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5 SUMMARY

CO, is an important metabolic compound as product and substrate in Saccharomyces cerevisiae. High
CO, concentrations are well known to have negative impact on yeast physiology, which is important in
the industry, because product formation and growth inhibition by CO,-stress may lower the productivity
of industrial fermentations [1]. This is especially the case in large bioreactors, high hydrostatic
pressure and poor mixing lead to high dissolved carbon dioxide concentrations [2,3]. The molecular
mechanism behind the negative effect of CO, on yeast is still not fully understood, but would be
essential to develop CO; tolerance by metabolic engineering. Therefore the aim of this work was to
further investigate the negative effect of CO, on S. cerevisiae for short and long-term response in
order to achieve more knowledge about the adaption process of yeast to high CO, concentration.

For this purpose stimulus response experiments were conducted in aerobic and carbon-limited
continuous processes with a dilution rate of 0.05 1/h, where the dissolved CO, concentration was
shifted from 1.18 mM to 23.29 mM.

In the short-term, a fast degradation of the storage carbohydrate pools could be observed. This
depletion was followed by the formation of fermentative by-products where where acetate was the
predominant by-product followed by ethanol. Additionally, decreased (aspartate and glutamate) and
increased (serine, alanine, threonine, valine, proline, glycine and lysine) intracellular amino acid levels
were measured during CO, treatment. Only the amino acid, which are delivered from the central
carbon metabolism were affected. This behavior indicates a sudden energy drain caused by the
increase in CO, concentration.

On the long-term, the increased energy requirement of the organism appears in a decreased biomass
substrate yield and increased respiration. The adaptation to the CO, enriched environment leads to an
ongoing production of succinate, permanent low storage carbohydrate pools and a nitrogen-carbon
ratio, that is typical of growth rates five times higher than 0.05 1/h. Some intracellular amino acid levels
increased (glutamine) and decreased (lysine and glycine) as well and again only the ones delivered
from the central carbon metabolism were affected. These changes indicate the permanent
participation of global regulatory mechanisms to compensate the impact of environments of high in
CO, concentrations.

This work illustrates how complex the impact of CO,-stress on Saccharomyces cerevisiae is and helps
gaining a better understanding about the processes taking place during CO,-stress.
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Zusammenfassung:

CO, stellt eine wichtige Komponente im Stoffwechsel als Produkt sowie auch als Substrat von
Saccharomyces cerevisiae dar. Hohe CO,-Konzentrationen sind bekannt einen negativen Einfluss auf
die Physiologie von Hefe zu haben, was in der Industrie relevant ist, da die Produktbildung und die
Wachstumsinhibierung durch CO, und die Produktivitat in industriellen Fermentationen erniedrigen
werden kdnnen [1]. Besonders in grofRen Bioreaktoren kommt es zu hohen hydrostatischen Driicken
und schlechter Durchmischung, was eine hohe gelést CO,-Konzentrationen zur Folge hat [2,3]. Der
molekulare Mechanismus der fiir den negativen Effekt von CO, auf Hefe verantwortlich ist, ist immer
noch nicht komplett verstanden, wirde aber essentiell fir die Entwicklung von CO,-toleranten
Stdmmen durch Metabolic Engineering sein. Daher war das Ziel dieser Arbeit, den negativen Effekt
von CO, auf S. cerevisiae in der kurz und langzeitantwort naher zu untersuchen um mehr Erkenntnis
Uber den Anpassungsprozess von Hefe auf hohe CO,-Konzentrationen zu erlangen.

Hierzu wurden Stimulus-Response-Experimente in aeroben, Kohlenstoff-limitierten kontinuierlichen
Prozessen mit einer Durchflussrate von 0.05 1/h und mit einem Ubergang von 1.18 mM auf 23.29 mM
gel6st-CO, durchgefuhrt. Als Kurzzeitantwort konnte ein schneller Abbau der Speicherzucker
beobachtet werden, gefolgt von der Produktion fermentativer Nebenprodukte, bei der Ethanol in einer
geringeren Menge als Acetat vorkam. Zusatzlich konnte eine Verringerung (Aspartat und Glutamat)
und eine Erhdéhung (Serin, Alanin, Threonin, Valin, Prolin, Glycin und Lysin) mancher intrazellularen
Aminosaurepools wahrend der Behandlung mit CO, festgestellt werden. Nur die Aminosauren,
welche aus Komponenten des zentralen Kohlenstoff Metabolismus synthetisiert werden, waren
betroffen. Das Verhalten weil3t auf einen erhdhten Energieabfluss hin, welcher durch die erhéhte
CO,-Konzentration verursacht wurde.

Als Langzeitantwort konnte ein erhthter Energiebedarf des Organismus veranschaulicht durch die
Erniedrigung der Biomassen Substrat Ausbeute und erhdhter Respiration, festgestellt werden. The
Anpassung an die mit CO, angereicherte Umgebung fuhrte zu einer fortwahrenden Produktion von
Succinat, permanent geringe Mengen an Speicherzucker und zu einem Stickstoff zu Kohlenstoff
Verhéltnis, welches eigentlich typisch fir Wachstumsraten gro3er als 0.05 1/h ist. Einige intrazellulare
Aminosaurepools erhdhten (Glutamin) und erniedrigten (Glycin und Lysin) sich auch in der
Langzeitantwort, wobei wieder nur solche betroffen waren, die aus Komponenten des zentralen
Kohlenstoff Metabolismus synthetisiert werden. Diese Anderungen deuten auf eine permanente
Teilnahme des globalen regulatorischen Mechanismus hin um den Einfluss von hohen CO,-
Konzentrationen zu kompensieren.

Diese Arbeit zeigt auf, wie komplex die Auswirkungen von CO,-Stress auf S. cerevisiae ist und konnte
zu einem besseren Verstandnis Uber die Prozesse, welche wahrend der Behandlung mit erhdhten
CO, Konzentrationen ablaufen flihren.
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6 INTRODUCTION

6.1 SACCHAROMYCES CEREVISIAE

The heterotrophic, facultative anaerobe S. cerevisiae [4] was the first eukaryote organism whose
genome was completely sequenced [5] and is used in research as an eukaryotic model organism [6].
The organism has several advantages in being used as a cell factory: it is generally recognized as a
safe organism (GRAS) [6], it shows good tolerance to low pH, which leads to low risk of bacterial
contamination [7], It has a broad substrate spectrum [4], it is inexpensive to maintain and grow [8] and
it is stable in diploid and haploid states [6].

The single cell fungus [6] is traditionally used for the production of ethanol in beer, spirits, wine
(brewer’s yeast) and pastries (baker's yeast). Furthermore yeast is industrially used for the production
of biofuels [8], enzymes [7], pharmaceuticals (insulin, vaccines [8] etc.), nutritional ingredients [7],
cosmetic ingredients [7] and chemicals (pyruvate [9], glycerol [10], isoprenoides [11], poliketides [12]
and organic acids for example lactic acid [13], malic acid [14] or succinic acid [15]).

All of these examples show that S. cerevisiae is an important cell factory in industrial production. This
fact is also manifested by several reports that argue that the worldwide yeast market has been
growing by 8.6 % annually until 2016 [16,17].

6.1.1 REPRODUCTION

S. cerevisiae exist either in haploid or in diploid state [18]. There are two types of haploid cells: the
ones harboring mating type a and the others harboring mating type a [18]. Only cells with opposite
mating type are able to mate, while diploid cells with mating type a/a are not [18]. Haploid and diploid
cells can propagate asexually by budding, when exposed to nutrient rich conditions [18]. In nutrient
poor conditions a diploidic cell is able to form four (or more) haploidic spores by sporulation [18]. When
conditions improve the four haploidic spores can germinate into haploid cells [18]. Wildtype yeast
strains are capable to switch their mating type after every deviation (except the first one), by the action
of an endonuclease encoded by HO (homothallic strains) [19]. Most strains used in laboratories cannot
switch mating type, because of deletion in HO gene (heterothallic strains), which is conducted to
enable a stable haploid yeast cells for scientific research [19].

6.1.2 SUGAR METABOLISM

S. cerevisiae is able to utilize a large variety of carbon sources. Depending on the type of source
different enzymes and metabolic pathways are used. Yeast is able to change gene expression
patterns to adapt to the new environmental situation, when nutrient availability is changing [4].
Different types of sugar metabolism are known in S. cerevisiae: oxidative (respiration, aerobic),
fermentative (anaerobic) and oxido-reductive (aerobic) metabolism. During oxidative growth
carbohydrates are completely oxidized to CO, by TCA and no fermentational by-products are formed,
while in oxido-reductive metabolism the carbohydrates are mostly converted to CO, by TCA, but
fermentatio products are also formed.

Under anaerobic conditions S. cerevisiae only performs fermentation metabolism to regenerate the
NADH, which was build during glycolysis [4]. At aerobic conditions with low glycolytic fluxes most of
the carbon reacts to acetyl-CoA, because of the high affinity of mitochondrial pyruvat dehydrogenase
complex [21]. This is energetically favorable, because the cytosolic acetyl-CoA synthase needs ATP to
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produce acetyl-CoA [22]. When the glycolytic flux increases, the pyruvate dehydrogenase by-pass
becomes saturated and therefore ethanol production starts (“Crabtree effect”) [23]. High extracellular
glucose concentrations lead to increased pyruvate decarboxylase activity as well as decreased
acetaldehyde dehydrogenase activity and therefore support the fermentative metabolism [21].

The TCA is slightly active in anaerobic conditions, when only used for precursor synthesis in biomass
formation. However, the cycle is not conducted completely: it is separated into an oxidative and an
reductive part, where both parts are able to undergo the cycle until succinate [24]. Succinate
dehydrogenase is not active in anaerobic conditions, the reaction from fumarate to succinate is
therefore catalyzed by two fumarate reductases [4,25,26].

6.1.3 SUGAR STORAGE

Glycogen and trehalose are the main sources of carbon storage in Saccharomyces cerevisiae [27] and
can reach 25 % of its dry weight [28]. In the following chapter, the metabolic pathways of those two
molecules are described in detail, because elevated CO, levels are known to have an influence on
the sugar storage [29] and therefore this effect was also investigated in this work.

6.1.3.1 UDP-glucose as Precursor of Glycogen and Trehalose
Biosynthesis

UDP-glucose (uridine diphosphate glucose) is needed for the synthesis of glycogen and trehalose
[27]. UDP-glucose phosphorylase [30] catalyzes the reaction of UTP (uridine tripohsphate) and
glucose to UDP-glucose [30]. Besides its application in glycogen and trehalose synthesis, UDP-
glucose has a central function in yeast metabolism: N-glycosylation of proteins, the use of galactose
as carbon source and the synthesis of B-glycan for the cell wall [31]. UDP-glucose is transported either
to the plasma membrane for cell wall synthesis or to the cytoplasm for glycogen and trehalose
synthesis, depending on its phosphorylation status [32-35]. Furthermore, the nutrient and cell integrity
statuses rely on whether UDP glucose is phosphorylated or not [32,36].

6.1.3.2 Metabolic Pathways of Glycogen

Glycogen is a spherical shaped macro molecule, based on a(1,4)-glycosyl chains, which are branched
by a(1,6)-linked glucose molecules [27,37]. There are two pools of glycogen in Saccharomyces
cerevisiae: the cell wall bound pool, also reported as acid soluble [38], and the intracellular pool [39].
In the following, glycogen biosynthesis and degradation are described in detail.

6.1.3.2.1 Glycogen Biosynthesis

The glycogen biosynthesis consists of three steps: initiation, elongation and branching [40]. The
initiation is performed by the enzyme glycogenin [40], which reacts with UDP-glucose, to release UDP
and transfer glucose to one of its tyrosine residues (glucosyl-glycogenin) [40,41]. Glycogenin has a
self-glycosylation activity, which leads to the formation of a small a(1,4)-glycosyl chain [40], that is
then extended to the non reducing end by the enzyme glycogen synthase. Finally the glycogen
branching enzyme (amylo(1,4)—(1,6)-transglucosidase), forms a(1,6)-linkages by transferring 6-8
residues of an a(1,4)-glycosyl chain end to an internal glycosyl unit [40].

The glycogen synthase is regulated post transcriptional by glucose-6-phophate and by reversible
covalent phosphorylation [27]. A three state model can be used to describe the control of glycogen
synthase activity by glucose-6-phosphate: the phosphorylated enzyme in absence of glucose-6-
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phosphate has the lowest activity, the dephosphorylated enzyme in absence of glucose-6-phophate
has intermediate activity and dephosphorylated enzyme with bound glucose-6-phosphate has the
highest activity [30]. The cyclin-dependent Pho85 kinase with its cyclin partners Pcl19p and Pcl10p
and the PAS kinase act as glycogen synthase kinase and therefore inactivate the enzyme [30,42,43].
Additionally to its function as allosteric activator, glucose-6-phophate stimulates dephosphorylation
and inhibits phosphorylation [44-46], which leads to the hypothesis, that any drastic change in
glucose-6-phosphate levels in the cell should effect glycogen synthesis [27] .

6.1.3.2.2 Glycogen Degradation

There are two possible mechanisms of glycogen degradation: sequential degradation by glycogen
phophorylase and glycogen debranching enzyme [27] or amylolysis by amylo(1,4), (1,6)glycosidase
[27,40]. The sequential degradation takes place in the cytosol, where glycogen phosphorylase,
releases piecewise glucose-1-phophate from the a(1,4)-glycosyl chain until it is near by a a(1,6)-
linkage, where it cannot operate anymore [40]. Therefore the action of glycogen debranching enzyme
is needed: it transfers maltosyl (or maltotrisyl) residue to a neighbouring a(1,4)-glycosyl chain and
cleaves the a(1,6)-linkage [40]. After the branch is removed, glycogen phosphorylase is able to
proceed again [40]. The second option for glycogen degradation is the breakdown by
amyloglycosidase, which is located in the vacuole, where the glycogen is inserted by autophagy during
growth on glucose [27,47]. In the vacuoles glycogen is protected from cytosolic utilization [48].
Amylo(1,4),(1,6) glycosidase, degrades glycogen and releases glucose as the final product [49,50].

Glycogen phosphorylase is expressed at the end of logarithmic growth [51], where PKA is required
[52] for the activation by phosphorylation [45,53,54]. Glucose-6-phophate acts as a central part in the
transcriptional control: it allows the dephosphorylation and inactivation of glycogen phosphorylase [55].
Glycogen phosphorylase may also be controlled by Pho85-Pc16/Pc17 complex [30]. However a
glycogen phosphorylase kinase has not been identified, but a PKA was found to phosphorylate the
enzyme in vitro [30,57,58].

6.1.3.3 Metabolic Pathways of Trehalose

Trehalose is a disaccharide, composed by two glucose molecules connected by an a(1,1) linkage [27].
It can be synthesized and degraded by the cell or it can be captured from the environment [27].

6.1.3.3.1 Trehalose Biosynthesis

Trehalose is synthesized from UDP-glucose and glucose-6-phosphate, by the action of trehalose-6-
phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (TPP) [40]. TPS catalyzes the
formation of trehalose-6-phosphate from UDP-glucose and glucose-6- phosphate, which reacts
afterwards with water to trehalose catalyzed by TPP [27]. These two enzyme activities originate from
one enzyme complex [27], that consists of four protein subunits.

The main allosteric effectors acting on TPS and TPP are Pi and fructose-6-phophate [59,60]. Pi
inhibits binding of glucose-6-phospate and UDP-glucose to TPS and activates TPP, where fructose-6-
phosphate acts as an allosteric effector on glucose-6-phosphate, binding to TPS [27,59,60].
Additionally TPS is suppressed by glucose [61,62].

Trehalose-6-phosphate or TPS may have regulatory function in coordinating cell growth, budding and
cell wall synthesis according to carbon availability (the exact mechanism is still unclear) [27].
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6.1.3.3.2 Trehalose Degradation

There are two types of trehalase available, both performing hydrolyzation of trehalose into two units of
glucose: the acid trehalase and the neutral trehalase [27]. The neutral trehalase, which is most active
at neutral pH (6.8-7) [40], is located in the cytoplasm [63], where it is activated by phosphorylation
through PKA [27]. Additionally complete activation of the neutral trehalase requires the binding of a
protein called 14-3-3 [64]. The acid trehalase, which is most active at pH 4.5-5 [65], is located in the
vacuole and on the cell surface [63,66]. Only the trehalase on the cell surface, is able to hydrolyze
extracellular trehalose for utilization as carbon source [63,66]. Another option to assimilate exogenous
trehalose is to import trehalose into the cytoplasm by using the trehalose-H"-symporter and hydrolysis
by neutral trehalose [63].

6.1.3.3.3 Growth Control by Trehalose and Glycogen

The accumulation of glycogen and trehalose is favored, at low growth rate under carbon or nitrogen-
limited conditions [27]. Moreover glycogen and trehalose play a role in the progression of cell deviation
[67], which can be seen by cell cycle related oscillating behavior, monitored as periodical change in
budding index, ethanol production, dissolved O,, biomass concentration and content of carbon storage
[68-72] in continuous cell cultures at a low dilution rate [67]. Other experiments in the same conditions
showed that trehalose and glycogen concentrations increased proportionally to the G1-phase of the
cell cycle [73-75]. The carbon stores were therefore mobilized before the cell passes over the S-
phase, to temporarily increase the glycolytic flux, which provides enough energy for the next cell
deviation [74]. Interestingly mutants, which cannot synthesize neither glycogen nor trehalose, are able
to perform cell deviation, but the transition to the next deviation round was way slower in comparison
to the wildtype [74]. These mutants generate higher ATP fluxes to pass the deviation cycle, instead of
using the energy from glycogen and trehalose degradation (wildtype) [74]. The advantage in producing
glycogen and trehalose, besides that the next cell deviation occurs faster, is that the wildtype survives
much better under carbon starvation than the mutant [74]. They can survive a long period using the
carbon storage, when extracellular carbon source is exhausted or they can go quickly to a cell
deviation round when conditions improve [74].

6.1.3.4 Stress Protection by Trehalose

Trehalose is found to function as stress protector, because it protects membrane from dehydration and
it is able to exclude water from protein surfaces, which leads to a protection against denaturation [76-
78]. Its function is additionally supported by the fact that its level increases under harmful conditions
[79,80]. Trehalose was reported as protector at desiccation, temperature (high and low), saline,
hydrogen peroxide, copper sulfate, high ethanol (> 7 %) or weak acid stresses [40,81-91].

