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Abstract: The to-date studies on extreme halophiles were focused on shake flask 

cultivations. Bioreactor technology with quantitative approaches can offer a wide variety of 

biotechnological applications to exploit the special biochemical features of halophiles. 

Enabling industrial use of Haloferax mediterranei, finding the optima of cultivation 

parameters is of high interest. In general, process parameter optimizations were mainly 

carried out with laborious and time-consuming chemostat cultures. This work offers a 

faster alternative for process parameter optimization by applying temperature ramps and 

pH shifts on a halophilic continuous bioreactor culture. Although the hydraulic equilibrium 

in continuous culture is not reached along the ramps, the main effects on the activity from 

the dynamic studies can still be concluded. The results revealed that the optimal temperature 

range may be limited at the lower end by the activity of the primary metabolism pathways. 

At the higher end, the mass transfer of oxygen between the gaseous and the liquid phase 

can be limiting for microbial growth. pH was also shown to be a key parameter for 

avoiding overflow metabolism. The obtained experimental data were evaluated by 

clustering with multivariate data analyses. Showing the feasibility on a halophilic example, 

the presented dynamic methodology offers a tool for accelerating bioprocess development. 

Keywords: dynamic ramps; process parameter optimization; bioprocess with extreme 

halophiles; acceleration bioprocess development  
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1. Introduction  

1.1. Halophiles 

There is an emerging interest on using halophilic microorganisms for new and alternative bioprocesses 

with industrial biotechnological relevance [1]. They have been widely used for waste water treatment 

with different purposes and origins [2–4], especially with the archaeon Haloferax mediterranei  

(HFX) [5]. The production of biopolymers, namely polyhydroxyalkanoates (PHAs), is also a valuable 

feature of these organisms [6]. In addition, there are examples for engineering halophilic mircoorganisms 

for valuable product productions [7]. Extreme halophilic Archaea can thrive in hypersaline enviroments 

with up to 3–5 M sodium chloride concentrations and, therefore, have a number of still unexploited 

characteristics [8,9]. The representatives of halophilic Archaea are typically aerobic or methanogenic. 

Although anaerobic halophilic Archaea are rare, numerous examples exist for anaerobic halophilic 

bacteria [10,11]. The archaeon HFX is known as a denitrifier and assimilates the present nitrate or 

nitrite [12]. Halophilic Archaea are capable of growing aerobically on a wide variety of carbon sources. 

They are reported to grow on different organic acids [13–15], diverse sugars [16], the sugar alcohol, 

glycerol [17], and even aromatic compounds [18]. In the case of halophilic Archaea, the metabolitic 

pathways are slightly different from the conventional microbial metabolism [19,20]. Depending on the 

substrate, different glycolytic pathways coupled to the glyoxylate cycle play the main role in 

intermediary carbon metabolism [21]. Due to the fact that the high osmotic pressure of hypersaline 

enviroments ensures a low risk of contamination, the capacity for cost-effective non-sterile cultivation 

can make extreme halophilic Archaea potentially valuable host organisms for future biotechnological 

applications, as inherent selection towards non-extreme halophilic microorganisms occurs. The 

feasibility of the ease of downstream operations can be also reasoned by the simple lysis of extreme 

halophiles if the salt concentration falls below 10% w/w. 

1.2. Bioreactor Technology with Extreme Halophiles 

Operating industrially relevant bioprocesses, with optimal process parameter sets, is a prerequisite 

from physiological and also from economical aspects [22]. We have established bioreactor technology 

concepts for physiological characterization, process scale-up, and exploiting economically feasible 

operating ranges for bioproducts in laboratory scales [23–25]. The bioreactor setups are equipped 

along above mentioned quantitative approaches. Well-defined and controlled cultivation conditions are 

also ensured. These concepts need to be implemented for the bioreactor cultivation of extreme 

halophiles as well. Though, due to the high salt requirement of their cultivation, a special corrosion 

resistant environment is required. Therefore, we have recently constituted a methodological basis for 

physiological characterization of extreme halophile Archaea in a corrosion resistant bioreactor [26]. 

