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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. 
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I. INTRODUCTION 

The present work aims to quantitatively describe the 
metabolism of a relatively unknown and non-standard 
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, 
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 a 
challenge 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.  

H. elongata is a gram-negative aerobic halophilic γ-
proteobacterium [2], able to grow at a very wide range 
of salt concentrations [3], [4]. 

To cope with the osmotic stress, H. elongata has 
developed an adaptive strategy that allows a rapid 
adjustment to changes in the external salinity [5]. This 
strategy is defined as "low-salt-in”, and is commonly 
found amongst bacteria and eukarya species. In this 
approach, microorganisms balance 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. In this 
osmoregulation 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. These are either synthesised or 
up-taken from the surroundings. Their accumulation 
inside the cell prevents water lost, helping the 
maintenance of cell volume, turgor pressure and 
electrolytes concentration [1], [6]–[9]. 

To survive under such extreme salt conditions, 
H. elongata accumulates the compatible solute ectoine 
inside the cytoplasm [1], [8], [10], [11]. Ectoine has 
shown the most powerful stabilizing properties amongst 
the group of compatible solutes, being able to stabilize 
whole cells against stress factors such as UV radiation. 
Therefore, ectoine is a tremendous high value 
compound for pharma and skin care industries, being 
industrially produced annually on a scale of tons 
[1], [12]–[17]. 

Ectoine could not be produced without, at least, one 
anaplerotic pathway, since its synthesis has 
oxaloacetate (OAA) as precursor [18], [19], which 
implies the loss of carbon from the tricarboxylic acid 
(TCA) cycle. The anaplerotic reactions available in H. 
elongata are the oxaloacetate decarboxylase (OAD), 
the phosphoenolpyruvate carboxylase (PEPC), and the 
maliac enzyme (MAE). The glyoxylate shunt, though not 
an anaplerotic pathway, serves for the same purpose as 
a short-cut through the TCA cycle and therefore, it is 
another alternative to replenish the carbon [20]. 

MAE is, from a stoichiometric point of view, the most 
efficient enzyme to be used for ectoine production. The 
next best option would be to use OAD. After, in the 
ranking, appears PEPC, and finally, the less likely 
pathway, was predicted to be the glyoxylate shunt since 
it does not offer any extra energy [20]. 

However, a recent study showed that MAE plays no 
significant role as an anaplerotic reaction [21].  

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 
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expressed by the wild type in order to better understand 
the role of the OAD enzyme [Manuscript in preparation]. 

Microorganisms in aerobic fermentations consume 
oxygen and produce carbon dioxide at rates called 
oxygen uptake rate (OUR) and carbon dioxide evolution 
rate (CER). These rates are commonly deduced from 
fermentation off-gas analyses, by measuring the 
oxygen transfer rate (OTR) and carbon dioxide transfer 
rate (CTR), respectively [22], [23]. 

OUR and OTR are related by means of a simple mass 
balance involving the concentration of oxygen dissolved 
in the fermentation broth. However, oxygen is sparingly 
soluble in aqueous solutions, and so the differential 
term involving the dissolved oxygen concentration is 
usually very small so that OUR and OTR are in practice 
equal [22], [24]. 

It cannot, however, be assumed that the carbon 
emission rate (CER) and the carbon transfer rate (CTR) 
are necessarily equal since carbon dioxide establishes 
and equilibrium with saline/alkaline water. It combines 
with water to form carbonic acid, which in turn 
dissociates in bicarbonate and carbonate. This 
carbonate equilibrium is illustrated in the following 
equation considering the biological and chemical 
fractions [25]–[27]. 

 

𝐶𝑂2,𝑔𝑎𝑠  
𝑪𝑻𝑹
⟷

kLa𝐶𝑂2
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(1) 

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. Additionally, the high ionic strength 
medium used in the current work, interact with 
bicarbonate and carbonate favouring their dissociation 
[24]. 

Given this carbonate system in salty medium, the 
CTR, measured online in the off-gas analyser, is no 
longer equal to CER. Equation (2) 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, the total [CO2,aq] is 
the sum of [H2CO3] and [CO2, free] present in the medium 
[27]. 

 

𝐶𝐸𝑅 = 𝐶𝑇𝑅 + (
𝑑[𝐶𝑂2,𝑎𝑞]

𝑑𝑡
+

𝑑[𝐻𝐶𝑂3
−]

𝑑𝑡
+

𝑑[𝐶𝑂3
2−]

𝑑𝑡
) = 𝐶𝑇𝑅 +  

𝑑[𝐶𝑇𝑜𝑡𝑎𝑙]

𝑑𝑡
 (2) 

 
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 dynamic interactions [28].  

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 [21], [28]–[30]. 
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.  

 

II.  MATERIALS AND METHODS 

Bacterial strains and growth conditions 

H. elongata DSM 2581T wild type [31] and the deletion 
mutant Δppc, lacking the PEPC enzyme [Manuscript 
under preparation], were used in this study. 