6.1.3.5 Nutrient Control of Glycogen and Trehalose Levels

Glycogen and trehalose levels in yeast depend on the availability of nutrition and on stress conditions
[40]. These sugar stores are transcriptionally and posttranscriptionally controlled by several pathways
[27]. The major transcriptional control is conducted by the PKA pathway and the major metabolic
effector is glucose-6-phosphate [27], because it is substrate for trehalose synthesis, activator of
glycogen synthase and inhibitor of glycogen phosphorylase [27].

The main nutrition sensing pathways in yeast are PKA, TOR and SNF1 [27]. Under glucose-rich

conditions, the accumulation of trehalose and glycogen is inhibited because PKA and TORC1 (part of
TOR pathway) are active, when under glucose-limitations the accumulation is favored [27]. It should
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be pointed out that the production of glycogen and trehalose depends on the type of nutrition limitation
[27], meaning that not every limitation leads to accumulation of the storage sugars [27].

6.1.3.5.1 PKA Pathway

The transcription factors Msn2p/4p are key regulators for stress [92]. Under normal conditions, they
are located in the cytoplasm, because they are phosphorylated by PKA [93,94]. Under stress
conditions, the phosphorylation of the transcription factors are reduced, because of down regulation of
PKA or activation of protein phophatase [94,95] and so they are translocated into the nucleus [94].
Msn2p/4p are then able to bind to stress sensitive elements (STRE) on the DNA, located in the
promoter of stress sensitive genes [96,97], where glycogen and glucose related genes belong to [27] .

The transcriptional repressor SOK2 is also controlled by PKA [98], which is also present in the
promoter region of all trehalose and glycogen-related genes [27]. Additionally PKA blocks the Rim15-
Gislp cascade [27], which binds to the UASpps element, that is also present in the promoter region of
most of the glycogen and trehalose related genes [27]. The Rim15-Gislp cascade is only active in
stationary phase or when passing over to the GO-phase [99,100].

6.1.3.5.2 TOR Pathway

The TOR pathway also controls glycogen and trehalose-related genes in a negative way: Tap42p is
phosphorylated and binds to serine/threonine protein phosphatase 2A (PP2A). Therefore PP2A is not
able to dephosphorylate Msn2/4p anymore [101]. Further, TOR controls Rim15-Gislp cascade
negatively, by the protein kinase Sch9 [102].

6.1.3.5.3 Snfl and Pho85

There are two more nutrient senor kinases, which are known to control glycogen and trehalose
storage: the Pho85 kinase and the Snfl kinase [27]. These kinases perform their controlling function at
transcriptional and post transcriptional levels [27]. Snfl interacts with the transcription factors Adrlp
and Miglp, which activates the transcription of glycogen and trehalose-related genes [103].
Furthermore Snfl can indirectly affects glycogen storage, due to its positive control on the glycogen
autophagy process, which causes the storage of glycogen in the vacuole [48,27]. The Pho85 kinase
acts as an antagonist on Snfl, according to the autophagy process, where Snfl act as an antagonist
on Pho85 dependent phosphorylation of glycogen synthase [48,104,105].

6.1.4 NITROGEN METABOLISM

In this work, the intracellular amino acid concentrations were analyzed, even though no effect of CO,
on yeast has been published yet. The synthesis and degradation are therefore described to give a
better overview.

6.1.4.1 Amino Acids: Biosynthesis and Degradation

S. cerevisiae is able to synthesize all proteinogenic L-amino acids, when growing on adequate source
of carbon and ammonium [106]. Depending on the derived molecule the amino acids are divided into
the glutamate family (glutamate, glutamine, arginine, proline, and lysine), the aromatic family
(phenylalanine, tyrosine and tryptophane), the serine family (serine, glycine, cysteine and methionine),
the aspartate family (aspartate, asparagine, threonine and also cysteine and methionine), the pyruvate
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family (alanine, valine, leucine and isoleucine) and histidine, whose biosynthesis is connected to the
nucleotides [107].

The glutamate and the aspartate family derive from TCA intermediates: glutamate from a-
ketoglutarate and aspartate from oxalacetate [107]. The precursor of the aromatic family is chorismate,
which is build up by the chorismate pathway, starting with phosphoenolpyruvate and erythrose-4-
phosphate [106]. Histidine requires phosphoribosylpyrophosphate as precursor, which is build up from
ribose-5-phosphate [108]. Two families derive from glycolytic metabolites: the pyruvate family, where
pyruvate is logically the precursor and the serine family, where 3-phosphoglycerate is the precursor for
the pathway [107].

Glutamate and glutamine function in addition in transamination reactions and are therefore required for
the synthesis of every amino acid [107,109-111]. They thus play a central role in nitrogen metabolism
[107].

S. cerevisiae is able to use a variety of nitrogen compounds as nitrogen source [109]. All proteinogenic
amino acids can be used exclusively as a substrate - except for lysine, cysteine and histidine [107].
However, yeast has preferred and non-preferred nitrogen sources [109-111]. The amino acids, which
are part of the preferred sources, are arginine, asparagine, serine, alanine, glutamate and glutamine
[107]. The preferred nitrogen sources are incorporated into glutamate and the resulting carbon
skeletons are integrated in the metabolism [107,112]: six of these seven preferred amino acids are
substrates of transaminases or deaminases that results in pyruvate, TCA cycle intermediates,
oxalacetate or a-ketoglutarate [107,109].

Non preferred nitrogen source, like the amino acids leucine, isoleucine, tyrosine, tryptophane and
methionine (except for threonine) are transaminated and the resulting carbon skeletons are converted
into fusel oils (Ehrlich pathway), which have an growth inhibiting effect and are no longer catabolized
[113, 107].

6.2 CARBON DIOXIDE

The linear molecular shaped carbon dioxide (CO,) is a colorless and odorless gas [2]. As part of the
Earth atmosphere, CO, is found to increase its levels, due to burning fossil fuels and deforestation
[114]. As the second most important greenhouse gas in the atmosphere [114], it was found to play a
major role in global warming [115].

Besides the fact that CO, is produced during respiration, it functions in microbial metabolism as
biosynthetic substrate in carboxylation reactions [116].

Elevated levels of carbon dioxide were found to have an inhibitory effect on the metabolism [117] and
CO, is therefore used to inactivate microorganism in food products [5,117], because it is ultra pure,
free from toxicity and can be removed easily [118].

In the following, the physicochemical properties of CO, and its effect on S. cerevisiae are discussed in
detail.
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6.2.1 PHYSICOCHEMICAL PROPERTIES OF CARBON DIOXIDE

Carbon dioxide dissociates in water: the gaseous carbon dioxide (CO,()) enters liquid phase (CO)
and forms with water carbonic acid, which dissociates to bicarbonate and hydrogen. Biocarbonate
further dissociates to a carbenium and hydrogen (see Eq. 1).

COyg) < COyqy+ Hy0 H,CO0; «— HCO; + H* «— (€02~ +2H* Eq. 1

—>
[slow] [fast] [fast]

The reaction of carbon dioxide and water to form carbonic acid is the rate limiting step and is catalyzed
in S. cerevisiae by the enzyme carbonic anhydrase, encoded by NCE103 [119]. The other steps in
CO, dissociation are fast and therefore action of an enzyme is not needed (Eq. 1). CO,/ HCOj3
function furthermore as buffer, where HCOj;' is able to buffer protons and form H,CO; and the other
way around [120].

The carbonic anhydrase is transcriptional up-regulated under low CO, levels (0.035 %), because at
high levels (5 % CO,), enough bicarbonate is formed spontaneously to deliver the required amount of
bicarbonate for the organism [119].

The ratio of CO, species depend on the pH of the liquid [117]. In this work experiments were
conducted at pH 5, therefore and due to the fact that the intracellular pH of S. cerevisiae is between
5.2-7 [120], carbenium ions are negligible because they are not present in conditions were pH is lower
than 8 [121].

The dissolved CO, concentration during a fermentation depends on the CO, production rate of the
organism, on the equilibrium with the other CO, species and on the mass transfer rate of CO, between
liquid and gas phase [29]. Considering mass transfer characteristics of CO, one can see that the
highest concentration in CO, is to be found in the proximate microenvironment of the cell [2], because
CO, is produced in the cells and then transported through the surrounding liquid film by diffusion [2].
After leaving the liquid film, CO, enters the well-mixed zone, where it can diffuse again to a cell or to
an air bubble [2]. In contrast to CO,, HCOj is not able to pass the plasma membrane of the yeast cell
by diffusion, because a transporter has not been found yet [119]. The concentration of dissolved CO,
can be calculated by using the Henry’s law:

Cco, = Hco, Pco, Eq.2

where c¢o,[mmol/L] is the concentration of carbon dioxide in the liquid, H¢,, is the Henry coefficient for
CO; [mmol/L/bar] and pco, [bar] is the partial pressure of dissolved carbon dioxide. A decreasing
value of the Henry coefficient displays decreasing gas solubility [2]. Furthermore the Henry coefficient
is compound, temperature- and liquid-dependent [2].

The Henry’s law indicates the relevance of carbon dioxide in large scale processes, where there is

poor mixing, high hydrostatic pressure and therefore high partial CO, concentrations [2,3]. Additionally
high CO,/ HCOj3 concentrations affect the pH buffer capacity in large-scale bioreactors [2].
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6.2.2 STATE OF THE ART: EFFECTS OF CO, ON SACCHAROMYCES
CEREVISIAE

CO, plays a major role in the metabolism of living cells as a substrate (CO,/HCO3) for carboxylases
and as a product (CO,) of reactions catalyzed by decarboxylases [116]. These reactions are involved
in ana- and catabolism as well as the energy metabolism [2]. In S. cerevisiae several enzymes
catalyzing carboxylation reactions are known: pyruvate carboxylyase (PYC), phosphoenol pyruvate
carboxykinase and acetyl-CoA carboxylase [20]. Carbon dioxide is therefore essential to the yeast
metabolism, but it is also well known that elevated levels of CO, have a negative effect on yeast
physiology [116] up to cell inactivation under high-pressure carbon dioxide conditions [122].

In 1877 Pasteur and Joubert [123] were among the first scientists to argue in their works, that CO, has
a negative effect on bacteria. They reported that under influence of CO,, Bacillus anthracis was Killed.
100 years later, the inhibitory effect of carbon dioxide on yeast growth was demonstrated by Chen and
Gutmanis (1976) [124]. They conducted experiments in aerobic carbon-limited fed-batch process,
where inhibition of yeast growth was negligible below 20 % (v/v), slight inhibition at 40 % (v/v) and
strong inhibition at 50 % (v/v) CO, in the in-gas [124]. In addition to this Norton and Krauss (1972)
argued, that CO, inhibits cell deviation and bud formation and that the DNA content was doubled
[125]. Akashi et al. (1979) pointed out that in aerobic batches of Brevibacterium flavum growing on
glucose, histidine and arginine levels decrease with higher pCO, levels, which can be explained by the
inhibition of decarboxylation reactions required for amino acid production. Unfortunately no articles
dealing with the alteration of intracellular amino acid pool at elevated CO, levels of S. cerevisiae are
available today [126]. A few years later Jones and Greenfield (1982) reviewed that the growth
inhibition by CO, appears for all living cells and mentioned that the TCA is the side of inhibition in fungi
[116]. Interestingly, it is not known whether CO, and/or HCOj are responsible for the growth inhibition
[116], but it is known that high bicarbonate levels added to the medium show less inhibitory effects
than the same amount of dissolved CO, (reviewed by [116]). The intracellular concentration of HCO3
is known to activate and inactivate enzymes [116], which plays a central role in the regulation of the
cellular metabolism [116]. Bicarbonate may act on enzymes at their anion-sensitive side, therefore this
is the reason why CO, may not have such function [116]. Later in 1993, Kuriyama et al. investigated
the effect of CO, on S. cerevisiae in glucose-limited chemostat experiments [127]. They also found a
decrease in biomass concentration, increased ethanol and decreased glycerol concentration [127].
They also mentioned that in higher CO, concentrations more ATP was required for maintenance.

Stress responses of S. cerevisiae are broadly investigated and therefore it is known that stress causes
transcriptional up- and down-regulation of genes in order to adapt the organism to the new conditions
[1]. Paradoxically, the first data for transcriptional response to CO,-stress for S. cerevisiae was
published in 2005 [1]. The work investigated the transcriptional response in high CO, concentration
(79 % (v/v)), analyzed in aerobic and anaerobic glucose-limited continuous cultures [1]. The resulting
data confirmed the findings of the other mentioned authors [116,124,125,127], that elevated CO,
concentrations lead to a decrease in biomass yield and could also show that anaerobic cultures are
less sensitive than aerobic [1]. Contrary to Kuriyama et al. [127] there was no ethanol formation, but a
succinate production was measured. That was confirmed by a publications released five years later,
which showed, that CO, enrichment had a positive effect on the production of malate and succinate in
S. cerevisiae [128]. Furthermore Aguilera et al. showed that 50 % of the affected genes of the aerobic
and C-limited culture, which changed their transcript level, when treated with CO,, were encoding
mitochondrial proteins. Other authors conducted experiments in glucose/ethanol-limited chemostat,
where the CO, concentration in the in-gas was increased from 0.04 to 1 % (v/v) and showed that the
storage sugars of S. cerevisiae were transiently mobilized [20,129]. Also Aboka et al. (2012) measured
a decrease in glycogen and trehalose content, during a 50 % shift-up in qGlc (biomass specific
glucose uptake rate) in a continuous aerobic culture, that resulted in elevated dissolved CO,
concentrations, because qCO, tripled [130]. Then in 2014, Richards et al. investigated the transient
and long-term carbon dioxide-stress response of S. cerevisiae in aerobic chemostat cultures [29]. The
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work also showed a mobilization of storage sugars and ethanol, acetate and succinate secretion
during a CO, shift-up. Furthermore, they found an energy drain generated by increasing CO, levels
and they pointed out that yeast may adapt to high CO, concentrations on the long- term.
Garcia-Gonzalez et al (2007) reviewed hypothetical explanations, on why pressurized CO, has a
bacteriostatic effect, but also pointed out, that the exact mechanism is still unclear: firstly, CO,
dissolves itself in the surrounding liquid; secondly, it diffuses itself into the plasma membrane, where it
may accumulate and lead to modifications that increase its fluidity (“anastesia effect”); thirdly, CO,
enters the intracellular space, where it dissociates and leads to pH decrease. Fourthly, the decrease of
intracellular pH inactivates enzymes followed by the inhibition of cellular metabolism. Fifthly,
CO,/HCO; directly inhibits the metabolism by activating and inactivating enzymes. Sixthly, the
electrolyte balance is disordered, by elevated HCO;3; levels and seventh, CO, may extract cell
compounds out of the cell [122]. The same explanations were also used to explain the effect of CO,
on S. cerevisiae (reviewed by [116]). Unfortunately, none of these mechanisms could be proven up to
now, and therefore the inhibitory effect of CO, on S. cerevisiae remains unknown.
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{ OBJECTIVE

Although lot of works have been published, dealing with carbon dioxide and its impact on S. cerevisiae
, howadays only little is known about the molecular mechanism involved in CO, sensitivity. Several
hypotheses have been formulated to explain the negative effect of CO,, but they remain to be proven.
Therefore the overarching objective of this work is to further investigate the impact of CO, on S.
cerevisiae for short and long-term response to achieve more knowledge about the adaption process of
yeast to high CO, concentration published [29].

The following targets were set to achieve the objective:

conduction of two stimulus response experiments, where the in-gas composition of an aerobic
and carbon-limited continuous fermentation (D=0.05 1/h) is shifted from 0.06 to 50 % (v/v)
CO,,

analysis of intracellular amino acid content before and after the CO, shift via reversed phase
high presser liquid chromatography (RP-HPLC),

analysis of the nitrogen to carbon ration of the biomass before and after the CO, shift via N/C-
analyzer,

analysis of the filtrate derived from the fermentation broth before and after the CO, shift via
RP-HPLC,

analysis of the biomass dry weight of the fermentation broth before and after the CO, shift
and

analysis of the intracellular glycogen and trehalose content before and after the CO, shift.

