distilled water for freshwater species but also with ammonium formate solutions (adjusted to pH 5.5). However, such pH adjustments may not be suitable for all the microalgae; the coccolithes calcified microalgae could be affected by pH decrease, with an impact on the microalga dry weight but not on the ash-free dry weight (AFDW).

Biomass dewatering

The filters removed from the holder of the vacuum filter system and back in the aluminum cup or the centrifuge tubes are placed in an air oven at 104 °C (ammonium formate) or 60 °C (ammonium bicarbonate). An alternative is the use of a vacuum oven, for an efficient temperature of 40 °C to prevent volatile organic compounds (VOCs) to escape, but also for a shorter period to reach constant weight, indicative of the end of the drying kinetic. Fast drying is obtained with halogen moisture balances, provided that, for reliable DW measurements, the drying temperature is set to 105 °C. Indeed, too high surface temperatures (> 400 °C) should be avoided [START_REF] Li | A rapid method for the determination of microbial biomass by dry weight using a moisture analyser with an infrared heating source and an analytical balance[END_REF]. The dried filters or tubes are quickly transferred in a desiccator for 30 minutes minimum before the last weighing m2. The biomass concentration (g L -1 ) is deduced from the ratio of the dry biomass to the volume of the sample (m2-m1)/v. The biomass concentration X in attached cultures is expressed as biofilm areal density (X, g m -2 ).

Ash and ash-free dry weight (AFDW) method

The dried biomass contains both minerals and organic compounds. In diatoms, ash contents can reach up to 59% of the DW, about two to five times the values measured in non-silicified or non-calcified microalgae [START_REF] Correa-Reyes | Effect of eight benthic diatoms as feed on the growth of red abalone (Haliotis rufescens) postlarvae[END_REF]. For accurate mass balances of biological reaction within microalgae cultures, this mineral fraction should be taken into account. Then ash free dry weight (AFDW) calculated as the difference of the weights obtained after drying at 105 °C and after ashing at 575 °C should be preferred over total dry weight measurement when the presence of mineral ash would induce a significant error in the estimation of organic content dry weight. AFDW is an estimation of the organic weight. Data are expressed as mg/liter AFDW and ash content as a % of total dry weight.

Classical gravimetric method

The classical gravimetric method corresponds to the determination of the remaining ash obtained after further combustion of the dry biomass in a furnace at high temperatures (> 550 °C). The difference gives the ash free dry weight (AFDW), corresponding to the global organic fraction of the microalga biomass. It is also named as the volatile suspended solids (VSS) fraction. The values of biochemical fractions (lipids, proteins, sugars…) are higher when calculated on an AFDW basis. Moreover the AFDW allows avoiding the biomass rinsing problems. The samples are placed within porcelain, silica or platinum crucibles to prevent loss; they are pre-weighted. Then, they are placed in a combustion furnace to burn up to 700 °C with a recommended value of 575 °C and for a minimum of four hours. The duration corresponds to the time needed to reach a constant weight, defined as that obtained when mass variation is less than 0.3 mg after one hour of re-heating the crucible. This time is a function of the initial mass and the structure of the biomass to be treated. After its total oxidation in the muffle furnace, the samples within their crucibles are placed in a desiccator to cool to ambient temperature (1 hour recommended) before the final weighing. The ash content and composition of the biomass is important in furnace operations during combustion processes, but also during bio-refinery processes [START_REF] Thyrel | Critical ash elements in biorefinery feedstock determined by X-ray spectroscopy[END_REF]. When necessary, the ash composition (Si, Ca, Mg, K, Na, P…) could be easily determined using inductively coupled plasma mass spectroscopy (ICP-MS) or X-ray fluorescence (XRF).

Thermogravimetric analysis

Thermogravimetric analysis is a technique in which the mass of a substance is measured as a function of temperature or time as the sample is subjected to a controlled temperature program in a controlled atmosphere within a furnace. The interest of thermogravimetric (TG) techniques has been proven for the study of thermal characteristics of microalgae biomass during combustion and pyrolysis [START_REF] Peng | Pyrolytic characteristics of microalgae as renewable energy source determined by thermogravimetric analysis[END_REF]. Indeed the combustion behavior of algae is still far to be well understood [START_REF] Chen | Microwave-assisted Nile red method for in vivo quantification of neutral lipids in microalgae[END_REF]. Microalgal ash content could be determined using an usual protocol that includes a temperature gradient with a heating rate of 20 °C/min from ambient temperature to 600 °C followed by an isothermal step a temperature of 600 °C for 30 min under an air atmosphere for TG analysis. Indeed, at higher temperatures, the ash content could be reduced by the loss of some volatile minerals. The analysis of the peaks obtained by derivative thermogravimetric (DTG) graph has been used for qualitative or semi-quantitative analysis of the lipid, carbohydrate and protein fractions in microalgae by fitting peaks for carbohydrates, protein and lipids [26]. The ash content can be quickly (about one hour) and easily performed using only 5-10 mg of sample.

Cell counts methods

Different methods are used for measuring the cell populations, including microscopic numeration with hemocytometers, impedance measurements or flow cytometer.

Hemocytometry

The cell count method by hemocytometry is commonly used as it is easy to implement and not expensive, although time consuming [START_REF] Guillard | Counting cells in cultures with the light microscope[END_REF]. Some errors could be introduced by improper use of the hemocytometer. However, this microscopy analysis can help to detect any morphological changes or microbial contamination in the cultures in contrast to gravimetric or optical methods. The processing time is accelerated when the method associates an image processing program (ImageJ with the plugin cell counter.jar). For later analysis, the microalgae samples could be fixed with glutaraldehyde, lugol or formaldehyde and stored at 4/6 °C [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. The relations between dry weight and cell population data depend not only of the species, but also of the eco-physiological conditions [START_REF] Šupraha | Eco-physiological adaptation shapes the response of calcifying algae to nutrient limitation[END_REF]. The measured counts are total cells since it is impossible to differentiate between live and dead cells. Taking into account the autofluorescence of chlorophylls or phycobiliproteins, epifluorescence microscopy is advantageously used for numeration of photosynthetic microalgae. In complex culture media such property is used to distinguish microalgae from inert particles. Moreover, some protocols include fluorescence staining, such as Sytox green, for rapid dual fluorescence assays to distinguish dead from live microalgae [START_REF] Sato | A simple and rapid dual fluorescence viability assay for microalgae[END_REF]. At least 300 cells in random fields have to be counted in numeration and viability calculations for each assay.

Flow cytometry

The flow cytometric method (FCM) is considered as an efficient, although expensive, substitute for the time-consuming direct methods (e.g. microscopic or gravimetric methods). FCM represents an automated system, allowing precise and fast determination of unicellular microalgae number in a culture [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF][START_REF] Šupraha | Eco-physiological adaptation shapes the response of calcifying algae to nutrient limitation[END_REF][START_REF] Sato | A simple and rapid dual fluorescence viability assay for microalgae[END_REF][START_REF] Chioccioli | Flow cytometry pulse width data enables rapid and sensitive estimation of biomass dry weight in the microalgae Chlamydomonas reinhardtii and Chlorella vulgaris[END_REF]. Their auto-fluorescent properties, due to the presence of chlorophylls, allows discrimination from other non-photosynthetic microorganisms and non-living matter (excitation with 488 nm using the argon laser). Fresh unfixed samples are preferably used to preserve their fluorescent properties. Some specific protocols have to be used for colonial microalgae or filamentous cyanobacteria, aiming to disrupt the filaments without cell lysis, such as through sonication with Triton-X100 treatment [START_REF] Azevedo | Methodologies for the study of filamentous cyanobacteria by flow cytometry[END_REF]. In addition, FCM offers the possibility to distinguish the smallest microalgae (picoplankton < 2 μm) from bacteria which is relatively difficult by optical microscopy. Imaging flow cytometry is a hybrid technology, integrating the capabilities of flow cytometry with imaging features of microscopy. The combination of fluorescence microscopy with flow cytometry (1000 cells s -1 ) results in both quantitative and qualitative data. Thanks to on-line image processing by visualization software, each enumerated particle is linked to an image, with access to size distribution, detection of any morphological changes, viability or metabolic activity [START_REF] Dashkova | Imaging flow cytometry for phytoplankton analysis[END_REF].

Image-based cytometry

Solid-phase cytometry (SPC) is an image-based technique for quick and accurate enumeration of microorganisms such as microalgae with similar precision to flow cytometry [START_REF] D'haese | Rapid detection of single cell bacteria as a novel approach in food microbiology[END_REF][START_REF] Lisle | Comparison of fluorescence microscopy and solid-phase cytometry methods for counting bacteria in water[END_REF]. Microalgae are collected on a membrane filtration. The scanning involves using either chlorophyll auto-fluorescence or labelling by a fluorescent dye. The entire membrane filter surface is scanned and the fluorescent light emitted by labeled cells is automatically detected and counted. The software allow differentiating the target signal from electronic noise or nontarget particles [START_REF] Tobe | Automated detection and enumeration for toxic algae by solid-phase cytometry and the introduction of a new probe for Prymnesium parvum (Haptophyta: Prymnesiophyceae)[END_REF]. The technique allows an accurate enumeration down to a detection limit of one cell per filter. Other automated cell counters are adapted to disposable cell counting chambers (20 µL sample size) or even to standard hemocytometers. They also provide cell sample analysis results, including cell count, concentration, diameter, images, and viability, in less than 30 seconds. After scanning, cells can be examined by epifluorescence microscopy. The dry weight concentration could be estimated on the basis the single cell density and the cell size distribution.

Elemental analysis

The mass balance of a microalga culture is now recognized as a valuable tool not only for overall stoichiometry equations used in process control, e.g. identification of nutrient limitations, but also for analytical data validation, e.g. detection of measurement errors and/or unnoticed products [START_REF] Cornet | Structured model for simulation of cultures of the cyanobacterium Spirulina platensis in photobioreactors: II. Identification of kinetic parameters under light and mineral limitations[END_REF]. For instance, the determination of the main elemental components of a microalgal biomass, carbon, nitrogen, hydrogen, oxygen, phosphorus and sulfur, could highlight the presence of an S-enriched fraction, such as some sulphated polysaccharides. Different instruments have been developed for measuring the elemental composition. Most of them employ catalytic combustion with pure oxygen to decompose the sample to nitrogen, water, carbon dioxide and sulphur dioxide, which are then quantitatively determined by chromatography with flame ionization or thermal conductivity detectors. Oxygen is determined by catalytic conversion to carbon monoxide. One advantage of elemental analysis is the relatively small sample weights required. The main constraint is that samples should be dry and free of foreign substances. Indeed, total mass of every main element (C, N, O, H, P and S) is determined and reported to an exact global dry weight. The good practices previously described for sample preparation for the dry weight determination have to be scrupulously applied. Other elements which occur in smaller, but significant quantities are sodium, potassium, calcium, magnesium and silicon.

Methods for protein determination in microalgae

[Marilyne Fauchon, Claire Hellio]

Introduction

Microbial biotechnology focuses more and more on the potential of microalgae as a source of biomass, biofuels, carbohydrates, lipids, fishmeal replacement and food, and, high value molecules [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF][START_REF] Stephens | Future prospects of microalgal biofuel production systems[END_REF]. The chemical compounds synthesized by microalgae have several applications. The high-protein content of some algae species is one of the main reasons to consider them as a non-conventional source of proteins [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF]. For example, Chlorella was amongst the first microorganism species to be commercialized as a health food in Japan, Taiwan and Mexico [START_REF] Borowitzka | High-value products from microalgae -their development and commercialisation[END_REF][START_REF] Sánchez | Spirulina (Arthrospira): an edible microorganism: a review[END_REF]. Microalgal protein has high potential for animal feed and human consumption, and recombinant protein technology. The use of marine strains could avoid conflicts with agriculture for freshwater supplies ; thus strains such as Nannochloropsis are used both in fish-farm aqua-feed and large scale biofuel production [START_REF] Day | Overcoming biological constraints to enable the exploitation of microalgae for biofuels[END_REF][START_REF] Radakovits | Draft genome sequence and genetic transformation of the oleaginous alga Nannochlorpsis gaditana[END_REF]. Moreover high-value products from microalgae are usually produced within a biorefinery model, since the composition of the microalgal cell allows for extraction of different co-products, and thus proteins are valuable by-products of biofuel production [START_REF] Gerardo | Integration of membrane technology in microalgae biorefineries[END_REF]. Commercialization prices are still high due to the process expenses associated to the extraction and purification of intracellular metabolites. In microalgal biotechnological processes, the downstream stage can account for 50-80 % of total production costs, depending on the biochemical characteristics of the compound and the purity ratio that needs to be achieved [START_REF] Molina Grima | Recovery of microalgal biomass and metabolites: process options and economics[END_REF]. Proteins are large and complex naturally-produced molecules composed of one or more long chains of amino acids, in which the amino acid groups are held together by peptide bonds. They make up a large fraction of the biomass of actively growing microalgae [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF]. Depending on the microalgae strains, protein extraction may be more or less easy. The composition of the cells walls has a significant impact on the protein extraction [START_REF] Slocombe | A rapid and general method for measurement of protein in microalgal biomass[END_REF]. Most microalgae exhibit a high protein content (Table 4.3.1) with the highest content being found in Chlorella pyrenoidosa and Chlorella vulgaris (Trebouxiophyceae) where protein content represents more than 50 % of dry weight. It is important to note that protein content amongst the strains of a species can vary significantly ; for example, for Chlorella species, there are significant differences within protein content, from only 6.87 % in Chlorellla spaerckii and 10.97 % in Chlorella ovalis to 57 % in C. pyrenoidosa. Table 4.3.1: Protein content (% dry weight basis), adapted from [START_REF] Barka | Microalgae as a potential source of single-cell protein[END_REF]. One of the quality criteria for a protein is its amino acid composition (specifically the essential amino acids which are important for human feed application). Some microalgal protein can compare with proteins derived from conventional sources such as egg and soybean (Table 4.3.3) and thus can be used as substitute for eggs or animal proteins. Table 4.3.3: Essential Amino acid profile of different microalgae as compared with conventional protein sources (g 100 g -1 protein) (adapted from [START_REF] Barka | Microalgae as a potential source of single-cell protein[END_REF]). Microalgae are usually consumed as a dietary supplement in the form of powder, pills or tablet [START_REF] Richmond | Handbook of Microalgal Culture-Biotechnology and Applied Phycology[END_REF]. Some microalgae can be also incorporated in the composition of industrial food, such as noodles, bread, biscuits, drinks, sweets and beer [START_REF] Pulz | Valuable products from biotechnology of microalgae[END_REF]. Chlorella is one of the most consumed microalgae. One of the quality criteria for a protein is its amino acid composition (specifically the essential amino acids which are important for human feed application). Some microalgal protein can compare with proteins derived from conventional sources such as egg and soybean (Table 4.3.3) and thus can be used as substitute for eggs or animal proteins.

Industrial application 4.3.1.2.2.1 High value metabolites: phycobiliproteins

Among functional ingredients from microalgae, natural pigments exhibit beneficial biological activities such as antioxidant, anti-carcinogenic, antiinflammatory, anti-obesity and neuroprotective agents [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF][START_REF] Pangestuti | Biological activities and health benefit effects of natural pigments derived from marine algae[END_REF]. Phycobiliproteins are brilliant-coloured and water-soluble antennae-protein pigments which originate mainly from covalently bound prosthetic groups that are open-chain tetrapyrrole chromophores bearing A, B, C and D rings named phycobilins [START_REF] Sekar | Phycobiliproteins as a commodity: trends in applied research, patents and commercialization[END_REF]. Phycobiliproteins absorb energy in portions of the visible spectrum (450-650 nm) and function as accessory pigments for photosynthetic light collection [START_REF] Batista | Rheological characterization of coloured oil-in-water food emulsions with lutein and phycocyanin added to the oil and aqueous phases[END_REF] In microalgae, three main classes of phycobiliproteins are produced: allophycocyanin (APC, bluish green), phycocyanin (PC, blue) and phycoerythrin (PE, purple) [START_REF] Sekar | Phycobiliproteins as a commodity: trends in applied research, patents and commercialization[END_REF]. Due to its physical properties, Phycoerythrin can be used in clinical research and molecular biology [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF]. Phycoerythrin can be used as label for biological molecules, as a reagent in fluorescence immunoassays, flow cytometry, fluorescence microscopy and diagnostics [START_REF] Spolaore | Commercial applications of microalgae[END_REF]. Phycocyanin is found as a complex mix of monomers, trimers, hexamers and various oligomers, and thus its molecular weight ranges from 44 to 260 kDa [START_REF] Chaiklahan | Stability of phycocyanin extracted from Spirulina sp.: influence of temperature, pH and preservatives[END_REF]. Phycocyanin is a colorant commonly used in food and cosmetics. However its use is limited because phycocyanin is sensitive to heat treatment, which results in precipitation and fading of the blue colour. Phycocyanin can as well be used as a probe for immunodiagnostics thanks to its fluorescence properties [START_REF] Sarada | Phycocyanin from Spirulina sp.: influence of processing of biomass on phycocyanin yield, analysis of efficacy of extraction methods and stability studies on[END_REF]; it is an efficient scavenger of oxygen free radicals and therefore its therapeutic use is promising since many diseases are related to an excessive formation of reactive oxygen species (ROS) [START_REF] Romay | C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and neuroprotective effects[END_REF].

Functional food-ingredients

Protein quality is determined by the essential amino acid content and bioavailability, which is defined as the proportion of a nutrient that can be absorbed and used. Indeed, during digestion, some proteins are not completely decomposed into free amino acids, but rather into peptides that can be absorbed and thus influence physiological processes. Thus, microalgae have been identified as valuable and sustainable sources of protein for the industrial production of peptide-based functional foods to prevent or treat cardiovascular disease [START_REF] Ejike | Prospects of microalgae proteins in producing peptide-based functional foods for promoting cardiovascular health[END_REF][START_REF] Udenigwe | Bioinformatics approaches, prospects and challenges of food bioactive peptide research[END_REF]. Peptides that have antihypertensive (by inhibiting angiotensin converting enzyme (ACE), anti-obesity (by stimulating the hormones that regulate satiety) and antioxidant properties have been successfully produced from microalgae (Table 4.3.4) [START_REF] Ejike | Prospects of microalgae proteins in producing peptide-based functional foods for promoting cardiovascular health[END_REF]. Such peptides are key for pharmaceutical industry as worldwide mortality from cardiovascular disease was estimated at 37 % in [START_REF] Udenigwe | Food protein-derived bioactive peptides: production, processing, and potential health benefits[END_REF]; 50 % of deaths from stroke and coronary artery disease are caused by hypertension. Moreover, oxidative stress has been identified as one of the key factors in the development of hypertension [START_REF] Briones | Oxidative stress and hypertension: current concepts[END_REF] because high levels of ROS can cause the oxidation of biological macromolecules, ultimately leading to pathological conditions. However, even if peptides give promising results in labassays, in most cases, the link with a beneficial health outcome in humans is currently theoretical [START_REF] Larsen | Health benefits of marine foods and ingredients[END_REF]. Table 4.3.4: Examples of bioactive peptides from microalgae (adapted from [START_REF] Ejike | Prospects of microalgae proteins in producing peptide-based functional foods for promoting cardiovascular health[END_REF]).

Source of peptide

Type of Treatment

Amino acid sequence Activity

Navicula incerta

Hydrolysis with papain

Pro-Gly-Trp-Asn-Gln-Trp-Phe-Leu-Val-Glu-Val-Leu-Pro-Pro-Ala-Glu-Leu

Antioxidant

Chlorella vulgaris

Hydrolysis with pepsin

Val-Glu-Cys-Tyr-Gly-Pro-Asn-Arg-Pro-Glu-Phe

Antioxidant

Chlorella vulgaris

Phe-Ala-Leu ACE inhibition

Chlorella ellipsoidea

Leu-Asn-Gly-Asp-Val-Trp Antioxidant

Chlorella ellipsoidea

Hydrolysis with alcalase

Val-Glu-Gly-Tyr ACE inhibition Navicula incerta and Chlorella ellipsoidea are promising sources of protein for the production of bioactive peptides [START_REF] Ejike | Prospects of microalgae proteins in producing peptide-based functional foods for promoting cardiovascular health[END_REF]. The anti-hypertensive properties of peptides derived from microalgae have been widely studied and it was demonstrated that the short chain and low molecular weight peptides are significantly more efficient than the larger peptides. This is partly due to their bioavailability and their accessibility to the active sites [START_REF] Ejike | Prospects of microalgae proteins in producing peptide-based functional foods for promoting cardiovascular health[END_REF].

Animal feed

The increase in the global population combined with the increase in income may double the global demand for animal products by 2050, with a particular impact on the most consumed meats in the world. This increased demand for meat will be particularly dramatic for farmed agriculture, as maize and soybean food crops are the two main conventional feeds. Microalgal biomass can provide natural ingredients and supplements in animal diets to meet the growing demand for protein and energy and replace synthetic additives in foods, as it has been claimed that the average quality of most fractions of microalgae proteins is equal to or even higher than that of conventional vegetable protein fractions [START_REF] Becker | Microalgae as a source of protein[END_REF]. Dry Chlorella has maximal protein concentrations of between 50 and 60 % of dry weight, similar in quality to yeast, soy flour and milk protein [START_REF] Kovač | Algae in food and feed[END_REF].

Agriculture

Supplementing poultry feed with microalgae as a protein source can improve their health, productivity, and value. This has been demonstrated using a variety of species, including Chlorella sp., Arthrospira sp., Porphyridium sp., and Haematococcus sp. [START_REF] Ginzberg | Chickens fed with biomass of the red microalga Porphyridium sp. Have reduced blood cholesterol level and modified fatty acid composition in egg yolk[END_REF][START_REF] Janczyk | Microbial community composition of the crop and ceca contents of laying hens fed diets supplemented with Chlorella vulgaris[END_REF][START_REF] Lorenz | Commercial potential for Haematococcus microalgae as a natural source of astaxanthin[END_REF]. The replacement of up to 33 % of soy proteins with proteins from Chlorella vulgaris in pig feed has been reported as being suitable without any adverse effects [START_REF] Gatrell | Non-ruminant nutrition symposium: Potential of defatted microalgae from the biofuel industry as an ingredient to replace corn and soybean meal in swine and poultry diets[END_REF]. The cell wall of microalgae is largely indigestible by monogastric animals. Therefore, it becomes imperative for the feed industry to develop appropriate technologies to improve the bioavailability of microalgae nutrients in animals [START_REF] Lum | Dual potential of microalgae as a sustainable biofuel feedstock and animal feed[END_REF]. Of all the animals evaluated for algae supplementation, ruminants are the most promising in terms of digesting the high fibre content for the greatest extraction efficiency of algal proteins. This is in contrast to monogastric animals, for which it has been suggested that some form of prior processing may be required in order for animals (and humans) to utilise algal proteins more efficiently.

Aquaculture

Microalgae are the base of the aquatic food chain and thus are essential for the artificial reproduction of many aquaculture species, such as molluscs, shrimps and rotifers [START_REF] Becker | Microalgae as a source of protein[END_REF]. Filtering molluscs are the greatest consumer of microalgae [START_REF] Müller-Fuega | Microalgae for Aquaculture: The current global situation and future trends[END_REF]. Due to the rapid global expansion of the aquaculture industry, access to major foods (fishmeal and fish oil) is increasingly difficult due to limited wild fish resources [START_REF] Kiron | Defatted biomass of the microalga, Desmodesmus sp., can replace fishmeal in the feeds for Atlantic salmon[END_REF]. Fisheries are the most important sources of feedstock for fishmeal. Only a small percentage of global fish production is indeed channeled to human consumption, with the remainder being used for fish and animal feed. Fishmeal is a protein-rich food, and sets the basis for any balanced formulation used in commercial aquaculture. Nevertheless, microalgae can be considered as a promising alternative that can replace fishmeal and fish oil as the chemical composition of some commercially important microalgal species is comparable to the available food ingredients used in the aquaculture feed industry. The chemical composition of some commercially important microalgal species is comparable to the available food ingredients used in the aquaculture feed industry. The nutritional value of microalgae is determined primarily by the protein content and, secondly, by the polyunsaturated fatty acid content (eicosapentaenoic acid (EPA), arachidonic acid (ARA) and docosahexaenoic acid (DHA)). Microalgae are a more reliable and less volatile source of protein, and their availability is not dependent on fish captures. This provides industry with a better control of their costs, and supports a potential for future investment due to the reduction of risk in aquaculture farming operations [START_REF] Guedes | Application of microalgae protein to aquafeed[END_REF]. Studies highlighted that biomass of Chlorella sp., Scenedesmus sp., Nanofrustulum sp. and Tetraselmis suecica can be used as additional protein sources or partial substitutes for fish meal proteins in the diet of various species of omnivorous and carnivorous fish [START_REF] Badwy | Partial replacement of fishmeal with dried microalgae (Chlorella spp. and Scenedesmus spp.) in Nile tilapia (Oreochromis niloticus) diets[END_REF].

Recombinant proteins

Microalgae show great potential as bioreactors for large-scale production of recombinant proteins. Microalgae combine high growth rates like prokaryotic cells with all advantages of eukaryotic expression systems, i.e. posttranscriptional and post-translational modifications and the assembly of multimeric protein complexes [START_REF] Hempel | Algae as protein factories: expression of a human antibody and the respective antigen in the diatom Phaeodactylum tricornutum[END_REF]. Monoclonal antibodies are important tools in medical therapy, diagnostics and research and are mainly produced in mammalian cell lines, since the establishment of hybridoma technology in 1975. As cultivation of mammalian cells is expensive, alternative expression systems are studied. A full-length IgG antibody was synthesized in the chloroplast of Chlamydomonas reinhardtii demonstrating that antibody expression in an algal system is feasible [START_REF] Tran | Synthesis and assembly of a full-length human monoclonal antibody in algal chloroplasts[END_REF]. Following this study, Hempel et al. [START_REF] Hempel | Algae as protein factories: expression of a human antibody and the respective antigen in the diatom Phaeodactylum tricornutum[END_REF] published the synthesis of a fully-assembled and functional antibody (CL.4mA) against the Hepatitis B Virus surface protein in P. tricornutum and manage to obtain an accumulation of 8.7 % of total soluble protein in two days of induction. When expressed in Nicotiana tabacum the same antibody reached much lower expression levels of only 0.2-0.6 % in several weeks [START_REF] Yano | Transgenic tobacco cells producing the human monoclonal antibody to hepatitis B virus surface antigen[END_REF]. Another frequently reported problem with antibody expression in plants is rapid protein degradation resulting in low antibody levels and many fragmented products [START_REF] De Muynck | Different subcellular localization and glycosylation for a functional antibody expressed in Nicotiana tabacum plants and suspension cells[END_REF]. However in P. tricornutum no degradation products were detected [START_REF] Hempel | Algae as protein factories: expression of a human antibody and the respective antigen in the diatom Phaeodactylum tricornutum[END_REF]. Antibody purification was carried out with protein A-Sepharose and ELISA assays demonstrated that the algal-produced antibody is functional and binds the respective target antigen (HBsAg) very efficiently in vitro [START_REF] Hempel | Algae as protein factories: expression of a human antibody and the respective antigen in the diatom Phaeodactylum tricornutum[END_REF]. The Hepatitis B surface protein was functional and recognized by algae-produced and commercial antibodies.

By-product of biofuel consumption

Microalgae are considered as one of the most promising biobased feedstocks, as their productivity in converting CO2 into lipids exceeds that of oilseed crops [START_REF] Wijffels | Microalgae for the production of bulk chemicals and biofuels[END_REF]. Applying biorefinery, not only for oil, but as well for protein, may lead to the sustainable and economical microalgae-based fuels. With this approaches, the biomass treatment for protein extraction, alongside other compounds of interests (lipids, carbohydrates), is different to when only proteins are extracted and may affect the yield [START_REF] Sari | Towards plant protein refinery: Review on protein extraction using alkali and potential enzymatic assistance[END_REF].

