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Résumé

Titre : Développement d’un procédé symbiotique entre Saccharomyces cerevisiae et Chlorella
vulgaris en photo-bioréacteur pour une limitation en rejet de CO, in situ

La levure et la microalgue sont des microorganismes trés étudiés pour la production de
composés a haute valeur ajoutée pour des secteurs tels que 1’agroalimentaire et 1’énergie. Ce
travail de thése propose un procédé de culture mixte entre la levure Saccharomyces cerevisiae et
la microalgue Chlorella vulgaris pour la croissance des deux especes tout en limitant le rejet en
CO,. Le procédé repose sur la symbiose mutuelle entre les deux organismes autour des
échanges de gaz, qui est rendu possible en imposant une co-dominance en termes de population.
Les populations doivent étre équilibrées pour que les microalgues puissent gérer la production
de COa,. Le procédé est réalisé en photo-bioréacteur de 5 litres non-aéré et fermé, afin d’éviter
les échanges gazeux avec I’environnement externe. Dans cette configuration, le CO; est produit
sous forme dissoute et directement accessible aux microalgues, évitant les phénoménes de
dégazage et de dissolution. Les populations de levures et de microalgues atteignent une
concentration égale (2x10'° cellules. 1) au bout de 24 heures de culture, restent stables jusqu’a
la fin de la culture (168 heures) et les microalgues recyclent 12% du CO; produit par les levures.
Un modéle cinétique de la levure et de la microalgue en culture mixte est développé en
combinant le modéle individuel de la levure et celui de la microalgue. Le modele prédictif de la
levure prend en compte les possibles voies métaboliques impliquées dans la fermentation et la
respiration de ces voies est prédite en y intégrant des facteurs de limitation. Le modele de la
microalgue est basé sur I’activité photosynthétique. Les résultats de ce travail montrent la
faisabilité du procédé de culture mixte entre hétérotrophe et autotrophe et pourrait apporter les

bases pour le développement d’un procédé écologique a faible impact environnemental.

Mots-clés : consortium microbien, culture mixte et co-dominante, échange de gaz, modele de

croissance, photo-bioréacteur, métabolisme






Abstract

Title: Process development for symbiotic culture of Saccharomyces cerevisiae and Chlorella
vulgaris for in situ CO, mitigation

Yeast and microalgae are microorganisms widely studied for the production of high-value
compounds used in food and energy area. This work proposes a process of mixed culture of
Saccharomyces cerevisiae and Chlorella vulgaris for both growth and CO, mitigation. The
process relies on mutual symbiosis between the two organisms through gas exchange, which is
possible by engineering the co-dominance of populations. The two populations must be
balanced in such a way so that microalgae can cope with the rate of CO, production by the yeast
activity. The process is performed in non-aerated Sl-photo-bioreactor fitted with a fermentation
lock to prevent gas exchange with the outside atmosphere. With this set-up, the CO; is produced
in dissolved form and is available to the microalgae avoiding degassing and dissolution
phenomena. The two organism populations are balanced at approximately 2x10'° cells. 1!, 12%
CO; produced by yeast was reutilized by microalgae within 168 hours of culture. A yeast and
microalgae growth model in mixed culture is developed by combining each individual growth
model. The predictive yeast model considers the possible metabolic pathways involved in
fermentation and respiration and imposes limitation factors on these pathways, in this manner,
the model can predict the partition of these pathways. The microalgae individual model is based
on the photosynthetic activity. The results of this work show the feasibility of such process and

could provide a basis for the development of a green process of low environmental impact.

Keywords: microbial consortium, co-dominant mixed culture, gas exchange, growth model,

photo-bioreactor, metabolism
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General introduction

The world is shifting its production processes from a linear, petrol-based economy
towards an agricultural circular bio-economy. The harmful effects of atmospheric CO, and other
greenhouse gases are increasingly evident. In this context, the development of “green”
biotransformation processes that use the minimum amount of energy in the most efficient
manner and that produce the least quantity of noxious waste is of utmost important. CO; is
produced as a waste product from many biotransformation processes. Once released, the CO»
exerts its damaging influence before it can be captured again though agricultural cultures. The
chemical and physical processes for the capture of CO, before its release into the atmosphere
are accompanied with fossil fuel consumption. Even agricultural recapture of CO; entails all the
energy costs associated with the culture, harvest and processing of crops. All in all, once the
CO; leaves the bioreactor, its capture is always associated with the use of energy that is often
from fossil fuel sources and hence the release of more CO; from fossil sources. Therefore, in
situ biological sequestration of this gas has the potential advantage of decreasing fossil carbon
release into the atmosphere and limiting the environmental damage that can be brought about

before the CO; is recaptured.

Commercially, the loss of a considerable part of the substrate in the form of CO; is an
inefficient practice that cannot be avoided with microbial cultures. With many
biotransformation processes, a large part of the substrate (30-50%) is converted to CO, rather
than product. In economic terms, the producer “wastes” almost half of its substrate. In situ
recapture of CO> could reduce this financial loss by providing an opportunity where the
substrate would be entirely used, at the same time rendering the process sustainable. To this
end, photosynthesis is the best candidate to be associated to the normal production process. This

natural process is often based on symbiotic relationships between organisms.

Systems based on symbiosis between microbial species have been attempted for
biotechnological applications in bioprocess and environmental protection (Santos and Reis
2014; Magdouli et al. 2016). The choice of microbial species (microalgae, bacteria or yeast)
depends on the final aims of co-culture: harvesting by bioflocculation (Subashchandrabose et al.
2011; Rai et al. 2012), wastewater treatment (Arumugam et al. 2014), production of
extracellular polymeric substances (Haggstrom and Dostalek 1981) or growth promotion and
lipid production (Milledge and Heaven 2013; Pragya et al. 2013). The creation and control of
specific consortia, with the desired microbial ecology, to perform biotransformation is key to
the use of these consortia in industrial biotechnology.
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The heterotrophic CO» production rate is usually largely superior to it autotrophic
consumption rate, hence from a CO;, mitigation viewpoint the mixed populations must be
balanced in such way so that the photosynthetic population can cope with the rate of CO;
production. In other words, the heterotrophic activity must be in step with the CO, removal rate.
This could be achieved though co-dominance of the populations allowing synergy between the
two organisms based on gaseous exchange. To the author’s knowledge, no scientific studies
have been published with the stated aim of developing co-dominant symbiotic mixed cultures.
Most studies have simply demonstrated that by increasing the CO, concentration in a
photobioreactor, albeit from a heterotrophic culture, the production rate of photosynthesis

increases.

The study exposed in this thesis details the strategy used to develop a co-dominant mixed
culture i.e. a batch process based on a constructed consortium of yeast and microalgae so that
CO; mitigation becomes an integral part of the process. Yeast and microalgae were targeted
since they are used in bioprocesses for high value oil production and the species Saccharomyces
cerevisiae and Chlorella vulgaris were chosen for this study as model organisms due to the vast
literature that exists in connection with their metabolisms. A kinetic growth model of yeast and

microalgae in the mixed culture (consortium) is also presented in this thesis.

This thesis starts with a literature review (Chapter 1) describing the possible metabolisms
adopted by the yeast S. cerevisiae and the microalga C. vulgaris according to culture conditions.
An inventory of studies of consortia of yeast and microalgae is also described to outline the
advantages and the challenges in developing co-dominant mixed cultures of yeast and

microalgae.

The techniques and methodologies used in this study for the acquisition of experimental

data and their analysis is presented in the chapter “Material and methods” (Chapter 2).
The following chapters concern the development of the process of mixed culture, which

was conducted through an approach based on interactions between the experimental and the

modeling part (Figure 1).
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Figure 1. Interaction between experimental and modelling part for the development and the study of mixed and co-
dominant culture (consortium) of yeast S. cerevisiae and microalga C. vulgaris. Corresponding chapters are specified

in grey circles.

In Chapter 3, key tools for the development of a co-dominant mixed culture are
presented: definition of culture parameters and the design of a medium suited for both yeast and
microalgae growth. Components from this newly designed medium are studied to assess their

impact on yeast and microalgae growth and with a view to optimize the medium.

S. cerevisiae and C. vulgaris monoculture were then grown in the newly designed
medium and in photo-bioreactors with the closest culture conditions possible to those of the
mixed culture. The study of experimental data, presented in Chapter 4, allowed to provide mass
balances, to determine metabolisms adopted by yeast and microalgae and to estimate yeast and

microalgae behaviors in mixed culture.

Chapter 5 presents results of two mixed cultures in photo-bioreactor. The mixed cultures
were performed using the newly designed medium (Chapter 3) and S. cerevisiae and C. vulgaris
growth were followed thanks to the enumeration method presented in Chapter 3. The mass
balances and the growth kinetics in yeast and microalgae monocultures were compared to mixed
cultures in order to identify the interactions between S. cerevisiae and C. vulgaris in mixed
culture. A method for simultaneous and accurate enumeration of the two species in a mixed

suspension is also presented.
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Chapter 6 presents the development of the kinetic growth models of S. cerevisiae and C.
vulgaris in monoculture. The stoichiometric reactions are formulated according possible
metabolisms adopted by yeast and microalgae in monoculture (Chapter 4). The stoichiometric
coefficients are well-known from literature and the coefficients of the reaction kinetics were
adjusted with experimental data and confirmed with the literature. The yeast and microalgae
kinetic growth model in mixed culture is based on the combination of their respective individual
model and by taking account the interactions between the two species. Simulation results are
then compared to the experimental data. Modeling is a tool for data analysis from experimental

part and a mean for better understanding of the yeast and microalgae metabolisms.

Through this study, we propose a general methodology for the development and the study
of a co-dominant symbiotic mixed culture of a heterotroph and an autotroph and assess the
success and the challenges of such strategy. The work presented here was performed on well-
known model organisms but can provide the basis for more applied studies. The potential
advantage of this work is that a symbiotic mixed culture would self-regulate the speed of the
bioconversion hence the CO,-production and -utilization rates; it could potentially eliminate the
need for gas supply and can lead to full utilization of the substrate. The potential savings would
be those of recovering the cost of the portion of the substrate that is normally lost as CO»,
making considerable savings in terms of gas supply avoidance and reducing environmental CO,
emissions. In an economical assessment, all these savings would have to be weighed against the

losses incurred by moderating the bioconversion speed in step with the photosynthetic rate.
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Chapter 1. Literature review

This literature review outlines the possible metabolisms of both Saccharomyces
cerevisiae and Chlorella vulgaris including their specific nutrient requirement. This approach
helps to understand and predict potential exchanges between yeast and microalgae when grown
together in a mixed culture. A review of previous studies on mixed cultures of yeast and
microalgae is also presented in this chapter to identify the improvements needed for the

development of the mixed culture processes.
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1.1 Presentation of the yeast Saccharomyces cerevisiae

1.1.1 Yeast structure

S. cerevisiae is a unicellular eukaryote fungus with generally an ellipsoid shape with a
diameter of 5-10 um. A yeast cell is also composed of a bud with a smaller diameter of around
5 pum. The yeast ultrastructure and organelles are comparable to that of higher eukaryotic cells:
cell wall, nucleus, mitochondria, endoplasmic reticulum (ER), Golgi apparatus, vacuoles and

secretory vesicles (Figure 2).

Bud
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Ribosome
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reticulum
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Mitochondria

Golgi
Vacuole
Membrane

Cell wall

Figure 2. Yeast cell ultrastructure.

The yeast cells propagate by budding from the mother cell, leading to the formation of
two cells of unequal size. After the separation of the daughter cell, a scar made of chitin is
formed on each cell. The generation (doubling) time is approximately 3 hours at 28°C under

optimal conditions. After 30 to 40 budding processes, the yeast cells age and die.

The yeast is a facultative aerobic-anaerobic microorganism, i.e. it can grow in presence of
oxygen (respiration) or in absence of oxygen (fermentation). Under fermentative metabolism, S.
cerevisiae still requires a small amount of molecular oxygen to produce ergosterol and

unsaturated fatty acids; key components of its cell membrane.
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1.1.2 Yeast metabolism

Three different catabolic pathways can be adopted by the yeast S. cerevisiae: strict respiration,

strict fermentation and aerobic fermentation (Figure 3).
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2.1.1.1 Metabolism under aerobic growth culture: respiration

Aerobic respiration or cellular respiration is the process where the sugar substrate is
oxidized completely to CO,, water and Adenine Tri-Phosphate (ATP). ATP is the energy
currency of the cell and is produced to provide energy for others cellular activities such as

anabolism and biomass production.

Respiration with O, occurs under aerobic conditions and involves four successive
metabolic pathways: glycolysis, the transition reaction into the tricarboxylic acid cycle (TCA

cycle) and oxidative phosphorylation (Figure 3).

During glycolysis, the carbohydrate (glucose or fructose) molecule is oxidized into
pyruvate in the cytosol. The glycolysis of each glucose molecule requires two ATP molecules to
begin with but produces four ATP in the latter part of glycolysis with a net gain of two ATP
molecules. Glycolysis is accompanied by the transfer of electrons. During glycolysis, two
NAD" (nicotinamide adenine dinucleotide) molecules carry two electrons each and bind with
two protons (H") respectively from glucose to be reduced into NADH. In aerobic condition,

NADH enters mitochondria for following stages of oxidative metabolism.

During the transition reaction, the two pyruvate molecules produced from glycolysis
move from cytosol to mitochondria matrix, are metabolized into Acetyl-CoA: the pyruvate
transport from the cytosol to mitochondria allows the release of two CO, molecules, then two

NAD" molecules are reduced into NADH. The final products are two molecules of acetyl-CoA.

The two acetyl-CoA molecules produced from the transition reaction enter in TCA cycle
to be oxidized inside mitochondria. During this metabolic pathway, NAD" and a new electron
carrier molecule FAD* (Flavin Adenine Dinucleotide) are reduced to NADH and FADH;
respectively, breaking Acetyl-CoA molecules for H use. At the end of TCA cycle, two ATP
molecules and four CO; molecules are generated. The Acetyl-CoA molecules are fully

dismantled.

During the first step of oxidative phosphorylation pathway (Figure 4), called electron
transport chain, NADH and FADH; produced during previous metabolic pathways are oxidized
into NAD+ and FAD", releasing H" and electron, and creating an H* gradient across the
intermembrane of mitochondria. During this step an O, is used to release a HoO molecule and
no ATP is produced (Figure 4). During the second step of oxidative phosphorylation pathway,

called chemiosmosis, an ATP is synthesized through the flow of H" back across the
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intermembrane of mitochondria. From one glucose molecule, chemiosmosis generates 38 ATP

molecules.

intermembrane space
H* H+ H+
H+ H+

ATP
synthetase

NAD* + Ht

ATP Gitric
acid
cycle

+ Pi

Figure 4. Oxidative phosphorylation.

Table 1. Energy balance of glucose metabolization through cellular respiration. coASH, co enzyme A ; CoQ, co
enzyme q10 ; CoQH2, ubiquinol.

glycolysis

glucose + 2NAD* + 2ADP —— 2pyruvate + 2NADH + 2H* + 2ATP + 2H,0

transition reaction

2pyruvate + 2NAD" + 2CoASH + 2H,0 —— 2Ac-CoA + 2NADH + 2H* + 2CO,

TCA cycle

2Ac-CoA + 6NAD* + 2ADP + 8H,0 +2CoQ + 8H,0 —— 2CoASH + 6NADH + 8H* + 2ATP + 4 CO, + 2CoQH,
oxidative phosphorylation

10NADH + 50, + 30ADP + 40H* —— 10NAD" + 40H,0 + 30ATP

2CoQH, + O, + 4ADP + 4H* — 2CoQ + 6H,0 + 4ATP

glucose + 60, + 38ADP + 32H* — 38H,0 + 38ATP + 6CO,

In oxidative metabolism, ATP, biomass, CO, and H,O are the only products from glucose
and oxygen (Table 1). The maximal biomass yield coefficient on glucose is 0.5 Zyeast. Zelucose |
(Verduyn et al. 1990b).
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S. cerevisiae is a facultative anaerobe, i.e. it can also produce energy in anaerobic

conditions using a fermentative metabolism.

2.1.1.2 Metabolism under anaerobic growth conditions: fermentation

Complete fermentation of carbohydrate occurs under strict anaerobic conditions and is
characterized by the production of ethanol. The production of the latter provides the energy
(ATP) required for biomass formation and cell maintenance. Although ATP is produced during
fermentation, the yield is much lower than during respiration (2 and 38 moleatp. molegiycose™

respectively).

The glycolysis, the transition reaction, the TCA cycle and the ethanol production
pathways are the main catabolic pathways of the complete fermentation. The oxidative

phosphorylation pathway is not involved as there is no molecular oxygen available (Figure 3).

Glycolysis occurs without direct implication of O,. In the absence of O, the glucose
molecule follows another metabolic pathway than in oxidative metabolism. The two pyruvates
produced at the end of glycolysis are broken down into two acetaldehyde molecules releasing
two CO; molecules. Then the acetaldehyde is reduced into ethanol oxidizing NADH oxidation
into NAD". The NAD" is then reused during glycolysis.

During fermentation of glucose, glycerol can be produced in the cytosol of S. cerevisiae
in order to close the NADH/NAD™ redox reaction. During glycolysis, glucose is converted into
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate in equimolar amounts. Most of
dihydroxyacetone is converted into glyceraldehyde-3-phosphate by the enzyme triose phosphate
isomerase and the excess dihydroxyacetone phosphate is converted into glycerol. The
conversion of dihydroacetone phosphate into glycerol is a two-step reaction involving oxidation
of NADH and two enzymes (glycerol-3-phosphate dehydrogenase and phosphatase) (Scanes et
al. 1998)

In fermentative metabolism, the carbon flow through the TCA cycle clearly decreases
compared to oxidative metabolism (Nissen et al. 1997; Jouhten et al. 2008). The biomass yield
coefficient also decreases to around 0.1 gyeasi. Zelucose', compensating with production of
byproducts (ethanol, glycerol and fusel alcohols) (Verduyn et al. 1990b).

Cell proliferation is the first aim of yeast and ethanol is a byproduct of this process

linking alcohol production and yeast growth. While ethanol is produced, cells strive to maintain
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their redox balance and make enough ATP to maintain growth. In fact, ethanol cannot be
produced efficiently without significant growth of yeast cells. Non-growing yeast cells will
ferment only enough sugar to produce energy for cell maintenance and accumulate glycogen
and trehalose. The challenge in the fermentation process is to provide enough nutrients for yeast
to promote ethanol production while avoiding excessive yeast growth which will represent an
alcohol-yield loss (Walker and Stewart 2016).

S. cerevisiae is capable of generating energy under strict fermentative metabolism i.e. in
complete absence of O, and without respiration, however, molecular O, is required for the
biosynthesis of compounds required for yeast growth: ergosterol and unsaturated fatty acids
(van Dijken et al. 1993). Anaerobic yeast growth can be ensured by the artificial addition of
these compounds and absence in the culture medium would lead to a reduction in the specific
growth rate and the growth yield (Macy and Miller 1983).

2.1.1.3 Aerobic fermentation referred as Crabtree effect

The aerobic fermentation is characterized by the production of ethanol in presence of
oxygen, hence both oxidative phosphorylation and ethanol production pathways are possible.
This metabolism occurs when external glucose concentration exceeds a certain variant-

dependent threshold concentration.

The energy production comes from glycolysis, the TCA cycle and oxidative
phosphorylation. The co-factor NADH is oxidized by both oxidative phosphorylation and
ethanol production pathways. The carbon flow through TCA cycle is still lower than in strict
respiration but is higher than in fermentative metabolism. The biomass yield coefficient is lower
than in strict respiration with values between 0.10 and 0.16 gyeast. Eeucose' (Franzén 2003) but

higher than the biomass yield of pure fermentation.

In 1929, Herbert Crabtree showed that the addition of glucose to suspension of rat tumor
cells lead to a decrease in respiratory activity and production of lactic acid. This phenomenon
was also used to explain the alcoholic fermentation in yeast in aerobic condition (Alexander and
Jeffries 1990).

Under aerobic conditions and with an external glucose concentration above 0.10 — 0.15
g. I'" (Verduyn et al. 1984), S. cerevisiae ferments glucose during the logarithmic phase of
growth releasing ethanol (De Deken 1966); therefore, S. cerevisiae is a Crabtree-positive yeast
(Figure 5). A high concentration of glucose seems to have an impact on the activities of some
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enzymes involved in TCA cycle and oxidative phosphorylation (Beck and Kaspar von
Meyenburg 1968; Fiechter and Seghezzi 1992). At low external glucose concentration and in
presence of oxygen, S. cerevisiae is in strict cellular respirative metabolism, so does not produce

ethanol (Képpeli et al. 1985).
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Figure 5. Batch culture of a Crabtree-positive yeasts (Schifferdecker et al. 2014).
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Figure 6. Schematic diauxic growth profile of Saccharomyces cerevisiae on glucose-based media (Herman 2002).

S. cerevisiae can respire both ethanol and glycerol and switches to respiration on ethanol
when glucose is depleted. Finally, when ethanol is fully exhausted, yeasts cells enter the
stationary growth phase (Figure 6). This phenomenon that involves two successive growth
phases, is called diauxie and the period of transition in the metabolism is called diauxic shift.
The diauxic phase occurs generally within the first 24 hours (Werner-Washburne et al. 1993;

Herman 2002), although the duration of this period varies according the concentration of the
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preferred substrate. The entry of S. cerevisiae in a diauxic shift is characterized by a decrease of
the growth rate (Albers et al. 2002).

2.1.1.4 Reoxidation of NADH into NAD* under aerobic and anaerobic conditions

NADH is the reduced form of the co-enzyme nicotinamide adenine dinucleotide (NAD").
NAD" is mainly involved as an electron transporter in reduction-oxidation reactions such as
glycolysis and TCA cycle. During these reactions, NAD" is used generating NADH and the
reoxidation of the latter is required to close the NADH/NAD" redox balance in S. cerevisiae and

regenerate NAD" allowing glycolysis to proceed.

In strict respiration metabolism, NADH is generated in the cytosol during glycolysis and
in the mitochondria during the TCA cycle. Both cytosolic and mitochondrial NADH are
reoxidized by the respiratory chain if the conditions permit respiration. The mitochondrial inner
membrane is impermeable to NADH and NAD" so the cellular redox balance dictates that
reduced coenzymes must be reoxidized in the compartment where they are generated.
Respiration of intramitochondrial NADH occurs via internal mitochondrial NADH
dehydrogenase (Figure 7). The cytosolic NADH can be oxidized via external mitochondrial
NADH dehydrogenase or via the glycerol-3-phosphate shuttle (Figure 7).

NADH NAD+

NADH NAD+ G3P DHAP cytosol

Nde1
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de2 AN _ N
X R \ c &
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Figure 7. Scheme of NADH reoxidation in the respiratory chain of S. cerevisiae. bcl, bel complex; cox, cytochrome

¢ oxidase; Gpd, soluble glycerol-3-phosphate dehydrogenase; Gut2, membrane-bound glycerol-3-phosphate
dehydrogenase; Nde, external NADH dehydrogenase; Ndil, internal NADH dehydrogenase; Q:ubiquinone (Bakker
and Overkamp 2001).
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In strict fermentative metabolism (without aeration), NADH is only generated during
glycolysis. The redox balance for the co-enzyme system NAD/NADH is closed through the
production of ethanol and glycerol (Figure 8).

CO,
glucose ﬁ’ biomass
NAD* NADH ADP+P,  ATP
glucose I( \‘l_, » glycerol
ADP+P, ATP
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Figure 8. Schematic overview of NAD*/NADH turnover in respiring (top) and fermentative (bottom) cultures of S.
cerevisiae. Depending on the concentrations of sugar and oxygen, intermediate situations are possible. In addition to
biomass formation, production of low-molecular-mass metabolites, such as acetate, pyruvate, acetaldehyde or
succinate may affect turn-over of NAD*/NADH (Bakker and Overkamp 2001).

In aerobic fermentation, the NADH is still only generated through glycolysis but the
cytosolic NADH is reoxidized through external mitochondrial NADH dehydrogenase

(respiratory chain), in addition to the production metabolic pathways of ethanol and glycerol.

1.1.3 Nutrition and culture parameters

1.1.3.1 Carbon

Carbon is a major constituent element of S. cerevisiae as it represents approximatively
47% of S. cerevisiae dry weight (Verduyn et al. 1990b). Glucose is the preferred carbon
substrate of S. cerevisiae and the presence of glucose inhibits assimilation of other sugars when

a mixed source of carbohydrates is supplied to the yeast (Klein et al. 1998; Meijer et al. 1998).

1.1.3.2 Nitrogen

S. cerevisiae is not capable of assimilating nitrogen from atmosphere and requires
assimilable organic nitrogen such as a-amino acids or inorganic nitrogen like ammonium for
growth and ethanol production. Urea can also be used by yeast, but not recommended for food
and feed applications as it can lead to the formation of carcinogenic ethyl carbamate. Nitrogen
in yeast fermentation is mainly involved the synthesis of amino acids, proteins (enzymes) and

nucleic acids. Levels of free alpha-amino nitrogen (FAN) (individual amino acids and small
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peptides) can be growth limiting and S. cerevisiae growth (yield) increases almost linearly with
increasing FAN levels up to 100 mg. I"' (Walker and Stewart 2016).

Amino acids are the preferred energetically nitrogen source for S. cerevisiae in
fermentation but with nitrogen catabolite repression, the presence of ammonium ions may
inhibit amino acids uptake. In S. cerevisiae, two classes of energy-dependent amino acid uptake
systems are involved: one is broadly specific (the general amino acid permease, GAP) and
effects the uptake of all naturally occurring amino acids, whilst the other includes a variety of
transporters that display specificity for particular amino acids. S. cerevisiae can also dissimilate
amino acids (by decarboxylation, transamination, or fermentation) to yield ammonium,
glutamate, and higher alcohols (Walker and Stewart 2016).

In yeast, ammonia (NH3) reacts with alpha-ketoglutarate from the Krebs cycle to form
glutamate and then from the onwards all the other amino acids are made through transamination

reactions.

1.1.3.3 Molecular oxygen O;

Molecular oxygen O, is necessary for yeast growth and maintaining the yeast viability in
both respiration and fermentation metabolisms. Under strict respiration, O, plays a key role in

the respiratory chain activity for the generation of ATP.

Although strict fermentation occurs under anaerobic condition, O, is manstill required for
the synthesis of yeast membrane compounds, i.e. sterols and unsaturated fatty acids. For strict
fermentation in winemaking, the average amount of O, needed is between 5-10 mg. 1!
(Sablayrolles J.M. 1986). O is more used for the synthesis of sterols (75 % of O, used) than for
that of unsaturated fatty acids (Salmon 2006). The content of lipid compounds in the medium

can decrease the O; requirement.

1.1.3.4 Temperature and pH

Regarding temperature and pH requirements for alcoholic fermentations, yeasts thrive in
warm and acidic environments with most S. cerevisiae strains growing well between 20 and
30°C. The optimal pH for yeast growth is from 5 to 5.2 but some yeast strains are able to grow
at pH of 3.5-6 (Boulton and Quain 2001).
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Temperature has an impact on yeast cell growth, population viability, ethanol production
and the substrate yield coefficient (Gervais and de Marafion 1995). The biomass yield
coefficient (Yx;s) and the ethanol yield coefficient (Yps) both change for the same substrate
depending on the temperature of the aerated fed-batch culture (Aldiguier et al. 2004). The Yxs
decreases with increase in temperature from 27°C (Aldiguier et al. 2004).

1.1.4 Nutrient limitation resulting in stuck and sluggish fermentations

A stuck fermentation is characterized by a premature cessation of fermentation, resulting
in an excessive residual sugar concentration in the wine. A wine fermentation is considered as
complete when the residual sugar concentration is below 4 g. I, Stuck fermentations directly
decrease productivity and can reduce wine quality with the formation of off-flavors for example
(Bisson, 1999; Henschke, 1997).

A sluggish fermentation is one in which the rate of fermentation is considered as too low
for commercial purposes. In winemaking, a sluggish fermentation can take several months to

finish instead of the more usual two to three weeks (Bisson 1999).

The rate of fermentation of carbohydrate depends on two factors: the total yeast
population and the yeast fermentation capacity. A typical industrial fermentation requires
roughly 10" cells. I'* and if the total biomass is lower than this level, the fermentation rate will
be slower since there are fewer fermenting cells in the medium. The yeast fermentation capacity
can differ for different yeast strains (variants) and depends on the growth conditions. The main
factors influencing the total biomass and the fermentation capacity are (Bisson 1999):

- nutrients availability (nitrogen, molecular oxygen and sterols)
- ethanol toxicity

- pH

- extremes of temperature

- toxins

Nitrogen and molecular oxygen limitation are of major importance (Blateyron and
Sablayrolles 2001). Nitrogen sources such as ammonium salts and a-amino acids are necessary
for proteins synthesis and yeast growth. Molecular oxygen is mandatory for the synthesis of
yeast membrane compounds, particularly sterols and unsaturated fatty acids.
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Figure 9 represents a typical stuck fermentation due to nitrogen deficiency. When the
culture is limited in nitrogen, the total biomass decreases leading to reduction of the

fermentation rate.

25 0.6
Fermentation with NO nitrogen deciciency (high YAN)

Fermentation rate (g/L of (0, released/hr (dC0,/dt)
e YRSt population (X)
—————— Kinetic of nitrogen consumption (N)

x(*10-1cell.-1)
Ndt(g.L-1.)

dco,/dt(g.L-1.h-1)

Fermentation with nitrogen deciciency (low YAN)

Fermentation rate (g/L of (0, released/hr (dC0,/dt)
e Y@aSt population (X)
_______ Kinetic of nitrogen consumption (N)
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Time (h)
Figure 9. Growth profile of yeast in a stuck fermentation (Sablayrolles, J.M., Sitevi Conference, 2015).

1.2 Presentation of the microalga Chlorella vulgaris

1.2.1 Structural presentation of microalgae

Chlorella vulgaris is a unicellular eukaryotic organism firstly identified by Martinus
Willem Beijerinck in 1890. The species C. vulgaris has a round or ellipsoid form with a
diameter of around 2-10 um and contains similar organelles to plant cells (Safi et al. 2014)
(Figure 10).

The cytoplasm is composed of water, soluble proteins, minerals and hosts internal
organelles: mitochondria, nucleus, endoplasmic reticulum vacuoles, chloroplast and Golgi
apparatus. C. vulgaris contains a single chloroplast, which is the key element for photosynthesis
such as thylakoids wherein the chlorophyll a and b are synthesized and housed. The pyrenoid is
at the center of carbon dioxide fixation as it contains high levels of ribulose 1,5-biphosphate
carboxylase oxygenase (RuBisCo). The chloroplast also contains starch granules, the principal
energy and carbon reserve of this organism. The starch granules, composed of amylose and

amylopectin are formed in the chloroplast under stress growth conditions (Safi et al. 2014).
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Figure 10. Microalga cell ultrastructure

C. vulgaris reproduction is rapid, asexual by autosporulation (non-motile reproduction)
(Safi et al. 2014). Four daughter cells having their own cell wall are formed within the mother
cell and after maturation the mother cell wall disrupts, releasing daughter cells, debris and
internal nutrients that could be used by daughter cells (Yamamoto et al. 2004) (Figure 11).

a b c d e f g
0-O-O-O-B-C8-CE

Figure 11. C. vulgaris cell division. (a) early cell-growth phase; (b) late cell-growth phase; (c) chloroplast dividing
phase; (d) early protoplast dividing phase; (e) late protoplast dividing phase; (f) daughter cells maturation phase and
(g) hatching phase. (Safi et al. 2014).

1.2.2 Microalgae metabolism

1.2.2.1 Autotrophic metabolism

A photo-autotrophic growth occurs in mineral medium without any organic carbon when
the culture is exposed to sufficient light. Under these conditions, microalgae are capable to
synthesize their own organic carbon through photosynthesis. Photosynthesis is a key process in
which CO, and water are converted into carbohydrates and oxygen through redox reactions

supplied by light energy (harvested by chlorophyll molecules).
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Photosynthesis is composed of two successive stages: the light reactions (light dependent)

and the dark reactions (light independent).

The light reactions occur in the thylakoid membrane of chloroplasts (Figure 12). The light
is harvested by two photosystems (proteins and pigments complexes): photosystem I (PSI) and
photosystem II (PSII). In both systems, the light is collected through pigments and chlorophyll
molecules localized in the center of the photosystem (reaction center). The reaction center of
photosystem I and II are respectively P700 and P680. Electrons are removed from water and
pass through PSII and PSI, requiring light to absorbed once in each system regenerating
NADPH and ATP.

chloroplast stroma ADP| H* ATP
H+ +Pi
Light Light
PS| |NADP: | NADPH
ATP
e synthetase
—
H+
H:0 120 + H* H* "
’ + ng H thylakoid lumen

Figure 12. Light reactions of photosynthesis at the thylakoid membrane.