All batch cultures (flask and fermenter scale) were 
grown aerobically in purely mineral medium MM63, at 
30ºC, with glucose (28mM) as sole carbon and energy 
source, under NaCl concentrations of 0.17 or 1 M. 
MM63 contains KH2PO4 (100mM), KOH (75mM), 
(NH4)2SO4 (15mM), MgSO4 (1mM), FeSO4 (4µM) and 
CaCl2·2H2O (68µM) [4], [32]. To supplement the 
medium for batch cultivations of H. elongata, a trace 
element solution was added in the proportion 1 mL/L 
[33]. 

Cultures were first grown aerobically in falcon tubes, 
in 3 mL LB liquid medium with 1 M NaCl, under 220rpm 
(accommodation culture). In a second step, aiming to 
adapt H. elongata to minimal medium conditions, as 
well as salt concentration to be tested, culture flasks 
with MM63, were inoculated from the accommodation 
culture with an initial optical density of 0.01, and let grow 
aerobically under 220 rpm (pre-culture). The working 
volume was 10 mL when intending a shaking flask 
experiment and 100 mL in case of a fermentation 
experiment. NaCl concentrations in pre-cultures were 
the same as in the main cultures.  

Main cultures regarding shaking flask assays, were 
performed in 500 mL shaking flasks with 20% of volume 
filled with growth medium. The inoculation volume from 
the pre-cultures was calculated, following the typical 
exponential growth model, to allow an initial optical 
density of about 0,05. Samples were taken every hour, 
under sterile conditions, and cellular concentration was 
measured photometrically. 

For fermentation assays, the inoculation for main 
cultures was 20 mL of concentrated pre-cultures. To do 
so, those were centrifugated at 3200 g, for 15 minutes, 
at 25°C. The pellets were resuspended in 20 mL of 
MM63 medium, keeping the same salinity. Batch 
cultures were grown in a Labfors 5 fermenter 
(InforsHT) [34] with 2 L MM63, aeration at 0,625 vvm 
(1.25L/min), constant temperature of 30°C, 1000 rpm 
stirring speed and pH controlled at 7.0.  

Analytical methods 

From batch cultures growing in a bioreactor, samples 
of 3 mL were taken through a Super Safe Sampler 
System (Infors) [35]. 1 mL was immediately used to 
measure optical density, and 2 mL were centrifugated 
for 5 min at 15000 g, 25°C, filtered to an Eppendorf, and 
stored at - 21ºC. 

Optical density (OD600) was measured in a UV-VIS 
spectrophotometer (Epppendorf AG BioSpectrometer 
basic) at 600 nm against culture medium. 

From the thawed filtrated samples, the glucose 
content was measured by a mixed mode - size 
exclusion and ligand exchange - high performance 
chromatography. The method was carried using a 
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Shodex SH- 1011 column with 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 [36]–[38]. Error estimation for glucose analysis 
was completed based on the theorem for propagation of 
uncertainty [39]. 

The remaining fraction of the thawed filtrated samples 
was used to measure the concentration of ammonia by 
a photometric enzyme assay that relies on the oxidation 
of NADH in the presence of ammonium (kit from R-
Biopharm) [40]. To better quantify variations in samples, 
measurements were done in triplicates and the mean 
was taking. 

For the measurement of biomass wet weight, samples 
were pellet at 3200g for 1 hour, washed in a 2 mL salt 
solution with the same or higher osmolality as the 
growth medium (1.4M NaCl) and pellet again at 14000 g 
for 15 minutes. The supernatant was discarded and the 
mass of the wet pellet was determined. Note that, the 
empty Eppendorfs, before being weighed, should be 
placed in the 70°C chamber, for 48 hours, to remove as 
much water content as possible. Biomass dry weight 
was measure after drying the samples, at 70ºC, for 72 
hours. All weight measurements were done in triplicates 
and the mean was taken. 

Ash free content was assessed by a combination of 
thermogravimetry and differential scanning calorimetry 
in a STA - simultaneous thermal analyser - (Netzsch: 
STA 449 C + QMS 403 C). Dry samples were place in 
the analyser and the temperature increased from 0 to 
1000 ºC. Biomass dry weigh and heat flow variations 
were measured at the same time [41]. 

Bioreactor monitoring and control 

Dissolved oxygen (pO2) in the fermentation broth was 
measured online by a pO2 sensor that uses the 
luminescence quenching optical principle [42]. 

The pH of the fermentation broth was controlled online 
by a pH sensor and adjusted automatically with the 
addition of 3 M NaOH. 

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 
[23]. 

Ammonia inhibition on growth of H. elongata  

A cultivation assay in a 96-well microtiter plate was 
performed to test a concentration gradient of 
ammonium sulfate that ranged between 15 to 162 mM.  
Column wise, in a sterile microtiter plate, a 
concentration gradient of (NH4)2SO4 was established by 
mixing different volumes of normal MM63 medium 
(15mM ((NH4)2SO4) with a modified version of MM63 
rich in ammonia (750mM ((NH4)2SO4). Row wise, 
150 μL of H. elongata cultures 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. 