Protein extraction and quantification 4.3.2.1 Pre-treatment prior to extraction

Prior to protein extraction, most microalgae have to be pre-treated in order to break or fragilise the cell wall to enhance the protein extraction yields. For this, various treatment are available such as: hydrolytic enzymes or sodium dodecyl sulfate (for chemical treatments), or milling a cell slurry in presence of glass beads or fine ceramic particles can be efficient as well for the hardiest cells. Ultrasonication is another effective method for disrupting the cells but has the inconvenient to sometimes damage the proteins. In a study by Gonzalez Lopez et al. [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF] several pre-treatments methods, prior to proteins analysis of Porphyridium cruentum and Muriellopsis sp., were compared. The following pretreatments were tested: suspension in lysis buffer, ultrasonication at high power for 10 minutes in lysis buffer, or milling for 5 minutes with a pestle and mortar. They concluded that depending on the species studied, different pre-treatment must be used for optimisation of cell lysis. Moreover, the growth phase has also an impact on the ease of cell disruption, with rapidly growing cells likely to be less robust than slow growing or stationary-phase cells [START_REF] Chisti | Disruption of microbial cells for intracellular products[END_REF], therefore milling with ceramic particles is expected to be critically important to maximise the intracellular proteins released. Extensive studies on cell disruption techniques have been conducted on Chlorella vulgaris because it has a resistant cell wall, which limits the digestibility and extraction of cellular contents. Multiple techniques for breaking the wall were tested on C. vulgaris and are summarised in Table 4.3.5. Enzymatic treatment is a promising technique that requires a thorough knowledge of ultrastructure and cell wall composition to select the appropriate enzyme and lysis conditions. According to Lee et al. [START_REF] Lee | Comparison of several methods for effective lipid extraction from microalgae[END_REF] and Zheng et al. [START_REF] Zheng | Disruption of Chlorella vulgaris cells for the release of biodiesel-producing lipids: A comparison of grinding, ultrasonication, bead milling, enzymatic lysis, and microwaves[END_REF]. The best cell disruption techniques of C. vulgaris are autoclaving, microwave treatment, enzymatic lysis and liquid nitrogen grinding. The success of cell disruption techniques is generally evaluated by performing microscopic observations or comparing the extraction yield of a compound before and after the cell disruption treatment. [START_REF] Conde | Algal proteins, peptides and amino acids[END_REF]. The protein extraction procedure is technically the same for all microalgae and is mainly carried out by solubilization of proteins in alkaline solution (pH 10-12) in the presence of NaOH [START_REF] Bajguz | Effect of brassinosteroids on nucleic acids and protein content in cultured cells of Chlorella vulgaris[END_REF][START_REF] Safi | Influence of microalgae cell wall characteristics on protein extractability and determination of nitrogen-toprotein conversion factors[END_REF][START_REF] Rausch | The estimation of micro-algal protein content and its meaning to the evaluation of algal biomass I. Comparison of methods for extracting protein[END_REF]. Further purification can be achieved by precipitating the solubilized proteins with trichloroacetic acid (25 % TCA) or hydrochloric acid (0.1 N HCl) [START_REF] Barbarino | An evaluation of methods for extraction and quantification of protein from marine macro-and microalgae[END_REF][START_REF] Oliveira | Purification of polysaccharides from a biofilm matrix by selective precipitation of proteins[END_REF].

Protein content determination

For a given algal species, the intracellular concentration of inorganic and organic nitrogen depends on the growth phase [START_REF] Lourenço | Distribution of intracellular nitrogen in marine microalgae: basis for the calculation of specific nitrogen-to-protein conversion factors[END_REF]. Various methodologies have been developed for proteins quantification and analysis. Main methods are based on colorimetry (Coomassie, Lowry, BCA, Amido Black, Biuret), fluorescence (fluorescamin, Nano-orange, CBQCA, OPA), immunology (Elisa) and spectroscopy (amino acids analysis, UV, mass spectrometry) protocols [START_REF] Aschermann | Current status of protein quantification technologies[END_REF].

For microalgae, commonly protein are quantified by elemental analysis, Kjeldahl, Lowry assay, Bradford assay [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF] or dye binding method [START_REF] Barbarino | An evaluation of methods for extraction and quantification of protein from marine macro-and microalgae[END_REF]. However, the first two analyses take into consideration total nitrogen present in the microalga, multiplying it by the standard nitrogen to protein conversion factor (NTP) 6.25 which may lead to overestimation or underestimation of the true protein quantity because microalgae contains high concentration of non-protein nitrogenous substances such as pigments (chlorophyll or phycoerythrin for example), nucleic acids, free amino acids and inorganic nitrogen (nitrate, nitrite, ammonia) [START_REF] Lourenço | Distribution of intracellular nitrogen in marine microalgae: basis for the calculation of specific nitrogen-to-protein conversion factors[END_REF] whose presence makes the factor 6.25 unsuitable since it overestimates the real protein content [START_REF] Ezeagu | Seed protein content and nitrogen-to-protein conversion factors from some uncultivated tropical plant seeds[END_REF]. Several authors recommended to use a value of NTP lower then the standard 6.25 [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF][START_REF] Lourenço | Distribution of intracellular nitrogen in marine microalgae: Calculation of new nitrogen-to-protein conversion factors[END_REF]. Moreover, a study by Safi et al. [START_REF] Safi | Influence of microalgae cell wall characteristics on protein extractability and determination of nitrogen-toprotein conversion factors[END_REF] highlighted that no universal conversion factor could be recommended due to the fact that multiple factors, such as cell wall rigidity, growth conditions, growth media and environmental uncertainty, can affect the NTP value. Gonzales Lopez et al. [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF] determined the NTP using a technique that correlates protein content (Lowry assay) to total nitrogen content (Kjeldahl and elemental analysis). In addition, Servaites et al. [START_REF] Servaites | A dye binding method for measurement of total protein in microalgae[END_REF] quantified proteins of microalgae by staining the protein isolate with Coomassie brilliant blue R-250 (CBB) on a paper and then eluting the remaining stained proteins in 1 % sodium dodecyl sulphate (SDS) followed by measuring the absorbance at 600 nm. On the other hand, the colorimetric method of Lowry [START_REF] Lowry | Protein measurement with the Folin phenol reagent[END_REF] was also considered as one of the most accurate methods to quantify proteins, but with time this method showed to only quantify hydrosoluble proteins [START_REF] Safi | Influence of microalgae cell wall characteristics on protein extractability and determination of nitrogen-toprotein conversion factors[END_REF], which represents the major part of proteins. Lowry assay is considered as more acceptable then Bradford assay because the latter does not react with all amino acids present in the extract and thus giving lower protein concentrations [START_REF] Barbarino | An evaluation of methods for extraction and quantification of protein from marine macro-and microalgae[END_REF]. General methodologies can be used but it is important to state that some protein may lead to challenges depending on its structure and mode of action. So far, no single method of quantification can be used for the determination of the true protein concentration for all proteins in all kinds of buffers to serve as a "gold standard" [START_REF] Aschermann | Current status of protein quantification technologies[END_REF]. This can be explained by the fact that proteins can have a very large variety of structures and physicochemical properties. Thus, the choice of the right quantification method is crucial.The different assays available for protein quantification have various characteristics that must be considered before choosing the right protocol depending on the type of experimental work planned. Many different methodologies to assay proteins have been developed; the purpose of this chapter is not to review all but describe the most commonly applied and/or appropriate assays.

Total nitrogen content

Techniques that can be used to measure protein content rapidly in lyophilized material include Dumas-based combustive methods of elemental analysis and Kjeldahl to measure N-content [START_REF] Slocombe | A rapid and general method for measurement of protein in microalgal biomass[END_REF]. In both methods, the total nitrogen in the sample is liberated at high temperature. In the Kjeldahl method, the nitrogen is released into a strong acid and the content is measured after neutralization and titration. In the Dumas method, the nitrogen is liberated in a gaseous form and is determined with a thermal conductivity detector, after removal of carbon dioxide and water aerosols. The Kjeldahl method was chosen as an example of this analytical principle as it is still recognized as the official method for food protein determination by the AOAC International [START_REF] Conde | Algal proteins, peptides and amino acids[END_REF].

For microalgae, measurements can be done using 200 mg samples of the dry biomass. The biological material is hydrolyzed with 3 mL concentrated sulfuric acid (H2SO4) containing one copper catalyst tablet in a heat block (for example, Kjeltec system 2020 digestor, Tecator Inc.,Herndon, VA, USA) at 420 • C for 2 h. After cooling, H2O was added to the hydrolysates before neutralization and titration. Following the nitrogen determination, crude protein content is estimated using a conversion factor (see 4.3.2.3).

Colorimetric methods

Colorimetric assays rely on the appearance of a chromophore as a consequence of either the binding of a dye to a protein or the protein being involved in a redox reaction. Such methods are sensitive to interferences and their accuracy depends significantly on the methods used for pre-treating the samples. Indeed, for microbial proteins to be measured accurately, the cells must be pretreated in order to fully release the intracellular proteins [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF]. For better results, Barbino and Lourenço [START_REF] Barbarino | An evaluation of methods for extraction and quantification of protein from marine macro-and microalgae[END_REF] suggested to start the protein extraction from 50 mg of freeze-dried material. The most common treatments involved physical or chemical disruption of the cell wall (see 4.3.2.1 pre-treatment).

Prior to protein quantification by Bradford, BCA or Lowry methods, it is necessary to proceed to a protein precipitation step. For this a commonly used procedure is the Berges et al. [START_REF] Berges | A comparison of Lowry, Bradford and Smith protein assays using different protein standards and protein isolated from the marine diatom Thalassiosira pseudonana[END_REF] methodology which is based on the use of trichloroacetic acid (TCA) to allow for protein precipitation. The advantage of this method is that the pellet containing the proteins from microalgae can be stored at -20 °C until further analysis. Prior to colorimetric analysis, precipitated proteins are respectively suspended in 0.5 mL 1.0 N NaOH for the Bradford assay and 2.0 mL for the Lowry assay (when starting from 50 mg freeze dried biomass before pretreatment).

A study by Berges et al. [START_REF] Berges | A comparison of Lowry, Bradford and Smith protein assays using different protein standards and protein isolated from the marine diatom Thalassiosira pseudonana[END_REF] stated that even if it remains unclear which spectrophotometric assay is the most accurate (between Lowry, BCA and Coomassie), it appears that Coomassie assay is faster and simpler, and, has the advantage of being less affected by non-protein compounds found in marine phytoplankton. The reactivity of either of the assays to a particular protein will be a function of that protein's composition as well as any other compound which might oxidize the Folin phenol reagent or bind the Coomassie dye. The bicinchoninic acid (BCA) assay, similarly to the Lowry assay, measure the conversion of Cu 2+ to Cu + under alkaline conditions, and, both assays have similar sensitivity but BCA is stable under alkaline conditions.

Lowry assay

The Lowry method has been widely used for protein determination for many decades, due to its simplicity and availability. However, besides aromatic amino acids, a wide range of other compounds react with the Folin-Ciocalteu reagent [START_REF] Everette | Thorough study of reactivity of various compound classes toward the Folin-Ciocalteu reagent[END_REF]. The Lowry assay detects protein through a copper-catalysed reduction of Folin phenol reagent [START_REF] Lowry | Protein measurement with the Folin phenol reagent[END_REF] under alkaline conditions. The reactions result in a strong blue color with a maximum absorbance at 750 nm. This reaction will detect peptide bonds, but it is also highly sensitive to specific amino acids such as tyrosine and tryptophan, and to a lesser extent on cystine/cysteine and histidine contents. The method is sensitive to about 0.01 mg of protein/mL within a range of 0.01 to 1.0 mg protein/mL. However, some caution should be taken as the Lowry assay is subjected to interference from many substances including buffers, detergents, EDTA, nucleic acids and sugars [START_REF] Lopez | Protein measurements of microalgal and cyanobacterial biomass[END_REF].

Example of experimental protocol:

Step 1 : Pre-treatment of microalgal samples : for example, 20 mg of aliquots of microalgal freeze-dried biomass suspended for 20 min in 10 mL of lysis buffer

Step 2: An aliquot of this suspension is diluted with the lysis buffer such that the protein concentration is within the range of 0 and 1000 mg L -1 .

Step 3: 0.1 mL SDS and 1 mL of reagent C is added to 0.1 mL of the above solution, the solution is then vortexed.

Step 4: 10 min later 0.1 mL of Folin reagent is added and well mixed. The sample is then kept in the dark to avoid the degradation of the Folin reagent.

Step 5: after 30 min the absorbance of the sample is measured at 750 nm (a blank is prepared is prepared without the algal extract).

Step 6: The spectrophotometric absorbance is converted to protein concentration using a calibration curve established with bovine serum albumin (BSA) dissolved in lysis buffer. The protein content of the biomass is calculated using the formula: Protein (%; w=w) = (CVD/m) x 100 with C the protein concentration (mg L1 ) obtained from the calibration curve, V the volume (L) of the lysis buffer used to resuspend the biomass, D is the dilution factor and m is the amount of biomass (mg).

Coomassie (Bradford) Bradford assay

The Bradford [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF] protein assay is used to measure the concentration of total protein in a sample. The principle of this assay is that the binding of protein molecules to Coomassie dye (G-250) under acidic conditions results in a color change from brown to blue which has an absorbance maximum at 595 nm. The quantity of proteins can thus be estimated by determining the amount of dye in the blue ionic form by measuring the absorbance of the solution at 595 nm. The method is sensitive within a range 0.01-1.0 mg protein mL -1 . Coomassie Brilliant Blue dye is bound by protein, primarily by arginine residues, but also to a lesser degree by histidine, lysine, tyrosine, tryptophan and phenylalanine [102]. The binding of the dye is very rapid and the protein-dye complex remains soluble and stable for 1 h. The presence of SDS even at low concentrations can interfere with protein-dye binding, moreover this assay is not suitable for quantifying free amino acids or peptides smaller than 3,000 Da as the dye will not bind to them [102].

Example of experimental protocol:

The Quick Start™ Bradford protein assay is a simple and accurate procedure for determining the concentration of protein in solution. The assay supplies readyto-use dye reagent at 1x concentration and two protein standards at seven prediluted concentrations (0.125, 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mg mL -1 ). Protein concentration is determined in one step, with no need to dilute standards. Quick Start Bradford protein assay kits offer either bovine serum albumin or bovine γ-globulin standard sets.

Step 1: Prepare calibration curves using either Bovin Serum Albumin (BSA) with a range of 1,25-10 μg mL -1 or bovine γ-globulin in the range of 1,25-20 µg mL -1 Step 2: Pour 150 μL of samples/standard in a microplate Step 3: in each well of the microplate, add 150 µl of 1X Dye Reagent and shake manually Step 4: incubate 5 minutes at room temperature Step 5: Take absorbance readings at 595 nm against a blank Note: In classical protein staining protocols using Coomassie Brilliant Blue (CBB), solutions with high contents of toxic and flammable organic solvents (Methanol, Ethanol or 2-Propanol) and acetic acid are used for fixation, staining and destaining of proteins in a gel after SDS-PAGE. To speed up the procedure, heating the staining solution in the microwave oven for a short time is frequently used. This usually results in evaporation of toxic or hazardous Methanol, Ethanol or 2-Propanol and a strong smell of acetic acid in the lab which should be avoided due to safety considerations. In a protocol published by Lawrence and Besir [START_REF] Lawrence | Staining of proteins in gels with Coomassie G-250 without organic solvent and acetic acid[END_REF], an alternative composition of the staining solution is described in which no organic solvent or acid is used. The CBB is dissolved in bidistilled water (60-80 mg of CBB G-250 per liter) and 35 mM HCl is added as the only other compound in the staining solution. The CBB staining of the gel is done after SDS-PAGE and thorough washing of the gel in bidistilled water. By heating the gel during the washing and staining steps, the process can be finished faster and no toxic or hazardous compounds are evaporating. The staining of proteins occurs already within 1 minute after heating the gel in staining solution and is fully developed after 15-30 minutes with a slightly blue background that is destained completely by prolonged washing of the stained gel in bidistilled water, without affecting the stained protein bands.

Bicinchoninic Acid (BCA) Microplate Assay

The bicinchoninic acid (BCA) assay measures the conversion of Cu 2+ to Cu + under alkaline conditions. The amount of Cu 2+ reduced is a function of protein concentration that can be determined spectrophotometrically by a color change of the sample solution into purple, which absorbs at 562 nm. The absorbance is directly proportional to the amount of protein present in the solution and it can be estimated by comparison with a known protein standard, such as bovine serum albumin (BSA). This assay is also generally less affected than the Lowry assay by interfering compounds such as some detergents and denaturing agents (urea, guanidine chloride). However, the BCA assay is more sensitive to the presence of reducing sugars and high level of lipids [START_REF] Walker | Identification of diastereomeric chlorophyll allomers by atmospheric pressure chemical ionisation liquid chromatography/tandem mass spectrometry[END_REF]. The effects of these interferences can be eliminated or reduced through several strategies such as removing the interfering substances through dialysis, gel filtration or if the protein concentration is high enough, by diluting the sample [START_REF] Reichelt | Bioprocess monitoring: minimizing sample matrix effects for total protein quantification with bicinchoninic acid assay[END_REF]. Compared to other methods BCA assay is one of the most sensitive (it can detect proteins at concentrations as low as 5 ug mL -1 ). It has less variability than others (i.e., Bradford assay), and it can be used to measure a wide range of protein concentration [START_REF] Connan | Spectrophotometric Assays of Major Compounds Extracted from Algae[END_REF]. Example of experimental protocol for samples containing 0.1-1 mg protein mL -1 :

Step 1: Prepare calibration curves with Bovin Serum Albumin (BSA) with a range of 5-2,000 μg mL -1 .

Step 2: Prepare BCA working reagent (WR)

Step 3: Dilute the microalgal samples with distilled water (1:3, v/v).

Step 4: Pour 10 μL of distilled water with 10 μL of diluted samples/standard in a microplate.

Step 5: Add 200 μL of working reagent.

Step 6: Cover the microplate and incubate for 30 min at 37 °C in the dark.

Step 7: Keep all tubes at room temperature for 15 min before measurement.

Step 8: Take absorbance readings at 562 nm against a blank (distilled water).

Amino acids analysis

Amino acid analysis is one of the analytical principles for protein determination. The principle is that the proteins are broken down into their constituent amino acids by hydrolysis of the peptide bonds. The liberated amino acid residues are then determined, most often chromatographically, and protein content is calculated as the sum of individual amino acid residues after subtraction of the molecular mass of H2O. After sample preparation (hydrolysis of the protein with 1 mL of 6 N HCl in vacuum-sealed hydrolysis vials at 110 °C for 22 h), sodium or lithium buffers (depending on the amino acids present in the sample) are prepared for separation of the amino acids by Ion Exchange Chromatography. The eluate from the ion exchange column is passed through in a teflon coil placed in a boiling water bath, or other heating apparatus. Before entering, the column effluent is mixed with reduced ninhydrin reagent, which is dissolved in acetate buffer. The ninhydrin reacts with amino acids forming a dye complex. The absorption is determined in a flow photometer, and registered on the chart of a recorder or a computer. The area under the peaks corresponds to the amounts of amino acids present in the sample. The evaluation can be done manually or automatically with an integrator or a computer. The circumstances of the analysis make it possible to quantitate as little as one nanomol amino acid with a high degree of accuracy. Example of protocol (from Maehre [START_REF] Maehre | Protein determinationmethod matters[END_REF]) From microalgal crude samples: 50 mg of extracts are dissolved in 0.7 mL distilled H2O and 0.5 mL 20 mM norleucine (internal standard).

1. From protein extract samples: 500 µL extract is mixed with 50 µL 20 mM norleucine (internal standard). 2. Subsequently, for all samples, concentrated hydrochloric acid (HCl, 12 M) is added, to a final concentration of 6 M. 3. The sample mixture is flushed with nitrogen gas for 15 s in order to minimize oxidation, before hydrolysis at 110 • C for 24 h. 4. Following hydrolysis, 100 µL aliquots of the hydrolysates are evaporated under nitrogen gas until complete dryness and re-dissolved to a suitable concentration in lithium citrate buffer at pH 2.2. 5. All amino acids are analyzed chromatographically using an ion exchange column followed by ninhydrin post column derivatization on a Biochrom 30 amino acid analyzer (for example, Biochrom Co). 6. Amino acid residues were identified using the A9906 physiological amino acids standard (Sigma). 7. Protein content was calculated as the sum of individual amino acid residues (the molecular weight of each amino acid after subtraction of the molecular weight of H2O).

Validation of protein quantification methodology

Once a bioassay has been selected, it is of high importance to validate that assay for use by running risk analysis techniques such as failure mode and effect analysis (FMEA) [START_REF] Aschermann | Current status of protein quantification technologies[END_REF]. The goal is to assess the influence that each experimental step will have on the final result of an analysis and to produce a list of parameters that must be evaluated to obtain a robust assay. Key validations parameters consist of accuracy, precision, repeatability, intermediate precision, specificity, detection limit, quantification limit, linearity and range of the assay.

Extraction and purification of high value phycobiliproteins from microalgae 4.3.2.4.1 Phycoerythrin

On order to meet the standards of pharmaceutical and molecular biology fields, this protein must be highly purified. Two methods are used to determine the purity:

• the absorbance ratio A565/A280 defines the relationship between the presence of phycoerythrin and other contaminating proteins. A purity ratio A565/A280 > 4 corresponds to diagnostics and pharmaceutical grade phycoerythrin [START_REF] Benavides | Bioprocess intensification: a potential aqueous two-phase process for the primary recovery of B-phycoerythrin from Porphyridium cruentum[END_REF]. • the absorbance ratio A615/A565 determines phycoerythrin purity in relation to phycocyanin, which is its closest contaminating protein [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF]. The purification protocol requires three steps: protein extraction by cell disruption, primary recovery and purification.

• Cell disruption: several methods can be used (sonication, mechanical maceration or lysozyme treatment). From the literature, the best recovery yields are obtained with sonication [START_REF] Benavides | Bioprocess intensification: a potential aqueous two-phase process for the primary recovery of B-phycoerythrin from Porphyridium cruentum[END_REF]. Jubeau et al. [START_REF] Jubeau | High pressure disruption: a two-step treatment for selective extraction of intracellular components from the microalga Porphyridium cruentum[END_REF] evaluated the extraction of B-phycoerythrin from Porphyridium cruentum by highpressure cell disruption varying the parameters of pressure (25-270 MPa) and they proposed a two-step selective extraction with a first passage at 50 MPa (to eliminate the contaminating protein present in the cytoplasm) in culture medium followed by a second passage at 270 MPa (to extract the B-phycoerythrin) in distilled water, achieving a 0.79 purity ratio. • Primary recovery: the most commonly, fast and inexpensive method used for primary recovery is selective precipitation with ammonium sulfate. Various concentration of ammonium sulfate is used depending of the microalgal strains, for example 65 % for Porphyridium cruentum [START_REF] Bermejo Román | Recovery of pure B-phycoerythrin from the microalga Porphyridium cruentum[END_REF] or a a two-step ammonium sulfate precipitation, at 20 % and 70 % saturation for Phormidium spp. [START_REF] Parmar | Characterization of an intact phycoerythrin and its cleaved 14kDa functional subunit from marine cyanobacterium Phormidium sp. A27DM[END_REF]. • Purification: Purification is typically achieved by chromatographic methods like ion exchange chromatography, hydroxyapatite chromatography, gel filtration and expanded bed adsorption chromatography [START_REF] Cuellar-Bermudez | Extraction and purification of high-value metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins[END_REF].  Parmar et al. [START_REF] Parmar | Characterization of an intact phycoerythrin and its cleaved 14kDa functional subunit from marine cyanobacterium Phormidium sp. A27DM[END_REF] purified phycoerythrin from Phormidium sp. A27DM with a single-step gel permeation chromatography using a Sephadex G-150 matrix pre-equilibrated and eluted with a 10 mM Tris-HCl buffer (pH 8.1) at a flow rate of 60 mL h -1 . This protocol yielded a final purity ratio of 3.9.  Bermejo et al. [START_REF] Bermejo Román | Recovery of pure B-phycoerythrin from the microalga Porphyridium cruentum[END_REF] purified phycoerythrin from P. cruentum using an anionic chromatographic column of Diethylaminoethanol (DEAE) cellulose. Elution was performed as a discontinuous gradient of acetic acid-sodium acetate buffer (pH 5.5). The best results were achieved with flow rate of 100 mL h -1 . Later, Bermejo et al. [START_REF] Bermejo | Recovery of B-phycoerythrin using expanded bed adsorption chromatography: scale-up of the process[END_REF] developed a method of purification of phycoerythrin by expanded bed adsorption chromatography (EBA) using a DEAE adsorbent. The authors focused on maximizing product recovery rather than purity, since the process is intended to replace low-resolution methods. The use of EBA chromatography allowed partial concentration of the product and therefore works as a preparative method with little product loss and is suitable to large scale production [START_REF] Nui | Purification of phycoerythrin from Porphyra yeoensis Ueda (Bangladesh, Rhodophyta) using expanded bed absorption[END_REF].

Phycocyanin

The purity ratio of the phycocyanin extract is determined by the A620/A280 ratio. Absorbance ratio ≥ 0.7 refers to food grade pigment, while reagent and analytical grade correspond to 3.9 and ≥ 4.0 respectively [START_REF] Borowitzka | High-value products from microalgae -their development and commercialisation[END_REF]. General protocol for purification includes a first extraction in buffer solutions (phosphate buffer) with sonication or ultrasound as cell disruption pretreatment which should be as quick as possible in order to avoid proteins destabilization. Later, proteins precipitation and recovery by ultracentrifugation or filtration are carried. Phycocyanin is water-soluble and thus can be easily extracted as a proteinpigment complex. Sørensen et al. [START_REF] Sørensen | Purification of the photosynthetic pigment Cphycocyanin from heterotrophic Galdieria sulphuraria[END_REF] evaluated different extraction techniques for c-Phycocyanin extraction from Galdieria sulphuraria and obtained contents of 25-30 mg/g. Ammonium sulfate concentration above 1.28 mol L -1 ensured only C-Phycocyanin precipitation with purity of 0.7. In case of ultrafiltration, more than 50 % was lost at 100 kDa tangential flow filter, while 79% was retained by the 50 kDa filter. The authors also proposed to combine ammonium sulfate fractionation with the other methodologies tested (anion exchange chromatography, tangential flow filtration) in order to enhance purity of the recoveries (3.5-4.5).

Proteomics

Numerous scientific publications report proteomic studies on microalgae [START_REF] Ge | Quantitative proteomic analysis of Dunaliella salina upon acute arsenate exposure[END_REF][START_REF] Guarnieri | Examination of triacylglycerol biosynthetic pathways via de novo transcriptomic and proteomic analyses in an unsequenced microalga[END_REF][START_REF] Poirier | Toxicological effects of CdSe nanocrystals on the marine diatom Phaeodactylum tricornutum: The first mass spectrometry-based proteomic approach[END_REF][START_REF] Tran | Proteomic and biophysical analyses reveal a metabolic shift in nitrogen deprived Nannochloropsis oculata[END_REF], mainly targeting on topics such as the response of microalgae to different stress sources or environmental signals and issues related to taxonomy and identification of potentially harmful species [START_REF] Rodrigues | Proteomics in aquaculture: applications and trends[END_REF]. With the fast development of microalgal biofuel researches, the proteomics studies of microalgae have increased quickly [START_REF] Li | A method for microalgae proteomics analysis based on modified filter-aided sample preparation[END_REF]. Proteomic studies provide a platform for discovery of some yet unidentified genes and proteins [START_REF] Jia | Isolation and proteomic analysis of the halotolerant alga Dunaliella salina flagella using shotgun strategy[END_REF]. Protocols used have significantly evolved with the development of two-dimensional electrophoresis (2-DE) which represents a powerful approach for high-throughput analysis of complex protein mixtures [START_REF] Jia | Isolation and proteomic analysis of the halotolerant alga Dunaliella salina flagella using shotgun strategy[END_REF]. This technique is based on the integration of multi-dimensional chromatography and mass spectrometry (MS) with the proteomic informatics. Most experiments are broadly classified as either "gel-based proteomics" or "gelfree proteomics", depending on whether 2-DE is used for protein separation and quantification or not [START_REF] Jia | Isolation and proteomic analysis of the halotolerant alga Dunaliella salina flagella using shotgun strategy[END_REF]. Nowadays, 2-DE is the most common strategy for protein separation and quantification, enabling the separation, detection and quantification of different proteins from a single extract. With this method, information on small posttranslational modifications (PMTs) and highly homologous isoforms can often be obtained directly, since these tend to shift the isoelectric point of a protein without extensively changing its molecular weight. However, technical difficulties such as gel-to-gel variation, limited linear dynamic range, limited throughput, and protein co-migration have been reported. This can be overcome by the utilisation of software such as Progenesis SameSpots (Nonlinear Dynamics), PDQuest (Bio-Rad Laboratories) and DeCyder (GE Healthcare) for the analysis of 2-DE gels. Jia et al. [START_REF] Jia | Isolation and proteomic analysis of the halotolerant alga Dunaliella salina flagella using shotgun strategy[END_REF] described 2-DE as an elaborate pre-fractionation step that precedes MS analysis in a typical proteomic workflow and, as such, some researchers prefer to omit this step and apply different strategies which scale up much better, thus gel-free strategies are used more and more, since they allow higher analytical throughput and deeper proteome coverage than gel-based methods. The common workflow (gel-based and gel-free) analysis includes: 1) sample preparation; 2) protein separation and quantification; and, 3) Protein identification and characterization, and, is described below.

