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The present study describes a novel yeast model for the prediction of yeast fermentation. The proposed model considers the possible metabolic pathways of yeast. For each pathway, the time evolution of components, energy (ATP/ADP), and electron carriers (NAD + /NADH) are expressed with limitation factors for all quantities consumed by each respective pathway. In this manner, the model can predict partition of these pathways based on the growth conditions and their evolution over time. Several biological pathways and their stoichiometric coefficients are well-known from literature. It is important to note that most of kinetics parameters have no effect since actual kinetics are controlled by balance of limiting factors. The few remaining parameters were adjusted and compared with the literature when the dataset was available. The model fits our experimental data from yeast fermentation on glucose in non-aerated batch system. The predictive ability of the model and its capacity to represent the intensity of each pathway over time facilitate an improved understanding of interactions between the pathways. The key role of energy (ATP) and electron carrier (NAD + ) to trigger the different metabolic pathways during yeast growth is highlighted, while involvement of mitochondrial respiration not being associated with the TCA cycle is also shown.

Introduction

The fermentation of organic substrates using yeast is one of the oldest and most popular metabolic processes used in biotechnological processes such as beer brewing, winemaking, and biofuel fermentation [START_REF] Dashko | Why, when, and how did yeast evolve alcoholic fermentation?[END_REF]. Saccharomyces cerevisiae is commonly used for its capacity to rapidly convert sugars to ethanol and carbon dioxide under both aerobic and anaerobic conditions [START_REF] Hagman | Analysis of the yeast short-term Crabtree effect and its origin[END_REF]. Under aerobic conditions, respiration can occur with molecular oxygen as the final electron acceptor; however, S. cerevisiae also produces ethanol when the glucose concentration exceeds 0.10 -0.15 g. l -1 [START_REF] Verduyn | Continuous measurement of ethanol production by aerobic yeast suspensions with an enzyme electrode[END_REF], thereby reducing the respiration process. This phenomenon is called the Crabtree effect [START_REF] De Deken | The Crabtree Effect: A Regulatory System in Yeast[END_REF], and its emergence is likely due to the increased kinetics rate of ATP production through fermentation [START_REF] Pfeiffer | An evolutionary perspective on the Crabtree effect[END_REF].

The fermentation activity in yeast depends on the biomass yield. [START_REF] Cramer | Kinetic model for nitrogen-limited wine fermentations[END_REF] described ethanol production as completely proportional to the amount of biomass formed, as opposed to the growth-associated stoichiometric bioconversion of sugar to ethanol. Therefore, decreased yeast yield can lead to a reduction in fermentation activity rate (sluggish fermentation), or worse yet, to a premature cessation of ethanol production with more than 0.4% (w/v) residual sugar remaining in the medium (stuck fermentation) [START_REF] Bisson | Stuck and sluggish fermentations[END_REF][START_REF] Coleman | Temperature-Dependent Kinetic Model for Nitrogen-Limited Wine Fermentations[END_REF]. These phenomena are primarily caused by nitrogen and/or oxygen limitation and are often observed in the winemaking process, resulting in significant economic issues [START_REF] Chaney | Managing high-density commercial scale wine fermentations[END_REF]. Nitrogen is an essential element in S. cerevisiae composition since it is mandatory for protein synthesis and represents 9% (w/w) of yeast biomass (Verduyn et al., 1990a). Oxygen is required to regenerate NAD + used in the glycolytic pathway of biomass formation, closing the redox balance for the co-enzyme system NAD + /NADH. The oxidation of cytosolic NADH into NAD + can occur through mitochondrial respiration with external NADH dehydrogenase [START_REF] Bakker | Stoichiometry and compartmentation of NADH metabolism in Saccharomyces cerevisiae[END_REF][START_REF] Overkamp | In Vivo Analysis of the Mechanisms for Oxidation of Cytosolic NADH by Saccharomyces cerevisiae Mitochondria[END_REF]. Oxygen is also important for the synthesis of yeast membrane compounds (sterols and unsaturated fatty acids) [START_REF] Sablayrolles | Evaluation des besoins en oxygene de fermentations alcooliques en conditions oenologiques simulees[END_REF], though this process could be neglected since the required amount is very weak at between 0.3 and 1.5 𝑚𝑔 𝑂 2 . 𝑔 𝐷𝑊 -1 [START_REF] Rosenfeld | Oxygen Consumption by Anaerobic Saccharomyces cerevisiae under Enological Conditions: Effect on Fermentation Kinetics[END_REF]. Consequently, fermentation activity is hinged on yeast biomass production, which is limited by nitrogen, organic carbon, and oxygen. The latter can be used as a strict respiration pathway (including the TCA cycle or Krebs cycle) to produce ATP and/or to close the NAD + /NADH system for the biomass glycolytic pathway. The pathway of ethanol production is also an ATP source for biomass formation. Most models have indirectly linked cell growth and ethanol production through a Monod-like function [START_REF] Aiba | Kinetics of product inhibition in alcohol fermentation[END_REF][START_REF] Bovee | Alcoholic fermentation: Modelling based on sole substrate and product measurement[END_REF][START_REF] Giovanelli | Kinetics of grape juice fermentation under aerobic and anaerobic conditions[END_REF][START_REF] Holzberg | A kinetic study of the alcoholic fermentation of grape juice[END_REF][START_REF] López | A simple mathematical empirical model for estimating the rate of heat generation during fermentation in white-wine making[END_REF], with the exception of models from [START_REF] Cramer | Kinetic model for nitrogen-limited wine fermentations[END_REF] and [START_REF] Coleman | Temperature-Dependent Kinetic Model for Nitrogen-Limited Wine Fermentations[END_REF], in which ethanol production rate depends on the S. cerevisiae biomass yield as opposed to its growth. However, the models from [START_REF] Cramer | Kinetic model for nitrogen-limited wine fermentations[END_REF] and [START_REF] Coleman | Temperature-Dependent Kinetic Model for Nitrogen-Limited Wine Fermentations[END_REF] could be criticized since glucose is not integrated into the models as a limiting growth factor. In [START_REF] Liu | A kinetic growth model for Saccharomyces cerevisiae grown under redox potential-controlled very-high-gravity environment[END_REF], ethanol was associated with both S. cerevisiae growth and biomass concentration, though the model could also be partly disproven as yeast growth is not limited by nitrogen.