Mathematical and computational methods 

Linear regression was carried out using least-squares 
method, following LINEST function routine of Microsoft 
Excel package [43]. In case of significant difference in 
precision of some data points in a set of results, the 
weighted least squares method was applied. This 
method was implemented in Python 2.7 using the 
module statsmodels.regression.linear_model.WLS, and 
using the standard deviation of experimental dataset as 
weights. In this work, every linear regression fitting was 
improved by removing the outliers that were identified 
through a boxplot analysis [44], [45]. In addition, the 
randomness of the residuals was checked to validate 
the regression. 

The model consists of a set of ordinary differential 
equations that were solved numerically using 
Python 2.7 and its open source software library SciPy, 
using the SciPy’s solver scipy.integrate.odeint [46]. 
Non-linear regression was carried out also using least 
squares method [47]. The coefficient of determination 
for nonlinear fit were calculated with Python class 
sklearn.metrics. When referred, trapezoidal rule was 
performed for numerical integration. 

 

III. RESULTS AND DISCUSSION 

Kinetics of growth of H.elongata wt and Δppc 

Growth experiments were performed in shaking flasks 
with 100 mL MM63 medium under high and low salt 
concentrations, 1 and 0.17 M NaCl, respectively. The 
results obtained for H. elongata wt and the deletion 
mutant Δppc are shown in Figure 1.  

 

 

Figure 1 - Growth curve of H. elongata wt (●) and deletion mutant Δppc (▲) 
in culture flasks with MM63 medium, 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) and (b) cultures at 1 M NaCl; (c) and (d) 
cultures at 0.17 M NaCl; (left hand graphs) data plotted directly on linear 
graph; (right hand graphs) linearization of growth by plotting logarithms of 
optical density versus time; bold points characterize exponential phase of 
growth. 

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 

(a) (b) 

(c) (d) 
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seems to operate anaplerotically and carry all the fluxes 
necessary for growth and ectoine production. 

To improve the understanding on this topic, further 
fermentation experiments in high and low salt conditions 
were performed with both strains, aiming a quantitative 
description of this part of the metabolism. 

Evaluation of ammonia inhibition 

Microtiter growth experiments were performed to test 
the effect of ammonia concentration in the specific 
growth rate of H. elongata, under a concentration 
gradient from 15 to 162 mM of ammonium sulfate. 

Figure 2 shows no relevant inhibition on growth. 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 2 - Ammonia dependence of specific growth rate. (●) represent mean 
of 3 biological replicates and 3 technical replicates. Error bars are the 
standard deviations observed between biological replicates. 

Quantification of halophilic biomass samples  

In halophilic organisms, the amount of salt present in 
dry biomass samples is high and difficult to predict a 
priori. Also, because of the hygroscopic properties of 
salt, the water content in each dry sample is increased. 

STA was used to quantify the composition of dry 
halophilic biomass samples in several samples coming 
from growth experiments with H. elongata wild type 
under high salt conditions. 

In Figure 3(a), one can see that at constant 
temperature of 100ºC, an endothermic process is 
observed together with a biomass dry weight decrease 
of 6%, that corresponds to the evaporation of the water 
content of the sample. 

Figure 3(b) shows that, by heating the sample from 0 
to 950ºC, an exothermic period occurs in the 
temperature range of 150ºC to 889ºC, which 
corresponds to the combustion of the organic content. 
This is a fraction of 70% of the total dry weight. At 
890ºC, a turnover point occurs, and an endothermic 
process is visible which resembles the melting of the 
remaining inorganic fraction. At this critical temperature, 
only 24% of the total biomass weight exists and 
corresponds to the salt fraction. 

 

  

Figure 3 - (‒) 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. 

Another interesting finding relies on the fact that the 
percent decrease in biomass weight follows exactly the 
same pattern for samples coming from shaking flask 
experiments, and those coming from fermentation 
experiments (data not shown). 

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 
DSM 2581T wild type in high salt (1 M NaCl) conditions. 
It should be applied as reference for the growth of this 
non-standard organism. 

The state variables of the present model 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

).  

It assumes the existence of a well-mixed environment 
and a Monod kinetics for growth with glucose as the 
limiting substrate. The consumption of substrates and 
the production of carbon dioxide are assumed to be 
exclusively due to growth. The specific death constant 
was neglected. Yield factors were considered constant. 

 

Figure 4 - 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 points in Figure 4, show a time course for biomass 
formation, glucose, ammonia and oxygen consumption, 
and carbon dioxide formation, for the fermentation of 
reference. 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. 

Two and half hours after inoculation, the exponential 
phase started and lasted five hours. 