There are other examples of using bioreactors with Haloferax mediterranei for different purposes [27,28], 

these works, however, do not assess quantitative approaches. 
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1.3. Optimal Process Parameters for Extreme Halophilic Archaea 

There is little known about the optimal and defined cultivation conditions of extreme halophilic 

Archaea in bioreactors, as the majority of the published studies are only made with shake-flask  

cultures [29,30]. It is well-known that growth affecting limitations occur in shake-flask cultivations [31], 

especially with halophilic Archaea’s own aerobic metabolism. It should also be added that, at elevated 

temperatures and at high salt concentrations, the dissolved oxygen concentration is drastically affected, 

and as low as 0.5 mg/L. Therefore, to avoid oxygen limited culturing, oxygen is provided and the 

dissolved oxygen level is monitored by a dissolved oxygen electrode. More details about the 

experimental setup are available elsewhere [26].  

In order to make extreme halophiles novel host organisms for future biotechnology, more 

quantitative, as well as optimization studies on their cultivation should be executed under defined and 

controlled cultivation conditions. It is well-known that applying different cultivation conditions affect 

bioprocess performance. For example, applying different cultivation temperatures may affect the 

characteristics of the respiratory electron transfer activity [17]. For the substrate acetate, the acetate 

incorporation rates showed pH dependency, as acetate can enter the halophilic cell only in an 

unionized form [13]. The optima for pH and temperature of extreme halophilic microorganisms were 

published as relatively broad ranges, 7.0 to 7.5 and 35 °C to 45 °C, respectively [29]. To ensure  

scale-up and the tight specifications of the potential industrially applicable bioprocesses, more accurate 

process parameter sets for process robustness are required. According to the main requirements of one 

application of halophiles, namely hypersaline waste water treatment, the residual concentration of the 

present organic substances (substrate and metabolites) is of higher interest than the production of 

biomass. The goal of this work was to find the optima for the process parameters pH and temperature 

aiming at minimizing the residual substrate concentration, and, at the same time, minimize the  

by-product formation. 

1.4. Dynamic Experiments for Process Parameter Optimization 

One task in bioprocess development is the optimization of cultivation parameters in order to ensure 

scale-up. Instead of running labour-intensive continuous cultures with diverse parameter sets [32,33], 

the use of transient and/or dynamic experiments can help decreasing the time-scale required for 

bioprocess optimization [34]. The simulation of transient states and fast parameter shifts was also 

shown to speed up process development [35]. At the same time, however, transient experiments can 

decrease the quality of the extractable process information. Therefore, the extractable information also 

needs to be differentiated from random noise [36]. In order to extract the appropriate process 

information from the dynamic experimental set, a careful experimental design and quantification 

approach is required. 

For instance, a dynamic method with applying pulses was recently published as a faster alternative 

to set up a feeding strategy for recombinant Pichia pastoris fed-batch processes [37]. In the case of 

extreme halophilic microorganisms, the concerns about the dissolved oxygen availability were 

previously discussed. Thus, fed-batch cultures with high cell densities for bioprocess development 

should be avoided to circumvent oxygen limited culturing. For instance, aerobic continuous cultures 
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with lower biomass concentrations are recommended for extreme halophilic microorganisms. 

Additionally, with lower maximum specific growth rates (µmax < 0.2 h
−1

), such as extreme halophilic 

Archaea, avoiding time-consuming continuous cultures for bioprocess optimization is highly proposed 

by triggering dynamic experimental conditions with shifts and ramps. 

1.5. Goal and Structure 

This contribution advocates a fast alternative for process parameter optimization with applying pH 

shifts and temperature ramps on an extreme halophilic continous culture in a corrosion resistant 

bioreactor. This work was focussing on studying the changes in the biological activity (volumetric 

rates, (g/L/h)) over temperature and pH, and did not aim at investigating the Monod kinetics for each 

state, or even at assessing metabolome analysis. The goal of this study was to minimize the residual 

substrate concentration and to avoid the by-product formation by optimizing temperature and pH 

process parameters. Continuous cultivation of the extreme halophilic Haloferax mediterranei under 

non-sterile conditions on the substrate glycerol was chosen as a model system for the dynamic study 

with the, already established, full quantitative approach for extreme halophiles. Temperature ramps 

were applied in the 25–40 °C temperature range, while pH shifts were accomplished in the broad 

physiological range 6.8 to 7.6, along with what was found in literature [29]. The quantitative analysis 

was based on discussing the response of primary metabolism to the dynamic changes and using 

multivariate techniques. Based on the results of the described halophilic example, the feasibility of the 

methodology of dynamic experiments was demonstrated as a general tool for the speeding up of 

bioprocess parameter optimization. 