Yeast models involving the ATP/ADP and NAD + /NADH systems have been developed in order to describe glycolytic oscillations over short periods of time [START_REF] Hynne | Full-scale model of glycolysis in Saccharomyces cerevisiae[END_REF][START_REF] Nielsen | Sustained oscillations in glycolysis: an experimental and theoretical study of chaotic and complex periodic behavior and of quenching of simple oscillations[END_REF][START_REF] Richter | The response of oscillating glycolysis to perturbations in the NADH/NAD system: a comparison between experiments and a computer model[END_REF]. Only fermentation is considered in these models, while the potential generation of ATP and NAD + through the respiratory chain is not considered. In the work of [START_REF] Rizzi | In vivo analysis of metabolic dynamics in Saccharomyces cerevisiae: II. Mathematical model[END_REF], both fermentation and cellular respiration are considered; however, the model does not aim to predict S. cerevisiae growth. Notably, nitrogen is not included as a limiting growth factor, though it remains a key element of yeast biomass. The model focused on the prediction of changes in the metabolite concentration of steady-state continuous cultures following a glucose pulse over a short period of time (a time scale of seconds).

To our knowledge, no publication to date has described a yeast model that predicts yeast growth in a batch system by connecting the possible pathways of glucose utilization (ethanol, glycerol, biomass, and the TCA cycle) and the mitochondrial respiratory chain according to nutrients (nitrogen, carbohydrates, and oxygen), energy, and electron carrier balances. The aim and novelty of this work are to develop a yeast model that predicts the partition between several metabolic pathways based on nutrients, energy, and electron carrier balances (Figure 1). The model is then compared to the experimental results.

Materials and methods

Yeast fermenter

S. cerevisiae strain ID YLR249W was supplied by Life Technologies-University of California, San Francisco. Yeast fermentation was conducted in a non-aerated and closed 5l-bioreactor with temperature and pH adjusted at 25°C and 6.5, respectively. Dissolved oxygen in the liquid phase was measured using an internal probe [START_REF] La | Process for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO2 mitigation[END_REF].

Medium composition

The culture medium was composed of glucose (10 g. l -1 ), peptone 20 (g. l -1 ), and mineral salts based on [START_REF] La | Process for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO2 mitigation[END_REF]. The nitrogen content in peptone was estimated from the free amino nitrogen (FAN) content. FAN in the medium was 5.4×10 -1 g. l -1 so the concentration of nitrogen available to yeast was 6.4×10 -2 g. l -1 , by assuming that the average molar mass of an amino acid is 118.9 g. mole -1 [START_REF] Hachiya | Increase in respiratory cost at high growth temperature is attributed to high protein turnover cost in Petunia x hybrida petals[END_REF], and that an amino acid contains one nitrogen element.

Dry weight

Yeast growth was followed by cell concentration (N) measurements using a flow cytometer. The corresponding dry weight (DW) was obtained by applying the correlation between N (cells. l -1 ) and DW (g. l -1 ) (1) previously established by [START_REF] La | Process for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO2 mitigation[END_REF].
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𝐷𝑊 = 3.25 × 10 -11 × 𝑁 ( 1)

Glucose, ethanol, and glycerol measurements

Glucose, ethanol, and glycerol concentrations were measured by high-pressure liquid chromatography according to [START_REF] La | Process for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO2 mitigation[END_REF].

S. cerevisiae biomass composition

According to Verduyn et al. (1990b), 100 g of S. cerevisiae is composed of C 3.75 H 6.6 N 0.63 O 2.10 , which corresponds to 45% (w/w) carbon, 7% (w/w) hydrogen, 9% (w/w) nitrogen and 34% (w/w) oxygen and 6% (w/w) other elements. When the yeast chemical formula is fixed with a carbon content of 1 mole (C 1 H 1.76 N 0.17 O 0.56 ), the yeast molar mass is 25 g. mole -1 considering only the key elements (C, H, N and O) and 27 g. mole -1 including other elements.