The specific growth rate is readily calculated based on 
the slope of the linearization curve observed during the 
exponential phase. A maximum specific growth rate of 
0.404±0.013 h-1 was obtained (R2=0.9909). 

Following a classical parameterization approach, 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 

(a) (b) 

(a) (b) 
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exponential phase of growth, as illustrated in Figure 5. 
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 4 and Figure 5(d) 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. In Table 3, 
the estimated yield glucose/biomass is presented in 
carbon-moles and the yield ammonia/biomass is 
presented in nitrogen-moles. 

Likewise, the gas yields are computed considering a 
linear relationship with the amount of biomass produced 
during the exponential phase of growth. Moreover, it is 
assumed, as a first approximation, that the transfer rate 
equals the uptake rate, in the case of oxygen, and the 
emission rate, in the case of carbon dioxide. Despite 
allowing the estimation of real OUR and CER, assuming 
that these rates equal the experimentally observed OTR 
and CTR is susceptible of discussion. This aspect turns 
out to be extremely relevant in the case of CO2, given 
the chemistry of saline environments and the carbonate 
equilibrium established. Hence, carbon dioxide yields 
determined experimentally are notated as apparent 
yields (Y’). In Table 3, one can find the estimated yield 
oxygen/biomass in oxygen-moles and the apparent 
carbon dioxide/biomass yield in carbon-moles. 

 

 

 

Figure 5 - Bold points characterize exponential phase of growth. (‒) 

represent linear regressions. Shadow areas enclose the standard errors for 

slope and intercept of linear regressions. (a) Growth curve: OD600 is shown 

at every time point as an average of three technical replicates. Data plotted 

directly on linear graph; (b) Linearization of growth by plotting logarithms 

of optical density versus time; (c) Glucose concentration in fermentation 

broth over OD600; (d) Ammonia concentration in fermentation broth over 

OD600. Every ammonia point is an average of three technical replicates; (e) 

Taken up oxygen over OD600; (f) Produced carbon dioxide over OD600. 

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 6 shows that, 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 CO2 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. 

 

 

Figure 6 - Off-gas CO2 composition during acidification of MM63, 1 M NaCl, 
sterile growth medium. 

Hence, to fine-tune the parameterization of carbon 
dioxide yields, model simulations were performed 
considering the carbonate equilibrium, and the CER as 
equation (2). Figure 7 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). 

 

 

Figure 7 - (●) 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. 

So far, the assessed parameters were estimated 
using experimental data through a process called 
regression. But experimental data are noisy and 
incomplete, therefore a computational 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. 

By testing a range of possible carbon dioxide yields 
(𝑌𝐶𝑂2/𝑋) 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 𝑌𝐶𝑂2/𝑋.  

Additionally, since the empirical Monod coefficient for 
glucose saturation (𝐾𝐺𝑙𝑢) cannot be assessed 

experimentally, a simultaneous optimization of 𝐾𝐺𝑙𝑢 and 
𝑌𝐶𝑂2/𝑋 was undertaken. 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 

(a) (b) 

(c) (d) 

(e) (f) 
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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 8 for the reference fermentation. 
Obtained values are explicit in Table 3, under the label 
Reference, and were used to establish the reference 
model for H. elongata growth in high salinity medium. 

 

Figure 8 - 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. 
Comparing this optimized carbon dioxide yield to the 

one directly calculated from CTR, the correction 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. 

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. Therefore, with 
model simulations accounting for the carbonate 
equilibrium it is possible to better predict the biological 
production rate. Figure 9 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 (2).  

 

 

Figure 9 - (‒) Model simulation for carbon dioxide production based on CTR; 
(‒·‒) Model simulation for carbon dioxide production based on predicted 
real CER. 

By focusing again in Figure 4, to compare model 
simulation with experimental data results, it can be 
understood that the established Monod model 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.  

Given the poorly accurate and precise ammonia 
experimental data, the model roughly fits the results 
(R2=0.8349). However, the nitrogen balance for this 
fermentation is fully satisfied, therefore it is assumed a 
good prediction of this yield and a good simulation 
capacity. Nevertheless, 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 [38]. 

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 OAD enzyme in 
ectoine production. 

A) 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 10 as points. Following the same 
parameterization procedure previously explained, the 
parameters were estimated and are shown in Table 3, 
under the label Case study A. In the same table, one 
can find previous estimations of reference parameters 
for comparison purposes. With the predicted 
parameters, a model resorting on the framework of 
Table 1, was fitted to the data and is shown in Figure 10 
as continuous lines.  

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, the nitrogen balance for this fermentation 
is satisfied within 3%, therefore given this consistency, 
the yield is assumed to be well estimated, and the model 
is considered to have a good prediction capacity. 

 

 

Figure 10 - 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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In opposite to what was expected, the experiment of 
this case study does not reproduce the fermentation of 
reference. The setup was established to be the same, 
however, due to a lack of automatic control on the pH, 
fluctuations were observed. This was translated in a 
lack of reproducibility, specially noticed in the carbon 
dioxide fraction in gas phase, with a variation of 48% on 
the obtained carbon dioxide yield. 