2. Experimental Section  

2.1. Strains and Cultivation Procedures  

Haloferax mediterranei (HFX, DSMZ 1411) wild type strain was purchased from DSMZ-German 

collection of microorganisms and cell cultures. Shake flasks for bioreactor inoculation were grown at 

170 rpm and 37 °C in laboratory incubator (Infors, Bottmingen, Switzerland) with the following 

medium composition and time (g·L
−1

): 48 h, NaCl 156; MgSO4·7H2O 20; MgCl2·6H2O 13; 

CaCl2·6H2O 1; KCl 4; Yeast extract 5; NaHCO3 0.2; NaBr 0.5; Glucose 1.0; pH 7.0. Inoculation was 

carried out with 10% inoculum volume. The benefit of using complex medium for inoculation with a 

shake flask is to obtain higher cell densities in a much shorter time than using a defined medium. 

2.2. Defined Medium Composition 

The following defined medium composition without the compounds nitrate as well as nitrite was 

used for HFX according to [38] with modifications (g·L
−1

): NH4Cl 2; KH2PO4 0.3; FeCl3 0.005;  

NaCl 194, MgCl2·6H2O 3.2; MgSO4·7H2O 4.8; CaCl2·2H2O 1; KCl 5; NaHCO3 0.2; KBr 0.5;  

1 mL trace elements solution, Struktol J673 Antifoam 0.2 mL. Trace elements solution (1,000× Stock, 

mg/100 mL): FeSO4·7H2O 139; CuSO4·5H2O 100; MnCl2·4H2O 50; CoCl2·2H2O 44; ZnSO4·7H2O 86. 

The substrate concentration was 3.5 g·L
−1

.  
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2.3. Bioreactor Setup, Cultivation Conditions  

The batch and continuous experiments were carried out in a fully instrumented corrosion resistant  

2 L laboratory PEEK Labfors bioreactor (Infors, Bottmingen, Switzerland) with 1 L working volume.  

The setup was previously described elsewhere [26]. The on-line data monitoring and process control 

were executed with a Process Information Management System (Lucullus, Biospectra AG, Schlieren, 

Switzerland). The pH and temperature were controlled by PID controllers. The pH value in the reactor 

was maintained with the addition of 0.5 M NaOH. The bioprocesses were carried out under non-sterile 

conditions, due to the high salt requirements of extreme halophiles. The cultivation parameters in the 

bioreactor were 600 rpm of agitation speed and 1 vvm air inlet flow.  

2.4. Experimental Design  

The chosen dilution rate for the continuous study was 0.03 ± 0.005 h
−1

 which approximately equals 

to ½ µmax, in accordance with the previously conducted Monod-studies [26]. In the dynamic ramps, the 

process parameter temperature has been varied by applying temperature ramp down and ramp up, with 

a slope of 15 °C per 1.5 volume change, while maintaining the pH constant (pH control in the 

bioreactor ±0.05; T control in the bioreactor ±0.1 °C). Performing continuous culture imposes volume 

changes in the bioreactor, one volume change is considered as one reactor working volume (1 L) was 

fed into the reactor and one reactor volume (1 L) was taken out of the reactor at the effluent line.  

The concept of the study with synthetic medium is depicted in Figure 1. As it can be seen, the 

temperature range of 25 °C to 40 °C was investigated by shifting simultaneously rendering pH values 

between 6.8, 7.2, and 7.6.  