During the light reactions, light energy is converted to chemical energy allowing
reduction of NADP" to NADPH and production ATP; both are used later for the dark reactions
as energy source (Figure 13). ATP is the energy currency of cells, i.e. hydrolysis of ATP to
ADP releases energy. NADP" is reduced to NADPH, which is a strong reducing agent that can
be oxidized, i.e. it can give away electrons associated with the hydrogen, reducing another
molecule. When oxidize, the NADPH goes to a lower energy state and the energy released can

be used in the dark reaction.

—>
¢o, Light DET co,
CH,0 reactions ) 3 ATP reactions CH,0

3 ADP (carbohydrates)

Figure 13. Interactions between light and dark reactions (adapted from Masojidek et al. (2013)).
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The dark reactions still occur in presence of light in the chloroplast stroma and the aim of
this stage is to fix CO» through the Calvin cycle using products from the light reactions (ATP
and NADPH) (Figure 14). This stage can be expressed as:

CO, +4H" + 4e- + 2 NADPH + 3 ATP - (CH,0) + H:O Reaction 1

Nitrogen
source

Figure 14. Pathways involved in microalgae photo-autotrophic growth.

Fixation of one molecule of CO; required energy from three molecules of ATP and two
molecules of NADPH (Richmond 2017) and 95 % of NADPH together with 60 % of ATP from
the light reactions are used in the dark reactions (Falkowski and Raven 2007). The Calvin cycle
is composed of four distinct phases (Figure 15):

1. Carboxylation phase: the enzyme RuBisCo catalyzes the carboxylation of RuBP with CO;
to form two molecules of 3-phosphoglycerate (3PG)

2. Reduction phase: phosphorylation of 3PG required ATP and NADPH to form
diphosphoglycerate (GBP) and the latter is reduced to form G3P

3. Regeneration phase: 5/6 of G3P molecules produced are recycled within the Calvin cycle
for regeneration of RuBP

4. Production phase: 1/6 of G3P molecules are used for carbohydrate production (Falkowski
and Raven 2007).
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Figure 15. Calvin Cycle (carbon fixation) occurs in the chloroplast.

The enzyme RuBisCo can also fix O, into the RuBP to give 3-phosphoglycerate (PGA)
and 2-phosphoglycolate (2PG) during photosynthesis: this phenomenon is called the
photorespiration (Figure 16).

RuBP RuBP
ADP —
3GP

il Ribulose 5-Phosphate
Glycerate L . . \
{ Photorespiration [ :llZlEeel  Calvin Cycle
Triose phosphate
Serine
CO.
NHs =\
Glycine

2P-Glycolate
T~ + 3P-Glycerate

2x 3P-Glycerate
r

Figure 16. Photorespiration (adapted from Xu et al. (2015)).
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In autotrophic conditions, the photosynthesis step allows the production of carbohydrate,
hence, the respiration of organic carbon processes is also involved; glycolysis, the TCA cycle,
the pentose phosphate pathway and respiration in mitochondria (Figure 14):

1. TCA cycle: in the mitochondrion, pyruvate (from G3P) is oxidized into CO, and byproducts
from TCA cycle are used as substrate for the synthesis of essential elements.

2. Pentose phosphate pathway: NADPH and pentoses phosphates are produced from glucose.
The production of NADPH in this pathway is necessary for the synthesis of lipids and reduction
of NO;™ (Turpin et al. 1988; Falkowski and Raven 2007).

3. Respiration in mitochondrion: NADH from the TCA cycle is oxidized by NADH
dehydrogenase. This reaction is coupled to an electron transport chain allowing the formation of
a H' gradient. The latter provides energy for the ATP synthesis. The high quantity of ATP
produced allows proper cell development including nitrogen assimilation for proteins synthesis
(Turpin et al. 1988). According to Yang et al. 2000, in Chlorella pyrenoidosa the respiration in
mitochondrion produces 40 % of ATP in the cell.

1.2.2.2 Heterotrophic metabolism

Microalgae growth in heterotrophic conditions can occur in the presence of organic
carbon substrate, O, and in the absence light. The presence of organic carbon source such as
glucose is used to provide energy to replace the traditional support of light energy.

In heterotrophic conditions, there is no photosynthesis (light and dark reaction). Glucose
is used as organic carbon source and metabolized through glycolysis. Glucose is assimilated
from medium (extracellular space) to the cytosol of microalgae through the hexose/H" inducible

active transport (Figure 17).

Microalgae growth under heterotrophic conditions induces physiological changes such as
cells size, storage materials content (starch and lipids grains) (Boyle and Morgan 2009), protein,
chlorophyll, RNA, and vitamin contents (Martinez et al. 1991). Under autotrophic conditions,
chloroplasts and starch granule appear clearly visible in photosynthetic cells as reported Lebsky
et al. (2001). Under heterotrophic conditions, the thylakoid membranes disappear while large
lipid droplets are formed (de-Bashan et al. 2002), suggesting chlorophyll breakdown and
chloroplasts degeneration, associated with lipogenesis during the heterotrophic growth (Xiong
et al. 2010).
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Nitrogen
source

Figure 17. Pathways involved in microalgae heterotrophic growth. The grey square indicates the pathways not
involved during this type of growth.

Heterotrophic growth provides an alternative energy source to light and boost cell growth.
Maximum growth rates observed in heterotrophic cultures of microalgae range from 0.2 to 0.7
day!' (Perez-Garcia and Bashan, 2015). Compared to the autotrophic conditions, heterotrophic
conditions have enhanced concentration of Chlorella protothecoides up to 3.4 times (Shi et al.
1999), of Chlorella vulgaris up to 4.8 times (Liang et al. 2009) and of Chlorella sorokiniana up
to 3.3 times (Zheng et al. 2012).

1.2.2.3 Mixotrophic metabolism

Microalgae are able to simultaneously adopt an autotrophic metabolism and a
heterotrophic metabolism under mixotrophic conditions, reducing their dependency on light. As
under heterotrophic conditions, aerobic glycolysis by microalgae involves the Embden-
Meyerhof (EM) and the Pentose Phosphate pathways. The EM pathway is the main glycolytic
process of cells in mixotrophic growth with light (Neilson and Lewin 1974; Yang et al. 2000;
Hong and Lee 2007; Perez-Garcia et al. 2010) (Figure 18).
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Figure 18. Pathways involved in microalgae mixotrophic growth

Under mixotrophic conditions, the autotrophic mode is regulated by the metabolite
concentration and enzyme affinity to substrates and not by factors at the genetic or
transcriptional level (Yang et al. 2002). Different hypothesis could describe the interactions

between autotrophic and heterotrophic metabolism in mixotrophic conditions:

1) the growth rate under mixotrophic regime (Umixo) corresponds approximately to the
sum of the maximum growth rates obtained under the photo-autotrophic and heterotrophic
modes (Umixo = Mhetero T Hauo) (Marquez et al. 1993; Girard et al. 2014). As the mixotrophic
specific growth rate equals the sum of the autotrophic and heterotrophic growth rates, the
autotrophic and the heterotrophic metabolisms probably act non-competitively under
mixotrophic growth (Smith et al. 2015). This relationship has been reported in different
microalgae species as Chlorella regulis (Endo et al. 1977), C. vulgaris (Ogawa and Aiba 1981,
Martinez et al. 1991), Haematococcus pluvialis (Kobayashi et al. 1992) and Chlamydomonas
humicola (Lalibert¢ and de la Notiie 1993). The degree of regulation of autotrophy and
heretrophy activities allows non-competitive growth between the two metabolic pathways and is
established through the inhibition of chlorophyll production by organic carbon assimilation and
through the production of organic carbon uptake enzyme (Ogawa and Aiba 1981; Smith et al.
2015). On the other hand, the presence of light can photo-inhibit the uptake of organic carbon

by affecting the balance between reduced and oxidized energy carrying molecules (ATP and
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NADH), as a consequence of photosynthetic activity (Perez-Garcia and Bashan, 2015) and by
inhibiting expression of the hexose/H" system (Perez-Garcia et al. 2010).

2) the autotrophy and heterotrophy activities could interact through synergetic effects
rather than non-competition mechanisms (Smith et al. 2015). The addition of external organic
carbon generates a CO» rich environment that promotes growth of algae. The assimilation and
metabolism of organic carbon provides an endogenic source of CO, to fuel photosynthesis,
which in turn provides an enriched source of O, for respiration. This synergistic effect could
reduce gaseous growth limitations and enhance growth. Hence, mixotrophic cultivation is
associated with lower emission of CO, than heterotrophic cultivation on the basis of per unit
biomass/lipid production. This happens because part of the CO; release can be compensated by
photosynthesis (Xiong et al. 2010; Chen et al. 2011). Compared with heterotrophic cultivation,
mixotrophic cultivation of C. protothecoides released 61.5 % less CO, with production of the
same yield of lipid (Xiong et al. 2010). Nevertheless, the enzyme Rubisco, which is responsible
for CO, fixation, remains functional in cells at the heterotrophic phase (Xiong et al. 2010).
During mixotrophy, growth is influenced by the medium supplement of glucose during both the
light and dark phases (photoperiod); hence, there is decreased loss of biomass during the dark
phase characterized by CO» emission (Wang et al. 2014).

The combination of autotrophic and heterotrophic metabolisms allows higher cell
densities than autotrophy, while using considerably less organic material per unit of biomass for
heterotrophic growth in the dark. Mixotrophic growth enable 20-40% higher growth rate
compared with autotrophic condition (Wang et al. 2014) and allows to significantly enhance the

biomass productivity, which in turn leads to enhanced lipid productivity.

The increase in cell density under mixotrophic growth conditions seems to be due to
higher energy availability, released through aerobic respiration, and catabolism of carbohydrates
through photosynthesis (Mitra et al. 2012). Under certain mixotrophic culture conditions,
C. vulgaris breaks down all glucose in the medium within 2 days (Mitra et al. 2012). On the
other hand, according to Santos et al. 2011, mixotrophic growth consumed only one-third of
(31.6%) of the initial glucose within 7 days of culture. The Figure 19 shows how microalgae
assimilate carbon and produce energy in mixotrophic conditions: both heterotrophic and
autotrophic metabolic pathways are involved.
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Figure 19. Metabolic pathways for assimilation of carbon and production of energy in photo-autotrophic,
heterotrophic and mixotrophic microalgae metabolism (Perez-Garcia and Bashan 2015).

Maximum growth rates observed in mixotrophic cultures of microalgae range from 0.25
to 1.0 day!, which are higher than heterotrophic growth (Perez-Garcia and Bashan, 2015).
Mixotrophic cultivation of microalgae shows the highest growth rate, followed by autotrophic
cultivation and then heterotrophic cultivation (Santos et al. 2011). Culture of Scenedesmus
obliqguus in medium containing cheese whey permeate as organic source for mixotrophic and
heterotrophic conditions, showed that maximum growth under mixotrophic condition
corresponds approximately to the sum of the maximum growth rates under heterotrophic and
autotrophic conditions (Girard et al. 2014).

Cultures in mixotrophic conditions increase the proportion of lipid storage (Liang et al.

2009; Mitra et al. 2012). This increase could be attributed to the excess organic carbon in the

medium and exposure to low irradiance at the same time (Liang et al. 2009; Mitra et al. 2012).
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Santos et al. (2011) confirmed this statement when mixotrophic growth was compared to
autotrophic cultivation: in their study, the mixotrophic cultivation showed a lipid productivity 8
times higher than the autotrophic growth (0.071 and 0.009 g. 1" day™! respectively). However,
mixotrophic incubation showed a lipid productivity 5 time lower than a heterotrophic culture
(0.071 g. I'! day! and 0.349 g. I'! day! respectively).

1.2.3 Nutrition and culture parameters

1.2.3.1 Carbon

Microalgae require CO» as carbon source for photosynthesis but above a certain
concentration it becomes inhibitory to microalgae growth and could be harmful: C. vulgaris can
tolerate up to 12% CO; at a temperature of 35°C (Dong and Zhao 2004).

Microalgae can also assimilate the bicarbonate HCOs. Once HCOj;™ passes the plasma
membrane, it can be converted into CO» by the action of carbonic anhydrase (CA) because the
enzyme RuBisCo reacts only with CO, and not HCO3;". HCOs" can also be concentrated through
the CO; concentrating mechanism (CCM) (mostly when CO, concentration is low), and be later
converted into CO, by CA (Larsson and Axelsson 1999; Matsuda et al. 2001) (Figure 20).

HCOj5 «—— CO2

pyrenoid

Figure 20. HCOs™ and COz assimilation in microalgae (CA carbonic anhydrase, CCM COz concentrating mechanism).

For heterotrophic or mixotrophic culture conditions, microalgae can metabolize several
kinds of monosaccharides (glucose, fructose, galactose and mannose) and disaccharides (lactose
and sucrose) (Perez Garcia and Bashan, 2015). Each microalgal species and strain has different

capacities to assimilate different organic compounds (Kréger and Miiller-Langer 2011) but
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glucose is the most commonly used carbon source and microalgae growth on this substrate
provides higher growth and respiration rates (Griffiths et al. 1960) than other substrates as
glucose provides high energy content per mole. For example, glucose produces 2.8 kJ. mole™! of

energy compared to 0.8 kJ. mole™! for acetate (Boyle and Morgan 2009).

1.2.3.2 Nitrogen

Nitrogen, after carbon, is the second major cell constituent. The quantity of N varies
according species and medium conditions but it is around 7% of cell dry mass (Bhola et al.
2011; A W Hom 2015). Despite the higher carbon content in microalgae cells, the ratio C/N is
important in optimizing a culture because microalgae growth is controlled by the interaction

between organic carbon and nitrogen (Pagnanelli et al. 2014; Silaban et al. 2014).

The most preferred nitrogen source for microalgae is ammonium NH4". N incorporation
into biomass from ammonium is the most energetically efficient, since less energy is required
for its uptake (Syrett and Morris 1963; Goldman 1977; Shi et al. 1999; Wilhelm et al. 2006).
The ammonium can be assimilated directly, transported into the nitrogen assimilation system
(Figure 21). In mixotrophic cultivation, ammonium consumption is greater than in autotrophic
conditions due to the higher affinity of the cells for ammonium in mixotrophic conditions: more

ATP and NADPH are available for ammonium metabolic processes (Perez-Garcia et al. 2010).

NH4*

glutamhte BIOMASS

Figure 21. Ammonium, nitrate and nitrite assimilation in microalgae (NH4" ammonium, NOs™ nitrate, NO>™ nitrite,

NR nitrate reductase, NiR nitrite reductase).
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Microalgae are also capable of assimilating nitrate NOs", nitrite NO,™ , urea and amino
acids. In microalgae cell, ammonium can be directly incorporated into nitrogen assimilation
while nitrate and nitrite must be converted into ammonium to enter in the nitrogen assimilation
pathway (Scherholz and Curtis 2013; Sanz-Luque et al. 2015) (Figure 21).

In unicellular green algae, the assimilated amino acids can be incorporated in the
microalgae metabolism through three different mechanisms (McAuley 1987; Muiioz-Blanco et
al. 1990; Zuo et al. 2012; Murphree et al. 2017) (Figure 22).

abiotic degradation: m

enzymatic degradation:

amino acid

transport: M

Figure 22. Assimilation of amino acids by microalgae (adapted from Murphree et al. (2017)).

During abiotic degradation, the enzymatic degradation and the transport of amino acids
occur across the cell membrane. The abiotic degradation of amino acids results in NH4"

production and occurs in the presence of oxygen, heat and light.

Enzymatic degradation involves the oxidative deamination of amino acids outside the
microalgal cell catalyzed by a periplasmic amino acid oxidase, resulting in NH4" production and

assimilation and oxoacid production, which is not taken up.

During amino-acid transport, amino acids do not undergo any extracellular degradation,
they are transported across the membrane to reach the cytosol where they are enzymatically
degraded either by conversion into other amino acids via transamination or by the release and
subsequent assimilation of NHs". In C. wvulgaris two amino-acid transport systems are
implicated (Cho et al. 1981). One of these is specific for neutral amino acids with small side
chains, alanine, glycine, serine, and proline (the proline system) and the other one is specific for
the basic amino acids, arginine and lysine (the arginine system). Both these systems are able to
transport the corresponding amino acids against an internal free amino acids concentration

gradient (Cho et al. 1981). These two transport systems can be induced in C. vulgaris in the
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presence or absence glucose in nitrogen-rich medium. A third uptake system for amino acids
can be induced in C. vulgaris when grown in presence of glucose and NH4C1 (or NaNO3)
(Sauer 1984).

1.2.3.3 Light

The light is the main energy source in photo-autotrophic conditions, hence light is
required for any photo-autotrophic culture and can become quickly the growth limiting factor
depending on photo-bioreactor geometry. Multiple designs of closed photo-bioreactors have
been tested and studied in order to optimize the culture exposition to light: flat-plate photo-
bioreactor (Qiang and Richmond 1996; Zhang et al. 2001), tubular photo-bioreactor (Molina
Grima et al. 1994), and column photo-bioreactor (Kojima and Zhang 1999). In mixotrophic
culture, the light is a non-negligible source of energy to increase microalgal biomass.

Light intensity has a great impact on microalgae growth and can even be inhibitory.
During photo-inhibition, photosynthesis is inhibited and microalgae growth declines (Subba
Rao et al. 2005).

1.2.3.4 Temperature and pH impact on the repartition of carbon species

CO; dissolution depends on two phenomena: physical dissolution in the liquid phase and

the chemical reaction with water that leads to the repartition of the different carbon species.

The concentration of dissolved CO; in the liquid phase can be expressed by Henry’s law
when the gaseous phase is in equilibrium with the liquid phase and varies according to the

temperature (a decrease in temperature leads to an increase in the concentration of dCO,).

In the liquid phase, the dissolved CO; is hydrated to form carbonic acid H.COs, which
then dissociates into HCO;5 and carbonate COs* (Baba and Shiraiwa 2007):

H;0 + CO; < H,CO;5 Reaction 2
H,CO; < H"+ HCO5" Reaction 3
HCO; < H"+ COs> Reaction 4
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The dissociation constants of the couples CO,/ HCOs and HCOs/ COs> are respectively
K, and K, and the repartition of dissolved CO,, HCOs", and COs* depends on pH (Figure 23):

_ [HCOZ][H™]

_ [coiT][H"]
== Tco; T @
K, = 107PK1 3)
K, = 107PK2 )

with (Edwards et al. 1978):
pKi=6.36 at 25°C
pK2=10.33 at 25°C

species repartition

Figure 23. Carbon species repartition according pH at 25°C.

1.3 Batch culture in photo-bioreactor: growth kinetic and gas transfer

1.3.1 Growth Kkinetic

In batch culture, the key elements necessary for yeast or microalgal cell growth (carbon,
nitrogen) are all present at the beginning of the culture. Gaseous substrates and light are “fed”
continuously during the culture period., and normally at a constant rate. During growth, the
nutrients are consumed and their dissolved concentration in the growth medium decreases with

time. The cell growth stops when one key nutrient is depleted (limiting nutrient). The
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biochemical composition, the physiological abilities and growth rate are then modified (Cullen
etal. 1992).

In a stirred batch bio-reactor, biomass (biomass yield) and product formation can be
described quantitatively by the specific yield coefficient expressed as the number of cells or the
mass of product formed per unit of substrate consumed, Yxss and Ypss respectively. The balance

of the cells number between the time t and t+dt are given by:
VdX =rVdt (5)

with:

V: working volume (1)

r: growth speed (cell. I''h™)

X: population (cell. I'")

The growth speed r is directly linked by the specific growth rate (p) and the microbial

population:
r=uX (6)

with:
u: specific growth rate (h!)

Then the balance of the cells number is given by:

dX
g 7
ax M (7
The balance of the product mass and the substrate mass depends on the balance of the cells

number:

AP YpsdX  Yoss

dt  Yyisdt  Yys ()

ds 1 .dX 1 dP

dt Y dt Yo dt ©)
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with:
P: product concentration (g. I'")
S: substrate concentration (g. 1)

The doubling time #d (h) can be calculated as:

In2
(10)

1l

1.3.2 Gas transfer

The study of the gas-liquid transfer in bioreactor is essential as gas is one of the most
important substrates for yeast and microalgae. Yeast needs O for respiration and microalgae
requires CO, for photosynthesis under photo-autotrophic conditions and both O, and CO, under

mixotrophic conditions. The transfer of O, and CO; is schematized in Figure 24.

(a) Gas film
FLOCK, CLUMP or SOLID PARTICLE
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Figure 24. Steps of gas transfer from gas bubble to cell from Garcia-Ochoa et al. (2010). (1) 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 liquid—cell interface; if the cells are in a
flock, clump or solid particle, diffusion through the solid to the individual cell; (7) transport through the cytoplasm
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till the site where the reactions take place; (8) biochemical reactions involving oxygen consumption and production

of CO2 or other gases; (9) transfer of the produced gases in the reverse direction.

The gas transfer rate depends on the liquid mass transfer coefficient Ky, the total specific
surface area available for mass transfer a, and the gas concentration. It is difficult to determine
KL and a individually so they are usually determined together through one single coefficient
called the volumetric gas transfer coefficient Kia, which can be determined experimentally.
Then, the Kia allows to obtain the gas balance in the liquid phase in a perfectly homogeneous

batch culture.

1.4 Studies on co-cultures of yeast and microalgae

1.4.1 Two types of co-cultures of yeast and microalgae: coupled and mixed cultures

Reports of studies on symbiotic co-cultures of microalgae and yeast have been
increasingly appearing in the scientific literature, with the aim of improving biomass and/or
target-molecule productivity. These co-cultures fall into two categories: studies with bioreactors
in series where the exhaust gases from the heterotrophic culture are fed into the autotrophic
culture, and studies where both yeast and microalgae are concomitantly in the same culture. We
have decided to refer to the former as coupled cultures and the latter as mixed cultures (Figure
25).

Coupled cultures consists of an upstream heterotrophic yeast-culture connected to an
autotrophic culture of microalgae in photo-bioreactor through the exhaust gases from yeast
culture (Pisman and Somova 2003; Puangbut and Leesing 2012; Santos et al. 2013;
Dillschneider et al. 2014; Gomez et al. 2016). Studies on coupled cultures have mainly
suggested an increase in the final microalgae biomass and lipid production that is achieved by
effectively enriching the air supply to the microalgae cultures with CO, from the heterotrophic
culture. In a coupled-culture system, the autotrophic organism benefits from the heterotrophic
organism with no positive or negative impact on the latter, which essentially acts as a CO»

generator.

The principle of mixed cultures of yeast and microalgae is based on the growth of both
species in the same liquid phase of a culture. Studies on these mixed cultures are mainly
conducted in order to increase the lipid production and shows a mutual benefit between yeast
and microalgae as CO; produced by the heterotroph is accessible for microalgae photosynthesis

and the O; released from the autotroph can be used back by yeast.
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Figure 25. Two types of co-cultures of yeast and microalgae. (A) Coupled-culture and (B) mixed culture; (A) gases
pass from the liquid phase of the heterotrophic culture into a gaseous phase (blue dashed arrows) and they then pass
from the gaseous phase into the liquid phase of the photo-bioreactor (red solid arrows). (B) Diagram of a mixed
culture of heterotrophic and autotrophic organisms; the gases are generated and reused in situ. The COz is produced
by heterotrophic metabolism of the organic carbon source. In (B) aeration is optional and can be avoided altogether.

1.4.2 Potential advantages of mixed cultures over coupled cultures

The mixed culture system of microalgae and yeast focuses on the symbiotic potential of
associating both organisms in the same culture. This system has an advantage over coupled-
cultures in that it provides an opportunity for direct gaseous exchange in dissolved form
bypassing the dissolution and degassing rates of the gas supply. Usually, any gas supplied to a
bioreactor has to pass from a gaseous phase into a liquid phase (dissolution) and the gases
produced by the culture must pass from the liquid phase into the gaseous phase (degassing).
These transfers are subject to specific surface limitations as well as mixing phenomena that can
limit CO, supply to the autotroph and O, supply to the heterotroph in a coupled culture. In a
mixed culture of microalgae and yeast, each organism would use the dissolved gas produced by
the other organism in situ and without passing through a gaseous phase, the organisms could

benefit from each other.

1.4.3 Principle interactions in symbiotic mixed culture cultures

Symbiosis is the association between two organisms. The term of “symbiosis” is credited
to Heinrich Anton de Bary who first used and described it as “the living together of unlike
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named organisms” in 1879 (Oulhen et al. 2016). One of the most natural composite organisms,
considered as the model of symbiosis is the lichen. Lichens arise from a symbiotic relationship
between a fungi and algae or cyanobacteria (Gargas et al. 1995). Six basal interactions can
occur in symbiosis (Figure 26).

Type of interaction Effect Metabolic
Mutualism +/+ Syntrophy
TN B-0-0B--0-
® O ~—
SN
Commensalism 0/+ Food chain
a B-0-R->0-
® O
Neutralism 0/0 No common metabolites
® © H-0—-N
g g
Parasitism +/- Food chain with waste product inhibition
an H->0--H-0-1
.« * —
Amensalism 0/- Waste product inhibition
TN H-
® O n-e” ] ~0-[
Competition -/- Substrate competition
<\ O Rl g |
e o -
N

Figure 26. Six potential symbiotic interactions between yeast and microalgae and corresponding metabolic
representation. Circles (blue and yellow) represents the organisms and squares are products or substrates (adapted
from GroBkopf and Soyer (2014)).

Mutualism is the association between two organisms in which each organism benefits
from the activity of the other. The interest in a mixed culture of yeast and microalgae is the
mutualism that could be installed through the gas supply by one species towards the other one.
In the commensalism, one organism helps the growth of the other. Only one organism takes
advantage of the relationship and for the other, the effect is neutral. In neutralism there is no
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effect on either organism from the presence of the other organism and they grow independently.
In parasitism, one organism takes advantage of the association altering the growth of the other
one. In amensalism, one organism develops without any positive or negative effect of the
association, but the organism inhibits the growth of the other second organism. In competition,

both organisms share the same nutrient resulting in growth reduction for both.

1.5 Challenges in developing a mutual symbiotic mixed culture: co-
dominance installation and accurate measurement of microbial

proportion

From a CO, mitigation viewpoint, as the heterotrophic CO, production rate is usually
largely superior to its autotrophic consumption rate, the two populations must be balanced in
such way that the photosynthetic population can cope with the rate of CO, production. Hence
the heterotrophic activity must be in step with the CO» removal rate. This could be achieved
though co-dominance of the populations allowing synergy between the two organisms based on
gaseous exchange. So far, no scientific studies have been published with the stated aim of

developing co-dominant symbiotic mixed cultures.

One of the main challenges for a mixed culture of yeast and microalgae appears to be the
dominance of one organism over the other by the end of incubation period. This dominance
seems to be caused by the medium composition, which could be more suitable for the growth of
one species, at the expense of the other one. The comparison of yeast and microalgae
monocultures with mixed cultures of the two organisms is useful to determine whether the
medium is favorable to yeast or microalgae. Yeast was the dominant species in most of the
studies on mixed culture reviewed in this document (Table 2) probably due to the presence of

organic substrates (Table 3) and its faster specific growth rate (u).

In Papone et al. (2016), the yeast biomass yield was even higher than the total biomass
yield in mixed culture (9.43 and 6.9 g. I'' respectively). In Xue et al. (2010) and Zhang et al.
(2014), the yeast biomass yield in monoculture was higher than that of microalgae (88 % and 89
%respectively), which supports the hypothesis that the medium used was more adapted for yeast
growth than for microalgae growth. However, in these two studies the yeast biomass yield in
monoculture was lower than that in mixed culture, which could be explained by positive effects
of adding microalgae on yeast growth. In mixed cultures showing a yeast dominance, the media
were designed by including key components for yeast growth: organic carbon through glucose,
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assimilable nitrogen via ammonium sulfate ((NH4).SO4) and some of the media contained yeast
extract (Table 3).

Interestingly, Dong and Zhao (2004) showed a dominance of yeast while their medium
contained glucose but neither ammonium sulfate nor yeast extract. In this study Phaffia
rhodozyma grew on glucose as carbon source and nitrate as nitrogen source since this yeast
specie is capable to grow on various types of nitrogen sources including nitrate (Johnson and An
1991; Hu et al. 2005).

In Zuccaro et al. (2019), the yeast yield in mixed culture was higher than in monoculture,
which demonstrated the advantage of the consortium for yeast. On the other hand, the
microalgae did not draw any advantages from the consortium as the microalgae yield was lower
in mixed culture than in monoculture. The authors explained that the capacity of microalgae to
use organic carbon lowered the efficiency of the mixed culture compared to the combination of
the two monocultures. Hence, the competition for organic substrates between yeast and

microalgae must be considered when designing a medium for the consortium.

In the studies showing a dominance of microalgae, the microalgae biomass yield was
very similar to the total biomass yield in mixed culture, supposing that the medium was suitable
for microalgae growth and not for yeast (Cai et al. 2007; Shu et al. 2013; Wang et al. 2016). The
medium designed in these studies contained glucose and nitrate as the only nitrogen source but
yeast of the genera Saccharomyces and Ambrosiozyma are unable to assimilate nitrate (Siverio

2002), which explains why yeast could not grow in the mixed cultures.

Despite the dominance issue, the studies on mixed culture showed globally a higher
product yield coefficient than that obtained by combining the yeast and the microalgae

monocultures.

