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Development of a system of small pressurizable bioreactors used to assess Saccharomyces cerevisiae's behaviour under CO and O pressure

Na Cui

Les domaines d'application de la levure sont vastes, allant de la nourriture, de la brasserie à l'énergie verte. La levure Saccharomyces cerevisiae est l'espèce dominante à l'échelle mondiale. En outre, S. cerevisiae est également un organisme modèle important dans la recherche sur la biologie cellulaire moderne et est l'un des micro-organismes eucaryotes les plus étudiés.

Ce travail se concentre sur le comportement des cultures de levures exposées à la pression induite par le CO₂ et l'O₂. La pression maximale étudiée est de 9 bar (A) car la pression la plus élevée pouvant être atteinte dans les bioréacteurs à l'échelle industrielle est de 8 bar (A). Afin d'exposer la culture de levure à des conditions de pression, de nouveaux bioréacteurs ont été construits et caractérisés. Deux expériences sont conçues : des expériences pour étudier la croissance des levures et des métabolites sous pression, ainsi que les expériences de biologie moléculaire pour mieux comprendre le comportement des cellules de levures sous différentes pressions d'O₂.

La première expérience a permis de mieux comprendre l'influence des pressions de CO₂ et O₂ sur le comportement de culture de S. cerevisiae. En ce qui concerne l'impact du CO₂, l'étude a montré que la culture de levure a des comportements constants sous différentes pressions. Concernant la pression d'O₂, sous 2 à 5 bar (A) d'air, les cellules de levure présentent des taux de croissance plus élevés par rapport à la pression atmosphérique. De plus, la molécule antioxydante, le glutathion a maintenu un équilibre redox. De 6 à 9 bar (A), la croissance cellulaire est inhibée. A 9 bar (A) cela entraîne une accumulation excessive de glutathion oxydé. D'un autre côté, les expériences en biologie moléculaire ont permis de mieux comprendre le comportement de la culture sous les différentes pressions d'O₂. L'étude de plusieurs gènes induits par le stress oxydatif a mis en évidence les effets cellulaires de ce stress et la réponse des mécanismes moléculaires dans les cellules de levure. Il a été démontré que plusieurs gènes induits par le stress oxydatif étaient régulés à la hausse : le gène du facteur de transcription Msn2/4 et Yap 1, les gènes du métabolisme du glutathion GSH2 et GLR, ainsi qu'un gène de synthèse de la superoxyde dismutase SOD2.

This work focuses on the behaviour of yeast culture exposing to pressure induced by CO2 and O2. The maximum pressure studied is set up to 9 bar (A) due to the highest pressure that can be reached in an industrial scale bioreactor is 8 bar (A). In order to expose yeast culture to these pressure conditions, new bioreactors were built and characterised. Two experiments are designed: First, an experiment to investigate the yeast growth and the metabolites under pressure, and second, molecular biology experiments to better understand yeast cells behaviour under various O₂ pressure.

The first experiment has offered a better understanding of the influence of CO₂ and O₂ pressures on S. cerevisiae culture behaviour. Regarding the impact of CO₂, the study has shown that the yeast culture has consistent behaviours under different pressures. While, in terms of O₂ pressure, under 2 to 5 bar (A) air pressure, yeast cells show higher growth rates compared to atmospheric pressure. Furthermore, glutathione, an antioxidant molecule kept a redox balance. Under 6 to 9 bar (A), the cells growth is inhibited and at 9 bar (A), it leads to an excessive oxidised glutathione accumulation.

The second experiment, the molecular biology experiment has provided further insights on the culture behaviour under O2 pressures. The investigation of several oxidative stress induced genes has highlighted the cellular effects of this stress induced by oxygen pressure and the molecular mechanism response in yeast cell. It was shown that several oxidative stress induced genes were upregulated: transcription factor genes Msn2/4 and Yap 1, glutathione metabolism genes GSH2 and GLR, as well 

Introduction Introduction

Yeast utilization by human can be traced back to the first breadmaking approximately 4500 years ago in ancient Egypt [START_REF] Abdel-Azeem | The history, fungal biodiversity, conservation, and future perspectives for mycology in Egypt[END_REF]. Today, yeast is used in many applications, ranging from food and brewing to green energy.

The Saccharomyces cerevisiae is the worldwide dominating species in the industrial sector. In large scale processing, some problems are faced during the high capacity bioreactors operation, such as the transfer of mass and energy and the regulation of growth factors. However, one factor tends to be ignored: hydrostatic pressure. As production bioreactor can be extremely high, cells travel from low pressure zone to high pressure zone. The highest commercial reactor of this type was built in late 1970s in Billingham, UK by Imperial Chemical Industries (ICI). It was 70 meters and the differences of pressures between the top layer and bottom layer is up to 7 bar (A).

This high-pressure variation indeed increases the solubility of gases involved in the yeast metabolism. The two main gases of interest are CO₂ and O₂, this is why this Regarding CO₂, the existing literature showed that CO₂ toxicity is known.

However, it is not clear if the CO₂ produced by the yeast fermentation is directly responsible of this toxicity. The work proposed in this manuscript aims at answering this question.

O₂ is known to be required for respiration. Hence an optimal O₂ pressure can promote yeast performance. Still, excess O₂ is also known to be toxic by excessive accumulation of reactive oxygen species. However, the threshold for optimal supply and the mechanism of adverse effects remain unclear. We will investigate this as well in this study.

In addition to be being of industrial relevance, S. cerevisiae is also important in biology research. This is because S. cerevisiae is one of the model organisms in modern cell biology and is one of the most thoroughly studied eukaryotic microorganisms. It has been crucial in understanding the fundamental processes that drive the cell life cycle, the regulation of gene expression, the signal transduction, the cell cycle, its metabolism, and many other biological processes [2]. From a biotechnological point of view, it means that the reported investigations were able to use molecular biology as a tool to gain further insights on yeast metabolism under pressure.

In order to face changing environmental conditions, yeast cells try to maintain a stable intracellular redox environment. However, when ROS level exceeds the cells ability to eliminate them, they become harmful resulting in oxidative stress [3], [4]. The cells are able to monitor and regulate ROS concentration through antioxidant defence mechanisms. According to the different operation levels, these mechanisms are grouped into enzymatic and non-enzymatic pathways. Those yeast responses will also be monitored using secondary metabolites and gene expression quantifications.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France and monitoring cell growth inline were developed. Then, the effect of pressures induced by CO₂ and O₂ on yeast growth was investigated via monitoring yeast concentration and evaluating the metabolisms under the growth conditions. The cellular response to oxidative stress were also researched. Finally, the expression profiles of genes Msn2p, YPA1, GSH1, GSH2, GLR, SOD1, SOD2, CTT1 and APN were monitored.

Manuscript structure

This manuscript is divided into five chapters presenting the work accomplished during this PhD.

Chapter Ⅰ presents a review of the literature. It provides a basic background on yeast applications in commercial and its essential role in modern biology research.

As this topic is very wide, a focus was set on hydrostatic pressures induced by CO₂ and O₂. The relative reports of molecular mechanism are also investigated. A culture vessel is indispensable in industrial yeast processing. Especially in this case the pressurisable one is required. Hence, the usual characteristics of a bioreactor and general principles of bioreactor design is introduced.

Chapter Ⅱ describes the new bioreactors built in this study. It can be broken down into four parts. The first one aims at describing each main components of the bioreactors and presenting the set-up to fulfil the pressurisation. The second one focuses on the measurement of the dead volume of these vessels. The third one deals with the determination of the volumetric mass transfer coefficient. The last one explains special strategies to follow yeast growth by an optical density system.

Chapter Ⅲ deals with the techniques and methodologies used in this study. The first part briefly presents the main subject at stake in this work: effect of CO₂ and O₂ pressures on yeast culture. The second part describes the microorganism used in this study and its cultivation. In the third part presents the experimental methods in detail. The last part of this chapter focuses on the procedure of the molecular biology analysis.

Chapter IV presents the results about the hydrostatic pressure thanks to the experimental vessels. This chapter can be divided into two themes. It reports the influence of CO₂ pressure on the yeast culture. Then it describes the impact of the different O₂ partial pressures on yeast growth and its metabolism. 

Introduction

This chapter aims at providing the required background for understanding the following work. It can be divided into five parts.

The first part introduces the yeast in terms of industrial application and the role as model organism in biology study. Then it focuses on a species Saccharomyces cerevisiae. The concepts developed here will remain on the general level. The aim is to familiarize the uninformed reader with the knowledge of yeast S. cerevisiae.

The second part presents the common parameters which influence the yeast growth and metabolism. Then this study focuses on one factor which tends to be ignored, namely hydrostatic pressure, in large industrial bioreactors. Studies on two essential industrial gases: CO2 and O2 are also reported.

The third part describes the major metabolisms in yeast. It presents the respiration types of S. cerevisiae as facultative aerobic-anaerobic microorganism.

Then it focuses on the general stresses occurred in yeast culture. The oxidative stress and anti-stress mechanisms are especially introduced.

The fourth part focuses on the design of bioreactor. It presents the general types of bioreactors and their usual characteristics.

The last part compares of the different types of the liquid culture used in a bioreactor. It presents the main classifications on the basis of the operation mode.

The advantages and drawbacks of each are weighted.

Yeast Saccharomyces cerevisiae

Yeast in industrial applications

Yeast utilization by human is not new, it can be traced back to about 4500 years ago and ancient Egypt, as Egyptians started to use yeast to make bread [START_REF] Abdel-Azeem | The history, fungal biodiversity, conservation, and future perspectives for mycology in Egypt[END_REF]. Nowadays yeast fields of application are extensive, ranging from production of alcoholic beverages, food and brewing to green energy. Figure 1.1 shows that the main field of the yeast production is the production of the alcoholic beverages and the yeast S.

cerevisiae is important in the procedure. The yeast S. cerevisiae is the worldwide dominating species in the production of alcoholic beverages not only due to the Parameters influencing yeast activity Section 1.2
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France activity for the generation of ATP. Although strict fermentation occurs under anaerobic condition, O₂ is mainly required for the synthesis of yeast membrane compounds, i.e. sterols and unsaturated fatty acids (UFA). Those are required for adequate yeast growth during fermentation [START_REF] Boulton | Brewing yeast and fermentation[END_REF]. For strict fermentation in wine making, the average amount of O₂ needed is between 5-10 mg/L [START_REF] Salmon | Determination of oxygen utilization pathways in an industrial strain of Saccharomyces cerevisiae during enological fermentation[END_REF]. The lipid content in the medium can decrease the O₂ requirement.

In the traditional industrial fermentation processing by yeast, for example the production of beer, the fermentation period normally takes one or two weeks before entering the maturation period. Thus reducing this fermentation time while having the similar culture quality at the end, allows to optimize time and reduce costs. To do so, a promising strategy is to increase of the amount of suspended yeast cells in a batch fermenter. However, when high concentrations of yeast cells are present, oxygen availability is decreased. Therefore, an optimisation of the oxygen supply could improve the sustainability and promote the fermentation performance of high cell density fermentations. That is why in the traditional industrial production of yeast cells, oxygen is supplied. For example, a company named as Jästbolaget AB whom was founded in 1983 as the Nordic's largest producer of baker's yeast, supplied O₂ by 2.2 bar (A) air pressure at 1.6 vvm to their 215 m³ reactors [START_REF] Bjarre | Luftning i fedbatchodlingar av Saccharomyces cerevisiae[END_REF].

Optimisation of O₂ supplementation

Still, while low O₂ supplementation favours yeast growth, excessive addition exhibits harmful effects. Recently, food sterilization procedures based on the use of oxygen under high pressure have been proposed owing to its toxicity for microorganisms [START_REF] La | Process for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO 2 mitigation[END_REF].

A simple conclusion arises from these two observations, an optimal O₂ supply pressure exists. From this pressure, yeast growth is promoted while O₂ harmful effects are not into play yet.

The topic of the impact of hyperbaric conditions on yeast growth has not been much investigated. Still, the pioneering work of Belo has to be acknowledged. Belo (or at least lack of growth), whereas the other gases such as nitrogen and argon have an influence on yeast growth starting at 80 bar (A) on [START_REF] Arao | Effect of High-Pressure Gas on Yeast Growth[END_REF].