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. 

Regarding 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, it 
results in a balance with 35% carbon loss. This also 
points to a by-product synthesis. 

In case of by-product formation, the carbon balance 
would have to be reformulated according to expression 
(3), which can be used to predict the yield of synthesis 
of this unknown by-product. By adding equation (4) to 
model framework, the accumulation of the by-product 
can be followed and its dynamics are represented in 
Figure 11. 

1 + 𝑌𝐶𝑂2/𝑋 − 𝑌𝐺/𝑋  +  𝑌𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑋 =  0 (3) 

𝑑𝐵𝑦 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑑𝑡
= 𝑌𝑏𝑦−𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑋

𝑑𝑋

𝑑𝑡
 

(4) 

 

Figure 11 - Model simulations for carbon products formation and substrate 
consumption. 

B) Salt influence on the metabolism 

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 is shown in Figure 12 as points. 
Following the same parameterization procedure, the 
parameters were estimated and are shown in Table 3., 
under the label Case study B. With the predicted 
parameters, a model resorting on equations of Table 1, 
was fitted to the data, and is shown in Figure 12 as 
continuous lines.  

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, given 
the lack of precision in ammonia measurements, the 
model does not fit the experimental data (R2=0.3076). 
However, given the consistency of the nitrogen 
balances, that are satisfied within 16%, it can still be 
assumed that the model is fairly predicting the 
behaviour. 

 

Figure 12 - 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 (‒). 

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. 

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. 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.  

C) Role of OAD as anaplerotic pathway  

The Δppc mutant was cultivated in batch mode, 

keeping the same fermentation parameters as the 
reference model. The experimental data is shown in 
Figure 13 as points. Following the same 
parameterization procedure, the parameters were 
estimated and are shown in Table 3, under the label 
Case study C. With the predicted parameters, a model 
resorting on equations of Table 1 was fitted to the data 
and is shown in Figure 13 as continuous lines.  

 

Figure 13 - 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 (‒). 

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, 

(a) (b) 

(a) (b) 
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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. 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.  

 

IV. 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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Table 1 – Equations used for model simulations and respective units. 

Formula Unit 
Equation 

number 
Formula Unit 

Equation 

number 

µ = µ𝑚𝑎𝑥 (
[𝐺]

𝐾𝐺𝑙𝑢 + [𝐺]
) h-1 (5) 

d[𝑂2𝑎𝑞
]

dt
= 𝑂𝑇𝑅 − 𝑂𝑈𝑅 

mM 

h-1 
(13) 

𝑑𝑋

𝑑𝑡
= µ 𝑋 OD600 h-1 (6) [𝑂2,𝑔𝑎𝑠

∗ ] =
𝑦𝑂2,𝑔𝑎𝑠

𝑜𝑢𝑡𝑙𝑒𝑡  𝑃𝑎𝑖𝑟

𝐻𝑂2

 mM (14) 

𝑑[𝐺]

𝑑𝑡
= −𝑞𝐺  𝑋 = − 

1

𝑌𝑋/𝐺

𝑑𝑋

𝑑𝑡
= −𝑌𝐺/𝑋

𝑑𝑋

𝑑𝑡
 mM h-1 (7) 𝐶𝐸𝑅 = 𝑌𝐶𝑂2/𝑋

𝑑𝑋

𝑑𝑡
 

mM 

h-1 
(15) 

𝑑[𝑁]

𝑑𝑡
= −𝑞𝑁  𝑋 = − 

1

𝑌𝑋/𝑁

𝑑𝑋

𝑑𝑡
= −𝑌𝑁/𝑋

𝑑𝑋

𝑑𝑡
 mM h-1 (8) 𝐶𝑇𝑅 = kLa𝐶𝑂2  ([𝐶𝑂2𝑎𝑞

] − [𝐶𝑂2,𝑔𝑎𝑠
∗ ]) 

mM 

h-1 
(16) 

d𝑦O2,gas

dt
 = (𝑦𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝑂2,𝑔𝑎𝑠

𝑜𝑢𝑡𝑙𝑒𝑡)
𝐹

 𝑉𝑔
− 𝑂𝑈𝑅

𝑉𝑙

𝑉𝑔
 

𝑅𝑇

𝑃𝑎𝑖𝑟
 

Molar 

fraction 
(9) 

[𝐶𝑂2𝑎𝑞
] =

[𝐶𝑇𝑜𝑡𝑎𝑙]

1 +
𝑘1

∗

 10−𝑝𝐻 +
𝑘1

∗𝑘2
∗

(10−𝑝𝐻)2

 
mM (17) 

d𝑦CO2,gas

dt
 = (𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑖𝑛𝑙𝑒𝑡 −  𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑜𝑢𝑡𝑙𝑒𝑡 )
�̇�

