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Abstract 

Metabolic engineering relies on mathematical models to understand biochemical processes and 

design strategies for their manipulation. The availability of databases and modelling tools make it 

possible to reconstruct pathways based on genome sequence. This led to a proliferation of 

stoichiometric models that explore the metabolic potential of organisms, by predicting theoretical 

metabolic yields under several conditions. Nevertheless, to achieve the full potential of metabolic 

engineering, a significant effort must be made to obtain high-quality models and compatible 

experimental datasets. 

This work presents a dynamic model of the halophilic bacteria Halomonas elongata. It describes 

growth experiments in a batch bioreactor under different salt concentrations. A fermentation setup in 

purely mineral medium MM63, supplemented with a trace element solution, was established and allowed 

the metabolic parameterization of the process. This model intends to serve as a reference platform for 

experiments with this organism in different conditions. 

Additionally, some case studies were cross-checked against the reference model, namely to 

identify anomalous fermentations with by-product accumulation; to study the influence of salinity; and 

the role of OAD enzyme in ectoine production. 

A fermentation experiment with the deletion mutant Δppc, that lacks the PEPC enzyme, showed 

that this strain can have an efficiency comparable to the wild-type, although the lack of the enzyme 

seems to influence the physiology. 

Moreover, an appropriate method for halophilic biomass quantification was developed and 

proved that data coming from flask experiments can be extrapolated to bioreactor scale. In this work the 

growth of H. elongata was not inhibited by ammonia. 

 

 

Key-words: 

Halomonas elongata, dynamic reference model, saline environments, carbon dioxide evolution 

rate, osmoregulation, ectoine. 
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Resumo  

A engenharia metabólica utiliza modelos matemáticos para perceber processos bioquímicos e 

desenhar estratégias para a sua manipulação. As ferramentas de modelação e as bases de dados 

tornam possível a reconstrução de vias metabólicas baseando-se na sequenciação de genomas. 

Assim, os modelos estequiométricos tornaram-se uma tendência para estimar rendimentos teóricos. 

Contudo, para atingir o potencial máximo da engenharia metabólica, deverão obter-se modelos de 

elevada qualidade compatíveis com dados experimentais. 

O presente trabalho foca-se no desenvolvimento de um modelo dinâmico do crescimento do 

halófilo Halomonas elongata. Este modelo descreve fermentações descontínuas em diferentes 

concentrações de sal e pretende servir de referência a futuras experiências com H. elongata em 

condições variáveis. Para este trabalho, foi desenvolvida uma configuração experimental, em meio de 

cultura puramente mineral, suplementado com uma solução de minerais e nutrientes, permitindo a 

parametrização metabólica do processo.  

Adicionalmente, diversos casos de estudo foram comparados com o modelo de referência, 

nomeadamente para identificar fermentações anormais com acumulação de um produto secundário; 

perceber a influência da salinidade; e estudar o papel da enzima OAD na produção de ectoína. 

O crescimento em bioreator do mutante de deleção Δppc, cuja enzima PEPC foi removida, 

mostrou que esta estirpe apresenta eficiência metabólica semelhante ao alelo selvagem, apesar da 

mutação parecer ter influência na fisiologia. 

Foi também desenvolvido um método para quantificação de amostras de biomassa de 

organismos halófilos que provou que os dados obtidos em pequena escala (Frasco de Erlenmeyer) 

podem ser extrapolados para grande escala (bioreator). Neste trabalho, não houve inibição do 

crescimento por amónia. 

 

 

Palavras-chave: 

Halomonas elongata, modelo cinético de referência, ambientes salinos, taxa de emissão de 

dióxido de carbono, osmorregulação, ectoína. 
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TG Thermogravimetry - 

Vl Volume of liquid phase L 

wt Halomonas elongata wild type - 

WW Biomass wet weight g 

   



xix 

X Cellular concertation 
OD600 or g L-1  

(dry base) 

X0 Initial cellular concentration 
OD600 or g L-1  

(dry base) 

Y Yield coefficient 
mM/OD600 or 

mol/mol 

Y’ Apparent yield coefficient 
mM/OD600 or 

mol/mol 

yi Fraction of component i in gas phase % 

γi Activity coefficient - 

Δ Variation - 

Δppc Deletion mutant - 

σ Standard deviation - 
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1 Introduction 

1.1 Motivation 

The present work aims to quantitatively describe the metabolism of a relatively unknown 

halophilic bacteria, Halomonas elongata, with special focus on ectoine production. The complete 

genome of H. elongata is already sequenced and annotated [1], however, the mechanisms behind 

ectoine production, its transport across the membrane and metabolic fluxes in this organism are not yet 

clearly known. This thesis primarily intends to establish a fermentation setup on purely mineral medium, 

in order to compute reliable and precise metabolic and respiratory parameters. So far, the lack of 

reproducibility and the low maximum optical density achieved in mineral medium have been challenges 

that this work also intends to overcome. Afterwards, the setup can be applied to develop a dynamic 

model that serves as a reference and a bridge between further experiments and a core stoichiometric 

model of the central metabolic pathways of H. elongata.  

Genetic and molecular biology tools have been of major relevance for the optimization of 

bioprocesses. The ability to manipulate DNA has already changed world-wide perspectives in several 

fields, such as pharmaceutical, cosmetic, and environmental. For instance, the inactivation of pathways 

and deletion of relevant genes can in fact result in a better understanding of the metabolism and lead to 

the establishment of relevant hypothesis. However, these techniques are only a piece of the whole 

puzzle that a bioprocess is. Therefore, engineering tools are likewise essential to achieve a quantitative 

understanding of the metabolism. For that, fermentation techniques are applied to quantify the growth 

of a microorganism of interest by supplying it with the appropriate nutrients and cultivating it under 

suitable conditions. With this approach, not only the growth can be quantified but also the production of 

metabolites and the consumption of nutrients. 

Additionally, mathematical and modelling tools are also required to complete the puzzle, since 

they drive a more directed approach towards the understanding, and consequent optimization, of a 

bioprocess. Computational biology relies on a fully sequenced genome to reconstruct networks, based 

on mathematical equations that contain information about the stoichiometry, rates of reactions and 

chemical formulas of the species involved. Additionally, thermodynamic constraints are significant 

complements of a model to guarantee that it predicts physiological behaviours. Hence, systems biology 

can in one hand be applied to a set of experimental data to help in its analysis and understanding and, 

in another hand in the in-silico simulation of possible phenotypes which could be observed in vivo. 

 

1.2 Halophiles: microorganisms with high potential for industrial 

applications 

In extreme environments, where the salt concentration is high, non-adapted organisms must 

cope with the fact that the water potential of their cytoplasm is higher than the water potential of the 

surrounding environment. In this situation, water flows from their cytoplasm to the external surroundings, 

resulting in cell shrinkage, responsible for cessation of growth and reduced diffusion rates of proteins 

and metabolites. To cope with the osmotic stress, microorganisms known as halophiles, have developed 
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adaptive strategies that allow a rapid adjustment to changes in the external salt concentration, allowing 

them to live in extreme saline conditions, by achieving a water potential in the cytoplasm similar to that 

of the surrounding medium [2].  

These saline environments, such as salt lakes, coastal lagoons and man-made salterns have 

been densely populated with adapted species from all three domains of life: Archaea, Bacteria and 

Eucarya [1]. They have developed basically two different adaptation strategies to balance the osmolality 

of their cytoplasm with the medium, and like this avoiding irreversible plasmolysis and dehydration. This 

allows the organism to generate turgor pressure within limits necessary for growth [3]. 

The first is a “high-salt-in” strategy, very typical in archaeal organisms, that involves the 

accumulation of molar salt concentrations in the cytoplasm, mainly KCl. Therefore, organisms following 

this strategy have extensively adapted their intracellular enzymatic machinery to the presence of salt. 

Having an excess of acidic amino acids like glutamate and aspartate, results in an acidic proteome, that 

typically requires high salt concentrations for structural stability and activity [4]. This adaptation, 

however, is not useful for the colonization of habitats of moderate or low salinity since high intracellular 

salt concentration is always needed for correct protein folding and functionality [5]. 

Another adaption strategy for microorganisms is to apply the "low-salt-in” strategy, commonly 

found amongst bacteria and eukarya species. This is a more versatile approach which balances the 

outside salinity with highly water soluble osmotic compounds. These molecules do not disturb the 

metabolism of the cell, even at high cytoplasmic concentrations, and do not participate as intermediates 

in biochemical pathways, therefore they are called compatible solutes. Since they have relatively little 

effect on the cytosolic ionic strength, no special adaptation of the intracellular systems (enzymes and 

organelles) is required. The property behind the fact that the compatible solutes do not perturb the 

metabolism, is an unfavourable interaction between the osmolytes and the peptide backbone. This is 

caused by a thermodynamic force called osmophobic effect, that raises the free energy of the denatured 

state of peptides, favouring the native state and allowing the normal protein activity [6]. In this salt 

adaptation approach, after a sudden increase of salinity in the surroundings, a short-term influx of K+ is 

observed and it triggers the cytoplasmic accumulation of the organic solutes that are either synthesised 

or up-taken from the surrounding environment. Their accumulation inside the cell prevents water loss, 

helping the maintenance of cell volume, turgor pressure and electrolytes concentration [7]. 

Several compatible solutes, also called osmolytes, have already been identified namely: polyols 

and derivatives (glycerol, sorbitol, manitol, α-glucosylglycerol, mannosyl-glycerol, and mannosyl-

glyceramide), sugars and derivatives (trehalose, sucrose), amino acids and derivatives (proline, 

glutamate, glutamine, and alanine), betaines (glycine betaine), ectoines (ectoine and hydroxyectoine) 

and occasionally peptides suitably altered to remove charges [7]. They present a high biotechnology 

application potential given their capacity to work as chemical chaperones for protein folding, stabilizers 

of biomolecules, stress-protective agents, therapeutic agents and cosmetic actives since they stabilize 

enzymes, DNA and even whole cells against stresses such as freezing, drying and heating [8]. 
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1.3 Halomonas elongata and its compatible solute: ectoine 

H. elongata, represented in Figure 1.1(a), is a gram-negative aerobic halophilic γ-

proteobacterium [9]. This is an extremely versatile organism, able to grow at a very wide range of salt 

concentrations [10]. Consistent with the denomination of H. elongata as halophilic, it has been seen that 

an optimal growth occurs at salt concentrations slightly above 0.5 M, with a sharp decrease at lower 

concentrations, growth still occurs at 3.6 M [11]. In nature, this organism is found in hypersaline 

environments, with salt concentrations above 10% NaCl (1.7M), such as salt lakes. To survive under 

such extreme salt conditions, it accumulates the compatible solute ectoine inside the cytoplasm. Ectoine 

is either synthesised de novo via aspartate, using enzymes encoded by three genes, ectA, ectB and 

ectC, or imported from the external surroundings with the ectoine-specific osmoregulated transporter 

TeaABC [1], [12]. 

Strains with an inactive TeaABC constantly release ectoine to the environment, proving that this 

transporter is not only essential for the up-take of external ectoine, but also for the regulation of an 

unknown system responsible for synthesis and excretion of endogenous ectoine [2], [13]. With this 

finding, it was possible to design an ectoine production strain, with higher productivity in ectoine 

synthesis comparing to the wild type, which is currently being used in the industrial scale production of 

ectoine [14]. 

Ectoine, with chemical formula C6H10N2O2, and the structure that can be found in Figure 1.1(b), 

can be considered a heterocyclic amino acid or as a partially hydrogenated pyrimidine derivative. It was 

detected for the first time in 1985 when Galinski et al. isolated it from an extremely halophilic species of 

the bacterial genus Ectothiorhodospira and characterized the structure of this novel molecule by a 

combination of nuclear magnetic resonance techniques and mass spectrometry. Since no reference of 

this molecule was published at that time, they were the ones suggesting the trivial name ectoine for this 

compatible solute [15]. 

The protective and stabilizing properties of compatible solutes discussed before are undeniable, 

but amongst the different compatible solutes so far investigated, ectoine has shown to display the most 

powerful properties such as: (1) enzyme stabilization in the presence of denaturants or at high 

temperature; (2) enhancement of the efficiency of polymerase chain reactions; (3) stabilization of even 

whole cells against stress factors such as UV radiation or cytotoxins [16]. Therefore, ectoine is a 

tremendous high value compound for pharma and skin care industries, being industrially produced 

annually on a scale of tons [1]. It is applied in different products such as a protective agent against 

oxidatively active compounds [17], as a stabilizer of skin moisturizer content [18] and in the treatment 

of gastrointestinal and amyloidal diseases [19]. 
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Figure 1.1 - (a) Halomonas elongata [20]. (b) Chemical structure of ectoine (1,4,5,6-tetrahydro-2- methyl-
4-pyrimidinecarboxylic acid). 

 

The reaction for biological synthesis of ectoine is demonstrated in Figure 1.2. The precursor of 

this reaction is aspartate-semialdehyde (ASA), the principal intermediate in the synthesis of amino acids 

of the aspartate family. The first step consists in the transamination of ASA into 2,4-diaminobutyric acid 

(DABA) and is catalysed by DABA transaminase (EctB) using glutamate as amino-group donor. Then, 

an acetyl group is transferred to DABA from acetyl-CoA by DABA-Ng-acetyltransferase (EctA) to 

synthesize Ng-acetyl-L-2,4-diaminobutyric acid (ADABA). Finally, ectoine synthase (EctC) catalyses the 

cyclic condensation of ADABA, which leads to the formation of ectoine [21]. 

 

 

Figure 1.2 - Ectoine synthesis[1]  

 

Under certain stress conditions, doeABCD genes of H. elongata can degrade ectoine in order 

to be used as carbon and nitrogen source [1]. 

 

1.4 Putative pathways for ectoine production 

As referred, aspartate semialdehyde belongs to the aspartate family of amino acids. In this 

family, oxaloacetate serves as a central metabolic precursor, and undergoes transamination reaction to 

form aspartate in the presence of glutamate. Consequently, aspartate is converted into β-aspartyl 

phosphate which is then transformed into aspartate-semialdehyde [22]. 
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As one could notice, the use of oxaloacetate to produce ectoine under high salt conditions, 

implies the loss of carbon from the tricarboxylic acid (TCA) cycle. Thus, ectoine could not be produced 

without, at least, one anaplerotic pathway. 

The anaplerotic reactions available in H. elongata are the oxaloacetate decarboxylase (OAD), 

the phosphoenolpyruvate carboxylase (PEPC), and the maliac enzyme (MAE) [23]. Figure 1.3 shows a 

schematic overview of the possible pathways for ectoine production in H. elongata. 

The OAD enzyme is a membrane pump, which imports sodium into the cell while converting 

pyruvate (PYR) to oxaloacetate through reaction (1.1). Since it follows the conversion of 

phosphoenolpyvate (PEP) to PYR, two ATP molecules are gained. Note that Escherichia coli does not 

encode for OAD enzyme, this is one of the biggest differences between both organisms. PEPC converts 

PEP into oxaloacetate through reaction (1.2). MAE converts PYR into malate, through reaction (1.3), 

which is then converted into oxaloacetate. Here, as in the case of OAD, two ATP molecules are gained 

from the conversion of PEP into PYR. 

 

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2𝑁𝑎𝑜𝑢𝑡
+ + 𝐶𝑂2 

𝑂𝐴𝐷
→ 𝑂𝑥𝑎𝑙𝑜𝑎𝑐𝑒𝑡𝑎𝑡𝑒 +  2𝑁𝑎𝑖𝑛

+ + 𝐻2𝑂  (1.1) 

𝑃𝐸𝑃 + 𝐶𝑂2 
𝑃𝐸𝑃𝐶
→ 𝑂𝑥𝑎𝑙𝑜𝑎𝑐𝑒𝑡𝑎𝑡𝑒 + 𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 (1.2) 

𝑁𝐴𝐷𝑃𝐻 + 𝐶𝑂2 + 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝐻
+  
𝑀𝐴𝐸
→ 𝑁𝐴𝐷𝑃 + 𝑀𝑎𝑙𝑎𝑡𝑒 + 𝐻2𝑂  (1.3) 

 

The glyoxylate shunt, though not an anaplerotic pathway, serves for the same purpose as a 

short-cut through the TCA cycle and therefore another alternative to replenish the carbon. 

MAE is, from a stoichiometric point of view, the most efficient enzyme to be used for ectoine 

production, with a net gain of 1 ATP per molecule of pyruvate used. The next best option would be to 

use OAD, with a net gain of 1/3 of an ATP unit. Note that, despite the bigger amount of ATP gained 

when converting PEP into PYR, the imported sodium, when OAD is active, has later to be exported and 

that costs energy, resulting in the net value cited. After in the ranking appears PEPC, which lacks the 

step of converting PEP into pyruvate and therefore the gain in ATP, and finally, the less likely pathway, 

was predicted to be the glyoxylate shunt since it does not offer any extra energy [23]. 

Additionally, it has been proposed that glycolysis via Entner–Doudoroff (ED) pathway is 

thermodynamically more favourable than Embden–Meyerhof–Parnas (EMP) [23]. 

A more recent study, from 2017, showed that MAE plays no significant role as an anaplerotic 

reaction [24]. 

The two remaining anaplerotic reactions, catalysed by OAD and PEPC, should then be the ones 

suppling the required oxaloacetate to the TCA cycle through carboxylation of either PEP or Pyruvate. 

Goёss et al. have generated a deletion mutant lacking PEPC, the so-called H. elongata Δppc. 

Studies have been made to compare its phenotype with the one expressed by the wild type 

[Manuscript in preparation]. 
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Figure 1.3 - Putative pathways for ectoine production with focus on anaplerotic reactions: oxaloacetate 
decarboxylase (dark blue), the PEP carboxylase (red), and the maliac enzyme (green). Glyoxylate shunt (light 
blue) [23]. 

 

1.5 The role of model based approach in understanding biochemical 

processes 

Systems biology aims to understand the relationship between genotype and corresponding 

phenotype. However, a system is not just an assembly of genes and proteins, therefore it cannot be 

fully understood just by drawing static diagrams of their interconnections. Knowing these genomic 

networks and biochemical pathways that compose a system, is a good starting point, but the insights 

on the dynamics is what brings us knowledge on how a system behaves over time under various 

conditions [25]. 

Schwibbert et al. published in 2010 a metabolic flux model for H. elongata focused on the ectoine 

metabolism in order to provide the basis for a model-driven improvement of industrial ectoine production. 

This model resulted from genetic and biochemical data, coming from manual and automatic genome 
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annotation with help of KEGG and BRENDA databases. This first model aimed to explore different 

metabolic options to produce ectoine and no microbial growth was incorporated [1]. 

In 2017, Kindzierski et al. refined the previous model to incorporate other relevant pathways 

besides ectoine synthesis, such as: Entner-Doudorof, tricarboxylic acid cycle, anaplerotic reactions, 

glyoxylate shunt and nitrogen assimilation through glutamate and alanine. This new stoichiometric 

model also includes reactions that reflect the impact of different microbial physiological states [24]. 

Both works showed that modelling tools, together with experiments can achieve a much better 

understanding of the metabolic network that is actually operating in H. elongata. In fact, systems biology 

based on mathematical models requires a close link between theoretical and experimental analysis and 

makes it possible to understand the connection between molecules and physiology by discovering how 

functions arises in dynamic interactions [26].  

To build these dynamic models an iterative process is usually applied. It starts by defining the 

purpose of the model, choosing a modelling framework and propose the first mathematical structure. 

Normally, it contains unknown and non-measurable parameters that may be estimated by means of 

experimental data fitting. For that, a step of parameter estimation should lead to accurate and precise 

values. Finally, the working model must be validated with new experiments and in the case of showing 

deficiencies a new model structure and new experiments must be planned and implemented. This 

process is iteratively repeated until the validation step is satisfied [27]. 

Regarding ectoine production, to reconstruct its pathway, several experiments have to be made 

and a reference should be established for comparison. Therefore, this work mainly focuses on the 

development of a reference dynamic model for H. elongata and on finding a set of parameters to 

successfully describe the process.  

 

1.6 The chemistry of saline environments 

The amount of a gas dissolved in water, when gas and liquid phases are in equilibrium, is directly 

proportional to the partial pressure of the gas (𝑝𝑖) through the so known Henry’s law, generically 

represented by equation (1.4), depending on how the Henry’s coefficient is defined. Henry’s coefficient 

of a gas (𝐻𝑖) depends on the gas itself, on the temperature, the pressure, and salinity. The solubility of 

different gases in water is different and depends on their molecular weight and structure. Consequently, 

the proportion of gases found in liquid systems differs from the one found in the gas phase with which it 

establishes an equilibrium. Moreover, gases are less soluble in saline systems than they are in fresh 

water, thus salt seems to have a lowering effect on the solubility of gases [28]. 