Surprisingly, only five studies on mixed cultures of yeast and microalgae presented the
microalgae and yeast concentration in mixed cultures while the yeast:microalgae ratio in the
mixed culture during the culture time is a key parameter to evaluate the synergetic effects
between the two microorganisms. In Zuccaro et al., (2019), the yeast and microalgae
populations were enumerated with a Malassez counting chamber. Cell counting methods based
on hemocytometer present disadvantages mainly in terms of manipulation errors (improper mix)
and human sampling errors (over-counting or under-counting of specific cell types or in specific
areas). The difficulty in enumerating simultaneously and precisely yeast and microalgae in the
same suspension could explain this lack of measurement of yeast:microalgae ratio in many
published studies.
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In conclusion, the two main challenges in developing a co-dominant mixed culture of
yeast and microalgae appears to be the design of an appropriate medium, to promote both yeast
and microalgae growth, and the development of an accurate method for simultaneous
enumeration of yeast and microalgae. The design of an appropriate medium requires knowledge
of the capacity of each species to use the different compounds in the medium, hence potential

competition(s) for nutrient(s) must be taken account.
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Table 2. List of mixed culture of yeast and microalgae studied in the literature. A specie is in bold when it was the dominant specie in the mixed culture (*value calculated from data in publication, ¢ cells. ml'!, ° g. cell'")

yeast monoculture algae monoculture mixed culture Yex (g. g1
biomass  product biomass  product total product . yeast and Ref.
yeast . molecule . . . . . . mixed .
. algae specie finterest yield yield yield yield biomass yield It microalgae
specie ot mteres (g. 1) (g. 1 (g. 1 (g. ')  yield (g. ') (g. 1 cutture monocultures
Ambrosiozyma Isochrysis galbana lipids 0.17 0.01* 1.17 0.2% 1.32 0.15% 0.11* 0.14* Cai et al. (2007)
cicatricosa
Saccharomyces Chlorella sp. lipid B 1.44 0.261 1.834 0.358 0.20* B Shu et al. (2013)
cerevisiae
Saccharomyces Scenedesmus . «
g X lipid _ _ 3.30 3.894 34 4.1 1.21 B Wang et al. (2015)
cerevisiae obliquus
Haematococcus . « % Dong and Zhao
Phaffia rhodozyma pluvialis astaxanthin 3.22 0.0020 0.69 0.0023 3.32 0.007 0.002 0.001 (2004)
Rhodotorula glutinis  Spirulina platensis lipid 1.70 0.135 0.20 0.013 3.67 0.467 0.13* 0.08* Xue et al. (2010)
. . . . Cheirsilp et al.
Rhodotorula glutinis ~ Chlorella vulgaris lipid 2.10 1.4 1.00 0.75 2.12 1.75 0.83* 0.69* (2011b)
., . . % Cheirsilp et al.
Rhodotorula glutinis  Chlorella vulgaris lipid _ _ B B 2.5 1.05 0.42 B (2011a)
Torulaspora maleeae Chlorella sp. lipid 8.27 0.92 1.93 0.052 8.73 1.564 0.18* 0.10% Pa?z"(;lfgg)al'
Torulaspora maleeae Chlorella sp. lipid 6.4 0.466 2.53 0.132 7.33 0.808 0.11* 0.07* Lee(szlg%;)t al.
Rhodotorula glutinis  Chlorella vulgaris lipid 14 2 1.60 0.3 19.4 3.400 0.18* 0.15* Zhang et al. (2014)
Torulaspora globosa Chlorella sp. lipid 9.43 0.2 3.30 0.12 6.9 0.33 0.05* 0.03* Papone et al. (2016)
. . Chlamydomonas - 6o 6o & 2% 0 % Zuccaro et al.,
Lipomyces starkeyi veinhardtii lipids 25x10 0.19 9x10 0.16 44x10 0.21 510 0.35 (2019)
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Table 3. Medium composition for mixed culture. A specie is in bold when it was the dominant specie in the mixed

culture

medium composition for mixed culture (g. 1!
yeas.t alga'e p (g ) Ref.
specie specie Organic carbon other nutrients
A. cicatricosa I galbana glucose, 2 Aged seawater + /2 medium Cai et al. (2007)
S. cerevisiae Chlorella sp. Not specified Shu et al. (2013)
S. cerevisiae S. obliquus BG11 medium Wang et al. (2016)
P. rhodozyma H. pluvialis glucose, 10 BBM medium Dong and Zhao
(2004)
(NHa4)2S04, 1.0; MgSO4-7H20, 1.0;
NaNOs3, 2.5; K2S0s4, 1.5; NaCl, 1.0;
KH2PO4, 5.0; NaHCOs, 10.0;
FeS04:7H:0, 0.01; EDTA, 0.08;
R. glutinis S. platensis glucose, 40 CaClz, 0.004; H3BO3, 0.00286; Xue et al. (2010)
(NH4)sMO7024, 0.00002;
MnCl2-4H20, 0.0018;
CuS04-5H20, 0.000125;
ZnS04-7TH20, 0.00022
. . . . Cheirsilp et al.
R. glutinis C. vulgaris Industrial wastes (effluent from steamed fish process) 2011)
R. glutinis C. vulgaris glycerol, 10 (NH4)2804 Sheilnletel
(2012)
(NH4)2S04, 0.1; KH2PO4, 0.4;
MgS04.7H20, 1.5; ZnSO4, 0.0044; Papone et al.
T. maleeae Chlorella sp. glucose, 20 CaCls, 0.0025: MnCls, 0.0005: (2016b)
CuSO0s4, 0.0003; yeast extract, 0.75
(NH4)2S04, 0.1; KH2PO4, 0.4;
MgS04.7H20, 1.5; ZnSOs4, 0.0044; .
T. maleeae Chlorella sp. glucose, 20 CaCla, 0.0025; MnCla, 0.0005: Leesing et al. (2012)
CuSO0s4, 0.0003; yeast extract, 0.75
(NH4)2S04, 2; KH2PO4, 7; NaSOs4,
R. glutinis C. vulgaris glucose, 20 2; MgS04 7TH20, 1.5; BG-11 Zhang et al. (2014)
medium; yeast extract, 1.5
(NH4)2S04, 0.1; KH2PO4, 0.4;
MgS04.7H20, 1.5; ZnSO4, 0.0044;
T. globosa Chlorella sp. glucose, 20 CaCla, 0.0025; MnCla, 0.0005: Papone et al. (2016)
CuSO0s4, 0.0003; yeast extract, 0.75
glucose, 10 Tris buffer, 20 mM; Na-acetate, 18
L. starkeyi C. reinhardiii yeast extract, 5 mM; KPOs, 1 mM; NH4Cl, 7.5 Zuccaro et al.,

sodium acetate,
18 mM (Ac)

mM; MgSOs4, 1 mM; CaClz, 0.5
mM; trace elements

(2019)
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1.6 Conclusion

From a CO; mitigation viewpoint, microalgae and yeast population must be balanced in activity
to ensure that the photosynthetic population can cope with the rate of CO, production. Hence
the heterotrophic activity must be in step with the CO, removal rate. This balance could be

achieved though co-dominance of the populations.

In previous studies, the processes of mixed culture between yeast and microalgae has shown the
dominance of one of the species over the other and the present thesis aims to enhance these
processes by proposing a co-dominant mixed culture of yeast S. cerevisiae and microalga
C. vulgaris that should allow the growth of both species through mutual synergetic effects. The
co-dominance can be achieved by designing a medium suitable for growth of both yeast and
microalgae to the desired extents for each organism. An appropriate choice of the carbon and
nitrogen sources is important for their assimilation by S. cerevisiae and C. vulgaris. The non-
negligible difference in growth rates should also be compensated by other parameters to avoid

any yeast dominance.

Different interactions can occur in mixed culture of yeast and microalgae. Mutualism can
happen through gas exchange and competition in nutrient can also occur as yeast and
microalgae have common assimilable nutrients (glucose, amino acids, ammonium). A method
for simultaneous enumeration of yeast and microalgae is then required to study and evaluate the

interactions between the species.
By using the model strains S. cerevisiae and C. vulgaris, the strategy to develop a co-dominant

mixed culture of yeast and microalgae could be applied to any mixed culture of a heterotroph

and an autotroph.
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Part of experiments were conducted in shake-flask in order to develop the medium suited
for both S. cerevisiae and C. vulgaris growth, and to evaluate the impact of the key components
on yeast and microalgae growth. Experiments in photo-bioreactor (PBR) were also carried out
to study the metabolisms of each organism in monoculture and mixed culture. The evolution of

what was produced and consumed was followed through analytical methods.
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2.1 Strategy of the experimental part of this study

Medium designed to grow both Method developed to enumerate yeast
—  yeast and microalgae without and microalgae simultaneously when
dominance grown in mixed culture

!

Reference monocultures of yeast and microalgae realized in photo-bioreactor

Yeast monoculture Microalgae monoculture Microalgae monoculture
Fermentation in mixotrophic conditions in photoautotrophic conditions

Y

Parameters for mixed cultures adjusted according the study of yeast and microalgae
behavior when grown alone in monoculture

v
;I Mixed cultures realized in photo-bioreactor I<

Figure 27. Development of a mixed culture of the yeast S. cerevisiae and the microalga C. vulgaris

The medium design was the first step of this project. The impact of each medium
component was tested on S. cerevisiae and C. vulgaris in order to evaluate the potential
competitions between these microorganisms. Then, the yeast and microalgae were grown in
monoculture in the newly designed medium in 5l-photo-bioreactor to be in the closest
conditions as possible to the mixed culture planned for the later part of the project. The studies
of yeast and microalgae behaviors from these monocultures allowed the adjustment of other
parameters for the mixed culture. Finally, the comparison of yeast and microalgae behavior in
monocultures and in mixed culture allowed the exploration of the interactions between these

two microorganisms.

2.2 Microbial strains and their maintenance

S. cerevisiae strain ID YLR249W was supplied by Life Technologies-University of
California San Francisco. This clone expresses a cytoplasm fusion protein PRM1 coupled to a
green fluorescent protein (GFP). The strain was maintained on YPG agar stock plates incubated
at 25°C for 3 days and subsequently stored at 4°C. The YPG agar medium was composed of
(g. I'"): yeast extract (10), peptone (20) glucose (10) and agar (15) and the stock plates were

renewed every three months.

69



Chapter 2 — Materials and methods

C. vulgaris SAG 211-12 was obtained from the Culture Collection of Algae (SAG),
University of Gottingen, Germany. The strain was maintained in liquid culture (50 ml in 250 ml
flask) through weekly subculture into fresh medium, incubated at 25°C on an orbital shaker
(120 rpm) with continuous lighting at 20 pmol. m? s at the surface of the culture and in air
enriched with 1.5% (v/v) CO,. The liquid inorganic medium used was autotrophic MBM
(modified 3N-Bristol medium) (Clément-Larosiere et al. 2014), with the following composition
(mg. I'"): NaNO; (750); CaCl.2H,O (25); MgS04.7H,0 (75); FeEDTA (20); Ko:HPO4 (75);
KH,PO4 (175); NaCl (20); Hs;BOs; (2.86); MnCL.4H.O (1.81); ZnSO4.7H,O (0.220);
CuS04.7H20 (0.08); M0oO;3 85% (0.036); CoSO4.7H0, (0.09).

2.3 Shake-flask cultures

2.3.1 Specific medium design for mixed culture

Monocultures of S. cerevisiae and C. vulgaris were grown in three different media in
order to define a medium suitable for co-dominance of the organisms in mixed culture. The
media were based on different combinations of microalgae autotrophic growth medium (MBM)
and components from the commonly used yeast growth YPG (yeast extract, peptone and
glucose) medium (g. I'") (Table 4)

Table 4 Candidate media tested for mixed culture of yeast and microalgae

SO Mman  H emewt o
1 X X
2 X X X
3 X X X

Erlenmeyer flasks (50 ml working volume; 250 ml total volume) were used for the
monoculture of C. vulgaris and S. cerevisiae in the above media and the inoculation ratio was
1% (v/v) from a fully-grown culture. The flasks were incubated at 25°C on an orbital shaker
(120 rpm) with continuous lighting at 80 umol. m? s (LI250A Light Meter; LI-COR, USA) at
the surface of the cultures.

The medium finally selected and specifically designed for the mixed culture was named
Mix medium and the composition is described is Table 5.
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Table 5 Composition of the Mix medium

concentration g. 17! mole. 1!
NaNO3 1.5 1.8x1072
CaCl».2H,O 5.0x102 3.9x10*
MgS04.7H,O 1.5%10 6.1x10*
FeEDTA 4.0x102 1.2x10*
K>HPO4 7.5%1072 4.3x10*
KH>PO4 1.8x10" 1.3x1073
NaCl 2.0x107 3.4x10*
Trace elements:
H3;BOs 2.9x107 4.6x107°
MnCL.4H,0O 1.8x1073 1.2x10
ZnS04.7H,0 2.2x10* 1.2x10¢
CuS04.7H,O 8.0x107° 4.2x107
MoOs3 85% 3.6x10° 2.5x107
CoS04.7H,0O 9.0x10° 4.9x107
Peptone: 20 --
total nitrogen 3.0 2.1x10"
free amino nitrogen 5.4x10! 4.5x1073%*
NH4 6.0x102" 3.3x1073
glucose 10 5.6x1072

* average molar mass of an amino acids is 118.9 g. mol™! (Hachiya et al. 2007)

** measured by ion chromatography

2.3.2 Influence of glucose on yeast

To test the impact of glucose on yeast, S. cerevisiae was grown in Mix medium
containing different concentration of glucose: 5, 10 and 15 g. I''. S. cerevisiae grew in aerated
shake flask, incubated at 25°C on an orbital shaker (120 rpm) with a working volume of 50 ml.
The yeast inoculum was prepared using 50 ml of Mix medium in shake flask, incubated at 25°C
on an orbital shaker (120 rpm).
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2.3.3 Influence of the peptone component on yeast

To test the impact of peptone on yeast, S. cerevisiae grew in Mix medium containing
different concentration of peptone: 10, 20 and 30 g. I with 20 g. I'" which is the peptone
concentration in Mix medium. Each experiment condition was conducted in duplicate, in 250-
ml shake flash with a working volume of 50 ml and incubated at 25°C on an orbital shaker (120
rpm). The yeast inoculum was prepared using 50 ml of Mix medium in shake flask, incubated at
25°C on an orbital shaker (120 rpm).

2.3.4 Influence of peptone on microalgae

C. vulgaris grew in autotrophic MBM medium containing different concentration of
peptone to assess the impact of peptone on microalgae growth: 10, 20 and 30 g. I'" with 20 g. 1!
which is the peptone concentration in Mix medium. Each experiment condition was conducted
in duplicate, in 250-ml shake flash with a working volume of 50 ml and incubated at 25°C on an
orbital shaker (120 rpm) with continuous lighting at 80 pmol. m? s (LI250A Light Meter; LI-
COR, USA) at the surface of the cultures. The microalgae inoculum was prepared using 50 ml
of Mix medium in shake flask, incubated at 25°C on an orbital shaker (120 rpm) with
continuous lighting at 80 umole. m™ s (LI250A Light Meter; LI-COR, USA) at the surface of
the cultures.

2.3.5 The impact of iron concentration on yeast growth

The Mix medium contained iron in the form of FeEDTA, a form of iron assimilable by S.
cerevisiae. The impact of the iron concentration on yeast growth was assessed. S. cerevisiae was
grown in Mix medium in presence (6.7x107 gre.reenra. I') Or absence of iron (0 gre-reepra. I7), in
aerated shake flask, incubated at 25°C on an orbital shaker (120 rpm) with a working volume of
50 ml. The yeast inoculum was prepared using 50 ml of Mix medium containing the normal

concentration of iron in shake flask, incubated at 25°C on an orbital shaker (120 rpm).

2.3.6 The impact of iron concentration on microalgae growth

The impact of iron on C. vulgaris growth was also studied. C. vulgaris was grown in
autotrophic MBM medium in presence of low concentration of iron (6.7x10* gre.reepra. 1) 01 in
presence of the original concentration of iron in Mix medium (6.7x10° ggererpra. 17).
Microalgae were grown in aerated shake flask, incubated at 25°C on an orbital shaker (120 rpm)
with a working volume of 50 ml and continuous lighting at 20 umole. m? s (LI250A Light
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Meter; LI-COR, USA) at the surface of the cultures. The microalgae inoculum was prepared
using 50 ml of MBM medium in shake flask, incubated at 25°C on an orbital shaker (120 rpm)
with continuous lighting at 80 umole. m? s' (LI250A Light Meter; LI-COR, USA) at the
surface of the cultures.

2.3.7 The impact of trace elements concentrations on microalgae growth

The trace elements composition of Mix medium and its impact on microalgae growth was
investigated. Microalgae grew autotrophic MBM medium with or without trace elements, in
aerated shake flask, incubated at 25°C on an orbital shaker (120 rpm) with a working volume of
50 ml and continuous lighting at 20 pmol. m? s (LI250A Light Meter; LI-COR, USA) at the
surface of the cultures. The microalgae inoculum was prepared using 50 ml of MBM medium
containing trace elements in shake flask, incubated at 25°C on an orbital shaker (120 rpm) with
continuous lighting at 80 umole. m™ s (LI250A Light Meter; LI-COR, USA) at the surface of
the cultures.

2.3.8 The impact of ethanol on microalgae growth

C. vulgaris was grown on MBM medium in Erlenmeyer flasks (50 ml working volume;
250 ml total volume) and the flasks were incubated at 25°C on an orbital shaker (120 rpm) with
continuous lighting at 20 pmole. m?. s and in air enriched with CO 1.5% (v/v). Four ethanol
concentrations were tested (0, 2, 4 and 6 g. I'") (ethanol 96%).

2.3.9 Mixed cultures

The system of closed shake flask (Figure 28) was designed in order to reproduce mixed
cultures of yeast and microalgae in the closed culture conditions as mixed cultures in 51-photo-
bioreactor (Figure 30). Overpressure inside the shake flask was avoided through a small pipe
formed by the syringe. The gas flow could continue to a safety valve formed by a tube
containing a glycerol solution (20% v/v). This safety valve allowed a hermetical close of the
shake flask while ensuring safety in case of overpressure and a glycerol solution was used
instead of water to diminish liquid evaporation rate. A 0.2 um filter was added at the external

end of the syringe to avoid any contamination from the environment.

The shake flasks were incubated an orbital shaker (120 rpm) with continuous lighting at

20 pmole. m? s at 25 °C. The cultures were conducted with 50 ml of working volume.
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Figure 28. Closed shake flask.

2.4 Cultures in photo-bioreactor

Figure 29. Picture of a culture in 51-photo-bioreactor.

All experiments in photo-bioreactor (PBR) were conducted in a stirred bioreactor (5-liter
working volume) (BIOSTAT Bplus — 5 L CC; Sartorius Stedim biotech). The PBR was lit with
six LED lamps (Ledare 130 lumen, 2700 Kelvin, 27° dispersion angle, IKEA). The light
intensity at the inner surface of the bioreactor for each lamp was measured at
1,800 umole. m? s (LI250A Light Meter; LI-COR, USA) and the peak emission is at 600 nm
(Appendix 9). The stirring speed was 750 rpm, the temperature was maintained at 25°C and the
pH was controlled at 6.5 with automatic alkaline or acid solutions addition based on the
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continuous measurements made by an internal pH probe (EasyFerm PLUS K8 325, Hamilton).
The alkaline solution was composed of potassium hydroxide (1 M KOH) and the acid solution
was composed of phosphoric acid (1 M H3POs). Dissolved oxygen (pO2) in both mixed cultures
was measured with an internal probe (VisiFerm DO H2, Hamilton). The pO2 was expressed in

terms of % of O2 partial pressure in the liquid phase of the culture.

The S. cerevisiae and C. vulgaris specific growth rates p were calculated as the slope of
the linear part of the logarithm of cell concentration plotted versus time.

2.4.1 Mixed cultures of yeast and microalgae

-
»
No aeration * H
TExhaust
Co, . 1
A 5 5
= 5
2 2
A = = 1 11
Y 2D
9 1 q
‘ acid alkaline i 4 | g

Figure 30. Diagram of a closed 51-photo-bioreactor.

Two non-aerated mixed cultures in PBR were grown using Mix medium. The
experimental set up (Figure 30) involved hermetically isolating the bioreactor to limit the
exchange of gases with the atmosphere at the exterior of the bioreactor. Dissolved CO; (pCO»)
was measured only in the mixed culture 2 with an external minisensor integrated in a flow cell
(CO2 Flow-Through Cell FTC-CDI1, PreSens). The culture was circulated (90 ml. min™)
through the flow cell with the aid of a peristaltic pump (520S/R, Watson Marlow) and back into
the bioreactor. The flow-through cell was placed as close to the outlet from the bioreactor as
possible. The passage of the culture over the sensor in the flow cell allowed the continuous
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measurement of pCO» via an optical fiber. As with the pO,, the pCO, was expressed in % of

CO; partial pressure in the liquid phase of the culture.

S. cerevisiae inoculum preparation was the same for both mixed cultures; S. cerevisiae
was grown on Mix medium, at 25°C, for 2 days. The preparation of the C. vulgaris inoculum for
the two mixed cultures differed; for the mixed culture 1, the C. vulgaris inoculum was grown on
Mix medium under continuous illumination, for 15 days, at 25°C and for mixed culture 2 the
C. vulgaris inoculum was grown autotrophically using Mix medium without glucose and
peptone under continuous lighting, for 15 days, at 25°C.

2.4.2 Monoculture of S. cerevisiae

The monoculture of S. cerevisiae was grown in a non-aerated PBR in Mix medium, with
culture parameters as described above and the photo-bioreactor configuration was the same as
for mixed culture (Figure 30), there was no aeration and gas outlet was closed as described with
a fermentation lock. The culture was lit as for the mixed culture. The S. cerevisiae inoculum

was grown in YPG medium, at 25°C, for 2 days.

2.4.3 Monocultures of C. vulgaris

Two monocultures of C. vulgaris in PBR were grown, one in Mix medium and the other
autotrophically in Mix medium without glucose and peptone. Both culture conditions were set
up as described above and the photo-bioreactor was continuously aerated with sterile air
(Midisart 2000 0.2 um PTFE, Sartorius) at 500 ml. min™' (0.1 vvm) (1 atm, 25°C). To inoculate
both monocultures of C. vulgaris, microalgae inoculum was grown in autotrophic MBM

medium under continuous light at 25°C for 15 days.

2.5 Analytical methods

2.5.1 Enumeration with Thoma counting chamber

For enumeration with Thoma counting chamber, 10 pl of culture sample is put on the
chamber and observed through optical microscopy (ZEISS). The number of cells counted in the
area 1 (Figure 31) is then used in the formula below to obtain the cell concentration:
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Figure 31. Thoma counting chamber.

2.5.2 Enumeration of S. cerevisiae and C. vulgaris by flow cytometry

Flow cytometry is a technology used to enumerate cell population in a sample and to
analyze physical and chemical characteristics of the cells. In the flow cytometer Guava
easyCyte™ (EMD Millipore), a microcapillary allowed direct cells sampling by aspiration (no
sheath fluid was used) and with this flow, each cell passing through the laser (488 nm) scattered
light, which was detected as Forward Scatter (FS) and Side Scatter (SS) (Figure 32). FS was

proportional to the cell size and SS to the internal cell structure.

Side
scatter

Forward
scatter

Microbial cell

cell flow

L..'!‘......

Figure 32. Flow cytometry in Guava easyCyte™. Sample flow through a microcapillary and laser scatter by cells (A)
and detection of Forward Scatter, Side Scatter and fluorescence of cells (B).
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Our S. cerevisiae strain and C. vulgaris contained respectively GFP protein and
chlorophyll, that emitted respectively a green and red fluorescence after excitation by the laser
of 488 nm. These fluorescences were detected by sensors integrated into the flow cytometer
(Figure 32). In this manner, yeast and microalgae population could be distinguished based on

their autofluorescence.

Samples were diluted so that the cell enumeration was always performed at cell
concentrations between 1x10° and 1x10° cells. ml"'. The method for cell enumeration by flow
cytometer suspensions containing only one of the microorganisms was previously validated
against a Thoma counting chamber as the referent method. C. vulgaris viability was also

determined by flow cytometry using the Guava ViaCount Reagent (EMD Millipore).

2.5.3 Dry weight

Dry weight was performed by sampling and centrifuging 10 ml of culture (10 min and
1800 g). The pellet was washed with equal volume of deionized water, and was centrifuged
again (10 min, 1800 g) and 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. A correlation between the dry weight and the cell concentration was

established for S. cerevisiae and C. vulgaris:

DWyeqst = 3.25 X 10-11 Nyeast (12)
DWmicrangae = 15X 10_11 Nmicroalgae (13)
with:

DW,eqst: S. cerevisiae dry weight (g. I
DWhicroaigae: C. vulgaris dry weight (g. I')
Nyeqse: S. cerevisiae cells concentration (cells. I'*)

Nricroatgae: C. vulgaris cells concentration (cells. I

The correlation for yeast was based on experimental data points from a monoculture of S.
cerevisiae in PBR using Mix medium (9 data points and R*> = 0.91) (Figure 33A) and the
correlation of microalgae was based on experimental data from an autotrophic monoculture in
PBR using the Mix medium without glucose and peptone (13 data points and R? = 0.96) (Figure
33B).
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Figure 33. Correlation between dry weight and population for S. cerevisiae (A) and C. vulgaris (B).

2.5.4 Glucose, ethanol and glycerol measurements

The measurements of glucose, ethanol and glycerol were performed by high-performance
liquid chromatography (HPLC) (Ultimate 3000, Thermo Scientific), for concentration between
0 and 10 g. I'*. A cationic column (Aminex HPX-87H, Bio-Rad) was used with 2 mM sulfuric
acid as the mobile phase with a flow rate of 0.5 ml. min!, an injection volume of 10 ul, a
temperature of 45°C and a pressure of 60 bar. The refractive index (RI) detector (RI 101,
Shodex) at the end of the column, detected the products in the solution in the form of distinct
chromatogram peaks. According to their retention time, peaks were identified and integrated
(area under the signal) by the software Chroméléon 6.8. The integration of the peaks indicated

the product concentration based on range of standards.

Culture supernatants were prepared by sample centrifugation (10 min, 3500 g) and
filtration (PTFE Syringe Filter 0.2 pm, Fisherbrand). If necessary, dilution with milliQ water

was performed to reach a concentration between 0 and 10 g. I

2.5.5 Ions measurements

Evolution of anions (CI, NOs", SO4*, PO4*) and cations (Na", NHs", K*, Mg*", Ca*")
were studied for cultures in PBR. The measurements of ions were performed by ion
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chromatography (Dionex ICS-5000 + HPCI System, Thermo Scientific) for concentration
between 0.05 and 50 mg. I'*. A pre-column anionic column IONPAC AG11-HC (2x50 mm) was
coupled to an anionic column IONPAC AS11-HC (2x250 mm) for the detection of anions and
the detection of cations was performed with the association of a pre-column IONPAC CGl16
(3x50 mm) and a cationic column IONPAC CS16 (3%250 mm). The elution of anions was
performed with 30 mM hydroxy potassium, a flow rate of 0.3 ml min™', the elution for cations
was performed with 30 mM methanesulfonic acid and a flow rate of 0.36 ml. min'. Analysis

were performed at 35°C with a detection by conductimetry.

Culture supernatants were prepared by sample centrifugation (10 min, 3500xg) and
filtration (PTFE Syringe Filter 0.2 um, Fisherbrand). If ions concentration was too high, dilution

with milliQ was performed to decrease the concentration to 0.05 and 50 mg. I,

2.5.6 Total chlorophyll measurements

The total chlorophyll (chlorophyll a and b) concentration of C. vulgaris was determined
according to the method of Porra (1990) and Ben Amor-Ben Ayed et al. (2015). For each
replicate, an Eppendorf tube was filled with 1 ml of sample. After centrifugation (5 min,
6400xg), 1 ml of an aqueous solution of 85% methanol and 1.5 mmol. I'' of sodium dithionite
was added to the pellet of each tube. The tubes were incubated at 40°C for 32 min in the dark.
After centrifugation (5 min, 6400xg), the absorbance of the supernatants was measured at 650
nm and 664 nm (UV-Visible Spectrophotometer EVOLUTION 60S, Thermo Scientific), and

the concentration of total chlorophyll in the culture was calculated as follows:

Chl a (mg. I'") = 16.41 x OD 664 nm — 8.09 x OD 650 nm (14)
Chl b (mg. ) = 30.82 x OD 650 nm — 12.57 x OD 664 nm (15)
Chl tot (mg. I'') = Chl a + Chl b (16)

The total chlorophyll content (mg. cell'') corresponds to total chlorophyll amount per cell.

2.5.7 Elementary analysis

The elementary composition of S. cerevisiae and C. vulgaris biomass were analyzed by

CHNS/O analysis. This elemental analysis provides the mass percentage of carbon, hydrogen,
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nitrogen, sulfur and oxygen in a solid sample. The elementary analysis was performed by the
analyzer CNHS FLASH 2000 (ThermoFisherScientific) with two distinct analysis circuit:
CHNS and O.

Yeast and microalgae biomass were prepared as for dry weight (section 2.5.3), while
peptone samples were not prepared as peptone was already in form of dried powder. For the
CHNS analysis of one sample, 1 mg of the sample was weighed (Mettler XP6, precision 1 ug)
in a tin capsule with 1 mg of vanadium(V) oxide (V20s), to ensure the complete combustion.

For the O analysis of one sample, 1 mg was weighed in a silver capsule without any catalyst.

The CHNS analysis was performed by a “Flash” (quick) combustion of the sample in a
reactor maintained at 930°C. The gaseous combustion products were separated on
chromatographic column and detected by the katharometer, hence C, H, N and S were
respectively detected in the form of CO,, H,O, N», and SO,. The O analysis was performed by
pyrolysis in reactor maintained at 1000°C. Oxygen was detected by a katharometer in form of
carbon monoxide (CO). In both CNHS and O analysis, the detection by katharometer was based
on the measurement of variations in thermal conductivity of a gas flow. The response of the
katharometer was proportional to the gas concentration in the mixture.
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Chapter 3. Strategy for the development of a co-

dominant mixed culture of yeast and microalgae

This chapter describes the strategy adopted to limit co-dominance of one microorganism
over the other in mixed culture of yeast S. cerevisiae and microalgae C. vulgaris. The strategy
included the design of a medium that allowed both yeast and microalgae growth in co-
dominance in mixed culture. The impact of each component from the newly designed medium
was assessed on yeast and microalgae in order to: firstly, evaluate potential nutrients
competition between the two organisms and, secondly to optimize the medium for yeast and
microalgae growth. The experiments in this chapter were conducted in shake-flask culture. The
strategy for a co-dominant mixed culture of yeast and microalgae in photo-bioreactor also
involved the definition of suitable growth parameters. These parameters are defined and

explained in this chapter.
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3.1 Design of a specific medium for mixed culture: test of candidate

media

A growth medium that allowed the growth of both yeast and microalgae was necessary
for a mixed culture of these microorganisms. The strategy for designing a medium suitable for a
co-dominant mixed culture of yeast and microalgae was to combine the YPG medium, a
standard medium used for yeast, and the MBM medium, a standard medium for autotrophic
microalgae growth (Clément-Larosiére et al. 2014; Ben Amor-Ben Ayed et al. 2015). As the
specific growth rate (1) of C. vulgaris is smaller than that of S. cerevisiae, the growth medium
was designed to slightly favor C. vulgaris development and limit S. cerevisiae growth. Three
candidate media were then assessed by focusing on their impact on yeast or microalgae final

yield when grown in monoculture (Figure 34).
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Figure 34. Maximum population of yeast and microalgae in monoculture using three candidate media for mixed
culture. Yeast population was measured after 3 days of incubation and microalgae population after 5 days of
incubation. Each monoculture was performed in duplicate and average values are shown. Where no values are shown,
there was no measurable growth.

Medium 1, which contained MBM medium and glucose allowed only C. vulgaris growth
(4x10' cells. I'") and S. cerevisiae growth was barely detectable. Medium 1 contained glucose,

which can be used by both microalgae and yeast. Nitrate in the form of NaNO; was the main
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nitrogen source for C. vulgaris as S. cerevisiae is unable to use nitrate as nitrogen source
(Siverio 2002). We can postulate that S. cerevisiae could not grow on the medium 1 because of

the lack of a suitable nitrogen source in this medium.

Monocultures of C. vulgaris and S. cerevisiae in medium 2 showed the opposite results
from those in medium 1: the yeast grew but not the microalgae. The yeast extract in this
medium provided additional components that could be used by the yeast. C. vulgaris did not
grow in this medium and the formation of cell aggregates suggests a toxicity/stress from yeast

extract for the C. vulgaris strain used in this study.

In medium 3, both C. vulgaris and S. cerevisiae could grow: the maximum C. vulgaris
population was 2x10'! cells. I'' and the maximum yeast population was 10 times lower (2x10'
cells. I'Y). This medium allowed both yeast and microalgae growth because it contained nitrogen
and carbon sources available to both yeast and microalgae. Yeast could use glucose as a carbon
source and peptone components as a nitrogen source (5.4x10! g. I'! of free amino nitrogen and
6.0x102 g. I'' NH4). Microalgae could use CO; (from the air) and glucose according their
metabolism (autotrophic and heterotrophic respectively), then nitrate and peptone components

as nitrogen sources.

These results indicate that medium 3 was a good candidate for a co-dominant mixed
culture of yeast and microalgae: the microalgae maximal population was enhanced in medium 3
compared to the standard autotrophic MBM medium for microalgae. On the other hand, the
yeast maximal population decreased in medium 3 compared to the standard YPD medium,

commonly used for yeast fermentation (Figure 35).

Even if the maximal microalgae population was 10 times higher than that of yeast, these
results were obtained from monocultures wherein yeast and microalgae grew separately. In the
case where yeast and microalgae grew in mixed culture, there would be a competition for
common assimilable nutrients (glucose, amino acids and components from peptone). As the u of
yeast is higher than that of microalgae, yeast would use the common nutrients to the detriment
of microalgae and compromising the co-dominance in the mixed culture. The higher maximal

microalgae population obtained with medium 3 could allow to compensate the higher p of yeast.
To conclude, medium 3 was the best candidate-medium tested for a mixed culture of

yeast and microalgae. This medium was named Mix medium and used for the rest of this

research work.
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Figure 35. Yeast maximal population in monoculture using medium 3 or YPD medium. The yeast population was
measured at the end of the exponential phase (25 hours). Each monoculture was performed in duplicate.

3.2 Optimization of the Mix medium for co-dominance of S. cerevisiae

and C. vulgaris

Mix medium was chosen as the most suitable candidate for co-dominance of yeast and
microalgae in mixed culture. Mix medium was composed of three components: mineral
medium, glucose and peptone. The composition of the mineral medium was kept constant and
the effect the other two components were tested on the growth of the microorganisms. Glucose
and peptone are two components that can be assimilated by both yeast and microalgae so the
study of their impact on both organisms was essential. C. vulgaris is capable of heterotrophic
growth using glucose as a carbon source. S. cerevisiae is capable of respiration or fermentation
of glucose. Additionally, this study would give an indication on the maximal yeast and
microalgae population in mixed culture where the two organisms would be both competing for

peptone nutritive components and glucose.

3.2.1 Impact of glucose concentration on S. cerevisiae growth

To assess the impact of glucose on S. cerevisiae growth in Mix medium, yeast was grown

with three different concentrations of glucose: 5, 10 and 15 g. 1"'. The peptone concentration
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was fixed at 20 g. 1" as in the original recipe of Mix medium. The experiments were performed
in shake flask with constant aeration and bungs that allowed sterile gas exchange with the
atmosphere outside the flasks.
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Figure 36. Yeast growth profile at different initial glucose concentrations. Each monoculture was performed in
duplicate and the error bars indicate the standard deviation of the two points.