The subject of this master thesis is part of the dissertation of Gerhard Eigenstetter, where
physicochemical and physiological effects of CO,/HCO;3; on S. cerevisiae are investigated.
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8 MATERIAL AND METHODS

8.1 MATERIAL

8.1.1 CHEMICALS

Table 1: List of applied chemicals

Chemicals

Company

AIBA (2-aminoisobutyric acid), 98 %
L-asparagine, 2 99.0 % (NT)

18-amino acid mix

acetone, 2 99.8 %

acetonitrile, 2 99.9 %

acidic acid, 2 99.7 %

agar-agar, BioScience, granulated
ammonium sulfate, 2 99 %
amyloglycosidase, 6000U/ml

antifoam solution, struktol

biotin (vitamin B7), 298.5 %

calcium chloride dihydrate, 2 99 %
calcium penthotenate (vitamin B5), > 99 %
cobalt(ll) chlorid hexahydrate, 2 98 %
copper sulfate pentahydrate, 2 99.5 %
D-(+)-trehalose dihydrate, 299 %

ddH,0, ROTISOLV® HPLC Gradient Grade
dipotassium hydrogenphophate, 2 98 %
disodium hydrogenphosphate dihydrate, = 99.5 %
D-malic acid, analytical standard

EDTA, 299 %

ethanol, 299.8 %

gamma-aminobutyric acid, for HPLC, 2 97.0 %
glycerine, 2 99.5

HCI, ACS reagent, 37 %

ironsulfate heptahydrate, 2 99.5 %
L-glutamine, 299.0% (NT)

L-ornithine monohydrate, 2 99.0 % (AT)
L-tryptophane, 2 99.0 % (NT)
L-norvalinee, 299 %

L-phenylalanine, 99 %

magnesium sulfate heptahydrate, > 99 %
maltose monohydrate, 2 95 %
manganese(ll)chlorid dihydrate, 2 99 %
methanol, CHROMASOLV®, for HPLC, = 99.9 %

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Carl Roth GmbH & Co. KG, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Carl Roth GmbH & Co. KG, Germany
Bohringer, Germany

Schill and Seilacher, Germany
Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Carl Roth GmbH & Co. KG, Germany
Sigma Aldrich, Germany

Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Carl Roth GmbH & Co. KG, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Sigma Aldrich, Germany

Merck KGaA, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Merck KGaA, Germany

Merck KGaA, Germany

Sigma Aldrich, Germany
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myo-inositol, 2 99 %

nicotinic acid (vitamine B3), 298 %
p-aminobenzoic acid, 2 99 %

peptone

phosphoric acid, for HPLC, 85 %
potassium dihydrogenphosphate, = 98%
potassium hydroxyde, 2 85 %
potassium iodide, = 99 %

potassium sufate, , 2 99%

pyridoxal HCI (Vitamin B6), 298 %
sodium acetate, 2 99 %

sodium azide ,299.5 %

sodium carbonate, 299.0 %

sodium chloride, 2 99.5 %

sodium hydroxyde, =2 99 %

sodium L-lactate, 299.0% (NT)
sodium molybdate dihydrate, = 99.5 %

sodium succinate dibasic hexahydrate, 2 99.0 %
(NT)
sodium sulfate decahydrate, 299 %

sodium tetraborate decahydrate, 299.5 %
sulphuric acid, 95-98% and for HPLC 49-51 %
thiamine HCI (Vitamin B1), 2 99 %

trehalase, 1.4 units/mg protein

yeast extract from S.c. type |

zinc sulfate heptahydrate, =2 99 %
a-D-glucose monohydrate, 2 99.5 %

Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany

Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany
Carl Roth GmbH & Co. KG, Germany

Merck KGaA, Germany

Carl Roth GmbH & Co. KG, Germany

Sigma Aldrich, Germany
Merck KGaA, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany
Merck KGaA, Germany

Carl Roth GmbH & Co. KG, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany

Carl Roth GmbH & Co. KG, Germany

8.1.2 INSTRUMENTS

Table 2: List of applied instruments

Instrument Name Company
areometer 1.000-1.100 g/mL Carl Roth, Germany
PACS 2000 Getinge Group,
autoclave Germany
Systec GmBH,
DX-23
Germany
Hardy Instruments,
2151WC USA
balance PM6100
PG 8001-S Mettler-Toledo GmbH,
Germany
PM600
bioreactor KLF200 Bioengineering AG,
Switzerland
C/N-analyzer Multi N/C 2100s Analytik Jena, Germany
5417 R Eppendorf AG,
centrifuge Germany
Avanti J-25 Beckman Coulter

GmbH, Germany
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Julabo GmbH,

instrument F33
cryostat Germany
cooling agent TYFOXIT F50 Tyfo, Germany
i Heraeus Holding
drying chamber UT 6200 GmbH, Germany
evaporator RVC 2-33 IR Christ, Germany
fotomerter Dr. Lange DR 2800 Hach Lange GmbH,
Germany
freezer Comfort NoFrost Liebherr GmbH,
Liebherr Premium Germany
ERN16510 Electrolux GmbH,
fridge Germany
FSK3610 Liebherr GmbH,
Germany
gasmixer Digamix M300a H. Wosthoff GmbH,
Germany
Agilent 1200
series
re-column Zorbax Eclipse Plus C18, Guard
HPLC for amino P Columns, 4.6 x 12.5 mm, 5 pm
acids Zorbax Eclipse Plus C18, 4,6 x 250
column
mm, 5 pL
fluorescence 1351 Agilant Technologies,
detector
. USA
Agilent 1200
HPLC for Senes
sugars, diode array G1315B DAD
organic acids detector
and ethanol colmn Zorbax Eclipse XDB-C18 993967-907
pre-column Zorbax Eclipse XDB-C18 820950-925
Carl Roth GmbH & Co.
R1000
magnetic stirer KG, Germany
big squid white IKA Werke GmbH & Co.
KG, Germany

Analyt-MTC GmbH,

masts flllow GFC171S Germany
conre™ TG3/5 Ritter, Germany
mixer Vortexer M10 VWR international

GmBH, Germany

offgas analyzer

BlueSens RS232

BlueSens GmbH,

Germany
overhead CMV-ROM Ltf-Labortechnik,
shaker Germany
_ _ 120U
peristaltic 101 UIR Watson Marlow GmbH,
pumps Germany
101U
pH probe 408-DPAS-SC-K8S/200 Mettler-Toledo GmbH,
Germany
Eppendorf Research 0.5 - 10 pL
Eppendorf Research 10 - 100 pL
. Eppendorf AG,
pipettes Eppendorf Research 100 pL Germany

Eppendorf Reference 100 pL

Eppendorf 200 pL
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Eppendorf Research 100 - 1000 pL

Eppendorf Research 500 - 5000 pL

Mettler-Toledo GmbH,

pO, probe InPro® 6800 Germany
ressure KELLER
P PR-35 X HAT Druckmesstechnik,
sensor
Germany
. New Brunswick Scientic
shaking table G-53 Co..Inc.. USA

sonicator bath

Sonorex super RK 510

Bandeln, Germany

temperature
Sensor

Pt 100

Bioengineering,
Switzerland

thermomixer

Eppendorf Thermomixer 5436

Eppendorf, Germany

water bath

MS / M6 Lauda

LAUDA GmbH & Co.
KG, Germany

8.1.3 EQUIPMENT

Table 3: List of applied equipment

Equipment

Name

Company

air filter

Midisartr200

Sartorius AG, Germany

buffeled shake
flasks

05L,1Land2L

Schott AG, Germany

centrifuge tubes

15 mL centrifuge tubes with screw
caps, REF N459.1

Carl Roth GmbH & Co. KG, Germany

50 mL centrifuge tubes with screw
caps, REF N463.1

Carl Roth GmbH & Co. KG, Germany

centrifuge vessels
(glas)

LP41.1

Carl Roth GmbH & Co. KG, Germany

cryo vessels

LCR20-AG-SB-YS

National Lab BmBH, Germany

glass bottles

0.2L,05L,1Land2L

Schott AG ,Germany

HPLC vessels

SCREW TOP VIAL KIT 2 mL

200 pL insert

Brown Chromatography Supplies
GmbH, Germany

5 mL (epT.I.P.S. standard/bulk 100-
5000)

Eppendorf AG, Germany

1 mL (ITEM number 686290)

pipette tips Greiner Bio-One GmbH, Germany
100 pL (ITEM number 685290)
10 pL (MultirKRISTALL 2393.1) Carl Roth GmbH & Co. KG, Germany
polystyrole ArtNo. 2712120 Ratiolab GmbH, Germany
cuvette REF 67.742 Sarstedt AG & Co., Germany
sterlile filter PTFE 0.2 um Sartorius AG, Germany

vessels

Safe-Lock Tubes 1,5 mL

Eppendorf AG, Germany

SafeSeal Reargiergef. 2 mL, PP

Sarstedt AG & Co., Germany

Table 4: List of applied software

Type

Name

Company

process control system

HPLC software

LabVIEW 8.2

ChemStation for LC 3D Systems

National Instruments, USA
Agilent Technologies, USA
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8.1.4 ORGANISM

In this work, the S. cerevisiae strain CEN.PK 113-7D obtained from the Institute of Centraalbureau
voor Schimmelcultures Fungal Biodiversity Centre of the Royal Netherlands Academy of Arts and
Sciences was applied. The organism is wildly used in industry and science in the field of Metabolic
Engineering and Systems Biology. The strain is haploid (mating type a) with the genotype described in
Table 5.

Table 5: Description of the genotype of the S. cerevisiae strain CEN.PK 113-7D [131].

Gen Description

MATa mating type locus a

URA3 codes ortidine-5'phosphate decarboxylase, involved in de-novo
biosynthesis of pyrimidine nucleobases

HIS3 codes imidazoleglycerol-phophate dehydratase, involved in histidine
biosynthesis

LEU2 codes beta-isopropylmalate dehydrogenase, involved in leucin
biosynthesis and the glyoxylate cycle

TRP1 codes phophoribosylanthranilate isomerase, involved in tryptophan

biosynthesis
MAL2-8c codes a multigene complex for maltose fermentation
SuUC2 codes Invertase (sucrose hydrolyzing enzyme)

8.2 ASSEMBLING OF THE BIOREACTOR

The main elements of the fermentation facility consisted of the bioreactor, the exhaust-gas-module,
the process control system, the in-gas-module and the harvesting-module (Figure 1).

The 3 L cylindrical shaped bench-top bioreactor (KLF 200, 1.5 L working volume) used for this work
was made of stainless steel with a glass window. The agitator shaft was extended from the bottom
plate through the mechanical seal into the bioreactor. A rushton-turbine with six stirring blades was
fixed to the agitator shaft. The distance between every blade was 6 cm (measured from the top edge
on). Inside the bioreactor baffles were installed, to increase the turbulence during fermentation.

The top and the base plates of the bioreactor had eight connection possibilities. Connectors, which
were not used, were sealed with blind plugs. On the top plate the base (5 M KOH), the feed (8.3.2.6
Feed Medium), the acid (10 % H,SO,), the antifoam solution (Struktol) and the harvesting-module
(Figure 1) were connected to the bioreactor. A manually adjustable pressure relief valve that opened
when the bioreactor reached a certain threshold (1.5 bar overpressure) was placed on the top of the
bioreactor. The harvesting-module (Figure 1) consisted of a riser pipe, a pump and a waste barrel. The
pump was connected to the balance (2151WC), on which the bioreactor was placed to achieve
constant dilution rate during a chemostat experiment (see 8.4.4 Continuous Fermentation). When the
bioreactor weight rose up to +10 g (0.65 % of working volume) during a continuous fermentation, the
pump was turned on to compensate the excess weight. The acid and the base were also located on
balances (PM6100 and PM600), to give an overview of consumption.

Pumps were used for the acid, the base, the antifoam, the feed and for the waste. All of them were
peristaltic pumps (120U und 101U/R). The tube diameters were selected to meet the requirements for
accurate pump capacities (depending on the pump).

Within the bioreactor shell the pH and pO, probe (408-DPAS-SC-K8S/200 and INGOLD), the
sampling-module, which was electrically operated and had adjustable sampling times and the filtrate-
module were located on the shell of the bioreactor. The manually openable filter-module consisted of a
ceramic filter and a pump. It allowed passage of particles smaller than 0.22 um.
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On the bottom plate of the bioreactor an outlet valve was located, to release liquids out of the
bioreactor. The heating element and the water cooler (both connected to the temperature sensor (Pt
100)) were located at the bottom of the bioreactor as well.

The bioreactor was operated either with compressed air or with a gas-mixture of nitrogen, oxygen and
carbon dioxide. These in-gas flows were set by mass flow controllers (GFC171S).

The inlet gas must flow through a 0.2 um PTFE filter before it entered the bioreactor through a frit
placed underneath the agitator shaft (Figure 1).

The exhaust-gas-module (Figure 1) consisted of two sensors: one for CO, and one for O, (BlueSens
RS232). Before the exhaust-gas reached the sensors, it must flow through a counter-flow-cooler, so
that the moisture condensed. Then the flow passed a cellulose filter (Midisart2000) and another cooler
with integrated water trap, which equilibrated the gas temperature. Finally, the gas reached the
sensors (Figure 1).

The CO, sensor was limited to 100 000 ppm maximum concentration. An interposed gas mixer (Figure
1) (Digamix M300a) provided sufficient dilution (1:10) to shift CO, exhaust-gas concentration from over
500 000 ppm back to sensor range.

The facility was furnished with temperature, pressure and pH control. The pH probe, pressure sensor
(PR-35 X HAT), temperature sensor and the pO, probe (InPro® 6800) were connected to the process
control system (based on LabVIEW 8.2).

Parallel to the fermentations of this work (always in reactor 1) other fermentations were performed
using the same gas-mixture than for these fermentations (reactor 2) (Figure 1).
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compressed air Mﬁ reactor 2

nitrogen

oxygen

carbon dioxide

compressed air
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filtrate module

heater

cooler

balance

@ waste

motor

reactor 1

oD =2 ~ &

barrel pump  filter double-pipe shut-off three-way
cooler valves valves

Figure 1 : Bioreactor setup: including bioreactor, exhaust-gas-module (yO, yCO,), the process control system, the in-
gas-module and the harvesting-module. Peristaltic pumps: 1 for the feed, 2 for the waste, 3 for the base, 4 for the acid
and 5 for the antifoam (AF). Gas-mixture (nitrogen, oxygen and carbon dioxide) or compressed air as inflow gas were
controlled by a mass flow controller (MFC) and entered the bioreactor through a sterile filter. The system was
furnished with a pH probe and control, a pO, probe, a temperature (T) sensor and control and pressure (P) sensor and
control. (inspired by [132]).
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8.2.1 COMPOSITION OF MEDIA AND ELUENTS

Table 6: Composition of trace element solution (SEL) for every medium
according to [133].

Substance Final concentration [g/L]
Na,EDTA 15
ZnSO4 x 7TH,0 45
MnClI;, x 2H,0 1
CoCl, x 6H,0 0.3
CuSO, x 5H,0 0.3
Na,MoQO, x 2H,0 0.4
CaCl, x 2H,0 45
FeSO, x 7H,O 3
H3;BO3 1
Kl 0.1

Table 7: Composition of the vitamin solution for every medium [modified after

[133].
Substance Final concentration [g/L]

biotin 0.05
Ca-pantothenate 1
nicotinic acid 1
thiamine HCI 1
pyridoxol HCI 1
p-aminobenzoic acid 0.2
myo-inositole 25

Table 8: Composition of YPG-medium for the initial cultivation of
strain CEN.PK 113-7D. Prepared in demineralized water.

Substance Final concentration [g/L]
glucose 40
peptone 5
yeast extract 5
agar (solid medium only) 15

Table 9: Composition of pre-cryo medium, prepared in demineralized

water.
Substance Final concentration

(NH,)>S04 30 g/L

K>,HPO, 5g/L

KH,PO, 12 g/L
SEL 4 mL/L
vitamin solution 4 mL/L
glucose 40 g/L

MgSO, 2g/L
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Table 10: Composition of cryo-medium prepared in demineralized

water.
Substance Final concentration
glucose 10 g/L
(NH)2S0, 7.5g/L
K,HPO, 1.25 g/L
KH,PO, 3g/L
SEL 1 mL/L
vitamin solution 1 mL/L
glycerin 15g/L
MgSO4 0.59g/L
Table 11: Composition of pre-culture medium prepared in
demineralized water.
Substance Final concentration
(NH,)2S0q4 5g/L
Ko:HPO, 3g/L
KH,PO, 1.25 g/L
SEL 1 mL/L
vitamin solution 1 mL/L
glucose 10 g/L
MgSO, 0.5g/L
Table 12: Composition of the batch medium, prepared in
demineralized water.
Substance Final concentration
(NH4)»S0, 6.67 g/L
KH,PO, 4 g/L
SEL 1.33 mLI/L
vitamin solution 1.33 mLI/L
glucose 40 g/L
MgSO, 0.67 g/L

Table 13: Composition of the feed medium. Compounds of section A are dissolved,
adjusted to pH 5 and sterilized. Solutions of section B are separately sterilized in
demineralized water and added to the cooled down mixture of section A.

Substance Final concentration
A (NH4),SO, 15 g/L } pH 5 (5
K;HPO, 9g/L M KOH)
SEL 3 mL/L
B vitamin solution 3mL/L
glucose 22.5g/L
MgSO, 15¢g/L
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Table 14: Composition of eluent A for amino acid
quantification by RP- HPLC

Substance Eluent A
Na,HPO4*2H,0 3.64¢g
Na,B,0,*10H,0 7649

NaN; 65 mg
50 % (v/v) HCI to pH 8.2
Final volume (ddH,0) 2L

Table 15: Composition of eluent B for amino acids
quantification by RP-HPLC

Substance Eluent B
acetonitrile 450 mL
methanol 450 mL
ddH,0 100 mL

Table 16: Composition of the eluent for the quantification of sugars,
organic acids and ethanol.

Substance Eluent
50% H,SO, (V/V) 3.5mL
Final volume (ddH,0) 1L

8.3 METHODS

8.3.1 PROCESS OVERVIEW

The fermentation process consisted of several stages (Figure 2): preparation of the cryo-culture from
the dried culture, the pre-culture inoculated by the cryo-culture, the batch fermentation to generate
biomass, the continuous fermentation conducted with compressed air for comparison and finally shift
to the continuous fermentation conducted with the gas- mixture (50 % CO,, 29 % N, and 21 % O,).
The amounts of O,, N, and CO, in the in-flow were adjusted by the mass flow controllers. The
composition of the gas-mixture described below and the dilution rate of 0.05 1/h was chosen, due to
preliminary tests (not shown).

The operation conditions for the batch and the continuous fermentation using compressed air and the
gas-mixture are listed in Table 17.
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pre-culture

cryo- culture

feed, compressed air

X,s, exhaust gas
——— -

continuous fermentation
compressed air

feed,

' '

batch fermentation

gas mixture X,s, exhaust gas
—————»

continuous fermentation

50 % CO,, 29 % N, and 21 % O,

Figure 2: Process overview: the purchased dried S. cerevisiae strain CEN.PK 113-7D strain was used to produce
the cryo-culture, which was applied for inoculation of the pre-culture. After reaching the exponential phase the pre-
culture was transferred together with the batch medium to the fermenter, to start the batch process. Then the
process is moved to a continuous fermentation with compressed air. After six residence times the gas inflow was

shifted from compressed air to the gas-mixture (50 % CO,, 29 % N, and 21 % O,) and after six additional residence

times the process was finished. (x = biomass and s = substrate)

Table 17: Operation conditions for batch and continuous fermentation.

dilution rate [1/h] 0.05+0.005
volume of reaction [L] 1.5+£0.05
biomass dry weight concentration [gCDW/L] ~11
temperature [°C] 30+1
pH 5+0.1
agitator speed [rpm] 800+5
kLa 0, [1/h] 700
pO, [%] 70+10
excess pressure [bar] 0.5+0.005
gas flow [L/h] 45+2 49.14+3
air gas-mixture
CO,[%] 0.06 50
0,[%] 20.93 21
N, [%] 79.01 29
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8.3.2 PREPARATION OF MEDIA

8.3.2.1 Trace Element Solution (SEL)

The trace element solution was a component of all applied media. The compounds were added in the
given order and amount listed in Table 6: after every addition of a chemical the pH was adjusted to 6
(0.1 M NaOH) and finally the pH is adjusted to 4 and filled-up to the final volume with demineralized
water. The SEL was sterilized by filtration (0.2 um) and stored at 4 °C for maximum 4 weeks
(ERN16510) [133].