Oxidative stress occurring during the oxidation process

Paradoxical to the requirement of oxygen for yeast adequation, oxygen can cause yeast degeneration as it can attack cellular compounds, such as DNA, lipids, sugar and proteins. It can even lead to programmed cell death by the generation of highly reactive oxygen species (ROS), such as superoxide (•O 2 -), hydrogen peroxide (H₂O₂)

and hydroxyl radical (•OH), during normal aerobic metabolism or after exposure to radical-generating compounds. Under normal physiological conditions, yeast cells are able to maintain a stable intracellular redox environment. To do so, cells can express or modify molecules including lipids, nucleic acids or proteins that plays a major role to regulate energy metabolism and material metabolism and to keep the cellular homeostasis. However, when ROS concentration exceeds the ability of the cells to eliminate them, they become harmful by causing respiratory deficiencies that result in oxidative stress [3], [4].

In order to protect against oxidative damage, yeast cells are constantly monitoring and regulating their concentration by invoking antioxidant defence mechanisms. Such mechanisms are grouped into enzymatic and non-enzymatic pathways that operate at different levels. Enzymatic pathways are the primary defences, removing or repairing the oxidative damage and their products. The main enzymes at stake are catalase, peroxidase, superoxide dismutase (SOD), glutaredoxin family and glutathione peroxidase [START_REF] Grant | Role of the glutathione/glutaredoxin and thioredoxin systems in yeast growth and response to stress conditions[END_REF]- [START_REF] Lin | Lactobacillus plantarum AR501 Alleviates the Oxidative Stress of D-Galactose-Induced Aging Mice Liver by Upregulation of Nrf2-Mediated Antioxidant Enzyme Expression[END_REF]. In contrast, non-enzymatic system involves small molecules that act as radical scavengers, for example, glutathione and vitamins, they can be oxidized by ROS and thereby allow to neutralize oxidants [START_REF] Izawa | Oxidative stress response in yeast: effect of glutathione on adaptation to hydrogen peroxide stress in Saccharomyces cerevisiae[END_REF]. Oxidative related genes are also involved into the defence mechanisms, such as SOD1, SOD2, CTT1, CTA1, GSH1, GLR1, GRX1 and GRX2 [START_REF] Martínez-Pastor | The Saccharomyces cerevisiae zinc finger proteins Msn2p and Msn4p are required for transcriptional induction through the stress response element (STRE)[END_REF]- [START_REF] Jamieson | Oxidative stress responses of the yeast Saccharomyces cerevisiae[END_REF].

Dissolved carbon dioxide

During fermentation, CO₂ is a major by-product of ethanol production. The evolution of CO₂ can be stoichiometrically related to glucose consumption by the following equation: 

C 6 H 12 O 6 → 2C 2 H 5 OH + 2CO
CO 2 + H 2 O ⇋ H 2 CO 3 H 2 CO 3 ⇋ H + + HCO 3 - K 1 = 5.35×10 -7 mol/L HCO 3 - ⇋ H + + CO 3 2-
K 2 = 6.12×10 -11 mol/L Figure 1.7 described the general behaviour of the three species according to the study of Zosel et al. [START_REF] Zosel | The measurement of dissolved and gaseous carbon dioxide concentration[END_REF]. An increase in dissolved CO₂ is usually observed with a decrease in pH [START_REF] Zosel | The measurement of dissolved and gaseous carbon dioxide concentration[END_REF], [START_REF] Frick | Indirect methods for characterization of carbon dioxide levels in fermentation broth[END_REF]. CO₂ exists primarily as dissolved CO₂ under pH range of 4-6 that are prevalent in ethanol fermentation systems with a tiny amount of HCO 3 -, while the concentration of CO 3 2-ions under this pH range is close to zero and between a pH range of 6 and 7, is less than 0.3% [START_REF] Dixon | The inhibition by CO2 of the growth and metabolism of micro-organisms[END_REF], [START_REF] Zosel | The measurement of dissolved and gaseous carbon dioxide concentration[END_REF], [START_REF] Frahm | Determination of dissolved CO2 concentration and CO2 production rate of mammalian cell suspension culture based on off-gas measurement[END_REF]. 

Mechanism of carbon dioxide inhibition

The theories of different inhibition mechanism of CO₂ vary in three aspects. One set of theories have been put forward based on that the released H + from the hydrolysis of CO₂ changes the external pH of the fermentation media. Then consequently results in an intracellular condition non-conducive for glycolysis. Other set of theories have been proposed based on the influence of HCO 3 -. The third set of theories focus on the effect of CO₂ itself in its dissolved form otherwise known as dissolved CO₂.

The optimal pH range in S. cerevisiae culture for cell growth is from 5 to 5.2. The effect of extracellular pH variation on yeast culture was described previously in section 1.2.4. Intracellular pH of S. cerevisiae is generally neutral at 7 [START_REF] Delvigne | Microbial heterogeneity affects bioprocess robustness: Dynamic single-cell analysis contributes to understanding of microbial populations[END_REF]. At the intracellular level, both HCO 3 -, and dissolved CO₂ have the same effect on the changing of the intracellular pH balance. The influx of HCO 3 -makes the intracellular
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France more alkaline [START_REF] Verduyn | Energetics of Saccharomyces cerevisiae in anaerobic glucose-limited chemostat cultures[END_REF] that upsets the above explained pH balance. In addition, more ATP is produced by the cell to offset pH imbalances. Energy in cells in the form of ATP serves two purposes, while one purpose is cell growth/reproduction and the other is cell maintenance. More ATP produced to offset the pH imbalance results in diversion of flux towards cell maintenance rather than cell growth/reproduction [START_REF] Daoud | Work at the laboratory ( 1 . 5 Litre and 11 Litre ), pilot ( 30 Litre ) and experimental brewery ( 100 hi ) scales of fermentation has demonstrated that a good correlation exists between evolved CO2 and changes in CO2 ( eCO2 ) was found to be the most con[END_REF], [START_REF] Galazzo | Fermentation pathway kinetics and immobilized Saccharomyces cerevisiae[END_REF].

Therefore, reduction of cell activity is observed consequently resulting in cell death.

The theories have been proposed on the fact that the CO₂, whether in its native dissolved form or as HCO 3

-. This has inhibition on S. cerevisiae by changing the characteristics of the cell membrane. The cell membrane is primarily made up of sterols, lipids and unsaturated fatty acids (UFA). The HCO 3 -inhibition mechanism is proposed in the influence on dielectric properties of cell membrane. The effect of HCO 3 -has been posited to be on the charged phospholipid head groups on the surface of the membrane. On the other hand, dissolved CO₂ is absorbed into the cell membrane and can react with the sterols and UFA, modify membrane fluidity, disturb the activity of a membrane-bound enzyme important to the initiation of the germination as well as affect transport characteristics across the membrane [START_REF] Dixon | The inhibition by CO2 of the growth and metabolism of micro-organisms[END_REF].

Hence, in S. cerevisiae change in membrane characteristics affects intercellular nutrient transport resulting in metabolic inhibition [START_REF] Verduyn | Energetics of Saccharomyces cerevisiae in anaerobic glucose-limited chemostat cultures[END_REF], [START_REF] Dixon | The inhibition by CO2 of the growth and metabolism of micro-organisms[END_REF].

However, details pertaining to the mechanism of those three factors mentioned upon (pH, HCO 3 -and dissolved CO₂) individually are absent because they are always binding together.

The effect of sugar on S. cerevisiae fermentation and respiration

As mentioned above, carbon source is important for yeast growth. As the preferred carbon substrate of S. cerevisiae, glucose inhibits the degradation of other sugars when a mixed carbohydrates source is supplied in the yeast culture [START_REF] Klein | Glucose control in Saccharomyces cerevisiae: The role of MIG1 in metabolic functions[END_REF]. In the presence of air, the assimilation proceeds of glucose or fructose mainly through respiration. When mannose or galactose is supplied as the carbon source in yeast culture, the assimilation of glucose proceeds simultaneously through aerobic and anaerobic fermentation. Under aerobic conditions and high external glucose concentration, S. cerevisiae produces ethanol rather than producing biomass through the tricarboxylic acid (TCA) cycle.

This regulatory mechanism called "Crabtree effect", named after the English biochemist Herbert Grace Crabtree. The Crabtree effect is as a consequence from the fact that the respiratory enzymes synthesis is repressed by high fermentation rates [START_REF] De Deken | The Crabtree effect: a regulatory system in yeast[END_REF]. This phenomenon dependents on the substrate. This occurrence is believed to be evolved as a competition mechanism due to the antiseptic nature of ethanol [START_REF] Michael Thomson | Resurrecting ancestral alcohol dehydrogenases from yeast[END_REF]. The phenomenon of alcoholic fermentation could be primarily caused by a limit in cellular dissipation energy rate in stand of due to a limited respiratory capacity.

Metabolism

Aerobic respiration

The process of cellular respiration or aerobic respiration is a set of metabolic reactions where the carbon substrate is oxidized to CO₂, water. Released energy is used to regenerate ADP into ATP. ATP is the energy currency of the cell and is produced to provide energy for others cellular activities such as biomass production. In strict oxidative metabolism of S. cerevisiae, biomass are the only products from glucose and oxygen. The maximal biomass yield coefficient on glucose is 0.5 g yeast /g glucose [START_REF] Verduyn | Energetics of Saccharomyces cerevisiae in anaerobic glucose-limited chemostat cultures[END_REF].
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Anaerobic respiration

S. cerevisiae is a facultative aerobic-anaerobic microorganism. Thus, it can also produce energy under anaerobic conditions also named as alcoholic fermentation.

Alcoholic fermentation occurs anaerobically and dissimilate glucose to yield as final products: ethanol and CO2. Figure 1.9 shows the enzymatic steps on S. cerevisiae in alcoholic fermentation [START_REF] Venkatachalam | Degradation and Recyclability of Poly (Ethylene Terephthalate)[END_REF].

Even though fermentation usually happens in the absence of oxygen, this is not a strict rule. Under the condition that the sugar is fully accessible, even in the presence of high levels of oxygen, yeasts primarily choose to ferment instead of respiring. This phenomenon is called the Crabtree effect [START_REF] De Deken | The Crabtree effect: a regulatory system in yeast[END_REF], defined as the effect of the glucose inhibition of aerobic metabolism occurring both in the presence or absence of oxygen. For example, S. cerevisiae is known as a Crabtree negative yeast, because they can produce ethanol under aerobic condition in the presence of high external glucose concentrations. 

General stresses in yeast culture

All living organisms are influenced constantly by various types of environmental and physiological factors that can result into stresses. Hence, it is important to cope with the adverse conditions for the cells in order to survive and adapt to the deleterious environments. Stress responses are particularly important for microorganisms due to their highly variable physical environments and far from constant growing conditions.

There are several examples: the toxicity of the product such as ethanol, components of the medium such as salts and glucose, the physical environment such as temperature and pH, hydrostatic pressure, or nutrient limitations. Among them, yeast S. cerevisiae is most widely used as a model organism to study how eukaryotic cells respond to stresses and the stress-related pathways.
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In the process of industrial production, yeast is exposed to relatively high initial glucose and salt concentration causing high osmolarity, high temperature, and, at the end of the fermentation, very high ethanol concentration. Hence, ethanol, osmotic and heat shock stresses are the mean industrial stresses during the yeast processing.

Hence, it is interested in understanding how yeast responses to these stresses phenotypically.