 

[𝐺] =  𝐻𝑖  × 𝑝𝑖    or   [𝐺] =  
𝑝𝑖

𝐻𝑖
  (1.4) 

 

Carbon dioxide is of special relevance in this work, given the equilibrium that establishes with 

saline water, making of high saline growth media reservoirs of carbon. 

When CO2 dissolves in acidic water most of the molecules remain free, while others combine 

with water to form carbonic acid (H2CO3). This reaction is perfectly reversible and when in equilibrium, 
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the rates of the forward and backward reactions are the same and the equilibrium constant (𝑘0) is the 

ratio of the two velocity constants. It is known that in acidic conditions, the concentration of free CO2 is 

greater than H2CO3. Under alkaline conditions other reactions become relevant, namely the dissociation 

of H2CO3 into 𝐻𝐶𝑂3
− and 𝐶𝑂3

2−. In summary, since the rates of reaction are pH dependent, the proportion 

of the various carbonate species is also pH dependent [28].  

 

𝐶𝑂2,𝑓𝑟𝑒𝑒 + 𝐻2𝑂⟷
𝑘0

𝐻2𝐶𝑂3⟷
𝑘1

𝐻𝐶𝑂3
− + 𝐻+⟷

𝑘2

 𝐶𝑂3
2−  +  𝐻+ (1.5) 

 

The dissociation constants (𝑘𝑖) of the equilibrium above are formulated as equations (1.6) 

to (1.8), which are expressed in terms of the activities of the ions involved. The activity of water, {H2O}, 

was considered equal to its standard value, 1.  

 

𝑘0 =
{𝐻2𝐶𝑂3}

{𝐶𝑂2,𝑓𝑟𝑒𝑒}
 

(1.6) 

 𝑘1 =
{𝐻𝐶𝑂3

−}{𝐻+}

{𝐻2𝐶𝑂3}
 

(1.7) 

 𝑘2 =
{𝐶𝑂3

2−}{𝐻+}

{𝐻𝐶𝑂3
−}

 
(1.8) 

 

Saline solutions deviate significantly from the ideal behaviour. Thus, the activity coefficients of 

species involved in the carbonate equilibrium must be considered to reflect the displacement of equilibria 

towards ionized forms. The activity is the actual concentration times the activity coefficient, 𝛾𝑖, as 

illustrated in equation (1.9) for a general species i. { } denotes activity and [ ] denotes the chemical 

concentration [28]. 

 

{𝑖} = [𝑖] × 𝛾𝑖 (1.9) 

 

By making the high salinity medium acidic enough, that no dissociation of H2CO3 takes place, 

the measured total CO2 in liquid phase is the sum of [H2CO3] and [CO2, free], as expressed in equation 

(1.10). Under constant conditions, they should always be in a constant ratio. Hence, conventionally they 

are treated as one substance through the so called, apparent dissociation constant, 𝑘0
∗, defined in 

equation (1.11) [28]. 

Combining equations (1.10) and (1.11) results in equation (1.12). This last expression together 

with equation (1.7), results in equation (1.13) and a new empirical constant, 𝑘1
∗, named apparent 

dissociation constant, is defined as equation (1.14). Similarly, the expression for the second apparent 

dissociation constant, 𝑘2
∗, derivates from equation (1.8) and it is defined as equation (1.15) [28]. 
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[𝐶𝑂2,𝑎𝑞] = [𝐻2𝐶𝑂3] + [𝐶𝑂2,𝑓𝑟𝑒𝑒] (1.10) 

𝑘0
∗ =

[𝐻2𝐶𝑂3]

[𝐶𝑂2,𝑓𝑟𝑒𝑒]
 

(1.11) 

[𝐻2𝐶𝑂3] = [𝐶𝑂2,𝑎𝑞] ×
𝑘0
∗

𝑘0
∗ + 1

 
(1.12) 

 𝑘1 =
[𝐻𝐶𝑂3

−]  𝛾𝐻𝐶𝑂3−  {𝐻
+}

([𝐶𝑂2,𝑎𝑞] ×
𝑘0
∗

𝑘0
∗ + 1) 𝛾𝐻2𝐶𝑂3

 
(1.13) 

𝑘1
∗ =

[𝐻𝐶𝑂3
−]{𝐻+}

[𝐶𝑂2,𝑎𝑞]
=  𝑘1

 𝑘0  𝛾𝐻2𝐶𝑂3  𝛾𝐶𝑂2,𝑓𝑟𝑒𝑒

 𝛾𝐻𝐶𝑂3− ( 𝑘0  𝛾𝐶𝑂2,𝑓𝑟𝑒𝑒 + 𝛾𝐻2𝐶𝑂3) 
 

(1.14) 

𝑘2
∗ =

[𝐶𝑂3
2−]{𝐻+}

[𝐻𝐶𝑂3
−]

=  𝑘2
𝛾𝐻𝐶𝑂3−  

𝛾𝐶𝑂32−   
  

(1.15) 

 

With equation (1.4) applied to CO2 in liquid phase combined with (1.14) and (1.15) it is possible 

to relate the activity of hydrogen ions and partial pressure of CO2 to other forms of CO2 in solution 

through the following equations (1.16) to (1.18). Being equation (1.18) the sum of all CO2 species in 

solution and therefore represents the total carbon dioxide in liquid phase (𝑇𝐶𝑂2) [28]. 

 

[𝐻𝐶𝑂3
−] =

𝑝𝐶𝑂2
{𝐻+}

 (𝐻𝐶𝑂2 × 𝑘1
∗) (1.16) 

[𝐶𝑂3
2−] =

𝑝𝐶𝑂2
{𝐻+}2

 (𝐻𝐶𝑂2 × 𝑘1
∗ × 𝑘2

∗) (1.17) 

[𝑇𝐶𝑂2]= 
𝑝𝐶𝑂2

{𝐻+}2
 𝐻𝐶𝑂2  ({𝐻

+}2 + {𝐻+}𝑘1
∗ + 𝑘1

∗𝑘2
∗) (1.18) 

 

As a quick note on the pH, the glass electrode measures the activity of hydrogen ions, therefore 

{𝐻+} can be defined as 10-pH. 

 

1.7 Fermentation in batch mode 

A balanced growth of microorganisms is described by a first-order model of equation (1.19). 

Transforming the model into a linear equation, following the rules of logarithms, gives equation (1.20). 

It indicates a linear relationship between ln(𝑋) and 𝑡, with intercept ln (𝑋0) and slope µ.  Thus, a plot of 

natural logarithm of cell concentration versus time should, during the growth phase, yield a straight line 

from where the specific growth rate is readily calculated based on the slope [29]. 

 

𝑋 = 𝑋0𝑒
µ𝑡 (1.19) 

ln(𝑋) = ln (𝑋0) +  µ 𝑡 (1.20) 

 

The microbial growth demands the consumption of a certain substrate (S), in this case glucose, 

to work as a carbon and energy source. Therefore, to synthesise an amount of biomass ΔX, an amount 

of glucose ΔS is consumed. Part is assimilated into biomass and another part into energy. 

Experimentally, it is inaccessible to compute the yield between biomass and substrate, ΔX/ΔSX, as 
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grams of cells produced, per grams of substrate consumed and assimilated into biomass. Instead, what 

can be calculated is the ratio ΔS/ΔX, that accounts for the total substrate consumed [30]. As cells grow, 

there is, as general approximation, a linear relationship between the amount of biomass produced and 

the amount of substrate consumed. Hence, to compute the yield substrate/biomass, one can perform 

linear regression in a substrate/biomass plot, during the exponential phase of growth [29].  

When a batch mode is selected for fermentation, every necessary nutrient is added before 

starting the run, and the fermentation broth is flushed only at the end of the process. Given so, there are 

no inlet or outlet flows during the run and the referred yield can be computed as equation (1.21). 

 

𝑌𝑆/𝑋 =  
∫𝑆 (𝑡)

∫𝑋 (𝑡)
=
𝛥𝑆

𝛥𝑋
 (1.21) 

 

Nevertheless, the gases are continuously supplied and their mass balances cannot be 

understood as a batch process. The oxygen suffers a physical process of mass transfer, from gas phase 

to liquid phase, accounted as the oxygen transfer rate (OTR), in order to be available for microbial 

growth. Similarly, the carbon dioxide produced as part of the metabolism and dissolved in the liquid 

phase, suffers a mass transfer to the gas phase, accounted by the carbon dioxide transfer rate (CTR). 

The mass balance of these two components of the process are outlined in Figure 1.4. 

 

 

Figure 1.4 - Schematic overview of oxygen and carbon dioxide mass balances between gas and liquid 
phase in batch fermentations continuously supplied with filtrated air flow. 

 

Assuming that oxygen consumption is only due to grow, the correspondent yield 

oxygen/biomass can be determined by equation (1.23).  

 

𝑌𝑂2/𝑋 = 
∫𝑂2

𝑡𝑎𝑘𝑒𝑛−𝑢𝑝 (𝑡) 

∫𝑋 (𝑡)
=
 ∫𝑂2

𝑡𝑎𝑘𝑒𝑛−𝑢𝑝 (𝑡)

𝛥𝑋
 (1.23) 
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To calculate this parameter, it is necessary to know the oxygen uptake rate (OUR), which is the 

total oxygen taken-up per unit of growth medium at each time point during the fermentation run. With 

measured online data of oxygen composition in the off-gas, it is possible to calculate oxygen transfer 

rate (OTR), following equation (1.24) that assumes that the inlet and outlet have the same flow rate [31]. 

 

𝑂𝑇𝑅 = 
𝐹 × 𝑃𝑎𝑖𝑟

𝑉𝑙 × 𝑅 × 𝑇
[𝑦𝑂2
𝑜𝑢𝑡 − 𝑦𝑂2

𝑖𝑛] (1.24) 

 

OTR is related with OUR by means of a simple mass balance, as shown in equation (1.25), 

involving the concentration of oxygen dissolved in the fermentation broth. Oxygen is only slightly soluble 

in aqueous solutions, and so the differential term involving dissolved oxygen is usually very small so 

that OUR and OTR can in practice be considered equal [32]. 

 

𝑂𝑇𝑅 = 𝑂𝑈𝑅 + 𝑉𝑙
dO2,aq

dt
 ≈ 𝑂𝑈𝑅 (1.25) 

 

By applying the trapezoidal rule for numerical integration to this transfer rate, from time zero 

until the end of the run, the total cumulative oxygen taken-up can be determined. In practice, the yield 

oxygen/biomass can be computed as a liner relationship between the amount of biomass produced and 

the cumulative taken-up oxygen, during the exponential phase of growth. 

Likewise, the carbon dioxide produced during the process is quantified by its volumetric rate of 

production named carbon dioxide emission rate (CER). With the online measurements of CO2 

composition in the off-gas, it is possible to compute a time course of carbon dioxide transfer rate (CTR) 

during the fermentation run, following equation (1.26) that assumes a steady inlet and outlet air flow. 

 

𝐶𝑇𝑅 = 
𝐹 × 𝑃𝑎𝑖𝑟

𝑉𝑙 × 𝑅 × 𝑇
[𝑦𝐶𝑂2
𝑜𝑢𝑡 − 𝑦𝐶𝑂2

𝑖𝑛 ] (1.26) 

 

Considering, as a first approximation, that CTR equals CER, the time course of apparent 

produced CO2 becomes available. Knowing the cumulative evolution of this parameter by numerical 

integration, it is possible to determine the yield carbon dioxide/biomass as equation (1.27).  

 

𝑌′𝐶𝑂2/𝑋 = 
∫ 𝐶𝑂2

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑡)

∫ 𝑋 (𝑡) 
=
∫𝐶𝑂2

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑡) 

 𝛥𝑋
 (1.27) 

 

It cannot, however, be assumed that the carbon emission rate (CER) and the carbon transfer 

rate (CTR) are necessarily equal since carbon dioxide reacts with water to form carbonic acid, which 

dissociates to form bicarbonate and carbonate as previously explained in chapter 1.6. 

Therefore, a fraction of carbon dioxide remains soluble in the medium and in equilibrium with all 

the species of the carbonate system [34], [35]. This equilibrium is represented in equation (1.5) only 

concerning the chemical equilibriums, and bellow in (1.28), the biological portion was included. 
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𝐶𝑂2,𝑔𝑎𝑠 
𝑪𝑻𝑹
⟷

kLa
𝐶𝑂2

 

𝐶𝑒𝑙𝑙𝑠
         ↓ 𝑪𝑬𝑹
𝐶𝑂2,𝑓𝑟𝑒𝑒

+ 𝐻2𝑂⟷
𝑘0

𝐻2𝐶𝑂3⟷
𝑘1

𝐻𝐶𝑂3
− + 𝐻+⟷

𝑘2

 𝐶𝑂3
2−  +  𝐻+ (1.28) 

 

In the present work, this equilibrium is of maximum importance once at pH 7 the concentration 

of bicarbonate ions is one order magnitude higher than carbon dioxide [33]. Additionally, the high ionic 

strength medium used in the current work, interact with bicarbonate and carbonate favouring their 

dissociation. 

Given this carbonate system in salty medium, the carbon dioxide transfer rate, measured online 

in the off-gas analyser (CTR), is no longer equal to the rate of carbon dioxide production (CER). 

Equation (1.29) elucidates the relationship between CER and CTR in the carbon dioxide balance for the 

present conditions. To simplify, a new variable was created that accounts for the total carbon present in 

solution, which is the sum of all the species of the equilibrium. Note that, as mentioned in chapter 1.6, 

the total [CO2, aq] is the sum of [H2CO3] and [CO2, free] present in the medium. 

 

𝐶𝐸𝑅 = 𝐶𝑇𝑅 + (
𝑑[𝐶𝑂2,𝑎𝑞]

𝑑𝑡
+
𝑑[𝐻𝐶𝑂3

−]

𝑑𝑡
+
𝑑[𝐶𝑂3

2−]

𝑑𝑡
) = 𝐶𝑇𝑅 +  

𝑑[𝐶𝑇𝑜𝑡𝑎𝑙]

𝑑𝑡
 (1.29) 

 

In Figure 1.5 is presented a schematic view of the gas balances considering the equilibrium that 

carbon dioxide establishes in saline water. 

 

 

Figure 1.5 - Schematic overview of oxygen and carbon dioxide mass balances between gas and liquid 
phase in batch fermentations continuously supplied with filtrated air flow considering the carbonate equilibrium. 

 

With the carbonate system equilibrium constants expressed as equations (1.30) and (1.31), it is 

possible to write the carbon dioxide in solution as a function of the total carbon, leading to equation 

(1.32). 
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[𝐻𝐶𝑂3
−] =  

𝑘1
∗
[𝐶𝑂2,𝑎𝑞]

{𝐻+}
 (1.30) 

[𝐶𝑂3
2−] =

𝑘2
∗
[𝐻𝐶𝑂3

−]

{𝐻+}
=
𝑘2
∗
𝑘1
∗
[𝐶𝑂2,𝑎𝑞]

{𝐻+}2
 (1.31) 

[𝐶𝑇𝑜𝑡𝑎𝑙] = [𝐶𝑂2,𝑎𝑞] + [𝐻𝐶𝑂3
−] + [𝐶𝑂3

2−] = [𝐶𝑂2,𝑎𝑞] +
𝑘1
∗
[𝐶𝑂2,𝑎𝑞]

{𝐻+}
+
𝑘2
∗
𝑘1
∗
[𝐶𝑂2,𝑎𝑞]

{𝐻+}2
= [𝐶𝑂2,𝑎𝑞] (1 +

𝑘1
∗

{𝐻+}
+
𝑘2
∗
𝑘1
∗

{𝐻+}2
) (1.32) 

 

1.8 Mass transfer coefficient for oxygen 

The fermenter is the unit where the biological reaction occurs, given so, previously to study the 

microorganism of interest, some fundaments of this process unit have to be considered, namely the 

mass transfer phenomena. These phenomena are essential in every bioprocess once they allow the 

transport of material from regions of high concentration to regions of low concentration. In fact, the rate 

at which the mass transfer occurs can influence, or even control, the growth and production rates. 

In aerobic processes, as the one described in this work, the driving force that allows the oxygen 

to be transferred from the air to the liquid phase is the difference in concentration at the surface of air 

bubbles that are sparged to the fermentation broth, and the concentration in the liquid medium. Oxygen 

molecules must overcome several transport resistances from the interior of the air bubble to the site of 

oxygen reaction inside the cell, as illustrated in Figure 1.6. However, given the low solubility of oxygen 

in aqueous solutions, it is possible to assume that the major resistance to oxygen transfer is the liquid 

film surrounding the bubble. For this reason, the mass transfer coefficient of oxygen, 𝑘𝐿𝑎, is of most 

importance to characterize the mass-transfer capacity of fermenters in a specific growth medium [29]. 

 

 

Figure 1.6 – Steps for transfer oxygen from gas bubble to cell [29]. 

 

1.9 The black box model for material balances 

Cells are considered as a black box model exchanging material with the environment. Because 

mass is conserved in the overall conversion of substrates to metabolic products and biomass, the rates 

of the black model box are not independent but must satisfy several constraints. Therefore, the elements 
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flowing into the system must balance the elements flowing out of the system as illustrated in 

equation (1.33) for growth and fermentation [35]. 

 

CHαOβNγ + 𝑌𝐶𝑂2/𝑋CO2 + 𝑌𝐻2𝑂/𝑋H2O −𝑌𝐺/𝑋CH2O – 𝑌𝑂2/𝑋O2– 𝑌𝑁/𝑋NH3 = 0 (1.33) 

 

The elemental composition of biomass (CHαOβNγ) depends on the growth conditions and 

specific growth rate. For H. elongata growing in high salt, cells showed an elemental composition of 

CH1.778O0.515N0.237, which has a molecular weight of 25.34 g/mol. Note that the biomass composition in 

low salt environments should have a different appearance, particularly regarding nitrogen. Under these 

conditions, the production of the compatible solute ectoine should not be triggered, at least with the 

same intensity as in highly challenging environments, resulting in lower need for nitrogen. In that sense, 

under lower salinities, biomass was assumed to be CH1.861O0.594N0.215, with corresponding molecular 

weight 26.39 g/mol.  

Both compositions were measured in the Catalysis Research Center of the Technical University 

of Munich. 

The elemental compositions of substrates and metabolic products were normalized with respect 

to carbon content, therefore glucose was specified as CH2O. 

The material balances can be written as a matrix where the first column contains the elemental 

composition of biomass, the second of carbon dioxide, the third of water, the fourth of glucose, the fifth 

of oxygen and the sixth of ammonia. The rows in the matrix indicate the content of carbon, hydrogen, 

oxygen, and nitrogen, respectively. 

This matrix, when multiplied by a vector of yield coefficients, should result in a null vector to 

satisfy the mass conservation.  

 

(

1 1
𝛼 0

0 1
2 2

0 0
0 3

𝛽 2
𝛾 0

1 1
0 0

2 0
0 1

) ×

(

 
 
 
 

1
𝑌𝐶𝑂2/𝑋
𝑌𝐻2𝑂/𝑋
−𝑌𝐺/𝑋
−𝑌𝑂2/𝑋
−𝑌𝑁/𝑋)

 
 
 
 

=

(

 
 

1 + 𝑌𝐶𝑂2/𝑋 − 𝑌𝐺/𝑋
𝛼 + 2𝑌𝐻2𝑂/𝑋 − 2𝑌𝐺/𝑋 − 3𝑌𝑁/𝑋

𝛽 + 2𝑌𝐶𝑂2/𝑋 + 𝑌𝐻2𝑂/𝑋 − 𝑌𝐺/𝑋 − 2𝑌𝑂2/𝑋
𝛾 − 𝑌𝑁/𝑋 )

 
 
=

(

 
 

0
0
0
0
0
0)

 
 

 (1.34) 

 

The hydrogen and oxygen balances account for the rate of water formation, which is impossible 

to measure. This problem is solved by introducing in the system the generalized degree of reduction 

balance. This balance can be understood as the number of free electrons available to be transferred to 

oxygen, upon combustion of water, carbon dioxide and ammonia. This work considers hydrogen (H) as 

the redox potential unit. The compounds with degree of reduction zero were assumed to be: CO2 for 

carbon, H2O for oxygen and NH3 for nitrogen. Thus, the most common degree of reduction in bioreactors 

are: +4 for carbon, +1 for hydrogen, -2 for oxygen and -3 for nitrogen [30]. By multiplying the 

corresponding degree of reduction to each balance, equation (1.35) is generated that should also satisfy 

the conservation theory and be equal to zero. 
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(

4
1
−2
−3

) ×

(

 
 

1 + 𝑌𝐶𝑂2/𝑋 − 𝑌𝐺/𝑋
𝛼 + 2𝑌𝐻2𝑂/𝑋 − 2𝑌𝐺/𝑋 − 3𝑌𝑁/𝑋

𝛽 + 2𝑌𝐶𝑂2/𝑋 + 𝑌𝐻2𝑂/𝑋 − 𝑌𝐺/𝑋 − 2𝑌𝑂2/𝑋
𝛾 − 𝑌𝑁/𝑋 )

 
 
= (4 + 𝛼 − 2𝛽 − 3𝛾 − 4𝑌𝐺/𝑋 + 4𝑌𝑂2/𝑋) (1.35) 

 

Therefore, to analyse the consistency of the experimental data, three balances were performed:  

(1) mass balance to carbon: 1 + 𝑌𝐶𝑂2/𝑋 − 𝑌𝐺/𝑋  =  0; 

(2) mass balance to nitrogen: 𝛾 − 𝑌𝑁/𝑋 = 0; 

(3) balance to the degree of reduction: 4 + 𝛼 − 2𝛽 − 3𝛾 − 4𝑌𝐺/𝑋 + 4𝑌𝑂2/𝑋  = 0. 
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2 Materials and methods 

2.1 Bacterial strains 

In the present work, the main microorganism studied was Halomonas elongata [36]. A summary 

of all strains used and corresponding phenotypes can be found in Table 2.1. 