 𝑉𝑔
+ 𝐶𝑇𝑅

𝑉𝑙

𝑉𝑔

𝑅𝑇

𝑃𝑎𝑖𝑟
 

Molar 

fraction 
(10) 

𝑂𝑈𝑅 = 𝑌𝑂2/𝑋

𝑑𝑋

𝑑𝑡
 mM h-1 (11) 

d[𝐶𝑇𝑜𝑡𝑎𝑙]

dt
= 𝐶𝐸𝑅 − 𝐶𝑇𝑅 

mM 

h-1 
(18) 

𝑂𝑇𝑅 = kLa𝑂2  ([𝑂2,𝑔𝑎𝑠
∗ ] − [𝑂2𝑎𝑞

]) mM h-1 (12) [𝐶𝑂2,𝑔𝑎𝑠
∗ ] = 𝑦𝐶𝑂2,𝑔𝑎𝑠

𝑜𝑢𝑡𝑙𝑒𝑡   𝑃𝑎𝑖𝑟 𝐻𝐶𝑂2
 mM (19) 

 

Table 2 . Parameter values used for model simulations in high and low salt conditions. 

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 y2 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 [48] 

Henry’s constant for O2(at 30ºC, 0M NaCl) 𝐻𝑂2
 26.1 atm m3 kg-1 [48] 

Henry’s constant for CO2 (at 30ºC, 1 M NaCl) 𝐻𝐶𝑂2
 2.240× 10−2 mol atm-1 kg-1 [27], [49] 

Henry’s constant for CO2 (at 30ºC, 0.17 M NaCl) 𝐻𝐶𝑂2
 2.850× 10−2 mol atm-1 kg-1 [27], [49] 

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 - [27], [50] 

First apparent dissociation constant  

(at 303 K and salinity 9.94 g/Kg) 
𝑘1

∗ 7.758× 10−7 - [27], [50] 

Second apparent dissociation constant  

(at 303K and salinity 58.44 g/Kg) 
𝑘2

∗ 1.647× 10−9 - [27], [50] 

Second apparent dissociation constant 

 (at 303 K and salinity 9.94 g/Kg) 
𝑘2

∗ 4.365× 10−10 - [27], [50] 

Mass transfer coefficient for O2 (at 1 M NaCl) kLa𝑂2 103.48 h-1 This work 

Mass transfer coefficient for O2 (in 0.17 M NaCl) kLa𝑂2 120.29 h-1 This work 

Mass transfer coefficient for CO2 kLa𝐶𝑂2 0.91× kLa𝑂2 h-1 [25] 

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 

(at 1 M NaCl) 
KGlu 0.541 mM𝐶6𝐻12𝑂6

 This work 

Monod constant for glucose  

(at 0.17 M NaCl) 
KGlu 0.316 mM𝐶6𝐻12𝑂6

 This work 
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Table 3 - Estimated parameters for fermentation of reference: wild type, 1 M NaCl. Estimated parameters of case study A: anomalous fermentation: wild type, 1 M 
NaCl. Estimated parameters of case study B: wild type, 0.17 M NaCl. Estimated parameters of case study C: Δppc, 1 M NaCl. 

Parameters 
Reference Case study A Case study B Case study C 

Value R2 Value R2 Value R2 Value R2 

µ𝒎𝒂𝒙 (h-1) 0.40±0.01 0.9909 0.42±0.09 0.9958 0.32±0.01 0.9957 0.42±0.09 0.9958 

𝒀𝑮/𝑿 (C-mol/C-mol) 1.98±0.06 0.9913 2.31±0.08 0.9992 2.47±0.07 0.9930 2.31±0.08 0.9992 

𝒀𝑵/𝑿 (N-mol/N-mol) 0.27±0.04 0.8110 0.41±0.06 0.8431 0.37±0.06 0.8168 0.41±0.06 0.8431 

𝒀𝑶𝟐/𝑿 (O-mol/O-mol) 0.50±0.03 0.9774 0.56±0.02 0.9980 0.70±0.02 0.9933 0.56±0.02 0.9980 

𝒀′𝑪𝑶𝟐/𝑿 (C-mol/C-mol) 0.56±0.02 0.9907 0.47±0.02 0.9896 0.96±0.03 0.9923 0.47±0.02 0.9896 

𝒀𝑪𝑶𝟐/𝑿 (C-mol/C-mol) 0.74 - 0.50 - 1.31 - 0.50 - 

V. REFERENCES 

[1] K. Schwibbert et al., “A blueprint of ectoine metabolism from the 
genome of the industrial producer Halomonas elongata DSM 2581 T,” 
Environ. Microbiol., vol. 13, no. 8, pp. 1973–1994, 2011. 