Regarding general stress response, yeast cells have developed several response mechanisms. When yeast expose to mild stress, cells is capable to develop tolerance not only to higher amount of the same stress, but also to the stresses caused by other agents, which is known as cross-protection. This phenomenon suggests the existence of an integrating mechanism responding to different stress types, for example, several heat-shock responding proteins are induced by nutrient starvation that is besides thermal stress [START_REF] Kurtz | An ancient developmental induction: Heat-shock proteins induced in sporulation and oogenesis[END_REF], [START_REF] Werner-Washburne | Yeast Hsp70 RNA levels vary in response to the physiological status of the cell[END_REF]. Additionally, there are some common pathways in response to very different stress conditions, such as cAMP-PKA (protein kinase A) pathway [START_REF] Ruis | Stress signaling in yeast[END_REF]- [START_REF] Thevelein | Novel sensing mechanisms and targets for the cAMP-protein kinase A pathway in the yeast Saccharomyces cerevisiae[END_REF]. Some stress response elements were identified in the promoter of stress responding genes, such as the element STRE (stress response element) with the core consensus sequence AGGGG (or the complementary orientation CCCCT) [START_REF] Ruis | Stress signaling in yeast[END_REF] or PDS (post-diauxic shift) with T/AAGGGA [START_REF] Boorstein | Regulation of a yeast HSP70 gene by a cAMP responsive transcriptional control element[END_REF]. With respect to the presence of STRE in promoter, many genes are candidates reduced through the general stress response pathway, such as HSP104, CTT1, TPS1, TPS2, TPS3

and TSL1 [START_REF] Boy-Marcotte | Msn2p and Msn4p control a large number of genes induced at the diauxic transition which are repressed by cyclic AMP in Saccharomyces cerevisiae[END_REF], [START_REF] Treger | Transcriptional factor mutations reveal regulatory complexities of heat shock and newly identified stress genes in Saccharomyces cerevisiae[END_REF].

In general stress response, the consequential effects in yeast cells are increased energy expenditure for maintenance, decreased biomass yield, and the inhibited respiration. Moreover, different stress types contributed differently to the effects. As shown in Figure 1.10, high ethanol concentration increases the cell membrane permeability and in the membrane composition, both in fatty composition and total ergosterol content [START_REF] Cartwright | Effect of ethanol on activity of the plasma-membrane ATPase in, and accumulation of glycine by, Saccharomyces cerevisiae[END_REF], [START_REF] Lahtvee | Adaptation to different types of stress converge on mitochondrial metabolism[END_REF]. Osmotic stress causes oxidative stress, which results in glycerol excretion to act as an osmolyte proliferating yeast cells [START_REF] Hohmann | Osmotic Stress Signaling and Osmoadaptation in Yeasts[END_REF]. High temperature increases protein turnover, which eventually results in the onset of fermentation and a reduction in respiration [START_REF] Lahtvee | Adaptation to different types of stress converge on mitochondrial metabolism[END_REF], [START_REF] Peter | Analysis the Saccharomyces[END_REF].
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To avoid GSH depletion, GSSG molecules are recycled back to GSH by the action of glutathione reductase [START_REF] Gostimskaya | Yeast mitochondrial glutathione is an essential antioxidant with mitochondrial thioredoxin providing a back-up system[END_REF]. Thus, the important factor indicating the state of yeasts ROS coping mechanism is the value of the GSH/GSSG ratio, which give the proportion of oxidation state of glutathione to the reduced form [START_REF] Grant | Role of the glutathione/glutaredoxin and thioredoxin systems in yeast growth and response to stress conditions[END_REF], [START_REF] Smith | Glutathione and Gts1p drive beneficial variability in the cadmium resistances of individual yeast cells[END_REF], [START_REF] Mehdi | An important role for glutathione and γglutamyltranspeptidase in the supply of growth requirements during nitrogen starvation of the yeast Saccharomyces cerevisiae[END_REF].

Classically, the basal value of this ratio is 6 (mass concentrations). A lower ratio would indicate that yeast cells struggle maintaining proper intracellular environment. In S. cerevisiae, the genes coding GSH biosynthesis are GSH1 and GSH2. They encode γ-glutamylcysteine synthetase and gluthathione synthetase respectively [START_REF] Ohtake | Isolation and characterization of glutathione biosynthesis-deficient mutants in saccharomyces cerevisiae[END_REF], [START_REF] Ohtake | Molecular cloning of the γ-glutamylcysteine synthetase gene of Saccharomyces cerevisiae[END_REF]. It is also suggested that GSH is important in protecting the mitochondrion from oxidants produced as a result of respiration [START_REF] Longo | Superoxide dismutase activity is essential for stationary phase survival in Saccharomyces cerevisiae: Mitochondrial production of toxic oxygen species in vivo[END_REF]. An essential role of glutathione as an antioxidant in yeast is to maintain a balance of high reduced-oxidized ratio in cells.

Hence, in order to maintain the GSH/GSSG ratio and reduce oxidized glutathione, the enzyme glutathione reductase plays the primary responsibility to this balance. The gene GLR1 has been identified to encoding the glutathione reductase and the glr1 mutants are hypersensitive to oxidants although they can accumulate an excess of oxidized glutathione [START_REF] Grant | Yeast glutathione reductase is required for protection against oxidative stress and is a target gene for yAP-1 transcriptional regulation[END_REF], [START_REF] Collinson | Isolation, characterization and overexpression of the yeast gene, GLR1, encoding glutathione reductase[END_REF]. On the other hand, GSH can act as a source of electrons for glutathione peroxidase while it can react directly with radicals and electrophiles. The enzyme glutathione peroxidase use GSH as a reductant catalysing the reduction of hydroperoxides [START_REF] Galiazzo | Glutathione peroxidase in yeast. Presence of the enzyme and induction by oxidative conditions[END_REF]. A gene OSR1 has been isolated that can increase the level of GSH-dependent peroxidase activity [START_REF] Inoue | Cloning and phenotypic characterization of a gene enhancing resistance against oxidative stress in saccharomyces cerevisiae[END_REF]. It has been shown that OSR1 is allelic to gene ZRC1 which encoding a putative membrane protein and when it presents in a high copy can increase the resistance to cadmium [START_REF] Kamizono | Identification of a gene conferring resistance to zinc and cadmium ions in the yeast Saccharomyces cerevisiae[END_REF], [START_REF] Jamieson | Oxidative stress responses of the yeast Saccharomyces cerevisiae[END_REF].

Superoxide dismutase (SOD) relevant system

As mentioned above, to repair the damage of the oxidative stress and protect against further exposure to the same and other stresses, yeast cells have developed rapid antioxidant molecular response to cope with the deleterious effects. These cellular family. An archetype in this family is Yap1p which can bind to the antioxidant response element sequence (TGACTCA) [START_REF] Estruch | Stress-controlled transcription factors, stress-induced genes and stress tolerance in budding yeast[END_REF]. For example, overexpressing the gene YAP1 in S. cerevisiae can confer resistance to several toxic agents such as nitrosoguanidine via a glutathione-independent mechanism [START_REF] Grey | current Genetics to nitrosoguanidine in Saccharomyces cerevisiae via a glutathioneindependent mechanism[END_REF]. Meanwhile, it was found that yap1 mutants were hypersensitive to oxidants [START_REF] Schnell | The PAR1 (YAP1/SNQ3) gene of Saccharomyces cerevisiae, a c-jun homologue, is involved in oxygen metabolism[END_REF]. Moreover, Pos9p (also known as Skn7p) has been reported that it can be regulated through the same sensor (Sln1n-Ypd1p) with Yap1p that controls a downstream MAPK in response to hyperosmotic stress but independent of Ypd1p. As a transcription factor, Pos9p is able to induce oxidative related genes such as TRX2 and TRR1 in conjunction with Yap1p [START_REF] Morgan | The Skn7 response regulator controls gene expression in the oxidative stress response of the budding yeast Saccharomyces cerevisiae[END_REF]. However, it is not necessary for the induction of Yap1p-dependent genes [START_REF] Lee | Yap1 and Skn7 control two specialized oxidative stress response regulons in yeast[END_REF].

As mentioned above, nowadays yeast fields of both industrial application and molecular mechanism researches are extensive. From practical production, yeast need to be grown. This operation is led in various kind of vessels called bioreactor.

Bioreactor design

The bioreactor is the heart of biochemical process. In these process, enzymes, microbial mammalian or plant systems are used for manufacture of a wide range of useful biological products. A bioreactor is a specially designed well which is built to support the growth of the particular cell system employed. The main objective of a properly designed bioreactor is to provide a controlled environment to achieve growth and/or product formation. Frequently the term "fermenter" is used in the literature to refer to "bioreactor".

The performance of any bioreactor depends on many functions including:

In a growth associated bioprocess, the biomass concentration must remain high enough to achieve high yield.

Sterile conditions must be maintained for pure culture system.

Effective agitation is required for proper mass transfer and uniform distribution of substrate and microbes in the working volume of bioreactor.

Efficient heat transfer is needed to operate the bioreactor at constant temperature, as the desired optimal microbial growth temperature.

Creation of the correct shear conditions. High shear rate may be harmful to the shear sensitive organism and disrupt their cell wall; low shear may also be undesirable because of unwanted flocculation and aggregation of the cell, or even growth of organisms on the reactor wall and stirrer.

Types of bioreactors classified according to scale

The size of the bioreactors can very over several orders of magnitudes. The microbial cell (few mm³), the mini scale (10-1000 ml), pilot scale (0.3-10 m³) to industrial scale (2-500 m³) may be all examples of bioreactors.

Micro scale

Bioreactors have long been designed to optimize the productivity of microbial cell factories. The ideas behind of the design are usually on the basis of engineering parameters such as power input and oxygen transfer [START_REF] Nienow | Hydrodynamics of stirred bioreactors[END_REF]. On the other hand, system biology has revealed the intrinsic complexity of the biological system that has to be handled in a bioreactor [START_REF] Silva-Rocha | Noise and Robustness in Prokaryotic Regulatory Networks[END_REF]. Indeed, microbial systems are able to respond to the changes in the cultivation medium through different stress response pathways [START_REF] Devantier | Metabolite profiling for analysis of yeast stress response during very high gravity ethanol fermentations[END_REF].

Thus, knowledge of the behaviour of the biological system in the environment generated by the bioreactor is required (Figure 1.15) [START_REF] Lara | Living with heterogeneities in bioreactors: Understanding the effects of environmental gradients on cells[END_REF]. Accordingly, a range of mini-bioreactors, shaken or stirred (Figure 1.16), has been developed to speed microbial process development in an industrial-like environment [START_REF] Unthan | Bioprocess automation on a Mini Pilot Plant enables fast quantitative microbial phenotyping[END_REF], [START_REF] Weuster-Botz | Parallel reactor systems for bioprocess development[END_REF]. The general improvements of microbial systems have led to the design of cultivation vessels more in accordance with biological restrictions. The progressive miniaturization of cultivation devices indicates such trend. Moreover, that leads to microfluidics systems allowing to cultivate microorganisms in a precisely defined environment [START_REF] Delvigne | Metabolic variability in bioprocessing: Implications of microbial phenotypic heterogeneity[END_REF]- [START_REF] Grünberger | Single-cell microfluidics: Opportunity for bioprocess development[END_REF]. A good representation of these devices is a single-cell microfluidic system [START_REF] Grünberger | A disposable picolitre bioreactor for cultivation and investigation of industrially relevant bacteria on the single cell level[END_REF].

Mini scale

Regarding the mini scale bioreactor, microtiter plates (MTPs) have become popular.

That owes to low operating costs, easy handling, and the possibility of operating many bioreactors in parallel and consequently accelerating bioprocess development [START_REF] Micheletti | Microscale bioprocess optimisation[END_REF], [START_REF] Betts | Miniature bioreactors: Current practices and future opportunities[END_REF]. MTPs and shake flasks batch mode are most often employed in academia and industrial bioprocess development [START_REF] Betts | Miniature bioreactors: Current practices and future opportunities[END_REF]- [START_REF] Klöckner | Advances in shaking technologies[END_REF]. In addition, parallelizable and automatable high-throughput cultivations in small-scale bioreactor systems is important for medium optimisation and strain screening [START_REF] Neubauer | Consistent development of bioprocesses from microliter cultures to the industrial scale[END_REF].

Research in small-scale culture devices has been developed considerably and various technical solutions are available to allow even fed-batch processes on a small scale [START_REF] Wilming | Fed-batch operation in special microtiter plates: A new method for screening under production conditions[END_REF]- [START_REF] Zhu | Generation of high rapamycin producing strain via rational metabolic pathway-based mutagenesis and further titer improvement with fed-batch bioprocess optimization[END_REF].
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France temperature in batch, pilot or industrial scale. Hence, non-invasive methods such as fluorescence [START_REF] John | Integrated optical sensing of dissolved oxygen in microtiter plates: A novel tool for microbial cultivation[END_REF] or optical density measurement [START_REF] Kocincová | Multiplex bacterial growth monitoring in 24-well microplates using a dual optical sensor for dissolved oxygen and pH[END_REF] are often applied. Some companies distribute optical pH and CO₂ sensors. Highly stable and autoclavable optical fluorescence dye-based CO₂ sensors were reported by Ge et al. [START_REF] Ge | High-stability non-in v asi v e autocla v able naked optical CO 2 sensor[END_REF]. The applicability was successfully tested in E. coli cultivation. The sensors show no cross-sensitivity to ions, nor does the dye leach within a lifetime of several months.