The yeast model

Pathways

The metabolic pathways considered in the model are depicted in Figure 2. Seven biological pathways emerge, and all ratios depicted in Figure 2 are expressed in moles and respect the carbon balance. The composition and molar mass of the main molecules are well-known from literature and the composition of yeast biomass is CH 1.76 N 0.17 O 0.56 + [other elements] with molar mass of 27 g. mole -1 . The glycerol and ethanol formation pathways are considered but pathways for the production of other by-products such as fusel alcohols are not within the scope of this study. A pathway is dedicated to biomass formation since glucose is the main carbon source for yeast biomass in the present study. The nitrogen supply for yeast biomass is ensured by peptone in the form of individual amino acids, small peptides (one to three units), and ammonium. The TCA cycle can also provide intermediate metabolites as precursors for the synthesis of amino acids, such as oxaloacetate for glutamate biosynthesis [START_REF] Lee | TCA cycle-independent acetate metabolism via the glyoxylate cycle in Saccharomyces cerevisiae[END_REF][START_REF] Vemuri | Increasing NADH oxidation reduces overflow metabolism in Saccharomyces cerevisiae[END_REF]; however, we assume that this amino acid supply is negligible compared to that from peptone and intermediates from glycolysis. Therefore, the TCA cycle is implemented in this model for its main function, which is the production of energy precursors. According to Verduyn et al. (1990a), the yeast yield coefficient of ATP is approximately 28.3 𝑔 𝑦𝑒𝑎𝑠𝑡 . 𝑚𝑜𝑙𝑒 𝐴𝑇𝑃 -1 .

The kinetics of each pathway are expressed as a kinetics parameter multiplied by the yeast population, together with one or several factors accounting for possible limitations. The four compartments considered in our model were also outlined in Figure 2: the bioreactor liquid (substrate), the upper gaseous volume of the bioreactor (headspace), the inner cell (cytosol), and the mitochondrion. All concentrations in equations are expressed in SI units (𝑚𝑜𝑙𝑒. 𝑚 -3 ), even though, in order to ease the interpretation, the simulation and experimental values are plotted as mass or mole per liter, units commonly used in microbiological cultures. Besides, the limiting factors should be expressed in relevant quantities: mole. 𝑚 -3 in the substrate, generic symbol [𝐶] and mole. mole biomass -1

for quantities inside the cell or mitochondrion (quota), generic symbol [𝐶] * .

Regarding the ATP/ADP and NAD + /NADH balances, in addition to the source/sink terms tied to metabolic pathways, source terms must also be implemented to maintain a constant ratio per quantity of yeast. Indeed, the literature reports that [NADH]+[NAD + ] ∼ 6 µ𝑚𝑜𝑙𝑒. 𝑔 𝑦𝑒𝑎𝑠𝑡 -1 and [ATP]+[ADP] ∼ 5 µ𝑚𝑜𝑙𝑒. 𝑔 𝑦𝑒𝑎𝑠𝑡 -1 [START_REF] Koç | Hydroxyurea arrests DNA replication by a mechanism that preserves basal dNTP pools[END_REF][START_REF] Sakai | Accumulation of nicotinamide adenine dinucleotide in baker's yeast by secondary culture[END_REF][START_REF] Sato | On-line measurement of intracellular ATP of Saccharomyces cerevisiae and pyruvate during sake mashing[END_REF][START_REF] Suomalainen | Nicotinic acid and nicotinamide adenine dinucleotide contents of baker's yeast in changing culture conditions[END_REF][START_REF] Thomsson | Starvation response of Saccharomyces cerevisiae grown in anaerobic nitrogen-or carbon-limited chemostat cultures[END_REF]. Each constituent C consumed by a biological reaction is likely to induce limitation when its relevant concentration [C] (moles per volume for the external component) or [C] * (moles per mole of biomass, for the internal components) becomes too small. We also implemented the possibility to activate a reaction that is likely to produce a limiting resource, although this possibility was not applied in the present work. The classical Monod-like function is applied to all resources present in the substrate since its asymptotic behavior shape is indeed well adapted to resources that can be initially much higher than the limiting concentration (Figure 3). However, the case of ATP/ADP and NAD + /NADH balances is quite different: as the accumulation of these quantities remains very low (some µmoles per gram of biomass), the limiting function should behave as a switch function represented by a smoothed stepwise function (Figure 3). The two functions used to express the limiting effects are as follows:

A Monod-like function

M(𝐶) = 𝐶 𝑘 𝐶 +𝐶 ( 2)
Where C is a generic concentration ([C] or [C] * ), 𝑘 𝐶 defines the steepness of the function near zero and the rate is divided by 2 when 𝐶 = 𝑘 𝐶 .

A smooth stepwise function

S(𝐶) = 1+𝑡𝑎𝑛ℎ�α(𝐶/Δ 𝐶 -1)� 2 ( 3)
The hyperbolic tangent function proposed here is a common function used in computational analysis to approach the Heaviside function as close as needed by a 𝐶 ∞ function. This function allows a shift effect over the narrow variation intervals experienced for ATP/ADP and NADH/NAD + . The Hill function, even with a large power, would have produced a similar effect, but on a logarithmic scale, not on a linear scale.

Each function is defined by two parameters. The shift value Δ 𝐶 defines the concentration value at which transition occurs as well as the steepness of this transition. Figure 3 depicts an example of function shapes with different parameter sets. The additional parameter of the function step allows the sharpness of the transition to be tuned.