[2] D. R. Arahal, M. T. García, C. Vargas, D. Cánovas, J. J. Nieto, and A. 
Ventosa, “Chromohalobacter salexigens sp. nov., a moderately 
halophilic species that includes Halomonas elongata DSM 3043 and 
ATCC 33174,” Int. J. Syst. Evol. Microbiol., vol. 51, no. 4, pp. 1457–
1462, 2001. 

[3] N. J. Nieto, A. Ventosa, and A. Oren, “Biology of Moderately Halophilic 
Aerobic Bacteria,” vol. 62, no. 2, pp. 504–544, 1998. 

[4] A. Dotsch, J. Severin, W. Alt, E. A. Galinski, and J. U. Kreft, “A 
mathematical model for growth and osmoregulation in halophilic 
bacteria,” Microbiology, vol. 154, no. 10, pp. 2956–2969, 2008. 

[5] K. Grammann, A. Volke, and H. J. Kunte, “New type of osmoregulated 
solute transporter identified in halophilic members of the Bacteria 
domain: TRAP transporter TeaABC mediates uptake of ectoine and 
hydroxyectoine in Halomonas elongata DSM 2581T,” J. Bacteriol., vol. 
184, no. 11, pp. 3078–3085, 2002. 

[6] D. W. Bolen and I. V Baskakov, “The osmophobic effect: natural 
selection of a thermodynamic force in protein folding,” J. Mol. Biol., vol. 
310, no. 5, pp. 955–963, 2001. 

[7] M. F. Roberts, “Organic Compatible Solutes of Halotolerant and 
Halophilic Microorganisms,” Methods Microbiol., vol. 35, pp. 615–647, 
2006. 

[8] F. Pfeiffer et al., “Revision and reannotation of the Halomonas elongata 
DSM 2581T genome,” Microbiologyopen, no. February, pp. 1–6, 2017. 

[9]  a D. Brown, “Microbial water stress.,” Bacteriol. Rev., vol. 40, no. 4, 
pp. 803–846, 1976. 

[10] H. J. Kunte, “Osmoregulation in bacteria: Compatible solute 
accumulation and osmosensing,” Environ. Chem., vol. 3, no. 2, pp. 94–
99, 2006. 

[11] A. V. Thorsten Bestvater, Erwin A. Galinski, Katrin Grammann, Hans 
Jörg Kunte, “Method for obtaining useful products from organisms,” 
EP1409707 A2, 2004. 

[12] E. A. Galinski, H.-P. Pfeiffer, and H. G. Truper, “1,4,5,6-Tetrahydro-2-
methyl-4-pyrimidinecarboxylic acid: A novel cyclic amino acid from 
halophilic phototrophic bacteria of the genus Ectothiorhodospira,” Eur. 
J. Biochem., vol. 149, no. 1, pp. 135–139, 1985. 

[13] K. Lippert and E. A. Galinski, “Enzyme stabilization be ectoine-type 
compatible solutes: protection against heating, freezing and drying,” 
Appl Microbiol Biotechnol, vol. 37, no. 1, pp. 61–65, 1992. 

[14] T. Schwarz, “Use of compatible solutes as substances having free 
radical scavenging properties,” US20030147937 A1, 2003. 

[15] L. Motitschke, H. Driller, and E. Galinski, “Ectoin and ectoin derivatives 
as moisturizers in cosmetics,” US6403112 B2, 2002. 

[16] T. Schwarz, G. Lentzen, and J. Krutmann, “Orally Used Compatible 
Solutes Containing Agents,” US20090060876 A1, 2009. 

[17] P. Shivanand and G. Mugeraya, “Halophilic bacteria and their 
compatible solutes -osmoregulation and potential applications,” Curr. 
Sci., vol. 100, no. 10, pp. 1516–1521, 2011. 

[18] H. Ono et al., “Characterization of Biosynthetic Enzymes for Ectoine as 
a Compatible Solute in a Moderately Halophilic Eubacterium, 
Halomonas elongata,” J. Bacteriol., vol. 181, no. 1, pp. 91–99, 1999. 

[19] C. Smolke, The Metabolic Pathway Engineering Handbook: 
Fundamentals, Volume 1. 2009. 

[20] C. Sehr, “Model based analysis of central metabolic pathways of 
Halomonas Elongata,” Technische Universität München, 2006. 

[21] V. Kindzierski et al., “Osmoregulation in the Halophilic Bacterium 
Halomonas elongata: A Case Study for Integrative Systems Biology,” 
PLoS One, vol. 12, no. 1, p. e0168818, 2017. 

[22] I. I. Theory, G. Stephanopoulos, and K. San, “Studies on On-Line 
Bioreactor,” vol. XXVI, pp. 1176–1188, 1984. 

[23] BlueSens, “Gas analyzer BlueInOne Ferm.” [Online]. Available: 
http://www.bluesens.com/english/products/allgassensors/blueinone-
ferm.html. 

[24] P. N. Royce, “Effect of changes in the pH and carbon dioxide evolution 
rate on the measured respiratory quotient of fermentations,” 
Biotechnol. Bioeng., vol. 40, no. 10, pp. 1129–1138, 1992. 