The yeast growth profile in the three conditions were identical. The u and the yeast yield
reached at the end of the exponential phase (around 22 hours) were similar, followed by a
second growth phase that was probably a resulted of ethanol respiration once glucose was
exhausted as carbon source (Figure 36). The higher the initial glucose concentration, the higher
the ethanol yield although, unsurprisingly, the ethanol yield coefficient Y g was similar in the
three cultures (around 0.39 ethanol. Zelucose ') (Figure 37). The fermentation activity was the same
at all initial glucose concentrations, which suggests that increasing the glucose initial
concentration enhanced the amount of glucose converted into ethanol as well as the amount of
glucose available for biomass (and by-products like fusel alcohols) formation. However,
increasing the initial glucose concentration did not affect the final yield of yeast, suggesting that
glucose was not the growth-limiting factor. Glucose provided organic carbon, so yeast growth
may have been limited by oxygen or nitrogen from peptone. Since a second growth phase was
observed after exponential growth on glucose, it can be concluded that oxygen was not the
nutrient that limited the extent of yeast growth. By process of elimination, nitrogen-based
compound from peptone was most likely to be the growth-limiting nutrient.
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Figure 37. Ethanol yield produced by S. cerevisiae at different initial glucose concentrations in yeast monoculture (a)
and ethanol yield coefficient on glucose (b). Yield coefficients were calculated from duplicate experiment.

The above experiments were all performed with pure cultures (monocultures) of
S. cerevisiae. In a mixed culture situation, the glucose may be shared between the yeast and the
microalgae. This would affect the ethanol yield but not the yield of yeast, as the glucose is not
the limiting nutrient for yeast extent of growth. It is also possible that S. cerevisiae with its
faster u could use all glucose in mixed culture forcing the microalgae to grow photo-

autotrophically (without glucose).

3.2.2 Effect of peptone concentration on yeast S. cerevisiae

To evaluate the impact of peptone on S. cerevisiae, yeast was grown at three different
concentrations of peptone in the Mix medium (10, 20 and 30 g. I'") with the glucose
concentration fixed at 10 g. I''. The experiments were performed in shake flask with constant

aeration through agitation.

The pattern that emerged was that the higher the initial peptone concentration, the higher
the yeast population at the end of the exponential phase (Figure 38). Despite the difference in
yeast yield, the shape of the growth curves was similar for the three conditions: a first
exponential phase (same u for the three conditions) was followed by a second growth phase,
resembling diauxic growth. The second growth phase was slower and almost linear in nature
suggesting that ethanol was used respiratively as sole carbon source and that the constant supply

rate of O, was responsible for the linear growth.
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Figure 38. Yeast growth profiles with different initial peptone concentrations. Each monoculture was performed in

Peptone provided nitrogen (15% w/w of peptone) in different forms but only part of the

total nitrogen is assimilable by S. cerevisiae: NH4", individual amino acids and small peptides

(up to three-unit oligomers). In fermentation, amino acids and small peptides are energetically

preferred sources of nitrogen for S. cerevisiae and their concentration is collectively called free

amino nitrogen (FAN). Increasing the initial peptone concentration enhanced the yeast yield,

demonstrating that the assimilable nitrogen was the limiting growth factor for yeast. The

nitrogen concentration calculated from the FAN was coherent with that in found in the yeast

biomass, even at the highest peptone concentration (30 g. I'") tested. This again confirmed that

amino acids and short peptides from peptone were the limiting growth factors for yeast growth

(Table 6). Although these results suggest amino acid assimilation by yeast, the assimilation of

some NHy4" cannot be ruled out.

Table 6. Nitrogen content in the medium and biomass formed according the initial peptone concentration

Medium compounds

Yeast biomass formed

Peptone FAN* N from FAN Yeast yield N in yeast
g I gl! g 1! g. I
10 2.6x107! 2.1x10°! 2.2x102
20 5.2x10! 5.5x10! 5.5x1072
30 7.8x107! 8.5x10°! 8.5x1072
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The nitrogen concentration from FAN (Ngan) and that from yeast biomass (Nycast) Were

calculated as:

Peptone X FAN,
Npan = p y content . My (17)
aa

with:

Ng 4y : nitrogen concentration from FAN (g. 1)

Peptone: initial peptone concentration (g. 1)

FAN_optent: individual amino acids and small peptides content in peptone (2.7 %)
M,,: mean of the different amino acids molecular weight (118.9 g. mole™)

My, : nitrogen molecular weight (14 g mole™)

Nyeast = DWyeast X Neontent (18)
with:
Nyeqs¢: nitrogen content from yeast biomass (g. I'")

DW,yeqs¢: yeast dry weight (g. I'")
Niontent: Nitrogen content in yeast biomass (10% w/w)
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Figure 39. Ethanol yield coefficient on glucose according the initial peptone concentration. Yield coefficients were

calculated from duplicate experiments.
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The increase in initial peptone concentration was accompanied by an increase in yeast
population yield but the Yemeu remained the same (Figure 39): the concentration of ethanol
produced was the same (Appendix 4, 5 and 6). This observation suggests that the amount of
organic carbon, largely from glucose, available for the formation of biomass and by-products
remained the same regardless the initial concentration of peptone, which emphasizes that
assimilable nitrogenous compounds from peptone were the limiting-growth factors and not

glucose.

3.2.3 Impact of peptone concentration on microalgae C. vulgaris

To assess the impact of peptone on C. vulgaris, the microalgae was grown with three
different concentrations of peptone (10, 20 and 30 g. I'") in the Mix medium without glucose.

The Mix medium was hence composed of only the autotrophic medium, and peptone.

The impact of the peptone concentration on microalgae was investigated in the absence of
glucose because in a mixed culture, it seemed reasonable to assume that with the high x4 of
yeast, the glucose would be exclusively used by yeast leaving C. vulgaris to grow photo-
autotrophically. The experiments were performed in shake flask cultures with constant aeration
to supply atmospheric COx.

The addition of peptone increased the microalgae yield but the latter was not in step with
the increase in the peptone concentration (Figure 40). The addition of 10 and 20 g. 1! peptone
only slightly increased the final microalgae concentration, but the peptone accelerated the speed
of growth (Figure 40) suggesting that it supplied nitrogenous compounds not present in the
autotrophic MBM medium (NH4", individual amino acids and small peptides). Significant
increase in the u and final biomass concentration was observed by the addition of 30 g. 1!, again
reinforcing the idea that the peptone supplied a growth-limiting factor to the microalgae, as well

as the yeast as discussed above. (Figure 40).

In absence of peptone, C. vulgaris could still grow reaching around the same final
concentration as in presence of the lower concentrations of peptone (10 and 20 g. 1) tested.
Therefore, in a mixed culture situation if S. cerevisiae used principally the specific peptone
components as well as the glucose (all organic compounds), C. vulgaris would still grow
autotrophically.
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Figure 40. Microalgae growth profile at different initial peptone concentrations. C. vulgaris was grown without
glucose. Each monoculture was performed in duplicate and the error bars represent the standard deviation around the

average points.

3.2.4 Adjustment of the peptone concentration for an optimized Mix medium

The S. cerevisiae and C. vulgaris monocultures in shake flask showed that the yield of
yeast was independent of that of microalgae whatever the initial peptone concentration. Their
respective population yields under each condition were compared in order to determine the most

suitable peptone concentration for a co-dominant mixed culture.
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Figure 41. Summary of yeast and microalgae population yields in monoculture according the initial peptone
concentration. The yields correspond to the population reached at 138 and 158 hours respectively for S. cerevisiae
and C. vulgaris. The yields were calculated from duplicate experiment the error pars represent the standard deviation

around the average points.
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With an initial peptone concentration of 10 g. I, the yeast and the microalgae population
yields were significantly different as the microalgae population was twice higher than yeast
population (Figure 41). From 20 g. 1! of peptone, the yeast and the microalgae population yield
were roughly similar, and both increased with a rise in initial peptone concentration. An
excessively high population density is unfavorable to light penetration into a photosynthetic
culture. For this reason, a concentration of 20 g. I'! peptone was chosen as the concentration to

use for mixed cultures (more explanation below).

The aim of medium design was to define the conditions that would result in co-
dominance between yeast and microalgae in mixed culture. The peptone concentration of 10 g.
I'! was not a suitable value as microalgae would dominate the population. At best, yeast would
use all peptone components necessary and would reach 8.4x10° cells. 1" (Figure 41), but this
population yield would remain twice lower than the microalgae population yield reached
without any uptake of components from peptone (1.7x10'° cells. 1) (Figure 40).

With 20 or 30 g. I'! peptone, parity of the populations could be reached if they equally
shared the peptone. However, the yeast ¢ was higher than that for the microalgae so in the
worst-case scenario, S. cerevisiae would consume all limiting-components of peptone and
C. vulgaris would grow without using any of them. In this situation and with an initial peptone
concentration of 30 g. 1!, the yeast population yield would be 63 % higher than microalgae if
the latter grew without peptone and the co-dominance would not be reached (2.7x10' cells. 1!

and 1.7 x10' cells. I'! respectively) (Figure 41 and Figure 40).

The co-dominance could be reached with 20 and 30 g. I peptone but any more
concentrated culture would risk auto-shadowing so the minimum concentration of peptone,
considering that parity of population is reached in a mixed culture situation; 20 g. I'' peptone
seems to be a good compromise. Moreover, with a peptone concentration of 20 g. 1! if yeast
used all peptone, the yeast and microalgae population yield would remain similar (1.9x10'
cells. I'" and 1.8x10'" cells. I"! respectively) as microalgae could also grow autotrophically

without peptone and glucose (Figure 40).

Finally, the peptone concentration of 20 g. 1! is a good compromise compared to the
other concentrations as it would allow the co-dominance between yeast and microalgae in
mixed culture using Mix medium. The peptone concentration was then was kept at 20 g. I'! in

the Mix medium for subsequent experiments.
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3.3 Nutrient competition between yeast and microalgae in mixed

culture using Mix medium

Figure 42 shows the hypothetical scenarios that could occur in mixed culture of the two
organisms if they each behaved as their respective monocultures. These hypotheses were based

on the study of the peptone and glucose influences on S. cerevisiae and C. vulgaris growth.

S. cerevisiae will need to assimilate both glucose and peptone for growth, the absence of
any one of these two nutrient sources would prevent yeast growth. On the other hand,
C. vulgaris could grow without either glucose or peptone, or both, using a photo-autotrophic
metabolism with nitrate as source of nitrogen and CO; as carbon source. Only the hypothetical
scenario A could lead to a co-dominance between yeast and microalgae in mixed culture: if the
yeast would use all of the glucose and peptone while the microalgae grew photo-autotrophically
using nitrate as nitrogen source.

yeast yeast yeast

CO- peptone QN glucose peptone CO: peptone
!

microalgae

microalgae

nutrient competition

population
estimation

CO:2 peptone QN glucose peptone

Cfg peptone

microalgae

nutrient competition

population
estimation

Figure 42. Six hypothetical scenarios representing the possible influence of nutrient competition on yeast and
microalgae population yield in case of mixed culture using the Mix medium.
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Examining the various hypothetical scenarios:

A.

The yeast uses all the glucose and nutrients from the peptone; microalgae consume CO-
and nitrate as nitrogen source. Based on the monoculture results the growth of the two
organisms would be to an equal extent. Hence the condition of co-dominance would be
achieved.

The yeast uses all the glucose and the nutrients from the peptone are shared between
yeast and microalgae; microalgae additionally consume CO, and nitrate as nitrogen
source. Based on the monoculture results the yeast yield would decrease since less
nutrients from peptone would be available to the organisms. Microalgae yield would
not increase despite the use of part of components from peptone.

The yeast uses all nutrients from peptone, and glucose is shared between yeast and
microalgae; microalgae also consume CO, and nitrate as nitrogen source. Based on the
monoculture results the glucose sharing would not impact on the yeast yield but would
increase that of microalgae as glucose is another carbon source for microalgae
metabolized through respiration.

The microalgae use all the glucose and nutrients from the peptone. Based on the
monoculture results the growth of microalgae would increase as glucose and nutrients
from peptone are available for a heterotrophic growth. Yeast would not grow as glucose
and nutrients from peptone are mandatory for its growth.

Microalgae use all the glucose and nutrients from the peptone are shared between yeast
and microalgae. Based on the monoculture results the growth of microalgae would
increase as glucose and nutrients from peptone are available for a heterotrophic growth.
Yeast would not grow as glucose (organic carbon source) is mandatory for its growth.
Microalgae use all nutrients from peptone and glucose is shared between yeast and
microalgae. Based on the monoculture results the growth of microalgae would increase
as glucose and nutrients from peptone are available for a heterotrophic growth. Yeast

would not grow as nutrients from peptone are mandatory for growth.

A last hypothetical scenario would be where glucose and nutrients from peptone are

shared by both yeast and microalgae. With this scenario, the growth of each organism would

depend on the proportion of nutrient used by each organism, so it seems to be difficult to

estimate the growth of yeast and microalgae. Overall, yeast growth would decrease because of a

lower amount of nutrient from peptone would be available to this organism and microalgae

growth would increase with the utilization of some glucose.
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3.4 Definition of parameters for mixed culture in photo-bioreactor

The temperature and pH in photo-bioreactor were adjusted to promote co-dominance of
yeast and microalgae in mixed culture by favoring C. vulgaris growth and restricting
S. cerevisiae growth. According to Kumar et al. (2010), temperatures of 15-26°C and neutral pH
are optima for microalgae growth. The form of the dissolved CO, concentration and the pH of
the culture are directly linked so we chose to control the pH at 6.5 to achieve a good
compromise between having a neutral pH and the dissolved CO, and bicarbonate species
proportioned at around 0.5 at 25°C (Edwards et al. 1978) (Chapter 1).

The inoculum ratio was set up in an inverse manner to compensate for the higher yeast u

and favor microalgae growth:

_ NOS.cerevisiae exp (“S.cerevisiae t)

NOC vul is —
vulgaris
exp(uc.vulgaris t)

(19)

with:

Noc.vuigaris - initial C. vulgaris population (cells. 1)
Nos cerevisiae - initial S. cerevisiae population (cells. 1)
Us cerevisiae - S. cerevisiae specific growth rate (h'!)
Wcvutgaris © C. vulgaris specific growth (h')

t: duration of the S. cerevisiae exponential phase (h)

The yeast and microalgae ¢ and the duration of the S. cerevisiae exponential phase were
experimentally obtained from separate monocultures in photo-bioreactor (5 1) cultures, with the
adjusted parameters to be in the closest conditions as the subsequent mixed culture in photo-
bioreactor. Monocultures of S. cerevisiae and C. vulgaris in photo-bioreactors were then studied
in Chapter 4.

In mixed culture, S. cerevisiae would produce CO, necessary for microalgae
photosynthesis and microalgae would produce O, that could be used by yeast. To promote these
synergetic effects, the gas produced was kept in situ by closing the photo-bioreactor and

avoiding the aeration.
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3.5 Conclusions

The Mix medium designed for a co-dominant mixed culture of yeast S. cerevisiae and
microalgae C. vulgaris was composed of carbon source (glucose, 10 g. I'") and nitrogen source
(peptone, 20 g. 1) that could be assimilated by both microorganisms. The competition between
the organisms in using each component influenced the biomass production yield of yeast and/or
microalgae. The strategy for a co-dominant mixed culture also implies the adjustment of the

culture parameters in photo-bioreactor.
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Chapter 4. Study of S. cerevisiae and C. vulgaris

monocultures in photo-bioreactor

The yeast S. cerevisiae and the microalga C. vulgaris where studied to compare their
behaviors when grown in monoculture and in mixed culture. Three monocultures were
conducted in photo-bioreactor under the closest conditions possible to mixed cultures: yeast and
microalgae monocultures were realized in Mix medium and a microalgae monoculture was
conducted in photo-autotrophic MBM medium without glucose and peptone. Mass balances
were realized for a better understanding of yeast and microalgae growth, and dry weight
concentrations of the yeast and microalgae were calculated from the corresponding cell
concentration. The numeric ratios in stoichiometric reactions were expressed in mole.
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4.1 S. cerevisiae monoculture using mix medium

S. cerevisiae was grown on Mix medium in a photo-bioreactor without aeration, exactly
under the same conditions as for the subsequent mixed cultures (Chapter 5). The photo-
bioreactor was closed with a safety valve. The pH was kept constant at 6.5 with the automatic
addition of KOH (1 M).

The yeast exponential phase (4=0.27 h') occurred within the first 24 hours of incubation
and was accompanied with glucose and oxygen consumption and the population reached was
1.9x10' cells. I''. S. cerevisiae used all glucose within the first 31 hours of incubation
producing ethanol (3.9 g. I'*) reaching a maximum population of 2.2x10' cells. 1" (Figure 43).
As suggested in Chapter 3, S. cerevisiae growth was limited by the concentration of nitrogenous
compounds in peptone (mainly amino acids and short peptides).
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Figure 43. Yeast monoculture using Mix medium in non-aerated and closed photo-bioreactor. The measurement of
pO2 was continuously recorded so the experimental points are fused into a solid blue line.

The ethanol production shows that yeast catabolized glucose fermentatively and was
accompanied by glycerol production (up to 0.3 g. 1"!, data not shown). Although fermentation
activity is known to not require O, latter is even so required for synthesis of membrane
components (ergosterol, unsaturated fatty acids...). Moreover, the utilization of O, through
respiration cannot be ruled out as S. cerevisiae mixes respiration and fermentation metabolism
in the presence of oxygen and when external glucose concentration exceeds 0.8 mmole. 1" (0.1
g. I'") (Verduyn et al. 1984; Otterstedt et al. 2004): this phenomenon is called the “Crabtree
effect”. The challenge in studying yeast metabolism was to determine whether glucose was
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metabolized through fermentation, respiration, biomass or glycerol formation and in which
proportion. The repartition of glucose utilization can be done with a components mass balance,

indicating the metabolic pathways used by S. cerevisiae in the monoculture.

4.1.1 Study of S. cerevisiae metabolism: components mass balance

4.1.1.1 Possible metabolic pathways in S. cerevisiae

The main possible metabolic pathways in S. cerevisiae are depicted in Figure 44:
glycerol, ethanol, biomass and CO; can be produced from glucose. The formation of by-

products from glucose degradation is neglected in this study.
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Figure 44. A schematic diagram of the metabolic pathways used in our modeling approach. All numeric

ratios are in moles.

The ethanol pathway provides ATP required for biomass formation. Glycerol is produced
to close the redox balance for the co-enzyme system NAD*/NADH of the biomass pathway. The
mitochondrial respiration is also involved for regenerating NAD" from NADH involving O,
utilization and ATP production. Mitochondrial respiration can recycle cytosolic and

mitochondrial NADH from the Krebs cycle. The latter allows to produce more mitochondrial
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NADH, hence more ATP can be generated through the electron transport chain, as long as there
is enough O,. According to Verduyn et al. (1990), during fermentation, S. cerevisiae uses
glucose principally through alcoholic fermentation and a small part is diverted to anabolic
pathway allowing biomass formation. The repartition of glucose into ethanol fermentation and
anabolic pathway can be determined from the biomass yield by examining the assimilation

equation for biomass formation and ethanol fermentation.

4.1.1.2 Biomass formation

Within 31 hours of incubation, 0.65 gpw. I* of yeast biomass was produced, i.e. 3.25 g of
biomass in total, resulting in a specific biomass yield coefficient on glucose of 0.06
Syeast. Celucose |, Which fits with a fermentative metabolism (Verduyn et al. 1990b). Peptone
provided nitrogen mainly in the forms of amino acids and short peptides. Glucose was the
source of carbon for biomass formation, however, glucose was also used for ethanol, glycerol,
CO; production and potentially respiration with Krebs Cycle. Therefore, to determine the
amount of glucose metabolized into biomass, it was necessary to know the carbon content of
S. cerevisiae biomass. According to Verduyn et al. (1990b), the composition of 100 g of
S. cerevisiae biomass is C375He.60No.6302.10, which gives the ratio of each elements in Table 7.
These ratios were very close to the results from elementary CHN/O analysis of dried yeast

biomass and these experimental ratios were used for the rest of the thesis.

Table 7. S. cerevisiae biomass composition

Verduyn et al. (1990b) (% w/w) CHN/O analysis (% w/w)
C 45 46
H 6.6 7
N 8.8 10
0] 33.6 34

As S. cerevisiae biomass was composed of 46% carbon, 3.7 g of glucose was required to form

3.25 g of biomass:

Myeqst Ccontent

Mgiycose = Mglucose =37g (20

MC Cglucose

with:

Mgiycose: Mass of glucose used for biomass formation (gyeast)
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My eqst - yeast biomass formed (3.25 g)

Ccontent: carbon content in yeast biomass (46%)

M : carbon molecular weight (g. mole™)

Cytucose: moles of carbon of 1 mole of glucose (6 moles)
Mgpcose: glucose molecular weight (g. mole™)

The degradation of 3.7 g of glucose i.e. 0.021 mole, required 0.042 mole NAD", and 0.115 mole

ATP (yeast yield coefficient on ATP was 28.3 gyeas. molearp™

(1990a)):

according to Verduyn et al.

0.021 C¢H 1206 + 0.021 N-(amino acids) + 0.115 ATP + 0.042 NAD" >
BIOMASS +0.115 ADP + 0.042 NADH

Reaction 5

The ethanol and glycerol production from fermentation activity provided ATP and NAD*
(described in section below).

4.1.1.3 Fermentation

S. cerevisiae produced 3.95 g. I'* of ethanol, i.e. 19.8 g ethanol (0.43 mole) in total within
31 hours. This production required 38.6 g glucose (0.215 mole) and generated an estimated 0.43
mole of ATP, part of which would have been used for biomass formation (0.115 mole ATP for
3.25 gpw of yeast) and the rest may have been used for the production of internal reserves

(glycogen and trehalose) and a small part for cell maintenance (0.315 mole ATP):

0.215 CsH1206 + 0.43 ADP - 0.43 C;HsOH + 0.43 CO, + 0.43 ATP Reaction 6

During yeast fermentation, 0.3 g. I* (1.5 g in total corresponding to 0.016 mole) of glycerol was
also produced from glucose (1.47 g i.e. 0.008 mole) in order to close the redox balance for the
co-enzyme system NAD/NADH (Gancedo et al. 1968; Verduyn et al. 1990b):

0.008 CsH 1206 +0.016 NADH + 0.016 H* = 0.016 C3HgO3 + 0.016 NAD* Reaction 7

Under strict fermentative metabolism, S. cerevisiae generally produces enough glycerol
to generate enough NAD" required for yeast biomass formation. In our S. cerevisiae
monoculture, the glycerol production pathway did not generate enough NAD™ to completely
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compensate the demand in NAD" in the biomass formation pathway (0.042 mole NAD" was
required), hence 0.026 mole NAD" needed to regenerate. This necessary amount of NAD* was
not provided by the ethanol pathway as the co-enzyme system NAD'/NADH is closed in this
pathway. Therefore, another alternative should have been involved to generate the
complementary amount of NAD™: respiration with O, utilization though the electron transport

chain.

4.1.1.4 Respiration with Krebs cycle for NAD* regeneration

Respirative metabolism is well known to involve Krebs cycle, which uses NAD" to
generate additional NADH from pyruvate. This mitochondrial NADH is then conveyed to the
mitochondrial respiratory chain to regenerate NAD" and close the system NAD*/NADH. At this
stage, O is required and ATP is produced. Reaction 8 describes the process of respiration with

Krebs cycle from 1 mole of glucose:

1 C¢Hi206 + 6 O2 + 38 ADP + 32 H" > 6 CO, + 38 ATP + 38 H,O Reaction 8

In the respirative metabolism with Krebs cycle, the redox balance for the co-enzyme
system NAD/NADH is closed, hence no extra NAD" is produced, the main goal being the
increase in ATP yield. Therefore, Krebs cycle could not have been involved during the yeast
monoculture to regenerate NAD™ and supply to the biomass formation pathway. This is could be
linked to the fact that Krebs cycle is repressed with the Crabtree effect, favoring glucose

degradation through ethanol production.
4.1.1.5 Respiration through external NADH dehydrogenase for NAD"
regeneration

In S. cerevisiae, NAD" can be regenerated from cytosolic NADH by the mitochondrial
respiratory chain through external NADH dehydrogenase, requiring O» and generating some
ATP (Reaction 9). This process can occur without mitochondrial NADH produced from Krebs

cycle.

I NADH+1/20,+1H"=> 1 NAD"+ H,0O Reaction 9
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The NAD" regeneration capacity depends on the amount of O, available. The total
bioreactor volume is the sum of the liquid volume Vi, and the PBR headspace Vs, both
contained an initial quantity of oxygen. As the bioreactor was closed during the culture, an

oxygen balance equation is needed to know how the initial stock can be used by biological

activity:
pOZgas MOZVgas
= =041
mOZ gas Rgas T g (21)
PO21iquide Mo, Vi
Mo, liquide = —— 22— = 4.4 X 10 g (22)
02

Mo, = Mg, gas T Mo, liquide = 045g (23)
where:

my,: total O, available (g)

My, gas: Oz available from gaseous phase (headspace of the bioreactor) (g)
Mo, tiquide: O2 available from liquid phase (g)

PO34qs: partial pressure of O; in the gaseous phase (21 000 Pa)
M, : molar mass of 02 (32 g. mole™)

Vyas: volume of the gaseous phase (1.5x107 m?)

Rgas: gas constant (8.314 m® Pa. mol™ K)

T: temperature (298 K)

P03 liquiae: partial pressure of O: in the gaseous phase (0.21 atm)
Ho,: Henry’s constant for O, at 25°C (769.23 atm L. mole™)

Viig: volume of the liquid phase (5 1)

From the total amount of O, available (0.45 g i.e. 0.014 mole), 0.028 mole NAD" could
have been regenerated (Reaction 9), which matches with the amount needed to be regenerated,
alternatively to the glycerol pathway (0.026 mole NAD"). All O, available in the PBR was used
in respiration with external NADH dehydrogenase, in other words, there was no O, left for

Krebs cycle, which confirms the absence of Krebs cycle in S. cerevisiae metabolism.
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4.1.2 Addition of acid and alkaline solutions for pH adjustment

The yeast fermentation activity was accompanied by an automatic addition of alkaline
solution (1 M KOH). The alkaline solution was added to maintain the pH at 6.5. Any acidic
compounds, including CO», released into the medium would react with the KOH. After the
growth phase, some of the acidic components are either reabsorbed by the yeast or escape the
solution as is the case with CO,. This then results in a rise in pH, which is counteracted by the
system of pH control resulting in the addition of mineral acid (1 M H3PO4) in order to maintain
the pH constant.
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Figure 45. Addition of acid and alkaline solutions to yeast monoculture using Mix medium for automatic pH
adjustment at 6.5.

Figure 46 describes the system of pH adjustment according yeast growth. During
S. cerevisiae growth in Mix medium, biomass and ethanol were produced resulting in the
release of carbon dioxide (Reaction 6) and other acid elements such as organic acids, which
acidified the culture medium. An alkaline solution was required to compensate the culture
medium acidification by increasing the pH value to 6.5; the carbon dioxide was hydrated to
carbonic acid HoCOs3 and then dissociated into proton H" and HCOs™ (Pena et al. 2015), and for
an increase in pH value, KOH from the alkaline solution reacted with a proton H' to form a

water molecule HO.
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The addition of alkaline solution stopped at the end of the fermentation/growth phase.
Since the ethanol production stopped, the CO; and organic acids production also stopped, hence
there was no need for pH adjustment by addition of alkaline.

After the end of the fermentation phase, the acid solution was added continuously until
the end of the culture. The addition of acid to the culture medium indicated an increase in pH
that could have been due to the release of alkaline compound by yeast or the removal of acid
compound from the culture medium. The removal of protons H" from the culture medium could
have been due to ethanol stress in yeast S. cerevisiae (Charoenbhakdi et al. 2016). Ethanol and
other short-chain alcohols are believed to induce loss of membrane integrity, through the
association of their aliphatic chains with the hydrophobic interior of membranes, thereby
affecting membrane permeability and stability (Weber and Bont 1996). The increase in
membrane permeability could have led to an increased passive influx of protons across the
membrane, hence inducing removal of protons H® from the extracellular environment and
alkalization of the culture medium. The addition of acid could also have been due to release of
CO; to the gaseous phase.
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Figure 46. Diagram of pH adjustment to 6.5 by addition of alkaline or acid solution according yeast activity in yeast

monoculture using Mix medium.

Using the volume of KOH added to the yeast culture for pH adjustment during yeast
monoculture in Mix medium, the concentration of CO, produced can be deduced. A KOH
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volume of 337 ml was added, and the concentration of the solution was 1 mole. I'!, hence 0.337
mol of KOH was added to 5 liters of working volume in the photo-bioreactor i.e. the
concentration of KOH in the culture was 6.7x102 mole. 1! and was calculated as:

VKOH CKOH

[KOH] =
Vliq

(24)

with:

[KOH]: alkaline KOH concentration in the culture medium (mole. 1)

Vkon: volume of KOH added to the culture medium (1)

Ckon: concentration of the KOH solution added to the photo-bioreactor (mole. 1)

Viig: working volume (5 1)

If KOH exclusively reacts with H*, 6.7x10% mole. 1" of KOH would have reacted with an
equivalent concentration of protons H". As 1 mol of proton H* came from 1 mol of CO,, a CO,
concentration of 6.7x102 mole. 1! would have been the origin of KOH addition for pH

adjustment:
CO; + H,O » H,CO; » H'+ HCO5 Reaction 10

Finally, the CO, concentration produced by yeast and that reacted with KOH was 2.97 g I'! and

was calculated as:

[CO,]kon = [KOH]Mco, (25)

with:

[CO,]kon: the concentration of CO, produced by yeast and reacted with KOH (g. 1)
[KOH]: alkaline KOH concentration in the culture medium (mole. 1)

M¢o,: the CO; molar mass (44 g. mole™)

According to Reaction 6, 3.80 g. I of CO, was produced in yeast monoculture but only
2.97 g. I'! of the CO» reacted with H>O leading to protons H" and HCOs", which means that 0.83
g. I of CO; could have remained in gaseous form and could have passed to the gaseous phase.
This is coherent with the overpressure observed during the yeast fermentation process.
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4.2 C. vulgaris monocultures in aerated photo-bioreactor

Microalgae monocultures in photo-bioreactor were conducted with aeration. This
parameter was mandatory in order to supply O, and CO; to the microalgae as appropriate. In
C. vulgaris monoculture using Mix medium, microalgae required O, for the mixotrophic
growth. In microalgae monoculture using the autotrophic medium, C. vulgaris needed CO, for
photo-autotrophic growth. The two monocultures were then supplied with 100% air, composed
of 21% of O, and 0.035% of CO..

The dissolved O, and CO, were measured continuously in order to evaluate the O, uptake
rate and the CO, biofixation rate by C. vulgaris. The O, and CO, mass balance can be carried
out with the volumetric gas transfer K;a.

4.2.1 Study of the CO; and O; gas transfer in the aerated photo-bioreactor

4.2.1.1 The principle of the volumetric gas transfer coefficient Ky a

The K:a is a parameter that allows to quantify the transfer from the gaseous phase to the

liquid phase. The determination of the Kia relies on gas measurements as a function of time.

Firstly, the dissolved gases (CO; or Oy) in liquid are stripped by vigorously bubbling
nitrogen through the liquid phase. Then, a gas mix containing the appropriate O, or CO;
proportions is injected with the same gas flow rate as in microalgae C. vulgaris monocultures
(500 ml. min). The increase in O, or CO, concentration is followed until saturation value (in

equilibrium with gaseous phase).

The gas balance in the liquid phase in a perfectly homogeneous batch culture can be

described as:

d[gas]
dt

= KA ([gas] * —[gas]) (26)

The integration of the equation gives:

1 L8as] « —[gas]
n—-—-_ 577

lgasT = lgasly <0
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where:

[gas]: dissolved gas concentration in the liquid phase (mole. 1)

[gas]*: maximal gas concentration that can dissolve in the liquid phase (mole. 1) i.e. gas
concentration in equilibrium with gaseous phase-often referred to as saturation

[gas]o: initial dissolved gas concentration in the liquid phase (mole. 1)

Kia: volumetric gas transfer (h') with Ky the transfer coefficient and a the interfacial area per
unit of column volume

t: time (hour)

4.2.1.2 Experimental determination of the volumetric O; transfer coefficient
Kpra

The dissolved O, profile was firstly measured over time until equilibrium was established
with the gaseous phase. The O2 concentration was measured in pO2 (%), percentage of the O,
partial pressure in the liquid phase. The pO can be converted to O, concentration in mol 1! by
Henry’s law:

_p0;

02] = 1~

(28)

with:

[O;]: dissolved O concentration in the liquid phase (mole. 1)
pO:: O, partial pressure in the liquid phase (atm)

Ho,: Henry constant for O, at 25°C (769.23 atm. L. mole™)

2.8x10™

2.4x10* —
2.0x10* —
1.6x10* — i
1.2x10™ —
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4.0x10° -

Dissolved oxygen concentration (mole. I)

0.0 & ! ! !
0.0 0.1 0.2 0.3 0.4
Time (h)

Figure 47. Concentration of dissolved Oz over time in the photo-bioreactor supplied by air with a flow rate of 500 ml.
min! (0.1 vvm, 1 atm, 25°C).
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The Kya for O is obtained from the slope of the linear curve (Figure 48): 29.3 h'..
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Figure 48. Determination of Kia for Oa.