Table 2.1 - Strains of H. elongata used in the present work. 

Halomonas elongata 

strains 
Genotype 

References / 

sources of strains 

DSM 2581T Wild type (wt) [36] 

Δppc Deletion mutant of PEPC enzyme 
Manuscript in 

preparation 

 

2.2 Growth medium and strain maintenance 

2.2.1 Growth medium  

2.2.1.1 MM63 Minimal medium, liquid culture  

Cultivations were performed in liquid MM63 medium, adapted to batch cultures of 

H. elongata [11]. This is a minimal medium with variable concentration of sodium chloride [37]. In this 

work, the molarities of sodium chloride tested were 0.17 and 1. All cultures used glucose as sole carbon 

and energy source. To supplement the medium for batch cultivations of H. elongata, a trace element 

solution [38] was added to the final medium in the proportion 1 mL/L. A complete description of the 

composition of this medium is presented in Table 2.2. For a more detailed description on the preparation 

of this medium see Appendix A. 

To prepare the trace element solution, the components were dissolved in 70% of the final 

volume of distilled water, the pH was adjusted to 7.0 with NaOH (1 M) and the final solution was filter 

sterilized. A full description of the trace element solution composition can be found in Table 2.3. 

2.2.1.2 Complex medium LB, 1 M NaCl, liquid culture 

For pre-cultures, strains studied were primarily grown in complex LB liquid medium 

supplemented with 1 M NaCl. The full composition of this medium can be found in Table 2.4. 

To prepare the medium, the necessary amount of each component was weighed and added to 

around 70% of the required final volume of distilled water. The pH was adjusted to 7.1 with NaOH and 

the volume completed with distilled water up to the final volume required. Later, it was autoclaved at 

121°C for 30 minutes. 
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Table 2.2 - MM63 liquid medium composition. 

Component Concentration Supplier 

KH2PO4 100 mM Sigma Aldrich 

KOH 75 mM Sigma Aldrich 

(NH4)2SO4 15 mM Sigma Aldrich 

NaCl 0.17 M or 1 M Roth 

C6H12O6 28 mM AppliChem 

MgSO4 1 mM Sigma Aldrich 

FeSO4 4 µM Roth 

CaCl2 · 2H2O 68 µM AppliChem 

Trace element solution 1 mL/L - 

 

Table 2.3 - Composition of the trace element solution. 

Component Concentration Supplier 

EDTA 5 mM Roth 

MnSO4 · 2 H2O 3 mM Sigma-Aldrich 

ZnSO4 · 7 H2O 1 mM Merck 

CoCl2 · 6 H2O 1 mM Sigma-Aldrich 

NaCl 17 mM Roth 

CuSO4 · 5 H2O 40 µM NeoLab 

KAl(SO4)2 · 12 H2O 4 µM Roth 

H3BO3 162 µM AppliChem 

Na2MoO4 · 2 H2O 41 µM Merck 

NiCl2 · 6 H2O 105 µM Sigma-Aldrich 

 

Table 2.4 - LB liquid medium composition. 

Component Concentration Supplier 

Casein 10 g/L Roth 

Yeast extract 5 g/L AppliChem 

NaCl 1 M Roth 

 

2.2.2 Strain maintenance  

Cells were kept up to three weeks in LB agar petri dishes (1 M NaCl) in the fridge at 4°C. Every 

three weeks, a new agar petri dish was inoculated from a previous one. 

The composition of the mentioned medium is presented in Table 2.5. 

To prepare this solid medium, the necessary amount of each component was weighed and 

added to the required volume of distilled water. The pH was adjusted to 7.1 with NaOH. Note that agar 
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is only added after the pH adjustment in order to avoid staining the membrane of the electrode. Later, it 

was autoclaved at 121°C for 30 minutes. Inside the laminar air flow chamber, the solution was poured 

into petri dishes, while warm and liquid, and let to solidify.  

Table 2.5 - LB agar medium composition. 

Component Concentration Supplier 

Casein 10 g/L Roth 

Yeast extract 5 g/L AppliChem 

NaCl 1 M Roth 

Agar 20 g/L Roth 

 

2.3 Halomonas elongata cultures  

The scheme in Figure 2.1 summarizes all the necessary pre-culture steps to prepare the 

bacterial main culture for fermentation experiments and in Figure 2.2 are represented the pre-culture 

steps for shaking flask experiments. 

 
Figure 2.1 - Culture steps from pre-culture to main culture in fermenter: (a) stock culture: LB agar petri 

dish, (b) accommodation culture: MM63 liquid medium, (c) pre-culture: MM63 liquid medium, (d) main culture: MM63 
liquid medium. 

 
Figure 2.2 - Culture steps from pre-culture to main culture in shaking flasks: (a) stock culture: LB agar petri 

dish, (b) accommodation culture: MM63 liquid medium, (c) pre-culture: MM63 liquid medium, (d) main culture: MM63 
liquid medium. 

 

2.3.1 Accommodation culture 

A single colony was picked from a LB agar petri dish,1 M NaCl, and let grown aerobically in a 

falcon tube with 3 mL of complex LB liquid medium, 1 M NaCl, inside a rotary shaker with 220 rpm and 

at 30°C. This accommodation culture was let grown from 12 to 24 hours.  
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Note that for shaking flask experiments, three colonies of the strain of interest were picked from 

a LB agar petri dish and inoculated into three different falcon tubes in order to have three biological 

replicates. 

2.3.2 Pre-culture 

In a second step, aiming to adapt H. elongata to minimal medium conditions as well as salt 

concentration to be tested in the fermenter, four 500mL culture flasks with 20% of volume filled with 

MM63, were inoculated from the accommodation culture with an initial optical density of 0.01. The pre-

cultures were grown inside a rotary shaker in aerobic conditions, with 220 rpm at 30°C, for the period 

indicated in Table 2.6. 

This incubation period was calculated, according to the typical exponential growth model 

presented in equation (2.1), to guarantee that cells are in exponential phase upon harvesting. These 

results are based in growth experiments preformed in shaking flasks and described in chapter 3.1.  

𝑋 = 𝑋0𝑒
µ𝑡 (2.1) 

Typically, this pre-culture step results in a final optical density (OD600nm) in flask cultures that 

ranges from 2 to 3.  

Table 2.6 - Pre-culture incubation periods for all strains and culture media studied. 

Salt concentration (M) Strain Incubation period (h) 

1 
wt 

14 
Δppc 

0.17 wt 22 

 

Regarding shaking flask experiments, the pre-culture step consists in passing the biological 

replicates from the accommodation cultures to 250 mL shaking flasks with 10 mL of the medium of 

interest, with an initial optical density of 0.01. 

2.3.3 Main culture 

The main culture was inoculated in the fermenter as 20 mL of concentrated pre-culture, which 

corresponds to 10% of fermenter total volume. To do so, the total volume of pre-cultures (400 mL) was 

split into 8 falcon tubes (50 mL each) and centrifugated at 3200 g, for 15 minutes, at 25°C. The pellets 

were resuspended in 20 mL of MM63 medium used in the pre-culture and the inoculation was performed. 

Batch cultures were grown in 2 L MM63 minimal medium in a Labfors 5 fermenter (InforsHT) with 

aeration of 0.625 vvm (1.25 L/min), at 30°C, 1000 rpm stirring speed and pH controlled at 7.0. 

Regarding shaking flask experiments, to start the main culture, the inoculation volume from the 

pre-cultures was calculated in order to allow an initial optical density of about 0.05. These assays were 

performed in 500 mL shaking flasks with 20% of volume filled with growth medium. Samples were taken 

every hour, under sterile conditions, and cellular concentration was measured photometrically as 

following described in 2.7.1, using culture medium as blank.  

 



21 

2.4 Fermentation experiments  

2.4.1 Fermentation setup 

The growth of H. elongata was studied in batch cultures of different salt concentrations, in a 

fermenter with 3.6 L total volume, and 2 L working volume (Labfors 5, Infors HT, [39]). Its setup can be 

observed in Figure 2.3. Fermentation experiments were done in MM63 medium, described in 2.2.1.1, in 

high salt (1 M) and low salt (0.17 M) concentrations, and carried out at 30°C, 0.625 vvm of aeration 

(1.25 L/min), 1 atm of pressure, at a constant stirring speed of 1000 rpm and with pH controlled at 7.0 

with a 3 M NaOH solution.  

One day before fermentation the fermenter was disassembled, washed with ethanol 70%, rinsed 

with distilled water and reassembled. The pH probe was calibrated following a 2-points calibration 

method (pH 7 and 4). pH and dissolved oxygen probes were mounted in their corresponding external 

threaded collars. Likewise, the sampling tube, the sparger for aeration, the condenser and the stirrer 

blades were mounted. 

Later, the fermenter was filled with 1 L distilled water and autoclaved at 121° for 40 minutes. 

Note that, given the presence of salt in the growth medium, the sterilization of the fermenter must be 

done with distilled water in the vessel, instead of growth medium, to prevent corrosion. 

To eliminate any dead volume in the base tubing, it was connected to the fermenter lid and 

pumped. 

Afterwards, the distilled water was removed with a peristaltic pump connected to the sampling 

system and the previously prepared and sterilized 2 L MM63 culture medium was added. 

The fermenter was then connected to the station (Infors), the engine to the drive hub was 

attached to the lid of the fermenter, air inlet connected to the sparger and the air outlet coupled to a 

foam trap bottle (250 mL bottle with 5 mL anti foam solution 1:10) which in turn was coupled to the gas 

analyser. 

The right volume of glucose stock solution was added through the septum. Note that the 

fractions (3) to (6) that compose the MM63 medium, described in appendix A, were only added right 

before inoculation. Moreover, also right before inoculation, 3 mL of antifoam were added.  

The night before the fermentation run, the temperature and gas concentration of the fermenter 

were equilibrated: Temperature set at 30°C; air flow set at 1.25 nL/min (0.625 vvm); stirring rate set at 

500 rpm. 

2.4.2 Inoculation 

The inoculum was developed in three steps: (1) accommodation culture, made as described 

in 2.3.1, to allow cells to initiate growth; (2) pre-culture, made as described in 2.3.2, in order to adapt 

cells to the salt concentration to be tested and reach an exponential phase of growth; (3) and final 

inoculum previous to inoculation, made as described in 2.3.3, in order to increase cell concentration to 

allow fermenter inoculation with an initial optical density (wave length: 600nm) of around 0.4. 
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2.4.3 Process monitoring and control 

Dissolved oxygen, pH and exhaust gas composition were measured online during the entire 

fermentation according to the principles described in 2.7.7, 2.7.8, 2.7.9, respectively, whereas cell 

density, biomass weight, ammonium, and glucose concentrations were measured offline, following the 

methodologies described in 2.7.1 to 2.7.6.  

A water jacket, included in the double glass tank, connected to a cooling system kept the 

temperature constant during the fermentation run. pH was automatically regulated by titration of 3M 

NaOH through a peristaltic pump. 

2.4.4 Sampling 

Samples were taking every 30 minutes through a Super Safe Sampler System (Infors), which 

allows for sterile sampling of small volumes [40]. At each time point, approximately 0.5 mL were first 

taken to flush the sampling system and discarded. Afterwards, 3 mL of sample were taken: (1) 1 mL 

was directed used to measure cellular concentration according to the analytical method following 

described in 2.7.1; (2) 2 mL were centrifugated for 5 min at 15000 g, 25°C, filtered to an Eppendorf, 

stored at - 21ºC. Later, upon quantification of glucose and ammonia concentrations according to the 

principles described in 2.7.5 and 2.7.6, samples were thawed and vortexed. 
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Table 2.7 - Components of fermentation setup for batch fermentation. 

Components 

1- Control station 

2- Iris software 

3- Stirring motor 

4- Pressure valve and mixing station for air inflow 

5- Air filter 

6- 3.6 L glass vessel 

7- Condenser 

8- Foam trap 

9- Exhaust gas analyser 

10- Reactor cooling system 

11- Sampling system 

12- Condenser cooling system  

13- Condenser 

14- Air outlet 

15- Septum 

16- Port for pH sensor 

17- Port for pO2 sensor 

18- Base inlet 

19- Sampling tube 

20- Air inlet 

21- Temperature sensor 

 

           

Figure 2.3 Labfors 5: fermenation setup: (a) front view; (b) top view. 
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2.5 Measurement of mass-transfer coefficients for oxygen, 𝒌𝑳𝒂 

Because of the difficulty in predicting 𝑘𝐿𝑎 in bioreactors using correlations, mass-transfer 

coefficients for oxygen are usually determined experimentally. In this work the determination of this 

parameter was done by a dynamic method which is based on the introduction of a perturbation on the 

aeration conditions, following the consequent changing in oxygen concentration [30]. Deoxygenation 

was accomplished with nitrogen, so that initially the gas phase consists solely of nitrogen, which is 

gradually displaced and mixed with air through aeration in the desire conditions. 

If the growth medium is initially deoxygenated and then re-aerated, the concentration of the 

dissolved oxygen will increase with time from 0 to 100% air saturation at the end of the experiment. The 

exact form of the response curve obtained depends on the values of 𝑘𝐿𝑎, the driving force (𝑂2,𝑔𝑎𝑠
∗ - 𝑂2,𝑙) 

and the measurement dynamics of the dissolved oxygen electrode. The liquid oxygen balance for 

unsteady batch aeration condition gives equation (2.2). The classic dynamic method assumes that 𝑘𝐿𝑎 

and 𝑂2,𝑔𝑎𝑠
∗  are constant. Under these conditions the differential equation can be integrated analytically 

to give the relationship (2.3). Therefore, plotting the natural logarithmic concentration function on the left 

side of the equation versus time, should, in principle, give a straight-line relationship, with 𝑘𝐿𝑎 as the 

slope [41]. 

However, the oxygen concentration in the liquid phase is only available by means of dissolved 

oxygen electrode and equation (2.4) describes the relation between both. Therefore, the liquid oxygen 

balance is given by equation (2.5), which can be numerically integrated to give equation (2.6) that should 

be used to determine 𝑘𝐿𝑎 graphically. 

 

𝑉𝑙
𝑑𝑂2,𝑙
𝑑𝑡

= 𝐾𝐿𝑎 (𝑂2,𝑔𝑎𝑠
∗ −𝑂2,𝑙)𝑉𝑙  

(2.2) 

ln (
𝑂2,𝑔𝑎𝑠
∗

𝑂2,𝑔𝑎𝑠
∗ −𝑂2,𝑙

) = 𝐾𝐿𝑎  𝑡 
(2.3) 

𝑝𝑂2 =
𝑂2,𝑙
𝑂2,𝑔𝑎𝑠
∗  

(2.4) 

𝑑(𝑂2,𝑔𝑎𝑠
∗  𝑝𝑂2)

𝑑𝑡
= 𝐾𝐿𝑎 𝑂2,𝑔𝑎𝑠

∗  (1 − 𝑝𝑂2)  <=>  
𝑑𝑝𝑂2
𝑑𝑡

= 𝐾𝐿𝑎 (1 − 𝑝𝑂2) 
(2.5) 

ln(1 − 𝑝𝑂2) = −𝐾𝐿𝑎 𝑡 (2.6) 

 

2.6 Ammonia inhibition on growth of H. elongata  

To quantify the inhibitory effect of ammonia on the growth of H. elongata and calculate the half 

maximal inhibitory concentration of this compound, IC50,NH3, a cultivation assay in a 96-well microtiter 

plate was performed with a concentration gradient of ammonium sulfate that ranged between 15 to 

162 mM. 

Pre-cultures were developed as described in 2.3.1 with the changes following described. Three 

single colonies of the strain of interest were picked from a LB agar petri dish in order to have three 

biological replicates. These colonies were inoculated in different falcon tubes, each with 5 mL MM63 
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(1 M NaCl, 15 mM (NH4)2SO4), and let grown for 24 h under the incubation conditions mentioned in 

2.3.1, in order to reach exponential phase. To work as technical replicants, from each falcon tube, two 

different Eppendorfs, with 2 mL of the same MM63 medium, were inoculated with an OD600 of 0,02 and 

let grown for 2 hours. 

Column wise, in a sterile 96-well plate, a concentration gradient of (NH4)2SO4 was established 

by mixing different volumes of normal MM63 medium (15 mM ((NH4)2SO4) with a modified version of 

MM63 rich in ammonia (750 mM ((NH4)2SO4). Both media had pH previously adjusted to 7.1. This assay 

tested the following ammonium sulfate concentrations: 15.00, 29.70, 59.10, 88.50, 110.55, 125.15, 

147.30 and 162.00 mM. Row wise, 150 µL of the different biological and corresponding technical 

replicants were added to the wells. 

The 96-well plate was kept covered inside a multimode microplate reader for 12 hours, at 30°C, 

with agitation (113.7 rpm) and OD600 was measured every 5 minutes to follow the growth of H. elongata 

in each tested condition.  

 

2.7 Analytical methods  

2.7.1 Optical density 

Cellular concentration was evaluated by optical density measured at a wavelength of 600nm 

(OD600) in a UV-VIS spectrophotometer apparatus using plastic cuvettes with 1 mL sample volume and 

1cm light path.  

When denoted, some OD600 measures were also performed in a multimode microplate reader 

with 200 µL sample volume.  

The culture medium of each study was used as blank. 

2.7.2 Biomass wet weight  

For the measurement of biomass wet weight (WW), cultures were split in 50 mL falcon tubes 

and pellet at 3200g for 1 hour, washed in a 2 mL salt solution with the same or higher osmolality as the 

growth medium (1,4 M NaCl) and pellet again at 14000 g for 15 minutes. The supernatant was discarded 

and the mass of the wet pellet was determined by subtracting the weight of the empty Eppendorf to the 

weight of the Eppendorf with the wet sample. All weight measurements were done in triplicates and the 

mean was taken.  

Note that, the empty Eppendorfs, before being weighed, should be placed in the 70°C chamber 

during 48 hours in order to remove as much water content as possible. 

2.7.3 Biomass dry weight  

The biomass dry weight (DW) was measured after 24 hours freeze drying of WW pellet, at 

- 55°C under vacuum conditions, using a benchtop freeze dryer apparatus. To allow for method 

comparison, a second technique for biomass drying was performed where the biomass samples were 

kept in the 70ºC chamber for 72 hours. The weight of the dry sample was measured in triplicates and 
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the mean was taking. The final DW was determined by subtracting the weight of the empty Eppendorf 

to the weight of the dry sample. 

2.7.4 Simultaneous thermal analysis  

Simultaneous thermal analysis (STA) applies thermogravimetry (TG), differential scanning 

calorimetry (DSC) and mass spectrometry (MS) to one and the same sample in a single instrument. 

This allows to follow any endo- or exothermic fluxes and directly relate it to the actual mass of the sample 

or the reacted fraction of the sample. Since both measurements are made on a single sample, a high 

accuracy of the heat exchange per unit mass (reacted, evaporated, sublimated, ...) can be obtained. 

Since the heat released is thus proportional to the transformed (reacted) volume fraction, the derivative 

of the sample mass dm/dt (derivative thermogravimetry, DTG) will have a similar appearance to the heat 

flux (DSC). The enthalpic difference in the chamber, at each time point, can then be computed by 

equation (2.7) [42]. 

 

𝛥ℎ (𝐽 𝑔−1) =
𝐷𝑆𝐶 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑊)

𝐷𝑇𝐺 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑔 𝑠−1)
 (2.7) 

 

Moreover, by coupling a mass spectrometer to a thermal analysis system, a simultaneous 

description of evolved gases can be performed. MS ionizes the evolved gases, which are then identified 

by their characteristic fragments based on their mass-to-charge ratios. 

Experiments were done with biomass samples collected from shaking flask growth experiments 

and fermentation assays, in high salt conditions. These samples are placed in the simultaneous thermal 

analyser after passing through procedures 2.6.2, where the wet weight is measured, and 2.6.3 where 

samples are dried and their weight is measured. 