Gel-based approach 4.3.3.1.1 Sample preparation

The first step consists of protein extraction, since most analytical techniques used in proteomics require prior solubilization of proteins in an appropriate solvent (aqueous buffers, organic solvents). Commonly used aqueous extraction buffers often contain (besides buffering agents) detergents, chaotropes, reducing agents and protease inhibitors, ensuring that enzymatic activity is inhibited during extraction and that interactions between proteins are minimized, preventing aggregation. Fractionation prior to proteome can be done using chromatography, electrophoresis, differential solubility and/or centrifugation.

Protein separation and quantification

Detection and quantification methods for 2-DE are based on Coomassie Brilliant Blue. Recently, the development of multiplex 2-DE ("difference gel electrophoresis" or DIGE), involves tagging the protein samples with different fluorophores prior to 2-DE, leading to two main advantages as several samples can be run on a single gel and improves gel-to-gel variability, by providing a common reference channel across all gels of an experiment [START_REF] Viswanathan | Two-dimensional difference gel electrophoresis[END_REF].

Protein identification and characterization

Most gel-based proteomic studies rely on digestion of detected proteins, followed by the analysis of the resulting peptides by MS for their identification and characterization. Instruments currently employed for this purpose include ESI-Ion Trap, MALDI-TOF/TOF and ESI-QTOF mass spectrometers to a lesser extent. Identification of proteins can be assessed either directly through its peptide mass fingerprint (PMF), for the case of organisms with fully sequenced genome, or by analysis of the fragmentation spectra of such peptides (PFF, peptide fragment fingerprinting or even de novo sequencing) obtained through tandem MS.

Gel free approach

With this technic, proteins are digested from the start and analyses (separation, quantification, characterization) are done at the peptide level. Gel-free methods can be combined with fractionation methods, such as liquid-phase chromatography procedures (coupled to ESI-based mass spectrometers), in order to reduce the number of different peptides entering the mass spectrometer for maximization of the total number of distinct peptides detected over the course of a sample run.

Multidimensional chromatographic separations are commonly used, as in the case of MudPIT, where peptides are separated by charge (SCX-HPLC) and hydrophobicity (RP-HPLC) prior to MS analysis. Most gel-free workflows rely on stable isotope labeling for peptide quantification, either by metabolic incorporation of radioactive amino acids in proteins (SILAC) or by post-extraction chemical modification (ICAT, TMT, iTRAQ). With stable isotope labeling, several samples can be analyzed in parallel on the same MS run and relative abundance can be estimated.

Obtention of peptides and identifying proteins from peptides 4.3.3.3.1 Peptides obention

Peptides are short-chain protein-linked amino acid residues linked by peptide bonds. They are produced by enzymatic cleavage of proteins during food digestion, microbial fermentation, food processing or exogenous enzymatic hydrolysis [START_REF] Udenigwe | Bioinformatics approaches, prospects and challenges of food bioactive peptide research[END_REF][START_REF] Udenigwe | Food protein-derived bioactive peptides: production, processing, and potential health benefits[END_REF]. In order to isolate the bioactive peptides, the protein hydrolysates are subjected to several fractionation and purification techniques, in particular membrane ultrafiltration and ion exchange chromatography, affinity and gel permeation techniques. The choice of treatment techniques depends largely on the structural characteristic of the peptide of interest [START_REF] Romay | C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and neuroprotective effects[END_REF]. Peptides have shown interesting biological activities that would prevent hypertension, oxidative stress, cancer, diabetes, inflammation and immune disorders [START_REF] Udenigwe | Bioinformatics approaches, prospects and challenges of food bioactive peptide research[END_REF]. The bioactivity of peptides depends on several factors such as the molecular weight of the peptide, the amino acid composition, the molecular and surface hydrophobicity [START_REF] Udenigwe | Bioinformatics approaches, prospects and challenges of food bioactive peptide research[END_REF]125]. For example, hydrolysis of Chlorella vulgaris with pepsin has been shown to produce a short-chain peptide (of 11 amino acids :Val-Glu-Cys-Tyr-Gly-Pro-Asn-Arg-Pro-Gln-Phe) with dose-inhibiting -dependent anti-hypertensive properties in vitro and in vivo [START_REF] Romay | C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and neuroprotective effects[END_REF][START_REF] Suetsuna | Identification of antihypertensive peptides from peptic digest of two microalgae, Chlorella vulgaris and Spirulina platensis[END_REF]. Another peptide (Val-Glu-Gly-Tyr) derived from the hydrolysate of Chlorella ellipsoidea has also been reported to have ACE inhibitory activity in vitro and an in vivo effect of blood pressure reduction [START_REF] Romay | C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and neuroprotective effects[END_REF].

Identifying proteins from peptides

Most proteomic studies attempt to identify proteins by analysing peptides, as large proteins constitute a challenge for MS-based methods. The classical method used ("peptide mass fingerprinting" or PMF) is based on in silico digestion of genomic/EST sequences following the pattern of a predictable endonuclease (usually trypsin) to obtain a list of peptide masses (or "mass fingerprint") for each database entry. Identification is performed by comparing experimentally obtained MS mass lists with those generated in silico, and choosing significantly similar matches. It is possible as well to tandem MS instruments in order to obtain a peptide mass list and information on their fragmentation mass spectra, leading to a fingerprint for each peptide that directly reflects its sequence. For this, "peptide fragment fingerprinting" (or PFF) involves starting with a genomic/EST database and performing in silico digestion with a standard endonuclease. Then, for each peptide, the masses of all likely fragments are deduced from prior models. Identification of peptides is deducted by comparison of experimentally obtained MS/MS spectra against all possible fragmentation spectra in the database. Since a fragmentation spectrum (unlike mass) is usually very specific for a certain peptide sequence, identification of proteins can often be attained from a single high-quality peptide match. However, this strategy works only for species for which there is genomic/EST data available or for highly conserved peptides.

Challenges and future perspectives

To produce quality microalgal biomass as a whole-feed ingredient, cultivation techniques should aim to balance the lipid profile and the protein content. An alternative and potentially more efficient approach is a biorefinery-type system where microalgal oils could be separated from the cell biomass and used as concentrated feed or food supplements [START_REF] Hulatt | Production of fatty acids and protein by Nannochloropsis in flat-plate photobioreactors[END_REF]. Thus, oil production could be maximized, nitrogen consumption minimized, and the residual biomass used for other processes including energy production [START_REF] Da Silva | Integrated microbial processes for biofuels and high value-added products: the way to improve the cost effectiveness of biofuel production[END_REF]. In order to achieve this, microalgae containing sufficient ω-3 fatty acids and protein are searched [START_REF] Hulatt | Production of fatty acids and protein by Nannochloropsis in flat-plate photobioreactors[END_REF]. Microalgae biorefinery uses the overall composition of the cell, and next to lipids, including carbohydrates and proteins [START_REF] Wijffels | Microalgae for the production of bulk chemicals and biofuels[END_REF]. When proteins are extracted in a context of biorefinery, mild conditions of extractions must be used such as alkali or enzymatic extractions [START_REF] Sari | Towards plant protein refinery: Review on protein extraction using alkali and potential enzymatic assistance[END_REF]. Regarding economical costs, it was demonstrated that protein production using enzyme extraction was less expensive than when obtained after an alkali extraction. Higher revenue can be generated when the residue after protein extraction can be sold as fuel or feed for animal. Nowadays scientists are convinced that the biorefinery concept (i.e., a sequence of unit operations to achieve the whole fractionation and/or transformation of biomass to produce multiple products) applied to microalgae would render this sector profitable. The biorefinery scheme is the key for the utilization of microalgal biomass, but the main constraint is that in most cases final recoveries are low due to the number of steps required to achieve the purity levels specified for each compound and improving these yields represents a real challenge for the future. Moreover, conditions of cultivation of strains that produce high value compounds have been well studied, however recovery of intracellular metabolites at large scale is still a challenge since not all cell disruption, extraction or purification methods are scalable. Nevertheless, some technologies such as highpressure homogenization can be viable for scale up [START_REF] Ruiz-Ruiz | Scaling-up of a B-phycoerythrin production and purification bioprocess involving aqueous two-phase systems: practical experiences[END_REF]. Another key point to challenge is the set-up of more environmentally friendly process regarding extraction of high value compounds and finding new way to avoid toxic solvent and the use of too much energy (replacing high temperature processes for example).

Methods for polysaccharides determination in microalgae

[Guillaume Pierre, Clément Gaignard, Cédric Delattre, Céline Laroche, Philippe Michaud] 4.4.1 Introduction Polysaccharides are highly complex macromolecules exhibiting a great variety of biochemical structures based on glycosidic linkages of up to 50 different monosaccharides including numerous isomers (hexoses and pentoses), some of them being complex sugars. Various non-sugar substituents such as sulphates, acyl or methyl groups but also amino acids may be attached on these linear or ramified backbones. Understanding this complexity needs to consider that two monosaccharides such as hexoses may be theoretically polymerized by glycosyltransferases or transglycosylases by 5 different glycosidic bonds. This wide range of polysaccharidic structures dominates their conformation, flexibility and interactions as they adopt different architectures in solution [START_REF] Dumitriu | Polysaccharides: Structural Diversity and Functional Versatility[END_REF]. In their meeting report, published in 2007 in the famous review, Nature Chemical Biology, Jeremy E. Turnbull and Robert A. Field, wrote "the key bottlenecks in the development of glycobiology has been analysis of glycan structures, from natural sources" [START_REF] Turnbull | Emerging glycomics technologies[END_REF]. Ten years later, this fact is definitely true in the field of polysaccharides from animals, terrestrial plants, macroalgae and, above all, microalgae. For a long time, the structure identification of carbohydrate polymers was limited by suitable and sensitive approaches and despite the recent development of powerful analytical tools, more and more efficient, the analysis of polysaccharidic sequences is still a challenge compared to those of nucleic acids and proteins. Moreover, the sole overview of methodologies currently used in polysaccharide analysis resumes well its complexity [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. These methodologies include monosaccharide analysis, linkage methylation analysis, chemical/enzymatical degradation procedures, fractionation and purification of degradation products, infrared spectroscopy, mass spectrometry using different ionization techniques and 1-D/2-D NMR spectroscopy using 1 H/ 13 C dual probe. Numerous microalgae are known to produce polysaccharides with several cellular locations (Fig. 4.4.1). They are sometimes excreted as extracellular polysaccharides [133] or are cell wall polysaccharides, intracellular starch or chrysolaminarin. Excepting starch, and chrysolaminarin, their structures are highly complex including often up to 10 different monosaccharides and nonsugars groups such as methyl, pyruvyl, acetyl, sulphate and others. Note also the lack of units of repetition for the major part of them limiting significantly the structural investigations despite the potential of these biopolymers as texturing or biological agents [133- [START_REF] Raposo | Bioactivity and applications of sulphated polysaccharides from marine microalgae[END_REF][START_REF] Raposo | Marine polysaccharides from algae with potential biomedical applications[END_REF]. Exopolysaccharides from microalgae can remain associated to the cell surface (cell-bound polymers) and/or liberated into the surrounding environment as released polysaccharides [136-137-138]. The status of cell-bound exopolysaccharides is often unclear. Exopolysaccharides (EPS) are sometimes called ExoPolymeric Substances (EPS), Extracellular Polysaccharides (ECPS), Released polysaccharides (RPS), Extracellular Proteoglycan (EPG), capsular polysaccharides (CPS), Polysaccharide (PS) and sulphated Polysaccharides (sPS) [133- 135-137-139-140]. Exopolysaccharides are the most studied compounds among polysaccharides from microalgae. This popularity is explained by their structural diversity, extractability and solubility, as these biopolymers have not covalent linkages with cell walls. Their characterization may be impacted by culture conditions for their production, but also by the extraction and purification used to collect them [START_REF] Cheng | Elevated CO2 concentration impacts cell wall polysaccharide composition of green microalgae of the genus Chlorella[END_REF][START_REF] Magaletti | Abundance and chemical characterization of extracellular carbohydrates released by the marine diatom Cylindrotheca fusiformis under N-and P-limitation[END_REF]. The identification by some authors of structures differences depending on culture conditions could be in some cases artefacts related to different extraction, purification and/or structural chazacterization protocols. From today and at our knowledge, only few full structures from microalgae polysaccharides have been described in the literature and a significant part of them are just oligosaccharides extracted and purified from complex polysaccharides [133]. These partial characterizations are not totally representative of the native macromolecular structures.

(A) (B) (C) Production yields of microalgae polysaccharides are closely dependent to growth and cultures conditions [START_REF] Underwood | Environmental effects on exopolymer production by marine benthic diatoms -dynamics, changes in composition and pathways of production[END_REF]. Then, many cost-effective and environmental friendly parameters have to be investigated to selectively extract and purify EPS and cell-bound or intracellular polysaccharides (IPS) such as chrysolaminarin, starch, capsular or sheath polysaccharides [START_REF] Azeredo | Extraction of exopolymers from biofilms: the protective effect of glutaraldehyde[END_REF][START_REF] Takahashi | Optimizing extraction of extracellular polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of six EPS extraction methods[END_REF]. Works of Ramus were the first to recommend an experimental approach to separate and isolate the different categories of polysaccharides from Porphyridium. In his strategy, after a preliminary depigmentation of microalgae biomass using ethanol/acetone treatment, cell bound exopolysaccharides were extracted using hot water. A second step with cetyl pyridinium chloride selectively isolated EPS by precipitation in calcium salt prior to a final ethanol precipitation. Focusing only on EPS, Delattre et al. [133] have proposed a general process to selectively extract and purify these hydrocolloids from culture media of several microalgae. Briefly, after microalgae cultivation, biomass is extracted from culture medium using centrifugation or microfiltration [START_REF] Li | Pilot-scale isolation of bioactive extracellular polymeric substances from cell-free media of mass microalgal cultures using tangential-flow ultrafiltration[END_REF][START_REF] Zhang | Adsorptive fouling of extracellular polymeric substances with polymeric ultrafiltration membranes[END_REF]. Afterwards, soluble EPS (in supernatant or in permeate) are concentrated under vacuum (depending on the viscosity) and finally precipitated with 2-3 volumes of cold alcohol (-20 °C) such as ethanol, isopropanol, or methanol [133, [START_REF] Liu | Mutation breeding of extracellular polysaccharide-producing microalga Crypthecodinium cohnii by a novel mutagenesis with atmospheric and room temperature plasma[END_REF][START_REF] Patel | Separation and fractionation of exopolysaccharides from Porphyridium cruentum[END_REF][START_REF] Pierre | Seasonal dynamics of extracellular polymeric substances (EPS) in surface sediments of a diatomdominated intertidal mudflat (Marennes-Oléron, France)[END_REF]. The main advantage of this alcoholic precipitation in industrial point of view is the possibility to work with highly viscous solutions and to recycle the solvent (water, alcohol) by distillation to reduce the production cost. Nevertheless, the main drawback of this method is the co-precipitation of a part of salts coming from the culture medium, notably when the cultivated microorganisms are marine microalgae (up to 30-40 g L -1 of NaCl depending on culture media). This phenomenon can be partially avoided repeating the alcoholic precipitation 2 or 3 times and or using several selective alcohol concentrations. Then, tangential ultrafiltration (TUF) in diafiltration operating mode is commonly applied to purify polysaccharide and remove salts. Patel et al. clearly showed that the desalting of EPS from Porphyridium cruentum was optimal using diafiltration of medium onto 300 kDa membranes comparatively to the conventional alcoholic precipitation which gave EPS fraction polluted by high salt contents [START_REF] Patel | Separation and fractionation of exopolysaccharides from Porphyridium cruentum[END_REF]. Finally, note to mention that additional combined purification steps such as trichloroacetic acid (TCA) treatment, selective precipitation (alcoholic gradient) and TUF lead also to the removing of all low molecular weight impurities (phenolic compounds, pigments, proteins, salt, mineral,…) [133,[START_REF] Patel | Separation and fractionation of exopolysaccharides from Porphyridium cruentum[END_REF]. Lastly, the high purity EPS is dried (freeze-drying or in ventilated oven at 40-50 °C). When polysaccharides are dried in a ventilated oven at 40-50 °C, this step is sometimes preceded by a precipitation of polysaccharide and its washing by acetone. It is important to notice that as mentioned by Delattre et al. [133] during the purification step of polysaccharides, other high-value molecules such as proteins, pigments, and lipids could be valorized for industrial purposes [START_REF] Pignolet | Highly valuable microalgae: biochemical and topological aspects[END_REF]. The next section gives an overview of the extraction/purification optimization of polysaccharides using TUF.

Tangential ultrafiltration process for EPS purification

Recently, many researchers have proposed TUF processes as an alternative to the conventional extraction of EPS using alcoholic precipitation. This methodology was largely investigated to extract biomolecules with high yields from complex medium without using additives (chemical, enzymes, solvents…) [START_REF] Charcosset | Membrane processes in biotechnology: an overview[END_REF][START_REF] Zeman | Microfiltration and ultrafiltration: Principles and Applications[END_REF]. Therefore, many proteins and polysaccharides purification processes were investigated on several ultrafiltration modules such as rotating, hollow fiber, tubular, spiral wound or flate plate system [START_REF] Charcosset | Membrane processes in biotechnology: an overview[END_REF]. Generally, the clarification/desalting/concentration steps were carried out using nominal molecular weight cut-off (NMWCO) from 1 to 500 kDa [START_REF] Zeman | Microfiltration and ultrafiltration: Principles and Applications[END_REF]. To be efficient for the purification of polysaccharides, the membrane system has to be studied depending on the concentration and viscosity of media but also the transmembrane pressure and flow rate velocity. In the works of Li et al. [START_REF] Li | Pilot-scale isolation of bioactive extracellular polymeric substances from cell-free media of mass microalgal cultures using tangential-flow ultrafiltration[END_REF] a combined microfiltration (polypropylene membrane, 0.2 µm) and ultrafiltration (polyethersulfone membrane with NMWCO of 5 kDa) pilot-scale extraction processes was proposed to concentrate EPS from varied microalgae and Cyanobacteria including: Nostoc sphaeroide, Nostoc commune, Chlorella pyrenoidosa, Chaetoceros muelleri, Haematococcus pluvialis and Spirulina platensis. Recently, the same approach was used to efficiently isolate and purify polysaccharides from Porphyridium sp. using two ultrafiltration steps with two polyethersulfone membranes (NMWCOs of 10 and 300 kDa) [START_REF] Marcati | Extraction and fractionation of polysaccharides and B-phycoerythrin from the microalga Porphyridium cruentum by membrane technology[END_REF]. Generally, as demonstrated by the works of Zhang and Santschi [START_REF] Zhang | Application of cross-flow ultrafiltration for isolating exopolymeric substances from a marine diatom (Amphora sp.)[END_REF] on the purification of Amphora sp. EPS, the ultrafiltration technology was well-recommended to purify microalgae EPS from sea water culture media. However it should be noticed that to be generalized to all microalgae EPS extraction/purification processes, TUF technology system must be optimized for industrial scale-up potential. There are some drawbacks limiting TUF process such as (i) the great amount of water used for desalting/purification/concentration of EPS and, (ii) the clogging of membranes due to the high viscosity of microalgae EPS solution [START_REF] Li | Pilot-scale isolation of bioactive extracellular polymeric substances from cell-free media of mass microalgal cultures using tangential-flow ultrafiltration[END_REF][START_REF] Zhang | Adsorptive fouling of extracellular polymeric substances with polymeric ultrafiltration membranes[END_REF][START_REF] Rickman | Fouling phenomena during membrane filtration of microalgae[END_REF][START_REF] Ye | Evolution of fouling during crossflow filtration of model EPS solutions[END_REF] which reduce considerably the EPS extraction yield and increase the operating prices compared to the alcoholic precipitation. Consequently, it is essential for the development of new efficient membrane systems to study rigorously the combination of both numerical and theoretical analyses in order to upgrade both mass-transfer and hydrodynamics setting [START_REF] Charcosset | Membrane processes in biotechnology: an overview[END_REF][START_REF] Baruah | Global model for optimizing crossflow microfiltration and ultrafiltration processes: a new predictive and design tool[END_REF]. For this purpose, the works of Jhaveri and Murthy [START_REF] Jhaveri | A comprehensive review on anti-fouling nanocomposite membranes for pressure driven membrane separation processes[END_REF] gave a very attractive overview on anti-fouling nanocomposite membranes development for industrial application. Indeed, authors clearly highlighted the importance for innovation in synthetic material fields in particular to enhance the membrane filtrations system performance by improving the hydrophilicity, the anti-fouling and the self-cleaning properties. In this context, the use of organic (polyacrylonitrile) and inorganic (AZT: Aluminum/Zirconium/Titanium Oxide) membranes has been efficiently performed with the cyanobacterium Arthrospira platensis [START_REF] Rossi | Harvesting of cyanobacterium Arthrospira platensis using organic filtration membranes[END_REF][START_REF] Rossi | Harvesting of cyanobacterium Arthrospira platensis using inorganic filtration membranes[END_REF].

Specific treatments for the extraction of cell-bound exopolysaccharides

As well-established, around 50 % of the total amount of EPS were cell-bounded to the microalgae cell as slime layer [START_REF] Arad | Red microalgae cell-wall polysaccharides: biotechnological aspects[END_REF]. Numerous procedures have been described in literature to purify and isolate cell-bound exopolysaccharides. Among them, treatment of microalgae with ethylene diamine tetracetic acid (EDTA), formaldehyde (FA), hydroxide sodium (NaOH), water, sonication, heating and ionic resins have been proposed [START_REF] Takahashi | Optimizing extraction of extracellular polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of six EPS extraction methods[END_REF][START_REF] Pierre | Seasonal dynamics of extracellular polymeric substances (EPS) in surface sediments of a diatomdominated intertidal mudflat (Marennes-Oléron, France)[END_REF][START_REF] Brown | Comparison of bacterial extracellular polymer extraction methods[END_REF][START_REF] Comte | Relations between extraction protocols for activated sludge extracellular polymeric substances (EPS) complexation properties. Part I. Comparison of the efficiency of eight EPS extraction methods[END_REF][START_REF] Frølund | Extraction of extracellular polymers from activated sludge using a cation exchange resin[END_REF][167]. Treatment with cationic resins is known to break specific interactions between microorganisms and EPS without any cellular damage [START_REF] Liu | Extraction of extracellular polymeric substances (EPS) of sludges[END_REF][START_REF] Takahashi | Optimizing extraction of extracellular polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of six EPS extraction methods[END_REF][START_REF] Pierre | Seasonal dynamics of extracellular polymeric substances (EPS) in surface sediments of a diatomdominated intertidal mudflat (Marennes-Oléron, France)[END_REF]. By this way, Pierre et al. [START_REF] Pierre | Seasonal dynamics of extracellular polymeric substances (EPS) in surface sediments of a diatomdominated intertidal mudflat (Marennes-Oléron, France)[END_REF][START_REF] Pierre | Biochemical characterization of extracellular polymeric substances extracted from an intertidal mudflat using a cation exchange resin[END_REF][START_REF] Pierre | Biochemical composition and changes of extracellular polysaccharides (ECPS) produced during microphytobenthic biofilm development (Marennes-Oléron, France)[END_REF] isolated several microalgae EPS from a diatom-dominated intertidal mudflat using the cationic exchange resin Dowex Marathon C. In other studies, researchers proposed during the extraction of EPS, the preliminary combined treatment of microalgae cell by FA and glutaraldehyde (GTA) as fixative agents in order to reduce cell lysis [START_REF] Azeredo | Extraction of exopolymers from biofilms: the protective effect of glutaraldehyde[END_REF][START_REF] Liu | Extraction of extracellular polymeric substances (EPS) of sludges[END_REF][START_REF] Takahashi | Optimizing extraction of extracellular polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of six EPS extraction methods[END_REF][START_REF] Comte | Relations between extraction protocols for activated sludge extracellular polymeric substances (EPS) complexation properties. Part I. Comparison of the efficiency of eight EPS extraction methods[END_REF]. Nevertheless, these chemical treatments caused the structural modifications of EPS disturbing extraction [START_REF] Azeredo | Extraction of exopolymers from biofilms: the protective effect of glutaraldehyde[END_REF][START_REF] Comte | Relations between extraction protocols for activated sludge extracellular polymeric substances (EPS) complexation properties. Part I. Comparison of the efficiency of eight EPS extraction methods[END_REF]170]. That is why the general alternative to extract cell-bounded EPS is to use washing treatment with water at different temperature (30 to 95 °C) and pH (basic of acid). According to the treatment duration (1-4 h) and biomass/water ratio, microalgae cell lysis was observed. Thus, the contamination of EPS by intracellular compounds such as starch, chrysolaminarin and proteins was described for the extraction of EPS from Craspedostauros australis, Nitzschia epithemioides, Thalassiosira pseudonana, Anacystis nidulans, Navicula jeffreyi, Cylindrotheca fusiformis, Anabaena cylindrical, Cyanospira capsulate, Navicula phyllepta and Phaeodactylum tricornutum [START_REF] Bertocchi | Polysaccharides from cyanobacteria[END_REF][START_REF] Takahashi | Optimizing extraction of extracellular polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of six EPS extraction methods[END_REF][START_REF] Bellinger | Biofilm polymers: relationship between carbohydrate biopolymers from estuarine mudflats and unialgal cultures of benthic diatoms[END_REF][START_REF] Chiovitti | The glucans extracted with warm water from diatoms are mainly derived from intracellular chrysolaminaran and not extracellular polysaccharides[END_REF][START_REF] De Brouwer | Does warm-water extraction of benthic diatoms yield extracellular polymeric substances or does it extract intracellular chrysolaminaran?[END_REF].