4.2.1.3 Experimental determination of the volumetric CO; transfer coefficient
Kpra

After degassing the medium with nitrogen, the CO; profile was followed over time until
equilibrium with the gaseous phase was reached. The CO, concentration was measured in pCO,
(%), percentage of the CO; partial pressure in the liquid phase. The pCO, can be converted to

CO; concentration in mol 1" by Henry’s law:

coO
[CO,] = 22

29
Heo, (29)

with:

[CO;]: dissolved CO; concentration in the liquid phase (mole. I'")
pCO:: O, partial pressure in the liquid phase (%)

Hco,: Henry constant for CO; at 25°C (29.41 atm 1. mole™)
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Figure 49. Concentration of dissolved CO:z over time in the photo-bioreactor supplied by gas mixture composed of
15% of COz and 85% of N with a flow rate of 500 ml min™! (0.1 vvm, 1 atm, 25°C).
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Figure 50. Determination of CO2 Kra.

The Kya for CO; is obtained from the slope of the linear curve (Figure 50): 9.98 h''.

4.2.1.4 Gas uptake rate from gas concentration data and Kya value

When the gas transfer rate in the liquid phase is known, the O, uptake rate OUR or the
CO; biofixation rate can be determined from equation 30 for OUR and equation 31 for CO,
biofixation rate (Garcia-Ochoa et al. 2010):

d[0,]

OUR = KA ([0;] * —[0;]) — dt

(30)
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with:

OUR: oxygen uptake rate (mol I"! h''); OUR can also be expressed in gO,. I'' h'! by multiplying
by the O, molar mass (32 g. mole™)

[0:]: dissolved O, concentration in the liquid phase (mole. 1)

[O:]* maximal O concentration dissolved in the liquid phase (2.7x10* mole. 1)

Kia: volumetric O, transfer coefficient (28.4 h'!)

d[C0,]

7 (31)

CO, biofixation rate = K| A ([C0,] * —[CO0,]) —

where:

CO:: biofixation rate in mol. I'' h'! and can also be expressed in gCO,. I h'! by multiplying by
the CO, molar mass (44 g. mole™)

[CO:]: dissolved CO; concentration in the liquid phase (mole. 1)

[CO-]*: maximal CO; concentration in liquid phase (1.4x107° mole. I'")

K. a: volumetric CO» transfer coefficient (9.98 h')

4.2.2 Microalgae C. vulgaris monoculture using Mix medium

4.2.2.1 Growth study

C. vulgaris was grown on Mix medium in photo-bioreactor in the same way as the
S. cerevisiae monoculture and, later on, in mixed cultures except that the microalgae
monoculture was continuously aerated. Aeration was mandatory for CO. provision to
C. vulgaris for photosynthesis and O supply to microalgae respiration. The pO, in the culture
was expected to remain stable at 20.9% in the absence of net production or consumption of O,

by C. vulgaris.

During the first 48 hours of C. vulgaris growth in Mix medium (Figure 51), the glucose
and O, concentrations did not decrease while the population increased slightly from 1x10° to
1.8x10° cells. 1°'. The first 48 hours of incubation without any glucose or O» consumption was
accompanied by a slight amount of cell growth, suggesting photo-autotrophic growth of the
organism also reported by Ben Amor-Ben Ayed et al. (2017).

From 48 to 116 hours of incubation, the glucose concentration decreased to complete
depletion while the microalgae population increased from 1.8x10° to 4x10'! cells. 17
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C. vulgaris grew heterotrophically during this period using glucose and O». C. vulgaris seems to
“privilege” autotrophy as long as the microalgae population is small enough to allow
satisfactory light penetration into the photo-bioreactor. After that, C. vulgaris seems to have, at
least, partly switched to heterotrophic metabolism. Microbial growth leads to an increase in
light absorption by the culture and auto-shadowing by the microorganisms (Pfaffinger et al.
2016). The population in the shaded volume (central section of the photo-bioreactor) may have
used glucose and O, for growth through respiration, while the population in the lit volume (at
the edge of the photo-bioreactor and close to the light source) could have grown photo-
autotrophically. In a well-mixed culture, as employed in this study, this means that as the
average amount of light available to each cell decreases, C. vulgaris increasingly progresses
towards a more heterotrophic metabolism. The presence of light can also photo-inhibit uptake of
glucose by affecting the balance between reduced and oxidized energy carrying molecules (ATP
and NADH), because of photosynthetic activity (Perez-Garcia and Bashan, 2015).
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Figure 51. Microalgae growth profile in monoculture using Mix medium in aerated photo-bioreactor.

After 116 hours in incubation, the glucose was depleted and the pO, increased until
reaching the concentration of saturation. Since glucose was exhausted, no organic carbon source
was left to be respired, hence O» stopped to be used and the increase in pO, was due to the O,
brought into the bioreactor through continuous aeration. After glucose depletion, C. vulgaris
grew from 4x10'"! to 7x10'" cells. I'' most likely on photo-autotrophic metabolism as no organic
carbon was left in the growth medium, hence the production of O, through photosynthesis could

have contributed to the increase in pOs.
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The total chlorophyll content can be used as an indicator of the photosynthesis activity of
the microalgae culture (Abinandan and Shanthakumar 2016). In microalgae monoculture using
Mix medium (Figure 52), the average cell-chlorophyll-content increased at the beginning of the
culture, reaching the maximal value of 1.5x10 mg. cell! at 48 hours and this occurred in the
same period during which no glucose and O, were consumed and C. vulgaris seemed to have
privileged photo-autotrophic growth. After 48 hours of incubation, the average-cell-chlorophyll-
content started to decrease at the same time as the beginning of glucose and O, consumption,
then the total chlorophyll content stabilized from around 120 hours, which corresponded to the
end of the microalgae heterotrophy metabolism as glucose was depleted and O, stopped to be
used. This decrease in total chlorophyll content is coherent with the regulation system of
autotrophic-heterotrophic metabolism that involves the inhibition of chlorophyll production by
glucose assimilation and through the production of organic carbon uptake enzyme by light
source (Ogawa and Aiba 1981; Smith et al. 2015). C. vulgaris did not seemed to have adopted a
partly photo-autotrophic metabolism during glucose and O, utilization.
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Figure 52. Chlorophyll content, glucose and Oz concentration in microalgae monoculture using Mix medium in
aerated photo-bioreactor.

4.2.2.2 Addition of acid and alkaline solutions for pH adjustment

The addition of acid or alkaline solution for pH adjustment helps to interpret the
microorganism’s metabolism, as shown for yeast S. cerevisiae monoculture (Figure 45). In
microalgae monoculture using Mix medium, 5.6 ml of acid solution was added to the culture at

the beginning. The alkaline solution was added 37 hours after the beginning of glucose and O,
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uptake and the alkaline addition stopped when glucose was depleted (108 hours) and the
addition of acid started 1 hour later (Figure 53).
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Figure 53. Addition of acid and alkaline solutions to microalgae monoculture using Mix medium for automatic pH

adjustment at 6.5.

Figure 54 describes the system of pH adjustment according microalgae growth. The small
volume of acid added at the beginning of the culture was coherent with the photo-autotrophic
metabolism of C. vulgaris during the first 48 hours of incubation. The CO; removal from
microalgae culture medium led to an increase in pH and to the addition of acid solution for a pH

decrease to 6.5.

The alkaline solution was added to the C. vulgaris monoculture when the glucose and O,
concentration entered in a steep linear decrease, leading to a rapid production of CO,. The CO,
remaining in the liquid phase, was then hydrated into H>COs and dissociated to protons H" and
HCOs, decreasing the pH value. KOH was added to react with the high amount of H" to restore
the pH value to its set point. Some CO; produced by microalgae could also have been stripped

out by the continuous aeration.

The acid solution was added after the end of the glucose consumption phase and indicated
the beginning of the photosynthetic activity. The pH value increased as CO; and HCOs™ were
removed from the culture medium for microalgae photosynthesis and H3;PO4 was then added to

decrease the pH value back to 6.5.
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Figure 54. Diagram of pH adjustment to 6.5 by addition of alkaline or acid solution according microalgae activity in
monoculture using Mix medium.

4.2.2.3 O, uptake rate determination (OUR)

According to equation 30 and from pO, data profile over time, OUR could have been
calculated (Figure 55). The average microalgae OUR was 0.204 gO,. 1" h! and the period of
oxygen uptake lasted 53 hours (Figure 51), hence 10.8 g. I'! of O, was consumed to respire

glucose in microalgae monoculture using Mix medium.

According to the global reaction of cellular respiration on glucose, the respiration of 1

mole of glucose requires 6 moles of Oy:

CeHpOg+ 60, > 6 CO,+ 6H,O Reaction 11

In microalgae monoculture, 10 g. I'! of glucose was used by C. vulgaris, corresponding to
0.056 mole. 1", hence 0.333 mole. 1" of O, was required, the equivalent of 10.66 g. I'' of O..
The concentration of the O, consumed calculated from OUR is closed to the O, concentration
required for glucose respiration, so no additional O, was provided to the culture medium, which
strongly suggests that C. vulgaris did not have photosynthesis activity while using respiring.
Consequently, C. vulgaris did not mixed autotrophic and heterotrophic metabolisms but only
grew using heterotrophy from 48 to 113 hours of incubation.
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Figure 55. Oxygen Uptake Rate OUR from microalgae monoculture using Mix medium in aerated photo-bioreactor.

The exponential phase of C. vulgaris in monoculture was then composed of two
successive growth stages: a heterotrophy growth stage (48 to 113 hours) and an autotrophy
growth stage (113 to 125 hours). Both growth stages formed the mixotrophic growth with a u of
0.09 h!' which is high compared to p from mixotrophic cultures of microalgae reported by
Perez-Garcia and Bashan (2015) (u range from 0.01 h! to 0.04 h™!).

4.2.3 Microalgae C. vulgaris monoculture using autotrophic MBM medium (without
glucose and peptone)

4.2.3.1 Metabolism study

C. vulgaris grew on autotrophic medium in photo-bioreactor in the same way as
S. cerevisiae in monoculture and as mixed cultures except that the microalgae monoculture was
continuously aerated. Aeration was required for CO; provision to C. vulgaris for photosynthesis
and O, supply to microalgae respiration. The pO: in the culture was expected to remain stable at

20.9% in the absence of net production or consumption of O, by C. vulgaris.

The medium used for this microalgae monoculture was the autotrophic MBM medium
without glucose and peptone (Figure 56). The microalgae firstly grew exponentially
(4=0.04 h'") until around 72 hours, increasing the population from 1.95x10° to 1.27x10'
cells. I'' accompanied with an increase in pO,. Starting from a value of 21%, the pO, reached
22% at the end of the exponential growth phase then it continued to increase up to 22.3% and

remained constant at the same level. Running parallel, pCO> showed an opposite profile. The
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pCO, decreased when the pO, increased and they both remained constant at the same time,
which suggests microalgae photosynthesis activity. After the exponential growth phase, the
growth was almost linear until the end of incubation.
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Figure 56. Microalgae growth profile in monoculture using autotrophic MBM medium in aerated photo-bioreactor.

In this microalga photo-autotrophic monoculture, there was no organic substrate (absence
of glucose and peptone), hence C. vulgaris grew purely on photo-autotrophic metabolism using
photosynthesis. Under these conditions, microalgae developed by using light energy and CO: in
the culture medium as carbon source, resulting in biomass formation and production of O». The
pO- increased up to 22.3% and this is a significant level of O, production considering the
continuous flow of the air through the photo-bioreactor and the cell concentration in the culture,
which means a high microalgae photosynthetic activity. However, the constant pO, value at
22.3%, above the saturation value and the almost linear growth, suggest that the C. vulgaris
photosynthesis activity was limited by a growth limiting factor. CO; is a key factor for the
photosynthesis process and it was supplied continuously at low concentration, hence CO; is

likely to have been the growth limiting factor in this microalga photo-autotrophic monoculture.

4.2.3.2 Impact of CO; limitation on microalgae growth

The exponential growth occurred while pCO- decreased (Figure 56). In this monoculture,
C. vulgaris grew using photosynthesis, hence the decrease in pCO; corresponded to CO>
biofixation by microalgae. When the evolution of pCO. remained stable, the exponential growth
phase stopped (96 hours), indicating that the microalgae growth was limited by CO; availability.
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Despite the beginning of CO; limitation, C. vulgaris continued to grow linearly thanks to
the CO; supply through continuous aeration. The microalgal population in the lit volume (at the
edge of the photo-bioreactor and closed to the light source) still could have access to light,
allowing CO; uptake from culture medium and the pCO, remained below the value
corresponding to the equilibrium with the gaseous phase. The linear phase is also accompanied
by a O production, maintaining the pO, above equilibrium with the gaseous phase (20.9%).
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Figure 57. Total chlorophyll content and dissolved CO:2 concentration profiles in microalgae photo-autotrophic

monoculture.

As CO; limitation influenced C. vulgaris growth in photo-autotrophic monoculture, it
also had an impact on the total chlorophyll production. The evolution of pCO; was concomitant
with that of total chlorophyll content: the total chlorophyll content decreased until a minimal
value of around 2.4x10'° mg. cell”, reached when the decrease in pCO: stopped (96 hours).
Chlorophyll is responsible for the absorption of light energy and its conversion into chemical
energy via photosynthesis in algae (da Silva Ferreira and Sant’Anna 2017), therefore the
production of chlorophyll decreased because less energy was required to fix CO,, as the latter

became limited.

4.2.3.3 Addition of acid and alkaline solutions for pH adjustment

During C. vulgaris growth in the photo-autotrophic monoculture, acid solution was added
constantly (Figure 58). The Figure 58 describes the system of pH adjustment in relationship

with microalgae growth. C. vulgaris grew exclusively on autotrophic metabolism consuming
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CO; (acid) and the CO; removal from the culture medium increased the pH value. The acid
solution H3PO4 was then added to decrease the pH back to the set point of 6.5.
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Figure 58. (A) Addition of acid solution to microalgae monoculture using autotrophic MBM medium for automatic
pH adjustment at 6.5. (B) Diagram of pH adjustment to 6.5 by addition of alkaline or acid solution according
microalgae activity.

4.2.3.4 CO; biofixation in microalgae photo-autotrophic monoculture

The CO; biofixation rate in microalgae photo-autotrophic monoculture (Figure 59) was

calculated over time from equation 30 and from the pCO; data profile.

The average CO; biofixation rate during microalgae exponential phase was 0.0022
gCO,. I'' h'!, with a maximal CO; biofixation rate of 0.0024 gCO,. I'' h'! reached at the end of
the exponential phase (96 hours). In Scragg et al. (2002) the CO, biofixation rate by C. vulgaris
was also 0.002 gCO,. I'! h! and microalgae grew in similar conditions as in our C. vulgaris
photo-autotrophic monoculture as the medium composition was similar and the bioreactor was
supplied with air without any addition of CO,. The CO, biofixation rate by C. vulgaris can be
increase to more than 10 times with CO, enrichment to the culture medium. The CO,
biofixation rate was 0.023 gCO,. I'' h'! in a C. vulgaris culture enriched with 8% of CO,
(Adamczyk et al. 2016) and 0.033 gCO». 1" h'! with 13% of CO, (Clément-Larosiére et al.
2014).
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Figure 59. COz biofixation rate from microalgae photo-autotrophic monoculture using Mix medium in aerated photo-
bioreactor.

The CO, biofixation calculated from the C. vulgaris photo-autotrophic monoculture was
coherent with the C. vulgaris biomass composition in carbon element. During the first 96 hours
of incubation, 0.21 g. I'" of CO, was consumed by microalgae corresponding to 5.7x102 g. I'! of
carbon assimilated. The microalgal population grew by 1.2x10'° cells. I'' corresponding to 0.13
g. I'! of DW. According to Table 8, the carbon content of C. vulgaris is 46% (w/w) (Table 8),
hence 6x102 g. I'! of carbon was required to form the microalgae biomass. Carbon element that
composed the microalgal biomass came from assimilated CO, from the aeration as it was the
only carbon source for C. vulgaris, hence we can deduce that 0.22 g. I'' of CO, was assimilated
by microalgae and this value is in accordance with the value calculated from the CO;

biofixation rate.

Table 8. Composition of 0.13 gDW I'! microalgae at the end of the exponential phase according CHN/O analysis

results.
C H N o
Element .
carbon hydrogen nitrogen oxygen
Content (% w/w) 46 6.7 8 32.5
Concentration (mole. 1) 5x1073 8.7x107 7.4x10* 2.6x1073
Concentration (g. 1) 6x107? 8.7x107 1x10 4.2x10?

From Table 8, the elemental composition of 100 gDW of C. vulgaris would be
Cs3He7Nos70, and the composition for 26 gDW of C. vulgaris can be deduced as
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CiH18No.1500.53, which is coherent the microalgae composition from Scherholz and Curtis 2013
(CiHi.78 No.16500.495).

4.3 Conclusion

Yeast S. cerevisiae and microalga C. vulgaris did not use glucose during the same time
frame when grown alone in monoculture containing Mix medium. Glucose was fully used by
yeast within the first 24 hours of culture while microalgae started to use the carbohydrate from
48 hours of incubation. This suggests that C. vulgaris would not use any glucose if both
microorganisms grew together in the same mixed culture using Mix medium, so in mixed
culture C. vulgaris should grow autotrophically and S. cerevisiae should grow fermentatively on
glucose. Consequently, the yeast monoculture using Mix medium and the microalgae
monoculture using autotrophic MBM medium were used as reference cultures for the mixed

culture of yeast and microalgae in Mix medium.

CO; was the first limiting factor of C. vulgaris. CO, limitation increases with microbial
growth, hence microalgae growth in mixed culture might be altered with yeast growth. Addition
of acid or alkaline solution for pH adjustment to 6.5 seems to be a reliable indicator of yeast and
microalgae activity by highlighting CO, production or consumption and also allows to estimate
the amounts of this compound produced/used. The comparison of the pH adjustment process in
the yeast and in the microalgae, monocultures should contribute in the evaluation of the

proportion of CO, released by yeast and subsequently reused by microalgae in mixed culture.
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Chapter S. Mixed culture in closed photo-bioreactor

This chapter presents results of two mixed cultures in photo-bioreactor. The mixed
cultures were performed using the newly designed medium (Chapter 3) and S. cerevisiae and
C. vulgaris growth were followed thanks to the enumeration method presented in Chapter 3.
The mass balances and the growth kinetics in yeast and microalgae monocultures were
compared to mixed cultures in order to identify the interactions between S. cerevisiae and
C. vulgaris in mixed culture. A method for simultaneous and accurate enumeration of the two

species in a mixed suspension is also presented.
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5.1 Method for simultaneous enumeration of yeast and microalgae

As a first step, the suitability of the Guava easyCyte™ for the enumeration of
S. cerevisiae and C. vulgaris was tested using shake-flask monocultures of each organism. Each
culture was diluted to different concentrations to provide samples for the enumeration. In the
absence of a better method, microscopic cell concentration determination was used as a
reference method. Cell concentration were determined by flow cytometry, correlated with those
made using the Thoma Chamber for both organisms, S. cerevisiae and C. vulgaris, with a slope
of 1 and correlation coefficients of 0.98 and 0.99 respectively (Figure 60). These values
confirmed that the method for cell counting with Guava easyCyte™ flow cytometer was valid.
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Figure 60. Correlation between two methods for cell counting S. cerevisiae and C. vulgaris in monoculture.

As a second step, the suitability of the flow cytometer was tested for detecting and
discriminating yeast and microalgae in mixed suspensions. The flow cytometer is able to
measure the relative size of the cells (detection of forward scatter), to provide information about
their internal complexity (detection of side scatter) and the intensity of their autofluorescence
detection. The discrimination of S. cerevisiae and C. vulgaris based on forward and side scatter
provided the total cell concentration of the suspension but the distinction of the two populations
was weak (Figure 61B). The strategy for a complete discrimination of S. cerevisiae and
C. vulgaris in mixed suspensions with flow cytometer was based on their autofluorescence and
relative size. The blue laser (488 nm) of the flow cytometer allowed the excitation of both the
GFP protein in the yeast cytoplasm and the chlorophyll in the microalgae. The two molecules
emit distinct fluorescence at 510 and 600-700 nm respectively allowing the organisms to be

distinguished from one another (Figure 61A). The acquisition according the red/green
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fluorescence and the cell relative size allowed clear distinction of the two populations and

simultaneously enumerate (Figure 61C and D).
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Figure 61. (A) S. cerevisiae GFP (dashed arrows) and C. vulgaris (solid arrows) cells observation with confocal
microscope Zeiss LSM 700 (x20). A 488nm-UV diode laser was used for illumination. GFP protein and chlorophylls
fluorescence were captured through a band pass filter at a wavelength of 493—550nm and 615-800nm respectively
(B) Screenshot of flow cytometer acquisition; cell complexity versus cell relative size (C) Screenshot of flow
cytometer acquisition; red fluorescence versus cell relative size (D) Screenshot of flow cytometer acquisition; green

fluorescence versus cell relative size.

To validate the method, eleven mixed suspensions were prepared to obtain different
precise yeast:microalgae ratios (calculated ratios) and the two populations in the mixed
suspensions were measured with flow cytometry (experimental ratios). By plotting the
experimental microalgae ratio as a function of the calculated microalgae ratio (Figure 62A), a
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linear relationship was obtained with a slope of 1.048 and a correlation coefficient of 0.997,

validating our method for cell counting microalgae from yeast in mixed suspensions.
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Figure 62. (A) Correlation between experimental (flow cytometry) and calculated C. vulgaris proportion in 11 mixed

suspensions.

In this study, the S. cerevisiae strain was chosen the fluorescence of its GFP protein. For
any other studies where the heterotroph would not express any fluorescent molecule, the
autotroph autofluorescence from chlorophyll should be enough to distinguish and cell count
each population. The heterotroph population could be calculated by subtracting the autotroph

population from the total population.

5.2 Definition of yeast:microalgae inoculum ratio for mixed culture

The specific growth rate u of S. cerevisiae and C. vulgaris measured from reference
monocultures (Chapter 4), were used to define the inoculation microalgae:yeast ratio in mixed
culture. The u of microalgae was smaller than that of S. cerevisiae (0.27 and 0.02 h’!
respectively) so the inoculation microalgae:yeast ratio was calculated as below to minimize

dominance of yeast and favor microalgae growth:

_ Xos.cerevisiae exp(us.cerevisiae t)

) B (32)
0C.vulgaris exp (Hc_uulgaris t)
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with:

Nocvuigaris - nitial C. vulgaris population

Nos cerevisiae - initial S. cerevisiae population (2x107 cells. 1)
Us cerevisiae - S- cerevisiae specific growth rate (0.27 h'')
Wcvutgaris - C. vulgaris specific growth rate (0.04 h™')

t: duration of the S. cerevisiae exponential phase (13.5 hours)

5.3 Impact of microalgae inoculum preparation

Two mixed cultures were conducted in order to study the impact of microalgae inoculum
preparation on the evolution of mixed culture was studied. In mixed culture 1, the microalgae
inoculum was prepared in the Mix medium while in the mixed culture 2, it was prepared in
photo-autotrophic conditions using the autotrophic MBM medium. The two mixed cultures only
differed in the microalgae inoculum preparation. All other conditions including the
microalgae:yeast inoculum ratio was identical and Mix medium was the growth medium used in
both PBR cultures.

The microalgae inoculum preparation influenced on the yeast and microalgae yield
(Figure 63). Yeast and microalgae yield in mixed culture 1 were similar to that in respective
monoculture but both yeast and microalgae yields decreased in mixed culture 2 for which the
microalgae inoculum was prepared in autotrophic MBM medium. In the latter, the microalgae

yield was 3 times lower than that in mixed culture 1 and microalgae monoculture.

Therefore, the preparation of microalgae inoculum in Mix medium did not impact on
S. cerevisiae or C. vulgaris yield in mixed culture while the preparation in autotrophic MBM
medium decreases both yeast and microalgae yield in mixed culture. The way the microalgae
inoculum preparation impacted on the two population yields in mixed culture remains unclear at

this stage, but the following sections provide clarification.

131



Chapter 5 — Mixed culture in closed photo-bioreactor

3.0x10"
- microalgae
. ] yeast
2.5x10
< 2.0x10"°
)
8 10
< 1.5x10
c
Ke)
© 10
3 1.0x10
o
o
5.0x10°
0.0
A 2 (© \(2
e e N N
((\'\*ed ol “\.\*ed o s ono o «\o(\oc‘)
. 029 ye?
@

Figure 63. Maximal yeast and microalgae population reached in mixed cultures and yeast and microalgae reference
culture in PBR. For mixed culture 1, the microalgae inoculum was prepared using Mix medium and in mixed culture
2 it was prepared in autotrophic MBM medium. The maximal microalgae population in microalgae reference culture

corresponds to that at 168 hours of incubation.

5.4 Yeast and microalgae growth in mixed culture in photo-bioreactor

The mixed culture 1 and 2 were conducted in closed and non-aerated photo-bioreactor in
order to favor in situ gas exchange. The bioreactors were fitted with the equivalent to
fermentation lock and the automatic adjustment of the pH with the addition of KOH limited

gaseous CO; production.

For the mixed culture 1, both the yeast and the microalgae inocula were prepared in the
Mix medium (Figure 64), i.e. the medium used for the photo-bioreactor culture. S. cerevisiae in
mixed culture 1 behaved in the same way as in yeast reference monoculture (Chapter 4) in terms
of maximum population, specific growth rate, and ethanol productivity. C. vulgaris started to
grow from the beginning of incubation period, and without a lag phase, until 24 hours and
reached a maximum population of 2.4x10'° cells. 1", then its population remained stable until
the end of the experiment. The same population concentration for both organisms was achieved
in this mixed culture 1 (around 2x10' cells. 1), hence co-dominance was reached. This
behavior suggested that there was no interference of C. vulgaris on S. cerevisiae as the latter

behaved as it had done in monoculture.
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Figure 64. Mixed culture 1 of C. vulgaris and S. cerevisiae in closed and non-aerated PBR using MBM-GP medium.
The yeast and microalgae inocula were both prepared in Mix medium.
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Figure 65. Mixed culture 2 of C. vulgaris and S. cerevisiae in closed and non-aerated PBR using Mix medium. The
yeast inoculum was prepared using Mix medium while the microalgae inoculum was prepared using autotrophic
MBM medium.

In the mixed culture 2, the yeast inoculum was prepared in the Mix medium while the
microalgae inoculum was prepared in autotrophic MBM medium (Figure 65); in other words,
the media used for the growth of the inocula and the photo-bioreactor culture were different.

The yeast population yield was lower than in mixed culture 1 (Figure 64) and in the reference

133



Chapter 5 — Mixed culture in closed photo-bioreactor

yeast monoculture (1.3x10'°, 1.8x10'°, 1.9x10'° cells. I"! respectively). The C. vulgaris growth
in this mixed culture 2 was low compared to the mixed culture 1 and the reference microalgae
monoculture (Chapter 4). The microalgae population only slightly increased from 7x10° to
9x10° cells. I'! within the first 13 hours and remained mainly constant until the end of incubation
(168 hours). The yeast and microalgae maximal population were similar but the mixed culture 2
could not be considered as a co-dominant since the majority of the microalgae population

corresponds to the microalgae inoculum.

As the non-interference of the two organisms in mixed culture had been previously
observed (mixed culture 1), this behavior is likely due to competition for nutrients between the
two organisms. In both mixed culture 1 and 2, the glucose was completely assimilated within
the first 48 hours as it had been observed in the reference yeast monoculture (Chapter 4).
Despite the lower yeast population yield in mixed culture 2, the ethanol yield coefficient on
glucose was the same for the two mixed cultures and for the yeast reference monoculture
(Figure 66), which could indicate the same fermentation activity as also observed in Chapter 3.
The observed ethanol production rate and glucose uptake rate for the three cultures supports the
hypothesis that the fermentation activity was the same in the three cultures (Figure 66) hence,
the glucose was only used by yeast in both mixed cultures. Since no glucose was available for

the microalgae, C. vulgaris grew fully photosynthetically in both mixed culture 1 and 2.
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Figure 66. Ethanol yield coefficient on glucose Yethanol/glucose, ethanol production rate (EPR) and glucose uptake

rate (GUR) in mixed culture 1 and 2 and yeast reference monoculture.

According to Chapter 3, peptone components (NH.", individual amino acids and small
peptides) were the first limiting yeast growth factor when using Mix medium. In mixed
culture 2, the yeast population yield decreased in other words, yeast assimilated less nitrogenous

components from peptone than in mixed culture 1. Surprisingly, this statement suggests that the
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preparation of the microalgae inoculum in autotrophic MBM medium lead to a decrease in yeast
growth. Nitrogenous components from peptone might have been shared between yeast and
microalgae, which would explain why yeast assimilated less of the peptone components and the

decrease in yeast yield in mixed culture 2.

The sharing of peptone components in mixed culture 2 provided more nitrogen sources
available to microalgae (in addition to nitrate), hence the C. vulgaris population yield should
have increased or at least reached the same level as microalgae monoculture if it consumed
some of the peptone components (Chapter 3). However, the inverse effect was observed: the
microalgae population yield in mixed culture 2 was lower than in microalgae reference
monoculture. It seems that the assimilation of components of peptone lowered the microalgae
population yield.

5.5 Interactions between yeast and microalgae

5.5.1 Nitrogen source sharing

The principal nitrogen sources in Mix medium are individual amino acids, small peptides
(one to three units) and ammonium from peptone and nitrate added in the form of salt.
Nitrogenous components from peptone and nitrate were only available to the microalgae and

amino acids were the preferential nitrogen sources for yeast.

The peptone concentration was the first limiting growth factor for yeast as demonstrated
in Chapter 3: the lower the peptone concentration, the lower the FAN (free amino nitrogen), the
lower the yeast growth. In mixed culture 1 and yeast reference monoculture, the yeast yield was
identical, which means that in both cultures, yeast used the same amount of amino acids from

peptone, i.e. none was shared with microalgae.

The lower yeast growth observed in mixed culture 2 compared to the yeast reference
monoculture implied that S. cerevisiae most probably assimilated only part of amino acids from
peptone that it would otherwise have consumed in the reference monoculture. The other part
would have been available to the microalgae but the maximal microalgae population in mixed
culture 2 was still 2.8 times lower than in mixed culture 1 and in microalgae reference culture
(in which C. vulgaris did not grow on peptone). As explained in Chapter 2, the peptone was not

the microalgae limiting growth factor since C. vulgaris had also access to nitrate.
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According to Scherholz and Curtis (2013), when microalgae grow in a medium
containing ammonium, nitrate and amino acids, the microalgae firstly use ammonium,
preventing the nitrate assimilation and they start using nitrate as soon as ammonium is depleted
(Figure 67). They also noted that the apparent yields on nitrogen are much lower for ammonium
than for nitrate (7.13 gDW/gN-NH4" and 14.5 gDW/gN-NO; respectively). They explained that
the ammonium accumulation within the cell for reserve was preferred over its use for growth,
yielding a lower biomass. In mixed culture 2 and during C. vulgaris growth (first 12 hours), the
amount of nitrate used was almost zero, therefore, this weak microalga growth was probably
due to the use of ammonium from peptone.
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Figure 67. Photoautotrophic C. vulgaris cultures were grown in 1.5-L loop air-lift photobioreactors on 0.0135 gN-
NH4". I'! with chloride and nitrate as the counter-ions. The reactor was supplemented with 5% COz (v/v) in air. The
optical density was measured at 550 nm at 3 to 4 hours intervals and was converted to biomass density using a ratio

of 0.52 gpw/L/ODsso. This graph and the caption were directly taken from Scherholz and Curtis (2013).

In mixed culture 1, microalgae grew exclusively on nitrate from the beginning of the
culture in PBR and this is confirmed by the fact the microalgae yield on N-NOs (nitrogen from
NO;) in mixed culture 1 was similar to that in microalgae reference monoculture
(12 gDW/gN-NOs™ and 10.4 gDW/gN-NOj" respectively): in the latter there was no peptone, so
nitrate was the only source of nitrogen (Figure 68). These specific yield coefficients were also
coherent with those in Scherholz and Curtis (2013) and Liao et al. (2017) (14.5 and 15.9
gDW/gN-NOj respectively). This statement is coherent with the fact that in mixed culture 1,
components from peptone were exclusively used by yeast. Consequently, microalgae grew only
on nitrate and yeast on the nitrogenous components present in the peptone. Competition for

nitrogen between the two organisms was hence avoided in mixed culture 1.
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Figure 68. Maximal microalgal biomass formed and nitrate used in mixed culture 1 and 2, and microalgal biomass
formed and nitrate used at 120 hours in microalgae reference culture. * means that no nitrate was used.