In addition to common parameters such as DOT, temperature and pH, other parameters can be monitored in small-scale bioreactors. For example, the bdispersion of a cell suspension is used to correlate the impedance signal with the biomass concentration [START_REF] Hauttmann | In-situ biomass characterisation by impedance spectroscopy using a full-bridge circuit[END_REF]. Furthermore, it is possible to estimate the cell size by electric [START_REF] Hauttmann | In-situ biomass characterisation by impedance spectroscopy using a full-bridge circuit[END_REF].

Industrial scale

Bioprocess have applications in a variety of industrially important chemicals and compounds. It has a wide range including food, alcohol, medicine and green energy industry. As a core element in bioprocess, bioreactors are where the production of biomass, metabolite biosynthesis, and biotransformation take place.

There are three basic methods for biotechnological production using living matter: Make mass cultivation and production by using of cells in a controlled, closed reactor to. For example, multitude of bacteria producing a wide variety of large and small molecule products, while Escherichia coli is the preferred host for therapeutic proteins and small molecule production; the often hosts of yeast are Pichia pastoris and Saccharomyces cerevisiae for producing both large and small molecules; Algae is industrially used for single cell algae (Chlorella), b-carotene (Dunaliella), polyunsaturated fatty acids (PUFAS) and further more Chlorella is another genus used as health food.

Genetically modified higher plants can produce recombinant produce recombinant products in their leaves, fruits, roots or other parts.

Genetically modified mammals can be used to produce therapeutic proteins such as antibody and enzyme in their milk, blood, urine or other body liquids.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Industrial bioreactor may be divided into three main types: solid-state, fed batch and stirred tank reactor: Solid-state bioreactor. A variety of bioreactors have been used in solid-state fermentation (SSF) process. According to how the SSF bioreactors are mixed and aerated, they are classified into four groups: The group I reactors are also known as tray reactors and they are static or mixed once or twice per day with the air circulating around the bed; in group II, the bed is static or mixed infrequently and air forcefully blown through the bed; in group III reactors, the bed is mixed continuously but not blown forcefully; in group IV, the bed is agitated and air is blown forcefully through the bed.

Fed-batch bioreactor. Fed-batch bioreactors are widely used in several industrial applications because they combine the advantages of batch and continuous process. A proper feed rate with the right component constitution is required during fed-batch fermentation process. At the beginning of the fermentation all components are placed in the reactor and during the process there is nothing removed from the reactor, but the substrate is added to control the reaction rate by its concentration.

Stirred tank bioreactors (STR) are widely used or industrial-scale fermentation because of their good mixing ability and scale-up characteristics. Multiple impellers are used in STR to improve hydrodynamics, heat transfer and mass transfer characteristics. For accurate design and scale up of STR, the study of gas dispersion and the determination of mass and heat transfer of overall reaction rates have to be investigated. Different hydrodynamic parameters such as fractional gas holdup, power consumption, and mixing time were evaluated.

Usual characteristics and components

Vessel shape

Typical tanks are vertical cylinders with specialized top plates and bottom plates.

In some case, vessel design eliminates the need for a stirrer system especially in air lift fermenter. For example, for an air lift bioreactor, a tall, thin vessel is the best shape with aspect ratio (height to diameter ratio) around 10:1. Sometimes a conical section is used in the top part of the vessel to give the widest possible area for gas exchange.

In stirred tank bioreactor (STR), height to diameter aspect ratio is 3:1 or 4:1. In the case of CSTR, the aspect ratio is maintained more than 1, to ensure high residence time of gas phase, increase the transfer efficiency and to ensure less power input on introduction of gas, uniform power dissipation. For animal cell culture tend to have an aspect ratio closer to 1. The basic configuration of stirred tank bioreactors for mammalian cell culture is similar to that of microbial fermenter but the major difference is there in aspect ratio. This ratio is usually smaller in mammalian cell culture bioreactor.

The top plates (an example is given in Figure 1.17) are of an elliptical or spherical dish shape. The top plates can be either removable or welded. A removable top plate provides best accessibility but adds to cost and complexity. Various ports and standard nozzles are provided on the stainless plate for actuators and probes. These probes include pH, thermocouple, pressure, dissolved oxygen and dissolved carbon dioxide probes ports, drain, acid and base ports, inoculum port, pipe for sparging process air, agitator shaft and spare ports. Tank bottom plates are also customized for specific applications. Almost all large vessels have a dish bottom, while the smaller vessels are often conical in shape or may have a smaller, sump type chamber located at the base of the main tank. These alternate bottom shapes aid in fluid management when the volume in the tank is low.

It is imperative that the tank should be fully drained to cover product and to aid in cleaning of the vessel. Often this is accomplished by using a tank bottom valve positioned to eliminate any "dead section" that could arise from drain lines and to assure that all content will be removed from the tank upon draining.

The tower fermenter is an elongated non-mechanically stirred fermenter with aspect ratio of at least 6:1 for tubular section or 10:1 overall, through which there is unidirectional flow of gases. The tower fermenter used for citric acid production on a laboratory scale having height: diameter ratio of 16:1. Cylindro-conical vessels used for the brewing of lagers and beers having aspect ratio usually 3:1, with fermenter heights around 10 to 20 m. The largest such commercial reactor ever built was for the single-cell protein (SCP) production in the late 1970s by Imperial Chemical Industries, ICI, in Billingham, UK [START_REF] Roca | Hydraulic model of a gas-lift bioreactor with flocculating yeast[END_REF] (Figure 1.18). This airlift reactor was 70 m high and had a working volume of 2000 m 3 . However, some problems faced during the process in such a higher bioreactor. For example, the common technical issues of transfer of mass and energy, environmental factors such as pH, nutrients, as well as ambient temperature and moisture and occurrence of contaminants. Even all examples of factors may play a major role, one factor is always be ignored, which is what appends to cells when they travel from low pressure zone to high pressure zone in such a large bioreactor. The location of the agitation The stirrer shaft can enter the vessel from the top, side or bottom. The one from the top is the most commonly used but when more space is needed on the top for the entry ports, the bottom entry stirrers to be used.

The location of the agitation also effects the aeration rate and productivity. For example, a well-designed agitated gas distribution system should produce large interfacial area between the gas and liquid phase, exhibit the minimal influence of gassing on the power draw, and not be prone into the flooding. These characteristics are strongly affected by the location of the sparger.

The patterns of the agitation

There are various impellers used in bioreactors with their flow patterns: flat blade disk turbine, 45º flat blade disk turbine, curved blade disk turbine, pitched blade turbine, curved blade turbine, marine propeller, large pitch blade impeller, Intermig, 3-segment-blade impeller, gate with turbine, Maxblend, Helical Ribbon [START_REF] Berk | Food process engineering and technology[END_REF].

Aeration (sparger)

In order to introduce air into the liquid fermenter, the gas under pressure is supplied to the sparger. The sparger is usually a tube with a single orifice or a ring with holes.

Three basic types of sparger have been used: the porous sparger, the orifice sparger and the nozzle sparger. In the small-scale reactor, a combined sparger-agitator may be used.

The porous sparger is made of sintered glass, ceramics or metal. It has been used mainly on the laboratory scale and non-agitated fermenters. The pressure throughput the sparger decrease because of the pressure drop and the holes becoming blocked gradually by the organisms' culture and it is also a limitation of the porous sparger.

The orifice sparger (a perforated pipe) is usually used in small stirred vessel. It is always positioned below the impeller (about 3/4 of the impeller's diameter) in the form of cross or rings. The sparger holes' diameter should be larger than 6 mm to minimize the pressure drop and the holes' block. This type of sparger can be used without agitation in some case, for instance, in yeast production, sewage treatment and in manufacture of single cell protein. The nozzle sparger is a single open or partially closed pipe and it is mostly used in large scale stirred fermenter to provide the stream of air bubbles. The pipe should be arranged centrally below and stay as far as the possible from the impeller to avoid that the impeller is not flooded by air steam.

Valves and steam traps

Valves attached to bioreactor are used to controlling the flow of liquids and gases in different ways. A wide range of valves are available: gate valves, globe valves, piston valves, needle valves, plug valves, ball valves, butterfly valves, pinch valves, diaphragm valves, check valves, pressure control valves, discharge valves, safety valves and steam traps.

Depending upon bioreactor type and requirements these valves are chosen in designing bioreactors with good productivity.

Oxygen transfer rate (OTR) and maximum uptake rate of oxygen (OUR)

When investigating the effect of a gas concentration on yeast growth, several parameters come into play, namely gas total pressure, gas composition, gas transfer and uptakes rates [START_REF] Lopes | Over-Pressurized Bioreactors: Application Application to microbial cell cultures[END_REF]. Hence, several precautions have to be taken. To decorrelate total pressure effects from composition effects runs with same total pressure and different composition can be performed. In addition, one has to check that the gas transfer rate (OTR in the case of oxygen) is higher than the its uptake by yeast. Steps of oxygen transfer from gas bubble to cell is schematized in Figure 1.20: (1) oxygen transfer from the interior of the bubble to the gas-liquid interface; (2) movement across the gas-liquid interface; (3) diffusion through the relatively stagnant liquid film surrounding the bubble; (4) transport through the bulk liquid; (5) diffusion through the relatively stagnant liquid film surrounding the cells; (6) movement across the liquidcell interface; [START_REF] Article | Identi cation of an NADH-dependent 5-hydroxymethylfurfural-reducing alcohol dehydrogenase in[END_REF] transport through the cytoplasm till the site where the reactions take place; (8) biochemical reactions involving oxygen consumption; (9) transfer of the produced gases in the reverse direction [START_REF] Garcia-Ochoa | Oxygen uptake rate in microbial processes: An overview[END_REF].

Batch culture

As shown in Figure 1.21, in a batch culture, microorganisms are inoculated to a fixed volume of medium in a closed vessel. During the processing, there is no mass flux.

With microbial growth, the nutrients are gradually consumed, and substrates are transferred into product. Therefore, the culture environment is continuously changing.

When nutrients are getting depleted and by-products accumulate, growth slows down, and the culture enters the stationary growth phase. At this point, the broth is removed at the end of the run and culture is harvested. If the culture continues, it would finally enter the death phase, which is characterized by a reduction in the viable cell density.

The advantages of batch processing are low cost, simple control, ease of operation and low risk of contamination. Disadvantages are the comparatively low cell densities which can be achieved and the relatively long downtime between batches, due to cleaning, vessel setup, and sterilization. Moreover, in a batch processing a seed culture is needed for each new batch and a higher initial sugar concentration is required in order to achieve more efficient ethanol production.

However, a high sugar concentration will inhibit the growth due to excessive osmosis leading to a low fermentation yield with a prolonged fermentation period.

Hence, batch culture is often used to optimize conditions for the design of the experiment in the early stages and it is a convenient starting point for beginners in this field. Moreover, it is capable of building microorganism kinetics models [START_REF] Linville | Kinetic modeling of batch fermentation for Populus hydrolysate tolerant mutant and wild type strains of Clostridium thermocellum[END_REF] and can be used to optimate the fermentative conditions [START_REF] Peña | Effects of high medium pH on growth, metabolism and transport in Saccharomyces cerevisiae[END_REF]. exploit its potential use and the other aim of this PhD is contributing to the reduction of this gap in literature.

Yeast fields of both industrial application and molecular mechanism researches are wide. Additionally, it is important to investigate the effect of CO₂ and O₂ partial pressures on yeast growth. Thus, the aim of this work is to study the effect of these two gases on S. cerevisiae were cultured in pressurizable vessels. To do so, a series of bioreactors reaching up to 9 bar (A) were designed and ordered in this study. In these bioreactors, it is allowed to inline monitor yeast growth and adjust the gases' component.