2.7.5 High-performance liquid chromatography (HPLC) mixed mode 

To assess the concentration of glucose in each fermentation sample, a mixed mode - size 

exclusion and ligand exchange - high performance chromatography was carried using a 

Shodex SH- 1011 column with the specifications presented in Table 2.8. This column is suitable for 

saccharide separation and analysis and additionally, it has excellent durability without the problem of 

time related deterioration in silica-based amino columns [43].  

In this column, saccharides are eluted in order of decreasing molecular weight by gel filtration 

mode. However, to enhance saccharides separation, ligand exchange mode is applied additionally. 

Therefore, this column is composed by a hard styrene-divinylbenzene copolymer, as the base material, 

and a strong cation exchange resin incorporating functional sulfo-groups coupled with H+ counter ions. 

Saccharides, like glucose, have ring structures containing a large number of hydroxyl groups (−𝑂𝐻) that 

interact with the metal ions presented in the packing [43], [44]. 

The method preformed uses a flow rate of 0.5 mL/min, a column temperature of 60°C, an 

injection volume of 20 µL per sample run, an elution time of 50 minutes at 25°C and a mobile phase of 

sulfuric acid, 5mM. Signal detection was done with a refractive index detector at 50°C.  
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Glucose quantification was done by correlating measured peak areas of each sample with a 

regression curve developed using peak areas obtained for glucose standard solutions. The calibration 

curve can be find in Figure 2.4 and equation (2.8). 

 

Table 2.8 - Specifications for stationary phase of column SH-1011 (Shodex) [45]. 

Brand Shodex 

Length (mm) 300 

Internal diameter (mm) 8.0 

Particle shape Spherical 

Particle Substrate Styrene divinylbenzene copolymer 

Particle Size 6 µm 

Exclusion Limit (Pullulan) 1 000 

Functional group Sulfo 

Counter ion H+ 

Recommended flow rate (mL/min) 0.5 – 1.0 

pH range 2-12 

 

 

Figure 2.4 - Calibration curve for glucose in column Shodex Sugar SH1011, eluent 5mM H2SO4, flow rate 
0.5 mL/min, detector Shodex RI, column temperature 50ºC. 

 

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 (𝑚𝐴𝑈𝑚𝑖𝑛) = 3.51 × 105  × 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (
𝑔

𝐿
) + 6.51 × 103 ,        R2=0.9999 (2.8) 

2.7.5.1 Buffer for HPLC: Ion exchange chromatography 

The mobile phase used for HPLC was 5mM of sulfuric acid. To prepare 1 L of this buffer, 278µL 

of 98% H2SO4 was added, under the fume hood, to 500 mL of bi-distilled water and the volume was 

complete up to 1 L. Afterwards, this solution was vacuum filtered and outgassed. 

2.7.5.2 Error estimation 

The measurement of every sample in the HPLC is extremely time consuming, therefore, and 

given the high accuracy and precision of the method, no triplicates were done. However, the results 

obtained have a certain variation from the real value especially due to the error associated with the 
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dilution factor. Hence, a study for error estimation was made based on the propagation of uncertainty 

theorem which is commonly presented as equation (2.9) to estimate the standard variation of a general 

function 𝑓(𝑥, 𝑦, 𝑧,… ) [46]. 

 

𝜎𝑓 = √(
𝑑𝑓

𝑑𝑥
 × 𝜎𝑥)

2

+ (
𝑑𝑓

𝑑𝑦
 × 𝜎𝑦)

2

+ (
𝑑𝑓

𝑑𝑧
 × 𝜎𝑧)

2

+⋯ (2.9) 

 

Given the result of every measurement for the area of the peak obtained through HPLC, the 

concentration of glucose is calculated by means of the calibration curve found in equation (2.8). 

Therefore, the equation to compute glucose concentration can be simplified according to 

equation (2.10), where C represents the concentration of glucose, 𝐴 the area of the peak, 𝑏 the intercept, 

𝑚 the slope of the calibration curve and 𝐷 the dilution factor. 

 

C =
𝐴 − 𝑏

𝑚
×𝐷 

(2.10) 

 

According to propagation of uncertainty, the effect of the uncertainty in each variable is 

accounted in the final error for glucose concentration as described by equation (2.11). 

 

𝜎𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = √(
𝑑𝐶

𝑑𝐴
 × 𝜎𝐴)

2

+ (
𝑑𝐶

𝑑𝑏
 × 𝜎𝑏)

2

+ (
𝑑𝐶

𝑑𝑚
 × 𝜎𝑚)

2

+ (
𝑑𝐶

𝑑𝐷
 × 𝜎𝐷)

2

= √(
𝐷

𝑚
 × 𝜎𝐴)

2

+ (−
𝐷

𝑚
 × 𝜎𝑏)

2

+ (
𝐷(𝑏 − 𝐴)

𝑚2
 × 𝜎𝑚)

2

+ (
𝐴 − 𝑏

𝑚
 × 𝜎𝐷)

2

 

(2.11) 

 

The uncertainty in regression parameters, slope and interception, can be determined by 

equations (2.12) and (2.13), respectively.  

The uncertainty of the peak area was estimated as the standard deviation of a set of data values 

for the measurement of the same sample. 

Finally, considering the dilution factor as equation (2.14), the uncertainty of this factor was 

calculated based in equation (2.15). To do so, the standard deviations of the final and sample volumes 

were estimated based on tabulated systematic and random errors provided by the pipette supplier [47], 

1.2% for volumes of 250µL and 0.8% for volumes of 750µL and 1000 µL. 

 

σ𝑚 =
√

1
𝑛 − 2

∑ (𝑦𝑖 − �̂�𝑖)2
𝑛
𝑖=1

∑ (𝑥𝑖 − �̅�)2
𝑛
𝑖=1

 (2.12) 

σ𝑏 =
√

1
𝑛 − 2

∑ (𝑦𝑖 − �̂�𝑖)2∑ 𝑥𝑖2
𝑛
𝑖=1

𝑛
𝑖=1

𝑛 ∑ (𝑥𝑖 − �̅�)2
𝑛
𝑖=1

 (2.13) 
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𝐷 =
𝑉𝑓𝑖𝑛𝑎𝑙
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

=
𝑉𝑤𝑎𝑡𝑒𝑟 + 𝑉𝑠𝑎𝑚𝑝𝑙𝑒

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 (2.14) 

σ𝐷 = √(
𝑑𝐷

𝑑𝑉𝑓𝑖𝑛𝑎𝑙
 × 𝜎𝑉𝑓𝑖𝑛𝑎𝑙)

2

+ (
𝑑𝐷

𝑑𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 × 𝜎𝑉𝑠𝑎𝑚𝑝𝑙𝑒)

2

= √(
1

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 × 𝜎𝑉𝑓𝑖𝑛𝑎𝑙)

2

+ (−
𝑉𝑓𝑖𝑛𝑎𝑙

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
2  × 𝜎𝑉𝑠𝑎𝑚𝑝𝑙𝑒)

2

 (2.15) 

 

2.7.6 Quantification of ammonia 

To assess the concentration of ammonia in each fermentation sample, the enzymatic test kit 

from R-Biopharm was used. This enzyme based assay relies on the principle that in the presence of 

glutamate dehydrogenase (GIDH) and reduced nicotinamide-adenine dinucleotide (NADH), ammonium 

reacts with 2-oxoglutarate to produce L-glutamate, whereby NADH is oxidized. As shown in 

equation (2.16), the amount of NADH oxidized is stoichiometric to the amount of ammonium, and NADH 

is determined by means of its light absorbance at 340nm [48]. 

 

2 − 𝑂𝑥𝑜𝑔𝑙𝑢𝑡𝑎𝑟𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 +𝑁𝐻4
+  
𝐺𝐼𝐷𝐻
→    𝐿 − 𝑔𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒 + 𝑁𝐴𝐷+ + 𝐻2𝑂 (2.16) 

 

The measurements were done following the instructions provided by the supplier with the 

following changes: (a) The volumes of each solution were adapted to microtiter plates as described in 

Table 2.9; (b) The waiting periods were: 15 minutes for the first period and 50 minutes for the second 

period; (c) Absorbances were read every 5 minutes in multimode microplate reader at 340nm, with 

incubation period set as mentioned above, at 25°C, and with periodic mixing (linear mode, 2.00 mm of 

amplitude and 113.70 rpm of frequency). Note that, to better quantify variations in samples, 

measurements were done in triplicates and the mean was taking. 

The following standards of ammonia solutions were used: 0.6, 1.6, 2.7, 3.7 and 4.7 mM of NH3. 

 
Table 2.9- Adapted volumes of each reagent of the Ammonia Enzymatic BioAnalysis kit to microplate 

measurements. 

Reagent Blank Sample 

Solution 2 65 µL 65 µL 

Sample - 5 µL 

Bi-distilled water 135 µL 130 µL 

Solution 3 2 µL 2 µL 

 

2.7.7 Dissolved oxygen 

Dissolved oxygen (pO2) in the fermentation broth was measured online by a pO2 sensor that 

uses the optical principle based on the so-called luminescence quenching: The luminescence of certain 

organic pigments (luminophore) is quenched in the presence of oxygen. The luminophore absorbs the 

excitation light and release a part of the absorbed energy by emission of fluorescence. In the presence 
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of oxygen, energy transfer takes place from the excited luminophore to oxygen. The luminophore does 

not emit fluorescence and the measurable fluorescence signal decreases [49]. 

2.7.8 pH 

The pH of the fermentation broth was controlled online by a pH sensor and adjusted 

automatically with the addition of 3 M NaOH. 

2.7.9 Off gas analysis  

The exhaust gas composition of fermentation, in CO2 and O2, was measured by a gas analyser 

that combines the parallel online measurement of CO2 and O2. Additionally, it also measures the 

pressure and humidity in the off gas therefore the measurements are neither affected by the gas flow 

nor by the humidity in the process. The measuring principle behind the CO2 sensor is non-dispersive 

infrared at two different wave lengths while the O2 sensor is zirconium dioxide based [31].  

 

2.8 Mathematical and computational methods 

2.8.1 Linear models 

A linear regression between variables 𝑥 and 𝑦 is generally represented as equation (2.17) where 

A and B are the adjustable parameters, slope and interception, respectively. In testing correlation of the 

data with equation (2.17), changing the values of A and B affect how well the model fits the data.  

Values of A and B giving the best straight line, �̂�, are computed by linear regression. This routine 

is part of Microsoft Excel package (LINEST function) and it fits the data using the least squares 

method which finds the straight line that minimizes equation (2.18), the sum of the squares of the vertical 

deviations from each data point to the calculated line [50]. This strategy assumes that only the 

dependent variable is subject to observational errors [51]. 

 

𝑦 = 𝑚 𝑥 + 𝑏 (2.17) 

∑(𝑦𝑖 − �̂�𝑖)
2 (2.18) 

 

Note that when mentioned, the weighted least squares method was used instead of the ordinary 

least squares mentioned above. This method was implemented when data points should not be treated 

equally given the lower precision of some of them. This routine was performed in Python 2.7 through 

the module statsmodels.regression.linear_model.WLS, and using standard deviations of the 

experimental data set as weights. 

The coefficient of determination, R2, provides a measure of how well observed outcomes are 

replicated by the model based on the variance of outcomes explained by the model. Therefore, it 

compares estimated and actual y-values, and ranges in value from 0 to 1. If it is 1, there is a perfect 

correlation in the sample — there is no difference between the estimated y-value and the actual y-value. 

At the other extreme, if the coefficient of determination is 0, the regression equation is not helpful in 
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predicting a y-value. This coefficient is calculated according with equation (2.19) with sums of squared 

differences between data 𝑦𝑖 and fitted curve �̂�𝑖 given by 𝑆𝑆𝑟𝑒𝑔, and between data and arithmetic 

mean �̅� given by 𝑆𝑆𝑡𝑜𝑡  [11]. 

 

𝑅2 = 1− 
𝑆𝑆𝑟𝑒𝑔
𝑆𝑆𝑡𝑜𝑡

= 1 − 
∑ [𝑦𝑖 − �̂�𝑖]

2
𝑖

∑ [𝑦𝑖 − �̅�]2𝑖
 (2.19) 

 

After a regression line has been computed, a point which lies far from the line, and thus has a 

large residual value is known as an outlier. Such points may represent erroneous data which can be 

removed for a better fitting. In this work, every linear regression was improved by removing the outliers. 

A box plot depicts the data through their quartiles: the first quartile splits off the lowest 25% of 

data from the highest 75%; the second quartile cuts the dataset in half (the median); and the third quartile 

splits off the highest 25% of data from the lowest 75% [52], in the end the box contains 50% of the data. 

The boxes have lines extending vertically called “whiskers”. These lines indicate variability outside the 

upper and lower quartiles, any point outside those lines is considered an outlier, therefore box plots are 

a valuable graphical tool to visualize these points which appear individually out of the box [53]. As an 

example, in Figure 2.5 one can find in (a) a box plot with one outlier and in (b) a box plot of the linear 

regression obtained after removing it.  

 

 

Figure 2.5 - Example of box plot (a) with an outlier and (b) after removing the outlier. (●) represent the 
residuals of the linear regression computed and the (x) corresponds to the mean of the residuals. 

 

The residuals are the differences between the observed values and the estimated values of the 

quantity of interest and one should always check their randomness in order to validate a linear model. 

Only a random distribution of residuals implies that the deterministic part of the model strongly predicts 

the response and that only the stochastic error associated to the randomness of any real-world 

phenomenon remains unexplained. To do so the residual plots are a useful tool that allows to easily 

visualize the distribution of the residuals which should not be either systematically high or low. So, the 

residuals should be centralized in zero throughout the range of fitted values. 

 

(a) (b) 
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2.8.2 Nonlinear models 

Generally, models of microbial kinetics are described by the differential equations for growth 

and fermentation. 

𝑑𝑋

𝑑𝑡
= 𝑓𝑋(𝑋, 𝑆, 𝑃) (2.20) 

𝑑𝑆

𝑑𝑡
= 𝑓𝑆(𝑋, 𝑆, 𝑃) (2.21) 

𝑑𝑃

𝑑𝑡
= 𝑓𝑃(𝑋, 𝑆, 𝑃) (2.22) 

 

In each of these differential equations (2.20), (2.21) and (2.22), the rate of change of biomass, 

product formation and substrate consumption were related to biomass (X), substrate (S) and product (P) 

concentrations using the appropriate functional form as will be further discussed in chapter 3.5. 

The set of differential equations that compose the model were solved numerically using 

Python 2.7 and its open source software library SciPy, using the SciPy’s solver 

scipy.integrate.odeint [54]. Non-linear regression was carried out using least squares 

method [55]. The coefficient of determination for nonlinear fit were calculated with Python class 

sklearn.metrics based on equation (2.19). 

2.8.3 Trapezoidal rule for numerical integration 

When referred, the trapezoidal rule was applied for numerical integration. This rule is a stepwise 

numerical method to solve ordinary differential equations by finding the approximation of the definite 

integral. It works by approximating the region under the graph of the function of interest as a trapezoid 

and calculating its area. To solve the differential equation (2.23), the trapezoidal rule is generically given 

by equation (2.24). 

𝑦′ = 𝑓(𝑡, 𝑦) (2.23) 

𝑦𝑛+1 = 𝑦𝑛 +
(𝑡𝑛+1 − 𝑡𝑛) × [ 𝑓(𝑡𝑛 , 𝑦𝑛) + 𝑓(𝑡𝑛+1, 𝑦𝑛+1) ]

2
 (2.24) 

 

2.9 Thermodynamics 

The dissociation constants present in this work are the thermodynamic constants for the 

equilibrium of carbon dioxide in water and are expressed in terms of activities of the ions involved as 

discussed in chapter 1.6. 

The apparent dissociation constants strongly change with salinity and temperature. So far, the 

most accurate approach to define these constants is by using a set of empirically measured values at 

different temperatures and salinities. This works uses the Mehrbach constants [56] and the following 

proposed algorithms (2.25) and (2.26) [28]. 

 

𝑝𝑘1
∗ = 17.788 − 0.073104𝑇 − 0.0051087𝑆 + 1.1463 × 10−4𝑇2 (2.25) 

𝑝𝑘2
∗ = 20.919 − 0.064209𝑇 − 0.011887𝑆 + 8.7313 × 10−5𝑇2 (2.26) 
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Where T is the temperature in kelvins and S the salinity in g/Kg. 𝑝𝑘1
∗
 and 𝑝𝑘2

∗
 are the negative 

logarithm of the first and second apparent dissociation constants of carbonic acid, respectively.  

Henry’s coefficient for CO2 was determined with equation (2.27) [57]. 

 

ln(𝐻𝐶𝑂2) =
9345.17

𝑇
− 167.8108 + 23.3585 ln(𝑇) + [0.023517 − 2.3656 × 10−4𝑇 + 4.7036 × 10−7𝑇2]𝑆 (2.27) 
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2.10 List of equipment and suppliers  

Table 2.10 - List of equipment used with correspondent suppliers. 

Equipment Supplier 

Autoclaves Systec VX-150; 

Varioklav Zyclondampf. 

Balances Sartorius Entris; 

Sartorius Extend. 

Benchtop freeze dryer Alpha 1-2 LD plus, Christ. 

Centrifuges Heraeus Megafuge 16R, Thermo Scientific; 

Eppendorf Centrifuge 5418. 

Fermenter  Labfors 5, InforsHT. 

Gas analyser BlueInOne Ferm, BlueSens. 

HPLC Agilent 1100 Series. 

Incubators Thermo scientific Maxq 8000; 

Memmert. 

Laminar flow chamber HerasafeKS. 

Multimode microplate reader Tecan Infinite® 200 Pro series. 

Oven Thermo scientific Heraeus Oven. 

pH sensors EasyFerm Plus K8 160, Hamilton; 

Mettler Toledo. 

pO2 sensor VisiFerm DO 160 (ECS), Hamilton. 

Refractive index detector Agilent 1100 RI Detector. 

Simultaneous thermal analyser Netzsch: STA 449 C + QMS 403 C. 

UV-VIS spectrophotometer Epppendorf AG BioSpectrometer basic. 
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3 Results and discussion 

3.1 Kinetics of growth of H.elongata wt and Δppc  

The growth curves of H. elongata wt and the deletion mutant Δppc for high salt concentration 

are shown in Figure 3.1(a). The cultures were performed in culture flasks with 100 mL MM63 medium, 

described in 2.2.1.1, with 1 M NaCl, following the conditions described in 2.3.3 for flask cultures. This 

salt concentration was chosen to allow the optimal growth of this microorganism [11]. The samples were 

taken every hour, in triplicates, and the mean was used. 

During the first six hours of incubation, linearization points for both strains observed in 

Figure 3.1(b), appear to lie on a straight line suggesting absence of a lag phase. As a result of the 

exponential growth experimentally observed during this time range, the OD600 increased from 0.06 up 

to 1 in the wild type and in the Δppc. A slowdown of growth is observed after seven hours of incubation 

suggesting oxygen limitation, given to weakly aeration in culture flasks once cellular concentration 

increases. Even though the growth slows down, a clear stationary phase is not noticeable during the 

time range of the experiment and both strains reached approximately an OD600 of 5 at the end of the 

test. 

The specific growth rates for dynamic models, when growth is limited by glucose, are readily 

calculated based on the slope of the linearization curves of Figure 3.1(b), observed during the 

exponential phase represented in the graphs as bold points (● for wt and ▲ for Δppc). A summary of 

the values obtained can be found in Table 3.1. The three biological replicates used showed 

reproducibility and overlapping results, thus the mean was taken to compute the growth rate. The results 

for the wild type resemble published growth curves of batch cultures of H. elongata wild type in modified 

liquid glucose mineral-salt medium with 1.0 M NaCl (3% to 6% NaCl) [24]. When comparing both strains 

tested, it is noticeable that under high salt concentration, there is no significant difference in the specific 

growth rates.  

The same experimental setup was performed with low salt concentration, 0.17 M NaCl. This salt 

concentration was chosen, because previous studies with the wild type showed that it allows a similar 

growth as in 2 M NaCl [11]. After one and half hours of lag phase, both strains grew exponentially and 

with this data the maximum growth rates were calculated. The results are summarized in Table 3.1. As 

noticeable in Figure 3.2, the deletion mutant grows clearly slower than the wild type in non-optimal salt 

conditions. Furthermore, during the exponential phase of growth it was not able to grow above an OD600 

of approximately 0.2, whereas the wild type, even in quasi-absence of salt, increased its density up to 1 

during the exponential phase.  

These cultivation experiments showed that the Δppc mutant is able to grow as the wild type as 

long as the sodium concentration in the medium is high. Therefore, to survive under high salt conditions, 

the OAD enzyme seems to operate anaplerotically and carry all the flux necessary for growth and 

ectoine production. 