As the two mixed cultures only differed in the microalgae inoculum preparation (in Mix
medium or autotrophic MBM medium), it seems that the latter impacted on the utilization or not
of ammonium from peptone by C. vulgaris. The microalgae inoculum from mixed culture 1 was
prepared in Mix medium, already adapted to the presence of nitrate, ammonium and amino
acids, possibly avoiding the repression of nitrate assimilation by ammonium and resulting in
microalgae growth exclusively on nitrate from the beginning of the culture in PBR. In mixed
culture 2, the microalgae inoculum was prepared in autotrophic MBM medium, hence
C. vulgaris was not adapted to the presence of ammonium in Mix medium. This first contact
with ammonium repressed the utilization of nitrate in favor of a microalgae growth on
ammonium and amino acids, lowering the microalgae population yield and that of yeast as less

amino acids were available.
Mixed cultures in closed shake flasks were conducted to confirm that the competition of

nitrogen was avoided when C. vulgaris inoculum was prepared in Mix medium as for mixed

culture 1 (Figure 69).

137



Chapter 5 — Mixed culture in closed photo-bioreactor

5.5x10" 1 .
Il microalgae
yeast
44510 total i
2 330" 1
2
=
]
®
S 2.2x10" 1 1
Q
[o]
o
1.1x10™ .
0.0 4 . e L
culture A | culture B | culture C yeast microalgae mixed culture1
monoculture{monoculture|
Peptone (g I'") 30 30 20 20 20 20
Nitrate (g I'") 0.5 1.6 1.1 1.1 1.1 1.1
glucose (g I'") 10 10
K 7\ g M
Bioreactor % §
used ® 2
@ 3
8 =
© AN )

Figure 69. Yeast and microalgae population in mixed cultures according peptone and nitrate concentration in closed
shake flasks after 336 hours of incubation. Error bars represent standard deviations of duplicate cultures

In the culture C, yeast reached a maximal population equal to that in yeast monoculture
and to that in mixed culture 1 in photo-bioreactor. Moreover, when peptone concentration
increased to 30 g. I'! in cultures A and B, yeast population yields also increased and was closed
to that obtained in yeast monoculture in shake flask also using 30 g. I"' of peptone (Chapter 3).
Peptone contains the limiting growth factor of yeast when grown in Mix medium (Chapter 3),
so in the cultures A, B and C, the entire limiting factor present in peptone was used by

S. cerevisiae.

Since yeast assimilated the limiting factor present in peptone entirely, in the mixed
cultures A, B and C, C. vulgaris grew exclusively on nitrate as nitrogen source. The maximal
microalgae populations in mixed culture A, B and C were similar and also close to that in mixed
culture 1 (in PBR). The nitrate concentration did not affect microalgae growth, which could be
explained by the fact that nitrate was added in excess even with an initial nitrate concentration

of 550 mg. 1! (culture A). For instance, in mixed culture 1 (in photo-bioreactor), only 81 mg. 1'!
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was assimilated when the maximal microalgae biomass was reached (24 hours). These results
confirmed that the microalgae adaptation to this medium is necessary in order to avoid
competition for the same nutrients in mixed culture, allowing co-dominant growth of both

species.

The microalgae population yield was higher in mixed culture 1 (PBR) than in the mixed
culture C (closed shake-flask) (2.5 and 1.6x10'° cells. 1), with the same medium composition.
This observation may be explained by pH of the mixed cultures in shake-flask and photo-
bioreactor culture. In mixed culture 1 in PBR the pH was maintained at 6.5 while in closed
shake flask there was no pH adjustment. Without pH control, the yeast growth acidified the
culture medium to 4. Acidic pH values are known to retard C. vulgaris growth (Rachlin and
Grosso 1991), hence continuous pH adjustment to 6.5 could provide an explanation for the
enhanced C. vulgaris growth in mixed 1 in photo-bioreactor when compared to shake-flask

culture.

5.5.2 Iron source sharing

The preparation of the microalgae inoculum in the Mix medium could explain how the
competition in nitrogen source between yeast and microalgae could have been avoided in mixed
culture, however, it does not explain the abrupt cessation of microalgae growth at 24 hours in
mixed cultures, and iron was suspected to be the microalgae limiting growth factor. In both
mixed cultures 1 and 2, C. vulgaris should have carried on its growth as nitrate remained in
excess in the culture medium. In microalgae reference monoculture, nitrate was also in excess
and C. vulgaris grew linearly for 336 hours, hence, in mixed culture 1, C. vulgaris should have
continued to grow on nitrate and in mixed culture 2, microalgae should have switched to a
growth on nitrate when ammonium from peptone was depleted. The abrupt cessation of
microalgae growth in both mixed cultures outlines the presence of a limiting growth factor for

microalgae shared with yeast in mixed culture.

The Mix medium used in mixed cultures was based on the autotrophic MBM medium
with glucose and peptone added, and the microalgae reference culture showed that C. vulgaris
could grow in the MBM medium, without glucose and peptone, linearly for more than 336
hours. Consequently, the microalgae limiting growth factor should have been a component from
the autotrophic MBM medium.

After the maximal microalgae population was reached in both mixed cultures, the key

factors for C. vulgaris growth were quantified and remained in excess (NOs*, Mg*, Ca*, CI,
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SOy4, POy4, and K"). Only iron (FeEDTA) and trace elements were not measured and their

impact on microalgae growth was evaluated with experiments in shake flask (Figure 70).
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Figure 70. Impact of iron and trace elements on C. vulgaris growth in aerated shake flask monocultures. Medium A
corresponds to MBM medium with a low concentration of iron (6.5%10* gFe. I'') and medium B corresponds to
MBM medium without any trace elements and with normal concentration of iron (6.5%10-3 gFe. I''). MBM medium
contained iron (6.5x10 gFe I'!) and trace elements. Cultures were performed in shake flask, in duplicate and were
inoculated with the same microalgae concentration as in mixed culture (9x10° cells I'"). Error bars represent standard

deviations of duplicate cultures.

Iron concentration influenced the microalgae yield. The low iron concentration limited
the microalgae population yield, with an iron uptake coefficient of 2.7 mgFe. gDW-!, which is
coherent with 2.6 mgFe. gDW-! from Liu et al. (2008). The absence of trace elements had no
effect on C. vulgaris growth: microalgae growth in the medium without trace elements (medium
B) is identical to that in the control culture. Consequently, the first limiting growth factor for
C. vulgaris in mixed culture is iron. For microalgae, iron is an essential cofactor for several
elements of their electron transport system associated with the chloroplast, hence, iron
deficiency can lead to a reduction in photosynthetic activity, in energy production finally to
growth rate (Andaluz et al. 2006; Xia et al. 2014).

Iron would have been used by both organisms, hence partly by yeast. To explain the
C. vulgaris growth limitation in mixed culture, the effect of iron on yeast growth was also
assessed: the metal had no effect on S. cerevisiae growth since yeast growth in Mix medium
with and without iron were identical (Figure 71). Iron is also an essential element of the yeast
respiration (Kaplan et al. 2006), however as shown previously, the principal activity of

S. cerevisiae is fermentation whether in monoculture or mixed culture using Mix medium.
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Respiration was little involved, hence small amount of iron was required for yeast growth. In
theorical absence of iron in the culture, few quantities of iron could have been provided through
inoculation.
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Figure 71. Impact of iron on S. cerevisiae growth in aerated shake flask. Mix medium (control culture) contained iron
(6.5x107 gFe. I'"). Cultures were performed in shake flask and error bars represent standard deviations of duplicate

cultures.

Even if iron was not a limiting growth factor for yeast, iron could have been sequestered
into the yeast vacuole to prevent toxicity or for later use (De Freitas et al. 2003; Holmes-
Hampton et al. 2013), which could explain the utilization of iron by yeast in mixed culture.
This would have reduced iron concentration available to microalgae limiting the population
yield of the latter.

To conclude, there was a competition for iron between C. vulgaris and S. cerevisiae in
mixed culture, but the iron requirement differed between both: iron was used by microalgae for
growth while yeast simply stored the iron. For future studies, the initial iron concentration may

be increased to enhance microalgae growth.

5.5.3 Ethanol impact on microalgae

To test the impact of ethanol on C. vulgaris growth, ethanol was added to four C. vulgaris
shake-flask cultures when the population reached 7x10° cells. I'' (corresponding to the initial
C. vulgaris population in the mixed culture). Four ethanol concentrations (0, 2, 4, 6 g. I'!) were
chosen according to the range of ethanol concentrations that could be produced by S. cerevisiae
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in monoculture and mixed culture (Figure 72) from 10 g. 1! glucose. The C. vulgaris growth
profile was the same in all cultures, including the control without any ethanol. Moreover, cell
viability of the four cultures was broadly constant at around 98 %. This experiment with
monocultures of C. vulgaris in shake-flask cultures with external ethanol addition confirms that
in mixed photo-bioreactor mixed cultures the presence of ethanol was not limiting C. vulgaris

growth.

10
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addition of ethanol Time (h)
Figure 72. Impact of different ethanol concentration on C. vulgaris growth in shake flask culture using autotrophic
MBM medium. Ethanol was added to the cultures after 7 days reflecting the initial cell concentration of microalgae in
PBR mixed cultures. The different symbols connected by solid line represents the microalgae population

concentration in the different cultures. The bar graph represents the microalgae population viability in the cultures.

Error bars represent standard deviations of data from duplicate experiments.

5.5.4 Gas exchange between yeast and microalgae in mixed culture 1

The sections 5.5.4.1 and 5.5.4.2 are from La et al. (2018) published in the journal Applied
Microbiology and Biotechnology.

5.5.4.1 CO; production by yeast in monoculture

In monoculture of S. cerevisiae using MBM-GP medium, yeast biomass, ethanol and CO>
were produced during growth, the latter resulting in the acidification of the culture medium
(Chapter 4). Since a stable pH was specified for the fermentation, the acidification of the culture
resulted in the automatic addition of KOH in step with yeast growth during the first 41 h of the
culture. Ethanol (3.95 g. I'") was produced and CO, (3.80 g. I'") was released. The CO»
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concentration was calculated for 100 g of yeast biomass by adopting the stoichiometric
fermentation Reaction 9 (Verduyn et al. 1990b) using the ethanol yield (3.95 g. I'!) of the yeast
monoculture in MBM-GP medium:

8.98 C¢H1206 = 1 C3.75He6No.63021 + 15.4 C,HsO + 16 CO;, + 1.1C3H505
+ 0.8 H,O

Reaction 12

The CO; released into the culture medium reacts with water to form carbonic acid H.CO3 and
then dissociates into H" and HCOs™ (Pefia et al. 2015) acidifying the culture medium. Under the
pH-control regime, the KOH solution is added to maintain the pH at 6.5. The stoichiometry of
the reaction between CO, and KOH is 1:1. A total KOH volume of 337 ml was added during the
yeast growth phase, which corresponded to 0.337 mole of KOH added to the 5-liter culture
medium. For ease of the mass balance calculation, the amount of KOH added was expressed as

a concentration (6.74x102 mole. I'!):

Vkon X Ckon (33)

[KOH] = T

with:

[KOH]: base KOH concentration in the culture medium (mole. 1)

Vion: volume of KOH added to the culture medium (1)

Cxon: concentration of the KOH solution added to the photo-bioreactor (mole. 1)

V: working volume (5 1)

Assuming that the KOH reacted exclusively with the H" from the hydration of the CO,
produced, 6.74x10"2 mole. I'' of KOH was used for pH adjustment:

CO; + H,O » H,CO; » H'+ HCO5 Reaction 13

The CO, concentration produced by yeast and neutralized by the KOH was 2.97 g. I'! and was

calculated as:

[COz]kon = [KOH] X Mco, (34)
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with:
[CO,]kon: concentration of CO; produced by yeast and reacted with KOH (g. 1)
[KOH]: base KOH concentration in the culture medium (mole. 1)

Mo, : molar mass of CO» (44 g. mole™)

From the above calculation, 3.80 g. 1" of CO, would have been produced during yeast
monoculture but only 2.97 g. I'' of CO, was measured based on the KOH used. This means that

0.83 g. I'' of CO; remained in solution and/or passed into gaseous phase (Figure 73).
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Figure 73. Automatic addition of base KOH solution in S. cerevisiae monoculture and in mixed culture. Error bars

represent standard deviations of duplicate analyses of yeast population concentration.

5.5.4.2 CO; mass balance for yeast and microalgae

The CO; production and biofixation was studied only in mixed culture 1 since the
dominance between microalgae and yeast was reached in this mixed culture and not in mixed

culture 2.

In mixed culture 1, the KOH solution was added during the first 39 h of culture
corresponding to yeast growth. As explained above, the S. cerevisiae behavior was similar in
both mixed culture 1 and in the reference yeast monoculture (Figure 73); again, the assumption
was made that the KOH solution was mainly added to the mixed culture 1 to compensate for the
medium acidification by the CO, release by the yeast. KOH (283 ml) was added during the
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growth phase of the yeast corresponding to 5.7x10 mole. I'' of CO, equivalent to 2.49 g. I'! of
CO: (equations 33 and 34).

In the yeast reference monoculture 2.97 g. I'! of CO; reacted with KOH whereas in mixed
culture 1 only 2.49 g. I'!, of CO, reacted with KOH. The difference in CO, concentration most
likely corresponds to the amount of CO, assimilated by microalgae in the mixed culture: 0.48
g. 1! of CO, ie. 0.13 g. I'' of carbon. This concentration of carbon is coherent with the
concentration of carbon required for the C. vulgaris biomass measured in mixed culture 1;
1.5x10' cells. 1" of C. vulgaris was produced corresponding to a dry weight of 0.23 g. I'! or
8.8x107 mol. I'' (the microalgae composition is CiHj 75Ny 16500495 according to Scherholz and
Curtis (2013), and consequently 0.11 g. I'! of carbon was required for the microalgae biomass
production. Hence, the amount of carbon fixed by microalgae was determined by two different
methods; the carbon fixation by C. wvulgaris calculated from the microalgac biomass
concentration corresponded to 85% of that calculated from the KOH consumption. To conclude,
C. vulgaris grew on the CO, produced by S. cerevisiae as there was no other source of CO,. Of
the CO, produced by S. cerevisiae in mixed culture 1, 12.6 % was consumed directly by
C. vulgaris, and the 64% of CO; captured by the KOH was in the HCO3 form and still available
to the microalgae for utilization, then 24% remained in solution and/or passed into gaseous

phase (Figure 74).
a . cerevisiae monoculture in PBR b Mixed culture 1 in PBR
pH adj llslll'l-t‘nl pH ‘.\d‘|uslm_em Microalgae
OH OH
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HO< + and HO < + and
@ + -HCO gaseous ®+ HCO i gaseous
- ) form 2 form
ﬁﬂg e :
o ?
Yeast Yeast

Figure 74. Repartition of CO2 produced by S. cerevisiae in yeast monoculture (a) and mixed culture 1 (b).

5.5.4.3 CO; production and biofixation rate in mixed culture 1 and microalgae

reference culture

In yeast reference mixed culture, the KOH solution was added within 35 hours (during
yeast fermentation) so the CO, production rate was 0.085 gCO,. 1! h''. In mixed culture 1, the
CO; production rate should have been the same since the fermentation activity was the same in

the two cultures.
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In mixed culture 1, the CO, biofixation rate by C. vulgaris was calculated to be 0.014
gCO,. I'' h', which was higher than that in microalgae reference monoculture
(0.002 gCO,. I'' h'"). The latter was conducted without any CO, supply and the mixed culture 1
was fed in CO» through yeast fermentation, hence this contribution should have improved CO,
biofixation rate. In Adamczyk et al. (2016), the CO, biofixation rate was 0.023 gCO». I h'in a
C. vulgaris culture enriched with 8 % of CO and 0.033 gCO,. 1" h'! with 13 % of CO, in
Clément-Larosiére et al. (2014): these CO» biofixation rates were coherent with that obtained in
mixed culture 1. In Wang et al. (2016) a mixed culture of yeast S. cerevisiae and microalgae
S. obliqguus also showed an increase in CO, biofixation rate compared to the microalgae
monoculture (0.020 and 0.019 gCO,. I'' h').

5.5.4.4 O, mass balance

In mixed culture 1, C. vulgaris grew from the beginning using CO>, hence producing O»
through photosynthesis. The pO» measurements indicated an increase of 7x10* g. I'! of O
(Figure 75). This amount is negligible but did not represent the net O, production by C. vulgaris

as S. cerevisiae grew at the same time using O».
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Figure 75. S. cerevisiae and C. vulgaris growth profiles in mixed culture 1 with evolution of pOa.

The amount of O produced by C. vulgaris can be estimated by the molar stoichiometric
relation between CO; and O, during photosynthesis:
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6 CO, + 6 H,O 2 C¢H1206 + 6 O, Reaction 14

In mixed culture 1, C. vulgaris used 0.48 g. I'' of CO; by the end of the culture period
(section 5.5.4.2 ), hence 0.35 g. 1! of O, (1.75 g in total) would have been produced by the
microalgae. This amount was not negligible as it was around 4 times higher than the initial
amount of O, available in the PBR (liquid and gaseous phase). Although this increase in O, did
not enhance the yeast yield as the S. cerevisiae growth was limited by nitrogenous compounds
from peptone, it would favor yeast growth if the initial peptone concentration were to be
increased.

5.5.5 Gas exchange between yeast and microalgae in mixed culture 2

Within the first 48 hours of mixed culture 2 the increase in pCO- and the decrease in pO,
(Figure 76) were directly linked to the yeast fermentation activity and growth (Figure 65). From
48 h to 168 h, dissolved CO; concentration gradually decreased from 16 % to 0 % at the end of
the experiment.
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Figure 76. Evolution of pO2 and pCOz in Mixed culture 2 Mixed culture 2 of C. vulgaris and S. cerevisiae in closed

and non-aerated PBR using Mix medium.

Although the C. vulgaris population was low, the microalgal cells remained active during
the entire experiment (168 hours). During the latter phases of the experiment, there were
instances where the sun shone directly on the PBR; intermittent negative pCO; troughs and

concomitant positive pO; peaks were observed during these transient periods. This can be
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considered as a strong indicator that both organisms in the mixed culture were metabolically
active and that synergy effects between yeast and microalgae occurred. The final pCO;
concentration reached almost its initial level indicating that in principle, in situ CO, mitigation

in mixed culture is feasible, although the efficiency of the process remains to be improved.

5.6 Conclusion

In conclusion, in order to encourage mutual symbiosis, we developed a mixed culture of
C. vulgaris and S. cerevisiae in PBR in a way that neither organism dominated the other in
terms of population concentration. The method developed for simultaneous cell enumeration
with flow cytometry permitted to rigorously monitor the two populations in the mixed culture.
The results indicated that the medium design, the culture conditions, the inoculum ratio and the
C. vulgaris inoculum preparation all contributed for co-dominance of the two species. By
comparing the physiological behavior of microalgae and yeast in monoculture and mixed
culture, co-dominance and a mutual symbiosis based on in situ gas exchange were
demonstrated. There is no evidence that the two organisms interfere one with the other, except
in terms of competition for nutrients. This work opens the perspective for in situ CO,
mitigation, full utilization of the organic substrate and a reduction in aeration costs of

biotransformation processes.
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Chapter 6. Yeast and microalgae growth model

This chapter describes a predictive yeast model based on components, energy and
electron carrier balances. The yeast individual model is presented as a pre-submitted version to
journal. A second model is described to predict yeast and microalgae growth in mixed culture.
This model is based on the combination of the yeast and microalgae individual model.
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6.1 A predictive dynamic yeast model based on component, energy

and electron carrier balances

Angéla La®, Huan Du®, Behnam Taidi*®, Patrick Perré*®

* LGPM, CentraleSupélec, Université Paris-Saclay, 8-10 rue Joliot-Curie, 91 190 Gif-sur-
Yvette, France
® LGPM, CentraleSupélec, Centre Européen de Biotechnologie et de Bioéconomie (CEBB), 3

rue des Rouges Terres, 51 110 Pomacle, France

6.1.1 Abstract

This study presents a novel yeast model for the prediction of yeast fermentation. The
model takes into account the possible yeast metabolic pathways. 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 this pathway. In this manner,
the model can predict the partition of these pathways, depending on the growth conditions and
their evolution in time. The several biological pathways and their stoichiometric coefficients are
well known from literature. It is important to note that most of the kinetics parameters have no
effect as the actual kinetics are controlled by the balance of the limiting factors. The few
remaining parameters were adjusted and compared with literature when dataset was available.
The model fits our experimental data, obtained from yeast fermentation on glucose in a non-
aerated batch system. The predictive ability of the model and its capacity to represent the
intensity of each pathway versus time, allows a better understanding of interactions between the
pathways. The key role of energy (ATP) and the electron carrier (NAD") in the yeast growth is
highlighted and the involvement of mitochondrial respiration not associated with Krebs cycle is

showed.

Keywords: energy balance, fermentation, Krebs cycle, metabolic pathway, respiration

6.1.2 Introduction

Yeast fermentation of organic substrates is one of the oldest and main metabolic process
used in biotechnological processes, such as beer brewing, wine making and biofuel

fermentations (Dashko et al. 2014). Saccharomyces cerevisiae is commonly used for its
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capacity to rapidly convert sugars to ethanol and carbon dioxide under both anaerobic and
aerobic conditions (Hagman et al. 2014). Under aerobic conditions, the 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. 1! (Verduyn et al. 1984),
reducing the respiration process. This phenomenon is called Crabtree effect (De Deken 1966)
and its emergence is likely due to the increased rate of ATP production through fermentation
(Pfeiffer and Morley 2014).

The fermentation activity in yeast depends on the biomass yield. Cramer et al. (2002)
describes the ethanol production as completely proportional to the amount of biomass formed
and not as growth-associated stoichiometric bioconversion of sugar to ethanol. Therefore, a
decrease in yeast yield can lead to a reduction in fermentation activity rate (sluggish
fermentation) and worse, to a premature cessation of ethanol production, with more than 0.4%
(w/v) residual sugar remaining in the medium (stuck fermentation) (Bisson 1999; Coleman et al.
2007). These phenomena are often observed in wine making process bringing about significant
economic issues (Chaney et al. 2006) and the main cause is nitrogen and/or oxygen limitation.
Nitrogen is an essential element in S. cerevisiae composition as 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 the mitochondrial respiration, with the external NADH dehydrogenase
(Overkamp et al. 2000; Bakker and Overkamp 2001). Oxygen is also important for the synthesis
of yeast membrane compounds (sterols and unsaturated fatty acids) (Sablayrolles J.M. 1986),
but this process can be neglected as the required amount is very weak, between 0.3 and 1.5
mgoo. Zyeast | (Rosenfeld et al. 2003).

Consequently, the fermentation activity hinged on the yeast biomass production, which is
limited by nitrogen, organic carbon and oxygen. The latter can be used for strict respiration
pathway (including Krebs cycle) producing ATP, and/or to close the NAD*/NADH system for
the biomass glycolytic pathway. Fermentation of glucose is also an ATP source for biomass

formation.

To our knowledge, none publication has described a yeast model that connects the
possible pathways of glucose utilization (ethanol, glycerol, biomass and Krebs cycle) and
mitochondrial respiratory chain, according nutrients (nitrogen, carbohydrates and oxygen),
energy and electron carrier balances. Moreover, most of models indirectly linked cell growth
and ethanol production through a Monod-like function (Holzberg et al. 1967; Aiba et al. 1969;
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Bovee et al. 1984; Lopez and Secanell 1992; Giovanelli et al. 1996) with the exception of
models from Cramer et al. (2002) and Coleman et al. (2007), in which ethanol production rate
depends on the S. cerevisiae biomass yield and not on the growth. However, these models could
be criticized as glucose is not integrated in the model as a limiting growth factor. In Liu et al.
(2011), ethanol is both associated to S. cerevisiae growth and yeast biomass concentration, but

the model could also be partly disapproved as yeast growth is not limited by nitrogen.

The aim and the novelty of this work is to develop a yeast model that predicts the
partition between several metabolic pathways based on nutrients, energy and electron carrier
balances (Figure 77). The model is then compared to experimental results and simultaneously

on a full set of data.

nitrogen

Figure 77. A schematic diagram of yeast cell and its growth limitations

6.1.3 Materials and method

6.1.3.1 Yeast fermenter

S. cerevisiae strain ID YLR249W was supplied by Life Technologies-University of
California San Francisco. The yeast fermenter was conducted in a non-aerated and closed 5I-
bioreactor, with temperature and pH adjusted at 25°C and 6.5, and dissolved oxygen in the

liquid phase was measured with an internal probe (La et al. 2019).

6.1.3.2 Medium composition

The culture medium was composed of glucose (10 g. I'"), peptone 20 (g. 1) and mineral

salts. This medium was previously designed in La et al. (2018). The nitrogen content in peptone

155



Chapter 6 — Yeast and microalgae growth model

was estimated from the free amino nitrogen content (FAN). FAN in the medium was 5.4x10!
g. I'!, assuming that the average molar mass of an amino acid is 118.9 g. mole! (Hachiya et al.
2007) and that an amino acid contains one nitrogen element, the concentration of nitrogen

available to yeast was 5.5x102 g. I,

6.1.3.3 Dry weight

Yeast growth was followed by cell concentration N measurements through flow
cytometer and the corresponding dry weight DWW was obtained applying the correlation between
N (cells. I'"y and DW (g. I'"):

DW =3.25x 10711 x N (35)

6.1.3.4 Glucose, ethanol and glycerol measurements

Glucose, ethanol and glycerol concentration were measured by high-pressure liquid
chromatography (HPLC) according to La et al. (2018).

6.1.4 The yeast model

6.1.4.1 Pathways

The metabolic pathways considered in the model are depicted in figure (Figure 78).
Seven biological pathways emerge, and all ratios depicted in this diagram are expressed in
moles and respect the carbon balance. The composition and molar mass of the main molecules

are summarized in table (Table 9).

The kinetics of each pathway is expressed as a kinetics parameter times the yeast
population, together with one or several factors accounting for possible limitations. Three
compartments are considered in the model: the bioreactor liquid (substrate), the inner cell
(cytosol) and mitochondrion. In order to ease the stoichiometric balances, all concentrations are
expressed as mole per liter of substrate. However, the limiting factors should be expressed in
relevant quantities: mole/liter in the substrate and mole/mole of biomass for quantities inside the
cell or mitochondrion (quota). Regarding the ATP/ADP and NAD"/NADH balances, in addition
to the source/sink terms tied to metabolic pathways, source terms have also to be implemented

to maintain a constant ratio per quantity of yeast. Indeed, literature reports that
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[NADHJ+[NAD'] ~6 umole/g of biomass and [ATPJ+[ADP] ~5 pmole/g of biomass
(Suomalainen et al. 1965; Sakai et al. 1973; Sato et al. 2000; Kog et al. 2004; Thomsson et al.
2005).

Table 9. Composition and molar mass of the main molecules involved in the metabolic pathways.

Molecule Composition Molar mass (g. 1)
glucose CeH 1206 180

G3P C;H70¢6P 170

pyruvate C3H40; 88

ethanol C,HsO 46

glycerol CsH;30; 92

carbon dioxide CO, 44

biomass CH1.76N0.1700.56 + ... 27

1 glucose 050,
Yeast cell |

Glycolysis

2 G3P
Mitochondrion
| 2 NAD+ |-\/-|ZADP|
D f/\b Respiration
2 glycerol < L hADH |
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2 pyruvate
Krebs cycle
:
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> [oror] [emor J¢/— [
6 biomass
y
2 ethanol + 2 CO, Peptone 6 CO,

Figure 78. A schematic diagram of the metabolic pathways implemented in the present modelling approach. All

numeric ratios are in moles.

Each constituent C consumed by a biological reaction is likely to induce limitation when

its relevant concentration [C] (mole per liter or mole per mole depending of the compartment of

157



Chapter 6 — Yeast and microalgae growth model

this constituent) becomes too small. We also implemented the possibility to activate a reaction
likely to produce a limiting resource, even though this possibility was not applied in the present
work. The classical Monod-like function is applied to all resources present in the substrate. Its
asymptotic behavior shape is indeed well adapted to resources that can be initially much higher
than the limiting concentration (Figure 79). The case of ATP/ADP and NAD"/NADH balances
is quite different: as the accumulation of these quantities remains very low (some pmoles per
gram of biomass), the limiting function should behave as a switch function, which is
represented by a smoothed stepwise function (Figure 79). The two functions used to express the

limiting effects read as follows:

A Monod-like functions

[C]

MAD =5

(36)

In these equations, the term k¢ defines the steepness of the function near zero. The rate is
divided by 2 when [C] = kc.

A smooth stepwise function

_ 1+ tanh(a([C]/A; - 1))

3
> (37)

s{ch

Each function is defined by two parameters. The shift value Ac defines the concentration
value at which transition occurs and o the steepness of this transition. Figure 79 depicts example
of functions shapes with different parameter sets. The additional parameter of function Step

allows the sharpness of transition to be tuned.

In the metabolic pathways described in Figure 78, the three compartments should be
respected. As the ATP/ADP molecules are likely to path 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 Krebs cycle should be balanced inside the
mitochondrion by respiration. Therefore, a specific stock of these molecules should be
considered inside the mitochondrion (superscript ™). Finally, ten quantities are involved as
inhibition effects. For each metabolic pathway, each constituent consumed by the reaction is

systematically involved as limiting factor (Table 10).
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Figure 79. Shape of the functions used to affect the reaction rates.

Table 10. Expression of the limiting factors involved in the seven metabolic pathways (M for Monod-like function

and S for stepwise function).

Pathway ATP | ADP | NAD" | NADH | NAD™M Glu G3P Pyr N 07}
G3P S M
Glycerol S M
Pyruvate S S M
Ethanol S M
Biomass S M M
Krebs S S M
Respiration S S M
With this rule, the set of kinetics takes the following form:
First step
d[G3P] [ATP]
— (38)

= X|——
dt Hyeast <[yeast]

) x M([G]) % [yeast]
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Second step

d[gtly] = Agiy XS <M> X M( [G3P] ) X [yeast]

d[Zi/r] — Apyr XS <[NAD+]> y S< [ATP] > % M <[[Gﬂ> X [yeast]

Third step

dlE] [NADH] [Pyr]

Tk Ap XS <—[yeast]> X M ([yeast]) X [yeast]
d[yeast]

ATP] > X M (ﬂ) X M([N]) X [yeast]

Y A enst X S [
dt yeast <[yeast] [yeast]

d[Krebs] _ Araps XS ([[ADP]]> s (M) « M( [Pyr] ) « [yeast]

dt yeast [yeast] [yeast]

Mitochondrial respiration

d[Resp] _ [ATP] [NADH]
dr | Hresp X S ([yeast]) xS < [yeast]

> x M([02]) x [yeast]

6.1.4.2 Productions

(39)

(40)

(41)

(42)

(43)

(44)

As depicted in Figure 78, each biological pathway involves sink or source terms. Besides,

the [NADH] to [NAD"] transfer assured by respiration can be used either in the cytosol or in the

mitochondrion. This fact rises the important question of allocation of this transfer between these

two compartments. This question has not been addressed yet. Instate, we simply assumed that,

due to the Crabtree effect, the Krebs cycle is not active. The balance inside the mitochondrion

was therefore discarded so far. The remaining stoichiometric coefficients can be summarized in

a rectangular matrix, as defined in equations 45 and 46.
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- [ATP] 1

r [G3P] 1 [ Sarp ]
[ADPJ] (Gly] Sapp
[NAD™] [Pyr] Snap+
ANINADHY) _ )y &t P | | Swan (45)
dt| [CO,] dt [yeast] 0
0
[[?Vz]] [Krebs] 0
| [Resp] |
-1 0 2 0 -1 1 3
1 0o -2 0 1 -1 -3
0 1 -1 1 0 —4 1
. 0 -1 1 -1 0 4 -1
A= 0 0 0 1 0 3 0 (46)
0 0 0 0 0 0 -05
0 0 0 0 -017 0 0
—-05 0 0 0 0 0 0

The last right-hand vector of equation 45 represents the source terms required to insure a
constant concentration of [4TP] + [ADP] and [NAD'] + [NADH] per gram of yeast. For
example, the source term of ATP read as follows:

[ATP] o d[yeast]
yeast] dt

Sarp = [ (47)

6.1.4.1 Oxygen balance

The total bioreactor volume is the sum of the liquid volume V7, and the upper gaseous
volume Vg, both contains an initial quantity of oxygen. As the bioreactor is closed during the
culture, an oxygen balance equation is needed to know how the initial stock can be used by

biological activity.