8.3.2.2 Vitamin Solution

The vitamin solution was a component of the all used media. Biotin was dissolved in 0.1 M NaOH and
then Ca-pantothenate, nicotinic acid, thiamine HCI, pyrodoxol HCI and p-aminobenzoic acid were
added and filled-up to the final volume with demineralized water as listed in Table 7 [modified after
133]. The solution was sterilized by filtration (0.2 um) and stored at -20 °C (Comfort NoFrost or
Liebherr Premium).

8.3.2.3 Cryo-Media

The YPG-, pre-cryo and the cryo media were used for the preparation of the storable liquid cryo-
culture from the S. cerevisiae strain CEN.PK 113-7D (see 8.1.4 Organism). The YPG-medium (Table
8) was prepared by mixing peptone, yeast extract and agar (for solid medium only) with demineralized
water and following sterilization in the autoclave (PACS 2000 or DX-23). After the mixture was cooled
down the separately sterilized glucose solution was added. The pre-cryo and the cryo-medium on the
other hand were prepared by mixing the separately sterilized stock solutions (Table 9 and Table 10).
The media were prepared right before use.

8.3.2.4 Pre-Culture Medium

The medium is used for the pre-culture for inoculation of the batch and for producing new cryo-cultures
out of old ones. In Table 11 the composition of the media is listed, which is prepared by mixing
separately sterilized stock solutions in demineralized water. The pre-culture is storable at 4 °C for
maximum 4 weeks.

8.3.2.5 Batch Medium

The separately sterilized stock solutions (prepared in demineralized water), were mixed together
(Table 12) to form the batch medium. It was stored at 4 °C for maximum 4 weeks.

8.3.2.6 Feed Medium

For the preparation of 50 L of feed medium 750 g of (NH,4),SO, and 450 g of K,HPO, were
dissolved in about four liters of demineralized water to adjust the pH to 5 by using 5 M KOH.
After about 30 minutes the pH was checked again and adjusted when necessary. The
solution was transferred to a pre-sterilized 50 L barrel to fill it up with demineralized water to
a final mass of 46 kg. After sterilization (sterility control: 50 L barrel with the same amount of
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water including temperature probe) the barrel was cooled down and the separately prepared
sterile supplement solutions were added under the clean bench: 150 mL of SEL (8.3.2.1
Trace Element Solution (SEL)), 150 mL of vitamin solution (8.3.2.2 Vitamin Solution), 2.5 L of
a 450 g/L glucose solution and 250 mL of a 300 g/L MgSQ, solution. Finally the missing 950
mL of demineralized water were added to purge all the equipment used and to reach the
mass of 50 kg (Table 13).

8.3.3 PREPARATION OF THE BIOREACTOR

After the bioreactor was assembled as it is described in 8.2 Assembling of the Bioreactor, the
peripheral devices such as the acid, the base and the antifoam vessels, the feed barrel and the
harvesting-module were sterilized separately. Also parts of the bioreactor were sterilized separately:
the sampling-module and the filter of the exhausting-gas-module (Figure 1). The needles necessary
for the connection of the peripheral devices and the bioreactor by puncturing the septa were packed
into sterile metal cases and are autoclaved together with their vessels and tubes.

The bioreactor was assembled and all the connectors awere sealed with plugs and/or septa. Then a
pressure test was conducted to check the tightness of the construction. The pH and the pO, probes
were then calibrated outside of the bioreactor at the operation temperature of 30°C. On the one hand,
the pH probe was calibrated by using buffer solutions of pH 4 and 7, and on the other hand, the pO,
probe was calibrated by using mixed and aerated demineralized water as set point for 100 % and by
adding a tip of spatula of sodium sulfate to the demineralized water as set point for 0 %. Then the
probes were connected to the bioreactor.

The calibration of the exhaust-gas system was conducted with compressed air (two point calibration)
and then checked with standardized gas (5.01 % (v/v) CO,, 15.00 % (v/v) O, and 79.99 % (v/v) N,).
For further calculations the gas flow was necessary, and therefore it was measured by using a flow
meter (TG 3/5). The device determines the volume passed through. The gas meter was connected to
the gas flow and after a minimum of 30 minutes the volume was noted. The average of a triplicate
divided by the time represents the gas flow of the system.

2 L of a 1 M potassium phosphate buffer pH 7 were prepared by adding 120 mL of 1 M K,HPO,
solution and 80 mL of a 1 M KH,PO, solution to a final volume of 2 L with demineralized water and
transferred into the bioreactor.

According to the manual of the bioreactor, the mechanical seal at the bottom of the bioreactor was
incubated for 30 minutes with buffer before switching on the stirrer. Then the bioreactor was
autoclaved by excess pressure of 1.2 bars and 121 °C for at least 30 minutes.

After the bioreactor was sterilized, the in-gas-module (Figure 1) including a 0.2 um PTFE filter was
connected by puncturing the septum with the aid of a flame. Then the filled antifoam, base and acid
vessels (the base and acid do not need to be autoclaved, because their sterility is guaranteed by their
extreme pH values) were connected and their tubes were filled up with its liquid and locked. The outlet
device as the bottom of the bioreactor was sterilized with hot steam before it was opened to drain out
the buffer used for sterilization. After additional sterilization of the outlet divice was closed, so that the
batch medium were able to be transferred into the bioreactor.
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8.4 CONDUCTION OF A FERMENTATION PROCESS

8.4.1 CRYO-CULTURE

To isolate a single colony, the purchased dried yeast strain was cultivated in 10 mL YPG-medium at
30°C, 150 rpm and streaked out on a solid YPG plate, which was incubated until single clones were
visible (2-3 days 30°C). Then a single colony was used to inoculate 20 mL of pre-cryo medium. After
the exponential phase was reached, the cell suspension was used to inoculate 200 mL of pre-cryo
media (Table 9) to a final ODggg Of 1-2. The culture was harvested by centrifugation at 4 °C, 4000 rpm
for 10 minutes (Avanti J-25). From the ODgq, value of the culture, the amount of cryo-medium need to
reach ODggg 30 in the final cry-culture was calculated. The needed amount of cryo-medium (Table 10)
was then added to suspend the pellet. Finally the suspensions were aliquoted (1mL) into cryo-vessels
and stored at -70 °C.

After a cryo-culture was available, it could be used for the generation of further cryo-cultures: the
culture was used for inoculation of pre-culture medium (Table 11). When the exponential phase was
reached the procedure described above was continued (starting with streaking out the culture on YPG
agar plate).

8.4.2 PRE-CULTURE

Two 0.5 L baffled shake flaks were filled with 150 mL pre-culture medium (Table 11) and 0.4 and 0.6
mL of cryo-culture (ODgoo = 30) were used to inoculate the two flasks (start ODggo =0.08 and 0.12).
The pre-culture was incubated at 30 °C and 150 rpm until ODgqg reached values between 1 and 2
within (exponential phase). The pure medium was incubated as well, as sterility control.

8.4.3 BATCH FERMENTATION

The batch phase of the fermentation process was required to produce necessary amount of biomass
(14 gCDWIL) for the following continuous fermentation.

The pre-culture with ODgg of 1-2 was transferred into the bioreactor, were 1.35 L of batch medium
was already adapted at the operation conditions (Table 17). The final volume in the bioreactor was
then 1.5 L. The batch was conducted with compressed air as oxygen source and at the mentioned
process conditions (Table 17). The passage from compressed air source to the bioreactor was cleared
by switching the 3-way valve to the suitable position, while the passage to the gas-mixture was closed.

The batch was finished when all of the glucose of the batch media was consumed. The following
starvation phase (5-10 hours) synchronized the start of continuous phase and ensured the complete
consumption of secondary carbon sources, which prevented early oscillation in continuous phase.

8.4.4 CONTINUOUS FERMENTATION USING COMPRESSED AIR AND GAS-
MIXTURE

The continuous fermentation was conducted in glucose-limited conditions with compressed air as
oxygen source, at the general operation conditions listed in Table 17.

After the starvation phase of the batch, the harvesting-module was installed to remove discontinuously
fermentation broth during continuous fermentation. The steered feed barrel (

Table 13) (40 rpm) was then connected to the bioreactor to start the continuous fermentation by
setting the pumping speed to a value so that the desired flow rate of 0.05 1/h with around 11 gCDW/L
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was reached (approximation procedure). In parallel the harvesting- module regulation was switched
on. After five residence times (100 hours) a stable steady state was assumed.

After that, the gas mixer was interposed after the first cooling element (Figure 1).Then the 3-way valve
was turned into the position, which clears the passage of the gas-mixture (and locks the passage of
the compressed air). The inlet gas tubes were separated from the bioreactor to get purged with the
gas-mixture (achieved by the three mass flow controllers). The shift started after the inlet gas tubes
were connected again with the bioreactor (time point zero). The physiological change of the culture
was monitored until a new steady state was assumed after additional six residual times.

8.5 OFFLINE MEASUREMENTS

During conduction of the pre-culture and the batch, only the optical density was measured, while
during continuous fermentation the dilution rate, the density of the fermentation broth and the optical
density were analyzed, which are described in more detail in the following paragraphs.

8.5.1 DILUTION RATE AND DENSITY

Before a sampling process was conducted, the dilution rate and the density of the fermentation broth
were determined. For this purpose a weighted cylinder was used to collect the drained fermentation
broth for minimum 30 minutes. The procedure started and terminated after the pump of the harvesting-
module turned on. The dilution rate was then calculated from the mass of the fermentation broth, the
time and the density of the fermentation broth measured with a density areometer:

Meylinder full ~Mcylinder empty
D= Eq. 3
psusp. t VR

where D [1/h] is the dilution rate, mcyjinger fun [9] IS the mass of cylinder with fermentation broth,
Mylinder empty [9] IS the mass of the empty cylinder, psusp. [g/mL] is the density of the fermentation
broth, t[h] is the time of the measurement and Vr [mL] volume of fermentation broth in the bioreactor.

Vr was always held constant and controlled by a manually attached marker at the bioreactor and
additionally checked at the end of every fermentation externally by a cylinder.

8.5.2 OPTICAL DENSITY (ODgqp)

The optical density delivers a fast estimation of the biomass concentration in the fermentation broth.
With the known cx/ODggg (biomass dry weight concentration [gCDW/L] per optical density at 600 nm [
]) relation the cx can be calculated.

First the absorbance of a 0.9 % NaCl solution was measured (triplicate) as blank at 600 nm (Dr. Lange
DR 2800). Then the samples were measured in triplicates at 600 nm. When the ODgq value was not
within the photometer dependent linear correlation of cell count and measured value at 600 nm (0.05-
0.3) the sample was diluted in 0.9 % NaCl. The ODgy Was then calculated from the difference of the
arithmetic mean of the blank and the sample, multiplied by the dilution factor of the sample:

0D600=(msample - mNaCl)'F Eq. 4

where Wsample [ ] is the arithmetic mean (triplicate) of the absorbance of the sample, ODyqc; [ ] is

the arithmetic mean (triplicate) of the absorbance of the 0.9 % NaCl solution, both at 600 nm and F [ ]
is the dilution factor of the sample.
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8.6 SAMPLING AND SAMPLE PREPARATION DURING CONTINUOUS
FERMENTATION CONDUCTED WITH COMPRESSED AIR AND
GAS-MIXTURE

In Figure 3 the time points of sampling and the type of samples are shown. There were six types of
samples: the methanol quenching samples, glycogen and trehalose samples, biomass dry weight
samples, the filtrate, the total inorganic carbon samples and the transcript samples. At residence time
five and six of the continuous fermentation with compressed air and with gas-mixture, the same
amount of samples was withdrawn (see

Figure 3 for more details). Because of intense sampling during the CO, shift, the number of samples
was reduced, to ensure a constant bioreactor volume. Therefore at the shift from compressed air to
the gas-mixture samples were withdrawn every 10 min until 60 min (process 1 and 2) and then every
20 minutes until 180 min (only process 2).

Before the sampling process was conducted, the sampling times of the electrically operated switch of
the sampling-module was determined to sample 1, 2 and 4 mL. For this purpose a weighted vessel
was used to sample three times per sampling time the fermentation broth. The average volume and its
standard deviation were then calculated by multiplying the density and the mass obtained.

The first fraction was always discarded before sampling to avoid inaccuracies.

In the following, the six types of samples are described in more detail.

feed, compressed air x,s,exhaust gas feed, gas mixture X,s,exhaust gas

s s
— —
continuous fermentation continuous fermentation
compressed air 50 % CO>, 29 % N, and 21 % O,
shift [ 2x filtrate

1x pellet large
1x total carbon
2x methanol quenching

6x methanol quenching
4x biomass dry weight
residence time 5 filtrate

0-60 min (every 10 min) |
80-180 min (every 20 min)

) ) ODsoo 3x transcript(0,10,30 and 60 min)
residence time 6 | o jats | 2x biomass dry weight (0,60 min)
total carbon
transcript [ 6x methanol quenching

4x biomass dry weight
residence time 5 filtrate

- ODeoo

pellets

total carbon

transcript

residence time 6

Figure 3: Sampling overview: at the continuous fermentation using compressed air, samples were withdrawn at
residence time (RT) 5 and 6. At the continuous fermentation with gas-mixture (50 % CO,, 29 % N, and 21 % O,)
samples were withdrawn during the shift from compressed air and gas-mixture (0-180 min) and at RT 5 and 6.
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8.6.1 METHANOL QUENCHING SAMPLES

The quenching solution was produced by mixing 300 mL of methanol with 200 mL of ddH,O including
7.5 mM yABA (gamma-aminobutyric acid), which resulted in a 60 % methanol solution including 3 mM
YABA (as internal standard). Then 6 mL quenching solution per 10 mL vessel were transferred. The
exact mass of the quenching solution in the vessels were recorded manually and stored at -70 °C.

3-4 mL of the fermentation broth were transferred into one vessel including 6 mL of quenching solution
(used directly after removal out of the freezer) to a final volume of 9-10 mL. After recording the weight
the sample was centrifuged at 7 000 rpm at -20 °C for 5 minutes (Avanti J-25). 2 mL of supernatant
were kept for further analysis, the remains were discarded. The final pellet was then stored at -70 °C.

Whenever it was possible, the vessels were held in ice or in the cryostat at -20°C. Due to short time
intervals during the shift from compressed air to the gas-mixture, only a duplicate was conducted. At
steady state conditions the methanol quenching was carried out sixfold.

8.6.2 BIOMASS DRY WEIGHT

The determination of the biomass dry weight was conducted fourfold per sample. The glass vessels
(LP41.1) were stored in a drying chamber at 120 °C until the mass was constant. Before sampling, the
vessels were stored in ice and then 5 mL of fermentation broth were transferred per vessel and
centrifuged at 4000 rpm, at 4 °C for 5 minutes (Avanti J-25). The supernatant was discarded and the
pellet was washed three times with 5 mL of 0.9 % (w/v) NaCl solution (same centrifugation conditions
than before). The washed biomass pellets were then stored in the drying chamber at 120 °C for two
days to remove the water. After cooling in the desiccator to reach room temperature, the vessels were
weighted again.

The concentration of biomass dry weight per liter and the standard deviation was calculated from
these data (8.8.1 Biomass Dry Weight ).

8.6.3 FILTRATE OF THE FERMENTATION BROTH

The filtrate was sampled by using the filtrate-module. The connection between bioreactor and module
was opened and the pump was switched on manually. The fermentation broth then passed the
ceramic filter, where the biomass was separated from the filtrate. The first 2 mL of filtrate were
discarded and the next 2 mL were sampled and stored at — 20°C.

8.6.4 BIOMASS PELLETS FOR GLYCOGEN AND TREHALOSE ASSAY AND THE
DETERMINATION OF NITROGEN TO CARBON RATIO

2 mL of fermentation broth was sampled into a 2 mL ice cold vessel and centrifuged for 5 minutes at
14 000 rpm and 4 °C (5417 R). The pellets were washed twice afterwards with 0.9% NaCl solution at
the same operation parameters than before and stored at -20 °C. The pellets were used for glycogen
and trehalose assay and for the determination of the total carbon and total nitrogen amount with the
C/N-analyzer.
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8.6.5 SAMPLES FOR TOTAL INORGANIC CARBON (TIC) MEASUREMENT

500 pL of 5 M KOH were transferred into a 10 mL graduated flask filled-up with 5-8 mL of
demineralized water. Then 1 mL of fermentation broth was transferred through a tube directly in the
bottom of the liquid. The KOH captures the carbon dioxide in the liquid, for accurate measuring of
inorganic carbon with the C/N-analyzer [134]. The suspension was then filled-up to 10 mL, mixed and
transferred into 2 mL vessels and frozen quickly by holding the filled vessel into liquid nitrogen for a
few seconds. Then the vessels were stored at -70 °C. The procedure was conducted in duplicates at
steady state conditions. During the shift from compressed air to the gas-mixture only one TIC sample
was withdrawn per sampling.

8.6.6 TRANSCRIPT

0.5 mL of fermentation broth was transferred into a cooled 1.5 mL vessel and centrifuged quickly for
five seconds at 14 000 rpm. The rotor of the centrifuge was stored at -20°C for 30 minutes before use.
After centrifugation the supernatant was discarded and the biomass pellets in the vessels were shock-
frozen in liquid nitrogen and stored at -70 °C.

The sample preparation for transcript analysis was conducted in duplicates.

Within the scope of a master thesis, the transcript samples and their data evaluation were not
investigated.

8.7 ANALYSIS OF THE FILTRATE, THE QUENCHING SAMPLES AND
THE BIOMASS PELLETS FROM CONTINUOUS FERMENTATION
CONDUCTED WITH COMPRESSED AIR AND GAS-MIXTURE

8.7.1 QUANTIFICATION OF THE INTRACELLULAR AMINO ACIDS

Amino acids were quantified from the quenched pellets. The metabolite fraction was extracted first,
and then the methanol was evaporated before the amino acids were quantified by RP-HPLC using a
fluorescence detector.

8.7.1.1 Extraction of the Metabolites from the Quenching Samples

First of all the extraction solution was prepared. 250 mL of methanol was mixed with the same amount
of a 600 pmol/L norvaline solution (as internal standard in ddH,0), which resulted in a 50 % (v/v)
methanol solution including 300 pumol/L norvaline. The second liquid used for the extraction was
chloroform, which was stored at -20 °C along with the methanol solution.