Specific treatments for the extraction and quantification of starch

Despite growing interest for the use of starch from microalgae as feedstock for bioethanol production within a biorefinery point of vue, only few studies describe a protocol for extraction and purification of starch. Extraction of starch is only performed when structural characterization is needed, especially for the understanding of mechanisms ruling the metabolic patterns depending on culture conditions. As starch is an intracellular polysaccharide, first step involves a cellular lysis. Several methods exist, that can be classified as physical, enzymatical, or chemical methods, but physical methods are generally preferred. Delrue et al. [START_REF] Delrue | Waxy Chlamydomonas reinhardtii: Monocellular algal mutants defective in amylose biosynthesis and granule-bound starch synthase activity accumulate a structurally modified amylopectin[END_REF] and Deschamps et al. [START_REF] Deschamps | Nature of the periplastidial pathway of starch synthesis in the Cryptophyte Guillardia theta[END_REF], have purified starch from microalgae using similar protocols. The cellular lysis was achieved by sonication, of a cellular suspension in phosphate buffer (pH 7.5-8.0) containing 5 mM EDTA. For Deschamps et al. [START_REF] Deschamps | Nature of the periplastidial pathway of starch synthesis in the Cryptophyte Guillardia theta[END_REF] the buffer was specifically supplemented by 1 mM of dithiotreitol. After centrifugation, the pellets (starch and cell fragments) were resuspended in 90 % Percoll and centrifuged (10,000 g, 30 min) to separate high-density starch granules from cell debris of lower density. The Percoll gradient step is repeated to ensure complete removal of cell debris from the starch pellet. The starch is then washed in sterile water and freeze-dried after its recovery by centrifugation. Kobayashi et al. [START_REF] Kobayashi | On the properties of the starch granules from unicellular green algae[END_REF] used a 10 % toluol solution in order to separate starch and cell debris. After mixing vigorously during 10 minutes, an emulsion layer, containing cells debris, was formed at the top of the tube. After discarding this layer, the starch was recovered and toluol step repeated, until no coloration appeared. Starch was then washed with water and ethanol before drying. Other alternative can be, after cellular lysis and the first centrifugation step, to resuspend pellets in water and to boil (30 min), in order to solubilize starch. After a new centrifugation (10 000 g, 15 min), the supernatant containing starch was precipitated with 3 volume of ethanol, or more specifically with iodine [START_REF] Love | Starch-type polysaccharides isolated from the green seaweeds, Enteromorpha compressa, Ulva lactuca, Cladophora rupestris, Codium fragile, and Chaetomorpha capillaris[END_REF]. Nevertheless, starch from microalgae is structurally different from that of higher plants regarding the ratio amylose: amylopectin. Whereas starch from higher plants contains generally around 30 % of amylose, amounts of 5-25 % have been reported for chlorophyceae [START_REF] Kobayashi | On the properties of the starch granules from unicellular green algae[END_REF] and is rather absent in starch from rhodophyceae except in few unicellular strains [START_REF] Mc Cracken | Amylose in floridean starch[END_REF]. Consequently the efficiency of iodine precipitation can differ from one genus to another [START_REF] Usov | Chemical structures of algal polysaccharides[END_REF]. When starch has been extracted and purified, classical methods can be used for its quantification and characterization. Nevertheless, most authors are interested in quantifying starch without time consuming extraction. Several methods are found in literature for quantification of starch content in microalgae. Most of them are derived from the characterization and quantification of carbohydrates from terrestrial plants. For example, starch content can be estimated after starch solubilization from ethanol-treated biomass (defatted and depigmented) by boiling. After centrifugation, supernatant containing starch is mixed with iodine solution and color is compared with standards of known starch content [START_REF] Rose | Starch determination by perchloric-acid vs enzymes -evaluating the accuracy and precision of 6 colorimetric methods[END_REF]. Drawback of this method is that as previously mentioned, structural differences of starch from microalgae induce differences in color when mixed with iodine and the coloration is then not directly proportional to amount of starch. As an example, floridean starch gives a pink color due to low amylose content [START_REF] Yu | Physico-chemical Characterization of Floridean Starch of Red Algae[END_REF], whereas starch from Chlorophyceae gives a blue-dark coloration [START_REF] Eddy | α-1,4-Glucosans. Part IX. The molecular structure of a starch-type polysaccharide from Dunaliella bioculata[END_REF]. One consequence is that maximum of absorbance is shifted depending of microalgae class: 597 nm for Chlorophyceae [START_REF] Kobayashi | On the properties of the starch granules from unicellular green algae[END_REF], 530-550 nm for Rhodophyceae [START_REF] Yu | Physico-chemical Characterization of Floridean Starch of Red Algae[END_REF][START_REF] Eddy | α-1,4-Glucosans. Part IX. The molecular structure of a starch-type polysaccharide from Dunaliella bioculata[END_REF][START_REF] Ozaki | Floridean starch of a calcareous red alga, Joculator maximus[END_REF]. For accurate quantification, the standard should then be of the same type than the analyzed sample. Before using this method as routine procedure, it will then require an extraction of the starch that will be used as standard (as the starch type could be not commercially available), and a more accurate method of quantification to calibrate it. Chemical treatments such as 45-52 % perchloric acid, 3-15 % sulphuric acid, or 90% dimethyl sulfoxide, are often used to degrade starch before quantification of released sugars by enzymatical or colorimetric methods [START_REF] Kobayashi | On the properties of the starch granules from unicellular green algae[END_REF][START_REF] Rose | Starch determination by perchloric-acid vs enzymes -evaluating the accuracy and precision of 6 colorimetric methods[END_REF][START_REF] Fernandes | Starch determination in Chlorella vulgaris-a comparison between acid and enzymatic methods[END_REF]. Even if this method is frequently used by authors, the efficiency can be discussed as several drawbacks may be highlighted. First, an incomplete hydrolysis can lead to underestimation. Second, celluloses and hemicelluloses found in cell walls can be degraded together with the starch, and result will be in that case overestimated, especially if colorimetric assay is used to quantify sugars. If enzymatic assay is used (generally based on glucose oxidase activity), only cellulose will interfere as hemicelluloses from microalgae are often xylan-type. In order to circumvent the problem of non-selective degradation, enzymes can be used. A mix of α-amylase and amyloglucosidase, in appropriate amounts and reaction conditions, will provide efficient degradation of starch, without contamination from cellulose degradation as β-links are not attained by these enzymes. The released sugars are further quantified as previously described. This protocol is at the origin of starch assay kits from Megazyme, Bohringer, or Sigma-Aldrich. Recently, Ji et al. [START_REF] Ji | Raman spectroscopy provides a rapid, non-invasive method for quantitation of starch in live, unicellular microalgae[END_REF] have proposed a fast method to quantify starch by direct in-situ measurement in individual cells by Raman spectrometry. Method requires expensive equipment, as Raman spectrometer coupled to microscope is needed. Nevertheless, results revealed a nearly linear correlation between the signal intensity at 478 cm -1 and the starch content of the cells. This method has been tested both on Chlamydomonas and Chlorella strains, and the specificity of the band at 478 cm -1 has been validated on a Chlamydomonas mutant (nonproducing starch strain).

Specific treatments for the extraction of fibrillar polysaccharides.

Some microalgae such as green microalgae have a rigid cell wall composed of fibrillar polysaccharides including chitin-like glycan or glucose-mannose polymers [START_REF] Takeda | Sugar composition of the cell wall and the taxonomy of Chlorella (Chlorophyceae)[END_REF]. For fibrillar polysaccharides extraction, the method of Mc Cleary (2007) [START_REF] Mccleary | An integrated procedure for the measurement of total dietary fibre (including resistant starch), non-digestible oligosaccharides and available carbohydrates[END_REF] can be used. This method has led to the AOAC 2009.01 method for extraction and quantification of soluble and insoluble fibers in food samples. Briefly, microalgae biomass is subjected to action of α-amylase and amyloglucosidase (16 h, 37 °C, pH 6) in order to hydrolysate starch. For better results, a mechanical cellular lysis is recommended in order to improve access of enzymes to the starch. After heating à 95 °C (for inactivation of enzymes) and pH shift to 8.2, protease is added (30 min, 60 °C) in order to degrade proteins. After filtration and washing of residues, they are dried and correspond to insoluble fibers (fibrillar polysaccharides in microalgae case). It is to notice that the filtrate obtained at the last step could be precipited by ethanol and should correspond to soluble fibers (matricial polysaccharides in microalgae case).

How to determine the global composition of polysaccharides?

Identification and quantification of carbohydrates are of primary importance when it comes to the characterization of microalgal biomass. Owing to their low absorption in UV-Visible regions and their structural complexity, the analysis of polysaccharides can be a very challenging work. Overall, a deep investigation is needed to accurately determine the structure of carbohydrates and strategy for their analyses can change depending on their sources, extractions and compositions. 

Total carbohydrates

The phenol [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF] or orcinol- [START_REF] Brückner | Estimation of monosaccharides by the orcinol-sulphuric acid reaction[END_REF] sulfuric acid methods, as well as the recently updated anthrone assay [START_REF] Laurentin | A microtiter modication of the anthrone-sulfuric acid colorimetric assay for glucose-based carbohydrates[END_REF][START_REF] Leyva | Rapid and sensitive anthrone-sulfuric acid assay in microplate format to quantify carbohydrate in biopharmaceutical products: method development and validation[END_REF] can be used for determining the total amount of carbohydrates. Based on the dehydration of monosaccharides to furfural compounds in acid, the phenol-sulfuric acid is still the most used method with few alternatives (miniaturization, heating, acid concentrations) described in the literature [START_REF] Albalasmeh | A new method of rapid determination of carbohydrate and total carbon concentrations using UV spectrophotometry[END_REF][START_REF] Masuko | Carbohydrate analysis by a phenol-sulfuric acid method in microplate format[END_REF]. Briefly, the absorbance is measured at λ = 485 nm and dglucose is used as standard. Attention should be given to other compounds, e.g. pigments, proteins, lipids, polyphenols and salts to limit interferences.

Uronic acids and neutral sugars

Based on the formation of furfural derivatives in presence of resorcinol solubilized in acid, the method of Monsigny et al. [START_REF] Monsigny | Colorimetric determination of neutral sugars by a resorcinol sulfuric acid micromethod[END_REF] can be used to determine the neutral sugars content. The absorbance is classically measured at λ = 510 nm and d-galactose is used as standard. The meta-hydroxydiphenyl (m-HDP) assay [START_REF] Blumenkrantz | New method for quantitative determination of uronic acids[END_REF] modified by Filisetti-Cozzi and Carpita [196] can be used to measure the uronic acids content. In presence of potassium sulfamate and m-HDP, uronic acids form chromogens which absorb at λ = 525 nm. In general, d-galacturonic acid is used as standard. It is noteworthy that the corrective formula from Montreuil and Spick [START_REF] Montreuil | Methods of study of the structure of glycoproteins[END_REF] should be used to accurately quantify both neutral sugars and uronic acids in the same sample since the latter can be detected by the resorcinol-sulfuric acid assay.

Substituents and non-carbohydrate content

Sulphate, pyruvate, methyl and acetyl groups have also to be quantified. The sulphate groups can be measured by using the turbidimetric protocol of Craigie et al. [START_REF] Craigie | Interspecific, intraspecific and nutritionallydetermined variations in the composition of agars from Gracilaria sp[END_REF], estimated by the gelatin/BaCl2 assay [START_REF] Dodgson | A note on the determination of the ester sulfate content of sulfated polysaccharides[END_REF] or the Azure A method of Jaques et al. [START_REF] Jaques | A microelectrophoresis method for heparin[END_REF]. Pyruvate groups can be measured through the method of Sloneker and Orentas [START_REF] Sloneker | Pyruvic acid, a unique component of an exocellular bacterial polysaccharide[END_REF]. Methoxy and acetyl groups are often observed by 1 H NMR since these groups have specific resonances. However, a saponification step can be applied to release -CH3 and -COCH3 groups, which can be directly or indirectly monitored by High-Performance Liquid Chromatography (HPLC) [START_REF] Levigne | Determination of the degrees of of methylation and acetylation of pectins using a C18 column and internal standards[END_REF][START_REF] Voragen | Determination of the degree of methylation and acetylation of pectins by HPLC[END_REF]. Even if the extraction step and more specifically alcoholic precipitation (see the previous section) decreases the presence of proteins and/or glycoproteins, total proteins (which can also be covalently linked to polysaccharides) can be quantified by the Smith et al., Bradford or Lowry et al. methods [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF][START_REF] Lowry | Protein measurement with the Folin phenol reagent[END_REF][START_REF] Smith | Measurement of protein using bicinchoninic acid[END_REF]. For determining the polyphenol content, the Folin-Ciocalteu assay can be used from [START_REF] Singlton | Analysis of total phenols and other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent[END_REF]. Finally, salts, ashes and moisture should be also quantified.

Composing groups by Infrared spectroscopy

Fourier Transformed InfraRed (FTIR) spectroscopy can be used for identifying and/or discriminating polysaccharides as well as observing changes in their composition (footprint) by providing details on a range of vibrationally active functional groups [START_REF] Mishra | Isolation and characterization of extracellular polymeric substances from micro-algae Dunaliella salina under salt stress[END_REF]. The structural analysis of carbohydrates by FTIR spectroscopy focuses on five specific regions from 3600 to below 700 cm -1 , which correspond to O-H and C-H stretching vibrations, local symmetry, C-O stretching vibration and fingerprint or anomeric region and skeletal region [START_REF] Mathlouthi | Vibrational spectra of carbohydrates[END_REF]. Polysaccharides usually display a strong and broad absorption peak at 3360 cm -1 corresponding to (O-H) stretching vibrations as well as water adsorption [START_REF] Adel | Characterization of microcrystalline cellulose prepared from lignocellulosic materials, Part I. Acid catalyzed hydrolysis[END_REF][START_REF] Gnanasambandam | Determination of pectin degree of esterification by diffuse reflectance Fourier transform infrared spectroscopy[END_REF]. A weak signal at 2920 cm -1 can be attributed to the asymmetric vibration of (C-H2) groups [START_REF] Bouaziz | Water-soluble polysaccharides and hemicelluloses from almond gum: Functional and prebiotic properties[END_REF][START_REF] Maréchal | Interaction configurations of H2O molecules in a protein (Stratum Corneum) by infrared spectrometry[END_REF]. Overall, the region from 1500 to 500 cm -1 is defined by several modes concerning the type of polysaccharides and glycosidic linkages. As an example, furanose derivatives from pentoses can be identified at 1250 cm -1 . At 1250-1170 and around 1300-1250 cm -1 , aliphatic esters and aromatic esters can be respectively observed. Sulphate ester (O-SO3 -) groups can be identified in the region from 1260 to 1210 cm -1 [START_REF] Gómez-Ordóñez | FTIR-ATR spectoscopy as a tool for polysaccharide identification in edible brown and red seaweeds[END_REF], carboxylic acid ester form (C=O) or carboxylate anion form (COO-) can be observed around 1730 and 1600 cm -1 [START_REF] Leal | FT-IR spectra of alginic acid block fractions in three species of brown seaweeds[END_REF] whereas acetyl groups can be found at 1250-1220 cm -1 . The signal observed around 1040 cm -1 is in general from the presence of (C-O) of polysaccharides [START_REF] Edwards | FT-Raman spectroscopy of gums of technological significance[END_REF]. Anomeric (α and β) configurations can be identified by three types of bands from 950 to 750 cm -1 [START_REF] Barker | Infra-red spectra of carbohydrates. Part I. Some derivatives of D-glucopyranose[END_REF]. Note also that glycosidic methoxy groups give a specific symmetric C-H3 stretching band around 2880-2830 cm -1 . FTIR spectroscopy also benefits the possibility to detect proteins, nucleic acids (NA) and other potential "contaminants" of the carbohydrate fraction through the amide I (1709-1583 cm -1 ), amide II (1585-1481 cm -1 ) and NA (1356-1191 cm -1 ) bands [START_REF] Ponnuswamy | Isolation and characterization of green microalgae for carbon sequestration, waste water treatment and bio-fuel production[END_REF].

How to determine the monosaccharides composition of polysaccharides? 4.4.4.1 Preliminary solvolysis

Monosaccharides have to be released by cleaving the glycosidic bonds before their analyses by Chromatography. Two preliminary solvolysis, i.e. (i) methanolysis and (ii) hydrolysis, are well described in the literature for this purpose. The first one involves the cleavage of the linkages by methanolic HCl (around 2 M) in milder conditions than for classical hydrolysis. Less degradation of monosaccharides to furfural derivatives (or more degraded products) is often reported and it is possible to analyze both neutral sugars, uronic acids, sialic acids and acetamido sugars. Moreover, methyl groups substitute the hydroxyl groups previously engaged in the glycosidic bonds [START_REF] Kamerling | Characterization by gasliquid chromatography-mass spectrometry and proton-magnetic-resonance spectroscopy of pertrimethylsilyl methyl glycosids obtained in the methanolysis of glycoproteins and glycopeptides[END_REF]. Briefly, the protonation of the glycosidic-O-atom results to the cleavage of the glycosidic linkage from a specific ring form. An anomeric carbocation will be formed and be able to react with water and give α/β-anomers. Thus, ring form conversions can occur through protonation of the ring-O-atom and/or mutarotation [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. On the other hand, hydrolysis by mineral acids (H2SO4, HCl, CF3COOH) can be used to release the monosaccharides. Numerous conditions are reported in the literature and the use of TriFluoroacetic Acid (TFA) is often preferred (2-4 M, 90-240 min, 100-120 °C). Indeed, some authors reported the degradation of monosaccharides in particular when strong conditions are used to ensure the cleavage of resistant glycosidic linkages [START_REF] Bleton | Characterization of neutral sugars and uronic acids after methanolysis and trimethylsilysation for recognition of plant gums[END_REF]. The effect of these conditions should not be neglected since it may cause underestimation of specific monosaccharides and more specifically ketoses. Here again, released monosaccharides from the polysaccharide structure give a monosaccharide-specific anomeric distribution. Finally, methyl glycosides or released monosaccharides can be analyzed by Gas Chromatography (GC) or HPLC including High-Performance Anion-Exchange Chromatography (HPAEC).

Chromatography

First, monosaccharides composition can be determined by HPLC combined with various detection apparatus such as Refractive Index Detection (RID), Charged Aerosol Detection (CAD) or Low-Wavelength Ultraviolet (UV). HPLC coupled to ElectroSpray Ionization (ESI) or High-Resolution Mass Spectrometry (HRMS) should be also considered as decent methods reported in the literature. One main advantage of LC methods is probably from the sample preparation which is strongly reduced compared to classical derivatizations of monosaccharides needed for GC analysis. On the contrary, one main disadvantage could be the low resolution especially for complex mixtures [START_REF] Widmer | Analysis of biomass sugars and galacturonic acid by gradient anion exchange chromatography and pulsed amperometric detection without post-column addition[END_REF]. Overall, the separation is based on polarity allowing to work with normal and Reversed-Phase Chromatography (RPC). Ions-exchange, polymer-, silica-or metal-based and amino-bonded can be used with heating (30-80 °C) under various mobile phases (diluted H2SO4, water, acetonitrile) for the quantification of the released monosaccharides. Few papers also reported derivatization of monosaccharides prior the analysis [START_REF] Fu | Monosaccharide composition analysis of oligosaccharides and glycoproteins by high-performance liquid chromatography[END_REF]. HPAEC methodology should be also considered as a first-rate alternative for quantifying monosaccharides (using CarboPac PA-1), as reported by Templeton et al. [START_REF] Templeton | Separation and quantification of microalgal carbohydrates[END_REF]. Coupled with Pulsed Amperometric Detection (PAD), the method is resolutive and based on the pKa of monosaccharides and changes in temperature or alkalinity. Schäeffler et al. [START_REF] Schäffler | HPAEC: Some precautious required for the reliable analysis of carbohydrates[END_REF] reported tuning procedures to improve HPAEC analyses for carbohydrates even if Fu and O'Neill [START_REF] Fu | Monosaccharide composition analysis of oligosaccharides and glycoproteins by high-performance liquid chromatography[END_REF] highlighted the drop of electrochemical response in presence of proteins. Secondly, GC is still used in many papers for quantifying monosaccharides after solvolysis due to higher sensitivity and resolution of spectra [START_REF] Hsu | Derivatization procedures and determination of levoglucosan and related monosaccharide anhydrides in atmospheric aerosols by gas chromatography-mass spectrometry[END_REF]. On the contrary to HPLC, released monosaccharides must be converted into volatile compounds via derivatization procedures including silylation and acylation. Silyl derivatives, which are the most used for GC applications, are generated by displacement of active hydrogen on -NH, -OH or -SH groups and various derivatizating agents can be used for this purpose, e.g. N-methyl-N-trimethylsilyl trifluoroacetamide (MSTFA), N-trimethylsilyimidazole (TMSI) or N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA). The latter is often combined to trimethylchlorosilane (TMCS) to increase the silyl donor strength. Thus, TriMethylSilyl (TMS) alditols, aldonitrile acetates, TMS methyl ester glycosides or oxime derivatives can be prepared for GC analysis. In general, Flame-Ionization Detector (FID) is preferred to MS for the quantification since the results are more reproducible. As reported by Peña et al. [START_REF] Peña | Methods for structural characterization of the products of cellulose-and xyloglucan-hydrolyzing enzymes[END_REF], modifying the mass tuning and the possibility to use ion suppression strongly impact MS quantification and can result in inaccurate quantification. Note that MS benefits mass spectra (associated to specific fragmentation patterns) which are essential for discriminating carbohydrates to non-carbohydrate contaminants. Finally, GC/MS experiments can be performed using MS-Chemical Ionization (CI) or Electron Impact Ionization (EI). Pyranose and furanose ring forms can be distinguished comparing the intensities of the specific ions m/z 204 and m/z 217 for TMS (methyl) glycosides [START_REF] Kamerling | Characterization by gasliquid chromatography-mass spectrometry and proton-magnetic-resonance spectroscopy of pertrimethylsilyl methyl glycosids obtained in the methanolysis of glycoproteins and glycopeptides[END_REF] as well as regarding the ion m/z 205. Ions such as m/z 379, 319, 305, 217, 205, 204, 117 are characteristics of the fragmentation of TMS (methyl) glycosides by GC/MS-EI [START_REF] Pierre | Seasonal dynamics of extracellular polymeric substances (EPS) in surface sediments of a diatomdominated intertidal mudflat (Marennes-Oléron, France)[END_REF]. Beside to TMS derivatives, the conversion of released monosaccharides to per-O-acetylated alditol (AA) derivatives is another way to quantify monosaccharides composition [START_REF] Peña | Methods for structural characterization of the products of cellulose-and xyloglucan-hydrolyzing enzymes[END_REF]. Each monosaccharide gives only one peak with specific fragmentation patterns and main ions such as m/z 289, 217, 187, 157, 115, 145, 103, 43. Overall, a wide range of columns can be used for GC/MS-EI analysis, e.g. AT-1 [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF], HP-1, CP-Sil 5 CB, DB-1701 [START_REF] Klein | Marine diatom Navicula jeffreyi from biochemical composition and physico-chemical surface properties to understanding the first step of benthic biofilm formation[END_REF], DB-225MS [START_REF] Templeton | Separation and quantification of microalgal carbohydrates[END_REF], Optima-1MS [START_REF] Depraetere | Harvesting carbohydrate-rich Arthrospira platensis by spontaneous settling[END_REF], OV-17 [START_REF] Hara | Gas-liquid chromatographic separation of aldose enantiomers as trimethylsilyl ethers of methyl 2-(polyhydroxyalkyl)-thiazolidine-4(R)carboxylates[END_REF] or SP 2330 [START_REF] Peña | Methods for structural characterization of the products of cellulose-and xyloglucan-hydrolyzing enzymes[END_REF].

How to elucidate the branching patterns of polysaccharides? 4.4.5.1 Absolute configuration analysis

Usually, GC and chiral stationary phase are used for determining the absolute d or l configuration of monosaccharides. Glycosidation reactions can also be used with a chiral alcohol ((-)-2-butanol or (+)-2-octanol) to generate an extra chiral center, allowing the use of a nonchiral stationary phase for analyzing TMS (-)-2butyl or (+)-2-octyl glycosides [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. 4.4.5.2 NMR analysis NMR is probably one of the best tools for establishing native glycan structures of polysaccharides [START_REF] Angelis | Co-culture of microalgae, cyanobacteria, and macromycetes for exopolysaccharides production: process preliminary optimization and partial characterization[END_REF][START_REF] Gugi | Diatom-specific oligosaccharide and polysaccharide structures help to unravel biosynthetic capabilities in Diatoms[END_REF]. Two decades ago, Duus et al. [START_REF] Duus | Carbohydrate structural determination by NMR spectroscopy: modern methods and limitations[END_REF] published an extensive review giving a deep overview of how to determine the structure of carbohydrates by NMR. Basically, 1D NMR ( 1 H and 13 C) spectroscopies give primary information about the structure and conformation, e.g. the type of monosaccharides, anomeric configurations, branching types, presence of substituents such as sulphate, methyl, acetyl or carboxyl groups [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. Indeed, signals at specific resonance frequencies (shifts) are from carbon and nonequivalent hydrogen and the shape of each signal corresponds to the chemical environment of the corresponding carbon and hydrogen [START_REF] Casu | Structure and conformation of polysaccharides by NMR spectroscopy[END_REF]. Considering the wide literature and numerous fingerprints spectra ( 1 H and 13 C) of polysaccharides described, authors usually compare chemical shift values for attribution. Today and especially for new and/or original structures, homo-and heteronuclear 2D techniques should be performed to assess and clarify ambiguous assignments and give accurate and deep understanding of polysaccharides linkages [START_REF] Størseth | HR MAS NMR Spectroscopy of marine microalgae, Part 2: 13 C and 13 C HR MAS NMR analysis used to study fatty acid composition and polysaccharide structure[END_REF]. For NMR users, partial depolymerization of the analyzed polysaccharide (combined to a long accumulation at 60 °C), e.g. by using hydrolysis, ozonolysis, chemical degradation or hydrogenation, should be done since it greatly helps solubilizing the polymer (molecular weight under 100 kDa), increasing the quality and accuracy of NMR spectra and thus facilitating the structural elucidation. Note that various conditions should be performed since hydrolysis for example is wellknown for removing some branching residues, side chains and/or terminal units [START_REF] Samuelsen | Structural studies of a heteroxylan from Plantago major L. seeds by partial hydrolysis, HPAEC-PAD, methylation and GC-MS, ESMS and ESMS/MS[END_REF]. Mass Spectrometry (MS) should also be used to analyze kind of derivatives.

Mass spectrometry analysis

MS applications can be combined with a broad range of chromatographic technologies such as MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization with Time of Flight mass spectrometry), GC/MS-CI, HPLC-ES-MS, HPAEC-PAD/MS, HPLC-ESI-MS-MS, etc. [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. MALDI-TOF MS, electrospray ionization mass spectrometry as well as GC/MS-EI are often preferred for the structural studies of glycans. The latter involves the preparation of PerMethylated Alditol Acetates (PMAA) which can be used to determine terminal units, glycosidic linkages, branching points and the ring size of monosaccharides. Before hydrolysis, permethylation of the polysaccharide is done by using CH3I in alkaline medium, e.g. solid NaOH in C2H6OS [START_REF] Peña | Methods for structural characterization of the products of cellulose-and xyloglucan-hydrolyzing enzymes[END_REF]. As previously described, various conditions of hydrolysis can be used but 2-4 M TFA give good depolymerization results. Reduction using (NaBH4 or NaBD4 for isotopic labeling in NH4OH/ C2H6OS) then peracetylation (CH3CO)2O in presence of co-catalyst C4H6N2) are performed to yield PMAA. Interpreting the fragmentation patterns from mass spectra (mostly without molecular ion peaks) leads up to determine the position of glycosidic bonds initially composing the polysaccharide. A comprehensive study of these fragmentations patterns and tables can be found in Kamerling and Gerwig [START_REF] Kamerling | Strategies for the structural analysis of carbohydrates[END_REF]. Further analyses are needed to complete the initial monosaccharides linkages analysis such as (i) uronic acid reduction due to their non-esterified carboxyl function and low volatility, (ii) partial hydrolysis to determine repeating unit patterns, (iii) acetolysis, (iv) uronic acid, smith and periodate degradations, (v) partial alkaline hydrolysis, (vi) removing of substituent(s) and/or (vii) enzymatic depolymerizations for determining anomeric configuration.

Conclusion

In the emerging field of glycosciences the specific detection and quantification of polysaccharides from microalgae is in progress even if the cracking of polysaccharidic structures is always a real challenge. However the recent interest of scientific and industrial communities for the culture of microalgae (mainly for production of high value molecules) led to a better understanding of the physiology of these microorganisms and to the development of technologies for their culture. At this time the ability of scientific community to cultivate in controlled conditions numerous strains of microalgae isolated from diverse environments open the way to identification of new polysaccharides with original structures and physico-chemical properties. Many exciting applications after analysis of polysaccharides from microalgae will probably become evident with the development of essential tools for their structure analysis and modeling. Acknowledgment This work was supported by the ANR POLYSALGUE project, grant ANR-15-CE21-0013 of the French Agence Nationale de la Recherche.

Methods for lipids determination in microalgae

[Junko Ito, Makoto M. Watanabe] Sources of lipids include soybean, corn, palm, canola, and jatropha as oleaginous plants and animal fat and waste cooking oil [START_REF] Feofilova | Biodiesel-Fuel: content, production, producers, contemporary biotechnology (review)[END_REF][START_REF] Chisti | Biodiesel from microalgae[END_REF][START_REF] Kulkarni | Waste cooking oil -An economical source for biodiesel: A review[END_REF]. It is also widely anticipated that microalgae can be used as a new lipid source [START_REF] Chisti | Biodiesel from microalgae[END_REF][START_REF] Naghdi | Progress on lipid extraction from wet algal biomass for biodiesel production[END_REF][START_REF] Wang | Technologies for extracting lipids from oleaginous microorganisms for biodiesel production[END_REF]. Microalgae grow rapidly, and many species are exceedingly rich in oil. Microalgae typically double their biomass within 24 to 72 h, and the doubling times of the fastest-growing algae are as short as 3.5 h during the exponential growth phase. The oil content of microalgae is 20-50 %, and some microalgae can produce oil content of 80% per weight of dry biomass [START_REF] Samuelsen | Structural studies of a heteroxylan from Plantago major L. seeds by partial hydrolysis, HPAEC-PAD, methylation and GC-MS, ESMS and ESMS/MS[END_REF][START_REF] Naghdi | Progress on lipid extraction from wet algal biomass for biodiesel production[END_REF][START_REF] Wang | Technologies for extracting lipids from oleaginous microorganisms for biodiesel production[END_REF][START_REF] Meng | Biodiesel production from oleaginous microorganisms[END_REF][START_REF] Metting | Biodiversity and application of microalgae[END_REF][241]. Therefore, the oil productivity of microalgae (the mass of oil produced per unit volume of broth per day) can reach tens to hundreds of times higher than that of oil crops. Lipids accumulate in microalgae in the forms of acylglycerols (triacylglycerol, diacylglycerol, and monoacylglycerol), phospholipids, glycolipids, lipoprotein, free fatty acids (FFA), sterols, hydrocarbons, and pigments [START_REF] Dong | Lipid recovery from wet oleaginous microbial biomass for biofuel production: A critical review[END_REF]. 