The sink term So, is solely due to mitochondrial respiration. According to the

stoichiometric coefficients (see equation 46), the oxygen consumption reads as:

d[Res

, Fra Viig (mole.s™1) (48)
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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 phase. This mass

flux go; is expressed using a mass transfer coefficient 4,,. This flux is expressed in kg/s:

S
90, = hm oz (Po, —hMy,[0,])  (mole.s™) (49)

Combining the two previous equations allows the time evolution of the oxygen in liquid
to be obtained:

d[0;]  qo, + So,
— le. —3.-1
TR Vo (mole.m™s7%) (50)

Finally, one must account for the decrease of partial pressure of oxygen in the gaseous
phase induced by the flux go»:

dPo, RT (Pas1) 51
at 1oy a.s (51)

6.1.4.1 Model parameters

The model described in the previous section contains several parameters that must be
supplied to the computational code. The parameters /hn, S, T, Veas and Vi, are specific to the
bioreactor used for the experimental part (Table 11). All stoichiometric coefficients, as reported
in Figure 78, are supplied to the code as the matrix A of equation 46. 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 the collection of sugar from
the substrate to be the most difficult task for yeast, the observed maximum growth rate max,
defined during the exponential growth, was allocated to the first step of glycolysis. Somehow,
this assumption is consistent with the concept of harvesting volume proposed in Quéméner and
Bouchez (2014). All other kinetics parameters involving pathways inside the cell are assumed to

be fast: 20 times pumax. The kinetics of respiration was adjusted from the measured variation of
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O; in the substrate. The fitted value is in good agreement with literature data (Hagman and
Piskur 2015).

Table 11. Bioreactor configuration

Parameter Value

hum 1102 (m. s™)
S 2x1072 (m?)

T 293 (K)

Veas 1.3 (D)

Viig 51

Regarding the threshold values of the Monod-like functions, again the classical value
(0.1 g per liter) was adopted for the first step of glycolysis. The Monod constants K¢ 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 with
regard to the sum per gram of cells (totnap = [NADH]+[NAD'] = 6 umole/g of yeast and
totatr = [ATP]+[ADP] = 5 umole/g of yeast. Ac was taken as 5% of this total content. a 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 Ac has absolutely no effect of 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 12 and Table 13.

Table 12. Kinetics parameters associated to metabolic pathways. Values in bold style are adjusted parameters.

Parameters Value (h) Literature value

v 0.30 0.27 (our exp. Data)

Gy 0.012 0.01 - 0.03 (Yalgin and Ozbas 2004)
s 20X1yean :

AE 10X pyeast 0.3 (Cramer et al. 2002)

’lyeast 20 pycast -

Akrebs 20 pyeast -

s 7.7x102 9.6x102 (Hagman and Piskur 2015)
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Table 13. Threshold constants of the limiting functions (Kc or Ac). Values in bold style are adjusted parameters.

Parameters Value Literature value

Kurp 0.05xtotaTp ;

Kipp 0.05xtotatp -

Knap™ 0.05xtotnap -

Knapu 0.05%totnap -

K¢ 1.8x10" g, I'! 1.8x10" g. I (van Dijken et al. 1993)
Kasp 2x107 mole. mole™! -

Kpyr 2x10° mole. mole™! -

Ky 4x1073 mole. 1! 7x10% mole. I'' (Cramer et al. 2002)
Koz 3x10-3 mole. 1! -

Despite these restrictive parameters, the partition of each concurrent pathways can be
predicted thanks to the limitation factors and the stoichiometric coefficients that are well-known
from literature. Among the whole set of model parameters, only 4 parameters were unknown
with significant effect on the modelling results. These parameters were highlighted in bold style
in Table 12 and Table 13:

e Agpwas adjusted to get the measured concentration of glycerol at the end of the experiment.
This parameter has however a quite moderate effect as this pathway is activated just at the
end when the G3P content becomes significant due to the limitation of the pyruvate

pathway. The adjusted value is consistent with literature data,

e Jr 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 as our model accounts for sequential pathways,

® gy Was fitted to get the experimental decrease of dissolved oxygen. This kinetics is very
important at the beginning of growth as it provides the cell with ATP and NAD+ and
allows the fast increase of biomass to be obtained,

e The initial value of Ky, as taken from literature data, gave a too low reduction in growth
when nitrogen is depleted. We increased this parameter up to 4x10- mole. 1",

We had also to increase pyeasr by 10% (0.30 instead of 0.27) for the modelled growth
curve to lie exactly on the experimental curve. This is however not necessary to claim the model
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to be predictive: we did it for the reader to be able to compare more easily the kinetics of yeast
population and the kinetics of ethanol production. In addition, as gy is applied to the first step
of glycolysis, the successive pathways in series are likely to affect slightly the global dynamic

of yeast population.

6.1.5 Results and discussion

6.1.5.1 Comparison with experimental data

The first simulation accounts for the formulation with the full set of limiting factors
(Figure 80). In order to obtain a time-evolution in agreement with our experimental data, we
were obliged to scale all kinetics parameters of Table 12 by a factor 2. 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 path way is also very efficient to
produce ATP. As a result, the level of ADP decreases and eventually limits the pyruvate
pathway. Throughout the culture, the low pyruvate kinetics is not able to balance the 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 in pyruvate. At 25 hours, the lack of ADP completely blocks the pyruvate
pathway and the lack of NADH blocks the glycerol pathway. This explains why the G3P level
remains at its unrealistic value. In turn, the ethanol production is blocked as well, and the final

level is by far lower than the experimental value.

It seems unrealistic that an excess in energy blocks the main path towards biomass
production. Assuming that the excess of ATP could be used to produce internal reserves, we add
a sink term of ATP to mimic this possibility. The sink term is activated when the level of ADP
is too low. The yeast model now nicely predicts the experiment, regarding the comprehensive
set of experimental data (Figure 81). This indicates that the limitation factors (except ADP) and
the stoichiometric coefficients could be used in 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 of the biological activity.

S. cerevisiae growth can be divided into three distinct stages and the transition from one

phase to the next is explained by changes of limiting components.
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Figure 80. Simulation results with the modelling strategy described in previous section. All kinetics were multiplied
by a factor 2 to get a proper time-evolution.

The first stage occurred during the first 20 hours. Oxygen content is enough to keep the
mitochondrial respiration pathway active, producing enough ATP and NAD" to activate the
biomass pathways (Glucose 2 G3P = Pyruvate 2 biomass). Respiration allows the yeast
population to increase exponentially at a rate similar to the experimental results. It is noteworthy
to mention that this correct kinetics is obtained solely by supplying the experimental value of
Umax t0 the first step of glycolysis. Although the respiration pathway is the main booster of the
biomass pathways during this first stage, the ethanol pathway is also active and produce
additional NAD" needed for the pyruvate pathway. As already said in paragraph 3, 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 increases clearly before
ethanol. During this phase, the glycerol pathway remains slow due to the low level of G3P.
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Figure 81. Simulation results with a sink term of ATP to avoid ADP depletion. Comparison with experimental data.

Once oxygen depletion occurs, the lack of ATP and NAD" produced by mitochondrial
respiration activity reduces the biomass production. During the second stage (20-30 hours),
oxygen was completely depleted and the production NAD" is only ensured by the ethanol and
glycerol pathways with a smaller production rate, resulting in smaller growth of yeast
population. The slight decrease in NAD" visible after 20 hours has a great effect of 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 fast
increase of the glycerol concentration. This trend is in good agreement with our experimental
data: the glycerol level was too low to be detected for most of samples collected throughout the
culture. Besides, the production of ATP is now solely ensured by the pyruvate pathway which is
slow. The ATP graph depicts a short time interval, just after 20 hours, during which ATP is
depleted.
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After 30 hours (third stage), the yeast growth stopped despite ATP and NAD" was still
available to S. cerevisiae. The nitrogen plot from simulation results tells us that the depletion of
nitrogen is responsible for the inhibition of the biomass pathway. Nitrogen is therefore the
second and ultimate limiting yeast growth factor. The short period of ATP depletion ends just
because the biomass pathway is the most demanding in ATP. The final yeast population was
consistent with the experiment, which is simply consistent as we entered in the model the same
initial value of nitrogen as in the experiment. In response to nutrient limitation, yeast generally
accumulates glycogen and trehalose during fermentation and at the end, the excess of ATP and
NAD" could be subsequently involved in the degradation of these internal reserves for cell
maintenance (Francois 2002; Lillie and Pringle 2006). This process was not integrated in our

model.

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

6.1.5.2 Simulation without mitochondrial respiration

The same test was run but without the mitochondrial respiration pathway. This pathway
was simply blocked in the model. Consequently, oxygen was not used and the NAD" production
through the respiration pathway could not occur. This lack of electron carrier provides the
biomass pathway to be boosted, limiting the yeast growth almost completely. Therefore, the
mitochondrial respiration is mandatory to ensure yeast growth. In order to obtain realistic
kinetics in the simulation, we had to accelerate all kinetics by a factor 1.3 and, in addition to
that, the glycerol pathway by a factor 10. Doing so, the glycerol pathway is able to produce
enough NAD" to activate the pyruvate pathway and subsequently the biomass pathway (Figure
82). As a consequence of these factor changes, the glycerol content at the end of simulation is

much larger than the experimental measurement.

Without the boosting factors, the yeast growth limitation turns into a premature cessation
of fermentation activity, resulting in remaining glucose in the medium. This is a common
phenomenon in wine-making, called stuck fermentation, and the oxygen limitation is generally
described as a cause of the deficiency in cell membrane synthesis and so, the yeast growth
(Sablayrolles et al. 1996; Bisson 1999; Julien et al. 2000; Blateyron and Sablayrolles 2001).
However, by removing the respiration pathway in the simulation, it seems that the lack of
oxygen for respiration process should also be considered as a limiting factor for yeast growth in

stuck fermentation.
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Figure 82. Simulation results, without respiration: the glycerol kinetics was multiplied by a factor 12 and all kinetics
by a further factor 1.3 to get a proper time-evolution.

6.1.5.3 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 * totnapX[yeast]. In addition to the
availability of reactants, the kinetics were therefore controlled only by the ATP content. In this
case, no correction needed to be applied to the kinetics. One can observe on Figure 83 that the
main trends remain quite good, except the glycerol pathway, which is much smaller in this case
(10 times smaller than in the experiment). Because the G3P = pyruvate pathway is not any
more limited by the availability in NAD", G3P is more devoted to the pyruvate pathway than
towards glycerol. The glycerol pathway has not to be promoted anymore to produce NAD".
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The respiration and the ethanol pathways supplied enough ATP, and NAD"' had no
limiting effect on biomass pathways, hence nitrogen was the only 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 the ethanol production appears

sooner, with a reduced delay between yeast growth and ethanol production.
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Figure 83. Simulation results, without any limiting effects of NAD*. Comparison with experimental data.

6.1.6 Conclusion

The model developed in the present work has successfully proven its prediction potential
of yeast fermentation. Resources allocation was consistent with experimental results just thanks
to the limiting factor 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 versus 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" in
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the yeast growth and so, revealed the crucial role of oxygen and mitochondrial respiration

(without Krebs cycle) on the dynamic of yeast population.

Further developments of this model are currently in progress in our team, including the
implementation of Krebs cycle, which will require a new NAD"/NADH balance to be added in
the mitochondrion. The present version is solely driven by limiting factors. The question of

possible promoting effects, that could be tuned based on a global optimization of resources, is

also part of our works under progress.
6.2 Microalgae individual model

6.2.1 Formulation

It has been proved that C. vulgaris growth in the co-dominant mixed culture was photo-
autotrophic (Chapter 5). Therefore, the microalgac model developed in this study was only
based on the photosynthetic activity of microalgae; the heterotrophic metabolism is not taken
account. With a photo-autotrophic metabolism, the microalgae growth is limited by CO,,
nitrogen in the form of nitrate (N-NO3"), iron and light (Figure 84).
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Figure 84. A schematic diagram of microalgae cell and its growth limitations with photo-autotrophic metabolism.

The configuration of the photo-bioreactor allows all its surface to be lit (Figure 85A). The

light intensity / in the bioreactor follows the Beer-Lambert law: for an incident light /y, coming
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in the bioreactor, / decreases as the length of the light path » increases (Figure 85B). The lowest

I value would be when r equals the radius of the bioreactor.
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Figure 85. Light through the photo-bioreactor.

The light intensity /, previously described by Bernard and Rémond (2012), with gmax aigae
the maximal specific growth rate, o the initial slope of the light response curve and I, the light

intensity for which growth is maximal:

I

HUmax_algae (L_ 1>2 (52)
a I

u(l) = HUmax_algae
I+

1 is calculated according the length of the light path » and the microalgal population:

1) = I exp(—b (R-1) [algae]) (53)

The decrease in / leads to a decrease in the growth rate u, i.e. the higher 7 is, the lower u
is. Therefore, the average ¢ was calculated as the mean of growth rates across the bioreactor:

. OR u(I()) 2mrdr (54)

mean 7 R2

CO,, Fe and N-NOs* limitation are added to the light limitation, resulting in the

microalgae growth rate pagqe and the algal biomass formed can be predicted:
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- [CO,] [Fe] [N — NOs] 55
algae = Fmean g+ 1C0,] Kpe + [Fel Ky aigae + [N — NOs]

dlalgae]

T~ dr = Haigae [algae] (56)

CO:; is supplied to the photo-bioreactor at atmospheric concentration through continuous
aeration. The CO, mass balance is carried out with the volumetric gas transfer Kia, taking

account the consumption by microalgae:

d[CO,] dlalgae]

dt = K a([CO,]" — [CO,;]) - Bco2 dt (57)
The photosynthetic activity leads to a production of Oa:
d[0,] dlalgae]
— 58
a P g (55)

Fe is consumed by microalgae, so its concentration decreases as microalgae is growing:

dlFe] _ _ dlalgae] (59)

dt dt

The N-NOs™ evolution depends on the microalgae growth. The microalgal biomass is

composed of 9% (w/w) nitrogen, hence the nitrogen (from nitrate) consumption reads as:

d[N — NOs] dlalgae]
AN = NG3l _ g9 HLatgael 60
o 0.09—> (60)
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6.2.2 Parameters

The microalgae model parameters were calculated from experimental data or adjusted
from literature studies. Parameters from experiment can easily be compared to literature (Table
14).

Table 14. Microalgae model parameters from experimental date or adjusted from literature studies.

Parameters Value Unit Literature review

Wiz aliges 0.04 h! experimental data (0.04 ® 0.036 ®)
o 2.1x1073 h'! 2.1x103©

Lopt 275 pmole. s m 275@

Kcos 9.2x10° g I 9.2x106

Kre 9.0x10° g It 9.5x10°®

KN aigae 1.2x102 g It 1.2x102@3.2x102®

Kia 9.98 h'! experimental data

coy” 3x10* g It experimental data

Pco:z 1.6 g g! experimental data

Poz 1.2 g g! calculated from experimental data
y 2.1x1073 g g! experimental data (2.6x1073®)

Iy 1830 pumole. s m? experimental data

b 143 L g!m! experimental data (Appendix 7)

4 Clément-Larosiére et al. (2014); ® Chang et al. (2016); “¢ Bernard and Rémond (2012); © Lee et al.
(2015); f Concas et al. (2014); & Xin et al. (2010), " Aslan and Kapdan (2006); ' Liu et al. (2008)

The maximal growth rate timax aigee Was calculated as the slope of the linear part of the
logarithm of cell concentration plotted versus time. The extinction coefficient » was determined
experimentally by measuring the absorbance at 600 nm of C. vulgaris solutions containing
different concentration. Concerning CO, evolution, fco> is determined by assuming that the
carbon content (46% w/w) of microalgae is provided from CO, and fo: is calculated through the
stoichiometric relation between CO; and O; under photo-autotrophic metabolism: a mole of

CO; used allows to generate a mole of Os.

6.2.3 Results

The microalgae model considers the light absorbance according to the distance from the
photo-bioreactor edge and the concentration of microalgae (Figure 86). For a microalgae
concentration fixed, the further from the edge the lower the light intensity. From microalgae
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concentration of 0.3 g. 1", light is almost completely absorbed at the photo-bioreactor center
(dr =0.08). The model is valid when the population is dense enough, as the photo-bioreactor is
illuminated all around.

The model also links the microalgae growth rate and the distance from the photo-
bioreactor edge (Figure 86). Microalgae population close to the light source is photo-inhibited,
hence the growth rate is lower than the maximal specific growth rate (0.04 h'). In moving away
from the light source, the microalgae specific growth rate increases reaching at some point, the
maximal growth rate. The higher the microalgae concentration, the lower the distance to reach
the maximal specific growth rate. After the latter reached, the specific growth rate decreases

because the light intensity is decreasing.

The growth model nicely predicts the microalgae growth (Figure 87). First, the growth
was exponential and very quickly, became almost linear (from 70 hours). The beginning of the
pseudo-linear growth was concomitant with the start of CO, limitation. The pseudo-linear
growth was maintained thanks to the continuous and constant CO, supply through aeration and
continuous light supply. At 70 hours, the microalgae population was 0.07 g. 1! and the light
intensity is zero in the center of the photo-bioreactor (Figure 86), hence light intensity could

also have been the limiting factor responsible of the switch to the pseudo-linear growth.

<
O e — -
[algae] S I
041 g/| .......... < R
g | --- 03¢/ N
© --- 069/
— 14/l 8 \
e \
& \
o < \
£ 8 o \
o - c o 4 \
: E \
= \
= \
o \
S -
[Te] o
S [algae]
0.1 g/l
--- 034/
-l --- 069/
o 4 - 8 d — 149/
T T T T T e T T T T T
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
dr dr

Figure 86. Light intensity (/) and growth rate (1) according distance from the edge to the center of the photo-
bioreactor (dr) and the microalgae concentration.
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To determine which of CO, or light is the first limiting nutrient, a test was run by deleting
the limiting growth effect by light (Figure 88). With CO,, Fe and N-NOj™ as the only limiting
growth factors, the microalgae growth is identical to that when light is also considered as a
limiting growth factor. Another test was run without the limiting effect of CO», hence light, Fe
and N-NOs" are the only limiting factors. The microalgae growth increases very quickly within
the first 200 hours and stops when Fe is depleted and at this stage, nitrogen from nitrate is still
available. From these two tests, we can conclude that the first limiting growth factor is CO,, the
second is Fe, the third is N-NO;™ and the last one is light.

Although the model predicts correctly the microalgae growth, the CO; prediction is not as
accurate. The predicted CO; profile has a relatively close trend to the experimental data, but the
values are lower, hence either a parameter adjustment is needed, or the sensitivity of the CO,

probe has to be called into question.
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Figure 87. Simulation results of microalgae individual model.
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Figure 88. Effects of COz and light limitation on microalgae growth.

6.3 Yeast and microalgae model in mixed culture.

6.3.1 Formulation and parameters

The development strategy of the yeast and microalgae model in mixed culture is based on
the combination of the respective individual growth model. The microalgae model developed
was only based on the photosynthetic activity of microalgae; the heterotrophic metabolism is
not taken into account. With a photo-autotrophic metabolism, the microalgae growth is limited
by CO», nitrogen in the form of nitrate NOs", Fe and light intensity (Figure 84). The yeast model
involved nitrogen (from peptone), glucose and O as limiting growth factors. The model also
considers the ADP/ATP and NAD*/NADH balances as key point for yeast growth (Figure 77).
The interactions between yeast and microalgae are based on CO,/O, exchanges and light is
attenuated by both yeast and microalgae growing population (Figure 89). The parameters are

those used in yeast and microalgae individual model and the values remain unchanged.
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Figure 89. Yeast and microalgae growth limitation and interactions in mixed culture.

A Fe competition is also considered to simulate the rapid microalgae growth limitation in
mixed culture. Fe is not only used by microalgae. Yeast also assimilates Fe to prevent from
toxicity during growth and it was proved that this component was not a limiting growth factor
for yeast (Chapter 5). The Fe utilization by yeast was added to the Fe balance with a coefficient
€ (8.5x107 g. g, adjusted from literature study (13x107 g. ¢! in Pas et al. 2007):

d[Fe] 3 dlalgae] e d[yeast]

61
dt dt dt 1)

The CO; balance depends on the CO, production by yeast (through ethanol production
and Krebs cycle) and consumption by microalgae (through photosynthetic activity). The mixed
culture process is not aerated, hence the CO» supply through continuous aeration is not taken
account. Moreover, part of CO, produced by yeast reacts with KOH for pH adjustment and
according to the study of experimental data, 60% of CO, produced by yeast reacted with KOH:

dKOH d|co
_ g dlco:]

62
dt Toodt (62)
d[Cc0,] d[E] d[Krebs] dlalgae]l dKOH
_ _ _ 63
dt a 3w Beo, = dt (63)

The time derivative of O, contained in the liquid phase Vi, depends on the mitochondrial

respiration of yeast and the mass flux qo» from gaseous to liquid phase (equation 50). The
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photosynthetic activity also provides additional O, to the liquid phase and the additional yeast
population decreases the light intensity:

d[0,] d[Resp] . qo d[algae]
=—-0.5 Z
dt a T Viig *Bo, = (64)
I(T) — IO exp(—b (R-1) [algae+yeast]) (65)

6.3.2 Results and discussion

The simulation results fit with the yeast and microalgae populations from experimental
data. The yeast and microalgae growth stop when their respective limiting nutrient is depleted
(nitrogen from peptone for yeast and iron for microalgae). Iron is used by both species and with
the high yeast growth rate, the microalgae population is rapidly limited at around 0.4 g. I,
leaving a high excess of nitrate in the medium (Figure 90).

The fermentation activity of yeast is also nicely predicted: the content of ethanol and
glucose fit with experimental data. Through fermentation, CO, is produced and partly used by
microalgae and more than half reacts with alkaline KOH to maintain pH constant at 6.5. When
ethanol production stops, the CO, content remains constant at around 1.5 g. 1I''; the CO»
concentration does not decrease since the microalgae growth and CO, consumption stop earlier

at around 20 hours (Figure 90).

The glycerol kinetics was multiplied by 70 to boost glycerol pathway and obtain a
prediction of glycerol content coherent with experimental data (Figure 90). This parameter
modification impacts very weakly on the ethanol content and the yeast biomass. Without this
kinetics increase, the model predicts a very small glycerol production (close to 0 g. 1), just
enough to supply NAD"' required for yeast growth at the beginning. A stop of glycerol
production is rapidly predicted because microalgae produce high amount of O, for yeast to

generate NAD" through mitochondrial respiration (Appendix 8).

The O, prediction is overestimated compared to experimental data, although the
simulation trend is coherent with experiments (Figure 90). Results from both simulation and
experiment show three stages of O evolution. The first stage (0-20 hours) is represented by an
increase in O, content; as microalgae is growing, the microalgae photosynthesis activity is
higher than the yeast respiration. The O, concentration decreases during the second phase (20-
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30 hours), which means that the yeast respiration activity is higher than the photosynthetic
activity of microalgae. In the third stage (from 30 hours), the yeast and microalgae growth stop:
the microalgae photosynthetic activity stops and no O; is produced, also yeast respiration ceases
with an arrest of O, consumption. The first stage of O, increase with simulation is higher than
with experiment and the O, content does not reach 0 like in experiment and remains constant at
around 0.014 g. I

According to simulation results, all O, produced by microalgae is not reused by yeast and
the excess of O, could be due to a too great proportion of the microalgae photosynthetic activity
as an iron limitation for microalgae reduces the photosynthetic activity (Glaesener et al. 2013).
The heterotrophic metabolism of microalgae could also explain the low O, production in

experiment.

The overestimation of O, could also be explained by disability of yeast to respire the
additional O, produced by microalgae. The mitochondrial respiration requires NADH, but the
latter is primarily used for glycerol production. When glycerol production ends, no more NADH
remains available, then the O, consumption stops, which explains the constant O, value from 30
hours. The yeast Krebs cycle was not implemented in this model, but its involvement could
regenerate NADH from NAD" in excess, allowing then the mitochondrial respiration. To use all
remaining O, (0.014 g. 1'"), 8.8x10*mole. I'' of NADH is required and this amount of co-factor
can be regenerated through Krebs cycle by using 2.0x102 g. I'! of glucose, i.e. 0.2% of total
glucose amount available in the culture, a very low value that should not impact on the ethanol,

biomass and glycerol content.

Although the overestimation of O, can be explained by a metabolic approach, the
assumption of some O loss toward the gaseous phase or even outside the photo-bioreactor

cannot be ruled out.

According to the yeast individual model, the amount of O, available in the liquid and the
gaseous phase is enough to ensure the yeast growth, therefore the additional O, produced by
microalgae has a limited influence on yeast growth in the conditions of the mixed culture.
However, CO; produced by yeast boost the microalgae growth, allowing C. vulgaris biomass to
increase by 0.2 g. 1! within 20 hours against 100 hours when CO, is supplied through
continuous aeration (microalgae monoculture); the individual microalgae model shows that the

C. vulgaris growth is firstly dictated by the CO, availability.
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6.3.3 Conclusion

The combination of yeast and microalgae individual model is proving to be a suitable
approach to predict yeast and microalgae growth in mixed culture. However, questions still arise
to understand the lower O, content in experiment compared to the simulation results:

- reduction of microalgae photosynthetic activity under iron limitation
- involvement of microalgae heterotrophic metabolism
- activation of yeast Krebs cycle

Questions on microalgae photosynthetic activity shows that the microalgac model

remains basic and needs to be completed with implementation of heterotrophy and mixotrophy
metabolism for better understanding.
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General Conclusion

The aim of our work was to develop a symbiotic mixed culture of S. cerevisiae and
C. vulgaris based on gas exchange in photo-bioreactor. Yeast is a heterotroph that produces CO»
available to microalgae for photosynthesis and, in turn, microalgae generate O, used by yeast

for respiration and membrane synthesis.

One of the major difficulties was to develop a deep knowledge on the possible
metabolisms of both yeast (fermentation and respiration) and microalgae (photo-autotrophy,
heterotrophy and mixotrophy). The yeast metabolisms and their occurrences are well-
documented while such information concerning microalgae is less available. This complicated
the construction of the symbiotic mixed culture and the identification of the metabolisms in

action in the process conditions.

A literature review on cultures based on the association of yeast and microalgae allowed
us to identify two process types: the coupled culture and the mixed culture process. We
postulated on the advantage of the mixed culture process over the other one because both
species can take advantage of the dissolved gases produced in situ. Then, a deep literature study
on mixed cultures underlined the constant dominance of one organism over the other one in
such processes. The activities of yeast and microalgae population must be balanced to ensure
CO»/0O;, balance and favor mutual symbiosis between the two populations. Consequently, in
order to encourage mutual symbiosis based on gas exchanges, the mixed culture was developed
in photo-bioreactor in a way that neither organism dominated the other in terms of population

concentration.

The co-dominance between S. cerevisiae and C. vulgaris population was established
thanks to the design of an appropriate medium, that limits yeast but promotes microalgae
growth: the Mix medium. This medium was the combination between the standard autotrophic
medium MBM (Modified Bristol Medium) with glucose and peptone from the standard YPG
medium added for yeast (Yeast extract Peptone Glucose). The competition between the
organisms in using each component of the medium influenced the biomass production yield of
the two species and by comparing the physiological behavior of microalgae and yeast in
monoculture and mixed culture, co-dominance and a mutual symbiosis based on in sifu gas
exchange were demonstrated. In mixed culture, the high growth rate of yeast conducted to an
exclusive used of glucose and peptone by S. cerevisiae and C. vulgaris grew on a photo-
autotrophic metabolism using nitrate and CO; for its growth. The yeast growth was limited by
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amino acids and short peptides from peptone while the microalgae growth was limited by iron, a

component also used by yeast not for growth but to prevent iron toxicity.

The strategy for a co-dominant mixed culture also implies the preparation of the
microalgae inoculum in the Mix medium, the adjustment of the microalgae:yeast inoculum ratio
to 30:1, the definition of the culture parameters in photo-bioreactor. The dissolved O, and CO;
probes brought relevant measurements that allowed us to follow gas profiles. Moreover, the
method developed for simultaneous cell enumeration with flow cytometry permitted to

rigorously monitor the two populations in the mixed culture.

The development of the symbiotic mixed culture of S. cerevisiae and C. vulgaris was
accompanied by the construction of yeast and microalgae growth models as a tool to better

understand their respective metabolisms in monoculture and in mixed culture.

The yeast model developed here has successfully proven prediction potential of yeast
fermentation. The model took account seven possible metabolic pathways involved in yeast,
then, a Monod-like function and a smooth stepwise function were used as limiting factors on the
metabolic pathways involved in yeast fermentation. Resources allocation was consistent with
experimental results just by dint of the limiting factor of the seven metabolic pathways. The
model was built in a way to be able to save and plot the intensity of each component versus
time, making this model, an essential tool to understand the interactions between the different
metabolic pathways. This model revealed the non-negligible impact of molecular oxygen and

mitochondrial respiration (without Krebs cycle) on yeast fermentation.

The microalgae model developed in this study only took into account the photo-
autotrophic metabolism of C. vulgaris with CO; and light as limiting growth factor. The
heterotrophic and mixotrophic metabolisms were neglected as a deep study of C. vulgaris
behavior when grown in mixed culture, allowed us to rule on the photo-autotrophic growth of
microalgae. The model fit with experimental data from the C. vulgaris monoculture in photo-

autotrophic conditions.

The yeast and microalgae model were combined in order to construct the model of yeast
and microalgae growth in mixed culture. The simulation results were consistent with the
experimental data and the comparison between experimental and simulations results is a key

way to understanding the behavior of each species when grown alone and in mixed culture.
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With the experimental work and the modelling part, the synergy based on gas exchange in
the mixed culture process has been shown with a greater benefit for microalgae than for yeast:
CO; from yeast highly boosted the microalgae growth while O, from microalgae photosynthesis

had a limited positive impact on yeast growth.

Various perspectives emerge from this work, either to better understand and optimize the

mixed culture process of S. cerevisiae and C. vulgaris or to refine the model proposed.

For the experimental aspects, the design of a medium whose nitrogen source available to
yeast is better-defined, could allow to monitor the nitrogen utilization precisely. The peptone
could be replaced by a mixture of amino-acids and ammonium. The choice of amino acids
should depend on the preferred amino acids assimilable by yeast and their concentration should
always be defined by ensuring co-dominance between yeast and microalgae. For the latter,

nitrate could be kept as a nitrogen source exclusively available to microalgae.

Iron utilization by yeast and microalgae deserves to be thoroughly studied to allow an
optimization of the medium by adjusting the iron concentration. Iron utilization in both yeast
and microalgae monoculture could be firstly monitored and compared to that in mixed culture.
This approach is mostly important to understand the microalgae photosynthetic activity in iron
limitation conditions.

Continuous culture could be imagined for the mixed culture process to ensure the co-
dominance between yeast and microalgae. With the continuous system, the culture is carried out
in an open fermenter, with nutrients added and products removed at a steady rate throughout. In
this configuration, the cell density remains constant by maintaining defined and constant
dilution and flow rate, hence the co-dominance of yeast and microalgae could be optimized. The
Steady-state continuous culture is a perspective that could be interesting for industrial
applications as it allows continuous reaction with no idle time, to reduce labor time and to
increase the productivity. However, the disadvantage of continuous culture is that there is a
higher risk of contamination due to the constant adjustments and the strains should also be

genetically stable.