Figure 1. The concept of the study with temperature ramps and pH shifts with 1 L 

bioreactor working volume. On the x-axis, volume changes are depicted. The temperature 

range was chosen in accordance with meeting the temperature requirements of extreme 

halophiles and regarding the economical feasibility at the same time. The pH values were 

chosen to cover the 7.0–7.5 optimal range for growth from the literature. 
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2.5. Off-Line Analytics 

Off-line sampling from the bioreactor was executed in regular intervals to determine substrate as 

well as metabolite concentration and optical density. After sampling, the samples were placed 

immidiately on ice to avoid further reactions. Subsequently, 1 mL of the culture broth was centrifuged 

in eppendorf tubes at 14,000 rpm for 10 min at 4 °C (Eppendorf centrifuge, Hamburg, Germany).  

The supernatant was then removed from the top and used for HPLC and enzymatic analysis of the 

substrate and the metabolite. From the samples, the optical density at 600 nm (OD600) was determined 

with a photometer (Genesys 20 Photometer, Thermo scientific, Waltham, MA, USA). To prevent the 

lysis of the samples, 20% NaCl diluent was used for the dilution of the samples for photometric 

analysis. The substrate and metabolite were quantified by HPLC measurements (Agilent 1100 Series, 

Santa Clara, CA, USA) with SUPELCOGEL C-610H column (9 µm particle size, 300 × 7.8 mm, 

Sigma Aldrich, St. Louis, MO, USA) at 30 °C, 0.1% H3PO4 in distilled water (traces of NaN3) eluent 

with 0.5 mL·min
−1

 flow and with RI detector. Substrates and metabolites cannot be detected under 2 to 

5 ppm concentrations, referring to the limit of quantitation of the used analytical methods. Regarding 

the high salinity of the samples, calibration standards were prepared with the same analytical matrix. 

For the biomass determination, biomass concentration in the bioreactor can be determined via on-line 

and off-line methods. The on-line indirect biomass determination, based on the nitrogen balance in the 

bioreactor, was published elsewhere [26]. For off-line method, there is a linear correlation between 

OD600 and biomass data of a continuous culture. Therefore, calculating the biomass formulation rates 

from either OD600 data or biomass data is identical and for the actual biomass concentration 

calculation, a linear correlation is given.  

2.6. Data Evaluation 

The data evaluation was focussing on the three-dimensional representations of the dependencies on 

the process parameters pH and temperature. The following dependencies were investigated as the 

function of pH and temperature, as the biological activity: the volumetric rate of substrate,  

of by-product, of biomass calculated with using the optical density values. To support the  

three-dimensional data representation, multivariate data analysis of the obtained dataset of rates was 

carried out using DataLab software (provided by H. Lohninger, Vienna University of Technology, 

Vienna, Austria). As the variances, as well as the units of the variables, differed, the data were 

standardized prior to principal component analysis. The multivariate data analyses were accomplished 

according to the generally accepted directives for multivariate data treatment. 

3. Results and Discussion  

3.1. Ramp Design 

The dynamic parameter optimization study on defined medium and glycerol as model substrate was 

conducted with applying temperature ramps in continuous culture. The dilution rate set point of  

0.03 ± 0.005 h
−1

 was applied while maintaining the pH constant in the bioreactor at different pH set 

points of the shifts. Operating a bioreactor below room temperature with halophilic microorganisms is 
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unlikely, regarding the elevated temperature requirements of the applied microorganisms [29].  

At temperatures higher than 40 °C, however, the extremely low solubility of oxygen becomes critical 

for conducting aerobic bioprocesses, even with lower biomass concentrations, and not just in the case 

of bioprocesses with high cell densities, namely fed-batches. The obtained data has been divided into 

the following four categories: down 1: decreasing temperature from 37 °C (40 °C at pH 6.8) to 25 °C 

with 0.3 °C·h
−1

; down 2: decreasing temperature from 40 °C to 30 °C with 0.2 °C·h
−1

; up 1: increasing 

temperature from 25 °C to 40 °C with 0.3 °C·h
−1

; up 2: increasing temperature from 30 °C to 40 °C 

with 0.3 °C·h
−1

.  

Acetate has been reported as major metabolite by the genus Haloferax when they are grown on 

glycerol [39]. The production of acetate is a result of an overflow metabolism effect on the substrate 

glycerol, as it was previously analogously described for glucose and ethanol in yeast cultures [40]. 