The quenched pellets were stored in the cryostat at -20°C during the metabolite extraction. Then 1 mL
of ice cold 50 % (v/v) methanol solution including 300 pmol/L norvaline was added to each pellet. After
mixing, 1 mL of ice cold chloroform was added to form a two-phase mixture, which was incubated for 2
hours at -20 °C in a rotation shaker. After incubation the vessels were centrifuged at -20 °C and 7 000
rpm for 10 minutes (Avanti J-25) to form three phases: the chloroform phase on the bottom, cell debris
in the middle and on top the methanol phase including most of the metabolites. The upper phase was
transferred into a previously weighted 1.5 mL vessel (on ice) for evaporation. The weight of the
methanol phase was than determined for following evaporation.
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After removing the upper methanol phase a second extraction was performed to identify the quality of
extraction. For this purpose again 1 mL of ice cold 50 % (v/v) methanol solution including 300 pumol/L
norvaline once again added to the remaining chloroform-cell debris phases. The further procedure was
equal to the first extraction described above.

8.7.1.2 Evaporation of the Metabolite Extracts

The metabolites in the methanol phase were quantified by a RP-HPLC. But methanol is a disturbing
component for this methodology and therefore needed to be separated. For this purpose the samples
were evaporated at 40 mbar at 30 °C (RVC 2-33 IR) as long as the volume was reduced by 50 %,
identified by weight.

The supernatant formed by centrifugation of the quenched samples to generate the pellets (8.6.1
Methanol Quenching Samples) were evaporated as well in order to identify the leakage out of the cells
during quenching.

The extraction solution (50 % (v/v) methanol including 300 uM norvaline) and the quenching solution
(60 % (v/v) methanol including 3 mM yABA) are evaporated as well for further quantification of the
internal standards by RP-HPLC.

8.7.1.3 Quantification of Amino Acids by RP-HPLC

The amount of amino acids was determined from the quenching supernatants and from the processed
guenching pellets (extracted and evaporated) according to [154]. Additionally the internal standards
norvaline and yABA were analyzed in every sample and also in the evaporated extraction- and
quenching solutions.

The RP-HPLC for amino acid quantification consisted of an auto-sampler, a pre-column (Zorbax
Eclipse Plus C18, Guard Columns, 4.6 x 12.5 mm, 5 um), a main column (Zorbax Eclipse Plus C18,
4,6 x 250 mm, 5 pL, Agilent, Germany) and an fluorescence detector (G1321A).

1 uL of the sample were injected, derivatized and then separated at the following operation conditions:
flow rate of 1.5 mL/min and 40°C. The method worked with a gradient elution, and therefore two
eluents were used. Eluents A consisted of 3.6 g Na,HPO, 2H,0, 7.6 g Na,B,0; 10H,O and 65 mg
NaN; filled-up to two liters, with a pH of 8.2 (Table 14). Eluent B consisted of 450 mL acetonitrile, 450
mL methanol and 100 mL ddH20 (45 % :45 % :10%) (Table 15). Both eluents were degassed by
using a sonicator bath (Sonorex super RK 510) for 15 minutes.

8.7.1.3.1 Derivatisation

The non-fluorescent ortho-phthaldialdehyde (OPA) forms a fluorescent cyclic isoindole system when in
presence of organo-sulphur compounds with primary amino acids under alkaline conditions.
Secondary amino acids cannot react with OPA; instead, they react with fluorenylmethyloxycarbonyl
chloride (FMOC-CI) to a fluorescent carbamate derivate. These derivatization reactions were
conducted in the pre-column. 36 different amino acids can be detect with this method in one run [135].

The metabolite extracts were diluted 1:20 and the supernatants 1:2 in ddH20. Additionally AIBA (2-
aminoisobutyric acid) was added as internal standard to a final concentration of 100 uM.
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8.7.1.3.2 Calibration

For the calibration an 18-amino acid (AA) mix was used for the stock solution, the three missing AA (L-
glutamine, L-asparagine and L-tryptophane) were added to the mix, as well as L-ornithine, yABA and
L-norvaline to cover the spectrum of amino acids may present in the samples. The final concentration
of every AA in the stock solution was 400 pM. The stock solution was then used to prepare
concentration levels from 400-1 pM including 100uM AIBA as internal standard (Table 18).

Table 18: Composition of the concentration levels for quantification of amino acids by RP-HPLC.

c(AA) V(stock AA-mix, 400 uM) _ V(ddH,0)  V(AIBA, 10mM)  V(total)

[LM] (L] (L] [pL] (L]
400 375.00 120.00 5 500
300 281.25 213.75 5 500
200 187.50 307.00 5 500
100 93.75 401.25 5 500
50 46.88 448.13 5 500
25 23.44 471.56 5 500
15 14.06 480.94 5 500
10 9.38 485.63 5 500
5 4.69 490.31 5 500
3 2.81 492.19 5 500
2 1.87 493.13 5 500
1 0.94 494.06 5 500

8.7.2 QUANTIFICATION OF GLYCOGEN AND TREHALOSE IN CELL PELLETS

The biomass pellets (8.6.4 Biomass Pellets for Glycogen and Trehalose assay and the Determination
of Nitrogen to Carbon Ratio) were used to quantify the amount of glycogen and trehalose in the cells.
For this purpose they were disrupted and then degraded enzymatically with trehalase or
amyloglycosidase to glucose (trehalose fraction) or glucose and trehalose (glycogen fraction) [136].
These final products were then quantified by using reversed phase high performance liquid
chromatography (RP-HPLC) with a diode array detector.

8.7.2.1 Cell Disruption

For the quantification of glycogen and trehalose only 1.5 108 cells from each pellet were used [137].
The volume containing this amount of cells was removed in duplicates from the resuspended biomass
pellet and centrifuged at 14 000 rpm for 5 minutes (5417 R) and the supernatants were discarded. The
volume of the cell suspension including 1.5 10° cells was calculated by using the volume of the
suspension, the cell count per mL and ODgq (20226539 yeast cells/mL/ODgqo [137]) and the sampling
volume out of the bioreactor (Eq. 5).

1.5 108cells Vgyspension

N 0D600Vsampling

1000 Ea.5

Visi08 =

where V, . ;48 [uL] is the volume of cell suspension including 1.5 10° cells, Vsuspension [ML] is the
volume of biomass pellet suspension, Vg,mpiing [ML] is the volume of fermentation broth sampled,
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ODgqp [ 1is the optical density at 600 nm of 1 mL fermentation broth and N [cell count/mL /ODgqy ] is
the cell count per mL and ODgqo (20226539 cells/mL/ODgq).

The pellets including 1.5 10® cells were mixed afterwards with 500 pL of 0.25 M Na,CO3 and were
incubated for 2 hours at 100 °C in the water bath (MS / M6 Lauda). Then 300 pL of 1 M acidic acid
was added to reach pH 5.2+0.2 and 400 pL of 0.2 M sodium acetate was added to a final volume of
1.2 mL. The obtained suspension was mixed carefully overhead and then 300 pL were transferred into
two fresh vessels for the following enzyme degradation.

The cell disruption was performed in duplicates for each pellet.

8.7.2.2 Enzymatic Degradation of Glycogen and Trehalose

Two out of the four vessels including 300 pL disrupted cell suspension were mixed with 2 pL
trehalase, which cleaves trehalose into two molecules of glucose. The mixture was incubated for
minimum 12 h at 37 °C in the thermomixer (10 x 100/min) (Eppendorf Thermomixer 5436).

The disrupted cell suspension of the two remaining vessels were mixed with 5 pL amyloglycosidase
solution (1:100 in 0.2 M sodium acetate), which cleaves the glycogen macromolecule into glucose
molecules. The mixture was incubated for minimum 12 h at 57 °C in a thermomixer (10 x 100/min)
(Eppendorf Thermomixer 5436).

After the enzymatic cleavage all the suspensions were centrifuged for 5 minutes at 14 000 rpm (5417
R) and the supernatants were directly used for quantification by RP-HPLC.

8.7.2.3 Quantification of Glucose and Trehalose by RP-HPLC

To quantify the glucose (trehalose fraction and glycogen fraction) and trehalose (glycogen fraction) in
the samples, reversed phase high performance liquid chromatography was used. The HPLC consisted
of an auto sampler (G1329A ALS), a pre-column (Rezex ROA-Organic Acid H+ 50 7.8 mm),t he main
column (Rezex ROA-Organic Acid H+ 300x7.8 mm, 8 um) and an refracting index detector (Agilent
G1315B DAD, A= 360nm). 10 pL of the sample were injected and separated with a flow rate of 0.4
mL/min, at 50°C and 26 bar.

The elution mode was isocratic, therefore just a 5 mM H,SO, solution as eluent was used: 3.5 mL of a

50 % (v/v) H,SO,4 were filled up to 1 L with ddH20 and subsequently degassed by using a sonicator
bath for 15 minutes.

8.7.2.3.1 Calibration
A stock solution including 10 mM glucose (0.1803 g glucose (99.9 % in 10 mL ddH,0) and 10 mM

trehalose (0.3783 g trehalose 2 H,O in 10 mL ddH,0) was used to prepare concentration levels from
0.05-2 mM (Table 19).
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Table 19: Composition of concentration levels for glucose and trehalose
quantification by RP- HPLC.

c(glc and tre) V(stock, 10 mM) V(ddH,0)

[mM] [HL] [HL]

2 200 800

1 100 900

0.5 50 950

0.4 40 960

0.3 30 970

0.2 20 980

0.1 10 990

0.05 5 995

*glc = glucose, tre = trehalose, stock = stock solution of glucose and trehalose

The samples were analyzed undiluted in duplicates, without any internal standard. Finally the software
(ChemsStation for LC 3D Systems) generated a chromatogram, by using the calibration, which was
then used for data analysis in the end (8.8.6 Glycogen und Trehalose Assay) to calculate the
intracellular concentrations of glycogen and trehalose.

8.7.3 QUANTIFICATION OF SUGARS, ORGANIC ACIDS AND ETHANOL
PRESENT IN THE FILTRATE (AND THE FEED)

8.7.3.1 Phosphate Precipitation

High phosphate concentrations in the samples lowers the life cycle of the used column. Therefore the
phosphate is precipitated (Eq. 6), when the concentration was estimated to be higher than 5 mM in the
samples before performing RP-HPLC analysis.

200 pL of the sample (samples were diluted in ddH,O before, when phosphate amount was higher
than 100 mM) were mixed with 9 puL of 4 M NH; (pH 10.2), then 20 pL of 1.2 M MgSO, were added.
After 5 minutes of incubation the mixture was centrifuged for 5 minutes and 13 000 rpm at 4°C (5417
R) to get rid of the precipitate (MgNH,4PO,). 100 pL of the supernatant (pH minimum 9) were mixed
with 100 pL 0.1 M H,SO, (final pH < 3) and then incubated for another 15 minutes before it was
centrifuged again at 13 000 rpm, at 4°C for 15 minutes. During the procedure the samples got diluted
1:2.29 and were ready for RP-HPLC analysis.

3 NH;3 + 2 MgSO, + K;HPO, + KH,PO, - 2 MgNH,PO, | +K,SO, + KNH,SO, Eq. 6

Depending on the concentration of the components in the sample, dilution (ddH,O) was necessary to
reach a concentration within the calibration.

8.7.3.2 Quantification of Sugars, Organic Acids and Ethanol by
RP-HPLC

For the quantification of sugars, organic acids and ethanol by RP-HPLC the same methodology
described in 8.7.2.3 Quantification of Glucose and Trehalose by RP-HPLC was used.

Two stock solutions were prepared for the calibration. The first stock solution contained 1 mM glucose,
trehalose, myo-inositole, malate, succinate, lactate, glycerin, acetate and ethanol. The second

44



contained 10 mM lactate, myo-inositole, malate, succinate, acetate and ethanol. The 1 mM stock was
used to prepare the concentration levels for 0.05-1 mM, the second for 5 and 10 mM (Table 20).

Table 20: Composition of stock solution A and B for quantification of
organic acids, sugars and ethanol out of the filtrate

C

[mM] Substances
A 0.05 )
0.1
0.2
03 glucose, trehalose, myo-inositole, malate,
04 succinate, lactate, glycerin, acetate,
0'5 ethanol
1.0 /
B 5 lactate, myo-inositole, malate, acetate,
10 } ethanol, succinate

8.7.4 QUANTIFICATION OF CARBON SPECIES AND NITROGEN BY
C/N- ANALYZER

Quantification of the different carbon species: total inorganic carbon (TIC), total organic carbon (TOC),
total carbon (TC) and total nitrogen (TN) were determined from the samples for total inorganic carbon
guantification and the biomass pellets by using the C/N-analyzer (Multi N/C 2100s).

The concentration levels were generated with phenylalanine, as source of organic carbon and nitrogen
and Na,CO; as source of inorganic carbon. First stock solutions of 2 g/L phenylalanine and 5 g/L
Na,CO3 in ddH,O were prepared. The phenylalanine stock consisted of 1.3088 g/L organic carbon and
0.1696 g/L nitrogen, while the Na,CO; stock included 0.5666 g/L inorganic carbon. From the stock
solutions concentration levels from 5-1000 mg/L for organic and inorganic carbon and 0.65-129.57
mg/L nitrogen were diluted (Table 21).

Table 21: Composition of concentration levels to quantify TIC, TC, TOC and TN by N/C-analyzer.

c c \Y \% Y
Cl(e)\?e?I. (org. and inorg. carbon) (N) (phenylalanine (Na,COs3 (ddH20)
[mg/L] [mg/L] stock) [uL] stock) [pL] [uL]
13 1000 129.57 1528.14 - 471.86
12 750 97.18 1146.10 - 853.90
1la 500* 64.79 764.07 - 1235.93
11b 500* - - 1764.88 235.12
10 250 32.39 382.03 882.44 735.52
9 200 25.91 305.63 705.95 988.42
8 150 19.44 229.22 529.46 1241.31
7 100 12.96 152.81 352.98 1494.21
6 50 6.48 76.41 176.49 1747.10
5 40 5.18 61.13 141.19 1797.68
4 30 3.89 45.84 105.89 1848.26
3 20 2.59 30.56 70.60 1898.84
2 10 1.30 15.28 35.30 1949.42
1 5 0.65 7.64 17.65 1974.71

*only this solutions include either organic or inorganic carbon
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Out of these concentration levels, calibration lines for TC, TIC and TN were generated and their linear
equations were used to calculate the concentrations of the samples. The concentrations of TOC were
always calculated out of the TIC and TC values, by subtracting TIC from TC.

The total carbon samples generated in 8.6.5 Samples for Total Inorganic Carbon (TIC) were thawed
and determined undiluted. The pellets generated in 8.6.4 Biomass Pellets for Glycogen and Trehalose
assay and the Determination of Nitrogen to Carbon Ratio were suspended in 2 mL of ddH,O. 200 pL
and 100 pL of the suspension were mixed with 1800 uL and 1900 pL ddH,O (1:10 and 1:20 dilution) to
a final volume of 2 mL. All the samples were transferred into C/N-analyzer vessels including a
magnetic agitator and analyzed by the C/N-analyzer.

8.8 DATA ANALYSIS

8.8.1 BIOMASS DRY WEIGHT

The samples for the biomass dry weight were conducted fourfold. The average and the standard
deviation were calculated out of the four masses and divided by the sampling volume (Vigmpiing [L])
which was 0.005 L to calculate the biomass dry weight concentration of the fermentation broth (cx) in
g/L:

(Mg —m )
¢, = fu empty Eq.7

Vsampling

where mg,,;; and m.,,,, are the masses [g] of the glass vessels with and without the dried biomass.

8.8.2 DETERMINATION OF THE INTRACELLULAR AMINO AcCID PooLsS

Because of the complex sample preparation multiplication factors (MF) were specified to calculate the
real concentrations of intracellular amino acids. The MF1 was 20, because the samples were diluted
1:20 for HPLC measurement. The MF2 was calculated separately for every value by dividing the mass
of the evaporated liquid by the mass of the liquid before the evaporation, therefore MF2 takes the loss
of methanol during evaporation into account.

The cells in the quenched biomass pellets contained about 60 % intracellular water and some
guenching solution in the cellular interspaces. Because of this additional volume, the norvaline
concentration (C?Vor) of the 50 % methanol solution was up to 25 % higher than the norvaline

concentration in the extraction solution of the sample (Clsvffple). This concentration change of the

internal standard norvaline mirrors the dilution quantified individually for each sample as MF3 (Eqg. 8):

norvalin solution — (MFl MF2 Cnorvalin sample) Eq.8

(MFl MF2 Cnorvalin sample)

c
MF3 = + Vousp.

where MF3 [ ] considers the reduction of the amino acid concentration by volume increase ,
Cnorvalin solution [HM] is the concentration of norvaline in the extraction solution (50 % methanol)
before evaporation, Cyorvalin sample [MM] is the concentration of norvaline in the final sample solution

of the HPLC quantification (after evaporation) and Vsusp, is the volume of suspension (1 mL).
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The last factor (F) considers the biomass dry weight of the fermentation broth sampled in the 60 %
methanol quenching solution:

msample

F=c¢cy———
Xpsample 1000

Eq. 9

where mg,my,e [9] is the mass of fermentation broth sampled into the quenching solution, ¢y [gCDWI/L]
is the biomass dry weight concentration in the fermentation broth and pgampe [9/mL] is the density of
the fermentation broth.

Finally the intracellular concentrations of the amino acid were calculated using the four factors:

Camino acid
MF1 MF2 MF3 1000 Eq. 10

Camino acid real = F

where Camino acid real  [MMOolI/gCDW] is the intracellular concentration of one amino acid per g cell dry
weight and Cgmino acida [MM] is the concentration of one amino acid in the sample injected into the
HPLC, calculated by using the calibration line [uM].

Table 22: Retention times of the amino acids analyzed by RP-

HPLC
Substance Retention time [min]
aspartate 2.90
glutamate 4.70
asparagine 8.40
serine 9.00
glutamine 10.13
histidine 10.56
glycine 11.24
threonine 11.60
arginine 13.31
alanine 13.97
YABA 14.43
AIBA 14.98
tyrosine 16.25
valine 19.91
methionine 20.31
norvaline 21.00
tryptophane 21.91
phenylalanine 22.69
isoleucine 23.08
ornithine 23.35
leucine 24.34
lysine 2491
proline 32.06
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8.8.3 DETERMINATION OF NITROGEN TO CARBON RATIO (N/C) IN THE
BIOMASS PELLETS AND THE TOTAL INORGANIC CARBON (TIC) IN THE
TIC SAMPLES

Four measurements were conducted by the N/C-analyzer and four areas therefore obtained. The
arithmetic mean of the obtained areas for the calibration lines of TC, TIC and TN were subtracted by
their corresponding zero samples (ddH,O) and the linear equations were created.