Remark: The slope of the step function should be large enough for the value at origin to be close to zero. This is classical in computational analysis and ensures a penalty factor that is likely to freeze the reaction rate. For safety, we can also force the conditions S(0) = 0 and S(𝐶 𝑚𝑎𝑥 ) = 1:

𝑆(𝐶) = 𝑡𝑎𝑛ℎ�𝛼(𝐶/Δ 𝐶 -1)�-𝑡𝑎𝑛ℎ(-𝛼) 𝑡𝑎𝑛ℎ�𝛼(𝐶 𝑚𝑎𝑥 /Δ 𝐶 -1)�-𝑡𝑎𝑛ℎ(-𝛼) ( 4)
In the metabolic pathways described in Figure 2, the three compartments should be respected. Since ATP/ADP molecules are likely to pass through the mitochondrion wall, one unique stock of these constituents should be considered in the model. On the contrary, the NAD + to NADH transfer involved in the TCA cycle should be balanced inside the mitochondrion by respiration. Therefore, a specific stock of these molecules should be considered inside the mitochondrion (superscript M ). Finally, ten quantities are involved as inhibition effects. For each metabolic pathway, each constituent consumed by the reaction is systematically involved as a limiting factor (Table 2). With this rule, the set of kinetics takes the following form:

First step 𝐺3𝑃 ̇= µ 𝑦𝑒𝑎𝑠𝑡 × 𝑆([𝐴𝑇𝑃] * ) × 𝑀([𝐺]) × [𝑦𝑒𝑎𝑠𝑡] ( 5) Second step 𝐺𝑙𝑦 ̇= λ 𝐺𝑙𝑦 × 𝑆([𝑁𝐴𝐷𝐻] * ) × 𝑀([𝐺3𝑃] * ) × [𝑦𝑒𝑎𝑠𝑡] (6a) 𝑃𝑦𝑟 ̇= λ Pyr × S ([NAD + ] * ) × 𝑆([𝐴𝐷𝑃] * ) × 𝑀([𝐺3𝑃] * ) × [𝑦𝑒𝑎𝑠𝑡] (6b) Third step 𝐸 ̇= λ 𝐸 × 𝑆([𝑁𝐴𝐷𝐻] * ) × 𝑀([𝑃𝑦𝑟] * ) × [𝑦𝑒𝑎𝑠𝑡] (7a) 𝑦𝑒𝑎𝑠𝑡 ̇= λ 𝑦𝑒𝑎𝑠𝑡 × 𝑆([𝐴𝑇𝑃] * ) × 𝑀([𝑃𝑦𝑟] * ) × 𝑀([𝑁]) × [𝑦𝑒𝑎𝑠𝑡] (7b) 𝑇𝐶𝐴 ̇= λ 𝑇𝐶𝐴 × 𝑆([𝐴𝐷𝑃] * ) × 𝑆([𝑁𝐴𝐷 +𝑀 ] * ) × 𝑀([𝑃𝑦𝑟] * ) × [𝑦𝑒𝑎𝑠𝑡] (7c)
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Mitochondrial respiration

Component balances

As depicted in Figure 2, each biological pathway involves sink or source terms of components involved in the metabolic pathways. These terms are expressed in matrix forms. The first set of equations refers to the primary variables of the model, those who are directly produced or consumed by the successive transformations from glucose to the final products. The second set of equations (Equations 11 and 12) considers all other quantities considered in the present work.

𝑅𝑒𝑠𝑝 ̇= µ 𝑅𝑒𝑠𝑝 × 𝑆([𝐴𝐷𝑃] * ) × 𝑆([𝑁𝐴𝐷𝐻] * ) × 𝑀([𝑂 2 ]) × [𝑦𝑒𝑎𝑠𝑡] ( 8)
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The final right-hand vector of Equation 11 represents the source terms required to ensure a constant concentration of [𝐴𝑇𝑃] * + [𝐴𝐷𝑃] * and �𝑁𝐴𝐷 + � * + [𝑁𝐴𝐷𝐻] * per mole of yeast. For example, the source term of ATP reads as follows:

𝑑 𝑑𝑡 ⎣ ⎢ ⎢ ⎢ ⎡ [𝐺3𝑃] [𝐺𝑙𝑦] [𝑃𝑦𝑟] [𝐸] [𝑦𝑒𝑎𝑠𝑡]⎦ ⎥ ⎥ ⎥ ⎤ = A ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 𝐺3𝑃 Ġ𝑙𝑦 Ṗ𝑦𝑟 Ė ẏ𝑒𝑎𝑠𝑡 Ṫ𝐶𝐴 Ṙ𝑒𝑠𝑝 ̇⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ ( 9) 𝐴 = ⎣ ⎢ ⎢ ⎢ ⎡ 1 -1 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 -1 -1/3 -1/3 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 ⎦ ⎥ ⎥ ⎥ ⎤ ( 10) 𝑑 𝑑𝑡 ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ [𝐴𝑇𝑃] [𝐴𝐷𝑃] [𝑁𝐴𝐷 + ] [𝑁𝐴𝐷𝐻] [𝐶𝑂 2 ] [𝑂 2 ] [𝑁] [𝐺] ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ = B ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 𝐺3𝑃 Ġ𝑙𝑦 Ṗ𝑦𝑟 Ė ẏ𝑒𝑎𝑠𝑡 Ṫ𝐶𝐴 Ṙ𝑒𝑠𝑝 ̇⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ + ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 𝑆 𝐴𝑇𝑃 𝑆 𝐴𝐷𝑃 𝑆 𝑁𝐴𝐷+ 𝑆 𝑁𝐴𝐷𝐻 0 0 0 0 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ ( 11) B = ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ -1 0 2 0 -1 1 3 1 0 -2 0 1 -1 -3 0 1 -1 1 0 -4 1 0 -1 1 -1 0 4 -1 0 0 0 1 0 3 0 0 0 0 0 0 0 -0.5 0 0 0 0 -0.17 0 0 -0.5 0 0 0 0 0 0 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ ( 12) 𝑆 𝐴𝑇𝑃 = [𝐴𝑇𝑃] * × 𝑑[𝑦𝑒𝑎𝑠𝑡] 𝑑𝑡 ( 13)