To improve the understanding on this topic, fermentation experiments in high and low salt 

conditions were performed with both strains, aiming a quantitative description of this part of the 

metabolism. 
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Figure 3.1 - Growth curve of H. elongata wt (●) and deletion mutant Δppc (▲) in culture flasks with MM63 
medium, 1 M NaCl, incubated at 220 rpm, 30°C. OD600 is shown at every time point as an average of 3 different 
biological replicates and 3 technical replicates. (a) data plotted directly on linear graph; (b) linearization of growth 
by plotting logarithms of optical density versus time; bold points characterize exponential phase of growth. 

 

    

Figure 3.2 - Growth curve of H. elongata wt (●) and deletion mutant Δppc (▲) in culture flasks with MM63 
medium, 0.17 M NaCl, incubated at 220 rpm, 30°C. OD600 is shown at every time point as an average of 3 different 
biological replicates and 3 technical replicates. (a) data plotted directly on linear graph; (b) linearization of growth 
by plotting logarithms of optical density versus time; bold points characterize exponential phase of growth. 

 
Table 3.1 - Specific growth rate and duplication time of wild type and deletion mutant in high and low salt 

concentrations in shaking flask scale (100 mL working volume). 

Salt concentration (M) strain µ𝒎𝒂𝒙 (h
-1) td (h) 

1.00 
wt 0.496±0.024 1.40 

Δppc 0.472±0.028 1.47 

0.17 
wt 0.336±0.004 1.78 

Δppc 0.137±0.004 2.68 

  

(a) (b) 

(a) (b) 
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3.2 Evaluation of ammonia inhibition  

The assimilation of ammonia in H. elongata is of great importance because it provides the amino 

groups for the synthesis of ectoine. Previous studies pointed towards an inhibition of growth when 

ammonia concentration increases, however the data presented in these results are noisy and 

inconclusive. Therefore, microtiter growth experiments were performed to test the effect of ammonia 

concentration in the specific growth rate of H. elongata, in a range from 15 to 162 mM of ammonium 

sulfate. 

Figure 3.3 shows no relevant inhibition on growth. In fact, by extrapolation of experimental data 

considering a linear relationship between specific growth rate and ammonia concentration an 

IC50, (NH4)2SO4 of 0.5 M was determined. 

 

 

Figure 3.3 - Ammonia dependence of specific growth rate. (●) represent mean of 3 biological replicates 
and 3 technical replicates. Error bars are the standard deviations observed. 

 

3.3 Quantification of halophilic biomass samples 

In order to determine fermentation parameters, namely yield factors, it is essential to have a 

correlation to convert optical density to cell dry weight. However, in halophilic organisms, the amount of 

salt present in dry biomass samples is high and difficult to predict a priori. Since salt has hygroscopic 

properties, this becomes even more problematic because of the increased water content in each 

sample. 

To overcome this difficulty and quantify the composition of dry biomass samples, a simultaneous 

thermal analysis (STA), detailed in section 2.7.4, was performed in several samples coming from growth 

experiments with H. elongata wild type growing on high salt conditions (Figure 3.4). 
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Figure 3.4 - (‒) Percentage variation in biomass weight of dry samples grown in high salt conditions (1 M 
NaCl); (‒) Specific heat flow variation in the burning chamber: (a) over time at constant temperature, 100ºC; (b) 
over temperature increase from 0 to 950ºC; (c) over temperature increase from 800 to 950ºC (detail of (b) during 
the last moments of the burning process). 

 

Figure 3.4(a) denotes the initial period of the process which occurs at a constant temperature 

of 100ºC. As shown, during the first 30 minutes, an endothermic reaction occurs, which corresponds to 

the water evaporation, leading to a decrease in approximately 6% of biomass weight. 

Figure 3.4(b) displays the entire process of biomass burning with temperature increase from 0 

to 950 ºC. The blue line indicates the percentage variation in biomass weight of dry samples, over 

temperature increase, and the red line indicates the specific heat flow variation, which is a measure for 

enthalpy variation of the burning process, also over temperature increase. As one can see in 

Figure 3.4(b), the period of exothermic reactions occurs in the temperature range of 150ºC to 889ºC, as 

indicated with vertical black dashed lines, and corresponds to the combustion of all the organic matter. 

In a closer view of the final stage of the burning process in Figure 3.4(c), it is noticeable that 

after the combustion of all organic matter, an endothermic process occurs that resembles the melting of 

the remaining inorganic fraction. The indicated critical temperature is the turnover point where only the 

inorganic fraction remains. This fraction corresponds to the salt content and it is 24% of the total biomass 

weight.  

In summary, STA performed isothermally at 100ºC determined a content of approximately 6% 

water in dry halophilic biomass samples. Upon temperature increase, up to 889ºC, an organic content 

(a) 

(b) (c) 
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of 70% was calculated. Under higher temperatures, a melting process of the inorganic fraction occurred, 

and indicated a 24% salt content in dry halophilic samples. 

With these results, it is possible to compute the desired correlation between cell density and 

ash free weight. The optical density was measured right after sampling from fermentation experiments 

following the procedure explained in 2.7.1. The samples were then treated according to 2.7.2 and 2.7.3 

and the dry weight was taken. Finally, ash free content, which corresponds only to the organic weight 

of the biomass sample, was assumed to be 70% of the dry weight. The obtained correlation follows the 

format of equation (3.1) and the results can be found in Table 3.2. 

 

𝐴𝐹𝑊 (
𝑔

𝐿
) = 𝛼 × 𝑂𝐷600 +β (3.1) 

Table 3.2 - Correlation between ash free weight and optical density 600nm. 

Salt concentration α β R2 

1 M 0.2879 0.087 0.9781 

 

Another interesting finding relies on Figure 3.5, where it is noticeable that the percent decrease 

in biomass weight follows the same pattern for samples coming from shaking flask experiments, and 

those coming from fermentation experiments. Moreover, different biomass samples from different 

biological replicates, in the case of flask cultures, or taken at different time points, in the case of 

fermentation experiments, have exactly the same pattern of weight decrease. This reinforces the 

reproducibility of the technique and enables extrapolation of results from flasks to fermentation tests. 

 

    

Figure 3.5 - Percentage variation in biomass weight over temperature increase from 0 to 950ºC: (a) data 
obtained from three samples taken from shaking flask experiments with working volume 100 mL and high salt 
concentrations (1 M NaCl). Each sample corresponds to one biological replicate; (b) data obtained from six biomass 
samples taken at different time points from fermentation experiment with 2L working volume and high salt 
concentrations (1 M NaCl). 

  

(a) (b) 
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3.4 Mass transfer coefficient for oxygen, 𝒌𝑳𝒂  

In this work, 𝑘𝐿𝑎 for oxygen was determined for both salt concentrations of interest: 1 M and 

0.17 M NaCl. In Figure 3.6, one can see the variation of dissolved oxygen pressure upon changes in 

aeration conditions, for high salt concentrations and in Figure 3.7 for low salt concentrations. 

The fermenter was setup with the same volume, temperature, pH, stirring rate and air flow 

conditions as the ones used for fermentation experiments. First, it was equilibrated with 1.25L/min of air 

flow to saturate the medium in oxygen (pO2 100%); afterwards, the air was replaced by pure nitrogen at 

the same flow rate, and the dissolved oxygen level dropped down to 3%; air flow is then reconnected 

and the dissolved-oxygen increased again until saturation was re-established. In Figure 3.6 and 

Figure 3.7, the blue areas represent the periods of nitrogen inflow (anoxia). 

In Figure 3.6(a), the black dashed lines represent the fourth period of anoxia which was taken 

as an example for illustration of the methodology and a more detailed picture of this period can be found 

in Figure 3.6(b). 

Here, as suggested by equation (2.6), by plotting the natural logarithm over time when the air 

flow is re-established and the oxygen level increases linearly (red area), results a straight line, in red, 

with slope equal to − 𝑘𝐿𝑎. This method was performed 4 times and the mean was taken. The obtained 

value can be found in Table 3.3. 

Following the same principle described above, the mass transfer coefficient for oxygen in growth 

medium with low salt concentration (0.17 M NaCl) was measured in triplicates and the mean was taken. 

The black dashed lines represent the first period of anoxia which was taken as an example and a more 

detailed picture of this period can be found in Figure 3.7(b). The mean of the replicates was taken to 

determine a 𝑘𝐿𝑎 that can be found in Table 3.3. 

 

Table 3.3 - Mass transfer coefficient for setup established: 2 L MM63, 1000rpm, flow rate 1.25 L/min. 

Salt concentration  𝑘𝐿𝑎 (h
-1) R2 

1 M NaCl 103.48 ± 2.68 0.9817 

0.17 M NaCl 120.29 ± 2.46  0.9865 

 

The effect of salinity on 𝑘𝐿𝑎 values is visible in this work, with salty medium having a smaller 

 𝑘𝐿𝑎 than medium with low salt concentration. In fact, it is published that even though the mass transfer 

coefficient ( 𝑘𝐿) is higher in fresh water systems than in saline water, the latter has a higher specific 

bubble area (𝑎) resulting in a higher volumetric mass transfer coefficient ( 𝑘𝐿𝑎) for saline systems [58]. 

As will be further discussed in 3.5.2.1, these 𝑘𝐿𝑎 values are sufficient to maintain the oxygen 

concentration in liquid medium above the critical one. 
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Figure 3.6 - (a) Profile of dissolved oxygen when applying the dynamic method in growth medium with high 
salt concentration (1 M NaCl): Figure shows four technical replicates. Blue areas correspond to anoxia periods; (b) 
Extended view of the dissolved oxygen profile of the fourth technical replicate of the dynamic method applied in 
growth medium with high salt concentration (1 M NaCl). Blue area corresponds to anoxia period. Red area 
corresponds to the period of linear re-establishment of oxygen level. Red line is the natural logarithm of 1-pO2 
during the period in red.  

 

    

Figure 3.7 - (a) Profile of dissolved oxygen when applying the dynamic method in growth medium with low 
salt concentration (0.17 M NaCl): Figure shows three technical replicates. Blue areas correspond to anoxia periods; 
(b) Extended view of the dissolved oxygen profile of the first technical replicate of the dynamic method applied in 
growth medium with low salt concentration (0.17 M NaCl). Blue area corresponds to anoxia period. Red area 
corresponds to the period of linear re-establishment of oxygen level. Red line is the natural logarithm of 1-pO2 
during the period in red.  

  

(a) (b) 

(a) (b) 
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3.5 Establish a reference model for Halomonas elongata 

The scope of the present chapter is to develop a dynamic model for batch cultures of H. elongata 

wild type in high salt (1 M NaCl) conditions. It should be applied as reference for the growth of this non-

standard organism. 

To establish a base line for H. elongata growth, a fermentation experiment was run with 

H. elongata DSM 2581T wild type growing in 2 L batch mode, minimal medium MM63 with optimal salt 

concentration (1 M NaCl), 30°C, pH 7, air flow 0.625 vvm and stirring rate 1000rpm. 

 

3.5.1 Mathematical description of the bioprocess 

The state variables are biomass density (𝑋), glucose concentration (G), ammonia concentration 

(N), oxygen concentration in liquid phase (O2,aq), oxygen fraction in gas phase (𝑦O2,gas), carbon dioxide 

concentration in liquid phase (CO2,aq) and carbon dioxide fraction in gas phase (𝑦CO2,gas). 

The developed dynamic model is based on the following assumptions: 

▪ Existence of a well-mixed environment; 

▪ Glucose as limiting substrate; 

▪ Consumption of substrates exclusively due to growth; 

▪ Carbon dioxide production exclusively due to growth; 

▪ Specific death constant is negligible; 

▪ Constant yield factors. 

This model assumes dependence of growth solely on the carbon and energy source (glucose), 

therefore a standard Monod kinetics was fitted to the experimental data. Equation (3.2) represents the 

dependence of the specific growth rate on the limiting substrate, proposed by Monod in 1950. 

Since it describes a batch process, there are no inlet or outlet of substrates during the run and 

consequently the mass balances of nutrients are described in the model with equations (3.4) and (3.5). 

Nevertheless, the gases are continuously supplied and their mass balances cannot be 

understood as a batch process. Given so, the equations (3.6) and (3.7) describe the dynamics of the 

state variables of the gas phase. 

The transfer rates of both gases have as driving force the difference between the concentration 

of oxygen or carbon dioxide in the gas phase and in the liquid phase, as denoted by equations (3.9) and 

(3.13), respectively. 

The dissolved oxygen was implemented in the model by means of a simple mass balance 

between OTR and OUR, as shown in equation (3.10).  

Since, the carbon dioxide transfer rate (CTR), measured online in the off-gas analyser, can no 

longer be considered equal to the rate of carbon dioxide production (CER), a combination of equations 

(3.15) and (3.14) was implemented in the model to account for this correction. The latter equation 

defines the carbon present in liquid phase as a function of the total carbon, which is in turn defined as 

the sum of all the species of the equilibrium as referred in sections 1.6 and 1.7. 
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To better describe the process through a model, the thermodynamic constraints of the system 

should not be neglected, hence this work accounts for the effect of the high ionic strength of the medium 

in the kinetics of the carbonate system. For that, the apparent equilibrium constants were computed 

according to (2.25) and (2.26). These empirical algorithms account for the salinity and temperature of 

the medium. The obtained values can be found in Table 3.5. 

The solubility of gases in the medium can be described by Henry’s law leading to model 

equations (3.11) and (3.16) for oxygen and carbon dioxide, respectively. Nevertheless, the presence of 

salt has a lowering effect on the solubility of oxygen and carbon dioxide, named salting out. Therefore, 

the empirical algorithm (2.27) was used to compute the Henry’s constant for carbon dioxide and the 

tabulate set of values from International Critical Tables, 1928, McGraw-Hill, used to determine Henry’s 

constant for oxygen. Both approaches consider the salinity of the medium and the obtained constants 

can be found in Table 3.5. 

Figure 3.8 should be followed for an easier understanding of the oxygen and carbon dioxide 

balances modulated in this work. 

 

 

Figure 3.8 – Schematic overview of the mass transfer of oxygen and carbon dioxide between gas and 
liquid phases. 
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Table 3.4 – Equations used for model simulations and respective units. 

Formula Unit 
Equation 

number 

µ = µ𝑚𝑎𝑥 (
[𝐺]

𝐾𝐺𝑙𝑢 + [𝐺]
) h-1 (3.2) 

𝑑𝑋

𝑑𝑡
= µ 𝑋 OD600 h-1 (3.3) 

𝑑[𝐺]

𝑑𝑡
= −𝑞𝐺  𝑋 = − 

1

𝑌𝑋/𝐺

𝑑𝑋

𝑑𝑡
= −𝑌𝐺/𝑋

𝑑𝑋

𝑑𝑡
 mM h-1 (3.4) 

𝑑[𝑁]

𝑑𝑡
= −𝑞𝑁  𝑋 = − 

1

𝑌𝑋/𝑁

𝑑𝑋

𝑑𝑡
= −𝑌𝑁/𝑋

𝑑𝑋

𝑑𝑡
 mM h-1 (3.5) 

d𝑦O2,gas

dt
 = (𝑦𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡)

𝐹

 𝑉𝑔
− 𝑂𝑈𝑅

𝑉𝑙

𝑉𝑔
 
𝑅𝑇

𝑃𝑎𝑖𝑟
 Molar fraction (3.6) 

d𝑦CO2,gas

dt
 = (𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝐶𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡 )

�̇�

 𝑉𝑔
+ 𝐶𝑇𝑅

𝑉𝑙

𝑉𝑔

𝑅𝑇

𝑃𝑎𝑖𝑟
 Molar fraction (3.7) 

𝑂𝑈𝑅 = 𝑌𝑂2/𝑋
𝑑𝑋

𝑑𝑡
 mM h-1 (3.8) 

𝑂𝑇𝑅 = kLa
𝑂2  ([𝑂2,𝑔𝑎𝑠

∗ ] − [𝑂2𝑎𝑞]) mM h-1 (3.9) 

d[O2,aq]

dt
= 𝑂𝑇𝑅 − 𝑂𝑈𝑅 mM h-1 (3.10) 

[𝑂2,𝑔𝑎𝑠
∗ ] =

𝑦𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡 𝑃𝑎𝑖𝑟

𝐻𝑂2
 mM (3.11) 

𝐶𝐸𝑅 = 𝑌𝐶𝑂2/𝑋
𝑑𝑋

𝑑𝑡
 mM h-1 (3.12) 

𝐶𝑇𝑅 = kLa
𝐶𝑂2  ([𝐶𝑂2𝑎𝑞] − [𝐶𝑂2,𝑔𝑎𝑠

∗ ]) mM h-1 (3.13) 

[𝐶𝑂2𝑎𝑞] =
[𝐶𝑇𝑜𝑡𝑎𝑙]

1 +
𝑘1
∗

 10−𝑝𝐻
+

𝑘1
∗𝑘2
∗

(10−𝑝𝐻)2

 
mM (3.14) 

d[𝐶𝑇𝑜𝑡𝑎𝑙]

dt
= 𝐶𝐸𝑅 − 𝐶𝑇𝑅 mM h-1 (3.15) 

[𝐶𝑂2,𝑔𝑎𝑠
∗ ] = 𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑜𝑢𝑡𝑙𝑒𝑡   𝑃𝑎𝑖𝑟  𝐻𝐶𝑂2 mM (3.16) 
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Table 3.5 - Parameter values used for model simulations with wt in high salt conditions, part 1. 

Parameter Symbol Value Unit Ref. 

Pressure Pair 1 atm - 

Temperature T 303.15 K - 

Air flow F 75 Lh-1 - 

Volume gas phase Vg 1.6 L - 

Volume liquid phase Vl 2.0 L - 

Molar fraction of O2 in atmosphere yO2 20.97 %  

Molar fraction of CO2 in atmosphere yCO2 0.04 %  

Henry’s constant for O2 (at 25ºC, 1 M NaCl) 𝐻𝑂2  34.4 atm m3 kg-1 [29] 

Henry’s constant for CO2 (at 30ºC, 1 M NaCl) 𝐻𝐶𝑂2  2.240× 10−2 mol atm-1 kg-1 [28] 

Real gas constant  R 0.082 atm L K-1mol-1 - 

First apparent dissociation constant  

(at 303K and salinity 58.44g/Kg) 
𝑘1
∗ 1.373× 10−6 - [28] 

Second apparent dissociation constant  

(at 303K and salinity 58.44 g/Kg) 
𝑘2
∗ 1.647× 10−9 - [28] 

Mass transfer coefficient for O2 (at 1 M NaCl) kLa
𝑂2 103.48 h-1 This work 

Mass transfer coefficient for CO2 kLa
𝐶𝑂2  0.91× kLa

𝑂2 h-1 [34] 
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Table 3.6 - Parameter values used for model simulations with wt in high salt conditions, part 2. 

Parameter Symbol Value Unit Ref. 

Maximum specific growth rate µ𝑚𝑎𝑥 0.404±0.013 h-1 This work 

Yield Glucose/Biomass 𝑌𝐺/𝑋 3.749±0.117 mM𝐶6𝐻12𝑂6/OD600 This work 

Yield Ammonia/Biomass 𝑌𝑁/𝑋 3.063±0.493 mM𝑁𝐻3/OD600 This work 

Yield Oxygen/Biomass 𝑌𝑂2/𝑋 2.865±0.145 mM𝑂2/OD600 This work 

Apparent Yield Carbon Dioxide/Biomass 𝑌′𝐶𝑂2/𝑋 6.306±0.203 mM𝐶𝑂2/OD600 This work 

Yield Carbon Dioxide/Biomass 𝑌𝐶𝑂2/𝑋 8.367 mM𝐶𝑂2/OD600 This work 

Monod constant for glucose KGlu 0.541 mM𝐶6𝐻12𝑂6 This work 

 

Table 3.7 - Initial conditions for model simulations with wt in high salt conditions. 

Parameters Values  Unit 

𝑋0 0.3 OD600 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒0 27.8 mM 

𝐴𝑚𝑚𝑜𝑛𝑖𝑎0 30 mM 

𝑦𝐶𝑂2,0 0.04 % 

𝑦𝑂2,0 20.95 % 

𝑝𝑂2,𝑎𝑞0 98 % 

𝐶𝑇𝑜𝑡𝑎𝑙,0 0.01 mM 
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3.5.2 Overlook on model development  

Primarily, the parameters used for model simulations result from a classic parametrization 

approach based on experimental data. Nevertheless, a more elaborate technique, based on 

computational parameter optimization, was simultaneously implemented, and will be detailed in the 

following chapters. 

3.5.2.1 Classic parameterization approach 

A time course for biomass formation, glucose, ammonia and oxygen consumption, and carbon 

dioxide formation can be found in Figure 3.9 for the fermentation of reference. 