When the maximum capacity of the glyoxylate cycle is already reached, by-product formation can be 

detected. Hence, it is expected that the formation of acetate can show parallel behavior to the 

accumulation of glycerol in the medium. Acetate is excreted into the medium as metabolite, but can 

also be taken up again. Therefore, it is also important to minimize or ideally eliminate acetate 

concentration for a preferably low amount of organic substances in the effluent medium.  

3.2. Analytics: The Necessity for Off-Line Data 

The optical density, residual substrate concentration and by-product formation were measured  

off-line. A recent study suggests the usage of off-line measurements for a given optimization problem 

if time and space requirements both allow it [41]. Applying dynamic cultivation conditions, to avoid 

the superposition of false effects on the measurements, using analytical methods, which offers the least 

errors, is a prerequisite for differentiating dynamic process information from experimental noises. 

Moreover, in continuous cultures which offer in gerenal less biological variability than e.g.,  

fed-batches, off-line data with applying the most accurate analytical methods can also help with data 

evaluation. Therefore, data evaluation, multivariate analyses were always carried out with using the 

more accurate off-line datasets. For the off-line sampling rate along the dynamic ramps, for an 

acceptable signal quality, the averaging windows for calculating metabolic rates were much greater 

(nearly every 5 h) in comparison with the ramp rates (0.2–0.3 °C·h
−1

) and the accuracy of the 

temperature measurements (±0.1 °C).  

3.3. Ramp Down 

As previously discussed in the introduction, the key enzymes in the primary metabolism pathways 

require elevated temperature for optional functioning. The residual glycerol concentration and the 

glycerol uptake rate show, therefore, great temperature dependency. The dependency of the latter on 

pH and temperature is depicted on Figure 2(a). Hence, in order to achieve low residual glycerol 

concentration, a temperature above 32 °C is recommended. The glycerol uptake rate at biochemically 

optimal temperatures for halophiles (32–40 °C) shows almost no pH dependency. As glycerol is 

neither acidic, nor alkaline, the substrate uptake cannot be intensively affected by the pH values in the 

medium. At the same time, very high operating temperatures are not recommended due to the lower 

mass transfer between the gaseous and the liquid phase. The acetate by-product formation is therefore 
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more pronounced at higher temperatures. The reason for that is the adaptation of the metabolic 

pathways to decreased oxygen supply. Instead of entering the glyoxylate cycle, due to the lower 

oxygen supply, by-product formation can be observed. The switch between oxidative growth and 

acetate formation is very sensitive to the state of the oxygen supply. Hence, at higher temperatures, the 

glycerol which is taken up is also partly metabolized into acetate. As acetate is an acidic  

by-product, its production can be influenced by the pH in the medium. The dependency of the acetate 

production rate on both pH and temperature is shown on Figure 2(b). As observed, at higher pH 

values, more acetate by-product was formulated. Hence, for minimizing by-product formation and 

maximizing substrate uptake, lower operating pH values are recommended (6.8–7.0), in combination 

with higher temperatures. Comparing the rates of biomass production, which are depicted on  

Figure 2(c), with the acetate formation, they clearly show how the switches between different metabolic 

states are influenced at lower temperatures. This may imply that the activity of the glycoxylate cycle 

are even more sensitive to temperature than the activities of the metabolic steps, where glycerol is first 

metabolized to pyruvate and then to acetate. In this case, therefore, the production of acetate indicates 

less production of biomass. It can be concluded that two different effects have to be counterbalanced 

regarding the optimal temperature choice. Higher temperatures are better for the biochemical processes 

and, at the same time, the oxygen mass transfer is decreasing with an increase in the temperature.  

The optimal pH values are the lower pH values, where the production of the acidic by-product is 

therefore less pronounced, in accordance with the reported pH dependency of acetate formation [13].  