The areas of the samples were also averaged and subtracted by its zero samples (ddH,O) and then
used to calculate the concentrations from the linear equations. The received concentrations were then
converted into the initial bioreactor concentration. The dilution of the sample was therefore considered
by multiplication with 10 or 20. The concentration was adjusted as well because the pellets were not
diluted in their original sampling volume. The TOC was then calculated by subtracting TIC from TC.
The following equation was used to calculate the nitrogen to carbon ration (C/N-ratio) [MNmol/mCmol]:

TN
N IV
Y My Eq. 11
c TOC

M.

where the TN [mg/L] is the total nitrogen in the sample, My [mg/mNmol] is the molar mass of nitrogen,
TOC [mg/L] is the total organic carbon in the sample and Mc [mg/mCmol] is the molar mass of carbon.

8.8.4 DETERMINATION OF THE HENRY COEFFICIENT

The Henry coefficient of CO, is calculated as stated below:

L
Cco
H — 2

= —_— Eq. 12
Ptotal YCOZ

where H [mmol/L/bar] is the Henry Coefficient, c¢,, [mmol/L] is the concentration of CO, in the
fermentation broth obtained by the N/C-analyzer ,p;.:q; [bar] is the total pressure of the system and
Yco, []1is the mole volume fraction of CO; in the exhaust-gas above the fermentation broth.

Protar WASs constant and therefore H was obtained graphically with Céoz as the y-axis and y,, as the x-
axis, where the slope represents the Henry coefficient.

8.8.5 DETERMINATION OF SUGARS ORGANIC ACIDS AND ETHANOL IN THE
FILTRATE

The peaks generated by the RP-HPLC were integrated by the program (ChemStation for LC 3D
Systems) and corrected manually, when the program integrated incorrect. The retention times of all
the analyzed substances are listed in Table 23.
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Table 23: Retention times of sugars , organic acids and ethanol
analyzed by RP-HPLC

Substance Retention time [min]
trehalose 12.76
glucose 15.26
myo-inositole 15.91
malate 16.36
succinate 20.05
lactate 21.09
glycerin 21.83
acetate 24.70
ethanol 33.47

The program calculated the concentrations of the samples with the data of the calibration line and the
areas of the substance peaks. The filtrate samples were measured undiluted.

8.8.6 GLYCOGEN UND TREHALOSE ASSAY

With the data of the calibration line and the areas of the glucose and trehalose peaks the program
calculated the concentrations of the samples.

In the trehalose samples the glucose concentration in mM (digested trehalose) and the trehalose
concentration in mM (if not completely digested) and in the glycogen samples the glucose
concentration in mM (digested glycogen) and the trehalose concentration in mM (not digested by
amyloglycosidase) were measured.

In Eq. 13 calculation of % trehalose per g cell dry weight (W7, [%]) is shown:

CGlicy 1 dil.
(Crre undig. + 2 V1.5 108 Mrye

100 Eq.13

Wrre =
Cx Vis108

where Crre undig. [MM] is the concentration of undigested trehalose during enzymatic digestion, c¢;,

[mM] is the concentration of glucose delivered from enzymatic digestion of trehalose, Vf;l'los [L] is the
volume in which 1.5 10° cells were diluted during the assay (1.2 mL), M,, [mg/mmol] is the molar
mass of trehalose, c,[mg/mL] is the concentration of biomass dry weight in the fermentation broth and

V, s 108 iS the volume of cell suspension including 1.5 10° cells [mL].

In Eqg. 14 the calculation of % glycogen per g biomass dry weight W, [%] is shown

dil.
ceic V5108 Mat

Cx Vis108

where c¢;,. [MM] is the concentration of glucose delivered from enzymatic digestion of glycogen and
Mg, [mg/mmol] is the molar mass of glycogen.

The specific glycogen degradation/building rate gg,,, [nmolGlc/gCDW/h] is calculated as shown in Eq.
15:
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_ (C(z;ly - C(l;ly) _ (W(%ly - W(l;ly) Ea. 15

q = — =
o (t; —t)ey (t; — t1) Mgy,

-1000

where c};ly and cély [mM] are the concentrations of glycogen at time point t, and ¢, [h], ¢; [JCDWI/L]
is the average mean of the biomass dry weight concentration of the two time points. w};ly and wgly [%0]
are the percentage of glycogen per g cell dry weight at the two time points (1 and 2).

Analogous to the specific glycogen degradation/building rate, the specific trehalose
degradation/building rate q,. [mmolGlc/gCDW/h] is calculated:

_ (C7z"re — C'Il"re) _ (W'Iz"re B W71"re)

Arre = M
Tre

2

1000 Eq. 16

(tZ - tl)c_x B (tz — tl)

8.8.7 MASS-BALANCE OF A CONTINUOUS PROCESS

The mass-balance is based on the law of conservation of mass, which means that the mass entering
and leaving the system are equal. The general mass-balance equation is shown in Eq. 17. The
equation consists of the mass entering and leaving the system and the mass consumed or generated
within the system.

mass mass entering mass leaving mass mass
accumulated § =1 the system {—{ thesystem (+{ 9generated {_! consumed Eq. 17
within system boundaries boundaries within system within system

In a continuous process the mass accumulation over time is zero, because all properties of the system
are constant over time and therefore the system cannot accumulate mass. The general mass-balance
equation can be based on rates to form a differential balance:

dm; )
L _ s in _ s out
W_m" m; o

Eq. 18

where % [g/h] is the change in mass of compound i over time, ™ [g/h] is the inlet mass flow rate of

compound i, mf*t [g/h] is the outlet mass flow rate of compound i and o; [g/h] is the term for
generation or consumption of the mass of compound i. Further m; and g; can be expressed as:

m; = CiVR Eq. 19

g; =QiVr Eq. 20

where ¢; [g/L] is the concentration of compound i in the bioreactor, Q; [g/L/h] is the volumetric
generation/consumption rate of compound i and V [L] is the reaction volume. In general Q; can be
expressed as:

Q; = q; cx Eq. 21
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where q; is the biomass specific uptake/consumption rate of the compound i [g/gCDW/h].
By inserting Eq. 21 into Eq. 18, Eq. 22 is formed:

dmi _ d(CiVR) _ dCi v dVR

=y, +—Ee. Eq. 22
dt dt dt B de

. . . . . dv .
In a continuous fermentation the volume of reaction over time is constant, therefore d—tR is zero. And

am; aci
so —=is equal p” Vr.

Further it is assumed that the volumetric flow rate of the inflow V* [L/h] and the outflow V% [L/h] is
equal and donated as F [L/h]. Therefore Eq. 23 is formed:

dc; .

d_thR — FCim _ Fciout + Q;Vy Eqg. 23
which is the general balance equation for continuous fermentations and is used for further
calculations. c/™ [g/L] is the concentration of compound i in the inflow and c“ [g/L] is the
concentration of compound i in the outflow.

Then Eq. 23 is divided by the volume, which leads to:

dCi

F .
" — V (Cizn _ Clput) + Qi Eq. 24

The term g is the dilution rate D [1/h], which is inversely proportional to the average residence time
O [h]. And finally Eq. 25 is formed:
dCi

= =D — ) 20

Eq. 25

Eq. 25 was used as a basis for the calculation of the specific growth rate u [1/h], the specific substrate
uptake rate g, [g/gCDW/h] and the specific by-product formation rate g, [g/gCDW/h].

8.8.8 SPECIFIC GROWTH RATES

8.8.8.1 Specific Growth Rate in General

In a closed system (batch or shake flask culture) the change in the biomass concentration over time cx
[gCDW/L] is described as

_dcx Eq. 26
= Cc .
dt HCyx

Eq. 27 is formed by integration of Eq. 26 with constant specific growth rate p [1/h] and with the initial
conditions (to, ¢2). It is used for the calculation of the biomass growth in the exponential phase of a
certain time.
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Cx = cQ ettt Eq. 27

If the natural logarithm is applied to Eq. 27 and the equation is solved for 4 Eq. 28 is formed and used
to calculate the growth rate between two certain time points:

c
In (—ﬁ)
_ Cy Eq. 28

8.8.8.2 Specific Growth Rate in a Continuous Fermentation

If Eq. 25 is applied to biomass, the volumetric biomass production or consumption rate Q,, [gCDW/L/h]
is inserted as the product of the specific growth rate p (=q,) [0/gCDW/h] and the concentration of the
biomass dry weight in the bioreactor cx [gCDW/L] :

dc .
d_;C — D(lecn _ C}(gut) + 1y Eqg. 29

where ci* and c2% are cell dry weight concentrations of the in- and the outflow of the biomass
[gCDWIL]. In this work, no biomass was present in the inflow, therefore c* is zero and the equation
becomes:

dc,

E = —chut + L Cy Eq. 30

In a continuous fermentation the change in biomass over time at steady state condition is zero and
therefore

D%t = +yuc, Eq. 31

and by assuming that the biomass dry weight concentration of the outflow is equal to the biomass dry
weight concentration within the bioreactor, it finally leads to

D=nu Eq. 32

8.8.9 SUBSTRATE UPTAKE RATE

The substrate uptake rate is based on the mass-balance described before. Eq. 25 is therefore
transformed into:

dc .
d_ts — D(C;n _ C;)ut) + Qs Eg. 33

where c¢i™ and 2% [g/L] are the concentrations of the substrate of the in- and outflow and Q is the
volumetric substrate uptake rate [g/L/h].

The volumetric rate of substrate uptake can be generally described as a function of the biomass
concentration and the specific substrate uptake rate:
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Qs = —qs Cx Eq. 34

It is negative because the substrate is consumed and not produced (see general mass- balance). The
Eq. 33 and Eqg. 34 are combined to

dc
dts = D(c c;’uf) — sCx Eq. 35

In a continuous system the change in concentration of the substrate over time is zero and therefore
the equation leads to

D(cft — cQ%) = qgcx Eq. 36

and after solving for gs the equation is

(Cm ut) cq. 37

4s = cr

where ¢2*t can also be the concentration of the substrate in the bioreactor at a certain time point.

8.8.10 PRoODUCT FORMATION RATE

The product formation rate is based on the mass-balance and therefore Eq. 25 is transformed into:

dc .
d_: — D(C};n _ Cgut) + Qp Eqg. 38

where c* and ¢ [g/L] are the product concentrations in the in- and the outflow and QP [g/L/h] is the
volumetric production rate of a certain product. There is no product in the inflow, ¢ is zero and by
inserting the specific production rate g, [g/gCDW/h] multiplied by cx for Qp the equation is
transformed into:

dep _ out Eq. 39
ar —D cp™ +qpcy a.

By assuming that ¢3* is equal to ¢, inside of the bioreactor and by using the average mean of the
two product concentrations at two certain time points (c;'z) instead of c, and after solving for g, , the
equation becomes:

2_ 1
c5—c
M-l— Dc
(t; —t1) Eq. 40
—qp = 4
Cx

If there are two different biomass dry weight concentrations at two certain time points, the average

mean is used (c1?).

53



8.8.11 BIOMASS TO SUBSTRATE YIELD AND MAINTENANCE

The biomass to substrate yield is the amount of biomass formed per amount of substrate consumed.
The true (Y&“¢ , theoretical or stoichiometric) and the apparent (Y:.F?, observed) yields are
distinguished:

total mass of biomass formed

yirue = - Eq. 41
mass of substrate used to form biomass
app _ mass of biomass present Eq. 42
xs total mass of substrate consumed
The volumetric substrate uptake rate can also be described as:
Qs =5—Dcy Eq. 43

Yx S

The substrate taken up in a cell culture may be used for biomass production, product production and
for maintenance activities. The specific substrate uptake rate for maintenance activity is defined as the
maintenance coefficient ms [gGlc/gCDW/h]. In the mass-balance for the substrate the maintenance is
inserted to form:

— in out 1
E—D(cs - cg )— Y—Dcx—mscx Eq. 44
XS

As mentioned earlier f is zero in a continuous process, therefore the equation is transformed into

. 1
D(Cén _ C;)ut) = Y_Dcx + msc, Eq. 45
xs

and by solving for cx the equation becomes:

D(ci — c2ut)
Cx = D Eq. 46
ms + v

XS

Dividing Eq. 46 by (ci® — c¢%) , Y27 is received and is transformed to

Cx D DY,

XS - i = =
et ="t +y£ msYys + D Eq. 47

XS

The reciprocal of Eq. 47 is therefore

1 msYys+D mg; 1
app | = = — 4 — Eq. 48
Yo DY, D Y
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And by solving for ms the equation becomes:

D D
Yxaspp Y;;”ue

ms = Eq. 49

which was used to calculate the maintenance in this work. For Y,7*¢ the value of 0.55 was used [161].

8.8.12 OXYGEN UTILIZATION RATE (OUR)
The oxygen utilization rate [mmol/L/h] is based on the mass-balance for oxygen:
Ve (ngl)c =V (ngt)c + Qo,Vr Eq. 50

where V; [L/h] are the volumetric gasflow rates of the in- and outflow, (c})’;)a and (cggf)a [mmol/L] are
the concentrations of gaseous oxygen in the in- and outflow, Q,, is the volumetric oxygen uptake rate
[mmol/L/h] and V [L] is the reaction volume. By solving Eq. 50 for Q,,, the following equation is

Ve
Qo, = (€)s = (€8)a) Eq. 51

And by inserting the ideal gas law:

pVe=nRT Eq. 52

where p [kg/dm/sz] is the pressure, V; [L/h] is the volumetric gas flow rate, n [mol/h] is the mass flow,
R [(kg dm?)/(s* mol K)] is the universal gas constant (8.31 (kg dm?)/(s’> mol K)) and T [K] is the
temperature. n divided by V; is the concentration of oxygen in the gas phase (co,) [mol/L] and by
inserting the oxygen volume fraction y,, [] the equation is transformed into:

Yo,P
(co,)¢ = RZT Eq. 53
By inserting Eq. 53 in Eq. 51 the following equation is formed
Qo, = m (chgzl - VsySQ‘t Eq. 54

When the volumetric gas in and outflow are not equal Eq. 54 would lead to large errors. Because N, is
an inert gas, it is not consumed or produced within the bioreactor. Therefore the balance for N, is

-in _ sout
Ny, = Ny, Eq. 55

and by inserting the ideal gas law the equation is transformed into

in out
p Vin in _ p rout.,,out Eq. 56
Tin "G /N2 = Tout "G N>
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Because p and T are equal in the in- and the outflow the equation is transformed into
.- . 0 t t Eq 57
V6" v, =V viy

In consideration of oxygen and carbon dioxide as main compounds of the gas phase the mole volume
fractions of nitrogen are expressed as

in _ in in
out _ out out

By inserting Eq. 58 and Eq. 59 in Eq. 57 results in:

_ Nin_,in
yout _ pin 1-=yo0,—Yco, Eq. 60
G —vG 1 — yout__,out
Yo, —Yco,

and by inserting Eq. 54 results in the final equation

pVe [ (1= Yoy
OUR = Qq, = VoRT yg;_yg;l 1 —y8§t—y8§§ Eq. 61

which was used to calculate OUR in this work and the specific oxygen uptake rate was calculated by
the following equation

_OUR
=—

qo2 Eq. 62

8.8.13 CARBON DioxIDE EvoLuUTION RATE (CER)

The carbon dioxide evolution rate [mmol/L/h] is calculated analogous the oxygen utilization rate, where
the mass-balance is

Ve (Cgcl)z)s + Qco, Vi, = Vg¥* (c6)q Eg. 63

and by inserting the ideal gas law the equation is transformed into

p ) P
Qco, = 7 V& ye8t ~VE'yEh,) =54

and finally by inserting the inert gas balance the following equation is formed

pVet 1 Yor—yéb ; Eq. 65
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which was used to calculate CER in this work and the specific carbon dioxide evolution rate was
calculated by the following equation

CER

Aco, =~ Eq. 66
X

8.8.14 RESPIRATORY QUOTIENT (RQ)

The respiratory quotient [ ] was calculated by using the following equation

OUR

= Eq. 67
CER

RQ

RQ changes by utilization of different substrates and indicates therefore the physiological situation of
microorganisms.

8.8.15 ELEMENTAL CARBON-BALANCE (C-BALANCE)

The elemental C-balance represents a powerful tool to validate the obtained data of the conducted
experiments. Substances containing carbon, which are entering or leaving defined system boundaries
(bioreactor), are considered in the C-balance:

Cc—source = Chiomass + be—product + CC02 Eq. 68

All of the compounds of the C-balance are recorded, when 100% of the C-source can be found in the
biomass, the by-products and CO,

If all of the incoming carbon atoms of the C-source can be recovered by biomass, by-products and
CO, the balance is fulfilled and this ensures that all by-products and substrates are recorded in the
balance and so the process took place in a defined way. The C-balance provides the possibility to
discover new by-products or measure errors. It is a quality criterion of the experiment.

Carbon exists in different species, therefore the molecule i, with its number of carbon atoms a must be
considered in the balance in Cmol units. For a continuous fermentation the dilation rate is considered
as well to form the following equation

N
c
Cgic Vg @gicD = M_XVRD + Z(ciVR a;D) + Qco,Vr Eq. 69
X -
L

where ¢ [mmol/L] is the concentration of glucose in the feed media and M, [g/Cmol] the molar mass of
the biomass.

In a continuous fermentation the in- and the outflows of biomass, by-products and CO, are not equal.
In this work there was no biomass and no by-products in the inflow and therefore only the outflows
were considered. Glucose entered the bioreactor as C-source, but since the cells do not take up all of
it, some glucose remained. In this work, the fermentations were conducted C-limited, therefore the
glucose remains were low. So finally Eq. 70 is formed:
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) Cout _ Cin) N '
Cif Vi gD = ~2— 22D + ) (8% = cif") Vg D] + Qco, Ve + i Vi tgreD
X -
4

Eq. 70

8.8.16 STATISTICAL DATA ANALYSIS

Error estimation is an essential part in data evaluation. If there are more than two of the same data
sets (repeats) the arithmetic average x is calculated:

N
el Eq.71
X=—= ) x; q.
WO
i=1

where N is the number of measurements and x; is the value of a single measurement.