In part (a) of the referred figure, a microbial growth is noticeable, as long as the limiting 

substrate, glucose, is present in the growth medium. After eight hours, this component is extinguished 

and a stationary phase is observed. Also in the composition of exhausted gases, reported in part (b), 

once the stationary phase of growth is observed, one can see an abrupt decrease in the carbon dioxide 

as well as an increase in oxygen concentration, since at this time point the oxygen demand and the 

carbon dioxide production are low. 

 

    

Figure 3.9 - H. elongata wt in high salt conditions (1 M NaCl), limited by glucose in batch culture: (a) Time 
course of (●) biomass formation, (■) glucose concentration in liquid phase, and (■) ammonia concentration in liquid 
phase; (b) Time course of (●) biomass formation, (●) oxygen molar fraction in gas phase, and (●) carbon dioxide 
molar fraction in gas phase. 

 

i) Assess the maximum specific growth rate 

Figure 3.10(a) presents a closer view of the growth curve obtained, where a visible lag phase 

of two and half hours is followed by an exponential phase that lasts five hours and allows to reach OD600 

of approximately 7.0. 

Following again the methodology for exponential model linearization, the specific growth rate 

was determined by linear regression in the exponential phase represented as bold points in 

Figure 3.10(b). A maximum specific growth rate of 0.404±0.013 h-1 was obtained (R2=0.9909). 

 

(a) (b) 
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Figure 3.10 - Growth curve and specific growth rate for reference model: OD600 is shown at every time 
point as an average of three technical replicates. (a) data plotted directly on linear graph; (b) linearization of growth 
by plotting logarithms of optical density versus time; bold points characterize exponential phase of growth; Shadow 
area enclose the standard errors for slope and intercept of linear regressions. 

 

ii) Quantify substrate yields 

The growth of H. elongata demands the consumption of glucose, to work as a carbon and energy 

source. The yield glucose/biomass (YG/X), was determined by linear regression between glucose that 

remains in growth medium and produced biomass, as shown in Figure 3.11(a). A yield of 

3.749±0.117 𝑚𝑀C6H12O6/OD600 was obtained (R2=0.9913) and the correspondent result in carbon-moles 

can be found in Table 3.8. 

Ammonia is likewise an essential substrate for microbial growth because it provides the 

necessary amino groups for the synthesis of amino acids and ectoine. The same rationale applied for 

glucose was used to compute the correspondent ammonia/biomass yield (YN/X), as shown in 

Figure 3.11(b). A yield of 3.063±0.493 𝑚𝑀NH3/OD600 was obtained (R2=0.8110) and the correspondent 

result in nitrogen-moles can be found in Table 3.8. 

 

    

Figure 3.11 - Glucose and ammonia yield factors for reference model: Bold points characterize exponential 
phase of growth. (‒) represent linear regressions. Shadow areas enclose the standard errors for slope and intercept 
of linear regressions. (a) Glucose concentration in fermentation broth over OD600; (b) Ammonia concentration in 
fermentation broth over OD600; every ammonia point is an average of three technical replicates. 

(a) (b) 

(a) (b) 
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Due to the difficulty of achieving high precision in the quantification of nutrients with enzymatic 

kits, the result for the decrease of ammonia concentration in growth medium is slightly variable. Given 

so, the measurements were taken in triplicates and the error bars presented in Figure 3.11(b) represent 

their standard deviation. Note that given the different weights for standard deviations of each ammonia 

sample, a weighted least squares regression was applied when computing this ammonia yield. 

This lack of precision can also be noticeable in the results obtained for the linearization, in fact 

the coefficient of determination for the yield ammonia/biomass is lower than the one for the yield 

glucose/biomass given the high accuracy and precision of HPLC technique applied in the measurements 

of this sugar. Moreover, the black coloured areas represent the standard errors of slope and intercept 

for the linear regressions plotted, and they visually illustrate the bigger variation of ammonia 

measurements compared with glucose. 

 

iii) Quantify gas yields 

Given the aerobic conditions necessary for growth, oxygen is continuously supplied by injection 

of filtrated air (1 bar) at the bottom of the fermenter, and taken up by the cells from the liquid. 

In this section, the flow rate of the outlet gas stream was considered equal to the one of the inlet 

stream, which is highly controlled by the fermenter station. This assumption is not physically real 

because of the established equilibrium between gas and liquid phases, that changes the molar fraction 

of inert gases in the outlet stream, when compared to the one of the inlet. However, even assuming an 

overestimated ratio between inert fraction of inlet and outlet streams of 0.95, this correction only affected 

the final carbon dioxide transfer rate in 5%, proving to be negligible. 

The total cumulative oxygen taken-up is shown in Figure 3.12(a). The yield oxygen/biomass 

was computed as a liner relationship between the amount of biomass produced and the taken-up 

oxygen, during the exponential phase of growth, as represented in Figure 3.12(b). 

Likewise, the carbon dioxide produced during the process is quantified by its volumetric rate of 

production named carbon dioxide emission rate. Considering, as a first approximation, that its transfer 

rate (CTR) equals the emission rate (CER), the time course of apparent produced CO2 was estimated 

and the cumulative production is shown in Figure 3.13(a). The linear regression between the amount of 

biomass and the carbon dioxide produced during the exponential phase of growth, is represented in 

Figure 3.13(b). 

Despite allowing the estimation of real O2 uptake and CO2 emission rates, assuming that these 

parameters equal the experimentally observed transference rates is susceptible of discussion. This 

aspect turns out to be very relevant in the case of CO2 given the chemistry of saline environments, and 

will be further issued in chapter 3.5.2.2. Hence, the carbon dioxide yields determined experimentally are 

notated as apparent yields (Y’). 

The obtained linear relationships mentioned above, led to an oxygen yield of 

2.865±0.145 𝑚𝑀O2/OD600 (R2=0.9774) and a carbon dioxide apparent yield of 

6.306±0.203 𝑚𝑀CO2/OD600 (R2=0.9907). The correspondent results in oxygen-moles and carbon-moles 

can be found in Table 3.8. 
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Figure 3.12 - (a) Experimental time course evolution of oxygen uptake in fermentation of reference (b) 
Oxygen yield factor for reference model: Taken up oxygen over OD600. Bold points characterize exponential phase 
of growth. (‒) represent linear regressions. Shadow areas enclose the standard errors for slope and intercept of 
linear regressions.  

 

    

Figure 3.13 - (a) Experimental time course evolution of carbon dioxide production in fermentation of 
reference. (b) carbon dioxide yield factor for reference model: produced CO2 over OD600.  Bold points characterize 
exponential phase of growth. (‒) represent linear regressions. Shadow areas enclose the standard errors for slope 
and intercept of linear regressions. 

 

Table 3.8 - Fermentation parameters experimentally obtained: fermentation of H. elongata wt in batch 
mode, 2L working volume of MM63 medium with high salt concentration (1 M NaCl), 30°C, pH 7, air flow 0.625 vvm 
and stirring rate 1000rpm. 

Salt conditions Strain Parameters Unit R2 

1 M wt 

µ𝑚𝑎𝑥=0.40±0.01 h-1 0.9909 

𝑌𝐺/𝑋=1.98±0.06 C-mol/C-mol 0.9913 

𝑌𝑁/𝑋=0.27±0.04 N-mol/N-mol 0.8110 

𝑌𝑂2/𝑋=0.50±0.03 O-mol/O-mol 0.9774 

𝑌′𝐶𝑂2/𝑋=0.56±0.02 C-mol/C-mol 0.9907 

 

(a) 

(a) (b) 

(b) 
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iv) Cellular oxygen demand 

The maximum specific rate of oxygen uptake can now be determined using equation (3.17). 

Overestimating the critical oxygen concentration as below 30% of oxygen saturation, to achieve a 

maximum OD600 of 10, the minimum 𝑘𝐿𝑎 required to maintain oxygen concentration above the critical 

concentration is approximately 90 h-1. Thus, the mass transfer coefficient established for this work, and 

determined in 3.4, fulfils the oxygen needs for this process. 

 

𝑞𝑂2,𝑚𝑎𝑥 = µ𝑚𝑎𝑥    𝑌𝑂2/𝑋 (3.17) 

𝑘𝐿𝑎𝑐𝑟𝑖𝑡 =
𝑞
𝑂2,𝑚𝑎𝑥

𝑋𝑚𝑎𝑥

(𝑂2𝑔𝑎𝑠
∗ − 𝑂2𝑐𝑟𝑖𝑡)

 (3.18) 

 

3.5.2.2 Computational assessment of CER and carbon dioxide production yield  

To study the efficiency of the model in evaluating the CO2 fraction of gas phase during 

fermentation in saline minimal medium at pH 7, CER was considered, as a first approximation, equal to 

the carbon dioxide transfer rate, CTR, and model simulation was plotted in Figure 3.14 as continuous 

black line, against the experimental data for composition of CO2 in exhaust gas (red points). Considering 

then CER as equation (1.29), which accounts for the total carbon in liquid phase in equilibrium with 

bicarbonate, the model prediction results in the black dashed line shown in Figure 3.14. 

 

 

Figure 3.14 - (●) Experimental molar fraction of CO2 in gas phase under 1 atm air pressure, during batch 
fermentation; (‒) Model simulations for molar fraction of CO2 in gas phase using CTR; (‒ ‒) Model simulations for 
fraction of CO2 in gas phase using CER. 

 

The Figure above clearly illustrates that the developed model accounting for the carbonate 

equilibrium in liquid phase, better fits the experimental results, particularly during the exponential growth 

phase (R2=0.9967), while the model that considers CER equal to the CTR, developed based on 

evaluation of off-gas composition, underestimates CO2 production and departs from the experimental 

points (R2=0.8971). 
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The dependence of the mole fraction of each species in the carbonate equilibrium as function 

of pH can be seen in Figure 3.15 for 1 M salinity. This result was calculated via a Python scrip developed 

by Christiana Sehr for her phD dissertation [23]. According to the simulation presented, at pH 7 

around 90% of carbon in the liquid phase exists as 𝐻𝐶𝑂3
−, wheares at pH 4 mostly all CO2 molecules 

do not combine with water and remain free as disussed in chapter 1.6.  

 

 

Figure 3.15 - Predicted mole fraction of carbon dioxide (blue), carbonic acid (yellow), bicarbonate (green) 
and carbonate (red), as function of pH for 30°C and salinity 58 g/Kg (1 M NaCl). 

 

To experimentally confirm the hypothesis that a fraction of carbon is retained in the liquid 

medium through the carbonate equilibrium, the pH of sterile growth medium MM63, 1 M NaCl, was 

turned down from 7 to 3.5. 

 

 

Figure 3.16 - Off-gas CO2 composition during acidification of MM63, 1 M NaCl, sterile growth medium. 

 

In fact, as the pH decreases, a release of CO2 is noticeable from the liquid phase to the gas 

phase, proving the existence of a significant amount of carbon dioxide entrapped in the liquid medium, 

thought the carbonate system, that is not released to the gas phase during fermentation experiments. 

Therefore, it cannot be assumed that CTR corresponds to the real CER. 
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By testing a range of possible carbon dioxide yields and computationally determine the squared 

error between experimental observed data and simulated values for CO2 fraction in gas phase, it is 

possible to determine the yield that minimizes the error leading to a closer estimation of the real carbon 

dioxide yield. Figure 3.17 resumes the obtained squared errors when simulations are run with a 𝑌𝐶𝑂2/𝑋 

in a range from 4 to 12 mM𝐶𝑂2/OD600.  

Comparing this last computed yield to the one directly calculated from CTR, the correction 

integrated in the model affects the result in 33%. Hence, the carbonate equilibrium present in saline 

environments has a relevant influence in mass transfer phenomena, affecting the determination of CO2 

yield factors through normal gas balances techniques in halophilic cultures. 

 

 

Figure 3.17 - Squared error between experimental data and fitted model over a range of CO2 yield factors. 

 

Consequently, the estimated apparent carbon dioxide yield based on CTR, as explained in the 

classical parameterization approach, does not account for the carbon dioxide retained in the liquid 

phase, underestimating the production rate. Figure 3.18 shows as a continuous line, the model 

calculations for CO2 production considering solely the CTR, and as dashed line, the model calculations 

considering also the carbonate equilibrium and the CER as equation (1.29). Thus, with simulations of 

the developed model, accounting for this equilibrium, it is possible to estimate a new carbon dioxide 

yield that better predicts the biological production rate. 

 

Figure 3.18 - (‒) Model simulation for carbon dioxide production based on CTR; (‒·‒) Model simulation for 
carbon dioxide production based on predicted real CER. 
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Additionally, the model was refined to account for carbon that accumulates in the gas phase 

inside the fermenter. Equation (3.19) gives this accumulation, and its impact in the carbon emission rate 

is quantified according to equation (3.20). 

The impact of adding this accumulation to the total CO2 production is shown in Figure 3.19 as 

a red line. As one can see, the amount of carbon accumulated in gas phase does not significantly affect 

the total carbon produced, leading to the conclusion that it only represents a very small fraction of the 

total production. Therefore, the impact of this correction on the carbon dioxide yield should not be 

meaningful. In fact, through a linear regression between simulated biomass and carbon dioxide 

production, during exponential phase of growth, accounting for CO2 accumulation in gas phase, a new 

yield was computed. When compared to the previous yield, this correction only affects the result in 0.8%, 

hence it does not play a significant role in the prediction of real CER. 

 

d[𝐶𝑂2,𝑔𝑎𝑠
  𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛]

dt
= (𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝐶𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡 )

�̇�

 𝑉𝑔

𝑃𝑎𝑖𝑟

𝑅𝑇
+ 𝐶𝑇𝑅

𝑉𝑙
𝑉𝑔

 
(3.19) 

𝐶𝐸𝑅 = 𝐶𝑇𝑅 +  
𝑑[𝐶𝑇𝑜𝑡𝑎𝑙]

𝑑𝑡
+
d[𝐶𝑂2,𝑔𝑎𝑠

  𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛]

dt
 

(3.20) 

 

    

Figure 3.19 - (a) Model simulation for carbon production rate: (‒) based on CTR; (‒·‒) based on predicted 
real CER; (‒) based on predicted real CER and accounting for CO2 accumulation in gas phase; (b) carbon dioxide 
yield: produced CO2 over OD600: (‒) based on CTR; (‒·‒) based on predicted real CER; (‒) based on predicted real 
CER and accounting for CO2 accumulation in gas phase. 

 

3.5.2.3 Parameter optimization routine 

So far, the assessed parameters were estimated using experimental data through a process 

called regression. But experimental data are noisy and incomplete, therefore an optimization routine 

was undergone to improve the fitting of the empirical dynamic model to experimental observations and 

better estimate the parameters of the bioprocess studied. 

However, parameter estimation entails many difficulties being one of the most evident, their 

non-independency. Therefore, one need to be careful when selecting the parameters of interest for the 

optimization routine. In this work, the empirical Monod coefficient for glucose saturation (𝐾𝐺𝑙𝑢) and the 

(a) (b) 
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carbon dioxide yield (𝑌𝐶𝑂2/𝑋) were selected as simultaneous optimization targets once they are 

inaccessible through regression from experimental data. 

The goal was to calibrate the model to fit experimental results in the best possible way. This 

was performed by minimizing the cost function total squared error through an iterative process until 

convergence is obtained. This cost function was defined to be the sum of the squared difference 

between data and fitted curve for cellular concentration and also for CO2 fraction in gas phase. The 

obtained results can be found in Figure 3.20 for the reference fermentation. Obtained values are explicit 

in Table 3.8 and were used to establish the reference model for H. elongata growth in high salinity 

medium. 

 

Figure 3.20 - Cost function (total squared error) dependence on possible combinations of carbon dioxide 
yield factor and Monod saturation constant for glucose. 

 

By noticing the shape of the obtained surface, it is clear that 𝐾𝐺𝑙𝑢 does not play a significant role 

in the improvement of the fitting. Nevertheless, changes in the 𝑌𝐶𝑂2/𝑋 strongly affect the cost function 

and consequently the adjustment to the experimental data. 

 

3.5.2.4 Oxygen solubility: Validate assumption 

Due to a technical problem faced during the presented work with the oxygen sensor of the off-

gas analyser, the online data for oxygen composition in the exhausted gas was not available. Therefore, 

the online data for dissolved oxygen in liquid medium was used to estimate the oxygen pressure in the 

exhaust gas according to equation (3.23), assuming that OTR, equation (3.21), equals OUR, 

equation (3.22), and considering the oxygen pressure in the gas inlet as 20.97% under 1 atm air 

pressure [30]. This projected data was plotted in Figure 3.9(b) and used for further analysis. 

This estimation is based on the assumption that oxygen solubility is constant during the process, 

and the used values are explicit in Table 3.9 for both salt concentrations tested. However, in practice 

this value decreases over time due to an increase of oxygen consumption, therefore, the assumption 

must be validated. 
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𝑂𝑇𝑅 = kLa
𝑂2  ([𝑂2𝑔𝑎𝑠

∗ ] − [𝑂2𝑎𝑞]) = kLa
𝑂2  [𝑂2𝑔𝑎𝑠

∗ ] (1 − 𝑝𝑂2) (3.21) 

𝑂𝑈𝑅 =  
𝐹 × 𝑃𝑎𝑖𝑟

𝑉𝑙 × 𝑅 × 𝑇
[𝑦𝑂2
𝑖𝑛 − 𝑦𝑂2

𝑜𝑢𝑡] (3.22) 

𝑦𝑂2
𝑜𝑢𝑡 = 𝑦𝑂2

𝑖𝑛 −
𝐾𝐿𝑎 [𝑂2𝑔𝑎𝑠

∗ ] (1 − 𝑝𝑂2)𝑉𝑙 × 𝑅 × 𝑇

𝐹 × 𝑃𝑎𝑖𝑟
 (3.23) 

 

Table 3.9 - Oxygen solubility for both salt concentrations tested. 

Salt concentration 𝑶𝟐𝒈𝒂𝒔
∗  Unit Ref. 

1 M 0.191 mM 
[29] 

0.17 M 0.255 mM 

 

For the validation procedure, OTR and OUR were no longer considered equal, and model 

equation (3.6), that estimates the molecular fraction of oxygen in gas phase, was reformulated as 

equation (3.24). 

 

d𝑦O2,gas

dt
 = (𝑦𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡)

𝐹

 𝑉𝑔
− 𝑂𝑇𝑅

𝑉𝑙

𝑉𝑔
 
𝑅𝑇

𝑃𝑎𝑖𝑟
 (3.24) 

𝑂𝑇𝑅 = kLa
𝑂2  ([𝑂2𝑔𝑎𝑠

∗ ] − [𝑂2𝑎𝑞]) = kLa
𝑂2  (

𝑦𝑂2,𝑔𝑎𝑠
𝑜𝑢𝑡𝑙𝑒𝑡 𝑃𝑎𝑖𝑟

𝐻𝑂2
− [𝑂2𝑎𝑞]) (3.25) 

 

Following the optimization routine previously presented, model simulations were fitted to the 

extrapolated experimental data for oxygen fraction in gas phase. A new oxygen/biomass yield was 

calculated and resulted in a 10% increased. Therefore, the assumption is valid with a 10% error. 

 

3.5.3 Data consistency 

The material balances for this fermentation of reference, prove that the experimental data 

obtained for carbon and nitrogen measurements is consistent and the correspondent yields can be 

assumed to be well estimated. Concerning the nitrogen balance, it is fully satisfied. In regard to the 

carbon balance, when the percent deviation is calculated, in terms of carbon moles initially in the system 

as glucose, and the ones produced at the end of the process as biomass and carbon dioxide, the carbon 

balance is satisfied within 12%. This deviation is very satisfactory.  

Regarding the degree of reduction, the balance is not completely satisfied and highly deviates 

from the expected value. This is likely a result of a combination factors: oxygen values were extrapolated 

from experimental data for dissolved oxygen and present 10% error; experimental data itself is noisy; 

and finally, the oxygen yield was calculated after numerical integration of OUR which amplifies the error. 
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3.5.4 Global efficiency of the established model 

An overview of the developed model is presented in this section, where one can cross-check 

experimental data obtained with model simulations, in order to validate the model and to understand its 

global efficiency. The correspondent results are shown in Figure 3.21.  

The Monod model established fits well experimental data of cell concertation (R2=0.9657) and 

predicts the specific growth rate with physical meaning. The model also predicts well glucose 

consumption (R2=0.9699). 

During the exponential phase, carbon dioxide emission (R2=0.9967) and oxygen uptake 

(R2=0.9334) are also accurately predicted by the model. Only after this phase of growth, the model starts 

to be distant from the experimental data, so it can still be assumed that the predictions are physiologically 

valid.  

Given the poorly accurate and precise ammonia experimental data, the model does not have a 

high prediction capacity for the consumption of this substrate, roughly fitting the obtained data 

(R2=0.8349). A new ammonia measurement technique should be applied to validate the predictions. For 

instance, HPLC in ion exclusion mode could be a solution allowing the separation of ammonia as it 

behaves as a weak base. 