Inactivation of the TCA cycle in oxygen-limited conditions

The NADH to NAD + transfer assured by respiration can be used either in the cytosol (for glycolysis) or in the mitochondrion (for the TCA cycle), and it is important to highlight the fact that the inner mitochondrial membrane is impermeable to NADH [START_REF] Von Jagow | Pathways of hydrogen in mitochondria of Saccharomyces carlsbergensis[END_REF]. These facts raise an important question regarding the allocation of this transfer between these two compartments. However, this question has not yet been addressed to date. Instead, we simply assume that the TCA cycle is not active due to the Crabtree effect, so the NAD + /NADH balance inside the mitochondrion was discarded. Indeed, a high concentration of glucose seems to have an impact on the activities of some enzymes involved in the TCA cycle [START_REF] Beck | Enzyme pattern and aerobic growth of Saccharomyces cerevisiae under various degrees of glucose limitation[END_REF][START_REF] Fiechter | Regulation of Glucose Metabolism in Growing Yeast Cells[END_REF]. Moreover, de Alteriis et al. ( 2018) associated the Crabtree effect to the SICD (Sugar-Induced Cell Death) in order to highlight the link between high glucose uptake rate and ATP depletion. By integrating this novel interpretation of Crabtree effect into a dynamic study of the glycolytic flux, the authors explained that an enhanced glucose uptake leads to a down-regulation of respiration involving TCA cycle in order to refocus resources on fermentation pathway and maintain the ATP homeostasis.

Global mass balance calculations from our experimental study of the S. cerevisiae batch culture support the notion of TCA cycle inactivation. The main metabolism appeared to be fermentation since the maximal biomass formed was 3.25 𝑔 𝐷𝑊 , resulting in a specific yield coefficient for glucose of 0.06 𝑔 𝑦𝑒𝑎𝑠𝑡 . 𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 -1 (Verduyn et al., 1990a). If one refines the analysis, the formation of 3.25 g of DW required the degradation of 3.7 𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (carbon content of 46 % according to elementary CHN/O analysis) using 0.042 mole of NAD + for biomass production (Equation 14). The maximal amount of glycerol produced at the end of fermentation (32 hours) was 1.5 g of glycerol (i.e. 0.016 mole), which implied the degradation of 0.008 mole of glucose and the generation of part of the required amount of NAD + (0.016 mole) (Equation 15), resulting in a 0.026 mole of NAD + shortfall that should have been supplied by respiration with external NADH dehydrogenase requesting 0.42 𝑔 𝑂 2 (Equation 16).

Regarding the total amount of molecular oxygen available in the gaseous and liquid phases of the bioreactor (0.43 g), a negligible amount of molecular oxygen was available to ensure NADH oxidation into NAD + in the TCA cycle (mitochondrial compartment). Therefore, we can assume that the TCA cycle was inactive in the present study.

Oxygen balance

0.021𝐶 6 𝐻 12 𝑂 6 + 0.084𝐴𝑇𝑃 + 0.042𝑁𝐴𝐷 + → 0.126𝐶𝐻 1.76 𝑁 0.17 𝑂 0.56 + 0.084𝐴𝐷𝑃 + 0.042𝑁𝐴𝐷𝐻 0.008𝐶 6 𝐻 12 𝑂 6 + 0.016𝑁𝐴𝐷𝐻 + 0.016𝐻 + → 0.016𝐶 3 𝐻 8 𝑂 3 + 0.016𝑁𝐴𝐷 + 0.026𝑁𝐴𝐷𝐻 + 0.013𝑂 2 + 0.026𝐻 + → 0.026𝑁𝐴𝐷 + + 0.026𝐻 2 𝑂
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The total bioreactor volume is the sum of the liquid volume 𝑉 𝑙𝑖𝑞 and the upper gaseous volume V gas , both of which contain an initial quantity of oxygen. Since the bioreactor is closed during the culture, an oxygen balance equation is required to know how the initial stock can be used by biological activity. The sink term 𝑆 𝑂 2 is solely due to mitochondrial respiration. According to the stoichiometric coefficients (see Equation 10), the oxygen consumption reads as:

The time derivative of the oxygen contained in the liquid phase should account for this biological sink term, but also for the exchange between the liquid and gaseous phases. This mass flux 𝑞 𝑂 2 is expressed using a mass transfer coefficient h m :