After this literature review, the model strain S. cerevisiae were cultured in those bioreactors mentioned above under different pressure conditions. The yeast growth rate was also monitored by inline and offline methods. Combining with the molecular biology techniques, this work may have a more comprehensive view to understand about yeast cellular adaption to the environmental stress. 

Ta b le of C ontents

Introduction

The following chapter describes the new bioreactors aiming at exposing yeast culture to pressure conditions. Although the bioreactors can be used in numerous ways, the main ideas behind their design in our case are to charge the bioreactor up to 9 bar (A)

pressure by injecting various gases. Inline monitoring of the culture, as well as allowing the rapid and convenient parallel experiments are also important. The following content describes how the small-scale bioreactors fulfil these objectives. It can be divided into four parts.

The first part introduces the components and the basic apparatus of these bioreactors.

The second part describes the characterization of the bioreactor before starting the experiment. The dead volume was measured by determining the residence time of the reactor.

The third part presents the quantification of the mass transfer rate from the gaseous phase to the liquid phase by determination of the 𝑘 𝑎.

The last part details the development of the inline cell concentration monitoring by an optical density system.

Introduction and components

High pressure bottom stirred bioreactors were designed by Chair of Biotechnology,

LGPM, CentraleSupélec, Université Paris-Saclay, France. Then they were produced by Amar Equipment PVT. LTD., India. These bioreactors are made of stainless steel.

The maximal working volume is 500ml out of 750 ml-total volume.
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Thermal double jacket and temperature maintain

The double jacket is a component of the vessel envelope. It is designed for the purpose of controlling the temperature in the vessel by adjusting the flow of cooling/heating water. The temperature constant water flows supplied by a heaterchiller. The tubes and connections were purchased from Swagelok.

Sampling

Samples can be withdrawn by opening the liquid sampling valve, liquid is then discharged when the bioreactor is pressurized. 90% of the inside culture can be withdrawn if the bioreactor is under pressure or if compressed air is supplied through the vent valve.

Pressure set-up and monitoring

The bioreactor can be pressurized from a gas suppling device, for example, a gas cylinder or a generator with proper gas regulators through gas inlet valve (Figure 2.1).

Aeration is carried out by a sparger tube with a 0.5 mm-micro diffuser placed at the bottom of the tank. That is to dissolving gases bubbles in the liquid before they reach the surface. In addition, the operating pressure can be set by manipulating the pressure of the inlet gas and the adjustable valve position in the oulet gas line. A small gas leakage from outlet aimed to maintain the gas flow to provide a sufficient supply of oxygen (Figure 2.1a).

The composition of the gas inlet can be modified using mixtures of air and N2, it is also possible under different pressures. As showed in Figure 2.1b, the pressure and flowrate of N₂ from a gas cylinder and air from a compressor were controlled by a gas flowmeter and a pressure reducer, respectively. Then they were mixed before going through a gas analyser to determine the oxygen concentration, which was recorded.

Introduction and components

Section 2.1
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In order to assess the mixing, a quality test was performed under different stirring speed. 1mL KCl solution was injected fast into a bioreactor containing 500 mL Milli-Q water and the conductivity was noted every 10 seconds. Figure 2.2 shows that above 500 rpm, all speeds achieve mixing efficiency higher than 90% in 10s, which significantly faster than 250 rpm (120 s). In order to limitate bubbles caused by excessive agitation, 500 rpm agitation speed will be used in this study. When stirred at speed 80 rpm, the dead volume increase to 15%. Lower stirring speed leads to the insufficient mixing so the short circuit appears. This short circuit causes a portion of the reactants to be transported directly to the output before that portion has been able to be part of the reaction. The reduction of the equation gives:

Hydrodynamic determination by step experiment and dead volume calculation

𝑑𝐶 𝑑𝑡 = 𝑘 𝑎 𝑉 [𝐶 * -𝐶(𝑡)] If * ( )
, 𝑁 was sent in with 𝐶 (0) = 100%,

𝑑𝐶 𝑑𝑡 = - 𝑘 𝑎 𝑉 𝐶(𝑡) 𝐶 (𝑡) = 𝐶 exp (- 𝑘 𝑎 𝑉 𝑡) If * % ( )
, 𝑂 was sent in with 𝐶 (0) = 0%

𝑑𝐶 𝑑𝑡 = 𝑘 𝑎 𝑉 [𝐶 * -𝐶(𝑡)] 𝐶 (𝑡) = 𝐶 * [1 -exp - 𝑘 𝑎 𝑉 𝑡 ]
where:

𝐶 : dissolved oxygen concentration in the liquid phase (mol/L) 𝐶 * : maximal gas concentration that can dissolve in the liquid phase (mol/L) i.e. gas concentration in equilibrium with gaseous phase-often referred to as saturation 𝑘 𝑎 : volumetric gas transfer (h -1 ) with 𝑘 (m/s) the transfer coefficient and at the interfacial area a (m 2 ) per unit of column volume t: time (h)

The impact of different shapes of vortex generated by various stirring speeds (Figure 2.12) on optical determination was investigated. The experiments were performed in closed bioreactors at stirring speed of 250 rpm, 500 rpm, 750 rpm and 1000 rpm, respectively. Both the transmitted light and reflected light intensity were investigated. Figure 2.13 shows that when yeast cells concentration is lower than 10 million cells/mL, the turbidity level in the culture is low. Most of the light can keep their original direction and be detected by the photodiode B. The initial reflected light intensity was recorded by the photodiode A. When the concentration went up to between 10 and 15 million cells/mL, with the increasing of the turbidity more light was scattered. In this phase the variations of both transmitted light and reflected light can be detected by the photodiodes. When the cells population has grown up higher than 15 million cells/mL, the amount of light allowed to pass through the culture is very low and below the sensibility of the photodiode as most light was scattered. However, there is no significant difference for the detection of both reflected and transmitted light between each mixing speed.

detector for reflected light was always saturated. Thus, in this study, the yeast growth cannot be monitored by the reflection of LEDs. From 0 hour to 6 hours, the variation of yeast cells increasing was small so that the detector of the transmitted light was always saturated. Then from 6 hours more yeast cells were produced, and more lights changed their pass way so that the changes of light density be detected by the photodiode. After 12 hours, the amount of transmitted light was too low and, the detection curve did follow the logarithmic reduction. By this optical detection system, the yeast cells growth is monitored from 6 hours to 12 hours. 

Conclusion

This chapter presented the new devices used in this work. As a vessel to expose yeast culture under pressure is required, eight 750 ml (with maximal 500-ml working volume) pressurisable bioreactors were built from scratch. These bioreactors are composed of a double jacket to maintain the temperature of yeast culture, several tubes to allow mass exchanging, several ports allowing to insert various probes, a bottom magnetic stirrer to obtain efficient mixing, a pressure gauge, a pressure sensor to monitor the inside pressure and two opposite windows to equip an optical system. Bioreactors were designed in such a way allowing to perform experiment in parallel, to provide a controlled environment (such as temperature), to achieve different pressures up to 9 bar (A), as well as to monitor the yeast growth inline by the optical system. Special care was taken in characterizing these bioreactors by determination of the dead volume and the mass transfer rate. Finally, the details of development of the optical system to inline follow cell concentration were introduced. Transmitance (%)

Time (h) laser1 laser2 laser3 laser4

Introduction

The following chapter describes the experimental set-up and the processing methods developed to explore the behaviour of yeast culture under different CO2 and O2

pressures. It can be divided into four parts:

The first part sums up the objectives that were to be met by the experiments.

Three goals lie behind these objectives: better understanding of yeast culture behaviour by exposure to respective hyperbaric CO2 and O2 conditions, as well as exploring the molecular mechanism involved in anti-stress pathways.

The second part presents the microorganism and its culture used in this study.

The third part describes the experimental protocol in detail. First, the pressure set induced by CO2 and O2 is described. Then, the methods for following the yeast growth and quantification of various components are presented. As the yeast cells, the monitoring of substrates and products concentrations are introduced. Finally, the computing of carbon balance is imposed to help in further insight of yeast metabolism.

The last part focus on the procedure of molecular biology analysis which allows to have a better understanding of molecular mechanism under stress in yeast. This part describes the synthesis of the reaction template -cDNA, the characterisation of the key material -primers, as well as quantification, amplification and normalization of the results.

Strategy of this study

To investigate the effect of pressure on S. cerevisiae culture behaviour, we designed the pressurisable bioreactors as described in Chapter II.

The first experiment is to answer one of our scientific question: what appends to yeast when they travel from low pressure zone to high pressure zone. To investigate that we would have liked to develop a pressure regulation system. Still, we had no time, so we fall back on varying pressure using glucose. To do so, the various final pressures from 2 bar (A) to 7 bar (A) were achieved on yeast culture by adjusting the initial amount of glucose. In addition, the optical inline system was used to monitor the yeast growth.

Yeast strain, subculturing and YPD culture Section 3.2
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Following the condition of the first study, the second experiment in this study is to investigate the impact of oxygen partial pressure on yeast growth. To do so, S. cerevisiae cells were exposed to different hyperbaric air conditions from atmospheric pressure to 9 bar (A) with batch culture under continuous air flow in 750 mL (500 mL culture) bioreactor. Culture were monitored through growth rate and specific yields of ethanol and glycerol. In addition, antioxidant metabolites (GSH and GSSG) were tracked. The optical monitoring system was absent from this experiment because bubble coming from the sparger made it not usable.

Yeast strain, subculturing and YPD culture

A clone of budding yeast Saccharomyces cerevisiae from a commercial dry yeast from FIZZ+ was isolated by Chair of Biotechnology, LGPM, Centralesupélec, Université Paris-Saclay, France. The strain was maintained on YPD agar stock plates incubated at 25 ºC for 5 days and subsequently stored at 4 ºC before subculture. The solid YPD medium was composed: 20 g/L D-Glucose, 10 g/L yeast extract, 20 g/L peptone and 15 g/L agar. The stock plates were renewed every 3 months.

Yeast cells were pregrown in 500 mL Erlenmeyer flasks filled with 150 mL of the liquid YPD medium (20 g/L D-Glucose, 10 g/L yeast extract, 20 g/L peptone) at 125 rpm of shaking rate and a temperature of 25 °C.

Biotechnical analysis methods

CO 2 pressure induced by yeast fermentation

As mentioned in Chapter II, it is not possible to vary pressure by pressure monitoring system in this study. The variable pressures because of the CO₂ released from the yeast fermenting glucose. To know how to link release CO₂ to the glucose addition, the calculation was performed as following:

In order to get P CO 2 , n CO 2 moles of CO₂ is added into the bioreactor. n CO 2 splits into n l in liquid phase and n g in gaseous phase,

n CO 2 = n l + n g = C l V l + C g V g (3.1)
In gaseous phase, according to the ideal gas law:

P CO 2 V g = n g RT = C g V g RT (3.2)
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P CO 2 = C g RT (3.3)
The volume of gaseous phase in the bioreactor V g = 250 mL.

In liquid phase, according to Henry's Law,

C l = P CO 2 K H (CO 2 ) (3.4) C l = C g RT K H (CO 2 ) (3.5)
Here K H (CO 2 ) = 29.41 atm L mol [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] The total amount of CO₂ originate from fermented glucose hence:

n CO 2 = 2n glc = C l V l + C g V g (3.6) n glc = 1 2 V l K H (CO 2 ) + V g RT P (3.7)
Thus, the desired P CO 2 can be linked to the initial glucose concentration:

C glc = n glc × M glc V l = 1 2 V l K H (CO 2 ) + V g RT P × M glc V l (3.8)
With: 

P CO 2 is

Batch set-up under different oxygen partial pressures

Batch cultivation

Experiments were ensured out in the 750-mL stainless steel bioreactors (Figure 2.1). 500 mL modified YPD (8 g/L dextrose medium) and an initial cell concentration of 8×10⁶ cells mL was used for inoculation with 24-hour-old inoculum. Agitation was achieved by a magnetic stirrer set at a stirring speed of 500 rpm. Aeration was set at 1.6 VVM (0.8 L/min). The temperature was maintained at 25 ºC thanks to a double jacket.