 

    

Figure 3.21 - Time course of biomass formation; glucose, ammonia, and oxygen consumption; and carbon 
dioxide production by H. elongata wt in high salt conditions (1 M NaCl), limited by glucose. The graphs show 
experimental data ((●) biomass density, (■) glucose concentration, (■) ammonia concentration, (●) molar fraction 
of carbon dioxide in gas phase, (●) molar fraction of oxygen in gas phase) obtained in Labfors5, 2L batch culture, 
and model predictions (‒). 

 

  

(a) (b) 
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3.6 Case studies: use of the developed model as a reference platform 

As a proof of concept for the established model, different setups were tested. Each case study 

analysed in this chapter aims to understand how well the model can predict behaviours in different 

conditions and it also intends to gain new insights on the metabolism of H. elongata with a deeper focus 

on the impact of salt concentration and on the influence of PEP-Pyr-OAA node responsible for ectoine 

production. 

For that, a series of three batch fermentations were performed under conditions compatible with 

experimental setup and model parameterization: (1) wild type-high salt; (2) wild type-low salt; (3) Δppc 

mutant-high salt.  

 

3.6.1 Interpretation of anomalous behaviours 

As a first case study, and proof of concept, a replicate of the fermentation of reference was 

analysed. H. elongata wild type was grown in high salt conditions (1 M NaCl). The experimental data is 

shown in Figure 3.22.  

 

    

Figure 3.22 - H. elongata wt in high salt conditions (1 M NaCl), limited by glucose in batch culture in an 
anomalous fermentation: (a) Time course of (●) biomass formation, (■) glucose concentration in liquid phase, and 
(■) ammonia concentration in liquid phase; (b) Time course of (●) biomass formation, (●) oxygen molar fraction in 
gas phase, and (●) carbon dioxide molar fraction in gas phase. 

 

Following the same parameterization procedure, the parameters were estimated and are shown 

in Table 3.10. In the same table, one can find the previous estimations of reference parameters for 

comparison purposes. For an easier visual comparison, the results for both cases are also represented 

as bars in Figure 3.23. 

 
  

(b) (a) 
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Table 3.10 - Estimated parameters of anomalous fermentation (wild type, 1 M NaCl). Estimated parameters 
for fermentation of reference (wild type, 1 M NaCl). 

Parameters 
Case study Reference 

Value Unit R2 Value Unit R2 

µ𝒎𝒂𝒙 0.42±0.09 h-1 0.9958 0.40±0.01 h-1 0.9909 

𝒀𝑮/𝑿 2.31±0.08 C-mol/C-mol 0.9992 1.98±0.06 C-mol/C-mol 0.9913 

𝒀𝑵/𝑿 0.41±0.06 N-mol/N-mol 0.8431 0.27±0.04 N-mol/N-mol 0.8110 

𝒀𝑶𝟐/𝑿 0.56±0.02 O-mol/O-mol 0.9980 0.50±0.03 O-mol/O-mol 0.9774 

𝒀′𝑪𝑶𝟐/𝑿 0.47±0.02 C-mol/C-mol 0.9896 0.56±0.02 C-mol/C-mol 0.9907 

𝒀𝑪𝑶𝟐/𝑿 0.50 C-mol/C-mol - 0.74 C-mol/C-mol - 

 

 

Figure 3.23 - Estimated yields for anomalous fermentation (red) and fermentation of reference (blue). 

 

The results show a variability on the behaviour of both fermentations. From one experiment to 

another, the specific growth rate changes 3%, the glucose yield 17%, the ammonia yield 52%, the 

oxygen yield 12%, the apparent carbon dioxide yield 16% and the computationally obtained carbon 

dioxide yield 48%. Therefore, there is no reproducibility between replicates even though the initial setup 

was established to be the same. The fact that, for the case study here described, which shows a similar 

specific growth rate than the reference, the obtained carbon dioxide yield is significantly lower and, 

simultaneously, the glucose yield is signifyingly higher, indicates a production of a by-product. 

Following the black box model described in 1.9, the material balances for this case study were 

calculated. They prove that the experimental data obtained for nitrogen measurements is consistent and 

the correspondent yield can be assumed to be well estimated despite of the obtained noisy data. When 

the percent deviation is calculated in terms of nitrogen moles that are initially in the system as ammonia, 

and the ones that are produced at the end of the process as biomass, the balance is satisfied within 3%. 

This deviation is very satisfactory. However, regarding the carbon balance, the percent deviation in 

terms of carbon moles initially in the system as glucose, and the ones produced at the end of the process 

as biomass and carbon dioxide, results in a balance within 35% loss of carbon. This result also points 

to a production of a by-product during the process. Regarding the degree of reduction balance, it showed 

that oxygen yield is being underestimated with 71% error. 
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With the predicted parameters, a model resorting on equations of Table 3.4 was fitted to the 

data and is shown in Figure 3.24. The parameterization results, that led to the following simulations, can 

be found in Appendix C.1.  

 

    

Figure 3.24 - Time course of biomass formation; glucose, ammonia and oxygen consumption; and carbon 
dioxide production by H. elongata wt in high salt conditions (1 M NaCl), limited by glucose. The graphs show 
experimental data ((●) biomass density, (■) glucose concentration, (■) ammonia concentration, (●) molar fraction 
of carbon dioxide in gas phase, (●) molar fraction of oxygen in gas phase) obtained in Labfors5, 2L batch culture, 
and model predictions (‒). 

The model fits well the experimental data obtained for cell concentration (R2=0.9779), the 

glucose consumption (R2=0.9858), the carbon dioxide production, especially during exponential phase 

(R2=0.9977) and the uptake of oxygen also during the exponential phase (R2=0.9426). Given the poorly 

accurate and precise ammonia experimental data, the model, does not fit the experimental data 

(R2=0.4934). Nevertheless, given the consistency of the nitrogen balance, the yield is assumed to be 

well estimated, hence the model is considered to have a good prediction capacity. 

In opposite to what was expected, the experiment of this case study does not reproduce the 

reference. The setup was established to be the same, however, due to a lack of automatic control on 

the pH, fluctuations of this parameter were observed during the case study run. As concerned in 

chapter 1.6, the pH of saline environments has a relevant influence in the distribution of carbon dioxide 

between the liquid and gas phases. Therefore, it could be hypothesised that given the observed 

fluctuations on pH during the case study, more carbon dioxide could be retained in the liquid medium. 

However, the referred fluctuations brought the pH to lower values compared to the ones observed in the 

experiment of reference, therefore it would be expected higher emissions of CO2 to gas phase. This 

leads one to believe, that lower pH favours the production of a by-product. 

Most likely, this by-product is an organic acid, such as pyruvate, gluconate or acetate because 

these were previously identified to be excreted by Chromohalobacter salexigens, the closest 

microorganism from H. elongata, during fermentation [11], [12]. 

In a case of by-product formation, the carbon balance would have to be reformulated according 

to expression (3.26), which can be used to predict the yield of synthesis of this unknown by-product. In 

this case, the referred yield would be 0.8 
𝐶−𝑚𝑜𝑙𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐶−𝑚𝑜𝑙𝑏𝑖𝑜𝑚𝑎𝑠𝑠
. Using the molecular weight of biomass it is 

converted into 32 
𝐶−𝑚𝑀𝑙𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑔/𝐿𝑏𝑖𝑜𝑚𝑎𝑠𝑠
, finally using the obtained correlation of Table 3.2 it is converted 

(a) (b) 
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into 9.45 
𝐶−𝑚𝑀𝑙𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑂𝐷600
. This yield can lead to an extra equation in the model definition, as (3.27), to 

predict the accumulation of this extra product.  

Model simulations accounting for this presumed by-product lead to the carbon dynamics of 

Figure 3.25. In a closer look, one can notice that the total carbon produced is being estimated with 8% 

error, which is very satisfactory and reinforces the consistency of the methodology developed. 

 

1 + 𝑌𝐶𝑂2/𝑋 − 𝑌𝐺/𝑋  + 𝑌𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑋 =  0 (3.26) 

𝑑𝐵𝑦 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑑𝑡
= 𝑌𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑋

𝑑𝑋

𝑑𝑡
 

(3.27) 

 

 

Figure 3.25 - Model simulations for carbon products formation and substrate consumption. 

 

In Figure 3.26 one can observe simultaneous dynamics of both experiments computationally 

predicted. According to them, a relatively simultaneous depletion of carbon source and similar growth 

rate, result in a less production of biomass and carbon dioxide in the case study.  
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Figure 3.26 - Model simulations of reference model (‒·‒) and anomalous fermentation (‒) over time: (a) 
cell concentration; (b) Glucose consumption; (c) ammonia consumption; (d) molar fraction of oxygen in off-gas; (e) 
molar fraction of carbon dioxide in off-gas; (f) cumulative carbon dioxide production. 

  

(a) (b) 

(c) (d) 

(e) (f) 
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3.6.2 Salt influence on the metabolism 

To better understand the metabolism of this halophilic organism, with focus on salinity 

dependence, a new fermentation setup was tested: H. elongata wild type was cultivated in batch mode, 

keeping the same fermentation parameters as the reference model, changing only the salt concentration 

to 0.17 M. 

The experimental data for this run is shown in Figure 3.27.  

 

    

Figure 3.27 - H. elongata wt in low salt conditions (0.17 M NaCl), limited by glucose in batch culture: (a) 
Time course of (●) biomass formation, (■) glucose concentration in liquid phase, and (■) ammonia concentration in 
liquid phase; (b) Time course of (●) biomass formation, (●) oxygen molar fraction in gas phase, and (●) carbon 
dioxide molar fraction in gas phase. 

 

Following the same parameterization procedure, the parameters were estimated and are shown 

in Table 3.11. In the same table, one can find the previous estimations of reference parameters for 

comparison purposes. For an easier visual comparison, results for both cases are also represented as 

bars in Figure 3.28.  

As referred in section 1.9, the biomass composition in low salt environments has a different 

appearance, and it was assumed to be CH1.861O0.594N0.215, with corresponding molecular weight 

26.39 g/mol. 

  

(a) (b) 
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Table 3.11 - Estimated parameters of low salt fermentation (wild type, 0.17 M NaCl). Estimated parameters 
for fermentation of reference (wild type, 1 M NaCl). 

Parameters 
Case study Reference 

Value Unit R2 Value Unit R2 

µ𝒎𝒂𝒙 0.32±0.01 h-1 0.9957 0.40±0.01 h-1 0.9909 

𝒀𝑮/𝑿 2.47±0.07 C-mol/C-mol 0.9930 1.98±0.06 C-mol/C-mol 0.9913 

𝒀𝑵/𝑿 0.37±0.06 N-mol/N-mol 0.8168 0.27±0.04 N-mol/N-mol 0.8110 

𝒀𝑶𝟐/𝑿 0.70±0.02 O-mol/O-mol 0.9933 0.50±0.03 O-mol/O-mol 0.9774 

𝒀′𝑪𝑶𝟐/𝑿 0.96±0.03 C-mol/C-mol 0.9923 0.56±0.02 C-mol/C-mol 0.9907 

𝒀𝑪𝑶𝟐/𝑿 1.31 C-mol/C-mol - 0.74 C-mol/C-mol - 

 

 

Figure 3.28 - Estimated yields for low salt fermentation (red) and fermentation of reference (blue). 

 

Results show that under limitation of sodium gradients, cells require more glucose as an energy 

source. For this case study, the specific growth rate is lower than the reference, whereas glucose and 

carbon dioxide yields are higher, indicating a change in metabolic flux distribution and less efficient 

biomass production. 

The material balances for this case study, prove that the experimental data obtained for carbon 

and nitrogen measurements is consistent and the correspondent yields can be assumed to be well 

estimated. When the percent deviation is calculated, the carbon balance is satisfied within 6% and the 

nitrogen balance within 16% These deviations are satisfactory. Regarding the electron balance, it 

suggested that oxygen yield is being underestimated with 77% error. 

With the predicted parameters, a model resorting on equations of Table 3.4 was fitted to the 

data and is shown in Figure 3. 29. Note that given the different salt concentration, there is a need for 

some adjustments in the model, namely in the values of thermodynamic constants that are affected by 

ionic strength and that can be found in Table 3.12. The parameterization results, that led to the following 

simulations, can be found in Appendix C.2. 
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Figure 3. 29 - Time course of biomass formation; glucose, ammonia and oxygen consumption; and carbon dioxide 
production by H. elongata wt in low salt conditions (0.17 M NaCl), limited by glucose. The graphs show experimental data ((●) 
biomass density, (■) glucose concentration, (■) ammonia concentration, (●) molar fraction of carbon dioxide in gas phase, (●) 
molar fraction of oxygen in gas phase) obtained in Labfors5, 2L batch culture, and model predictions (‒). 

 
Table 3.12 - Thermodynamic variables dependent on ionic strength and their values for low salinity. 

Parameter Symbol Value Unit Ref. 

Mass transfer coefficient for O2 (in 

0.17 M NaCl) 
kLa

𝑂2 120.29 h-1 
This 

work 

First apparent dissociation constant 

(at 303 K and salinity 9.94 g/Kg) 
𝑘1
∗ 7.758× 10−7 - [28] 

Second apparent dissociation 

constant 

(at 303 K and salinity 9.94 g/Kg) 

𝑘2
∗ 4.365× 10−10 - [28] 

Henry’s constant for O2 

(at 30ºC, 0M NaCl) 
𝐻𝑂2  26.1 atm m3 kg-1 [29] 

Henry’s constant for CO2 

(at 30ºC, 0.17 M NaCl) 
𝐻𝐶𝑂2 2.850× 10−2 mol atm-1 kg-1 [28] 

Monod constant for glucose KGlu 0.316 mM𝐶6𝐻12𝑂6  
This 

work 

 

The model explains well the microbial growth (R2=0.9734), the glucose consumption 

(R2=0.9947), the oxygen uptake (R2=0.9574) and the carbon dioxide production (R2=0.9711). As 

discussed previously for the reference model, given the lack of precision in ammonia measurements 

does not fit the experimental data (R2=0.3076). However, given the consistency of the nitrogen balances 

it can still be assumed that the model is predicting well the behaviour. 

Simulations, considering the carbonate equilibrium, led to a carbon dioxide yield that when in 

comparison to the apparent yield, directed calculated from gas balances techniques, changes 16%. 

Hence, the decrease of salinity seems to have a direct impact on the carbonate equilibrium and the 

significance of the model correction decreases. 

(a) (b) 
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Figure 3.30 - Simulation of real produced carbon dioxide (‒·‒) and apparent produced carbon dioxide (‒) 
over cell density. 

 

By comparing the developed reference model (shown in Figure 3.31 as dashed line), with 

simulations for the new low salt setup presented in this chapter (shown in Figure 3.31 as continuous 

line), it is possible to establish some conclusions regarding salinity dependent metabolic changes in 

H. elongata.  

As expected, the halophilic organism grows better in high salt concentrations, having a higher 

specific growth rate, and allowing a higher maximum cell concentration.  

Given the faster growth observed in high salt conditions, the depletion of glucose occurs earlier.  

Another metabolic difference found, relies on carbon dioxide production, with H. elongata 

growing in low salt conditions having a CO2/biomass yield 77% higher than the same strain growing in 

high salt concentrations. Consequently, low salt conditions do not favour biomass production. Without 

a sodium gradient, the flux to replenish the OAA is hardly undertaken an ectoine production is 

compromised. This outcome underlies the idea that high carbon efficiency observed in higher salinities 

is a consequence of the specialization of H. elongata to cope with extremely salty environments.  
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Figure 3.31 - Model predictions for fermentation with H. elongata wild type in high (‒) and low (‒·‒) salt 
conditions for (a) cell concentration; (b) glucose consumption; (c) ammonia consumption; (d) oxygen fraction in gas 
phase; (e) carbon dioxide fraction in gas phase; (f) carbon dioxide production. 

 

3.6.3 Role of OAD as anaplerotic pathway 

From growth experiments in shaking flasks it was clear that the Δppc mutant grows as long as 

salt concentration in the medium is high. Therefore, to quantitatively understand the role of OAD enzyme 

in replenishment of carbon necessary for growth and ectoine production, a new fermentation setup was 

tested. The Δppc mutant was cultivated in batch mode, keeping the same fermentation parameters as 

the reference model. 

The experimental data for this run is shown in Figure 3.32. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.32 - H. elongata Δppc in high salt conditions (1 M NaCl), limited by glucose in batch culture: (a) 

Time course of (●) biomass formation, (■) glucose concentration in liquid phase, and (■) ammonia concentration in 
liquid phase; (b) Time course of (●) biomass formation, (●) oxygen molar fraction in gas phase, and (●) carbon 
dioxide molar fraction in gas phase. 

 

Following the same parameterization procedure, the parameters were estimated and are shown 

in Table 3.13. In the same table, one can find the previous estimations of reference parameters for 

comparison purposes. For an easier visual comparison, results for both cases are also represented as 

bars in Figure 3.33. 

 

 
Table 3.13 - Estimated parameters of Δppc fermentation (Δppc, 1 M NaCl). Estimated parameters for 

fermentation of reference (wild type, 1 M NaCl). 

Parameters 
Case study Reference 

Value Unit R2 Value Unit R2 

µ𝒎𝒂𝒙 0.24±0.01 h-1 0.9957 0.40±0.01 h-1 0.9909 

𝒀𝑮/𝑿 2.17±0.06 C-mol/C-mol 0.9872 1.98±0.06 C-mol/C-mol 0.9913 

𝒀𝑵/𝑿 0.27±0.03 N-mol/N-mol 0.8301 0.27±0.04 N-mol/N-mol 0.8110 

𝒀𝑶𝟐/𝑿 0.57±0.01 O-mol/O-mol 0.9926 0.50±0.03 O-mol/O-mol 0.9774 

𝒀′𝑪𝑶𝟐/𝑿 0.71±0.02 C-mol/C-mol 0.9848 0.56±0.02 C-mol/C-mol 0.9907 

𝒀𝑪𝑶𝟐/𝑿 0.88 C-mol/C-mol - 0.74 C-mol/C-mol - 

 

(a) (b) 
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Figure 3.33 - Estimated yields for Δppc fermentation (red) and fermentation of reference (blue). 

 

The results show that the yields obtained for the fermentation with the deletion mutant are similar 

to the ones obtained for the wild type (reference), indicating a similar metabolic efficiency. However, the 

growth rate observed for this case study with the Δppc mutant is almost half the one observed for the 

wild type under the same conditions. 

The material balances for this case study, prove that the experimental data obtained for carbon 

and nitrogen measurements are consistent and the correspondent yields can be assumed to be well 

estimated. When the percent deviation is calculated, the carbon balance is satisfied within 13%. Such 

deviation is very satisfactory. The nitrogen balance was fully satisfied. The degree of reduction balance 

indicates that oxygen yield is being underestimated with 57% error. 

With the predicted parameters, a model resorting on equations of Table 3.4 and on 

thermodynamic constants for high salinities, shown in Table 3.5, was fitted to the data and is shown in 

Figure 3.34. The parameterization results, that led to the following simulations, can be found in 

Appendix C.3. 

 

    

Figure 3.34 - Time course of biomass formation; glucose, ammonia and oxygen consumption; and carbon 

dioxide production by H. elongata Δppc in high salt conditions (1 M NaCl), limited by glucose. The graphs show 

experimental data ((●) biomass density, (■) glucose concentration, (■) ammonia concentration, (●) molar fraction 
of carbon dioxide in gas phase, (●) molar fraction of oxygen in gas phase) obtained in Labfors5, 2L batch culture, 
and model predictions (‒). 

 

(a) (b) 
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The model explains the microbial growth (R2=0.9162), the glucose consumption (R2=0.9760), 

the carbon dioxide emission during the exponential growth (R2=0.8944) and the ammonia consumption 

(R2=0.8558). Regarding oxygen fraction in gas phase, the model roughly predicts the microbial 

behaviour (R2=0.7414). 

The observed deviations and the poorer fitting comparing to previous case studies, are due to 

difficulties in sustaining exponential growth during the run. This non-ideal behaviour is clearly shown in 

Figure 3.35, where the linearization of cell concentration did not return an entirely straight line. After 

one hour of lag phase, the exponential growth is observed, but four and half hours later, a stationary 

phase is observed. By adding the trace element solution, in the same concentration as in the initial 

growth medium, the growth was reactivated, however the same linearity from before was not achieved. 

 

 

Figure 3.35 - Linearization of growth of Δppc growing in high salt (1 M NaCl) by plotting logarithms of optical 

density versus time; bold points characterize exponential phase of growth. 

 
As presented in Figure 3.26, by comparing the developed reference model with simulations for 

the new strain tested in this setup, it is possible to establish some conclusions regarding the role of OAD 

as an anaplerotic enzyme. 