Another important statistical term is the variance ¢, which describes the quadratic distribution of data
values x; around the arithmetic mean x. It is calculated as following

N
1
a:—Z(xi—)'c)z Eq. 72
N-14
=

If the variance becomes zero, it means that the measured values are equal to the arithmetic mean. In
this work the arithmetic mean was calculated together with its standard deviation, which was
calculated by using the square root of the variance:

s= o Eq. 73

Terms were often calculated of several arithmetic means with their standard deviations. In this case
the propagation of error according to Gauf3 was used. F is a function of 1,2-k arithmetic means:

F = f(x1,%5 ... %) Eq. 74

The final standard deviation was then calculated by the root of the sum of the squares of the partial
derivatives of function F with all of its arithmetic means multiplied by the corresponding standard
deviations:

B (c’)F )2+(6F )2+ +(c’)F )2 £q. 75
se= (5 5 % %2 o
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O RESULTS

9.1 PROCESS  OVERVIEW: BATCH AND  CONTINUOUS
FERMENTATION BEFORE AND AFTER CO, SHIFT

Two continuous fermentations (process 1 and 2) with a dilution rate of 0.05 1/h were conducted with
compressed air until reaching steady state. Then a shift from compressed air to the gas-mixture
containing 50 % CO, was conducted until a new steady state was reached. In the following, the whole
process is described by using the operation parameters of process 2 (Figure 4: A, B and C).

Each process started with a batch cultivation (Figure 4: A, B and C, process time = 0 h), which ended
after 38.6 h (Figure 4: C, marker 1). During the overnight batch cultivation the in-gas tube detached
itself from the bioreactor. Therefore the process started aerobic and became anaerobically (Figure 4:
C, between marker 0 and 1), due to missing air supply. The glucose available in the batch medium
was consumed anaerobic and the next day the in-gas tube was reconnected and the agitator speed
was increased (Figure 4: A, around 40 h) until ethanol was depleted. Yeast is a facultative anaerobic
organism, which is highly tolerant towards high ethanol concentrations, thus the technical failure had
no negative effect on the process. The batch phase was not investigated and because it delivered
enough biomass for the conduction of the following continuous fermentation, it was not necessary to
repeat it.

After the batch was conducted, the starvation phase (Figure 4: C, marker 2) was performed to ensure
that all of the secondary metabolites were depleted. Then at process time 46.15 h, the continuous
fermentation with compressed air was conducted (Figure 4: C, marker 3). After reaching steady state
(five retention times) the gas mixer was interposed before the off-gas analyzer to dilute the off-gas
1:10 (Figure 4: C, marker 4). Finally the shift from compressed air to the gas-mixture was conducted
at process time 164 h (Figure 4: C, marker 5) and ended after reaching steady state at 281.2 h
(Figure 4: C, marker 6).

During the process the volume of fermentation broth was checked, therefore the agitator was switched
off, which is visible in Figure 4, B. The pO, values during the process are equivalent the yO, values
(Figure 4: compare A and C).

During the whole process the operation parameters (Table 17) stayed constant (except for the air
supply and the agitator speed mentioned above). The data confirms successful conduction of the
experiment: the operation parameters were constant during the continuous fermentation and steady
state was reached either with compressed air or with the gas-mixture.
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Figure 4 : Process overview of process 2: in A the pO; [%] and the rotation number N [1/min], in B the temperature T
[°C], pH [ ] and overpressure p [bar] and in C the yCO, and yO, [%)] values are blotted against the process time [h]. 0:
start of batch fermentation, 1: batch fermentation, 2: starvation phase, 3: continuous fermentation with compressed
air, 4: interpose of gas mixer, 5: continuous fermentation with gas-mixture containing 50 % CO,, 6: end of process.

9.2 CARBON-BALANCE AND GENERAL PHYSIOLOGICAL
PARAMETERS DURING STEADY STATE CONDITIONS BEFORE
AND AFTER CQO, SHIFT

9.2.1 GENERAL PHYSIOLOGICAL PARAMETERS BEFORE AND AFTER CO,
SHIFT

In Figure 5 gs (biomass specific uptake rate, A), Yxs (biomass to substrate yield, B), cx (cell dry
weight concentration, C) and ms (maintenance, D) are shown at time point 0, which is the steady state
condition before CO, shift, time point 1, which is 1 hour after CO, shift and time point 100, which is the
average of retention time five and six (steady state). The values are calculated as described in 8.8.9
Substrate Uptake Rate, 8.8.11 Biomass to Substrate Yield and Maintenance and 8.8.1 Biomass Dry
Weight.
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Figure 5: Biomass specific glucose uptake rate (gs, A), biomass-substrate yield (Yxs, B), cell dry weight concentration
(cx, C) and maintenance (ms, D) during CO, shift of process 1 and 2. gs and ms were increasing, while cx and Yxs were
decreasing during the shift.

gs increased during the CO, shift by 15 and 9 % for process 1 and 2, when comparing the reference
condition to 100 h after CO, shift (Figure 5, A). Also the ms showed increased values: in average it
doubled in process 1 and 2 (Figure 5, D). In contrast, cx and Yxs were decreasing at elevated CO,
concentrations. Cx increased from time point zero to 100 h after CO, shift by 11 and 8 % (Figure 5,
C), while Yxs increased by 12 and 8 % (Figure 5, B), for process 1 and 2.

The data show clearly that the CO, shift has an effect on gs, ms, Yxs and cx. Process 1 and 2 are not
equal, they already differ before the CO, shift, although they had the same starting conditions. At
steady state conditions during gassing with the gas-mixture, the differences between process 1 and 2
are lower in comparison to the differences before the CO, shift.

9.2.2 CARBON-BALANCE BEFORE AND AFTER CO, SHIFT

A carbon-balance was set up to ensure that the collected data are complete and valid, as described in
8.8.15 Elemental Carbon-Balance (C-balance). The balance achieves 100 %, when all of the carbon
present in the inflow (glucose in feed and CO, in the in-gas) can be recovered in the outflow (biomass,
the off-gas, by-products, glucose residue and CO, in off-gas).

In Figure 6 the carbon-balance of process 1 and 2 before and after CO, shift at steady state conditions
are displayed. At reference conditions (Figure 6, first two bars on the left) nearly 100 % of carbon was
recovered considering the standard deviations: 105.01+4.07 % and 101.28+2.32 % for process 1 and
2. In contrast the carbon-balances at elevated CO, conditions (average of residence time five and six)
had very high standard deviations concerning the CER and therefore no statement can be made
concerning the carbon recovery and the comparison of the CER values before and after shift. As it is
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mentioned in the previous chapter the biomass dry weight concentration decreased and the by-
product formation increased as well (no by-product formation was measured at reference conditions)
after CO, shift. In Table 24 the data of the carbon-balances including their standard deviations are
shown in detail.

Table 24: Carbon-balances of process 1 and 2 in % regarding to the carbon inflow of the feed.

0,
% biomass % producr:ézigr;i glucose % CO,
Process 1
0 % CO, 58.42 0.38 46.21
stdev 0.03 0.01 4.07
6000 and 7000 min, 50 % CO, 51.86 0.95 49.41
stdev 0.01 0.12 14.38
Process 2
0 % CO, 55.08 0.45 45.75
stedev 2.10 0.07 0.98
6000 and 7000 min, 50 % CO, 50.52 0.84 48.69
stdev 0.02 0.02 7.83

*stdev = standard deviation

Two reasons for the increased standard deviations of the yCO, values during CO, treatment should be
mentioned: the gas mixer interposed before the off-gas analyzer leaded to higher standard deviations
in yCO, values and yO, values. Additionally the CO, treatment itself triggered an increased oscillation
behaviour in oxygen uptake and carbondioxide release. The corresponding oscillation of CO, and O,
contents in the off-gas were also mirrored by the oxygen saturation signal in the liquid phase. In this
case, a simple measurement artefact was improbable (Figure 7). The period duration and the
amplitude was calcuated as an average out of five oscillations. The average of the period duration was
49+4 min and the average of the amplitude was 0.015+0.002 %. Therfore the minimal standard
deviation of yCO,, yO, and pO, values became equal to the amplitude of the oscillation.

120 -
100 - I = I
=
c 80 -
L2
8 60 -
G
2 40 -
@
Q
20 -
0
2:0h 1:100h 2:100h
time after CO, shift [h]
B 9% biomass B 9% products and glucose residue % CO>

Figure 6: Carbon-balance before and after CO, shift at steady state
conditions of process 1 and 2. Biomass fraction was decreasing, while by-
products were increasing. Because of high standard deviation during off-
gas measurement, limited accuracy about the CO, production can be
made.

62



5.40 - o7
S 538 - - 96
S 5361 95 ?
> 534 Lo4
T 210 2
9 208 1 - 92
> 206 = f\~ \w‘ 91
204 -“"‘.\’WvM ‘AM‘ v \ '«/\ J { v‘vi,J%Ax‘\L\f, \fft"\f w N”\’w e
2.02 A , , . ,
244 245 246 247 248

process time [h]

yO, [%] yCO, [%] — PO2 [%]

Figure 7: Oscillation behavior of yCO, [%], yO- [%] and pO, [%] during CO,
treatment of process 2.

9.2.3 DETERMINATION OF THE HENRY COEFFICIENT

Estimation of the Henry coefficient from the CO, in the off-gas measurement and the TIC values
representing the sum of CO,, H,CO3, HCO3', and CO;” in the biomass suspension. The dissociation
equilibrium of H,CO; depends on the cultivation pH. The concentration of bicarbonate at pH 5
represents less than 5 % (v/v) of the CO, concentration. Therefore, the TIC value represents mainly
CO.,. The Henry coefficient was calculated according to 8.8.4 Determination of the Henry Coefficient.
Figure 8 shows a graphical evaluation of the Henry coefficient compared to calculated dissolved CO,
concentration at 30 °C and 1.5 bar by using the Henry coefficient of 0.029 mol/L/bar in water from the
literature considering temperature dependency [138] and yCO, values of 0, 21 and 50 % (v/v). The
slope of the trend line is 0.044 mol/L/bar. Values obtained from this study were in excellent agreement
with reported data(the Henry coefficient of 0.029 mol/L/bar is 0.044 mol/L/bar for 1.5 bar).
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Figure 8: Determination of Henry coefficient during continuous
fermentation with compressed air and gas-mixture (this work) in
comparison to calculated concentrations of CO, by using the
Henry coefficient for 30°C an 1.5 bar, which is 0.029 mol/L/bar
(0.044 for the pressure of 1.5 bar) and the published data by
Aguliera et al. (2005) [1]. The slope of the line is the Henry
coefficient (44.06 mmol/L/bar).
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9.3 BY-PRODUCT EXCRETION INTO THE FILTRATE OF THE
FERMENTATION BROTH DURING CO; SHIFT

Switching from 0.06 to 50 % (v/v) CO; in the in-gas leaded to by-product formation. Acetate showed
the highest extracellular concentration among the by-products. It was present between 10 and 180 min
after CO, shift (Figure 9: A and B). Acetate was produced within the first hour of CO, treatment (Figure
10, C) until maximum concentrations above 6 mM (Figure 9: A and B) were reached in the two
processes. At the dilution rate of 0.05 1/h and for a reaction volume of 1.5 L, a wash out up to 5 %
(v/v) of the by-products per hour can be estimated. The acetate concentration returned to an amount
near to zero at the end of the short-term time frame.

In this case, ethanol - the redox-neutral product of the fermentative metabolism - is produced in minor
amounts compared to acetate. However, the production progress was similar to acetate: it was also
produced within the first hour (Figure 10, B) until it reached a maximum concentration of 2 mM (Figure
9: A and B) and also returned to zero at the end of the short-term time frame. In contrast, succinate
was present in the filtrate during the whole fermentation process with CO, treatment (Figure 9: A and
B) until a maximum concentration of 2 mM (Figure 9: A and B). Within the first three hours of CO,
treatment, succinate was continuously produced (Figure 10, A), where the highest production rate was
reached after 30 minutes.

The by-products found in the filtrate of the fermentation broth, were similar in process 1 and 2
according to the amount and time after CO, shift. Little variations were found in the ethanol
concentrations of the two processes. However, according to the big picture of process reproducibility
with over 70 measurements this single case seems arguable.
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Figure 9: By-product content in filtrate during CO, shift of process 1 and 2. Succinate, acetate and ethanol were
detected extracellular, where acetate and ethanol were produced short-term and succinate short- and long-term. In
process 1 sampling was only conducted between 0-60 minutes and long-term, while in process 2 sampling was
extended from 60 -180 min every 20 minutes, due to the results obtained from process 1.
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Figure 10: Biomass specific rates of succinate (gsuccinate), ethanol (getahnol) and acetate (gacetate)
[umolGlc/gCDW/h] during CO; shift of process 1 and 2. Succinate was produced during the whole CO; treatment, while
ethanol and acetate were produced in the first hour and consumed afterwards. (negative rate = production and positive
rate = consumption)

9.4 GLYCOGEN AND TREHALOSE CONTENT DURING CO, SHIFT

Glycogen and trehalose content in the biomass pellets were analyzed as described in 8.8.6 Glycogen
und Trehalose Assay.

Figure 11 shows the glycogen and trehalose content in % per g cell dry weight (CDW) blotted over
time after CO, shift. The data demonstrates a short-term decrease of both sugar storages during the
shift from compressed air to the gas-mixture including 50 % CO,. The glycogen content was 7.6 % per
g CDW and the trehalose content was 7.1 % per g CDW at time point zero for both processes. After
the first 30 min most of the glycogen and trehalose were degraded: decrease of 4.1 % per g CDW of
glycogen and 2.05 per g CDW trehalose for both processes. After 30 min the degradation proceeded,
but not as strongly as in the first 30 min. At retention times five and six (6000 and 7000 min), glycogen
and trehalose contents stayed at the same level than they were at 180 min. In total a decrease of 77.5
% glycogen and 82.8 % trehalose was determined in both processes.

Process 1 showed a faster sugar storage degradation than process 2, but both ended up in a similar
amount of glycogen and trehalose per g CDW in the long-term.
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Figure 11: Intracellular glycogen and trehalose content during CO, shift of process 1 and 2. During CO, shift carbon
storage was degraded and stayed at a low level even when exposed long-term (6000 and 7000 min) to elevated CO,

concentrations. Breakdown was highest at the first 30 minutes and happened more intensely for trehalose than for
glycogen.

9.5 N/C-RATIO IN BIOMASS AFTER CO, SHIFT

The nitrogen to carbon ratio (N/C) in the biomass was calculated as it is described in 8.8.3
Determination of Nitrogen to Carbon Ratio (N/C) in the Biomass Pellets and the Total Inorganic
Carbon (TIC) in the TIC Samples. In this work an increase of N/C ratio in the biomass was recognized
as response of elevated CO, concentrations. Before the CO, shift the N/C-ratio was 0.139+0.003
mNmol/mCmol and 0.134+0.002 mNmol/mCmol for process 1 and 2. Then the values increased long-

term to 0.160+0.004 and 0.151+0.003 mNmol/mCmol for process 1 and 2 at six retention times (7000
min).
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Figure 12: Nitrogen to carbon ratio (N/C) from biomass during CO; shift of process 1 and 2. N/C-ratio increased during
CO; shiftin process 1 and 2
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9.6 ESTIMATION OF RESPIRATIONAL AND FERMENTATIONAL qCO,

The results shown above indicate that there was a respirational and a fermentational metabolism in S.
cerevisiae during CO, shift. To get more detailed information the mass-balance for carbon was
applied:

dm,
dt

. enerated
— mlcn ut +1m g mgonsumed Eq. 76

Then the equation was adapted to this work, by adding the carbon mass flows of the feed (mfeed) cO,
(Meoz), biomass (m w) by-products (mby prod
trehalose degradation (m2”*¢):

) and the carbon available due to glycogen and

dmc

feed ferm . resp
— +m
dt (

bio . by—prod . glytre Eq. 77
Mco2 Mcoy ) me” —me +me g

where the mass flow of CO, consists of fermentational CO, (r/.5;™) and respirational CO, (1par).

In a continuous fermentation the change in the mass of carbon over time is zero:

dm,
= 0 Eq. 78
dt
and therefore Eq. 76 is transformed into Eq. 79:
mggrzm + mgzszp + mb“’ — mgeed mzyprod + mglytre Eq. 79

Then Eq. 79 is scaled to biomass specific glucose equivalents (the dilution rate is neglected):

Qsucc + ace + Qeth
qs + Agiytre — 2 = Qpio T ngszp Eq. 80

where g; [mmolGlc/gCDW/h] is the biomass specific glucose uptake rate, g4y [MMoIGIc/gCDW/h] is
the biomass specific glucose production rate by degradation of glycogen and trehalose, qgyuce, Gacer Qeth
[mmolGlc/gCDW/h] are the biomass specific production rates of succinate, acetate and ethanol,

resp

qpic [MmolGlc/gCDW/h] is the biomass production rate [mmolGIlc/gCDW/h] and q.,,
[mmolGlc/gCDW/h] is the biomass specific production rate of respirational CO,.

The g-values of the by-products are divided by two, to scale them to glucose equivalents. The biomass
specific production rate of fermentation CO; is included in the by-product terms.

The data for the left part of Eq. 80 is available and can be calculated, which is graphically represented
in Figure 13.
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Figure 13: Carbon-balance of biomass specific yields during CO; shift of process 1 and 2. Biomass specific rates of the
substrate added by biomass specific rates of glycogen and trehalose and subtracted by biomass specific rates of the
_ Qsucct9acetGeth
2
indicates that the released glucose molecules are stored in the cell before being converted into by-products.

by-products in glucose equivalents (qs + qgytre ). The balance is negative at 30 minutes, which

At time point zero 0.56 mmolGlc/gCDW/h were available in both processes. After 10 minutes of CO,
shift the highest amount of glucose equivalents were available for process 1 and 2: 3.24+0.38 and
2.36£0.12 mmolGlc/gCDW/h. Then at 30 min the balance became negative: -0.40+0.14 and -
0.54+0.06 mmolGlc/gCDW/h, which is in fact not possible, but may be explained, when the cells were
not using all of the released glucose from the glycogen and trehalose degradation at the time it is
released, it was stored at 10 min and degraded at 30 min. Therefore the degradation of storage sugars
were faster than metabolism of their released glucose. The addition of qglytre to gby-products (Table
25) results in an excess of glucose equivalents: 1.86 and 1.39 mmolGlc/gCDW/h for process 1 and 2,
meaning that not all of the glucose molecules delivered from glycogen and trehalose degradation were
used for by-product formation.