Where 𝑆 is the gas-liquid surface area in the bioreactor (𝑚 2 ) and ℎ the Henry's constant (Pa. kg -1 . m 3 ). Combining the two previous equations allows the time evolution of the oxygen in liquid to be obtained: Finally, one must account for the decreased partial pressure of oxygen in the gaseous phase induced by the flux 𝑞 𝑂 2 :

Model parameters

The model described in the previous section contains several parameters that must be supplied to the computational code. The parameters ℎ 𝑚 , 𝑆, T, 𝑉 𝑔𝑎𝑠 , and 𝑉 𝑙𝑖𝑞 are specific to the bioreactor used for the experiment (Table 3). All stoichiometric coefficients, as reported in Figure 2, are supplied to the code as matrix A of Equation 10. Finally, two sets of parameters remain to be defined: the kinetics parameters and the threshold values of the limiting factors. The kinetics parameters were defined as follows: assuming that the collection of sugar from the substrate is the most difficult task for yeast, the observed maximum growth rate 𝜇 𝑚𝑎𝑥 , defined during exponential growth, was allocated to the first step of glycolysis. This assumption is consistent with the concept of harvesting volume proposed by [START_REF] Quéméner | A thermodynamic theory of microbial growth[END_REF]. All other kinetics parameters involving pathways inside the cell are assumed to be rapid (20 times µ 𝑚𝑎𝑥 ). The kinetics of respiration was adjusted from the measured variation

𝑆 𝑂 2 = -0.5 Resp ̇× 𝑉 𝑙𝑖𝑞 (𝑚𝑜𝑙𝑒. 𝑠 -1 ) ( 17) 𝑞 𝑂 2 = ℎ 𝑚 𝑆 𝑅𝑇 �𝑃 𝑂 2 -ℎ𝑀 𝑂 2 [𝑂 2 ]� (𝑚𝑜𝑙𝑒. 𝑠 -1 ) (18) 𝑑[𝑂 2 ] 𝑑𝑡 = 𝑞 𝑂 2 +𝑆 𝑂 2 𝑉 𝑙𝑖𝑞 (𝑚𝑜𝑙𝑒. 𝑚 -3 𝑠 -1 ) (19) 𝑑𝑃 𝑂 2 𝑑𝑡 = -𝑞 𝑂 2 𝑅𝑇 𝑉 𝑔𝑎𝑠 (𝑃𝑎. 𝑠 -1 ) (20) 
of O 2 in the substrate. The fitted value is in good agreement with literature data [START_REF] Hagman | A study on the fundamental mechanism and the evolutionary driving forces behind aerobic fermentation in yeast[END_REF].

Regarding the threshold values of the Monod-like functions, the classical value (0.1 g per liter) was again adopted for the first step of glycolysis. The Monod constants K C for other components are very small (namely for the intermediate components ATP, G3P, NAD + , and Pyr), meaning that these components are rapidly consumed after being produced, knowing that these values have very little effect on the kinetics. The parameter values of the stepwise functions were determined to obtain a rapid switch when the concentration becomes low in terms of the sum per gram of cells (to𝑡

𝑁𝐴𝐷 + = [𝑁𝐴𝐷𝐻] + [𝑁𝐴𝐷 + ] = 6µmole. 𝑔 𝑦𝑒𝑎𝑠𝑡 -1 ) and to𝑡 𝐴𝑇𝑃 = [𝐴𝑇𝑃] + [𝐴𝐷𝑃] = 5µ𝑚ole. 𝑔 𝑦𝑒𝑎𝑠𝑡 -1
). Δ C was taken as 5% of this total content. α was set to 5 to ensure that the function equals zero at zero concentration. For these balances, the total content per cell is so small that the value of Δ C has absolutely no effect on the model results: the time evolution equation is indeed forced to balance the source and sink terms at any time. The full set of parameters are reported in Table 3. Despite these restrictive parameters, the partition of each concurrent pathway can be predicted due to the limitation factors and stoichiometric coefficients, which are wellknown from literature. Among the entire set of model parameters, only four parameters were unknown and had a significant effect on the modeling results. These parameters were highlighted in bold in Table 3: • λ Gly was adjusted to determine the measured concentration of glycerol at the end of the experiment. However, this parameter has quite a moderate effect since this pathway is activated only at the end of yeast growth when the G3P content becomes significant due to the limitation of the pyruvate pathway. The adjusted value is consistent with data from the literature.

• λ E needed to be different from the biomass pathway to give a certain priority to biomass production in the use of pyruvate. The obtained value cannot be directly compared to literature data since our model accounts for sequential pathways. • µ Resp was fitted to determine the experimental decrease of dissolved oxygen. The kinetics of this process is very important at the beginning of growth since it provides the cell with ATP and NAD + and facilitates a rapid increase in biomass. • The initial value of K N , based on literature data, gave an insufficient reduction in growth when nitrogen is depleted. We increased this parameter up to 4×10 -3 mole. l -1 .