Even though the mutant is able to grow in high salinity environments, up to cell concentrations 

that mimic the wild type, this new strain shows some metabolic limitations that were not noticeable in 

previous shaking flask growth experiments. In fact, the duplication time observed during the batch 

cultivation of the mutant in the fermenter is almost twice the one observed for the wild type in the same 

conditions. This can be explained, either by a lower robustness of the mutant, that prevented the efficient 

growth under 1000 rpm sheer stress of the fermentation setup, or by the possibility of this experiment 

being an anomalous fermentation that occasionally have been observed with this strain in both types of 

layouts: microtiter plates and shaking flasks. 

Nevertheless, despite the limitations observed, OAD is carrying the necessary fluxes for growth 

and ectoine production proving to be a key element in the specialization of H. elongata to survive in 

extreme environments. But the slower and intermittent development of the culture also indicates that 

the lack of the PEPC enzyme has an effect in the physiology and that, in nature, OAD is likely working 

in a parallel pathway system together with other putative anaplerotic enzyme. 

Further replicates of this experiment are essential to validate the results.  
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Figure 3.36 - Model predictions for fermentation with H. elongata wild type (‒) and Δppc mutant (‒·‒) in 

high salt conditions for (a) cell concentration; (b) glucose consumption; (c) ammonia consumption; (d) oxygen 
fraction in gas phase; (e) carbon dioxide fraction in gas phase; (f) carbon dioxide production. 

 

Additional experiments were done in order to cultivate Δppc in low salt conditions. According to 

the hypothesis proposed, under such setup, the deletion mutant should rely on an inefficient OAD 

enzyme and the growth is expected to be very restricted. However, all the different attempts to develop 

a pre-culture for inoculation in low salinity medium were unsuccessful, and the inoculum did not survive 

upon inoculation. In one hand, this indicates that in fact, OAD plays a crucial role on ectoine production, 

but in another hand the metabolic instability of the mutant prevented to obtain quantitative data to 

thermodynamically explain the fluxes via this anaplerotic reaction. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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4 Conclusions and outlook 

Improving the knowledge behind the metabolism of Halomonas elongata by creating a reference 

for the growth of this non-standard microorganism, which allows an accurately prediction of biological 

and physical variables, was the main goal of this work and it was successfully achieved. 

A fermentation setup was established to enable the collection of data comparable to predictions 

of mathematical models. This was accomplished by using a completely defined medium in a bioreactor. 

Studies demonstrated that ammonia does not inhibit significantly the growth of H. elongata. 

Furthermore, an analysis of dry biomass samples enabled to establish an appropriate method 

for biomass quantification and concluded that each dry sample has 70% of organic matter, 6% of water 

and 24% of salt. Moreover, it was seen that information from flask experiments can be extrapolated to 

bioreactors. 

To help in understanding the bioprocess, a deterministic, non-linear dynamic model was built 

based on a set of algebraic and ordinary differential equations. Glucose limited Monod kinetics were 

proven to be suitable for the description of the process. The accurate off-line analysis of variations in 

biomass and glucose concentrations allowed the precise estimation of specific growth rates and 

glucose/biomass yields.  

Ammonia concentration in fermentation broth was enzymatically assessed and the results 

showed poor accuracy and precision. Although the data obtained was proven to be consistent, a new 

methodology to assess this parameter is recommended in order to further validate the results.  

The lack of highly accurate data for oxygen in the gas phase makes it impossible to analyse 

redox balances. Nevertheless, the methodology has been established for future experiments. 

Taking into account that, in saline environments, it cannot be assumed that the carbon dioxide 

emission rate equals its transfer rate, this work successfully solved previous problem with material 

balances of carbon. For that, model simulations were performed to compute the real carbon 

dioxide/biomass yield. This correction affected the result in 33% proving the relevance of the model in 

better describing the physical and biological processes. Since, no yeast extract was used during this 

work the estimated parameters present a high predictive capacity. Under lower salinities the impact of 

the model correction decreases. 

A high salt fermentation with the deletion mutant Δppc showed that, despite some metabolic 

limitations, the active OAD anaplerotic pathway is able to carry necessary fluxes for growth and ectoine 

production. However, the lack of PEPC enzyme seems to have an effect in physiology. It was 

hypothesised that, in nature, OAD enzyme is likely working in a parallel pathway system together with 

other putative anaplerotic enzyme. 

Note that, despite the consistency of the results, replicates of fermentations performed should 

be completed to validate the insights. Furthermore, an effort to obtain quantitative data for the growth of 

the deletion mutant Δppc in low salt conditions should be made. Additionally, this work can be 

supplemented with data of fermentation experiments of further strategically designed strains, namely 

the deletion of other putative anaplerotic enzymes, to improve the knowledge on the central metabolism 

of this organism, especially in regard to ectoine production. 
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Appendix 

A) MM63 Minimal medium, preparation  

The medium was prepared in six fractions: (1) a salt solution with monopotassium phosphate 

(KH2PO4), potassium hydroxide (KOH), ammonium sulfate ((NH4)2SO4) and sodium chloride (NaCl) was 

prepared in around 70% of the final volume of distilled water, the pH adjusted to 7.1 with NaOH, 1 M, 

and autoclaved at 121°C during 30 minutes; (2) to avoid Maillard reactions, a stock solution of glucose 

(C6H12O6), 300g/L, previously prepared and autoclaved separately was added afterwards; (3) to avoid 

reactions between magnesium and phosphate, a stock solution of magnesium sulfate (MgSO4), 1 M, 

was also prepared, autoclaved and added later; (4) likewise, to avoid reactions between magnesium 

sulfate and calcium chloride, a stock solution of calcium chloride (CaCl2.2H2O), 1 M, was prepared, 

autoclaved and added later; (5) an iron sulfate (FeSO4) solution, 0.1 g/mL, was prepared fresh every 

time, to avoid oxidation, filter sterilized and added; (6) finally, to supplement the medium for batch 

cultivations of H. elongata, a trace element solution [38] previously prepared and filter sterilized was 

added to the final medium in the proportion 1 mL/L.  

The right volumes of fractions (2) to (6), glucose, magnesium sulfate, calcium chloride, iron 

sulfate and trace element stock solutions were added to the salt solution in a laminar air flow chamber 

to preserve sterility.  
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B) Fermentation protocol: 

B.1) Setup and sterilization 

Place an O-ring between the vessel and the top plate (if there is no O-ring, the reactor will not 

be tight). Align the guide bar. Mount the 2 stirrer blades with a distance of 126.4mm and 4.8mm from 

the end of the stirrer shaft. In the lid of the fermenter, fit the sparger (aeration) and the dip tube (for the 

sampling system), with their o-rings, in the corresponding place. The flexible tube at the end of the dip 

tube should be bound to the sparger with a ziptie in order to prevent it from being caught by the stirrer. 

The lid of the fermenter must sit on the reactor such that the sparger is placed in the right place. Tips 

from the sparger and flexible tube for sampling should be in the bottom of the vessel. Screw the lid to 

fix it. Screw all the blinding bolts lightly first and then tighten them alternating, in a cross pattern, to 

prevent displacements and ensure a tight fix. Fix the exit gas cooler with its o-ring to the top plate. Attach 

a quick coupling to the exit connection of the gas cooler in order to have an open route from the 

fermenter and avoid overpressure during autoclaving.  

Fill the fermenter with 1 L of distilled water through a funnel.  

Calibrate the pH sensor using 2-points calibration at pH 4 and 7: Carefully remove the rinsing 

cap from the pH sensor; Rinse the pH sensor with distilled water; Loosen and remove the protective cap 

from the pH sensor; Connect the sensor cable to the pH sensor; Turn the ring on the sensor cable to 

screw it in place. Ensure the cable is not twisted or kinked; Switch on the equipment at the main switch; 

The system is booted and starts up. After the system start-up: Select the desired bioreactor from the 

selection bar; I.e. the bioreactor to which the pH sensor is connected; Touch the "Controller" tab; Touch 

the "Edit" button or the name of the "pH" parameter; Touch the "pH temperature comp." check box. 

Temperature compensation is switched on; Touch the "OK" button. The dialogue box disappears, the 

setting is saved; Touch the "Batch" tab; The main menu "Batch" opens. Touch the "Calibrate pH" button. 

The "2 points" button for 2-point calibration mode is selected automatically. Touch the "first calibration 

point" input field in line 1; The numeric keypad with the display for inputting "Low reference" appears. 

Enter the value of the lower (or upper) reference buffer using the keypad. The input appears in the 

display. Touch the OK button. The numeric keypad disappears; the value is adopted for the input field. 

Hold the pH sensor in the respective buffer solution. As soon as the measured value is stable: Touch 

the "Confirm Measure" button in line 2. The calibration value is accepted. Touch the "Second calibration 

point" input field and follow the same procedure. Rinse the pH sensor with distilled water. Do not rub it. 

Disconnect the sensor cable from the pH sensor.  

Mount and screw external threaded collars for the pH and pO2 probes. Place o-rings in these 

probes and fit them in the corresponding external threaded collars. Mount inlets for base pump. Secure 

tubes with quick-lock bindings to the feed tubes with zipties. Fit the septum in its port and screw it (No 

O-ring is necessary in this step). Place a ball of paper covered with aluminum foil in the placeholder for 

the engine. Cover all the quick couplings and top of probes with aluminum foil. Place the fermenter 

inside the autoclave. Fit the autoclave thermometer in the blinding pocket for the temperature sensor. 

Autoclave for 20 minutes ate 121 °C Besides the fermenter, the following material should also be 

autoclaved along with it:  
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Pyrex bottle of growth medium with an adapted cap that allows the connection to a peristaltic 

pump in one side and has an air filter in the other side.  

Pyrex bottle with 25 mL of anti-foam solution (1:10) 

Foam trap: a 250 mL pyrex bottle with 5 mL of anti-foam with an adapter that allows the 

connection to the exit gas cooler in one side and to the gas analyzer in the other side. 

B.2) Inoculation and start fermentation 

General information: Before the attachment of any quick coupling, remove the aluminum foil, 

rinse with ethanol 70% and then connect. Open all gas lines/valves. Attach the engine to the drive hub. 

Attach quick coupling out of the foam trap to the gas exhaust analyzer. Start fermentation run in the 

labfors workstation software with the following parameters:  

• Temperature: 30.0 C  

• Stirring rate (Rhrerdrehzahl): 500 rpm  

• GasMix: Druckluft (IRIS-Einstellung Parameter 0)  

• Air flow (Zuluftvolumenstrom): 1,75 nL/min  

Test Q-flow to ensure there is pressure. The following steps must be done in a quick succession: 

Attach quick coupling from air pipe to the fermenter.  

Attach quick coupling of the foam trap to the exit gas cooler.  

WARNING: As soon as the aeration is connected, the air circuit has to be completed – air exit 

connected to the foam trap and this to the exhaust gas analyzer. These steps must be followed in this 

order to avoid negative pressure in the vessel and subsequent suction of unsterile air. 

Installation of the base pump: attach the base bottle to the fermenter and pump manually to 

purge the air in the tube. Connect the 3 pipes of the cooling jacket to the station (water inlet, water outlet 

and overflow) Insert the thermometer in the corresponding blind pocket. Connect the pH and pO2 

sensors of the station to the probes. Connect inlet and outlet pipes of the condenser and make sure it 

is cooling down. Test the air tightness of the lid pouring 70% ethanol over it and watching for emerging 

bubbles. Empty the reactor: Connect a tube to the sampling system and use the peristaltic pump to 

empty the vessel completely. Fill the reactor: attach the 2 L bottle of medium to the sampling tube and 

use the peristaltic pump to fill the reactor. After filling the reactor, when the medium has cooled down, 

add the glucose by injection through the septum. Sterilize first the septum with ethanol. (Iron and 

magnesium should be added later, immediately before the fermentation, to prevent oxidation of the iron 

to Fe (III)). Stop the manually started fermentation run in the labfors workstation and start a new one 

from the Iris software with the same parameters. To start a bioreactor, proceed as follows:  

• Select File> New process 

• Select the desired bioreactor from the selection, e.g. Labfors.   

• Enter a name for the process in Process title 

• Select Process runs in Initial phase parameter (selecting this option allows to define the 

point in time for inoculation manually. When the inoculum is added, click on the 
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Inoculate option in the Bioreactors menu which will set the point in time for inoculation). 

Click OK in the configuration message box. 

• In the Bioreactor parameters dialogue box select all the ones available by clicking in 

ALL>> 

• Click Next 

• Click Finish 

• In the labfors workstation software select the following parameters (follow the steps 

described in 4):  

• Temperature: 30.0 C  

• Stirring rate (Rhrerdrehzahl): 500 rpm  

• GasMix: Druckluft (IRIS-Einstellung Parameter 0)  

• Air flow (Zuluftvolumenstrom): 1,75 nL/min 

Let the fermenter run overnight to equilibrate temperature and gas concentrations. After 

equilibration, stop the fermentation run, save the overnight data as a separate file and start a new 

fermentation run, this time select Ready to Inoculate in Initial phase parameter (selecting this option 

allows to define the point in time for inoculation manually. When the inoculum is added, click on the 

Inoculate option in the Bioreactors menu which will set the point in time for inoculation) and change the 

stirring speed to 1,000 rpm (ensure that the cascade mode for the pO2 control based on stirring is turned 

off). Add fresh ion solution and the trace metal elements solution through the septum (sterilize first with 

ethanol). Add 3 mL of the anti-foam solution. Recalibrate pO2. A one-point calibration at 100% is usually 

sufficient for exact measurement, because the pO2 has only a very low amperometric drift at the zero 

point. Recalibrate gas exhaust analyzer by pressing its 2 buttons at the same time during 5 seconds.  

Wait for half an hour and then inoculate through the septum (sterilize first with ethanol). The inoculum 

is a concentrated 20 mL cell suspension inoculated with a syringe via the septum into the vessel. In Iris 

software, click on Bioreactors tab and then click on Inoculate. A box message is going to appear with 

the inoculation time. (Note down inoculation time ensuring that the clock used is synchronized with the 

Iris software time) 

B.3) Sampling 

General information: Samples should be taken every 30 minutes.  

Attach the sampling syringe (12 mL) to the T system. Pull the sampling syringe to purge the air 

from the sampling pipe. Take approximately 3 mL of sample. In the Iris software, click on Bioreactors, 

and then click on Take Sample. With the 50 mL syringe, push air in the sampling pipe (through an air 

filter). 1 to 3 times until there is no more liquid in the tube. Pull again the sampling syringe to guarantee 

there is no remains of old sample in the “T” junction. Split the sample volume according to the following 

scheme: 
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Rinse the sampling syringe with ethanol 70% and water to be ready for the next sampling.  

 

B.4) Finishing run 

To finish the run, click on Bioreactors and then on Stop. Go to File>Save as… and save the Iris 

file. Also save data as an excel file by clicking in Export to Exel. 

B.5) Cleaning 

General information: All O-rings, ziptie and screws should be placed in an ethanol bath. Switch 

Iris off Remove sampling system and rinse with ethanol 70% and distilled water.  Remove stirrer drive. 

Rinse the exhaust gas tube with 50 ml Ethanol 70%. Remove exit gas cooler and rinse it with ethanol 

70% and distilled water. Remove the screws of the lid. Carefully remove the lid and lay down resting on 

the top-side (otherwise the stirrer shaft may bend!) Remove aeration and sampling tube. Rinse them 

with ethanol 70% and distilled water. If necessary: Use the allen wrench to detach the stirrer blades from 

the stirrer shaft, put back the screws and put the blades in the ethanol bath. Remove the big o-ring for 

the lid and put it in the ethanol bath. Remove guide bar (Strmungsbrecher) and rinse it with ethanol 70% 

and distilled water. Empty reactor and remove all residues with a brush and ethanol 70%. Rinse with 

abundant distilled water. Rinse the quick couplings with distilled water: to do so, there is an adapter that 

locks them open. Clean the lid with a sponge distilled water. Every third fermenter run, apply silicon oil 

all the o-rings. 
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C) Model parameters 

C.1) Anomalous fermentation, wild type, high salt (1 M NaCl) 

Parameter Symbol Value Unit 

Maximum specific growth rate µ𝑚𝑎𝑥 0.416 h-1 

Yield Glucose/Biomass 𝑌𝐺/𝑋 4.229 mM𝐶6𝐻12𝑂6/OD600 

Yield Ammonia/Biomass 𝑌𝑁/𝑋 4.610 mM𝑁𝐻3/OD600 

Yield Oxygen/Biomass 𝑌𝑂2/𝑋 3.162 mM𝑂2/OD600 

Apparent Yield Carbon 

Dioxide/Biomass 
𝑌′𝐶𝑂2/𝑋 5.122 mM𝐶𝑂2/OD600 

Yield Carbon Dioxide/Biomass 𝑌𝐶𝑂2/𝑋 5.714 mM𝐶𝑂2/OD600 

Monod constant for glucose KG 0.357 mM𝐶6𝐻12𝑂6 

 

Parameters Values  Unit 

𝑋0 0.289 OD600 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒0 28.5 mM 

𝐴𝑚𝑚𝑜𝑛𝑖𝑎0 30 mM 

𝑥𝐶𝑂2,0 0.025 % 

𝑥𝑂2,0 20.95 % 

𝑝𝑂2,𝑎𝑞0 98.3 % 

𝐶𝑇𝑜𝑡𝑎𝑙,0 0.01 mM 

 

C.2) Salinity dependence: Wild type, low salt (0.17 M NaCl) 

Parameter Symbol Value Unit 

Maximum specific growth rate µ𝑚𝑎𝑥 0.313 h-1 

Yield Glucose/Biomass 𝑌𝐺/𝑋 4.490 mM𝐶6𝐻12𝑂6/OD600 

Yield Ammonia/Biomass 𝑌𝑁/𝑋 4.786 mM𝑁𝐻3/OD600 

Yield Oxygen/Biomass 𝑌𝑂2/𝑋 3.742 mM𝑂2/OD600 

Apparent Yield Carbon 

Dioxide/Biomass 
𝑌′𝐶𝑂2/𝑋 10.497 mM𝐶𝑂2/OD600 

Yield Carbon Dioxide/Biomass 𝑌𝐶𝑂2/𝑋 12.163 mM𝐶𝑂2/OD600 

Monod constant for glucose KG 0.316 mM𝐶6𝐻12𝑂6 

 

Parameters Values  Unit 

𝑋0 0.71 OD600 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒0 26.5 mM 
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𝐴𝑚𝑚𝑜𝑛𝑖𝑎0 30 mM 

𝑥𝐶𝑂2,0 0.04 % 

𝑥𝑂2,0 20.92 % 

𝑝𝑂2,𝑎𝑞0 97 % 

𝐶𝑇𝑜𝑡𝑎𝑙,0 0.01 mM 

 

C.3) Role of OAD: Δppc, high salt (1 M NaCl) 

Parameter Symbol Value Unit 

Maximum specific growth rate µ𝑚𝑎𝑥 0.241 h-1 

Yield Glucose/Biomass 𝑌𝐺/𝑋 4.108 mM𝐶6𝐻12𝑂6/OD600 

Yield Ammonia/Biomass 𝑌𝑁/𝑋 3.091 mM𝑁𝐻3/OD600 

Yield Oxygen/Biomass 𝑌𝑂2/𝑋 3.233 mM𝑂2/OD600 

Apparent Yield Carbon 

Dioxide/Biomass 
𝑌′𝐶𝑂2/𝑋 8.050 mM𝐶𝑂2/OD600 

Yield Carbon Dioxide/Biomass 𝑌𝐶𝑂2/𝑋 10.020 mM𝐶𝑂2/OD600 

Monod constant for glucose KG 0.263 mM𝐶6𝐻12𝑂6 

 

Parameters Values  Unit 

𝑋0 0.62 OD600 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒0 25 mM 

𝐴𝑚𝑚𝑜𝑛𝑖𝑎0 20 mM 

𝑥𝐶𝑂2,0 0.03 % 

𝑥𝑂2,0 20.94 % 

𝑝𝑂2,𝑎𝑞0 97.7 % 

𝐶𝑇𝑜𝑡𝑎𝑙,0 0.01 mM 
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D) Model source code 

 

 

 

 





89 
 

Declaration of Authorship 

I hereby declare that the thesis submitted is my own unaided work. All direct or indirect sources 

used are acknowledged as references. I am aware that the thesis in digital form can be examined for 

the use of unauthorized aid and in order to determine whether the thesis as a whole or parts incorporated 

in it may be deemed as plagiarism. For the comparison of my work with existing sources I agree that it 

shall be entered in a database where it shall also remain after examination, to enable comparison with 

future theses submitted. Further rights of reproduction and usage, however, are not granted here. 

 

 

 

 

 

Munich, September 2017  

Joana Baptista Pereira 

___________________________ 