Preparation of microalgal samples

Microalgae are a highly diverse group of organisms, having a wide range of different cell walls, and various molecular components, intramolecular and intermolecular linkages, and overall structures [START_REF] Lee | Cell disruption and lipid extraction for microalgal biorefineries: A review[END_REF][START_REF] Work | Biocommodities from photoshynthetic microorganisms[END_REF]. The cell wall characteristics and chemical compositions vary not only according to the microalgal species but also depending on the growth conditions and growth phase [START_REF] Lee | Cell disruption and lipid extraction for microalgal biorefineries: A review[END_REF][START_REF] Gerken | Enzymatic cell wall degradation of Chlorella vulgaris and other microalgae for biofuels production[END_REF]. These differences affect the barrier of intracellular lipid recovery and the ease of cell disruption. The basic microalgal samples for lipid analysis are dried cells. To obtain such samples, microalgae are cultivated in medium and harvested by centrifugation. The obtained pellet is then washed with sterile water or medium, and the wet cells are obtained after centrifugation. Although the wet cells can be dried by either heating [START_REF] Han | Review of methods used for microalgal lipid-content analysis[END_REF][START_REF] Axelsson | A single-step method for rapid extraction of total lipids from green microalgae[END_REF] or lyophilization, the optimal approach is lyophilization [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF]. After washing, the wet pellets are stored at -80 °C. These frozen pellets are then lyophilized in a lyophilizer. This removes water effectively without reducing the quality of the molecular components, compared with drying using heat. Lyophilization also increases the surface area of the sample, leading to better lipid extraction and easy rehydration. Lyophilized cells are also easily weighed, stored, and handled [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Nireesha | Lyophilization/Freeze Drying -An Review[END_REF]. Furthermore, lyophilized cells contain very little water, and there is no need to add lipase deactivators during lipid extraction. Oil extraction from wet microalgae has been a subject of intense investigations [START_REF] Naghdi | Progress on lipid extraction from wet algal biomass for biodiesel production[END_REF][START_REF] Wang | Technologies for extracting lipids from oleaginous microorganisms for biodiesel production[END_REF][START_REF] Meng | Biodiesel production from oleaginous microorganisms[END_REF][START_REF] Metting | Biodiversity and application of microalgae[END_REF][241][START_REF] Dong | Lipid recovery from wet oleaginous microbial biomass for biofuel production: A critical review[END_REF][START_REF] Yu | Investigations on cell disruption of oleaginous microorganisms: Hydrochloric acid digestion is an effective method for lipid extraction[END_REF][START_REF] Yang | New algal lipid extraction procedure using an amphiphilic amine solvent and ionic liquid[END_REF][START_REF] Concas | Microalgal cell disruption through fenton reaction: experiments, modeling and remarks on its effect on the extracted lipids composition[END_REF][START_REF] Zuorro | Enhanced lipid extraction from unbroken Mmicroalgal cells using enzymes[END_REF][START_REF] Dvoretsky | Enhanced lipid extraction from microalgae Chlorella vulgaris biomass: experiments, modeling, optimization[END_REF][START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF][START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF]. These techniques are very important for practical and scalable processes for extracting lipids from microalgae because the drying of microalgae involves high energy costs. Some lipid analyses can use wet cells without any dehydrating, but there is a need to pay close attention to the cell disruption and the efficiency of oil extraction [START_REF] Naghdi | Progress on lipid extraction from wet algal biomass for biodiesel production[END_REF][START_REF] Dong | Lipid recovery from wet oleaginous microbial biomass for biofuel production: A critical review[END_REF].

Analysis of total lipid content

Lipids are defined as being molecules that are not soluble in water but in nonpolar solvent instead, although the definition is relatively vague [START_REF] Laurens | Algal biomass constituent analysis: method uncertainties and investigation of the underlying measuring chemistries[END_REF]. In this section, the entire oil content of microalgae is defined as total lipids. The total lipid content in microalgae is a very important value for considering the characteristics of microalgae and the possibility of practically using them as a lipid source. The standard method of analyzing total lipid content is the method of Folch et al. [START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF], or that of Bligh and Dyer [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF], involving the use of chloroform-methanol mixture as an extracting solvent [START_REF] Axelsson | A single-step method for rapid extraction of total lipids from green microalgae[END_REF][START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF]. The co-solvent containing methanol as a polar solvent can extract not only neutral lipids like hydrocarbon and acylglycerols but also polar lipids like glycolipids and phospholipids. Furthermore, the polar solvent releases the lipids from their protein-lipid complexes, and the lipids subsequently dissolve in the nonpolar solvent [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Dvoretsky | Enhanced lipid extraction from microalgae Chlorella vulgaris biomass: experiments, modeling, optimization[END_REF]. Modified versions of the methods of Bligh and Dyer [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF] or Folch et al. [START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF] have also been proposed in many studies [START_REF] Laurens | Algal biomass constituent analysis: method uncertainties and investigation of the underlying measuring chemistries[END_REF][START_REF] Lee | Cell disruption and lipid extraction for microalgal biorefineries: A review[END_REF][START_REF] Axelsson | A single-step method for rapid extraction of total lipids from green microalgae[END_REF][START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Yu | Investigations on cell disruption of oleaginous microorganisms: Hydrochloric acid digestion is an effective method for lipid extraction[END_REF][START_REF] Yang | New algal lipid extraction procedure using an amphiphilic amine solvent and ionic liquid[END_REF][START_REF] Phillipis | Extended validation of a simplified extraction and gravimetric determination of total fat to selected foods[END_REF][258][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Ranjan | Mechanistic assessment of microalgal lipid extraction[END_REF][START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF]. Ryckebosch et al. [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF] explained that the method of Folch et al. [START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF] is the most widely used for the extraction of total lipids from microalgae. This method was originally optimized for the isolation and purification of total lipids from animal tissues. It uses chloroform/methanol at a 2:1 ratio for the extraction of lipids and water along with a small amount of NaCl to remove non-lipid substances from the extract. The method of Bligh and Dyer has also often been used for the extraction of total lipids from microalgae and was originally optimized for the extraction of phospholipids from fish muscle. It uses chloroform/methanol at a 1:2 ratio and followed by extraction with chloroform. Iverson et al. [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF] compared the methods of Bligh and Dyer [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF] to Folch et al. [START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF] for the determination of total lipids in marine fish tissue. They concluded that the unmodified method of Bligh and Dyer resulted in lower estimation of lipid content in samples containing >2 % lipid, and this underestimation increased significantly with increasing lipid content of the sample. Ryckebosch et al. [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF] showed that the total lipids could be extracted from lyophilized microalgae through them being immersed in a chloroform/methanol mixture, without any cell disruption. However, some samples need to undergo cell disruption before the oil extraction process. This is largely influenced by the cell wall characteristics, which depend on the microalgal species, the growth condition and phase, and the existence and intensity of stress factors [START_REF] Lee | Cell disruption and lipid extraction for microalgal biorefineries: A review[END_REF]. When the level of oil recovery is low, cell disruption such as bead beating, microwave irradiation, sonication, and exposure to a homogenizer should be performed as pretreatment for oil extraction. The presence of lipids in microalgal cells can be evaluated by the fluorescence measurement of Nile red-or BODIPYstained cells [START_REF] Han | Review of methods used for microalgal lipid-content analysis[END_REF][START_REF] Chen | Microwave-assisted Nile red method for in vivo quantification of neutral lipids in microalgae[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF]. These dyes can stain the lipids inside cells, especially neutral lipid droplets. After cells have been stained with Nile red or BODIPY, the fluorescence measurement or microscopic observation of stained microalgae is performed. In this context, one option is first to immerse the lyophilized microalgae in co-solvent and extracted oil and then to evaluate the oil-extracted cells by fluorescence analysis. When there is residual oil inside the cells, the microalgal samples should be disrupted as pretreatment for oil extraction. Chloroform and methanol can be used to extract oil from microalgae, but these organic solvents are associated with serious risks. For example, chloroform has been classified into Group B2 in risk assessment for carcinogenic effects, that is, probably carcinogenic to humans, by the US EPA [START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF]. Moreover, methanol is a flammable solvent and damages the visual system of animals [START_REF] Hara | Lipid extraction of tissues with a low-toxicity solvent[END_REF]. These solvents should be carefully handled to avoid damaging the environment and human health. For this reason, other solvents have been investigated as less toxic substitutes for lipid extraction [START_REF] Yang | New algal lipid extraction procedure using an amphiphilic amine solvent and ionic liquid[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Chen | Microwave-assisted Nile red method for in vivo quantification of neutral lipids in microalgae[END_REF][START_REF] Hara | Lipid extraction of tissues with a low-toxicity solvent[END_REF][START_REF] Halim | Oil extraction from microalgae for biodiesel production[END_REF][START_REF] Kumar | Sustainable green solvents and techniques for lipid extraction from microalgae: A review[END_REF][START_REF] Lin | Ethyl Acetate/Ethyl Alcohol Mixtures as an alternative to Folch reagent for extracting animal lipids[END_REF]. However, it has been difficult to determine the best solvents because of different results being obtained depending on the microalgal species, growth conditions, and growth phase. The current best way of determining the total lipid amount is to follow the methods of Folch et al. [255,] or Bligh and Dyer [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF]. Finally, the following should be kept in mind: all extraction processes may not recover all lipids and may extract non-lipid components, such as chlorophyll, pigments, protein, and soluble carbohydrates, among the total lipids [START_REF] Laurens | Algal biomass constituent analysis: method uncertainties and investigation of the underlying measuring chemistries[END_REF].

Separation and analysis of lipid classes

Lipids are generally separated into neutral lipids (hydrocarbons, acylglycerols, and sterol esters) and polar lipids (glycolipids and phospholipids). Neutral lipids such as triacylglycerol (TAG) are present in the cytoplasm as a form of energy storage, and polar lipids such as glycolipids and phospholipids are present in chloroplast membranes and in plasma membranes [START_REF] Guckert | Lipid solvent systems are not equivalent for analysis of lipid classes in the microeukaryotic green alga, Chlorella[END_REF]. It is very useful to determine which lipid classes and how much of each class are contained among lipids extracted from microalgae, in order to characterize the extracted lipids, and to evaluate a method for applying and purifying these lipids. Solid-phase extraction (SPE) [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Guckert | Lipid solvent systems are not equivalent for analysis of lipid classes in the microeukaryotic green alga, Chlorella[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF], thin-layer chromatography (TLC) [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF], high-performance liquid chromatography (HPLC) [START_REF] Jones | Extraction of algal lipids and their analysis by HPLC and mass spectrometry[END_REF][START_REF] Graeve | Improved separation and quantification of neutral and polar lipid classes by HPLC-ELSD using a monolithic silica phase: Application to exceptional marine lipids[END_REF][START_REF] Nordbäck | Separation of lipid classes from marine particulate material by HPLC on a polyvinyl alcohol-bonded stationary phase using dualchannel evaporative light-scattering detection[END_REF], and nuclear magnetic resonance (NMR) spectroscopy [START_REF] Nordbäck | Separation of lipid classes from marine particulate material by HPLC on a polyvinyl alcohol-bonded stationary phase using dualchannel evaporative light-scattering detection[END_REF] are well-known methods for isolating lipid classes, such as neutral lipids, glycolipids, and phospholipids, from among extracted lipids. SPE is a simple and effective method for determining lipid class composition [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Guckert | Lipid solvent systems are not equivalent for analysis of lipid classes in the microeukaryotic green alga, Chlorella[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF]. This method has the advantage that the amount of each lipid class can be determined gravimetrically and yielded as a fraction for further detailed analysis. Guckert et al. [START_REF] Guckert | Lipid solvent systems are not equivalent for analysis of lipid classes in the microeukaryotic green alga, Chlorella[END_REF] reported an isolation method using simple silica column chromatography for lipid class separation. In this case, the total lipids were applied to a silica column, and elution with chloroform yielded the neutral lipids, acetone yielded the glycolipids, and methanol yielded the phospholipids. An easier SPE method involves the use of a commercial cartridge. The major SPE cartridge is Waters Sep-Pak TM of silica gel or Alltech Extract-Clean column for the separation of lipid classes [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF]. TLC is also a typical method for lipid class separation [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF]. Yao et al. [START_REF] Yao | Microalgae lipid characterization[END_REF] reported that a spot of total lipids was applied on a silica TLC plate and developed by a mixed solvent of hexane/diethyl ether/acetic acid. This was separated into TAG and FFA as neutral lipids, and polar lipids including, sterols, and chlorophyll derivatives. The separation could be visualized by spraying with staining reagents or by using ultraviolet light. The separated spots were scraped off the plate and extracted in solvent. The major usage of TLC for lipid separation is to analyze the profile of neutral-or polar-lipid fractions [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF]. After separation of lipid classes by the SPE method, each fraction is applied to TLC for profiling of the lipid composition in more detail. TLC for neutral lipids can separate TAG, diacylglycerol (DAG), monoacylglycerol (MAG), FFA, carotenoids, and sterols. TLC for polar lipids can separate monogalactosyl diacylglycerol (MGDG) and digalactosyl diacylglycerol (DGDG), among others, as glycolipids, and phosphatidylcholine (PC) and phosphatidylethanolamine (PE), among others, as phospholipids. HPLC with evaporative light-scattering detectors (ELSD) can identify major lipid classes in total lipids [START_REF] Jones | Extraction of algal lipids and their analysis by HPLC and mass spectrometry[END_REF][START_REF] Graeve | Improved separation and quantification of neutral and polar lipid classes by HPLC-ELSD using a monolithic silica phase: Application to exceptional marine lipids[END_REF][START_REF] Nordbäck | Separation of lipid classes from marine particulate material by HPLC on a polyvinyl alcohol-bonded stationary phase using dualchannel evaporative light-scattering detection[END_REF]. The HPLC method can be fully automated and has higher separation capacity. Furthermore, each fraction of lipid classes can be easily collected for further identification and analysis of molecular species. Jones et al. [START_REF] Jones | Extraction of algal lipids and their analysis by HPLC and mass spectrometry[END_REF] showed that normal-phase HPLC with ELSD can identify and quantify all major lipid classes in total lipid extracts. The used column was polyvinyl alcohol bonded on a silica stationary phase, such as YMC Pack PVA-Sil-NP. This method covers the lipid classes of nonpolar groups (hydrocarbons, sterol esters, and wax esters), sterols, chlorophyll, acylglycerols (TAG, DAG, and MAG), FFA, glycolipids (MGDG and DGDG), and phospholipids (PC, PE, etc.) in a single chromatographic run. NMR spectroscopy measures the interaction of nuclear spins under a powerful magnetic field and can identify the molecular structure of materials. Nuzzo et al. [START_REF] Nuzzo | Composition and quantitation of microalgal lipids by ERETIC 1 H NMR method[END_REF] showed that proton NMR ( 1 H NMR) spectroscopy using the electronic reference to access in vivo concentration (ERETIC) method could identify and quantify all lipid classes (TAG, PL, GL, and FFA). Total lipids from microalgae were measured by 1 H NMR spectroscopy, and these spectra were compared with those of standard compounds under the same conditions. Some peaks showed pronounced overlaps, such as aliphatic and olefinic protons, but each class of molecules showed diagnostic signals that could be selected as NMR markers of each lipid class. This method allows assessment of the total lipid content and also of the degree of saturation.

Analysis of fatty acid composition and content

For the commercial application of microalgae, a wide range of products are available, such as biofuels, feeds, fertilizer, chemical feedstock, nutrient ingredients, and raw materials for cosmetics and drugs [START_REF] Metting | Biodiversity and application of microalgae[END_REF]241]. It is very important to determine the fatty acid composition and content of microalgae when considering their applications. The analysis of fatty acids can be conducted on the lipids extracted from microalgae and lipids separated into lipid classes. It is very difficult to analyze fatty acids in crude extracted lipids without any pretreatment using analytical equipment directly. The standard method is first to convert lipids to fatty acid methyl esters (FAME) through transesterification and then to analyze FAME by gas-chromatography (GC) [START_REF] Lee | Comparison of several methods for effective lipid extraction from microalgae[END_REF][START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF] Halim | Oil extraction from microalgae for biodiesel production[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF][START_REF] Breuer | Analysis of fatty acid content and composition in microalgae[END_REF][START_REF] Carrapiso | Development in lipid analysis: some new extraction techniques and in situ transesterification[END_REF]. Carrapiso et al. [START_REF] Carrapiso | Development in lipid analysis: some new extraction techniques and in situ transesterification[END_REF] reported the principles of transesterification by acidic or basic catalysts. In an acidic or basic methanol solution, the fatty acid derivatives (TAG and phospholipids) are changed to FAME. Major catalysts are hydrochloric acid (HCl) [START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF], sulfuric acid (H2SO4) [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF], and boron trifluoride (BF3) [START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Nuzzo | Composition and quantitation of microalgal lipids by ERETIC 1 H NMR method[END_REF] as acids, and sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium methoxide (NaOCH3) as bases. Acidic catalysts are most widely used for microalgal fatty acid analysis. They have strong esterification power, reacting with not only TAG and phospholipids but also FFA and N-acyl lipids (sphingolipids). Furthermore, there is less water interference than for basic catalysts. The method of Christie [START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF] referenced by many papers [START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF][START_REF] Breuer | Analysis of fatty acid content and composition in microalgae[END_REF] uses H2SO4 as a catalyst. H2SO4 has a longer life of catalytic activity and involves safer preparation than HCl. In the case of BF3, it has higher esterifying power than H2SO4 and can be used to analyze a small amount of sample [START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF]. However, BF3 cannot be used for water-containing samples because it is rapidly destroyed by water [START_REF] Carrapiso | Development in lipid analysis: some new extraction techniques and in situ transesterification[END_REF][START_REF] Sattler | Determination of fatty acids in the main lipoprotein classes by capillary gas chromatography: BF3/methanol transesterification of lyophilized samples instead of Folch extraction gives higher yields[END_REF]. Basic catalysts have the advantage of having a high reaction speed and relatively mild heating conditions, compared with acidic catalysts [START_REF] Carrapiso | Development in lipid analysis: some new extraction techniques and in situ transesterification[END_REF]280,[START_REF] Ichihara | An improved method for rapid analysis of the fatty acids of glycerolipids[END_REF]. Furthermore, for lipids containing acid-labile fatty acids (cyclopropane rings, epoxyl groups, or conjugated unsaturated molecules), it is better for the analysis to be performed under basic than acidic conditions. However, basic catalysts cannot react with FFA and sphingolipids, and the saponification reaction occurs in the presence of water. A method combining the use of both basic and acidic catalysts is the American Oil Chemists' Society method [START_REF]AOAC method[END_REF]. This is now recognized as a standard method for oil and lipids, which means that it is not specific to microalgal oil. This method involves first transesterification (or saponification) by NaOH in methanol, followed by esterification by BF3 in methanol [START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF]AOAC method[END_REF][START_REF] Griffiths | Selection of direct transesterification as the preferred method for assay of fatty acid content of microalgae[END_REF]. Yi et al. [START_REF] Yi | Comparative analysis of EPA and DHA in fish oil nutritional capsules by GC-MS[END_REF] applied KOH in methanol to fish oil, which contains high levels of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), prior to BF3 in methanol. Schizochytrium sp. can produce higher levels of multiple polyunsaturated fatty acids such as DHA, EPA, and docosapentaenoic acid. For the analysis of fatty acids produced by Schizochytrium sp., KOH and BF3 were used in methanol [START_REF] Zhang | Effect of malate on docosahexaenoic acid production from Schizochytrium sp. B4D1[END_REF][START_REF] Zhang | Regulation of the docosapentaenoic acid/docosahexaenoic acid ratio (DPA/DHA Ratio) in Schizochytrium limacinum B4D1[END_REF]. The FAME obtained by transesterification/esterification can be analyzed by GCflame ionization detector (FID) or GC-MS [START_REF] Lee | Comparison of several methods for effective lipid extraction from microalgae[END_REF][START_REF] Ryckebosch | Optimization of an analytical procedure for extraction of lipids from microalgae[END_REF][START_REF] Sheng | Evaluation of methods to extract and quantify lipids from Synechocystis PCC 6803[END_REF][START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF] Halim | Oil extraction from microalgae for biodiesel production[END_REF][START_REF] Christie | Lipid Analysis: isolation, separation, identification and structural analysis of lipids, 3 rd ed[END_REF][START_REF] Yao | Microalgae lipid characterization[END_REF][START_REF] Breuer | Analysis of fatty acid content and composition in microalgae[END_REF][START_REF] Carrapiso | Development in lipid analysis: some new extraction techniques and in situ transesterification[END_REF]. Before sample analysis, each fatty acid should be identified by GC or GC-MS by comparing the retention times with those of FAME standards. In the case of the quantification of fatty acids in lipids, an internal standard should be added in samples before the transesterification/esterification reaction. The FFA, methyl ester or TAG of pentadecanoic acid (C15:0), heptadecanoic acid (C17:0), and tricosanoic acid (C23:0) were used as internal standards [START_REF] Cho | Effects of enzymatic hydrolysis on lipid extraction from Chlorella vulgaris[END_REF][START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF] Chen | Fatty acid and lipid class composition of the eicosapentaenoic acid-producing microalga, Nitzschia laevis[END_REF][START_REF] Breuer | Analysis of fatty acid content and composition in microalgae[END_REF][START_REF]AOAC method[END_REF][START_REF] Griffiths | Selection of direct transesterification as the preferred method for assay of fatty acid content of microalgae[END_REF]. The internal standard should be a saturated fatty acid that is not included among the sample lipids. In situ (direct) transesterification is a method of applying methylation agent directly to the biomass and reducing the extraction steps [START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF] Shorupskaite | Opportunities for simultaneous oil extraction and transesterification during biodiesel fuel production from microalgae: A review[END_REF][START_REF] Lewis | Evaluation of extraction methods for recovery of fatty acids from lipid-producing microheterotrophs[END_REF][289][START_REF] Vicente | Biodiesel production from biomass of an oleaginous fungus[END_REF][291][START_REF] Ehimen | Variables affecting the in situ transesterification of microalgae lipids[END_REF]. To dry microalgae, catalyst solution with methanol is added, followed by incubation with heating. Excluding the lipid extraction process leads to less organic solvent and reduces the process time. Acidic catalysts such as BF3 [START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Bigelow | A comprehensive GC-MS sub-microscale assay for fatty acids and its applications[END_REF][START_REF] Vicente | Biodiesel production from biomass of an oleaginous fungus[END_REF], HCl [START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF][START_REF] Lewis | Evaluation of extraction methods for recovery of fatty acids from lipid-producing microheterotrophs[END_REF][START_REF] Vicente | Biodiesel production from biomass of an oleaginous fungus[END_REF], and H2SO4 [289, [START_REF] Vicente | Biodiesel production from biomass of an oleaginous fungus[END_REF][START_REF] Ehimen | Variables affecting the in situ transesterification of microalgae lipids[END_REF] are commonly used. Cavonius et al. [START_REF] Cavonius | Quantification of total fatty acids in microalgae: comparison of extraction and transesterification methods[END_REF] compared 11 methods to analyze fatty acids in three different microalgae. These were four different conventional methods of extraction prior to transesterification, two types of two-step transesterification (saponification followed by esterification), and five different in situ transesterifications. Their results showed that the conventional method resulted in underestimation of the fatty acid content compared with two-step and in situ transesterification. Regarding the catalyst, HCl and H2SO4 could recover the most fatty acids, whereas BF3 recovered slightly less. Velasquez-Orta et al. [291] performed a comparison between a basic catalyst (NaOH) and an acidic catalyst (H2SO4) for in situ transesterification of Chlorella vulgaris and concluded that the basic catalyst outperformed the acidic one, obtaining higher conversion at shorter reaction times. At any rate, in situ transesterification is very useful to obtain FAME for analyses of fatty acid composition and content. The obtained FAME can be analyzed by GC-FID or GC-MS. Compared with GC methods, HPLC has the advantage in fatty acid analysis that higher-molecular-weight and non-volatile materials can be analyzed without raising the temperature to a high level. LC methods have been employed for fatty acid analysis of FFA, TAG, phospholipids, and others [START_REF] Tarola | High performance liquid chromatography determination of fatty acids in drying oils following lipase action[END_REF][START_REF] Wu | Comparison of critical methods developed for fatty acid analysis: A review[END_REF][START_REF] Hein | Determination of underivated fatty acids by HPLC[END_REF]. The fatty acid analysis of FFA using GC requires the derivatization of fatty acids (FAME) by thermal and chemical reactions and high-temperature operation for volatile FAME. The high temperature is associated with a risk of isomerization of saturated fatty acids [START_REF] Tarola | High performance liquid chromatography determination of fatty acids in drying oils following lipase action[END_REF]. On the other hand, LC can be applied to FFA analysis directly without any derivatization [START_REF] Hein | Determination of underivated fatty acids by HPLC[END_REF] or with a derivatization reaction at a lower temperature [START_REF] Tarola | High performance liquid chromatography determination of fatty acids in drying oils following lipase action[END_REF][START_REF] Wu | Comparison of critical methods developed for fatty acid analysis: A review[END_REF]. LC-MS and LC-MS/MS have been employed for lipid analysis without additional separation and derivatization steps [START_REF] Macdougall | Triacylglycerol profiling of microalgae strains for biofuel feedstock by liquid chromatography-high-resolution mass spectrometry[END_REF][297][START_REF] Kind | Qualitative analysis of algal secretions with multiple mass spectrometric platforms[END_REF]. Samburova et al. [297] analyzed the quantification of algal TAG, and the characterization and identification of TAG structures using direct LC-MS and MS/MS analysis. The advantage of this method is that the lipids are injected into the LC instrument without any derivatization, and that the structure of individual TAG can be estimated. These techniques have also been used in lipidomics research.

Hydrocarbon analysis

Some microalgal species can produce hydrocarbon oil. The green alga Botryococcus braunii is characterized by its ability to produce and accumulate a large amount of hydrocarbons, known as botryococcene [299][START_REF] Baba | Wavelength specificity of growth, photosynthesis, and hydrocarbon production in the oil-producing green alga Botryococcus braunii[END_REF][START_REF] Yonezawa | Effects of soybean wastewater on the growth and hydrocarbon production of Botryococcus braunii strain BOT-22[END_REF][START_REF] Ishimatsu | Biosynthesis of isoprene units in the C34 botryococcene molecule produced by Botryococcus braunii strain Bot-22[END_REF]. This alga is subclassified into four chemical races (A, B, L, and S), according to the hydrocarbon structures [START_REF] Ishimatsu | Biosynthesis of isoprene units in the C34 botryococcene molecule produced by Botryococcus braunii strain Bot-22[END_REF][START_REF] Kawachi | Relationship between hydrocarbons and molecular phylogeny of Botryococcus braunii[END_REF]. B. braunii Race A produces normal alkenes of an odd number of carbons in the range of C25-C31 with two to three carbon double bonds. Race B produces triterpenic hydrocarbons of CnH2n-10 (n = 30-37).