We had also to increase 𝜇 𝑦𝑒𝑎𝑠𝑡 by 10% (0.30 instead of 0.27) for the modelled growth curve to lie exactly on the experimental curve. However, this is not necessary to claim that the model is predictive. This was performed for readers to more easily compare the kinetics of yeast population and the kinetics of ethanol production. In addition, since µ 𝑦𝑒𝑎𝑠𝑡 is applied to the first step of glycolysis, the successive pathways in series are likely to slightly affect the global dynamics of yeast populations.

Results and discussion

Comparison with experimental data

The first simulation accounts for the formulation with the full set of limiting factors (Figure 4). At the beginning of the culture, the available oxygen is used for respiration, which produces ATP and NAD + . NAD + is needed to activate the pyruvate pathway. However, this pathway also produces ATP very efficiently. As a result, the level of ADP decreases and eventually limits the pyruvate pathway. The depletion of ADP limits also respiration, which is not able to consume the stock of oxygen present at the beginning of the culture. Throughout the culture, the low pyruvate kinetics is unable to balance G3P production. The high and unrealistic level of G3P activates the glycerol pathway, which is required to produce NAD + as the ethanol pathway is not very active due to a limited concentration of pyruvate.

It seems unrealistic that excess of energy blocks the main path toward biomass production. Assuming that the excess ATP could be used to produce internal reserves, we add a sink term of ATP to mimic this possibility, which is activated when the level of ADP is too low. The yeast model now accurately predicts the experiment regarding the comprehensive set of experimental data (Figure 5). This indicates that the limitation factors (except ADP) and stoichiometric coefficients could be used with the current experimental results to predict glucose, biomass, ethanol, glycerol, and oxygen profiles. The prediction of components that were not measured experimentally (ATP, NAD + , G3P, Pyruvate, and nitrogen) helped in interpreting and understanding the biological activity. S. cerevisiae growth can be divided into three distinct stages, while the transition from one phase to the next is explained by changes in the limiting components.

The first stage occurred during the first 20 hours when oxygen content is sufficient to keep the mitochondrial respiration pathway active while producing enough ATP and NAD + to activate the biomass pathways (Glucose  G3P  Pyruvate  Biomass).

Respiration allows the yeast population to increase exponentially at a rate similar to the experimental results. Notably, such correct kinetics are obtained solely by supplying the experimental value of µ max to the first step of glycolysis. Although the respiration pathway is the main booster of biomass pathways during this initial stage, the ethanol pathway is also active and produces the additional NAD + needed for the pyruvate pathway. As previously mentioned, we had to limit the kinetics of fermentation (2 times slower than the biomass pathway) to obtain the experimental delay between yeast and ethanol: the yeast population clearly increases before ethanol. During this phase, the glycerol pathway remains slow due to the low level of G3P.

Once oxygen depletion occurs, the lack of ATP and NAD + produced by mitochondrial respiration activity reduces biomass production. During the second stage (20-30 hours), oxygen was completely depleted and the production of NAD + is only ensured by the ethanol and glycerol pathways with a smaller production rate, resulting in reduced yeast population growth. The slight decrease in NAD + visible after 20 hours has a great effect on the step function and reduces the pyruvate pathway. This is confirmed by the accumulation of G3P during this period. The higher level of G3P triggers the glycerol pathway, as proven by a rapid increase in the glycerol concentration. This trend is in agreement with the glycerol concentration found at the end of the experiment. The experimental data lack of intermediate points as the glycerol level was too low for detection in the samples collected before 30 hours of culture. Moreover, the production of ATP is now solely ensured by the pyruvate pathway, which is slow. The ATP graph depicts an ATP depletion just after 20 hours and for a short time interval.

After 30 hours (third stage), yeast growth stopped despite ATP and NAD + still being available to S. cerevisiae. The nitrogen plot from simulation results suggests that nitrogen depletion is responsible for the inhibition of the biomass pathway. Therefore, nitrogen is the second and ultimate limiting yeast growth factor. The short period of ATP depletion ends because the biomass pathway is the most demanding in ATP. The final yeast population was consistent with the experiment, which is consistent since we entered the same initial value of nitrogen in the model as in the experiment. In response to nutrient limitation, yeast generally accumulates glycogen and trehalose during fermentation. Then, at the end of yeast growth, the excess of ATP and NAD + could subsequently be involved in the degradation of these internal reserves for cell maintenance [START_REF] François | Reserve carbohydrates metabolism in the yeast Saccharomyces cerevisiae[END_REF][START_REF] Lillie | Reserve carbohydrate metabolism in Saccharomyces cerevisiae: responses to nutrient limitation[END_REF]. This process was not integrated into our model.

In order to further analyze the intricate coupling formulated in our model, two additional simulations were performed: one simulation without mitochondrial respiration and one simulation without the NAD + /NADH balance.