All the runs lasted 8 hours (until glucose exhaustion). For each pressure condition, three yeast culture replicates were performed. For the second experiments in aerated bioreactor, the dry weight at 8h was calculated using a standard curve (6 points, R² = 0.9981) correlating dry weight and culture absorbance at 600 nm (Figure 3.3). At each measurement point, first, some medium was sampled and discarded. Then 6 samples were taken out of each bioreactor. Five of them (1 mL of each) were frozen immediately in liquid nitrogen to quantify GSH and GSSG and one sample (5 mL) was taken to analysis cells population, D-glucose, ethanol and glycerol concentration by HPLC. 40% of the culture was extracted during a run including the discharged effluent from the tube. Separation was achieved on an Aminex HPX-87H column (300 x 7.8 mm) from Biorad.

Column temperature was maintained at 30°C. The mobile phase of 2 mM of sulfuric acid was at a flow rate of 0.5 mL/min in isocratic mode and the injection volume was 10 µL. Total run analysis was 30 minutes. Glucose, Glycerol and Ethanol were identified by comparison of their retention time with standard solutions. A 6-point calibration and a linear regression were used. Quantification was achieved using the area of the peak in external calibration, the range of concentration was from 0.2 to 10 g/L.

Glucose and glycerol standards were purchased from Acros Organics, Ethanol standard was purchased from Sigma-Aldrich and Sulfuric acid from VWR. All standards had a purity greater than 98%. Separation was achieved on an Acquity UPLC HSS T3 column (2.1×150, 1.8 µm) from Waters. Column temperature was maintained at 40°C. The mobile phase was a mixture of two solvents: solvent A: Milli-Q water + 0.1% formic acid and solvent B:

Determination of glutathione

Acetonitrile (ACN) + 0.1% formic acid. Elution was achieved in gradient mode at a flowrate of 0.2 mL/min; initial composition was 100% of A and 0% of B which was held for 4.5 minutes, proportion of B was gradually increased to 99% in 5.5 minutes
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France and held at 99% for 10 minutes, followed by going back to initial composition and stabilization of the column for 15 more minutes. Injection volume was 1 µL. Total run analysis was 35 minutes. HRMS data was collected using an electrospray ionization (ESI) in positive mode. The following source parameters were applied: a capillary voltage of 4kV, gas temperature at 340°C, drying gas at 10.9 L/min, nebulizer pressure at 45 psig, fragmentor voltage 140 V. The QToF was used with two modes called high sensitivity and extended dynamic range (2 GHz) which are specific to Agilent technology. Full-scan mode was used with a range of 50-1700 m/z. The compounds were identified by comparison of their retention time with standard solutions, the exact mass with a resolving power of approximatively 15000 and 20000 for GSH and GSSG respectively for their [M+H]⁺ ions and their isotope pattern. The identification was also confirmed later in MS/MS using the fragmentation pattern. For GSSG a [M+2H]²⁺ ion was also observed with a higher intensity than the [M+H]⁺ ion but due to poor stability it was not used for quantification. Quantification was achieved using the area of the peak of the 308.0917 and 613.1592 m/z for GSH and GSSG respectively in external calibration, the range of the calibration was from 0.01 to 20 mg/L. A 9-point calibration and a quadratic regression (R² = 0.9998) was used. The acquisition and the data treatment were performed using the Masshunter B.08.00 software suite.

Formic acid (optima LC/MS quality), L-Glutathione reduced (GSH, 98+%) and L-Glutathione oxidized (GSSG, 98%) were purchased from Fisher (Waltham, US).

Acetonitrile of LC/MS grade was purchased from Merck (Darmstadt, Germany).

Purified water of 18-MΩ was prepared by a Milli-Q system (Direct 8, Millipore, France).

Activity of the total superoxide dismutase (t-SOD) and catalase (CAT) assay t-SOD activity assay

The activity of total superoxide dismutase was measured by a superoxide dismutase (SOD) typed activity assay kit utilizing the hydroxylamine method (CliniScience, Nanterre, France). Briefly, 10 6 cells were collected and washed with homogenization medium two times, then centrifuged at 1,000 × g for 10 min, and the supernatant was discarded. The cells were homogenized, centrifuged at 10,000 × g for 10 min, and the supernatant held on ice for spectrophotometric detection at 550 nm. A standard curve (6 points, R 2 = 0.9989) was obtained by plotting the absorbance values for each
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CAT activity assay

The determination of catalase activity was performed by a catalase activity colorimetric/fluorometric assay kit from CliniScience (Nanterre, France). Briefly, 106 yeast cells were homogenized on ice in 0.2 mL cold CAT assay buffer and centrifuged at 10,000 × g for 15 min at 4 °C. The supernatants were collected and kept on ice.

The H2O2 standard curve (6 points, R 2 = 0.9991) was obtained by plotting the absorbance values for each standard solution as the function of the CAT. The colorimetric signal was measured by spectrophotometer at 570 nm. The reaction and the calculation were performed according to the manufacturer's directions.

Carbon balance calculation

By following cells as well as substrates and products concentrations, it is possible to draw a carbon balance over the culture. This kind of balance helps in gaining further insight of yeast metabolism.

Assessment of ethanol evaporation

Ethanol depletion due to evaporation in the flue gas is a commonly known pitfall when it comes to carbon balance. Indeed, it may account for more than 20% of the total carbon [START_REF] Duboc | Systematic errors in data evaluation due to ethanol stripping and water vaporization[END_REF], [START_REF] Nissen | Anaerobic and aerobic batch cultivations of Saccharomyces cerevisiae mutants impaired in glycerol synthesis[END_REF]. The part of evaporated ethanol was computed according to Lucie A et al. [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] and Sander R et al.'s report [START_REF] Löser | Balancing the ethanol formation in continuous bioreactors with ethanol stripping[END_REF]. Namely, as aforementioned, the feed air stream was dispersed into the bioreactor as sub millimetric bubbles, ensuring an intense gas exchange. In our case, considering an ethanol-free inlet gas stream, no continuous medium addition or removal, the amount of ethanol lost through air stripping can be easily computed by assuming the equilibrium between the gas outlet and the liquid phase:

m eth,i = Q [Eth] l,i H ∆t i (3.9)
Where Q is the air flow rate, H the Henry constant and [Eth] l the averaged ethanol concentration into the liquid between two samples (i index, n in total, separated by ∆𝑡 hours) obtained thanks to HPLC measurements.
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In our aerobic batch experiment, the aeration rate (Q) was 800 mL/min (1.6 vvm), the reactor temperature was 25 ºC, leading to a value of 4956 for the Henry's constant.

Finally, knowing that only 300 mL of culture medium are remaining in the reactor, we can compute the concentration variation due to air stripping accounting for the volume (Vi) evolution over time.

Δ[Eth] evap = ∑ m eth,i V i n i=1 (3.10)
To sum up, the total ethanol (Δ[𝐸𝑡ℎ]

) content was counted by the following equation:

Δ[Eth] sum = [Eth] l,n + Δ[Eth] evap (3.11)
In the carbon balance, the ethanol content is always obtained using this equation (3.3).

Carbon balance calculation

The carbon balance was calculated by the methods described by Farges Bérangère et al. [START_REF] Brangre | Methodology for Bioprocess Analysis: Mass Balances, Yields and Stoichiometries[END_REF]. For example, typical cell compositions of S. cerevisiae have been published by several authors [START_REF] Battley | Growth-reaction equations for Saccharomyces cerevisiae[END_REF], [START_REF] Oura | The effect of aeration on the growth energetics and biochemical composition of baker's yeast, with an appendix: reactions leading to the formation of yeast cell material from glucose and ethanol[END_REF], a typical composition (on an "ash-free" basis) being CH1.62N0.26O0.28P0.01. According to the cell composition and the molar mass of each elements, the carbon percentage in mass can be illustrated below:

% (Carbon) (Biomass) = M Carbon M Carbon + 1.62M Hydrogen + 0.15M Nitrogen + 0.52M Oxygen + 0.01M Phosphorus (3.12)
The compositions involved and carbon content in Table 3 Theoretically, the production of ethanol and CO₂ from glucose can be expressed with the following equation:

C6H12O6 → 2C2H6O + 2CO₂
The mass of CO₂ was calculated according to the corrected amount of ethanol, accounting for evaporation. So, the mass of carbon was calculated according to following equation:

%(Carbon) = 49% Biomass + 40% Glucose + 48% AA + 52% Ethanol + 39% Glycerol + 27% CO₂ (3.13)

Molecular biology analysis

The expression levels of specific genes (Table 3.3) were determined using quantitative polymerase chain reaction (qPCR) in this study.

Frozen samples were melted on ice gently and then were centrifuge at 2,000 × g for 5 min at 4 °C. the supernatant was discarded, and the cells were used for the followed total RNA extraction, reverse transcription and making the reaction mix.

Total RNA quality identification and first-strand cDNA synthesis

RNA purity and integrity are crucial for synthesis of full-length cDNA. However, RNA can be degraded by RNase A, which is a highly stable contaminant found in any laboratory environment. Hence, in order to prevent contamination, both the laboratory environment and all prepared solutions must be free of RNases.

Total RNA extraction of the yeast cells was performed with a Purelink ® RNA Mini Kit (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer's instructions. DNA from the samples was moved by using PureLink ® DNase (Thermo Fisher Scientific, Waltham, USA), while the RNA is bound on the Spin Cartridge according to the instructions. In brief, PureLink ® DNase for on-column treatment was prepared and 80 µL per sample the following components was added to a clean, RNase-free microcentrifuge tube: Then they were mixed and centrifuged again. After the incubation of the samples at 25 °C for 10 min followed by 15 min at 50 °C, the reaction was terminated by heating at 85 °C for 5 min. The first strand cDNA synthesis reaction product can be used directly in qPCR.

Primers used in this study

The primers sequences used for qPCR analysis were listed in Table 3.3. The specificity of the primers was tested using conventional PCR and the melting curves of the amplified product.

The expression of different internal controls was evaluated (subunit of RNA polymerase III transcription initiation factor complex (TFC1) and 18S rRNA gene) in order to select the best one. Their expressions were unaffected by the experimental condition and the amplifying temperature of TFC1 suits for the other primers, it was selected as the internal control.
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Melting curves

To assess the dissociation characteristic of the double-stranded primer and DNA during the heating, melting curve analysis was performed. With the temperature increasing, the double strand begins to dissociate leading to a rise in the absorbance intensity. Figure 3.6 shows an example of one pair of primer. The single peak (Figure 3.6) observed is typically interpreted as representing a pure, single amplicon. All the primers employed in this study were evaluated and single peak was found in each melting curve. That indicated that the primers were specific binding, without mismatch or primer dimer, hence worth to be used in the following biological research. 

Verification of the annealing temperature

The temperature at which 50% of primer is denatured is known as the melting temperature (Tm). The energy required to break the base-base hydrogen bonding of the double-stranded pair of primer and DNA is different depending on the length of primer, GC content and their complementarity. By heating a reaction-mixture and measure dissociation against temperature, these attributes can be inferred. Table 3.4

shows the Tm of different primers.

These values of temperature were also used to conduct the annealing temperature in the PCR reaction processing. Considering the efficiency of DNA polymerase amplification, annealing temperature is better to be in a range of 55 -70ºC. In addition, the primers should have close melting temperature values for the same experiment batch. Finally, by integrating all the influence factors, 60ºC was chosen to be used as the annealing temperature and it was confirmed by a preliminary test. Then the components were mixed thoroughly and centrifuged briefly. The appropriate volume of each reaction was transferred to each well of an optical plate and the plate was sealed with an optical adhesive cover. After a brief centrifugation, the PCR was performed by CFX96 Touch TM Real-Time PCR detection system (Bio-Rad Laboratories, CA, USA). 

Quantification amplification and definition of the threshold value

Conclusion

This chapter presented the materials and methods used in this study. A strain of budding yeast S. cerevisiae was cultivated in liquid YPD medium and experiments were led in the stainless-steel bioreactors with 500 mL modified YPD. An introduction of experimental set-up was provided. These bioreactors allow to grow yeast in a consistent environment, to expose the culture to different gases pressures, to inline monitor yeast growth by an optical density system, and to take samples for the offline analyse. Finally, experimental set-up and protocols, and data processing methods under different pressures were presented. They should allow to follow the yeast growth, to determine the value of metabolites, to calculate carbon balance, as well as to quantify the expression level of essential genes involved in the metabolic pathway.