Race L produces tetraterpenic hydrocarbons of lycopadiene (C40H78) [START_REF] Kaya | Chemistry of microalgal oil[END_REF]. Race S comprises epoxy-n-alkane and saturated n-alkane chains with carbon numbers of 18 and 20 [START_REF] Kawachi | Relationship between hydrocarbons and molecular phylogeny of Botryococcus braunii[END_REF]. Another well-known alga producing hydrocarbons is Aurantiochytrium sp., which produces squalene [START_REF] Kaya | Thraustochytrid Aurantiochytrium sp. 18W-13a accumulates high amounts of squalene[END_REF][START_REF] Fan | Enhanced production of squalene in the thraustochytrid Aurantiochytrium mangrovei by medium optimization and treatment with terbinafine[END_REF][START_REF] Jiang | Fatty acid composition and squalene content of the marine microalga Schizochytrium mangrovei[END_REF][START_REF] Li | Screening and characterization of squalene-producing Thraustochytrids form Hong Kong mangroves[END_REF]. Squalene is also a polyunsaturated triterpenic hydrocarbon (C30H60). These hydrocarbons can be used in the cosmetic industry as moisturizing agents [START_REF] Kaya | Thraustochytrid Aurantiochytrium sp. 18W-13a accumulates high amounts of squalene[END_REF] and are expected to be an alternative petroleum fuel and chemicals, among others. Hydrocarbons are classified as neutral lipids. The hydrocarbons inside microalgal cells can be stained using Nile red or BODIPY. In the case of B. braunii, hydrocarbons are mainly accumulated in the extracellular space and stained by Nile red [299,309]. This fluorescence measurement or microscopic observation of stained microalgae can be used to estimate the presence of hydrocarbons (Fig. Hydrocarbons should be analyzed using lipids after pretreatment to remove the fatty acids. There are three major methods for purifying hydrocarbons: (1) TLC, (2) column chromatography, and (3) saponification. TLC is a typical method for the separation of lipid classes. TLC for neutral lipids can separate TAG, DAG), MAG, FFA, carotenoids, and sterols. Hydrocarbons can also be separated by TLC [310][START_REF] Guionet | A new mechanism for efficient hydrocarbon electro-extraction from Botryococcus braunii[END_REF][START_REF] Cavanagh | Analysis of microbial hydrocarbon degradation using TLC-FID[END_REF]. Nakazawa et al. [310] used TLC for the screening of thraustochytrid strains that produce squalene. The lipids extracted from lyophilized thraustochytrid cells by Folch's method [START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF] were subjected to TLC and hydrocarbon was separated. The existence of hydrocarbons could be estimated by the clarity and strength of the hydrocarbon spot in TLC. The hydrocarbon spot on TLC can also be picked up and used for further detailed analysis. Cavanagh et al. [START_REF] Cavanagh | Analysis of microbial hydrocarbon degradation using TLC-FID[END_REF] used TLC-FID for the analysis of biodegradation hydrocarbons. The lipids were developed by TLC, and separated hydrocarbons were detected by a FID, which is well-known as a GC detector. This method involves not only qualitative analysis but also rough quantitative determination. TLC is a simple method and can be completed in a short time. When the analyses of many samples are needed in screening and there is a need to obtain rough results in a short time, TLC is a very good option. SPE is also a simple and effective method for analyzing lipid class composition. In this approach, neutral lipids or lipids extracted using hexane are applied to a silica column, and elution with hexane yields hydrocarbons. This method can be performed gravimetrically and yields a fraction for further detailed analysis. Many studies of hydrocarbons produced by Botryococcus sp. and Aurantiochytrium sp. have been conducted using the SPE method, with analyses of the quantity, identity, and structure of separated hydrocarbons by GC, GC-MS, HPLC, LC-MS, and NMR [START_REF] Ishimatsu | Biosynthesis of isoprene units in the C34 botryococcene molecule produced by Botryococcus braunii strain Bot-22[END_REF][START_REF] Kaya | Thraustochytrid Aurantiochytrium sp. 18W-13a accumulates high amounts of squalene[END_REF][START_REF] Fan | Enhanced production of squalene in the thraustochytrid Aurantiochytrium mangrovei by medium optimization and treatment with terbinafine[END_REF][START_REF] Jiang | Fatty acid composition and squalene content of the marine microalga Schizochytrium mangrovei[END_REF][START_REF] Li | Screening and characterization of squalene-producing Thraustochytrids form Hong Kong mangroves[END_REF][START_REF] Okada | Hydrocarbon production by the Yayoi, a new strain of the green microalga Botryococcus braunii[END_REF][START_REF] Wolf | Biosynthesis of Unusual Acyclic Isoprenoids in the Alga Botryococcus braunii[END_REF][START_REF] Dayananda | Presence of methyl branched fatty acids and saturated hydrocarbons in botryococcene producing strain of Botryococcus braunii[END_REF][316][317][START_REF] De Mesmay | Mono-and dicyclic unsaturated triterpenoid hydrocarbons in sediments from Lake Masoko (Tanzania) widely extend the botryococcene family[END_REF]. Saponification can be used to make soap through the reaction of fatty acids with a base. Fatty acids in lipid extracted from microalgae are changed to soap by saponification and can be removed by washing because soap more easily dissolves in water. Meanwhile, hydrocarbons are not changed by saponification and can be recovered in organic solvents like hexane. Many studies ofhydrocarbons produced by Botryococcus sp. and Aurantiochytrium sp. have been conducted using the saponification method [START_REF] Yonezawa | Effects of soybean wastewater on the growth and hydrocarbon production of Botryococcus braunii strain BOT-22[END_REF][START_REF] Li | Screening and characterization of squalene-producing Thraustochytrids form Hong Kong mangroves[END_REF][START_REF] Matsuura | Squalene quantification using octadecylbenzene as the internal standard[END_REF][START_REF] Gao | Occurrence and distribution of novel botryococcene hydrocarbons in freshwater wetlands of the Florida Evarglades[END_REF]. Saponification is useful for removing fatty acid materials and recovering unsaponifiable matter such as hydrocarbons and sterols. The purified hydrocarbons were subjected to quantification, identification, and structural determination by GC, GC-MS, HPLC, LC-MS, and NMR. When the hydrocarbons extracted from microalgae were unknown materials, GC-MS or LC-MS was useful for the identification of each hydrocarbon. More information on unknown materials such as their structure can be obtained by NMR spectroscopy after further purification of hydrocarbon. In the case of botryococcene, there are no standard reagents on the market. Furthermore, hydrocarbons produced by Botryococcus sp. have many types of molecular weight and structure. Identification of these hydrocarbons has been conducted not only by analysis of purified hydrocarbons using GC-MS and NMR spectroscopy but also by GC-MS or NMR spectroscopy after ozonation of hydrocarbon [START_REF] De Mesmay | Mono-and dicyclic unsaturated triterpenoid hydrocarbons in sediments from Lake Masoko (Tanzania) widely extend the botryococcene family[END_REF][START_REF] Metzger | Structures of some botryococcenes: Branched hydrocarbons from the B-race of the green alga Botryococcus braunii[END_REF] or hydrogenation [316,[START_REF] Gao | Occurrence and distribution of novel botryococcene hydrocarbons in freshwater wetlands of the Florida Evarglades[END_REF]. Quantification of hydrocarbons can be performed using an external or internal standard method. The added internal standards were reported to be triacontane [START_REF] Yonezawa | Effects of soybean wastewater on the growth and hydrocarbon production of Botryococcus braunii strain BOT-22[END_REF] or squalene [START_REF] Okada | Hydrocarbon production by the Yayoi, a new strain of the green microalga Botryococcus braunii[END_REF] for botryococcene by Botryococcus sp., and squalene [START_REF] Peyronel | Fatty acid and squalene compositions of Mediterranean Centrophorus spp. egg and liver oils in relation to age[END_REF][START_REF] Nollet | Handbook of Food Analysis[END_REF][START_REF] Nara | Inhibitory Effect of cathodic solution produced by the electrolysis of a dilute NaCl solution on the oxidation of squalene, vitamin A and -carotene[END_REF], heptadecanyl stearate [START_REF] Verleyen | Gas chromatography characterization of vegetable oil deodorization distillate[END_REF], and 5α-cholestane [START_REF] Yao | Microalgae lipid characterization[END_REF][START_REF] Wu | Gas chromatography analysis of serum cholesterol synthesis and absorption markers used to predict the efficacy of simvastatin in patients with coronary heart disease[END_REF] for squalene, by GC or GC-MS analysis. The internal standard for HPLC or LC-MS analysis [START_REF] Popa | Methods for Obtaining and Determination of squalene from natural sources[END_REF] was octadecylbenzene for squalene [START_REF] Matsuura | Squalene quantification using octadecylbenzene as the internal standard[END_REF].

Phytosterol analysis

Phytosterols are mainly found in the cellular membranes of microalgae and one of the most interesting compounds for plant-based ingredients [START_REF] Lopes | Chapter 9: Sterols in Algae and Health[END_REF]. Phytosterols have many health-promoting effects in humans, due to their ability to lower cholesterol levels, their antioxidant activity, and their reduction of inflammation and cancer risk [START_REF] Luo | Advances in microalgae-derived phytosterols for functional food and pharmaceutical application[END_REF]. As the phytosterol content in microalgae is equal to or higher than those in all plant oils extracted, microalgae have high potential to be a source of phytosterols.

There are more than 100 different types of phytosterols. Phytosterols are present in lipid-extracted microalgae. The analysis of phytosterols can be performed by the same methods as for hydrocarbons. Such analyses should be applied to lipids after their pretreatment to remove fatty acid materials. Purification of phytosterols is conducted by TLC, column chromatography, and saponification. The purified phytosterols are subjected to quantification, identification, and structural determination by GC, GC-MS, HPLC, LC-MS, and NMR spectroscopy. The GC analysis requires chemical derivatization, with trimethylsilyl ether (TMS) or acetate derivatives, prior to analysis [START_REF] Lopes | Chapter 9: Sterols in Algae and Health[END_REF][START_REF] Greuzburg | Sterols of freshwater microalgae: potential implications for zooplankton nutrition[END_REF][START_REF] Kamenarska | A comparative study on the sterol composition of some brown algae from the Black Sea[END_REF]. Quantification of phytosterols can be performed using an external or internal standard method. Internal standards were reported to include 5α-cholestane [START_REF] Greuzburg | Sterols of freshwater microalgae: potential implications for zooplankton nutrition[END_REF], cholesterol [START_REF] Fabregas | Modification of sterol concentration in marine microalgae[END_REF], and 5β-cholestan-3α-ol [START_REF] Laakso | Analysis of sterols from various food matrices[END_REF] for GC analysis and 6-ketocholestanol [START_REF] Abilasha | Evaluation of phytosterol in sesame seed oil and study its effects on fermented dairy product[END_REF], 1-hexacosanol [START_REF] Ito | High-Performance liquid chromatography with fluorescence detection for simultaneous analysis of phytosterols (stigmasterol, β-Sitosterol, campesterol, ergosterol, and fucosterol) and cholesterol in plant foods[END_REF], and d6-cholesterol [START_REF] Mo | Quantitative analysis of phytosterols in edible oils using APCI liquid chromatography-tandem mass spectrometry[END_REF] for LC analysis.

Methods for pigments determination in microalgae

[Benoît Serive] Organic pigments are widespread molecules in the whole biodiversity and particularly in microalgae diversity [START_REF] Serive | Community analysis of pigment patterns from 37 microalgae strains reveals new carotenoids and porphyrins characteristic of distinct strains and taxonomic groups[END_REF] since they play crucial roles in photosynthesis and photoprotection. Pigments from microalgae belong mostly to carotenoids (carotenes and xanthophylles), chlorophylls, and phycobiliproteins. However, the full definition of pigments include various molecule scaffolds such as anthocyanosides, betalains, some alkaloids (e.g. scytonemin), amino-acids (e.g. mycosporines-like, eumelanin), azaphilones, polyphenols (e.g. floridorubin, quercetin), anthraquinones (e.g. hypericin), or chlorines (e.g. purpurin-18). Since phycobiliproteins have already been presented previously in this chapter, we will focus essentially on carotenoids and chlorophylls. Since ancient times, civilizations have used pigment like Tyrian purple from gastropod molluscs or other organisms for clothes dying. Then, the link between food and health has been documented since Antiquity (i.e. Hippocrates associated the food to health and diseases) [START_REF] Cardenas | Let not thy food be confused with thy medicine: The Hippocratic misquotation[END_REF]. Moreover, Aztecs were one of the civilizations to use spirulina as food source. Apart from the fact this cyanobacteria is protein-rich source, it contains pigments known nowadays with health benefits. Indeed, these last decades, numerous scientific studies have shown interesting properties from pigments through notably antioxidant, antiinflammatory, anti-AMD, anti-tumoral, anti-angiogenic, anti-diabetic, antiobesity, anti-photoaging, and neuroprotective activities. Chlorophylls are more recommended notably to stimulate liver function recovery and increase bile secretion [START_REF] Bishop | Evaluation of Microalgae for use as Nutraceuticals and Nutritional Supplements[END_REF]. Thus, today, pigments found applications in chemical, pharmaceutical, poultry, cosmetics, cosmeceutical, functional food, nutraceutical and aquaculture industries . Today, the chemical synthesis market covers about 90 % of the main carotenoid needs (e.g. asthaxanthin, β-caroten). However, natural sourcing benefits from a positive image since Western countries consumers are more and more sensitive to the impact of chemicals onto their health. The all-trans isomer of β-caroten is still chemically synthetized but the 9-cis form is produced only from natural sources, the natural form displaying better antioxidant capacity than the synthetized form. Although the natural pigment sources still compete with synthetic dyes, with the high development of agri-food industry, natural pigments are more and more used for coloring of food preparations and for their antioxidant properties. Beta-carotene market value has been estimated at US$ 261 million in 2014. With an annual growth rate of 3 %, it is expected to reach US$ 334 million by 2018 [343]. This is favored by stringent government regulations regarding environmental and human health hazards (Global Market Insights Inc.[344]). Although yeast, fungi, or bacteria allows the production of carotenoids microalgae biomass remains one of the best way to produce industrial amounts of natural pigments [START_REF] Guedes | Microalgae as sources of carotenoids[END_REF]. Some phytoplankton strains are easily cultivable in large open ponds. Countries like Israel, Australia, USA, China, or India became pioneers/leaders on this market [START_REF] Richmond | Handbook of microalgal culture : biotechnology and applied phycology[END_REF]. Pigment-rich microalgae can be also produced in other ways like photobioreactors systems (PBRs), chemostat, turbidostat, flat-panel (i.e. green wall panel), disposable polymer bags, open tank or raceway, tubular glass PBR etc (batch, continuous, or semi-continuous mode).

Whatever the mode of production, microalgae biomass collected has to be extracted and more or less purified according to the customer needs (as B2B or B2C). Pigments of interest, targeted applications, and production scale drive strongly the strategy to choose in term of extraction and purification. Meanwhile, characterization of targeted pigments has to be harnessed properly while acknowledging the limits of available detection and quantification techniques. Adapted extraction technique to the biomass is crucial since there is a strong relation between the amount detected and the capacity to extract targeted analytes. One of the first questions for choosing a technique is: Is my metabolite of interest sensitive to dessication, heat, oxidation, or light? For pigments like carotenoids, chlorophylls and phycobiliproteins, the answer is yes most of the time. Various techniques are available from laboratory scale to industrial scale but they are more or less efficient for large biomass and to preserve sensitive pigments. Moreover, at industrial scale, economic dimension has to be taken into account to make the whole process viable. 4.6.1 Extraction 4.6.1.1 Centrifugal Partition Extraction Also called Centrifugal Partition Chromatography (CPC) is one of the various techniques constituent of Countercurrent Chromatography (CCC). This is a liquidliquid partitioning chromatography that uses no solid phase as the liquid stationary phase is retained in a series of channels connected by ducts, engraved on disks, which rotate around a single axis. According to the centrifugational or centripetal direction of the mobile phase, there is a descending or ascending mode to work with this equipment. Co-current method can be applied as well. This technology has been used for the continuous extraction of numerous natural products including pigments [START_REF] Marchal | Centrifugal partition extraction of β-carotene from Dunaliella salina for efficient and biocompatible recovery of metabolites[END_REF]. CPC is particularly adapted to extraction and purification with level up to 99.9 % (Kromaton data). Solvent choice, flow rate and rotational speed can be tuned to optimize the extraction of valuable metabolites.

Supercritical CO2 extraction

This technique (SC-CO2) can be considered as a green strategy to reach microalgae metabolites since CO2 gas stream is recyclable. However, prior drying or lyophilisation step is required to implement this kind of extraction. There is a large panel of equipment available from laboratory scale (e.g. lyophylisators, centrifugal evaporators) to industrial scale (e.g. vacuum drying, spray drying, extrusion porosification technology). However, dewatering pre-treatment add a substantial cost to the entire process, which is not suitable for low valuable products. In case of pigments with high added value for nutraceutical, cosmeticeutical, or pharmaceutical application, the additional cost can be acceptable. In this particular case, SC-CO2 stays promising in term of carotenoid extraction. Thus, numerous studies have demonstrated these last years that SC-CO2 is quite selective to extract carotenoids like β-carotene, lutein, astaxanthin, or zeaxanthin over chlorophylls from various microalgae species [START_REF] Nobre | Supercritical carbon dioxide extraction of astaxanthin and other carotenoids from the microalga Haematococcus pluvialis[END_REF][START_REF] Mendes | Supercritical carbon dioxide extraction of compounds with pharmaceutical importance from microalgae[END_REF][START_REF] Kitada | Supercritical CO2 extraction of pigment components with pharmaceutical importance from Chlorella vulgaris[END_REF][START_REF] Macías-Sánchez | Extraction of carotenoids and chlorophyll from microalgae with supercritical carbon dioxide and ethanol as cosolvent[END_REF]. The use of ethanol as entrainer (co-solvent) is particularly efficient. However vegetable oils (e.g. soybean or olive oil) can be used as co-solvent in order to avoid the subsequent separation step of the co-solvent, i.e. the oil enriched with pigments can be sold straight away [START_REF] Krichnavaruk | Supercritical carbon dioxide extraction of astaxanthin from Haematococcus pluvialis with vegetable oils as co-solvent[END_REF].

Milking

This technique has been developed to extract β-carotene from Dunaliella salina living cells in a two phase bioreactor [START_REF] Hejazi | Milking of microalgae : production and selective extraction of ß-carotene in twophase bioreactors[END_REF]357]. One phase is aqueous, where biomass is growing. The second phase is an organic solvent with value of Log Poctanol, which denotes hydrophobicity of the compound of interest. Log Poctanol must be >6 in order to be compatible with the species. Dodecane, tetradecane, or hexadecane are generally used for their potential to extract selectively carotenoids. This technique has the disadvantages to be not environmentally friendly and difficult to scale up. 4.6.1.4 Accelerated Solvent Extraction Also known as pressurized liquid extraction (PLE), this technique is based on high pressure that forces the solvent into the matrix, whereas high temperature promotes high analyte solubility, decreases the viscosity and decreases the surface tension of the solvents. This technique has the advantage to use less solvent and being less time-consuming over the simple maceration. This technique can be coupled with the use of GRAS solvent (Generally Recognized As Safe) such as ethanol and limonene. A pre-treatment prior extraction like freezing-thawing can be performed to improve the extraction yield [START_REF] Castro-Puyana | Optimization of clean extraction methods to isolate carotenoids from the microalga Neochloris oleoabundans and subsequent chemical characterization using liquid chromatography tandem mass spectrometry[END_REF]. Extraction temperature, solvent composition and extraction time are parameters to watch to optimize the extraction process. However, due to the relative high temperature of this technique, it is not recommended to use for sensitive pigments.

High-speed homogenization

This technique causes cavitation and shear stress. Our own experience showed that this technique is not applicable for all types of microalgae since the microalgae cell wall, frustule or theca can wear blades prematurely (unpublished data). Moreover, we doubt the real efficiency of this technique to treat large biomass and the energy cost would be high to treat microalgae at large scale. If for niche application this technique has to be explored, blade design and material, speed, time, microalgae amount (or flow), growth phase and conditions, and microalgae type have to be studied. One other disadvantage of this technique is the thermal heating, which occurs quickly, and makes it not compatible with extraction of sensitive pigments.

Microwave Assisted Extraction (MAE)

This extraction technology is based on microwave irradiation and can be declined in vacuum microwaves-assisted extraction (VMAE). While the first one is simple and economical, the second one can be onerous at industrial scale. This technique has the advantage to reduce solvent consumption and extraction times. Over the fact that the heating by irradiation is homogenous, temperature of the extraction medium can be regulated. That makes this methodology interesting for pigment protection against chemical transformations. This technique has been applied successfully on the unfrustulated chlorophyte Dunaliella tertiolecta and on the frustulated diatom Cylindrotheca closterium [START_REF] Pasquet | Study on the microalgal pigments extraction process: Performance of microwave assisted extraction[END_REF]. MAE seems particularly efficient when a mechanical resistance such as frustule of diatoms limits the solvent access into the cell. The optimization of this technique requires the control of agitation, dry weight, growth phase and conditions, microalgae type, power of microwave, solvent volume and time (intermittency ratio).

Sonication

This technique so-called ultrasound-assisted extraction (UAE) based on acoustic cavitation leading to cell rupture is not suitable for microalgae with thick wall and/or surrounded by polysaccharides like Porphyridium purpureum [360]. One disadvantage of this technique is that a hot spot at the top of the probe can reach a temperature estimated about 5000 °C due to the rapid adiabatic compression of gases and vapors within bubbles or cavities. Another one is that free radical reactions leading to metabolite oxidation can occur if a small amount of water is present in the extraction batch [START_REF] Petrier | Unexpected frequency effects on the rate of oxidative processes induced by ultrasound[END_REF]. In bioreffinery, this technique can be used as pretreatment to reach lipids notably but we do not consider this technique for pigment extraction regarding the whole diversity of microalgae. However, in case of a particular interest in this methodology, in order to improve its efficacy, cycle number and time, dry weight, growth phase and conditions, microalgae type, and power of ultrasound have to be tested.

Pulsed Electric Field

The goal is to apply a medium or high current field on the treatment chamber (0.3 to 1.5 kV/cm), which cause an electroporation allowing a selective extraction or an electroplasmolysis for an intense extraction. Formation and propagation of streamer and arc happens followed by the formation of the vapor cavities and a shock wave [START_REF] Boussetta | Extraction of valuable biocompounds assisted by high voltage electrical discharges: A review[END_REF]. Treatment time is around 1 second per batch. Thus, there is no issue in term of energy consumption. Some essays have shown that this technique is better efficient on big cells rather than little particles like bacteria and viruses. In conclusion, this technology is not universal (species dependent). It has to be tested for the species and pigments targeted. In the framework of optimization of this process for microalgae biomass, conductivity (electrolyte concentration), current, dry weight, growth phase and conditions, microalgae type, oscillation, and time should be studied. With this technique, there is a risk to heat quickly the treated biomass. In some conditions, this technology can be used as pretreatment of another extraction technique.

4.6.2.9 Enzyme Assisted Extraction Phycobiliproteins are hydrosoluble molecules and can be extracted from microalgae by bead milling without a preliminary drying step. Due to the presence of large amounts of anionic cell-wall polysaccharides, this extraction can even be improved by enzymatic hydrolysis. While proteases are generally quite efficient to extract bioactive components from algae biomass, in the case of phycobiliprotein extraction, cellulase, xylanase or β-glucanase are preferable to improve extraction yield [START_REF] Dumay | Extraction and purification of Rphycoerythrin from marine red algae[END_REF]. Inactivation of enzymes at the end of the process is crucial. Most of the time, temperature and pH are two parameters allowing inactivation of enzymes. For instance, in the case of alcalase, 30 minutes at 50 °C, pH 4, or 10 minutes at 85 °C, pH 8 are generally recommended (Univar data). If immobilized enzymes are used (e.g. lipases), the advantage is the possibility to re-use the enzymes up to 100 times in theory. Except for phycobiliprotein pigments, there is a lack in literature for carotenoids and chlorophylls regarding the use of enzymes as pre-treatment to improve their extraction yields from microalgae. Due to its biological specificity, mild operating conditions, low energy requirements, low capital investment, there is a great potential for biomass valorization. Moreover, this is a way to explore further since lysozyme has shown interesting results in extracting chlorophyll-a, chlorophyll-b and total carotenoids [START_REF] Al-Zuhair | Enzymatic pre-treatment of microalgae cells for enhanced extraction of proteins[END_REF]. In a context of exploration of effective parameters for such a process, agitation, dry weight, enzyme concentration, enzyme type (i.e. currently, no enzyme is particularly dedicated to microalgae biomass), growth phase and conditions, microalgae type, oxygen level, type and amount of buffer, temperature, pressure, and time have to be taken into account in the design of experiment (DOE). Today, the main limitation in using enzymes in microalgae extraction may be the high cost to treat large volumes.

4.6.1.10 Bead Milling This is one of the most promising techniques in term of pigment extraction yield both at laboratory scale and industry scale. It generates mechanical compaction and shear stress for cells. This technique has shown excellent results with a diatom and also especially with Porphyridium purpureum which is known to be quite resistant to disruption [360]. Laboratory scale equipment is based on agitation of a chamber or tubes filled with beads (glass, steel, ceramic, or zirconium material), while industrial scale equipment is based on a mixing chamber filled with beads and biomass to extract. For this process, agitation disk design, speed, bead filling, size, material, microalgae amount (or concentration), feed rate, growth phase and conditions, microalgae type, time, and cooling are parameters to optimize. Our background experience has shown that it is preferable to work on a wet biomass rather than a lyophilized biomass to allow a good extraction yield. Associated with the proper solvent or buffer targeting the pigments of interest, this technique is quite suitable for most pigment projects. For microalgae biomass, a couple of studies support the idea that mechanical grinding is often the most effective technique to recover metabolites efficiently, including pigments [START_REF] Molina Grima | Recovery of microalgal biomass and metabolites: process options and economics[END_REF]360]. However, energy requirement is a very important parameter when large biomass is treated. It seems that mechanical disruption methods are considered highly energy inefficient [START_REF] Lee | Disruption of microalgal cells for the extraction of lipids for biofuels: processes and specific energy requirements[END_REF]. Thus, bead milling should be preferred for high value compounds.

4.6.1.11 Soaking Solvents are still widely used to extract pigments as additives for coloring food and beverages from other source than microalgae (carrot, turmeric, spinach/nettle, alphalpha) [START_REF] Carle | Handbook on Natural Pigments in Food and Beverages: Industrial Applications for Improving Food Color[END_REF]. Polar solvents (e.g. acetone, ethanol, ethyl acetate) are appropriate for extraction of polar carotenoids while hexane is frequently selected to extract carotenes. Moreover, solvents like DMSO or a solvent mix (hexane/acetone/ethyl alcohol) have been used to extract chlorophylls and carotenoids like astaxanthin in order to evaluate the influence of media and environmental factor allowing their production [START_REF] Shoaf | Improved extraction of chlorophyll a and b from algae using dimethyl sulfoxide[END_REF][START_REF] Orosa | Analysis and enhancement of astaxanthin accumulation in Haematococcus pluvialis[END_REF][START_REF] Domínguez-Bocanegra | Influence of environmental and nutritional factors in the production of astaxanthin from Haematococcus pluvialis[END_REF]. Soaking in solvent can be used for microalgae with a thin wall (e.g. most of Chlorophyceae, Trebouxiophyceae, Prasinophyceae, Mamiellophyceae, and Chlorodendrophyceae). However, generally speaking, applied alone, soaking is not suitable to extract pigments efficiently since pigments can be deeply buried and bound within the ultrastructure, which is it-self protected sometimes by strong walls. Most of solvents are produced from petrochemistry. Since it is not economicaly viable to use high purity grade solvents (e.g. HLPC/MS grades) to extract large biomass, the risk is to concentrate heavy metals with compounds of interest. One of the rules in eco-extraction is to favor the use of alternate solvents from sustainable agro-resources (biobased), which are renewable and biodegradable. Ethanol and ethyl acetate are ones of the most green and sustainable solvents. It still used to extract active components from biomass but it is more and more avoided. Moreover, in the current framework of the European regulation (novel food), no more than 10 ppm of solvent is allowed in the extracts. In brief, solvent removal is crucial. Instant Controlled Pressure Drop technique is one of the strategies available in that case.

4.6.1.12 Instant controlled pressure drop This green technology allows both drying (swell-drying) in order to obtain powder with good functional properties, and the extraction of metabolites like pigments. This process can be applied after mechanical dewatering (e.g. pressing, centrifugation, filtration). There is no particular need to reach a high level of drying. According to the targeted metabolites, organic solvent or water can be used [START_REF] Besombes | Instant controlled pressure drop extraction of lavandin essential oils: fundamentals and experimental studies[END_REF]. One of the advantages of this technology is the preservation of sensitive molecules. Currently there is few literature about pigment extraction from microalgae [START_REF] Galasso | Carotenoids from marine organisms: biological functions and industrial applications[END_REF]. However, this process has been applied successfully on microalgae biomass for cosmetics industry. In order to make this process efficient, cycle number, biomass, time of treatment, number of cycles, growth phase and conditions, microalgae type, and pressure have to be watched. More information is available at www.abcar-dic.com.