Simulation without mitochondrial respiration

The same test was then run without the mitochondrial respiration pathway (Figure 6). This pathway was simply blocked in the model. Consequently, oxygen was not used and NAD + production through the respiration pathway could not occur. This lack of electron carriers results in the pyruvate pathway being blocked, thus almost completely limiting yeast growth. This result tells us that mitochondrial respiration is mandatory to ensure yeast growth by the production of electron carriers. Yeast growth limitation results also in a cessation of fermentation activity, which results in excess glucose remaining in the medium. This is a common phenomenon in winemaking known as stuck fermentation. Oxygen limitation is generally described as the cause of a deficiency in cell membrane synthesis and, consequently, the yeast growth [START_REF] Bisson | Stuck and sluggish fermentations[END_REF][START_REF] Blateyron | Stuck and slow fermentations in enology: statistical study of causes and effectiveness of combined additions of oxygen and diammonium phosphate[END_REF][START_REF] Julien | Comparison of Nitrogen and Oxygen Demands of Enological Yeasts: Technological Consequences[END_REF][START_REF] Sablayrolles | Effectiveness of combined ammoniacal nitrogen and oxygen additions for completion of sluggish and stuck wine fermentations[END_REF]. However, by removing the respiration pathway in our simulation, the blockage of biomass production is explained by the lack of electron carrier. This should therefore be also considered as the limiting factor for yeast growth in stuck fermentation, probably before the oxygen depletion is severe enough to block membrane synthesis.

In order to obtain realistic kinetics in the simulation, we would have to boost all kinetics by a factor 1.3 and the glycerol pathway by a factor 10. In doing so, the glycerol pathway would be used instead of respiration to produce enough NAD + to activate the pyruvate pathway and, subsequently, the biomass pathway. As a consequence of these factor changes, the glycerol content at the end of the simulation would be much higher than in the experimental measurement (0.7 g. l -1 instead of 0.3).

Simulation without limiting effects of NAD +

Finally, we performed a test in which we cancelled any effect of NAD + . This configuration was implemented in the simulation code by modifying the NAD + /NADH balance in such a way to keep both concentrations equal to 0.5 * 𝑡𝑜𝑡 𝑁𝐴𝐷 + × [𝑦𝑒𝑎𝑠𝑡]. In addition to the availability of reactants, the kinetics were controlled only by the ATP content. In this case, most of the kinetics remain in good agreement with the experimental data. As evident in Figure 7, the main trends remain quite good, except for the glycerol pathway, which is much smaller in this case (10 times smaller than in the experiment). Since the G3P  pyruvate pathway is no longer limited by the availability of NAD + , G3P is more devoted to the pyruvate pathway than toward glycerol. The glycerol pathway does not need to be promoted any further to produce NAD + . This is one additional prove to the benefit of the electron carrier balance to correctly trigger the different metabolic pathways. The respiration and the ethanol pathways supplied sufficient ATP, while NAD + had no more limiting effect on biomass pathways; therefore, nitrogen is now the sole limiting growth factor. By reducing the number of yeast-limiting growth factors to one, the specific growth rate is slightly higher than the experimental results. One can also remark that ethanol production appears sooner, with a reduced delay between yeast growth and ethanol production.

Conclusion

The model developed in the present work has successfully proven its prediction potential for yeast fermentation. Resource allocation was consistent with experimental results simply due to the limiting factors of the seven metabolic pathways. The model was built in such a way to be able to save and plot the intensity of each component and the rates of reaction over time, making this model an essential tool to understand the interactions between the different metabolic pathways. This model pinpoints the key role of ATP and the electron carrier NAD + to trigger the different metabolic pathways in yeast culture. The crucial role of oxygen and mitochondrial respiration (without the TCA cycle) on the dynamics of yeast populations was also highlighted. Further developments to this model are currently in progress by our team, including the implementation of the TCA cycle, which will require a new NAD + /NADH balance to be added in the mitochondrion compartment. The present version is solely driven by limiting factors. The question of possible promoting effects, which could be tuned based on the global optimization of resources, is also part of our ongoing work. 1.8×10 -1 g. l -1 1.8×10 -1 g. l -1 (van [START_REF] Van Dijken | Kinetics of growth and sugar consumption in yeasts[END_REF] k G3P 2×10 -5 mole. mole -1 k Pyr 2×10 -5 mole. mole -1 k N 4×10 -3 mole. l -1 7×10 -4 mole. l -1 [START_REF] Cramer | Kinetic model for nitrogen-limited wine fermentations[END_REF] k O 2 3×10 -3 mole. l 
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Figure 4. Simulation results with the modeling strategy described in the previous section. The yeast growth is lowered by the depletion of ADP. This is due to an excess of energy (ATP) because the total amount of ATP plus ADP per cell is constant. This needed to be corrected because it is not consistent to block the pathways with an excess of energy.
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 2 Figure 2. A schematic diagram of the metabolic pathways and the 4 compartments (gas, liquid, yeast and mitochondrion) implemented in the present modeling strategy. All numeric ratios are in moles.

  

  

  

  

  

Table 1 .

 1 Nomenclature and initial conditions of quantities

	Symbol	Quantity

-

Subscripts

𝑙𝑖𝑞 liquid 𝑔𝑎𝑠 gas

Table 2 .

 2 The expression of limiting factors involved in the seven metabolic pathways (M for Monod-like function and S is for stepwise function).

	Pathway	ATP ADP NAD + NADH	NAD + M	Glu G3P Pyr N	O 2
	G3P	S			M
	Glycerol		S		M
	Pyruvate	S	S		M
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 [START_REF] Hagman | A study on the fundamental mechanism and the evolutionary driving forces behind aerobic fermentation in yeast[END_REF]Threshold constants of the limiting functions (𝑘 𝐶 or Δ C )
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Figure 3. The shape of functions used to affect reaction rates. 
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