[25] M. Spérandio and E. Paul, “Determination of Carbon Dioxide Evolution 
Rate Using On-Line Gas Analysis During Dynamic Biodegradation 
Experiments,” Biotechnol Bioeng, vol. 53, pp. 243–252, 1997. 

[26] G. Stephanopoulos, A. Aristidou, and J. Nielsen, Metabolic 
Engineering Priniples and Methodologies. California, 1998. 

[27] M. E. Q. Pilson, An indroduction to the chemistry of the sea, Secon 
Edit. Cambridge: Cambridge University Press, 2013. 

[28] F. J. Bruggeman and H. V. Westerhoff, “The nature of systems 
biology,” Trends Microbiol., vol. 15, no. 1, pp. 45–50, 2007. 

[29] H. Kitano and H. Kitano, “Systems Biology : A Brief Overview,” vol. 295, 
no. 5560, pp. 1662–1664, 2017. 

[30] J. R. Banga and E. Balsa-Canto, “Parameter estimation and optimal 
experimental design,” Essays Biochem., vol. 45, pp. 195–210, 2008. 

[31] R. H. Vreeland, C. D. Litchfield, E. L. Martin, and E. Elliot, “Halomonas 
elongata, a New Genus and Species of Extremely Salt-Tolerant 
Bacteria,” Int. J. Syst. Bacteriol., vol. 30, no. 2, pp. 485–495, 1980. 

[32] P. I. Larsen, L. K. Sydnes, B. Landfald, and A. R. Strom, 
“Osmoregulation in Escherichia coli by accumulation of organic 
osmolytes: betaines, glutamic acid, and trehalose,” Arch. Microbiol., 
vol. 147, no. 1, pp. 1–7, 1987. 

[33] D. Claus, F. Fahmy, H. J. Rolf, and N. Tosunoglu, “Sporosarcina 
halophila sp. nov., an Obligate, Slightly Halophilic Bacterium from Salt 
Marsh Soils,” Syst. Appl. Microbiol., vol. 4, no. 4, pp. 496–506, 1983. 

[34] I. Ht, “Labfors 5.” [Online]. Available: http://www.infors-
ht.com/index.php/en/products/bioreactors/bench-top-
bioreactors/labfors-5. 

[35] I. Ht, “Product Description Super Safe Sampler.” [Online]. Available: 
http://www.infors-
ht.com/index.php/en/products/bioreactors/accessories-
bioreactors/super-safe-sampler. [Accessed: 28-May-2017]. 

[36] Shodex, “Food Analysis with Shodex columns,” Technical notebook 
No.3. [Online]. Available: 
http://www.infochroma.ch/pdf_hplc/shodex_no3-foodanalysis.pdf. 
[Accessed: 09-May-2017]. 

[37] Shodex, “Explanation on Ligand Exchange Mode.” [Online]. Available: 
https://www.shodex.com/en/dc/03/0104.html. 

[38] Shodex, “Ion Exclusion Chromatography Columns.” [Online]. Available: 
http://www.shodex.com/en/da1/04/04.html. [Accessed: 09-May-2017]. 

[39] E. L. Robinson, Data Analysis for Scientists and Engineers. 2016. 
[40] R-BIOPHARM, “Ammonia Enzymatic BioAnalysis.” 
[41] J. Van Humbeeck, “Chapter 11 - Simultaneous Thermal Analysis,” in 

Handbook of Thermal Analysis and Calorimetry, vol. 1, 1998, pp. 497–
508. 

[42] Hamilton, “VisiFerm DO Sensors: Bedienungsanleitung,” 2013. 
[43] K. Jaqaman and G. Danuser, “Linking data to models: data regression,” 

Nature, vol. 7, no. November, pp. 813–819, 2006. 
[44] “Quartile.” [Online]. Available: https://en.wikipedia.org/wiki/Quartile. 

[Accessed: 29-Jul-2017]. 
[45] “Box plot.” [Online]. Available: https://en.wikipedia.org/wiki/Box_plot. 

[Accessed: 29-Jul-2017]. 
[46] P. 0. 9. 3. Documentation, “9. Numerical Routines: SciPy and NumPy.” 

[Online]. Available: 
http://www.physics.nyu.edu/pine/pymanual/html/chap9/chap9_scipy.h
tml. [Accessed: 22-Jul-2017]. 

[47] G. A. F. Seber and C. J. Wild, Nonlinear Regression. 1989. 
[48] P. M. Dora, Bioprocess Engineering Principles. 1995. 
[49] R. F. Weiss, “Carbon dioxide in water and seawater: the solubility of a 

non-ideal gas,” Mar. Chem., vol. 2, no. 3, 1974. 
[50] F. J. Millero et al., “Dissociation constants for carbonic acid determined 

from eld measurements,” Deep. Res., vol. 49, pp. 1705–1723, 2002. 