Chemical treatment

This strategy is more used as pretreatment rather than a stand-alone extraction technique. For instance, to improve extraction of astaxanthin from thick-walled cysts of Haematococcus cells, prior extraction with acetone, cells can be treated with organic and mineral acids (e.g. hydrochloric acid) at 70 °C (1 hour). Treatment time, temperature, and concentration of the acid are critical factors for an optimized extractability [START_REF] Sarada | An efficient method for extraction of astaxanthin from green alga Haematococcus pluvialis[END_REF]. However, acidic conditions are not suitable if chlorophylls are targeted since they are instable at pH under 5. Alkaline hydrolysis (0.1 M NaOH) have been also tested previously [START_REF] Castro-Puyana | Optimization of clean extraction methods to isolate carotenoids from the microalga Neochloris oleoabundans and subsequent chemical characterization using liquid chromatography tandem mass spectrometry[END_REF].

4.6.1.14 Others At laboratory scale, other techniques may be used for valuable compound extraction. Some are not desirable and/or very used anymore for carotenoids and chlorophylls. This is the case of heat reflux extraction (too degradative), liquid-liquid extraction in separating funnel. Solid phase extraction (SPE) is not very used as a stand-alone extraction for pigments. However SPE can be used as purification technique or as pretreatment before analysis. QuEChERS method (Quick, Easy, Cheap, Efficient, Rugged and Safe) is derived from SPE originally dedicated to the detection of pesticides [START_REF] Wang | Automatic single-step quick, easy, cheap, effective, rugged and safe sample preparation devices for analysis of pesticide residues in foods[END_REF]. An adaptation of this technique may be an alternative at laboratory scale in the future. Then, some industrials claim that spray drying (originally dedicated for drying) may be used as a disruption method applicable to microalgae biomass. This technique may be used to extract broadly main pigments. Some authors have reported a pairing of several techniques. For instance, astaxanthin extraction from Chlorococcum sp. has been performed successfully (7.09 mg.g -1 DW) coupling solvent system with methanol/dichloromethane (75:25), French pressure cell (110 MPa), and a saponification [START_REF] Ma | Enhanced production of free trans-astaxanthin by oxidative stress in the cultures of the green microalga Chlorococcum sp[END_REF]. A two-stage extraction of free astaxanthin with dodecane and subsequent NaOH-added methanol (0.02M) has been developed. This consists of two extraction units (i) a dodecane unit for astaxanthin mixture and (ii) a methanol unit for free astaxanthin [START_REF] Kang | Selective extraction of free astaxanthin from Haematococcus culture using a tandem organic solvent system[END_REF]. This methodology closely related to milking has the disadvantage to exclude reuse of red cyst cells for continuous astaxanthin production and not be a green extraction process.

Biorefinery

Techniques presented above give some hints to overcome the extraction of valuable pigments from microalgae biomass (Fig. 4.6.1). However, extraction scale-up stays not trivial. A good review regarding cell disruption for microalgae biorefineries has been published by Günerken et al. [START_REF] Günerken | Cell disruption for microalgae biorefineries[END_REF] including a classification of the cell disruption methods. Although the techniques are not focused on pigments, this may be useful for projects seeking to valorize pigments from microalgae. Outsourcing of compounds of interest extraction can be cost-effective, especially for early stage of projects, since a couple of companies are dedicated to assist and co-develop flexible and qualitative solutions for drying, extraction, and separation/purification steps. The technical and economical challenges in co-extracting marine active ingredients are still ongoing. Carotenoids represent only 0.1 to 0.2 % of dry weight on average, and up to 14% of dry weight for β-carotene in some species like Dunaliella salina under stress conditions. Chlorophylls represent around 0.5 to 1 % of dry weight, and phycobiliproteins up to 8 % of dry weight [START_REF] Christaki | Innovative microalgae pigments as functional ingredients in nutrition[END_REF]. These data have to be considered in the targeted applications and for the business model. Cracking strategy aims to valorize a maximum from the produced biomass, and not only a short part of it. Lipids can represent up to the half of the dry weight of microalgae [START_REF] Samuelsen | Structural studies of a heteroxylan from Plantago major L. seeds by partial hydrolysis, HPAEC-PAD, methylation and GC-MS, ESMS and ESMS/MS[END_REF] and their polarity is similar to those of organosoluble pigments. The specificity to reach pigments without lipids is low. For applications, which do not need a high purity grade, development of products benefiting from both, some particular lipids (e.g. DHA -Docosahexaenoic acid), and pigments is a good and sustainable strategy. In the framework of a full exploitation of microalgae components, starch and proteins can be interesting beside oil extraction for bioethanol and biodiesel production [START_REF] Odjadjare | Potential biotechnological application of microalgae: a critical review[END_REF]. Algae are chest of other various valuable metabolites like phenolic compounds, phytoene/terpenoids, phytols, sterols, photoprotective compounds, phytohormones, halogenated compounds, cyanotoxines, phycocolloids, polyhydroxyalkanoates, which may find applications in medicine, in nutraceutics, in cosmeceuticals, in functional food industry, aquaculture, or agriculture [START_REF] Singh | Uncovering Potential Applications of Cyanobacteria and Algal Metabolites in Biology, Agriculture and Medicine: Current Status and Future Prospects[END_REF][START_REF] Esquivel-Hernández | Green extraction technologies for high-value metabolites from algae: a review[END_REF]. 

Pigment analysis

Disruption of a cellular system can lead to rapid degradation of carotenoids and chlorophylls, even at low temperature. Indeed, free pigments may be exposed to organic acids from the extracted cells, which can cause isomerization and rearrangement of 5,6-epoxy-to 5,8-epoxycarotenoids (e.g. in violaxanthin and neoxanthin). Free pigments are more sensitive to oxidations and UV light as well. In order to minimize pigment degradation, it can be advised to add a neutralizer to the sample (calcium carbonate, sodium bicarbonate, or magnesium bicarbonate during the extraction. An antioxidant such as tertbutylhydroquinone, butylhydroxytoluene, pyrogallol, or ascorbyl palmitate can be added to the sample (around 0.1 % w/v). Azote can be flushed as well during the process, from extraction to the sample storage to limit oxidations. Then, samples should be protected against light and particularly UV since they can cause trans-cis-photoisomerization and photodestruction [START_REF] Saini | Carotenoid extraction methods: A review of recent developments[END_REF]. Microalgae enzymes have to be mentioned as well since some of them can degrade pigments. It is the case with chlorophyllases, which are particularly present in diatoms [START_REF] Jeffrey | Chlorophyllase distribution in ten classes of phytoplankton: a problem for chlorophyll analysis[END_REF]. They degrade chlorophyll-a to chlorophyllide-a, which modify the perception of the culture/biomass growth phase (chlorophyll-a ratio). A serious issue is that chlorophyllase can be activated by harvesting techniques before the extraction step. Moreover, the latter can amplify the phenomenon except if acetone is used, which inhibits the enzymes. Thus, pigment analyzes should be performed as early as possible or samples should be stored at -80 °C for a short period before analyzes.

4.6.2.1 Spectrophotometry analysis Pigment analysis science benefits from oceanography research, which aims to study phytoplankton pigments for the understanding of population dynamic and biogeography. Several techniques have been developed these last decades. With the improvement of the equipment accuracy, high performance liquid chromatography (HPLC) methods hyphenated with UV-VIS detector are the gold standard to detect and quantify known carotenoids and chlorophylls. Amongst all the existing methods, some are kind of reference in oceanography. Eleven international laboratories specialized in the determination of marine pigment concentrations using HPLC (e.g. LOV, CSIRO, DHI, NASA Goddard Space Flight Center) are regularly intercompared using in situ samples within the SeaHARRE studies (SeaWiFS HPLC Analysis Round-Robin Experiment) [START_REF] Saini | Carotenoid extraction methods: A review of recent developments[END_REF]. These laboratories use the following validated methods:

- -Van Heukelem and Thomas, 2001 [390] Each laboratory derived their analyzes method from one of the methods mentioned above. The most up to date and used method is those of Van Heukelem and Thomas [390]. This accurate method allows separating most of pigments properly using a liquid chromatography system hyphenated with a diode-array detector. It is nowadays widely used in oceanography for determining the phytoplankton composition and for estimating the biomass of the different algal groups. However, uncertainties may arise because of the partial separation of some derivative pigments (e.g. monovinyl and divinyl forms of chlorophyll b). Numerous guidelines regarding sample handling, storage, data reporting, procedures, quality assurance have been settled along the scientific community experience [START_REF] Bidigare | HPLC phytoplankton pigments: sampling, laboratory methods, and quality assurance procedures[END_REF][START_REF] Bidigare | Analysis of algal pigments by highperformance liquid chromatography[END_REF]. About detection, in a nutshell, 450 nm is often dedicated to detect specifically carotenoids, 665 nm for chlorophyll related pigments, 405 nm for chlorophyll derivatives (degradation forms), while 436 nm is commonly used because this wavelength provides good detection for most pigments. Regarding quantification, pigments are often reported to the sample dry weight. However, this measurement is strongly dependent of a proper drying which is not so reliable with microalgae, especially for short samples. Oceanographers are used to report pigments as a chlorophyll-a ratio. Even if chlorophyll-a allomers can be taken into account for the calculation, a bias can occur according to the growth phase of the species within the sample to study i.e chlorophyll-a and its derivatives can be degraded in various forms like pheophorbides and pheophytins, which escape to the ratio, especially during senescence. Pigment amounts can be reported to carbon unit. An elemental analyzer is required to study the samples. This method is very accurate and reproducible. However, since microalgae have a carbon composition, which is quite different according to the species, interspecies studies should be avoided using a pigment ratio related to carbon.

Gieskes
Regarding quantitation, saponification has to be mentioned since this step can be added just before HPLC analyzes in order to make free carotenoid esters and thus, improve carotenoid content quantitation. Moreover, it is sometimes useful to remove chlorophylls and unwanted lipids which may interfere with the chromatographic carotenoid separation and shorten the column's life [START_REF] Rodriguez-Amaya | Handbook for carotenoid analysis[END_REF]. However, some carotenoids (especially xanthophylls) and most chlorophylls are known to be sensitive to oxygen, light, acids, alkaline bases and high temperature. It is crucial to choose a gentle protocol to avoid pigment degradation. For instance, Yuan and Chen developed a method promoting the hydrolysis of astaxanthin esters, minimizing the degradation of astaxanthin, and avoiding loss of lutein, -carotene and canthaxanthin during saponification [394]. A special care with saponification is important to keep in mind if biological activity assays have to be performed afterwards, since this method can produce non-naturally occurring pigments. Chlorophyllins are semisynthetic derivatives obtained by saponification of chlorophylls and display various potent activities like antigenotoxic, antioxidant, inhibition of cancer initiation, and progression by targeting multiple molecules and pathways involved in the metabolism of carcinogens, cell progression, resistance to apoptosis, metastasis, and angiogenesis [START_REF] Rodriguez-Amaya | Handbook for carotenoid analysis[END_REF]. A study with Japanese patients with trimethylaminuria found that a chlorophyllin dietary supplement significantly decreased urinary trimethylamine concentrations [394]. This is potentially true with some other molecules like lipids and carotenoids even if literature is not hearty yet.

4.6.2.2 Other techniques for structural characterization and identification While spectrophotometry is the gold standard to identify major known pigments using standards as reference, pigment diversity/complexity is hidden in the detection baseline and it is not always easy to identify them [START_REF] Serive | Community analysis of pigment patterns from 37 microalgae strains reveals new carotenoids and porphyrins characteristic of distinct strains and taxonomic groups[END_REF]. If main organo-soluble pigments in microalgae are about 40, minor/traces pigments are probably far beyond 150. For instance, Carotenoids Database [395] provides information on 1174 natural carotenoids from 699 source organisms (not only microalgae but also plants, animals, bacteria). Identification based on UV-VIS spectrum can be tricky. In that case, a large panel of physical methods is available. For an acceptable identification, ideally, a complete spectroscopic characterization (UV-VIS, masse spectrometry, 1 H and 13 C-NMR, circular dichroism for chiral compounds) is required. Total synthesis would confirm the full structure elucidation as well preferably [396]. However, it is not always possible to obtain all of these identification criteria since the purified amount can be low (between few µg to 1 mg at laboratory scale) and the native molecule sensitive to various factors mentioned previously. For subtle details of conformation, some other techniques can be cited like calorimetry, roentgenography, electronography, neutronography, spin electric resonance, molecular polarization, light diffusion or refraction [397]. Most of the time, these techniques are more accessible in academia than in industry. Fluorimetric methods can be considered anecdotal in carotenoid and chlorophyll identification. Metabolomics approaches are increasingly becoming a powerful strategy in identification of metabolites with the recent advances of high sensitive spectroscopy methods. Amongst the various aspects this field, untargeted metabolomics is challenging. Although identification remains a bottleneck particularly for NMR-based dereplication strategies, MS and MS/MS based metabolomics made interesting progress these last years [START_REF] Lynn | Metabolite identification for mass spectrometry-based metabolomics using multiple types of correlated ion information[END_REF][START_REF] Allard | Deep metabolome annotation in natural products research: towards a virtuous cycle in metabolite identification[END_REF][START_REF] Bingol | Knowns and unknowns in metabolomics identified by multidimensional NMR and hybrid MS/NMR methods[END_REF]. Some authors developed whole online workflow to analyze metabolomics datasets [START_REF] Guitton | Create, run, share, publish, and reference your LC-MS, FIA-MS, GC-MS, and NMR data analysis workflows with the Workflow4Metabolomics 3.0 Galaxy online infrastructure for metabolomics[END_REF]. Some others developed the Global Natural Products Social Molecular Networking platform so-called GNPS [402]. Based on the use of MS public database and/or customized database, and the creation of molecular networks (ion fragments) using the software Cytoscape, this powerful open-source tool allows making identification hypothesis [403]. However, confidence in identification requires a special care to reach an acceptable level [START_REF] Schymanski | Identifying small molecules via high resolution mass spectrometry: communicating confidence[END_REF]. GNPS authors recommend notably a minimum of 6 MS/MS fragment ions to match in addition to the parent mass to decrease false discovery rates. They advise as well a cross validation of results with additional methods (e.g. retention time analysis, co-migration with standards, or subsequent isolation and NMR analysis) to validate the results. This very promising methodology can be applied to pigments using various MS technologies (MALDI-TOF, Q-TOF) and various ionization sources (APCI, APPI, +/-ESI) [START_REF] Walker | Identification of diastereomeric chlorophyll allomers by atmospheric pressure chemical ionisation liquid chromatography/tandem mass spectrometry[END_REF][START_REF] Grimm | Chlorophylls and bacteriochlorophylls: biochemistry, biophysics, functions and applications[END_REF][407][START_REF] Milenković | The identification of chlorophyll and its derivatives in the pigment mixtures: HPLC-chromatography, visible and mass spectroscopy studies[END_REF][START_REF] Rivera | Identification of carotenoids using mass spectrometry[END_REF][START_REF] Wei | Structural characterization of chlorophyll-a by high resolution tandem mass spectrometry[END_REF]. Coupled for instance with Carotenoids Database mentioned previously, results may be very interesting in a close future. In conclusion, the panel of extraction techniques available is large. The selection of the most appropriate process depends of the production scale, the targeted pigments, the final application and the characteristics of the biomass to extract (humidity, rigid cell wall, polysaccharides). For instance, water miscible properties of acetone and ethanol helps in the efficient extraction of wet biomass. Some techniques like those using ionic liquids seem very promising but further advancements are needed for full safety applications. When pigments are extracted, analyses can be performed keeping in mind the bias related to identification and quantitation (possible degradation of most sensitive pigments, free and esterified forms, pigment-protein complexes, carbohydrates derivatives like glycosides and glycosyl esters). Cis isomers are also common isolation artefacts although some may be natural. Acknowledgement Benoît Serive was supported by a Marie Skłodowska-Curie International Outgoing Fellowship (grant #622735) within the 7 th European Community Framework Program.

Methods for secondary metabolites determination in microalgae

[Hugh D. Burrows, Maria G. Campos, Telma Encarnação, Alberto A.C.C. Pais] 4.7.1 Introduction Secondary metabolites, often referred to as natural products, are low molecular weight organic molecules produced by living cells [START_REF] Davies | Introducing the parvome: bioactive compounds in the microbial world[END_REF] that, unlike primary metabolites, are not directly required for their growth, development and reproduction. They are produced by bacteria, fungi, algae and plants, often for biochemical interactions between organisms [START_REF] Zak | Cyanobacterial and microalgal bioactive compounds -the role of secondary metabolites in allelopathic interactions[END_REF] and represent a wide variety of chemicals with diverse molecular structures. Many of these chemicals have been found to possess a variety of important pharmacological properties, including anticancer, antiviral, antibiotic, anti-inflammatory and other activities [START_REF] Sneader | Drug Discovery: A History[END_REF][START_REF] Rickards | Calothrixins A and B, novel pentacyclic metabolites from Calothrix cyanobacteria with potent activity against malaria parasites and human cancer cells[END_REF]. Frequently, these molecules have contributed to the cure of deadly diseases [START_REF] Sneader | Drug Discovery: A History[END_REF], such that biologically active secondary metabolites are a rich resource as potential new drug candidates. Around 70 000 microbial metabolites have been described to date. About 33 000 of these exhibit some kind of biological activity; 1290 cyanobacterial bioactive metabolites have been reported, predominantly linked to a group of enzymes referred to as nonribosomal peptide synthases (NRPS), such as cyclic depsipeptides, polyketides derivatives [START_REF] Berdy | Thoughts and facts about antibiotics: Where we are now and where we are heading[END_REF] or a hybrid of the two. Other structural classes include alkaloids, shikimate-derivatives, aminoglycosides and more rare, terpenoids [START_REF] Maschek | The Chemistry of Algal Secondary Metabolism[END_REF]. Secondary metabolites have considerable commercial importance. In addition to their use in pharmaceuticals, these compounds find applications in many other areas, including cosmetics, agricultural, animal feed and food products, and chemicals.

Sampling and Preconditioning

In the screening for new metabolites or in their production, cultures from microalgae collections, commercial suppliers or the isolation of indigenous wild type microalgae may be considered. Some of the databases for culture collections worldwide include the CCALA [START_REF] Berdy | Thoughts and facts about antibiotics: Where we are now and where we are heading[END_REF] in Trebon, Czech Republic, the SAG [418] in Göttingen, Germany, the ACOI [419] in Coimbra, Portugal, the CCAP [420] in Windermere, U.K., the Chlamydomonas Resource Center [421] in Minneapolis, U.S.A. and the UTEX [422] in Austin TX, U.S.A. Isolation of microalgae strains into pure cultures include traditional isolation techniques, such as single-cell isolation by a micropipette, isolation of cells on agar plates, dilution method, gravity separation, phototaxis, and automated isolation techniques, such as flow cytometry cell sorting and optical trapping. Single-cell isolation by micropipetting is the most common method for isolation of microalgae strains. Basically, the isolation is performed using a Pasteur pipette or a glass capillary to collect a single cell from a sample and transfer it to a sterile droplet. A detailed description can be found in [START_REF] Andersen | Algal culturing techniques[END_REF]. Flow cytometry cell sorting is an automated technique that can be used for isolation of small cells, especially those less than about 5 mm, which are much more difficult to isolate by traditional techniques. Single cells can be identified and separated from contaminants and other cells, and sorted into multiwell plates for establishing new microalgae cultures [START_REF] Andersen | Algal culturing techniques[END_REF]. Another automated technique is optical trapping, which is not a common technique, since the reaction centers of photosystems I and II are susceptible to photodamage. However, in a recent report [START_REF] Pilat | Optical trapping of microalgae at 735-1064 nm: Photodamage assessment[END_REF], the non-invasive optical manipulation of living cells of the microalga Trachydiscus minutus was performed, using laser wavelengths longer than 935 nm causing no observable photodamage. For additional information on microalga isolation the reader is referred to the references [START_REF] Andersen | Algal culturing techniques[END_REF].

Extraction Techniques

The solvent extraction process is a crucial step in isolation and purification of individual distinct types of metabolites. The method chosen can directly affect the biological activity of the extracted compounds [START_REF] Hammed | Enzymatic Hydrolysis of Plants and Algae for Extraction of Bioactive Compounds[END_REF] as well as their reproducibility, efficiency and effectiveness. Therefore, when choosing the most appropriate method from amongst the several available options, certain important considerations must be addressed. First, microalgae and cyanobacteria present a remarkable biodiversity, which is reflected in the chemistry of their unique secondary metabolites, and associated cell wall characteristics and structure. Thick-walled, silicified membranes, multilayered walls, wall-bound exopolysaccharides and armored walls present barriers to permeation by the solvents used in extraction, and must be disrupted prior to this to allow the release of compounds of interest [360]. Labile compounds may be subject to degradation upon solvent extraction under elevated temperatures, and light, air and pH are among the factors that should be controlled to prevent the decomposition of these compounds.

Cell Disruption

Cell disruption techniques include soaking, pestle and mortar (tissue grinders), maceration, cryogrinding, bead-beating, homogenization, planetary micro milling, sonification [START_REF] Ramachandra | Algal biofuel from urban wastewater in India: Scope and challenges[END_REF], mixer milling [360], high-pressure homogenization [START_REF] Olaizola | Commercial production of astaxanthin from Haematococcus pluvialis using 25,000-liter outdoor photobioreactors[END_REF], microwave, autoclaving, and addition of hydrochloric acid, sodium hydroxide or alkaline lysis. Maceration is a cost-effective method and is commonly used in algal cell disruption. Bead beating has been demonstrated to be very effective in disrupting the cell of Botryococcus braunii [START_REF] Lee | Rapid method for the determination of lipid from the green alga Botryococcus braunii[END_REF] and can be suitable for industrial scale up [START_REF] Ramachandra | Algal biofuel from urban wastewater in India: Scope and challenges[END_REF]. Sonification is one of the most commonly used laboratory method to disrupt the cell wall in microalgae, and has been shown to give reliable results in several reports [START_REF] Ramachandra | Algal biofuel from urban wastewater in India: Scope and challenges[END_REF][START_REF] Prabakaran | A comparative study on effective cell disruption methods for lipid extraction from microalgae[END_REF][START_REF] Gouveia | Microalgae as a raw material for biofuels production[END_REF]. However, thermolabile compounds may be degraded due to the heat generated by this method, therefore, when low temperatures are required, cells should be placed in an ice bath during the entire sonification process to prevent the formation of artifacts or degradation products and disruption of the cells may be confirmed by optical microscopy.

Secondary Metabolite Extraction

The microalgal cell is a complex biological system, with many cellular and subcellular structures where several different processes occur and a panoply of chemically distinct metabolites are produced. Because different classes of secondary metabolites have different chemical characteristics, there is currently no standard established extraction procedure. Procedures described in the literature include conventional extraction techniques, supercritical fluid extraction, enzyme extraction, etc. The presence of thermolabile compounds requires the use of techniques working at low temperature, to prevent thermal degradation, hydrolysis and hydrosolubilization. The cell wall characteristics, the nature of molecules to be extracted from the matrix, extraction times and coextraction of undesirable compounds, as for example, sometimes lipids and pigments, are some of the factors that have to be considered in this. 4.7.3.2.1 Conventional Solvent Extraction Solvent extraction: in conventional solvent extraction, the appropriate solvent or mixture of solvents is added to the microalgal biomass from which the desired metabolite is to be extracted. Once the crude extract is separated from the cell residue and filtered, the solvents, if volatile, can be evaporated. Soxhlet extraction: the procedure described by Soxhlet [START_REF] Soxhlet | Die gewichtsanalytische Bestimmung des Milchfettes[END_REF] has commonly been used for the extraction of primary compounds as lipids from biological samples. Nevertheless, secondary metabolites are also extracted with this methodology from a known quantity of the microalgal material, which is placed in a thimble, by repeatedly washing and leaching (percloration) with the appropriate organic solvent under reflux in the Soxhlet apparatus. The solvent in the flask is heated to boiling. The solvent vapor is condensed in the condenser, flows through the sample and moves back down into the distillation flask. The resulting crude extract should be filtered, to remove any remaining unwanted matter, and can then be concentrated on a rotary evaporator or dried under a nitrogen steam. In the Soxhlet procedure, heat is required to drive the extraction, and this may cause decomposition of thermolabile compounds. In these cases, high temperatures must be avoided by choice of appropriate solvents in order to prevent the development of decomposition products. The extraction process using organic solvents has come under increasing criticism due to its reliance on solvents that are known to be toxic, carcinogenic or environmental pollutants. Chloroform, dimethyl acetamide, dimethyl formamide, dimethyl sulfoxide and methanol are some of the solvents that are becoming considered unsuitable for such extractions, and there is increasing interest in the development of green solvents or other techniques for this [360]. Regardless of the choice of solvent, the selection of a suitable solvent or solvent system should address some aspects, such as grade and purity, solubility of the compounds of interest in it, safety, and environmental issues. [START_REF] Hammed | Enzymatic Hydrolysis of Plants and Algae for Extraction of Bioactive Compounds[END_REF]. Green extraction methods, such as Supercritical fluid extraction (SFE), present advantages over the traditional ones using organic solvents. This eco-friendly process does not use large amounts of organic toxic solvents, is rapid, inexpensive, selective and it is suitable when dealing with thermolabile compounds, since it avoids long extraction times and high temperatures, which may result in degradation of compounds. The most commonly used critical fluid has been supercritical carbon dioxide (SC-CO2), which is non-flammable, has low critical conditions and is suitable for industrial applications [START_REF] Hammed | Enzymatic Hydrolysis of Plants and Algae for Extraction of Bioactive Compounds[END_REF].

Non-Conventional Extraction Technique

Chemical characterization

The separation and detailed identification of secondary metabolites has only really become possible by the development of advanced instrumental methods of analysis, particularly those involving hyphenated techniques (e.g. HPLC-MS). The traditional methods of screening for secondary metabolites lead to the successful identification and development of many drug candidates [START_REF] Barrios-Llerena | Genetic analysis of polyketide synthase and peptide synthetase genes in cyanobacteria as a mining tool for secondary metabolites[END_REF]. For the structural elucidation of metabolites in algae and in other natural products, a repertoire of analytical techniques is currently available including, chromatographic, spectroscopic, hyphenated and genome mining techniques. However, due to the diversity and complexity of microalgal and cyanobacterial metabolites, it is unlikely that one single analytical technique will provide enough information about the metabolites that are present in these organisms and, generally, it is necessary to use various complementary techniques that reveal different facets which enable the chemical structure characterisation.

Chromatographic Techniques

Chromatographic techniques, such as high performance thin layer (HPTL) and liquid chromatography (HPLC), gas chromatography (GC), liquid chromatography (LC), supercritical fluid chromatography (SFC), have been used to screen various types of secondary metabolites.

Thin Layer Chromatography (TLC)

Although being an old technique, thin layer chromatography provides a simple, rapid and sensitive method for the separation and determination of secondary metabolites in crude extracts. This technique consists of a stationary phase, which involves a layer of adsorbent coated onto a solid support, such as glass, polymeric material or aluminium, and a liquid acting as a mobile phase. The sample is applied in the form of a small spot at one end of the layer, and migrates with the solvent along the plate by capillary action. The TLC spots are visualized visible, with ultraviolet light or by treatment with a suitable spray reagent, depending of the characteristics of the compounds and can be compared by simultaneously running the unknown spot with standards to identify compounds present. TLC has been used for the determination of various bioactive compounds. Metabolites such as nostocionone [START_REF] Itoh | High-Performance liquid chromatography with fluorescence detection for simultaneous analysis of phytosterols (stigmasterol, β-Sitosterol, campesterol, ergosterol, and fucosterol) and cholesterol in plant foods[END_REF], norharmane [START_REF] Mohamed | Allelopathic activity of the norharmane-producing cyanobacterium Synechocystis aquatilis against cyanobacteria and microalgae[END_REF], microcystins and nodularins have, for example, been detected by this technique.