Introduction

The following chapter presents the results produced in the small pressurisable bioreactors (details see Chapter Ⅱ) with yeast Saccharomyces cerevisiae. These results report the effect of different pressures by two important gases in industrial scale bioreactors, namely CO₂ and O₂. Since in the industrial bioreactor can be very high (the highest built ever is 70 meters), the pressure variation between the top and bottom layers in the liquid culture is up to 7 absolute bar. Hence, the pressure we investigated in this study is from atmospheric pressure to 9 bar (A). This chapter is divided into two parts, each one dealing with the influence of one gas on the S. cerevisiae culture.

The first part focused on the impact of CO₂ pressure on the yeast culture in the sealed vessels. This part compares the influence of different CO₂ pressures generated by different initial glucose concentration with the CO₂ and N₂ mixture pressures.

The second part deals with the effect of the different O₂ partial pressures on yeast growth. The response of antioxidant molecules and the expression level of the relevant oxidative response genes under these conditions were also compared.

Effect of different CO₂ pressures

The CO₂ pressure described here is generated by the transformation of glucose added in the yeast culture. Hence, this pressure increased from atmospheric pressure to the final pressure gradually, then it was kept to the end. The method of generating the ideal final pressure was described in section 3.3.1., Chapter Ⅲ. To conclude, comparing to the yeast culture with 10 g/L glucose and under atmospheric conditions, there is no significant difference on the CO₂ and yeast yield, as well as the change of pH under glucose concentration on 5.2 g/L, 18.9 g/L and 27.5 g/L with 2 bar (A), 5 bar (A) and 7 bar (A) final pressure, respectively. Similar with the mixture gas pressure comparing to the 100% CO₂ pressure and atmospheric pressure, the change of yeast specific yield, ethanol and glycerol yield were not be observed. As a result, because no variation could be evidenced, the investigation on cerevisiae produced ethanol and glycerol to the concentration of 4.9 ± 0.012 and 0.04 ± 0.01 g/L, respectively.

Different CO₂ pressures

Following the same protocol, the growth curves of S. cerevisiae cultured under different pressure of 1 to 9 bar (A) were generated and subsequent growth rates extracted. pressure, the carbon from initial culture and inoculum were balanced with the carbon calculated from generated biomass, ethanol, glycerol and CO₂ (around 100 % balance). However, under high air pressure (9 bar (A)) the balance cannot be closed.

The loss of the carbon for 9 bar (A) means that glucose is used for something else, it might be the higher generation of ATP, NADPH or the oxidative related enzymes [START_REF] Bradshaw | Cytoplasmic and mitochondrial NADPH-coupled Redox systems in the regulation of aging[END_REF], [START_REF] Agledal | The phosphate makes a difference: Cellular functions of NADP[END_REF].

The cells stress management may cost more energy to the cells under high oxygen pressure conditions. In addition, elevated ROS levels may induce yeast apoptosis and the programmed cells death [START_REF] Farrugia | Oxidative stress and programmed cell death in yeast[END_REF], [START_REF] Avery | Molecular targets of oxidative stress[END_REF]. That can explain the deficiency of the carbon under 9 bar (A) air pressure, in addition to the lower observed growth rate. Finally, one last explanation could have come an increase in cell size for the 9 bar (A) run, as larger cell would require more carbon. Hence, possible size evolution was checked using the Coulter readings. They showed a stable cell size around 5.5 µm. 

Conclusion

This chapter aimed at offering a better understanding of the influence of CO₂ and O₂ pressures on S. cerevisiae culture behaviour. These gases are both important during the industrial yeast processing because the industrial scale bioreactors can be very high (the highest can reach 70 meters) and the pressure between the bottom layer and up layer can reach up to 7 bar absolute pressure. A question appeared to understand what appends to cells when they travel from low pressure zone to high pressure zone. To answer this question, by using the bioreactors built in this study, the experiments were designed to investigate the effect of these two gases on yeast culture. The results of this chapter were composed of two parts: yeast culture has consistent behaviours under different CO₂ pressures, while regarding the O₂, the low pressures were able to favour the yeast growth, however the excessive supplements were harmful to yeast growth.

Introduction

This chapter aims at providing a molecular biological point of view for understanding the cellular effects of oxidative stress induced by oxygen pressure and molecular mechanisms of oxidative stress response in yeast cell.

The first part is to provide the required background for understanding the following work. It is not to be an extensive literature review. The only aim is to familiarize the uninformed reader with general knowledge of gene expression and the principles of qPCR.

The second part focuses on the expression patterns of different genes. These genes are involved in oxidative response including genes encoding transcription factors and functional genes induced by oxidative stress.

General principles of gene and qPCR

Gene expression: roles of DNA and RNA

Gene expression is the process by which the genetic information is used in the synthesis of a functional gene products. These products are often proteins, but in non-protein coding genes the product is a functional RNA.

Expression of a gene includes two steps (Figure 5.1): transcription and translation.

Gene transcription is the process by which genes are copied into different types of RNAs, such as messenger RNA (mRNA) leading to the synthesis of proteins through translation, or noncoding RNA such as micro RNA (miRNA), transfer RNA (tRNA), or ribosomal RNA (rRNA) [START_REF] Bolsover | From genes to cells[END_REF]. During transcription, DNA is used as a template by RNA polymerase to produce a pre-mRNA transcript. During the translation, the pre-mRNA is then processed into a mature messenger RNA molecule (mRNA) finally translated into a protein (polypeptide).

Genes expression patterns

Section 5. Furthermore, Yap1 as a specific transcription factor it can bind to the antioxidant response element (ARE) sequence (TGACTCA). Under normal conditions, Yap1 is restricted to the cytoplasm, however in response to oxidative stress it becomes nuclear and then binds to the ARE sequence. This element has been found in the promoter region of several genes, including GSH1, GSH2, GLR1, SOD1, SOD2 and CTT1.These functional genes expression patterns were also compared as following (shown in Figure 5.6, Figure 5.7 and Figure 5.8).

GSH relevant functional genes GSH1, GSH2 and GLR

The second group of genes are those involved in encoding and redox processes of a pair of antioxidant molecules GSH (reduced glutathione) and GSSG (oxidised glutathione) (Figure 5.6). Since glutathione is the most abundant intracellular thiol compound and it is biologically important to act as a free-radical scavenger in the adaptive response of S. cerevisiae. The evolution of the GSH/GSSG molecular ratio was examined and the result was presented above (Figure 4.13).

Biosynthesis of glutathione requires the products of the GSH1 and GSH2 genes, encoding 𝛾-glutamylcysteine synthetase and glutathione synthase, respectively.

Figure 5.6a shows that GSH1 expression remained stable, while the induced GSH2

was notably increased at 7 bar (A) and 9 bar (A).

Utilization of GSH in both enzymatic and non-enzymatic defence mechanisms result in its conversion to the oxidized form (GSSG). GSSG must be recycled to GSH to maintain the high intracellular ratio of GSH/GSSG. Glutathione reductase (GLR) is a flavoenzyme, which catalases reduction of GSSG to GSH using the reducing power of NADPH:

GSSG + NADPH + H + GLR ⎯ NADP + + 2GSH
As shown in Figure 5.6c, the expression of gene GLR1 was dramatically upregulated by high oxygen pressure. It increased respective threefold and fivefold at earlier exposure stage (2h) and later exposure stage (8h) to 9 bar (A). This is The induction level of gene GLR who catalyses the formation of glutathione reductase to convert oxidized glutathione to its reduced form was also increased about 5 times when the yeast cells exposed to the same condition.

The gene SOD2 which catalyses the formation of Mn superoxide dismutase (SOD) to converse the superoxide anion to oxygen and hydrogen peroxide was upregulated 8 times under 9 bar (A) air pressure.

The changed expression level of gene APN function to repair DNA damage from ROS was not be observed until a lightly increasing occurred under 9 bar (A) at 8h. That might because the oxygen toxicity was not higher enough to damage the yeast genome DNA.

Conclusion

This PhD study aimed at offering a better understanding of the influence of two gases pressures on yeast growth, namely CO₂ and O₂. These gases are both essential during the industrial yeast processing. This study started from an idea: in the huge industrial scale bioreactors, for example, the largest commercial reactor ever was built in the late 1970s with 70-meter-height, the pressure at the bottom is up to 8 bar absolute pressure, hence a question appeared to understand what appends to cells when they travel from low pressure zone to high pressure zone in such a large bioreactor. This high pressure could indeed increase the solubility of CO₂ and O₂ in yeast culture and then consequently lead to: carbon dioxide toxicity, playing a role as an inhibitor in S. cerevisiae growth and in their metabolism favouring yeast growth by low O₂ pressure, yet harmful effects when excessive addition supplied caused by reactive oxygen species (ROS) It was chosen to resort on a classical approach to tackle these questions. First, literature was reviewed on the effects of hyperbaric CO₂ and O₂ on yeast culture. This many highlighted the need for more research in this domain.

In more detailed, the review of existing literature showed an extensive study on mechanism of carbon dioxide inhibition. CO₂ in aqueous system primarily can exist as three different species: dissolved CO₂, bicarbonate ions (HCO 3 -) and carbonate ions (CO 3 2-). These three main species are complex in essence and influencing one another. Their integral effect on yeast has been widely studied. However, details pertaining to the mechanism of those three factors mentioned upon individually are absent because they are always binding together.

Regarding the review of O₂, a simple conclusion arising from the observations of literature is that an optimal O₂ supply pressure exists. From this pressure, yeast growth is promoted while O₂ harmful effects are not into play yet. Furthermore, it has been widely studied on how the yeast cells response to the ROS caused by different stress conditions. Yet, few of the review of existing literature showed on the topic of the impact of hyperbaric O₂ on yeast growth and none encompassed the molecular mechanism in yeast cells response to ROS caused by O₂.
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As a vessel to grow yeast under pressure is required, 8 new small pressurisable bioreactors were built from scratch in this study. They were equipped with two opposite windows and several ports allowing insert various probes. Bioreactors were designed in such a way that they can allow to perform experiment in parallel, to provide a controlled environment (such as temperature), to achieve different pressures up to 9 bar (A), as well as to monitor the yeast growth inline by a laser system.

By using these bioreactors to investigate the effect of the two gases on S. cerevisiae culture in this work, the design of experiment is divided into two parts, each one dealing with the effect of one of the gases on the yeast culture, CO₂ and O₂, respectively.

Regarding the effect of CO₂, the produced results show that the yeast culture has consistent behaviours under different pressures. Due to this fact, because no variation could be evidenced, the investigation on CO₂ induced pressure were stopped to focus on the second gas O₂.

To investigate the effect on yeast culture by O₂ in industrial scale bioreactors, the experiments of yeast culture under different O₂ pressures exposure were performed.

During the practical operation, the hyperbaric air was employed to generate these O₂ partial pressures. In a test step, it was confirmed the observed behaviours are entirely owing to O₂. By following the yeast growth and quantifying antioxidant molecules, the results demonstrate that the O₂ pressure has a significant impact on the key growth parameters monitored. Compared with atmospheric pressure, under 2 to 5 bar (A) air pressure, yeast cells show higher growth rates, and the antioxidant molecular glutathione kept a redox balance by comparing the amount of oxidative and reductive state molecules. Under 6 to 9 bar (A), the cells growth is inhibited and 9 bar (A) leads to the excessive oxidised glutathione accumulation.