Table 25: Biomass specific glucose production rate ((excess glucose) Of process 1 and 2

q lytre qby-products qexcess glucose

¢}
[mmolGlc/gCDW/h] [mmolGlc/gCDW/h] [mmolGlc/gCDW/h]

Process 1 (0-60min) 3.75+0.48 -1.89+0.00 +1.86
Process 2 (0-60min) 3.38+0.14 - 2.04+0.00 +1.37

The right part of Eqg. 80 consists of the biomass production rate and the biomass specific production
rate of respirational CO,. For the calculation of q.oy , quio IS Needed, but sampling for the cell dry
weight were only conducted at time point zero and at 60 minutes, therefore not enough data was
available for the calculation. To overcome the lack of data the N/C-ratio of the biomass was used,

because samples at every time point were analyzed (see Figure 12).

In the purpose of calculating gy, it was assumed that the moles of nitrogen do not change and only
the moles of carbon decreased over time, which is the maximum possible change in carbon moles:
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=N 50 Eq. 81
dt
and
dn; Eq. 82
—— - max
dt

By considering the balance for the moles of carbon over time (% ), Eq. 83 is formed:

feed bio resp by—prod ferm
dng _dng ™" dng® dngy, dng _dngo, Eq. 83

dt ~ dt dt dt dt dt

where the moles of carbon in the feed, in the biomass, in the by-products and CO, (fermentational and
. . . . . . dnc . .
respirational) over time are considered. In a continuous fermentation —, IS zero and by solving after

resp

d . . .
% the following equation is formed:

d i by-prod
dn’ &P dngee dngw dncy pro dnferm

co2 _ _ _ co2 Eq. 84
dt dt dt dt dt
bio
where the d’;i is missing, but which can be calculated from the data received from the N/C-analyzer.

The moles of carbon at time point zero were therefore subtracted from the moles of carbon at a certain
time point, which can be calculated from the moles of nitrogen at time point zero (assumed to stay
unchanged) divided by the N/C-ratio of a certain time point. The formula for the calculation is shown in
Eq. 85:

n 1
= | nF0- 2| — Eq. 85

Gy«

where nt=° is calculated by the mass of carbon at time point zero [g] divided by the molar
mass of carbon M, [g/mol]:

% Cin COW
nt=0 = = M100 Eq. 86
C

and the n§~° is calculated by multiplying nt=° by the N/C ratio at time point zero:

t=0
t=0 _ (n_N) t=0 Eq. 87
ny - = ne
n¢
bio
After dr;ct is calculated, Eq. 84 is scaled to biomass specific glucose equivalents to form the following
equation:
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Qsucc + Qace + Getn
oy = ds + qhin’™ — 5

Eq.88

Then the g5y values were balanced in intervals of 30 minutes. In Figure 14 the results of this
procedure are shown. The following values representing the averages for both process: qCO,
respirational was -0.26 mmolGlc/gCDW/h at reference conditions and increased at 30 min to -0.13
mmolGlc/gCDW/h followed by an additional decrease at 60 min to -1.06 mmolGlc/gCDW/h. gby-
products and gs + qglytre are also shown: at reference conditions there was no by-product formation
and the available glucose (gs + qglytre) was 1.69 mmolGlc/gCDW/h. At 30 minutes the by-product
formation rate and the available glucose (gs + qglytre) were the highest: 1.59 and 4.82
mmolGlc/gCDW/h. At 60 minutes gs + qglytre decreased to 2.18 mmolGlc/gCDW/h and gby-products
decreased as well to -0.09 mmolGlc/gCDW/h.
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Figure 14: Estimation of biomass specific respirational CO, production rate in comparison to the
biomass specific rates of by-product, substrate and glycogen and trehalose during CO, shift of
process 1 and 2. qCO, respirational decreased at 30 minutes and increased at 60 minutes after CO,
shift.

qgg;’" was calculated as well for comparison with q¢,”. The biomass specific production rates of by-

product formation (acetate, ethanol or succinate) were divided by six to scale them to glucose
equivalents:

ace succ eth
ferm _ 4co, T dco, *dco, Eq. 88

dco, = 6
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In Figure 15 q/.™ and qg" are balanced in intervals of 30 minutes for comparison. The ¢/g’™ was

highest at 30 (-0.44 mmolGlc/gCDW/h in average for both processes) and 60 minutes (-0.48
mmolGlc/gCDW/h for both processes) and increased afterwards to -0.09 mmolGlc/gCDW/h at 120
min and 0.17 mmolGlc/gCDW/h at 180 min in process 2.
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Figure 15: Comparison of biomass specific rates of respirational CO, and fermentational CO,. The fermentational
CO; rate is highest at 30 and 60 minutes and increases afterwards, while the respirational CO, rate is increasing
at 30 minutes and decreasing at 60 minutes of CO; shift.

9.7 INTRACELLULAR AMINO AcID CONTENT BEFORE AND AFTER
CO5 SHIFT

The intracellular amino acid pools were calculated according to section 8.8.2 Determination of the
Intracellular Amino Acid Pools. Only 19 out of the 20 proteinogenic amino acid could be measured by
RP-HPLC, only cysteine was missing. From the calibration standard mix cysteine was also not
measurable. In Figure 16-19 the intracellular concentration in pmol/gCDW of the remaining 19 amino
acids are blotted against time after CO, shift are shown. Additionally norvaline and yABA were used
for internal standardization (8.8.2 Determination of the Intracellular Amino Acid Pools).

The two processes showed in most cases very similar results. Three amino acids showed no
significant differences with and without elevated CO, concentrations: asparagine, methionine and
isoleucine (Figure 15: C, D and E). And some showed only very slight changes: histidine (Figure 15,
B), tyrosine (under detection limit, not shown), tryptophan (under detection limit, not shown) and
phenylalanine (Figure 15, A).

71



: B
14 - phenylalanine 8 - histidine
1.2 1 T
10§ 8 =63 @;@
210895 o &0
Q 08 ] %2 5.0 o Yo °Coogo
S 06| °© gTo 7 4] ? g
‘2-, 04 = g. 2 i
0.2 -
0.0 —————— O 0 e —
0 30 60 90 120150180 6000 7000 0 30 60 90 120150180 6000 7000
time after CO, shift [h] time after CO, shift [h]
C 6 - asparagine D 4 - methionine
- 3 I i
24 o % $:550° & % 3
8 ) 5 S 2% %%g 550 0 g
3 s T We%see® | VO T Q
] 0.
0 T T T T T T T T . . — T T T T
0 30 60 90 120150180 6000 7000 0 30 60 90 120150180 6000 7000
time after CO, shift [h] time after CO, shift [h]
E 35 isoleucine
3.0
S 25
S 2.0 9'%8 o 0 o g :
2 O~ O @
g 1.5 1
210

o ;
o
1 1

o
o

T T T T

0 30 60 90 120150180 6000 7000
time after CO, shift [h]

® process1 O process 2

Figure 16: Intracellular amino acid content during CO; shift of process 1 and 2 (part 1/4): no significant change was

measured for asparagine, methionine and isoleucine and slight changes were measured for phenylalanine and
histidine.

Decrease of intracellular acid pool size was determined for aspartate, arginine, glutamate and
glutamine. 10 minutes after CO, shift a strong decrease in intracellular aspartate concentration of
about 65 % was detected (Figure 17, A). Then the concentration increased and reached at 40 minutes
the initial concentration again, which was constant till long-term conditions. 50 % of the intracellular
glutamate concentration was decreased within 100 minutes after CO, shift (Figure 17, B). The initial
concentration was not reached again, instead the concentration stayed even long-term at this low
level.

The glutamine concentration increased slightly in the first 30 minutes of about 10 %, but then the
concentration decreased about 60 % at long-term CO, treatment (Figure 17, C). In the short-term no

72



specific change in arginine concentration in comparison to the reference was measurable, but at long-
term treatment with CO, the concentration decreased about 80 % (Figure 17, D).
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Figure 17: Intracellular amino acid content during CO; shift of process 1 and 2 (part 2/4). Descriptions see text.

An increase of intracellular amino acid concentration during CO, shift was measured for serine,
glycine, threonine, alanine, leucine, lysine, proline and valine (Figure 18 and Figure 19). Serine,
alanine, threonine and valine showed very similar progression during CO, shift: their concentrations
increase during the first 20 minutes (serine +150 %, threonine +350 %, alanine +100 % and valine
+100 %) and decreasing till retention time six (long-term) to values that are still higher than the initial

ones (serine -40 % , threonine of -30 %, alanine -40 % and valine of -30 %) (Figure 18: A, B, C and
D)
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Figure 18: Intracellular amino acid content during CO, shift of process 1 and 2 (part 3/ 4). Descriptions see text.

Proline and leucine also showed an increased concentration during the first 20 minutes of CO,, shift of
about 100 %, but their concentration was almost the same than the initial one in the long-term (Figure
19: A and B). The intracellular concentration of glycine and lysine increased constantly for long- and

short-term exposes to CO, to final values that were fourfold and threefold higher than the initial
concentrations (Figure 19: C and D). .
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Figure 19: Intracellular amino acid content during CO, shift of process 1 and 2 (part 4/ 4). Descriptions see text.
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10 DIsCUSSION

10.1 OSCILLATING BEHAVIOR DURING CO, TREATMENT

Oscillating behavior in aerobic, glucose-limited chemostat cultures of yeast is a well-known
phenomenon. It has been monitored even when the operation conditions kept constant [69]. As
reviewed by Patnaik in 2003 [139], oscillations are noticed for dissolved oxygen tension (DOT), CER,
OUR, the concentration of the carbon source and the concentration of the products ethanol and
acetate, storage sugars and pH. Oscillations of CER, OUR, were also mentioned from Richards et al
[29] as short time result of certain shifts with different CO, concentration in the in-gas phase.

10.2 CHANGES IN PHYSIOLOGICAL PARAMETERS

A decreasing biomass yield in a continuous fermentation of yeast under CO,-stress was also reported
by other authors [1,29]. Richards et.al [29] observed a decrease in biomass yield of 6.6 and 13.5 %,
while dissolved CO, concentration was increased from 1.49 to 6.76 mM and from 1.43 to 17.20 mM
in the long-term. Aguilera et al. [1] also reported a decrease of 24 %, by increasing dissolved CO,
concentration from 0.22 mM to 22.30 mM. These data are comparable to the obtained values in this
work of 8.82 % (process 1) and 11.22 % (process 2) loss in cell dry weight concentration under CO,-
stress (increasing dissolved CO, concentration from 1.18 to 23.29 mM). Interestingly, Richards worked
with lower CO, concentrations and a higher dilution rate (0.13-0.166 1/h), but delivered a similar
decrease of biomass yield than in this work, while Aguilera et al. worked with similar CO,
concentrations and also higher dilution rate (0.1 1/h) and delivered a higher biomass yield decrease
than in this work. This indicates that the effect of elevated CO, concentrations is depended on the CO,
concentration and also on the dilution rate respectively the specific substrate rate.

The loss of glycogen and trehalose content short-term is lowering cx, when the released glucose is
consumed. Delayed these glucose molecules may be used for by-product synthesis, but there is still
glucose left afterwards and therefore the remaining molecules must be used for energy generation.

The existing long-term loss of cx is thus explained by an energy drain, which affects the energy
homeostasis [29]. Additionally Richards et. al. and Aguilera et al. found an increased specific oxygen
rate, which was increased, but not significantly altered in this work. Aguilera mentioned that elevated
levels of CO, may be associated with an metabolic uncoupling of electron transport and ATP synthesis
[1,140]. A reason for the uncoupling may be that the energy needs at elevated CO, levels are higher.
This theory is supported by the significant increase of gs and ms measured in this work and by the fact
that bicarbonate is found to activate ATP hydrolysis by the mitochondrial F;/Fy ATPase/synthase [140],
which fits to the results of Richards, who showed that the ATP to biomass vyield is reduced linearly at
increased dissolved CO, levels [29].

Other reasons for higher energy needs may rely in the maintenance of pH homeostasis during CO,-
stress. The impact of CO; on the intracellular pH is well known [141]. To maintain the pH homeostasis,
Pmalp ATPase located on the cell membrane mostly used [120]. It transfers 1 proton out of the cell by
the usage of 1 ATP [142]. While the H" is able to be transferred outside of the cell, HCO3 remains in
the cell, because no transporter is found to exist [143], therefore the intracellular concentration of
bicarbonate ions increases and may change the electric potential of the cell membrane [144].
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10.3 BY-PRODUCT FORMATION

At CO,-stress, released sugar by storage sugar degradation, lead to an overflow metabolism, where
acetate and ethanol is produced, which was also shown by Richards et al. [29]. Additionally succinate
was produced, which was also published by Aguilera et al. and Richards at al. [29]. In fact, it is already
known that bicarbonate stimulate the production of organic acid, especially succinate [128]. It may be
due to an inhibition of succinate dehydrogenase in the TCA [29,1]. In this work, the respirational qCO,
was estimated. At 30 minutes a drain in respirational qCO, was calculated, which may match to the
presumption that the SDH is inhibited. In fact, when the SDH activity is lower, anaplerotic activities are
necessary [1]. Due to published transcriptional data PEPCK (phospoenolpyruvate carboxykinase) and
PYC (pyruvate carboxylyase) are known to work as anaplerotic enzymes during gassing with elevated
CO, levels [1]. A minor inhibition of SDH may be compensated by acetate synthesis. The advantage of
acetate over ethanol is the production of cytosolic reduction equivalents, which can be used for ATP
synthesis via respiratory chain.

10.4 DEGRADATION OF GLYCOGEN AND TREHALOSE

A significant decrease in glycogen and trehalose content was could be identified in this work. A similar
trend was also reported by Richards et al. [29]. The degradation of storage sugars, due to CO,-stress
may be explained by the following hypothesis: when CO, enters the yeast cell it dissociates and forms
HCO; and H*, which is lowering the internal pH [145]. An intercellular acidification activates the
adenylate cyclase via RAS protein, the resulting cAMP activates the PKA, which leads to the
degradation of the storage sugars [146]. The adenylate cyclase was also found to be activated by
HCO3 directly, but only in mammalian cells [145]. When glycogen and trehalose are degraded, high
glucose levels are released, which may activate the adenylate cyclase as well, via G-Proteins Gprl-
Gpa2 [27] or by passing over to the next cell cycle [74]. In case of the yeast that is passing another
cell cycle, the energy from the degradation of the storage sugars is used for budding or cell deviation
[72]. In this work, the glycogen and trehalose pools stayed at a low level at long-term treatment with
CO,, which may have a negative effect on the cell deviation. There might be two possibilities why the
glycogen and trehalose storage are not built up again: their degradation could be as fast as the build
up or the enzymes for the synthesis of the sugars storages are inhibited by CO, and therefore the built
up is not conducted.

As mentioned above, cCAMP plays an important role in glycogen and trehalose degradation, but it also
has an influence on the plasma membrane ATPase [147] and mitochondrial ATPase [148], CAMP may
therefore be one of the key metabolites in CO,-stress response.

10.5 INCREASE OF N/C-RATIO OF THE BIOMASS

An increasing N/C-ratio is usually received, when the dilution rate is increased in S. cerevisiae [149].
The correlation is approximately linear (see Figure 20). The initial value of N/C-ratio is similar to the
published data of Lange and Heijnen [149], but the final N/C-ratio after six retention times after CO,
shift, is as high as the dilution rate of about 0.15 1/h. In the paper the different mass fractions of the
cell compounds are stated at different dilution rates. At a dilution rate of 0.158, protein content and
RNA content are increasing, while carbohydrates and lipid content are decreasing, when compared to
dilution rate 0.05 1/h. Nevertheless DNA were mentioned to stayed constant at every dilution rate
between 0.022 and 0.211 1/h.
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Figure 20: Correlation between N/C-ratio and dilution rate
according to Lange and Heijnen, 2001 [149].

Furthermore there are three possibilities why the N/C is increasing: first only the nitrogen content is
increasing and the carbon content stays constant; second only the carbon content is decreasing and
the nitrogen content stays constant or third nitrogen content increased, while carbon content
decreased at the same time. The available data cannot indicate which case is true, but it can be
assumed that the carbon ratio might be decreased because of glycogen and trehalose degradation
and by-product formation.

10.6 CHANGES IN INTRACELLULAR AMINO AcCID PooLs

Transient degradation within the first minutes led to an increased flux through glycolysis. Metabolite
pool sizes are highly flux dependent. Changes in the intracellular amino acid contents are explainable
by the glucose equivalents from storage carbohydrate degradation. The intracellular concentrations of
two derivates from TCA intermediates aspartate and glutamate are decreased during the treatment.
The cellular aspartate level is restored immediately whereas the glutamate pool decreases much
slower but stayed permanently low. The response of the aspartate pool to CO, level may show a
limited pyruvat carboxylyase activity [1] associated with a decrease in TCA flux. The increased N/C-
ratio of the biomass provides an important indicator for cellular ammonia assimilation. The glutamate
pool as the main allocator of assimilated nitrogen may be affected due to increased cellular protein
and nucleotide synthesis [149]. Amino acid contents, delivered from glycolysis intermediates, like
alanine, glycine, threonine and serine are permanently increased. These facts show that only the
amino acids, which derived close to the central carbon metabolism, are affected by CO,-stress.
Nevertheless, it is possible, that changes in intracellular amino acid pools, do not have any impact on
the cell, because only aspartate, glutamate, leucine and isoleucine pools are found in high
concentrations located in the cytoplasm and the remaining are mostly located in the vacuole [150]. So
if the total intracellular amino acid concentration changes, it does not necessarily mean that the
concentration changes a lot - for example in the cytoplasm - due to a dynamic behavior between the
pools in the compartments by the transporters [151].

This work demonstrates the complexity of the impact of CO,-stress on S. cerevisiae and delivers an
overview about the processes taking place during a CO, shift. The effect of CO, on yeast is still not
fully understood and further investigation is therefore needed.
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