The yeast and microalgae individual growth model could be enhanced to be more
predictive. The Krebs cycle could be implemented in the yeast model and the strategy used to
construct yeast model could be applied to the microalgae. In this manner, all the pathways
involved in photo-autotrophy, heterotrophy and mixotrophy metabolism could be integrated in
the model and kinetics factors should be imposed to predict the partition of the pathways.
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In conclusion, this study was conducted with S. cerevisiae and C. vulgaris, two model
species and all strategy developed can be adapted to any heterotroph and autotroph for the
construction of symbiotic mixed culture process based on gas exchanges. Hence, this work and
the proposed enhancement open the perspective for in situ CO, mitigation, full utilization of the

organic substrate and a reduction in aeration costs of biotransformation processes.
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Figure 1.1. Yeast growth in aerated shake flask using Mix medium with 5 g. I'? of glucose.
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Figure 2.1. Yeast growth in aerated shake flask using Mix medium with 10 g. I'* glucose. The experiment was

performed in duplicate.
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Figure 3.1. Yeast growth in aerated shake flask using Mix medium with 15 g. I'* glucose. . The experiment was

performed in duplicate.
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Figure 4.1. Yeast growth in aerated shake flask using Mix medium with 10 g. I'* peptone. This experiment was

performed in duplicate.
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Figure 5.1. Yeast growth in aerated shake flask using Mix medium with 20 g. I'* peptone. This experiment was

performed in duplicate.
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The extinction coefficient 5 (I. g' cm™) of microalgae corresponds to the slope of the linear

relation:

In(1 — Absorbance) = 1.43[microalgae]

In (1 - Absorbance )

microalgae (g. I'1)

Figure 7.1. Correlation between absorbance and microalgae biomass.
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Appendix 10 - Summary in French

Le monde passe d'une économie linéaire, basée sur le pétrole, a une bioéconomie
circulaire agricole. Les effets nocifs du CO» anthropique et d'autres gaz a effet de serre sont de
plus en plus évidents. Dans ce contexte, le développement de procédés de biotransformation
"verts" qui utilisent le moins d'énergie possible de la maniére la plus efficace et qui produisent
le moins de déchets nocifs est de la plus haute importance. Le CO; est produit comme déchet a
partir de nombreux processus de biotransformation. Une fois libéré, le CO; exerce son influence
néfaste avant de pouvoir €tre a nouveau capté par les cultures agricoles. Les processus
chimiques et physiques de captage du CO; avant son rejet dans 1'atmosphére s'accompagnent
d'une consommation de combustibles fossiles. Méme la récupération agricole du CO, entraine
des colts énergétiques associés a la culture, a la récolte et a la transformation des cultures. De
maniére générale, une fois que le CO, quitte le bioréacteur, sa capture est toujours associée a
l'utilisation d'énergie qui provient souvent de sources de combustibles fossiles et donc a la
libération d'une plus grande quantit¢é de CO, de sources fossiles. Par conséquent, la
séquestration biologique in situ de ce gaz a l'avantage potentiel de réduire la libération du
carbone fossile dans l'atmosphére et de limiter les dommages environnementaux qui peuvent
étre causés avant que le CO» soit recapturé.

D’un point de vue commercial, la perte d'une partie considérable du substrat sous forme
de CO:; est une pratique inefficace qui ne peut étre évitée avec les cultures microbiennes. Avec
de nombreux processus de biotransformation, une grande partie du substrat (30-50%) est
convertie en CO; plutot qu'en produit d’intérét. D’un point de vue économique, le producteur
"gaspille" prés de la moitié de son substrat. La recapture in situ du CO, pourrait réduire cette
perte financiere en offrant la possibilit¢ d'utiliser entiérement le substrat, tout en rendant le
procédé durable. A cette fin, I’association de la photosynthése au processus de production
normal est la meilleure solution. Ce processus naturel est bas¢ sur des relations symbiotiques

entre organismes.

Des systémes basés sur la symbiose entre espéces microbiennes ont été étudiés pour des
applications biotechnologiques dans les bioprocédés et la protection de l'environnement. Le
choix des espéces microbiennes (microalgues, bactéries ou levures) dépend des objectifs finaux
de la coculture : récolte par bioflocculation, traitement des eaux usées, production de substances
polymeres extracellulaires ou promotion de croissance et production lipidique. La création et le
contrdle de consortiums spécifiques, dotés de 1'écologie microbienne souhaitée, est essentielle a
l'utilisation de ces consortiums en biotechnologie industrielle.
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Le taux de production de CO, hétérotrophe est généralement largement supérieur au taux
de consommation autotrophe, d'ou la nécessité d'équilibrer les populations mixtes du point de
vue de l'atténuation du CO,, de manicre a ce que la population photosynthétique puisse
supporter le taux de production de CO,. En d'autres termes, l'activité hétérotrophe doit étre en
phase avec le taux d'é¢limination du CO,. Cet objectif pourrait étre atteint grace a la co-
dominance des populations permettant une synergie entre les deux organismes, basée sur les
échanges gazeux. Jusqu’a présent, aucune étude scientifique ne présente de travaux dont le

1’objectif est de développer des cultures mixtes symbiotiques et co-dominantes.

Les résultats présentés dans ce manuscrit de thése montrent la faisabilité de développer un
procédé qui repose sur la symbiose mutuelle entre la levure Saccharomyces cerevisiae et la
microalgue Chlorella vulgaris autour des échanges de gaz, en imposant une co-dominance en
termes de population. Les populations doivent étre équilibrées pour que les microalgues
puissent gérer la production de CO,. Le procédé est réalis¢ en photo-bioréacteur de 5 litres non-
aéré et fermé, afin d’éviter les échanges gazeux avec l’environnement externe. Dans cette
configuration, le CO, est produit sous forme dissoute et directement accessible aux microalgues,
évitant les phénoménes de dégazage et de dissolution. Les populations de levures et de
microalgues atteignent une concentration égale (2x10'° cellules. 1) au bout de 24 heures de
culture, restent stables jusqu’a la fin de la culture (168 heures) et les microalgues recyclent 12%
du CO; produit par les levures. Un modele cinétique de la levure et de la microalgue en culture
mixte est développé en combinant le modeéle individuel de la levure et celui de la microalgue.
Le modele prédictif de la levure prend en compte les possibles voies métaboliques impliquées
dans la fermentation et la respiration de ces voies est prédite en y intégrant des facteurs de

limitation. Le modé¢le de la microalgue est basé sur I’activité photosynthétique.

A travers cette étude, nous proposons une méthodologie générale pour le développement
et I'étude d'une culture mixte symbiotique et co-dominante d'un hétérotrophe et d'un autotrophe
et nous évaluons le succes et les enjeux d'une telle stratégie. Les travaux présentés ici ont été
réalisés a partir d’organismes modeles bien connus, mais peuvent servir de base a des études
plus appliquées. Le potentiel d'une culture mixte symbiotique est 1’autorégulation de la
production et de I'utilisation du CO,. Un tel procédé permettrait de réaliser des économies en
limitant I'approvisionnement en gaz et en permettant une utilisation plus compléte du substrat,
tout en réduisant les émissions de CO, dans l'environnement. Le potentiel économique et
écologique réside dans la capacité a coordonner la vitesse de bioconversion avec la vitesse de

’activité photosynthétique.

217






List of figures

Figure 1. Interaction between experimental and modelling part for the development and the

study of mixed and co-dominant culture (consortium) of yeast S. cerevisiae and microalga C.

vulgaris. Corresponding chapters are specified in grey Circles. .......coocvvvereiercieenieereeneesveeneenn, 23
Figure 2. Yeast cell Ultrastructure. ..........coouieiuieiiienieeee ettt 29
Figure 3. Metabolic pathways possible in Saccharomyces cerevisiae (Lannig 2015). ............... 30
Figure 4. Oxidative phoSphorylation. .........ccccievieiierieiie et 32
Figure 5. Batch culture of a Crabtree-positive yeasts (Schifferdecker et al. 2014)..................... 35

Figure 6. Schematic diauxic growth profile of Saccharomyces cerevisiae on glucose-based
media (Herman 2002).........cccvviriierieiieiieeireeieesieeseestesreesreesseesseesseesseesssesssesssessseessessssesssesssennns 35

Figure 7. Scheme of NADH reoxidation in the respiratory chain of S. cerevisiae. bcl, bcl
complex; cox, cytochrome ¢ oxidase; Gpd, soluble glycerol-3-phosphate dehydrogenase; Gut2,
membrane-bound glycerol-3-phosphate dehydrogenase; Nde, external NADH dehydrogenase;
Ndil, internal NADH dehydrogenase; Q:ubiquinone (Bakker and Overkamp 2001). ............... 36

Figure 8. Schematic overview of NAD"/NADH turnover in respiring (top) and fermentative
(bottom) cultures of S. cerevisiae. Depending on the concentrations of sugar and oxygen,
intermediate situations are possible. In addition to biomass formation, production of low-

molecular-mass metabolites, such as acetate, pyruvate, acetaldehyde or succinate may affect

turn-over of NAD*/NADH (Bakker and Overkamp 2001). ........ccccevveieieininiiicieieeeeeeeeeens 37
Figure 9. Growth profile of yeast in a stuck fermentation (Sablayrolles, J.M., Sitevi Conference,
2005 ittt h bbbt b e e et b bt bt e bbbt e ettt ene e 40
Figure 10. Microalga cell UltrastrUCtUIe........c.ccvieiierieeriieriecre ettt ev e sreesenesene e 41

Figure 11. C. vulgaris cell division. (a) early cell-growth phase; (b) late cell-growth phase; (c)
chloroplast dividing phase; (d) early protoplast dividing phase; (e) late protoplast dividing
phase; (f) daughter cells maturation phase and (g) hatching phase. (Safi et al. 2014). ............... 41

Figure 12. Light reactions of photosynthesis at the thylakoid membrane.............ccccooceerrenennnee. 42

Figure 13. Interactions between light and dark reactions (adapted from Masojidek et al. (2013)).

..................................................................................................................................................... 42
Figure 14. Pathways involved in microalgae photo-autotrophic growth. ...........ccccoceevveriennnnnn. 43
Figure 15. Calvin Cycle (carbon fixation) occurs in the chloroplast. ..........cccoeceeieririeiineenene. 44

219



List of figures

Figure 16. Photorespiration (adapted from Xu et al. (2015)). ..cccceeviiniiniiniiiiieeeeieeee 44
Figure 17. Pathways involved in microalgae heterotrophic growth. The grey square indicates the
pathways not involved during this type of growth. ..........cccooiiiiiiiiniiie 46
Figure 18. Pathways involved in microalgae mixotrophic growth...........ccoccooiiiiiiniiniininnne 47

Figure 19. Metabolic pathways for assimilation of carbon and production of energy in photo-
autotrophic, heterotrophic and mixotrophic microalgae metabolism (Perez-Garcia and Bashan
0 () TSROSO 49

Figure 20. HCO; and CO; assimilation in microalgae (CA carbonic anhydrase, CCM CO,

CONCENtrating MECHANISIN)......ccviierieriesiierieeieeeteete et e teestaesereeereesseesseesseesssesssessseesseesseesssenssennns 50

Figure 21. Ammonium, nitrate and nitrite assimilation in microalgae (NH4" ammonium, NOs

nitrate, NO; nitrite, NR nitrate reductase, NiR nitrite reductase).......c.ccccevvvvevrieviereeniesrennenn, 51
Figure 22. Assimilation of amino acids by microalgae (adapted from Murphree et al. (2017)). 52
Figure 23. Carbon species repartition according pH at 25°C.........cccovvevieriieerieiieeniesee e 54

Figure 24. Steps of gas transfer from gas bubble to cell from Garcia-Ochoa et al. (2010). (1)
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 liquid—cell interface; if the cells are in a flock,
clump or solid particle, diffusion through the solid to the individual cell; (7) transport through
the cytoplasm till the site where the reactions take place; (8) biochemical reactions involving
oxygen consumption and production of CO; or other gases; (9) transfer of the produced gases in

The TEVETSE AITECHION. ooieeiieeeeeeeee e 56

Figure 25. Two types of co-cultures of yeast and microalgae. (A) Coupled-culture and (B)
mixed culture; (A) gases pass from the liquid phase of the heterotrophic culture into a gaseous
phase (blue dashed arrows) and they then pass from the gaseous phase into the liquid phase of
the photo-bioreactor (red solid arrows). (B) Diagram of a mixed culture of heterotrophic and
autotrophic organisms; the gases are generated and reused in situ. The CO: is produced by
heterotrophic metabolism of the organic carbon source. In (B) aeration is optional and can be
AVOIAEd AltOZETNET. ....cviiiiiiiciccc ettt st et eab e et e e sra e taeeere e 58

Figure 26. Six potential symbiotic interactions between yeast and microalgae and corresponding
metabolic representation. Circles (blue and yellow) represents the organisms and squares are
products or substrates (adapted from GroBkopf and Soyer (2014)). ..ccoveriereninniniinierineene 59

220



List of figures

Figure 27. Development of a mixed culture of the yeast S. cerevisiae and the microalga C.

VULGAFIS .ovveveeeeee st e eete et s e s te e te et e te e seesteessbeesseess e e se e saessseasseasseasseesssessseasseasseessaessaeseenssennns 69
Figure 28. Closed shake flask. ........c.cooiiiiiiiiiiiee e e 74
Figure 29. Picture of a culture in 51-photo-bioreactor...........ccceevieiiirieniinieeieeeeeeee e 74
Figure 30. Diagram of a closed SI-photo-Dior€actor. .........ccecveriierierienienre e 75
Figure 31. Thoma counting chamber. ............ccooiiiiiiiiiiiiieeeetete e 77

Figure 32. Flow cytometry in Guava easyCyte™. Sample flow through a microcapillary and
laser scatter by cells (A) and detection of Forward Scatter, Side Scatter and fluorescence of cells
(15 RO S 77

Figure 33. Correlation between dry weight and population for S. cerevisiae (A) and C. vulgaris
(B ettt 79

Figure 34. Maximum population of yeast and microalgae in monoculture using three candidate
media for mixed culture. Yeast population was measured after 3 days of incubation and
microalgae population after 5 days of incubation. Each monoculture was performed in duplicate

and average values are shown. Where no values are shown, there was no measurable growth.. 84

Figure 35. Yeast maximal population in monoculture using medium 3 or YPD medium. The
yeast population was measured at the end of the exponential phase (25 hours). Each

monoculture was performed in dUPliCALe. ........cceerierieriiieiieeeeeee e 86

Figure 36. Yeast growth profile at different initial glucose concentrations. Each monoculture

was performed in duplicate and the error bars indicate the standard deviation of the two points.

Figure 37. Ethanol yield produced by S. cerevisiae at different initial glucose concentrations in
yeast monoculture (a) and ethanol yield coefficient on glucose (b). Yield coefficients were

calculated from duplicate eXPETiMENt. ..........ccevvuirriierieerierieeie ettt steeseee e 88

Figure 38. Yeast growth profiles with different initial peptone concentrations. Each monoculture

was performed in dUPiCALE. .......ccciiiiiiiiiii ettt et et 89

Figure 39. Ethanol yield coefficient on glucose according the initial peptone concentration.

Yield coefficients were calculated from duplicate eXperiments..........ccoeceeveveerieereereeneesneenenn, 90

Figure 40. Microalgae growth profile at different initial peptone concentrations. C. vulgaris was
grown without glucose. Each monoculture was performed in duplicate and the error bars
represent the standard deviation around the average points. ........cccecveeveevieevieeneeneeseesreeneenns 92

221



List of figures

Figure 41. Summary of yeast and microalgae population yields in monoculture according the
initial peptone concentration. The yields correspond to the population reached at 138 and 158
hours respectively for S. cerevisiae and C. vulgaris. The yields were calculated from duplicate

experiment the error pars represent the standard deviation around the average points............... 92

Figure 42. Six hypothetical scenarios representing the possible influence of nutrient competition
on yeast and microalgae population yield in case of mixed culture using the Mix medium....... 94

Figure 43. Yeast monoculture using Mix medium in non-aerated and closed photo-bioreactor.
The measurement of pO, was continuously recorded so the experimental points are fused into a
Y0 VT o) LD TN B3 U< TSSO 101

Figure 44. A schematic diagram of the metabolic pathways used in our modeling approach. All

TEUITIETIC ..o eeeeee et et eeeeeeee e e e eeeseaee e e eeeeeesaesaaneaeeeeeeesaaaannaeaseeeesssaannsaaereeesessasansneereeeeens 102

Figure 45. Addition of acid and alkaline solutions to yeast monoculture using Mix medium for

automatic pH adjustment @t 6.5........c.cccviiiiiiriiiiecie et er e re e sra e ae b e enbeerreens 107

Figure 46. Diagram of pH adjustment to 6.5 by addition of alkaline or acid solution according

yeast activity in yeast monoculture using MiX medium. ...........cceevveereereenienreecreereereeseeeeens 108

Figure 47. Concentration of dissolved O, over time in the photo-bioreactor supplied by air with
a flow rate of 500 ml. min! (0.1 vvm, 1 atm, 25°C). ....c.ceveeerereeeeeeeeeeceeeee e 111

Figure 48. Determination of Kra for Oz, ...c..coiiiiiiiiiiiiiiiiiieicceeeetee e 112

Figure 49. Concentration of dissolved CO» over time in the photo-bioreactor supplied by gas
mixture composed of 15% of CO» and 85% of N with a flow rate of 500 ml min™' (0.1 vvm, 1
Y800 VO R ) TR SRS 113

Figure 50. Determination of COz Kra. ..cc.coouiiiiiiiiiiiiiiiiieiecteeeetee e 113

Figure 51. Microalgae growth profile in monoculture using Mix medium in aerated photo-

DIOTEACTOT . ..o 115

Figure 52. Chlorophyll content, glucose and O concentration in microalgae monoculture using

Mix medium in aerated photo-DIOTEACLOT. ........ccueeiieiieiieiieree ettt 116

Figure 53. Addition of acid and alkaline solutions to microalgae monoculture using Mix

medium for automatic pH adjustment at 6.5. .........cccocieiieriiiiinieeeee e 117

Figure 54. Diagram of pH adjustment to 6.5 by addition of alkaline or acid solution according

microalgae activity in monoculture using MiX medium. ...........cccoecvevieereerieriienieeieeeeeeeen 118

Figure 55. Oxygen Uptake Rate OUR from microalgae monoculture using Mix medium in

ACTALEA PHOLO-DIOTEACIOT. .. eeuvieiieeieeie ettt ettt ete ettt et et e s ae st e sebeenbeesseesseessaesssesnseensaens 119

222



List of figures

Figure 56. Microalgae growth profile in monoculture using autotrophic MBM medium in

ACTALEA PHOLO-DIOTCACIOT. .. eeuvieiieriieeiiietieieetesteete e et e et e e e e teessaeseseenseesseesseesseesssesssensseesseens 120

Figure 57. Total chlorophyll content and dissolved CO, concentration profiles in microalgae

Photo-autotrophic MONOCUILTUIE. ........cocuiiiiiiieiie ettt e eeeree e eeveeeaes 121

Figure 58. (A) Addition of acid solution to microalgae monoculture using autotrophic MBM
medium for automatic pH adjustment at 6.5. (B) Diagram of pH adjustment to 6.5 by addition of
alkaline or acid solution according microalgae actiVity. ........cccocuerevercriecriesieerieseeseeneeeeeeeeens 122

Figure 59. CO, biofixation rate from microalgae photo-autotrophic monoculture using Mix

medium in aerated PhotO-DIOTEACLOL. .......ccvervieeiiiiieiietiete et e et reesre e sseeeees 123

Figure 60. Correlation between two methods for cell counting S. cerevisiae and C. vulgaris in

INONOCULTUTE. ...eeeeeeeeeeeee ettt ettt e et e e e e s e e e e et eeeeeseaseaaaaeeeeeesaasasaaaereeesesaasnsaeereeeeenns 128

Figure 61. (A) S. cerevisiae GFP (dashed arrows) and C. vulgaris (solid arrows) cells
observation with confocal microscope Zeiss LSM 700 (x20). A 488nm-UV diode laser was used
for illumination. GFP protein and chlorophylls fluorescence were captured through a band pass
filter at a wavelength of 493—550nm and 615-800nm respectively (B) Screenshot of flow
cytometer acquisition; cell complexity versus cell relative size (C) Screenshot of flow cytometer
acquisition; red fluorescence versus cell relative size (D) Screenshot of flow cytometer

acquisition; green fluorescence versus cell relative Size. ........cooceevieeiieiiieriienienieeeeeee e 129

Figure 62. (A) Correlation between experimental (flow cytometry) and calculated C. vulgaris

proportion in 11 mMiXed SUSPENSIONS. ...cecveerrieriieeiieeieettetteiteseteseeeteeie et esseesseesntesnseenseeseenseas 130

Figure 63. Maximal yeast and microalgae population reached in mixed cultures and yeast and
microalgae reference culture in PBR. For mixed culture 1, the microalgae inoculum was
prepared using Mix medium and in mixed culture 2 it was prepared in autotrophic MBM
medium. The maximal microalgae population in microalgae reference culture corresponds to
that at 168 hours Of INCUDALION. .......c..ccceiriiriiniiiiieieeeccee et 132

Figure 64. Mixed culture 1 of C. vulgaris and S. cerevisiae in closed and non-aerated PBR using

MBM-GP medium. The yeast and microalgae inocula were both prepared in Mix medium. .. 133

Figure 65. Mixed culture 2 of C. vulgaris and S. cerevisiae in closed and non-aerated PBR using
Mix medium. The yeast inoculum was prepared using Mix medium while the microalgae

inoculum was prepared using autotrophic MBM meditm. ........c..ceceverirnieniniieneninienencens 133

Figure 66. Ethanol yield coefficient on glucose Yethanol/glucose, ethanol production rate (EPR)

and glucose uptake rate (GUR) in mixed culture 1 and 2 and yeast reference monoculture. ... 134

223



List of figures

Figure 67. Photoautotrophic C. vulgaris cultures were grown in 1.5-L loop air-lift
photobioreactors on 0.0135 gN-NH4". 1! with chloride and nitrate as the counter-ions. The
reactor was supplemented with 5% CO; (v/v) in air. The optical density was measured at 550
nm at 3 to 4 hours intervals and was converted to biomass density using a ratio of 0.52
gow/L/ODsso. This graph and the caption were directly taken from Scherholz and Curtis (2013).

Figure 68. Maximal microalgal biomass formed and nitrate used in mixed culture 1 and 2, and
microalgal biomass formed and nitrate used at 120 hours in microalgae reference culture. *

means that N0 NITTAE WaAS USEW. .....uueieeiiiiieiiiieeee ettt e et e e e e e e e e e e eeeeaeeeeeeeesesseaaeeeeessenns 137

Figure 69. Yeast and microalgae population in mixed cultures according peptone and nitrate
concentration in closed shake flasks after 336 hours of incubation. Error bars represent standard

deviations of dUPliCAte CUITUIES ........cueeuiiiieiieieeie ettt st et 138

Figure 70. Impact of iron and trace elements on C. vulgaris growth in aerated shake flask
monocultures. Medium A corresponds to MBM medium with a low concentration of iron
(6.5x10* gFe. I'") and medium B corresponds to MBM medium without any trace elements and
with normal concentration of iron (6.5x107 gFe. I'"). MBM medium contained iron (6.5%107
gFe I'") and trace elements. Cultures were performed in shake flask, in duplicate and were
inoculated with the same microalgae concentration as in mixed culture (9x10° cells I'"). Error

bars represent standard deviations of duplicate cultures. ...........occeeeveeveerieniencieccriee e, 140

Figure 71. Impact of iron on S. cerevisiae growth in aerated shake flask. Mix medium (control
culture) contained iron (6.5x10 gFe. I'"). Cultures were performed in shake flask and error bars

represent standard deviations of duplicate cultures..........ccccooceeviiiiieiiienienieee e, 141

Figure 72. Impact of different ethanol concentration on C. vulgaris growth in shake flask culture
using autotrophic MBM medium. Ethanol was added to the cultures after 7 days reflecting the
initial cell concentration of microalgae in PBR mixed cultures. The different symbols connected
by solid line represents the microalgae population concentration in the different cultures. The
bar graph represents the microalgae population viability in the cultures. Error bars represent

standard deviations of data from duplicate eXperiments. ...........cccceereerierieerieeneeneeseeeee e 142

Figure 73. Automatic addition of base KOH solution in S. cerevisiae monoculture and in mixed
culture. Error bars represent standard deviations of duplicate analyses of yeast population
COMCEIETALION. ...ttt ettt ettt ettt sttt ettt b e bbbt b sttt e bt e bt e bt et st sa et et e e eneeaeenes 144

Figure 74. Repartition of CO, produced by S. cerevisiae in yeast monoculture (a) and mixed
CUILUTE 1 (D). 1eiiieiiieciie ettt ettt ettt e tb e e b e ete e teesbaestbeesbessbeesbeessaesssesssessseesseensenns 145

224



List of figures

Figure 75. S. cerevisiae and C. vulgaris growth profiles in mixed culture 1 with evolution of

PO 2ottt a e s bt 146
Figure 76. Evolution of pO; and pCO> in Mixed culture 2 Mixed culture 2 of C. vulgaris and S.
cerevisiae in closed and non-aerated PBR using Mix medium. ...........cccoecoeeviiniiniininnneenen, 147
Figure 77. A schematic diagram of yeast cell and its growth limitations ............ccccceeereeenne. 155

Figure 78. A schematic diagram of the metabolic pathways implemented in the present

modelling approach. All numeric ratios are in MOIES. ........ccevcverieerieerieerieerierie e 157
Figure 79. Shape of the functions used to affect the reaction rates. ..........ccoceeveeeeciveieereeneennen. 159

Figure 80. Simulation results with the modelling strategy described in previous section. All

kinetics were multiplied by a factor 2 to get a proper time-evolution...........cccceecveecivereeneennen. 166

Figure 81. Simulation results with a sink term of ATP to avoid ADP depletion. Comparison

With experimental data. ..........ccccoiiiiiiiiiiieee e 167

Figure 82. Simulation results, without respiration: the glycerol kinetics was multiplied by a

factor 12 and all kinetics by a further factor 1.3 to get a proper time-evolution....................... 169

Figure 83. Simulation results, without any limiting effects of NAD*. Comparison with

EXPEIIMENTAl AALA. ....eiiiiiiieiiee ettt ettt et ettt ettt st st eaeeeteens 170

Figure 84. A schematic diagram of microalgae cell and its growth limitations with photo-

AULOLTOPhIC MEtADOLISIN. ...eiutieiiiiiieie ettt ettt ettt et et e bt e setesabeenseeseens 171
Figure 85. Light through the photo-bior€actor. .........c.ccciiviieriierieriecre et 172
Figure 86. Light intensity (/) and growth rate (¢) according distance from the edge to the center
of the photo-bioreactor (dr) and the microalgae concentration. .............ceeeveerreervervesveerieenneens 175
Figure 87. Simulation results of microalgae individual model. .........c.cocceveniniinininninnnene. 176
Figure 88. Effects of CO, and light limitation on microalgae growth. ..........c.ccocceviriininennnn. 177
Figure 89. Yeast and microalgae growth limitation and interactions in mixed culture............. 178

Figure 90. Simulation results of yeast and microalgae growth model in mixed culture with an

increase of glycerol kinetic factor Of 70.........ccccvvviiriiiiiiiiiieie e 182

225


https://centralesupelec-my.sharepoint.com/personal/angela_la_centralesupelec_fr/Documents/Compilation%20thesis/Thesis_La_Angela_Centralesupelec_ParisSaclay%20-%20reprographie.docx#_Toc4505935
https://centralesupelec-my.sharepoint.com/personal/angela_la_centralesupelec_fr/Documents/Compilation%20thesis/Thesis_La_Angela_Centralesupelec_ParisSaclay%20-%20reprographie.docx#_Toc4505935

226



List of tables

Table 1. Energy balance of glucose metabolization through cellular respiration. coASH, co

enzyme A ; CoQ, co enzyme q10 ; CoOQH2, ubiquinol. ..........ccecieiiiiieniiniiiiieieeeeceeeee 32

Table 2. List of mixed culture of yeast and microalgae studied in the literature. A specie is in
bold when it was the dominant specie in the mixed culture (*value calculated from data in

publication,  cells. M1, © @, CEll™) v 63

Table 3. Medium composition for mixed culture. A specie is in bold when it was the dominant

specie in the MIXEd CUITUTE........cccviiiiiiieieceesee ettt e e sraesteeseaesebessseesseesnenenas 64
Table 4 Candidate media tested for mixed culture of yeast and microalgae.............cccceevueennnne. 70
Table 5 Composition of the MiX MediUm .........ccccvveviierieriiiniierieieeeesee e e ees 71

Table 6. Nitrogen content in the medium and biomass formed according the initial peptone

o0 0117 11 15 o) (ORI 89
Table 7. S. cerevisiae biomass COMPOSITION........ceruerriiriiiirieeriiesiie e eie et eteeteesetesteseeeeeeneeens 103

Table 8. Composition of 0.13 gDW 1! microalgae at the end of the exponential phase according

CHN/O aNalySis TESUILS. ....eeviiiieiiieie ettt ettt ettt ettt et e bt e bt e sateseeeenteeseens 123
Table 9. Composition and molar mass of the main molecules involved in the metabolic
PALIWAYS. ..ottt ettt ettt e st esat e st e et e et e et e e s bt e sateeateent e e bt e st e eneeenbeenseenbeenseeneas 157
Table 10. Expression of the limiting factors involved in the seven metabolic pathways (M for
Monod-like function and S for stepwise function)...........cccceeeevieririenieninneneneneceeeeeene 159
Table 11. Bioreactor CONTIGUIALION .........ccvieviieriierieiieeie e esieeseeeveereeereesbeeseeseaessnesssessseesseens 163

Table 12. Kinetics parameters associated to metabolic pathways. Values in bold style are

AAJUSLEA PATAIMCLETS. ..evveevveerieiiesiieeteere et et e steestaesaeebeesbeeseessaesssesssessseesseesssesssesssesssesseessenns 163

Table 13. Threshold constants of the limiting functions (K¢ or Ac). Values in bold style are

AAJUSLEA PATAIMCLETS. ...vveeereeriesiieiieeteere et et e steestbestaeebeesseeseessaesssesssessseesseesssesssesssesssessseessenns 164

Table 14. Microalgae model parameters from experimental date or adjusted from literature
SEUIAIES. .ttt ettt ettt h bbb ettt b e a e bt a et ettt et eae e 174

227









ECOLE DOCTORALE

Sciences mécaniques et
énergétiques, matériaux
et géosciences (SMEMAG)

e .
universite .

PARIS-SACLAY

bioréacteur pour une limitation en rejet de CO; in situ

bioréacteur, métabolisme

Résumé: La levure et la microalgue sont des
microorganismes trés ¢étudiés pour la production de
composés a haute valeur ajoutée pour des secteurs tels que
I’agroalimentaire et I’énergie. Ce travail de thése propose
un procédé de culture mixte entre la levure Saccharomyces
cerevisiae et la microalgue Chlorella vulgaris pour la
croissance des deux espéces tout en limitant le rejet en
COs. Le procédé repose sur la symbiose mutuelle entre les
deux organismes autour des échanges de gaz, qui est rendu
possible en imposant une co-dominance en termes de
population. Les populations doivent étre équilibrées pour
que les microalgues puissent gérer la production de CO».
Le procédé est réalisé en photo-bioréacteur de 5 litres non-
aéré et fermé, afin d’éviter les échanges gazeux avec
I’environnement externe. Dans cette configuration, le CO-
est produit sous forme dissoute et directement accessible
aux microalgues, évitant les phénoménes de dégazage et
de dissolution.

Titre : Développement d’un procédé symbiotique entre Saccharomyces cerevisiae et Chlorella vulgaris en photo-

Mots clés : consortium microbien, culture mixte et co-dominante, échange de gaz, modele de croissance, photo-

Les populations de levures et de microalgues atteignent
une concentration égale (2x10'° cellules. 1) au bout de 24
heures de culture, restent stables jusqu’a la fin de la
culture (168 heures) et les microalgues recyclent 12% du
CO; produit par les levures. Un modele cinétique de la
levure et de la microalgue en culture mixte est développé
en combinant le modéle individuel de la levure et celui de
la microalgue. Le modele prédictif de la levure prend en
compte les possibles voies métaboliques impliquées dans
la fermentation et la respiration de ces voies est prédite en
y intégrant des facteurs de limitation. Le modéle de la
microalgue est basé sur 1’activité photosynthétique. Les
résultats de ce travail montrent la faisabilité du procédé de
culture mixte entre hétérotrophe et autotrophe et pourrait
apporter les bases pour le développement d’un procédé
écologique a faible impact environnemental.

mitigation

metabolism

Abstract : Yeast and microalgae are microorganisms
widely studied for the production of high-value
compounds used in food and energy area. This work
proposes a process of mixed culture of Saccharomyces
cerevisiae and Chlorella vulgaris for both growth and
CO; mitigation. The process relies on mutual symbiosis
between the two organisms through gas exchange, which
is possible by engineering the co-dominance of
populations. The two populations must be balanced in
such a way so that microalgae can cope with the rate of
CO; production by the yeast activity. The process is
performed in non-aerated 51-photo-bioreactor fitted with a
fermentation lock to prevent gas exchange with the
outside atmosphere. With this set-up, the CO, is produced
in dissolved form and is available to the microalgae
avoiding degassing and dissolution phenomena.

Title : Process development for symbiotic culture of Saccharomyces cerevisiae and Chlorella vulgaris for in situ CO;

Keywords : microbial consortium, co-dominant mixed culture, gas exchange, growth model, photo-bioreactor,

The two organism populations are balanced at
approximately 2x10'0 cells. 1!, 12% CO, produced by
yeast was reutilized by microalgae within 168 hours of
culture. A yeast and microalgae growth model in mixed
culture is developed by combining each individual growth
model. The predictive yeast model considers the possible
metabolic pathways involved in fermentation and
respiration and imposes limitation factors on these
pathways, in this manner, the model can predict the
partition of these pathways. The microalgae individual
model is based on the photosynthetic activity. The results
of this work show the feasibility of such process and could
provide a basis for the development of a green process of
low environmental impact.
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