High performance thin layer chromatography (HPTLC)

Based on thin layer chromatography separation, high performance thin layer chromatography has emerged as a sophisticated technique with major improvements in resolution and accuracy over standard TLC, and has been reported to provide good separation of several biomolecules from biological samples. HPTLC is a simple and fast separation technique, and relatively inexpensive, compared with HPLC. Multiple samples can be analysed simultaneously; the method is straightforward, and does not require complex sample pre-treatment. The main disadvantages are the interferences that can occur, sometimes giving some false positives. HPTLC has been used to determine secondary metabolites such as norharmane in various cyanobacteria [START_REF] Volk | Screening of microalgae for species excreting norharmane, a manifold biologically active indole alkaloid[END_REF]. 4.7.4.1.3 Gas Chromatography (GC) Gas chromatography (GC) is the most widely used technique for the separation of volatile mixtures because of the high sensitivity and selectivity it allows. It has been particularly effective when coupled with mass (GC-MS) [START_REF] Milligan | Lyngbyabellin B, a toxic and antifungal secondary metabolite from the marine cyanobacterium Lyngbya majuscula[END_REF], flame ionization (GC-FID) or electron capture detectors (GC-ECD). The major limitation of GC is that nonvolatile compounds cannot be analyzed directly, and require derivatization of the sample. It is limited to samples that are easily volatilized and are thermally stable. Considering that 80 % of all known natural compounds are nonvolatile or thermolabile [START_REF] Strege | High-performance liquid chromatographic electrospray ionization mass spectrometric analyses for the integration of natural products with modern high-throughput screening[END_REF], GC is not normally the method of choice in the field of secondary metabolites analysis. Nevertheless, gas chromatography has been used to identify specific secondary metabolites [START_REF] Caicedo | Detection of bioactive exometabolites produced by the filamentous marine cyanobacterium Geitlerinema sp[END_REF] and may provide an effective quality control of samples [START_REF] Rellan | First detection of anatoxin-a in human and animal dietary supplements containing cyanobacteria[END_REF]. One such example is the bioactive exometabolite harmane, extracted from the culture medium of the cyanobacterium Geitlerinema sp.. The alkaloid harmane can be detected in low volumes of culture media by GC-FID, after a derivatization step [START_REF] Caicedo | Detection of bioactive exometabolites produced by the filamentous marine cyanobacterium Geitlerinema sp[END_REF]. Some microalgae, in particular the cyanobacteria and the dinoflagellates, are known to produce toxins such as anatoxin-a, saxitoxins and microcystins, which are hazardous to human and animal health, and have been associated with the contamination of blue-green algal food supplements [START_REF] Rawn | Anatoxin-a and its metabolites in blue-green algae food supplements from Canada and Portugal[END_REF]. The microalgal biomass production systems include open ponds, which might be susceptible to contamination by a variety of microalgae species, with some capable of producing a wide range of toxins. A toxicological control guarantees the absence of potential toxins in microalgal food supplements. Toxins that can be derivatized can be successfuly detected and quantified by the technique GC-ECD, at pictograms levels, in small amounts of algal samples and in small volumes of water [START_REF] Bumke-Vogt | A highly sensitive analytical method for the neurotoxin anatoxin-a, using GC-ECD, and first application to laboratory cultures[END_REF]. 4.7.4.1.4. High Performance Liquid Chromatography (HPLC) HPLC is a chromatographic technique that can separate complex mixture of compounds and can be used to identify, quantify and purify individual analytes of a mixture [START_REF] Rawn | Anatoxin-a and its metabolites in blue-green algae food supplements from Canada and Portugal[END_REF]. Equipped with ultraviolet (UV) and fluorescence (FLD) detectors, is a widely used method for the analysis of secondary metabolites because of its sensitivity and ease of use. Specific examples of application of this technique include the analysis of secondary metabolic peptides [START_REF] Gunasekera | Carriebowmide, a new cyclodepsipeptide from the marine cyanobacterium Lyngbya polychroa[END_REF] and alkaloids [START_REF] Namikoshi | Simultaneous production of homoanatoxin-a, antitoxin-a, and a new non-toxic 4-hydroxyhomoanatoxin-a by the cyanobacterium Raphidiopsis mediterranea Skuja[END_REF]. HPLC with ultraviolet (UV), photodiode array (PDA), and fluorescence (FLD) detectors can be applied to determine different types of cyanotoxins; HPLC-FLD can detect saxitoxins which, although they are neurotoxic, have therapeutic potential in anaesthesia [START_REF] Namikoshi | Simultaneous production of homoanatoxin-a, antitoxin-a, and a new non-toxic 4-hydroxyhomoanatoxin-a by the cyanobacterium Raphidiopsis mediterranea Skuja[END_REF]. When confirmation of the molecular structure of a given toxin is required, the hyphenated technique liquid chromatography mass spectrometry (LC-MS) can be used for the identification of the compound [START_REF] Pal | Growth, lipid production and metabolic adjustments in the euryhaline eustigmatophyte Nannochloropsis oceanica CCALA 804 in response to osmotic downshift[END_REF]. Although UV detectors are limited to molecules having suitable chromophores, HPLC-UV is suitable to the detection and quantification of several secondary metabolites. Other examples include the analysis of the closely related [7.7] paracyclophanes and structural derivatives, extracted from the cyanobacterial strains belonging to the orders Nostocales and Oscillatoriales, which were detected and quantified by HPLC-UV [START_REF] Preisitsch | Cylindrofridins A-C, linear cylindrocyclophane-related alkylresorcinols from the Cyanobacterium Cylindrospermum stagnale[END_REF]. The same technique was also applied for the determination of fourteen phenolic compounds in the extracts from the diatom Phaeodactylum tricornutum [START_REF] Rico | Variability of the phenolic profile in the diatom Phaeodactylum tricornutum growing under copper and iron stress[END_REF].

Spectroscopic Techniques

This discussion is not exhaustive, and we have not included important spectroscopic techniques such as UV/Vis, FTIR and Raman Spectroscopy. The reader is referred to standard texts for the discussion of these. 4.7.4.2.1 Fluorescence Spectroscopy Fluorescence is the emission of light when electronically excited states relax back to the ground state. Its theoretical basis is closely related to, and involves the same electronic states, as UV-vis absorption spectroscopy. However, the nature of measurement technique means that it may have a sensitivity several orders of magnitude greater than absorption spectroscopy. This is a great advantage in analytical applications, such as the study of microalgal metabolites, which may be present at very low concentrations. Not all molecules have significant fluorescence. Analytically interesting fluorescent organic molecules typically have rigid conjugated structures, such as derivatives of aromatic hydrocarbons. Experimentally, its study requires an exciting light source, the sample, appropriate dispersive elements, such as monochromators, and a detector. It is possible to scan the emission spectrum using a constant excitation wavelength, or to observe the emission at a constant wavelength and study the effect of changing the excitation wavelength. These give the emission and excitation spectra respectively. A number of excellent descriptions of the technique are available [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF]450]. Typical examples of applications include analysis of chlorophylls [START_REF] Serodio | Use of in vivo chlorophyll a fluorescence to quantify short-term variations in the productive biomass of intertidal microphytobenthos[END_REF] and alkaloids, such as -carbolines [START_REF] Herraiz | Analysis of the bioactive alkaloids tetrahydro-beta-carboline and beta-carboline in food[END_REF]. It is also possible to add fluorescent probes which are sensitive to particular environments, such as hydrophobic ones, which can provide detailed information on lipid content [START_REF] Chen | A high throughput Nile red method for quantitative measurement of neutral lipids in microalgae[END_REF][START_REF] Arranja | Double-tailed long chain BODIPYs -Synthesis, characterization and preliminary studies on their use as lipid fluorescence probes[END_REF]. The high sensitivity of fluorescence means that it is valuable for combining with chromatographic methods, such as HPLC, in hyphenated techniques. It can also be combined with microscopy in fluorescent imaging, and can furnish more detailed information through time-resolved measurements. 4.7.4.2.2 Nuclear Magnetic Resonance (NMR) NMR is a powerful technique that provides both qualitative and quantitative information. It allows the simultaneous detection of diverse groups of secondary metabolites (aminoglycosides, alkaloids, terpenoids and so on). NMR exploits the magnetic properties of certain nuclei (such as 1 H, 13 C, 31 P, which, when placed in a magnetic field, absorb electromagnetic radiation in the radio-frequency region of the spectrum (frequency of resonance). The resonance frequency depends on the chemical environment of the nucleus, and thus, each nucleus in a molecule gives a specific and characteristic signal (given as its chemical shift), allowing structural elucidation. In addition, the technique provides information on the nearest neighbour atoms through "coupling" of the nuclear spins. There are many excellent books on NMR spectroscopy, describing the fundamental theory, applications and the typical values for chemical shifts and coupling constants, and several online databases that provide valuable data resources [455], and useful information regarding organic structures and correspondent spectra are available [455,456].

Although NMR is a reliable and very robust technique that provides unambiguous information, it has some disadvantages that can limit its application. These include the expensive equipment needed, the time-consuming measurements, the high concentrations of samples required, and the overlapping signals that may be present when applied to complex bio-organic compounds, making the interpretation of the exact structure of the compound difficult. In general, the NMR technique does not require elaborate sample preparation, and liquid samples, solvent extracts and dried or live microalgal cells can directly be analysed. It is a straightforward and non-destructive technique, such that samples can be further analysed by other techniques. NMR spectroscopy has been extensively used in biological studies and significant improvements are continuously being made in the use this high-throughput technique. Since a large number of NMR experiments are possible in metabolomics, different approaches can be considered when using NMR spectroscopy. One dimensional 1 H NMR is one of the most widely used in metabolomics analysis. However, when analysing complex mixtures, 1 H NMR spectra can be very challenging due to overlapping of signals, which can hinder the identification of metabolites. A relatively new methodology in the field of Metabolomics studies is in vivo High Resolution Magic Angle Spinning Nuclear Magnetic Resonance ( 1 H HR-MAS NMR) that can be applied to live microalgal cells [START_REF] Obando | Rapid identification of osmolytes in tropical microalgae and cyanobacteria by H-1 HR-MAS NMR spectroscopy[END_REF]. In 13 C NMR spectroscopy, where chemical shifts cover 200 ppm, compared typically with 10 ppm for 1 H NMR, the signals are better resolved. However, the major limitation of 13 C NMR spectroscopy is the lower sensitivity arising from the low natural abundance of 13 C. The use of multidimensional NMR spectrum can help to overcome many of the limitations of one dimensional NMR. Twodimensional (2D) NMR include correlated spectroscopy ( 1 H-1 H COSY), total correlation spectroscopy ( 1 H-1 H TOCSY) and heteronuclear single-quantum correlation ( 1 H-13 C HSQC). A customized metabolomics NMR database [458], 1 H( 13 C)-TOCCATA, contains a complete set of 1 H and 13 C chemical shift information on individual spin systems and isomeric states of common metabolites, and allows the identification of metabolites in complex mixtures [START_REF] Bingol | Customized metabolomics database for the analysis of NMR H-1-H-1 TOCSY and C-13-H-1 HSQC-TOCSY spectra of complex mixtures[END_REF]. Because NMR spectroscopy analysis frequently produces a highly complex spectrum which is difficult to interpret, it is useful to employ chemometric analysis, such as principal components analysis (PCA), that allows the reduction of multivariate data into a smaller number of principal components representing the original variables, and Partial Least Squares Discriminant Analysis (PLS-DA), which identify categories, provide a more objective and clear information. Examples of application of NMR on microalgal secondary metabolites elucidation include the detection of glycosides in powder suspensions of the blue-green algae Aphanizomenon flos-aquae [START_REF] Righi | Mycosporine-like amino acids and other phytochemicals directly detected by high-resolution NMR on Klamath (Aphanizomenon flosaquae) blue-green algae[END_REF].

Hyphenated Techniques

The combination of individual techniques with NMR and MS has led to the development of hyphenated techniques which have greatly increased the analytical capabilities in metabolomics research. Examples include gas chromatography-mass spectrometry (GC-MS) [START_REF] Méjean | Evidence that biosynthesis of the neurotoxic alkaloids anatoxin-a and homoanatoxin-a in the cyanobacterium Oscillatoria PCC 6506 occurs on a modular polyketide synthase initiated by L-proline[END_REF], liquid chromatographynuclear magnetic resonance spectroscopy LC-NMR [START_REF] Jaki | Novel extracellular diterpenoids with biological activity from the cyanobacterium Nostoc commune[END_REF], ultra-high performance liquid chromatography-two-dimensional mass spectrometry (UHPLC-MS/MS) [START_REF] Klejdus | Hyphenated technique for the extraction and determination of isoflavones in algae: Ultrasound-assisted supercritical fluid extraction followed by fast chromatography with tandem mass spectrometry[END_REF]. GC-MS combines the good resolution of GC and high selectivity and sensitivity of MS. To be detected by GC-MS analysis, the metabolites require a derivatization step in order to create volatile organic compounds, which limits the applicability of this technique [START_REF] Kruger | Development of an analytical method for the unambiguous structure elucidation of cyclic peptides with special appliance for hepatotoxic desmethylated microcystins[END_REF]. If the unknown sample has derivatizable or volatile components, this technique might be employed to identify and quantitate several secondary metabolites such as different peptides, microcystins and alkaloids [START_REF] Méjean | Evidence that biosynthesis of the neurotoxic alkaloids anatoxin-a and homoanatoxin-a in the cyanobacterium Oscillatoria PCC 6506 occurs on a modular polyketide synthase initiated by L-proline[END_REF][START_REF] Kruger | Development of an analytical method for the unambiguous structure elucidation of cyclic peptides with special appliance for hepatotoxic desmethylated microcystins[END_REF][START_REF] Essa | Sex hormonal disruption by cyanobacterial bioactive compounds[END_REF]. The UHPLC-MS/MS technique provides an ultrasensitive and selective determination of several secondary metabolites, such as cyanotoxins or isoflavones in microalgae and cyanobacteria. The presence of eight isoflavones such as daidzin, genistin and formononetin was demonstrated by UHPLC-MS/MS in concentrations of ng.g -1 dry biomass [START_REF] Klejdus | Hyphenated technique for the extraction and determination of isoflavones in algae: Ultrasound-assisted supercritical fluid extraction followed by fast chromatography with tandem mass spectrometry[END_REF]. Another example of the application of a hyphenated technique in the analysis of secondary metabolites is the determination of extracellular diterpenoids by LC-NMR from the terrestrial cyanobacterium Nostoc commune [START_REF] Jaki | Novel extracellular diterpenoids with biological activity from the cyanobacterium Nostoc commune[END_REF].

Genome Mining

In response to environmental changes such as excessive light, changes in pH, nutrients depletion, etc., many cyanobacteria activate specific genes that, in turn, synthetize specific proteins; these are involved in the pathways for the production of these metabolites that protect cells from stress or help them to adapt to the new conditions. Genome mining is a powerful technology that has emerged as a new strategy for the discovery of novel secondary metabolites [START_REF] Ziemert | The evolution of genome mining in microbes -a review[END_REF]. Based on genetic information, it has become possible to predict and isolate new compounds. The genome sequencing of microorganisms unveils new metabolites with potential therapeutic interest in the treatment of diseases, enhancement of organism growth and increased crop yields and other biotechnology applications are also possible. At present, thousands of microbial genome sequences are available in public repositories containing information on secondary metabolite gene clusters that encode the biosynthetic pathways of secondary metabolites. With the fast development of sequencing methods and bioinformatics, several genome mining methodologies have arised. Currently, computational and web-based analysis platforms such as the Atlas of Biosynthetic Gene Clusters [START_REF] Hadjithomas | IMG-ABC: A Knowledge base to fuel discovery of biosynthetic gene clusters and novel secondary metabolites[END_REF] and the antiSMASH [START_REF] Blin | AntiSMASH 2.0-a versatile platform for genome mining of secondary metabolite producers[END_REF][START_REF] Blin | The antiSMASH database, a comprehensive database of microbial secondary metabolite biosynthetic gene clusters[END_REF][START_REF] Blin | AntiSMASH 4.0improvements in chemistry prediction and gene cluster boundary identification[END_REF][START_REF] Medema | AntiSMASH: rapid identification, annotation and analysis of secondary metabolite biosynthesis gene clusters in bacterial and fungal genome sequences[END_REF][START_REF] Weber | antiSMASH 3.0-a comprehensive resource for the genome mining of biosynthetic gene clusters[END_REF] are used to predict the products of genes whose DNA sequences are known. With the advance of modern technologies such as UHPLC, NMR and various mass spectroscopy methodologies, the products of such genes can be identified and characterized. One such example, for the discovery of new secondary metabolites, involves an interesting combination of techniques; the combination of mass spectrometric metabolic profiling and genomic analysis has resulted in the discovery of a new class of di-and tri-chlorinated acyl amides, the columbamides [START_REF] Kleigrewe | Combining mass spectrometric metabolic profiling with genomic analysis: a powerful approach for discovering natural products from Cyanobacteria[END_REF].

Summary

A summary of the main information is given in Table 4 
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 441442 Fig. 4.4.1: Schematic representation of microalgae (A and B) and Diatoms (C).
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 443 gives an overview of the main ways for the structural analysis of carbohydrates, from the determination of the global composition to the fine analysis of the branching patterns.
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 443 Figure 4.4.3: Overview of the strategies needed for the structural analysis of polysaccharides from microalgae. HPLC: High-Performance Liquid Chromatography, RID: Refractive Index Detection, CAD: Charged Aerosol Detection, MS: Mass Spectrometry, GC: Gas Chromatography, FID: Flame-Ionization Detector, TMS: TriMethylSilyl, AA: Alditol Acetates, HPAEC: High-Performance Anion-Exchange Chromatography, NMR: Nuclear Magnetic Resonance spectroscopy, EI: Electron Impact Ionization, PMAA: PerMethylated Alditol Acetates, FTIR: Fourier Transformed InfraRed spectroscopy, PS: Polysaccharides.
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 4451 Fig. 4.5.1: Chemical structures of the major representatives from microalgae lipid. Structures derived from www.lipidsmaps.org.

  Fig. 4.5.3: Botryococcus braunii Left: photomicrograph of colony Right: fluorescence micrograph of Nile Red stained cell (yellow fluorescence indicates oil)In general, the level of hydrocarbons in lipid-extracted microalgae is low because major components in lipids are those with fatty acids, such as TAG, GL, and PL. Hydrocarbons should be analyzed using lipids after pretreatment to remove the fatty acids. There are three major methods for purifying hydrocarbons: (1) TLC, (2) column chromatography, and (3) saponification. TLC is a typical method for the separation of lipid classes. TLC for neutral lipids can separate TAG, DAG), MAG, FFA, carotenoids, and sterols. Hydrocarbons can also be separated by TLC[310][START_REF] Guionet | A new mechanism for efficient hydrocarbon electro-extraction from Botryococcus braunii[END_REF][START_REF] Cavanagh | Analysis of microbial hydrocarbon degradation using TLC-FID[END_REF].Nakazawa et al. [310] used TLC for the screening of thraustochytrid strains that produce squalene. The lipids extracted from lyophilized thraustochytrid cells by Folch's method[START_REF] Folch | A Simple method for the isolation and purification of total lipids from animal tissues[END_REF] were subjected to TLC and hydrocarbon was separated. The existence of hydrocarbons could be estimated by the clarity and strength of the hydrocarbon spot in TLC. The hydrocarbon spot on TLC can also be picked up and used for further detailed analysis. Cavanagh et al.[START_REF] Cavanagh | Analysis of microbial hydrocarbon degradation using TLC-FID[END_REF] used TLC-FID for the analysis of biodegradation hydrocarbons. The lipids were developed by TLC, and separated hydrocarbons
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 461 Fig. 4.6.1: Extraction techniques from laboratory to industrial scale.4.6.2 Pigment analysisDisruption of a cellular system can lead to rapid degradation of carotenoids and chlorophylls, even at low temperature. Indeed, free pigments may be exposed to organic acids from the extracted cells, which can cause isomerization and rearrangement of 5,6-epoxy-to 5,8-epoxycarotenoids (e.g. in violaxanthin and neoxanthin). Free pigments are more sensitive to oxidations and UV light as well. In order to minimize pigment degradation, it can be advised to add a neutralizer to the sample (calcium carbonate, sodium bicarbonate, or magnesium bicarbonate during the extraction. An antioxidant such as tertbutylhydroquinone, butylhydroxytoluene, pyrogallol, or ascorbyl palmitate can be added to the sample (around 0.1 % w/v). Azote can be flushed as well during the process, from extraction to the sample storage to limit oxidations. Then, samples should be protected against light and particularly UV since they can cause trans-cis-photoisomerization and photodestruction[START_REF] Saini | Carotenoid extraction methods: A review of recent developments[END_REF]. Microalgae enzymes have to be mentioned as well since some of them can degrade pigments. It is the case with chlorophyllases, which are particularly present in diatoms[START_REF] Jeffrey | Chlorophyllase distribution in ten classes of phytoplankton: a problem for chlorophyll analysis[END_REF]. They degrade chlorophyll-a to chlorophyllide-a, which modify the perception of the culture/biomass growth phase (chlorophyll-a ratio). A serious issue is that chlorophyllase can be activated by harvesting techniques before the extraction step. Moreover, the latter can amplify the phenomenon except if acetone is used, which inhibits the enzymes. Thus, pigment analyzes should be performed as early as possible or samples should be stored at -80 °C for a short period before analyzes.

  Several novel extraction techniques have been developed in recent years as alternatives to the traditional extraction procedures, to overcome the limitations and inconveniences presented by the conventional methodologies. Methods such as microwave extraction (MAE), ultrasonic extraction (UAE), subcritical water extraction (SWE), supercritical fluid extraction (SFE), microbial-aided extraction (MbAE), and enzyme-aided extraction (EAE), have all been applied for the extraction of secondary metabolites from microalgae

  

  

  

  

Table 4 .3.2:

 4 Comparative data on biological value (BV), digestibility coefficient (DC), net protein utilisation (NPU) and protein efficiency ratio (PER) of selected processed microalgae (adapted from[START_REF] Becker | Microalgae in human and animal nutrition[END_REF][START_REF] Richmond | Handbook of Microalgal Culture-Biotechnology and Applied Phycology[END_REF].

	Source	Processing	BV	DC	NPU	PER
	Scenedesmus obliquus	Drum dried	75	88	67.3	1.99
		Sun dried	72.1	72.5	52.0	1.14
	Chlorella sp.	Air dried	52.9	59.4	31.4	0.84
		Drum dried	76.6	89.0	68.0	2.10

Table 4 .3.5: Different cell disruption techniques carried out on C. vulgaris (adapted from [86]). Cell disruption Time Experimental set-up

 4 

	Acid treatment	25 min	Hot Ac2O* + H2SO4 (9:1, v:v)
	Alkaline treatment	60 min	2 N NaOH
	Autoclaving	5 min	125 °C + 1.5 MPa
	Bead milling	20 min	Beads: 0.4 -0.6 mm
			Rotational speed 1500 rpm
		5 min	Beads: 0.1 mm
			Rotational speed 2800 rpm
		2 min	Beads: 1 mm
	Electroporation	not available	Electric field: 3 kV/cm
			Electrode 2 cm
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 4 Information about the biological activity, culture conditions, extraction methods and analytical techniques of the compounds obtained from several species of microalgae and cyanobacteria.

	Metabolite	Family/Genus	Biological	Culture			Sample		Extraction	Analytical	References
			/specie	activity	conditions		treatment	method/solv	techniques
										ents used
	828A Aeruginosin	rubescens Planktothrix	Inflammatory Anti-	20ºC 6 µmol photon m -2 s -1 , Mineral medium,	harvested by cycle after Freeze/thaw	Water 50%	methanol	RP-HPLC	[474]
								centrifugation		
	Anatoxin-a	flos-aquae Anabaena	Cytotoxic	18-20 ºC, 30-50 µmol BG-11 medium,	after Freeze-dried	Derivatization Dichloromethane,	GC-ECD	[441]
					photon m -2 s -1 ,16:8 h	harvested by	with	
								filtration		pentafluorobenzyl
										bromide	
	and B Calothrixins A	Calothrix	anticancer and Antimalarial	10mM NaNO3 NiSO4, medium [475], 25 ºC, Allen and Arnon	Lyophilized	, ethyl acetate, Dimethylsulfoxide Sohxlet/	singles-crystal NMR, 1 H EIMS, 13 C NMR,	[414]
					24:0 h					hexane, acetone	X-ray
	Carriebowmide	Lyngbya polychroa	-	Collected sample		Freeze-dried	EtOAc-MeOH,	IR, HPLC, NMR	[443]
										EtOH-H2O
	Columbamides	Moorea (Lyngbya)	Cannabinomi	Collected sample, BG-	Freeze-dried	(2:1,		v/v)	IR, 1 H and 13 C	[473]
				metic	11 medium				CH2Cl2/MeOH	NMR,	HPLC,
												HRMS-genomic
												analysis
	1020 Cyanopeptolin	aeruginosa UV-006 Microcystis	Inflammatory Anti-	photon m -2 s -1 26ºC, 40±5 Mineral medium, µmol	centrifugation Harvested by	Water 60% acetonitrile,	mass resolution RP-HPLC, high-	[474,476]
												spectrometry
	Diterpenoids	Nostoc commune	Antibacterial,	Inorganic	culture	Harvested by	Methanol	NMR,	MS,	[462]
	commostins		cytotoxic, molluscicidal	medium, 24 ºC, 29 µmol photon m -2 s -1 ,	filtration				single-crystal X-ray
					24:0 h, 2% CO2					
	9-		Nostoc sp.	Antibacterial	Collected sample, BG-	Harvested by	Methanol	TLC,	HPLC,	[477]
	(morpholin -4 hyl-12-Ethyliminomet			14:10 h µmol photon m -2 s -1 , 11 medium, 25 ºC, 95	lyophilized and centrifugation			ESIMS, NMR
	-ylmethoxy) -									
	5, 8, 13, 16-									
	tetraaza-									
	hexacene -2,									
	3 dicarboxylic									
	acid										
	Harmane	Geitlerinema sp.	Antimicrobial	Rippka et al [478], 25	Harvested by	Volk´s procedure,	TLC,	LC-	[438]
					ºC, 10 µmol photon	centrifugation	methanol,	MS/MS,	GC-
					m -2 s -1 , 24:0 h				Derivatization	FID
	Isoflavones	Nostoc,					Lyofilized		Supercritical fluid	UHPLC-MS/MS	[463]
			Spongiochloris,	-		-				extraction
			Scenedesmus								
	Lyngbyabellin	Lyngbya majuscula	antifungal	Collected sample		-		(2:1,		v/v)	1D	and	2D	[436]
	B									CH2Cl2/MeOH,	NMR, GC-MS
	Mycosporine-	Aphanizomenon	Anticancer				Dry powder,	No extraction	NMR,	ESI-	[460]
	like acids	amino and	flos-aquae			-		sonicated for 1 h			QTOF-MS, CID-MS/MS
	glycosides									
	Norharmane	Nostoc insulare,	Algicidal	Pohl et al. medium	Centrifugatio	Methanol	HPLC	[480]
			Nodularia		[479], 27 ºC, 25-30	n	and		
			harveyana		µmol photon m -2 s -1 ,	filtration,			
								freeze-dried		
	Norharmane	Synechocystis	Algicidal,	BG-11 mediium, 24	Harvested by	Volk´s procedure	TLC	[434]
			aquatilis	allelopathic	ºC, 30 µmol photon	centrifugation		
					m -2 s -1 , 24:0 h					
	Nostocarboline	Nostoc	Inhibitor	Mineral	medium,	Lyophilized	60% methanol	2D-NMR	[481,482]
			78-12A	of	25ºC,	continuously			CH3CN-H2O,95:5
				butyrylcholin	illumination, 15 µmol			V/V	
				esterase	photon	m -2	s -1 ,			Separated	by
					CO 2 enriched air (600			HPLC	
					mL min -1 , 0.15 vol %				
					CO2						
	es paracyclophan [7.7]	Nodularia, Anabaena Cylindrospermum, Nostoc,	cytotoxic Antibacterial,	CO2, 20-28 ºC, 0.5-5% 20-80 µmol NaCl, MBL medium, BG-11, BG-11+0.5%	centrifugation harvested by after Freeze-dried	(5:2:5:2, and EtOAc, n-heptane,	H2O MeOH,	2D NMR eter, HPLC-UV, spectrophotom UV-vis	[447]
			Pseudanabaena		photon m -2 s -1				v/v/v/v;	
	Phenolic		Phaeodactylum	Antioxidant	f/2 medium [483],	Freeze-dried	solid-phase	RP-HPLC	[448]
	compounds	tricornutum		24ºC, 8000 lux, 24:0 h	after harvested by	extraction/ Methanol,
								filtration		acetone:hexane
										(1:4)	
	polysaccharide Sulphated	Nostoc calcicola	Antiviral	1 , 16:8 h 35 µmol photon m -2 s -BG-11 medium, 25 ºC	centrifugation Harvested by	(1993) Mouhim et al.	IR, GC	[484]