In order to derive further insights on the culture behaviour under O₂ pressures, the molecular biology experiments were also performed. In this attempt to better understand yeast cells behaviour under various O₂ pressure, it was shown that several oxidative stress induced genes were upregulated: a general stress mediating transcription factor gene Msn2/4 and a specific response factor gene Yap 1

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France a glutathione synthesis gene GSH2 and a gene GLR who catalyses the formation of glutathione reductase to convert oxidized glutathione to its reduced form a superoxide dismutase synthesis gene SOD2 As a general conclusion (sketched in Figure 6.1), based on the results of this PhD work, it can be stated that under CO₂ pressure reached in industrial scale (8 bar (A) maximum), there is no significant influence on yeast growth, while regarding O₂, we can see an increase, then a plateau in the range 2 to 5 bar (A) and followed by a clear decrease from 6 bar (A). From an engineering perspective, these findings could help scaling up the bioreactors and optimization of bioprocesses. Scientifically, the molecular mechanism explored in this study would complement the pathway map in the field of biochemistry and molecular biology involved in oxidative response in yeast cells.
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 19 Figure 1.9 Alcoholic fermentation -enzymatic steps on S. cerevisiae [52].
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 1 Figure 1.13 Mitochondrial and cytoplasmic glutathione
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 1 Figure 1.18 Airlift reactor at the ICI factory, Billingham, UK, Springer-Verlag[START_REF] Roca | Hydraulic model of a gas-lift bioreactor with flocculating yeast[END_REF] 
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Figure 2 .

 2 Figure 2.2 (a) Conductivity over time for different stirring speed (b) dissolving efficiency under different speeds

Figure 2 . 5

 25 Figure 2.5 Calibration of the conductivity as a function of the KCl concentration.

Figure 2 .

 2 Figure 2.6 shows the temporal evolution of tracer concentration under different flow rates (20 mL/min and 40 mL/min) of the solution and different stirring speed (80 rpm and 500 rpm) and Figure 2.7 shows the dead volume under these conditions (

Figure 2 . 6

 26 Figure 2.6 KCl concentration of experimental and numerical data
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 22 Figure 2.14 Transmitted light density profile of yeast culture at 500 rpm by LED

Figure 2 .

 2 Figure 2.15 Transmitted light density profile on yeast culture

Figure 2 .Figure 2 .

 22 Figure 2.16 shows the calibration of several key points between light intensity and cell concentration. For the weak laser, the photodiode was saturated in the first 5 hours, then from 5 hours to 12 hours, the changes of transmission were detected by the photodiode. A longer period of cells concentration monitoring was performed by the reflection of the weak laser from 6 hour to 20 hours. For the strong laser, the photodiode of reflection was saturated through all the period of the test. Then after a

  the partial pressure of CO₂, n g as the mole of CO₂ in gaseous phase, n l as the mole of CO₂ dissolved, n CO 2 as the total mole of CO₂, C glc as the concentration of glucose.

Figure 3 .

 3 Figure 3.1 shows that the experimental results correlating to glucose concentration and pressure obtained agree with the theoretical curve.

Figure 3 . 1

 31 Figure 3.1 Calibration curve correlation initial glucose concentration and final pressure

  Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France the cell counting procedure. Thus, approximately the same concentration of cells was always presented to the Coulter counter.Dry weight was performed by sampling and centrifuging 10 mL of culture (10 min and 6000 rpm). The pellet was washed with equal volume of Mill-Q water and was centrifuged again (10 min and 6000 rpm). Then the final pellet was transferred into a dry pre-weight ceramic cup (24 h, 105°C). The pellet was dried overnight at 105 °C and cooled in a desiccator containing dry silica gel prior to weighing.For the first experiment without aeration and pressure was adjusted by glucose concentration, one sample was taken every hour to analysis cells population, D-Glucose, ethanol and glycerol concentration by HPLC. Dry weight was measured at 24h.

Figure 3 . 3

 33 Figure 3.3 Standard curve correlate dry weight and culture absorbance at 600 nm at 8h in aerated bioreactor.

  Yeast cells were broken by a high-speed benchtop homogenizer (MP Biomedicals™FastPrep-24™ 5G Instrument, Fisherbrand, Waltham, US) and then the culture supernatants were filtered (PTFE Syringe Filter 0.2 µm, Fisherbrand, Waltham, US).Quantification of GSH and GSSG was achieved using a UHPLC-HRMS-QToF method (Ultra-High-Performance Liquid Chromatography coupled to a Quadrupole-Time of Flight High Resolution Mass Spectrometer). Due to the high complexity of the supernatant the resolving power of the QToF and the separation efficiency of the UHPLC gave more confidence in the identification and the quantification of those peptides. Quantification of GSH and GSSG were carried out on a 1290 Infinity II UHPLC system coupled with a 6545 Q-TOF LC/MS (Agilent Technologies).

Figure 3 . 6

 36 Figure 3.6 Melting curve of primer

Figure 3 .

 3 Figure 3.7a shows the quantification the amplification curves detected in the samples. The Ct (threshold cycle) or the Cq (cycle quantification value) is defined as the number of cycles required to produce a constant emission of fluorescence. It is the intersection between an amplification curve and a threshold line (Figure 3.7b). The threshold line is the level of detection at which a reaction reaches a fluorescent intensity above background levels. That also intersected the reaction curves in the beginning of its exponential phase. That is usually set automatically by the instrument.

Figure 4 .

 4 Figure 4.1 shows the curves of pressure profile under different initial glucose concentration in yeast culture. To generate the 2 bar (A), 5 bar (A) and 7 bar (A) finalpressures, 5.2 g/L, 18.9 g/L and 27.5 g/L glucose were added into the yeast culture, respectively. In all the sealed bioreactors, the pressures increased due to the CO₂ released to the gas phase through glucose consumption by yeasts. Identical slopes of the curves were observed for different glucose concentrations until the glucose reached the end for each culture at about 8h, 14h and 18h, respectively. These same

Figure 4 . 8

 48 Figure 4.8 Pressure profile by passing different gases in yeast culture
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 21 The growth of S. cerevisiae

Figure 4 . 9 Figure 4 .

 494 Figure 4.9 Yeast growth profile on three repeats (a) Yeast population profile under 1 bar (A) and 1.6vvm, (b) growth rate calculation and (c) yeast population profile, glucose consumption, ethanol and glycerol production on average (c). Data shown as average ± std (n = 3)

Figure 4 .

 4 Figure 4.10 Yeast population, glucose, ethanol and glycerol concentration profile under different pressures (1 to 9 bar (A)). Error bars represent standard deviations of data from triplicate experiments.

Figure 4 .

 4 Figure 4.11 displays the growth rates of under the different pressure conditions.First we can see an increase, then a plateau in the range 2 to 5 bar (A) and then a clear decrease: at 6 bar (A), growth rate comes back to the same value as 1 bar (A), above 6 bar (A), it continues to decrease below this value.

Figure 4 .

 4 Figure 4.11 Growth rate under different pressure; data shown as average ± std (n = 3)

Figure 4 .

 4 Figure 4.12 Specific biomass yield coefficient (a) and ethanol and glycerol yield (b) under different pressure just before glucose exhaustion. Data shown as mean ± std (n=3)

4. 2 . 4 Figure 4 .

 244 Figure 4.15 displays the carbon balance under different pressure condition. Carbon lost due to evaporation is represented by shaded bars. From 2 bar (A) to 6 bar (A) air

Figure 4 .

 4 Figure 4.15 Carbon balance for the aerated batch culture of S. cerevisiae.
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  .2. b l e 3.2 Compounds involved in the culture of S. cerevisiae and their characteristics.

	Ta Compound	Formula	Carbon content (%)
	Biomass	CH1.62O0.52N0.15P0.01	49.28
	Glucose	C6H12O6	40.00
	AA	CH2.24O0.48N0.24	47.47
	Ethanol	C2H6O	52.17
	Glycerol	C3H8O3	39.13
	CO₂	CO₂	27.27
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Table 3 .

 3 4 Temperature of melting the different double-stranded-stranded primers qPCR mixture was prepared, and real-time PCR instrument was set up according to the user guide of PowerUp TM SYBR TM Green Master Mix from Thermo Fisher Scientific.First, the appropriate number of reactions mixture was prepared as following table:

	Genes TFC GSH1 GSH2 GLR SOD1 SOD2 CTT1	APN Man2p	YAP
	Tm									
	80	76	78	80	81	84	83	79	80	79
	(ºC)									
	3.4.5 qPCR mixture and reaction parameters				

  2 However only one antioxidant, Ctt1, is activated by Msn2/4 in response to oxidative stress. Hence, the relevant encoding gene CTT1 was examined in this study (Figure5.8).
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Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France levure est directement responsable de cette toxicité. Le travail proposé dans ce manuscrit vise à répondre à cette question.On sait que le O₂ est nécessaire à la respiration. Par conséquent, une pression optimale de O₂ peut favoriser la performance de la levure. Néanmoins, un excès de O₂ est également connu pour être toxique par une accumulation excessive d'espèces réactives de l'oxygène. Cependant, le seuil d'apport optimal et le mécanisme des effets néfastes restent flous. Nous allons également étudier cette question dans le cadre de cette étude.En plus d'avoir un intérêt industriel, S. cerevisiae est également important dans la recherche en biologie. En effet, S. cerevisiae est l'un des organismes modèles de la biologie cellulaire moderne et l'un des microorganismes eucaryotes les plus étudiés. Il a joué un rôle crucial dans la compréhension des processus fondamentaux qui régissent le cycle de vie cellulaire, la régulation de l'expression des gènes, la transduction des signaux, le cycle cellulaire, son métabolisme et de nombreux autres processus biologiques[2]. D'un point de vue biotechnologique, cela signifie que les recherches rapportées ont pu utiliser la biologie moléculaire comme un outil pour obtenir des informations supplémentaires sur le métabolisme de la levure sous pression.Afin de faire face aux conditions environnementales changeantes, les cellules de levure tentent de maintenir un environnement redox intracellulaire stable. Cependant, lorsque le niveau de ROS dépasse la capacité des cellules à les éliminer, elles deviennent nocives et provoquent un stress oxydatif[3],[4]. Les cellules sont capables de surveiller et de réguler la concentration en ROS grâce à des mécanismes de défense antioxydants. Selon les différents niveaux de fonctionnement, ces mécanismes sont regroupés en voies enzymatiques et non-enzymatiques. Ces réponses de la levure seront également surveillées à l'aide de métabolites secondaires et de quantification de l'expression des gènes.

Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France atteinte dans les bioréacteurs à l'échelle industrielle est de 8 bars (A)). De plus, la possibilité de réaliser des expériences en parallèle, de maintenir une température stable et de surveiller la croissance des cellules en ligne a été développée. Ensuite,

slopes indicate that the CO₂ pressure at the industrial bioreactor scale (up to 7 bar (A)) has no inhibition on yeast growth. hence it has negative correlation with cell density in yeast culture. The curve of 2 bar (A) was not displayed because of a pressure detector reading issue. Comparing to atmospheric pressure, the similar shape of the curves was observed under 5 bar (A) and 7 bar (A). The limit of the transmittance detection was reached at around 11 h. Same profiles and same time of each curve to reach zero state that the yeast growth was not inhibited by CO₂ pressure at these conditions. CO₂ induced pressure were stopped to focus on the second gas O₂. Due to this reason, the experiment mentioned in this chapter was performed only once in stand of duplicate.

Even so, the impact of the other essential gas in yeast industrial processing, namely O₂, on the culture is investigated in the following section.

Effect of oxygen pressure on S. cerevisiae culture

Air (21% O₂ supplied by an air compressor) was employed as pressuring medium in the reactor. As described previously (Section 3.3.2), a pressure control system was designed in order to measure and specify the pressure inside of the bioreactor.

Two types of experiments were carried out: the first to evaluate the impact of O₂ pressure and the second to evaluate the impact of total pressure. In the first set of experiment, the values of air pressure were 1 to 9 bar (A) (9 different experiments). In 
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French extended abstract / Résumé long Introduction L'utilisation de la levure par l'homme remonte à la première fabrication du pain il y a environ 4 500 ans dans l'Égypte ancienne [START_REF] Abdel-Azeem | The history, fungal biodiversity, conservation, and future perspectives for mycology in Egypt[END_REF]. Aujourd'hui, la levure est utilisée dans de nombreuses applications, allant de l'alimentation et de la brasserie à l'énergie verte.

Le Saccharomyces cerevisiae est l'espèce qui domine dans le monde entier dans le secteur industriel. Dans la transformation à grande échelle, certains problèmes sont rencontrés lors du fonctionnement des bioréacteurs de grande capacité, comme le transfert En ce qui concerne CO₂, la littérature existante a montré que la toxicité de CO₂ est connue. Cependant, il n'est pas clair si le CO₂ produit par la fermentation de la