Figure 2. (a) The dependency of the glycerol uptake rate on the process parameters pH and 

temperature for temperature ramp down 1. A significant temperature dependency of the 

glycerol uptake rate can be observed which is interpreted by the increasing activity of 

metabolic pathways at elevated temperatures. The glycerol uptake rate is not intensively 

affected by pH as a consequence of glycerol being neither acidic nor alkaline. (b) The 

dependency of the acetate production rate on the process parameters pH and temperature 

for temperature ramp down 1. The acetate production is strongly affected by both pH and 

temperature. (c) The dependency of the biomass production rate on the process parameters 

pH and temperature for temperature ramp down 1. 

 

(a) 
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Figure 2. Cont. 

 

(b) 

 

(c) 

3.4. Ramp Up 

In contrast to the ramp down experiments, in this case increasing temperature ramp was applied.  

As it was previously presented, the activity of the metabolitic paths is negatively affected by the lower 

temperatures. In the ramp up, the influences of the higher temperature range can be observed; the mass 

transfer between the gaseous and the liquid phase will be more affected at higher temperatures. For the 

glycerol uptake, however, as discussed in the ramp down section, higher temperatures are preferred. 

The changes in the glycerol uptake rate with pH and temperature for ramp up 1 are presented in  

Figure 3(a). At elevated temperatures, due to mass transfer limitations, glycerol is accumulated. This 

glycerol accumulation is even more significant at higher pH values. Higher pH values are also more 

suitable for the production of acetate as it can be seen in Figure 3(b), which shows similar acetate 
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formation tendency as in Figure 2(c). At the same time, the entering to the glyoxylate cycle is affected, 

the production of acetate can be observed at higher pH values, and more glycerol is accumulated as 

well. In accordance with the ramp down observations, the glycerol uptake at biochemically optimal 

temperatures for halophiles (32–40 °C) shows almost no pH dependency. Biomass production shows 

the same tendency, as previously observed, higher temperatures at lower pH values are more favorable 

for microbial growth. Figure 3(c) shows the dependency of biomass production on pH and temperature 

for ramp up 1. 

Figure 3. (a) The dependency of the glycerol uptake rate on the process parameters pH and 

temperature for temperature ramp up 1. (b) The dependency of the acetate production  

rate on the process parameters pH and temperature for temperature ramp up 1. (c) The 

dependency of the biomass production rate on the process parameters pH and temperature 

for temperature ramp up 1. 

 

(a) 

 

(b) 
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Figure 3. Cont.  

 

(c) 

3.5. Multivariate Data Analysis: Supporting the Findings of Temperature and pH Optima 

Experimental data clustering is commonly made by using the tools of multivariate data analysis [42]. 

Principal component analysis has been already reported as a tool for the differentiation among 

different physiological states of the culture and for recognizing process affecting physiological 

excursions [43]. Principal component analysis was carried out using standardized variables, the process 

parameters pH and temperature and the off-line volumetric rates of biomass, substrate as well as the 

metabolite acetate, including every ramp up and ramp down experiment.  

The obtained results are depicted in Figure 4. The first three principal components could cover more 

than 90% of the variance, and therefore were used for data representation. Figure 4(a) summarizes the 

loadings of the variables on the principal components. It can be observed how the loadings of the 

variables vary on the first two principal components which can rather help with data separation by 

temperature. The loadings on the first and third principal components, especially the loading of the 

variable acetate on the third principal component, is more pronounced. As previosuly discussed, the 

formation of acetate as by-product shows strong pH dependency. Figure 4(b) indicates how the 

experimental data could be separated by the first two principal components in order to cluster by the 

physiological differences reasoned by the process parameter temperature. Experimental points at 

higher temperatures were slightly different from the optimal temperature points, which can be 

reasoned by the limitation on the oxygen mass transfer at higher temperatures. The experimental points 

at lower temperatures could be also differentiated due to the previously discussed biochemical 

limitations on the activity of the metabolic pathways. Taking all of the experimental points into 

consideration, they clearly show how the data fit to a trend along high temperature and optimal 

temperature to low temperature. Results from the multivariate data analysis were shown to remarkably 

support the observations of the three-dimensional data representations.  
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Figure 4. The results of the principal component analysis with the chosen standardized  

off-line variables performing on all experimental data along the ramps. (a) The loadings of 

the chosen variables on the principal components. It can be seen which variable has 

significantly greater loading on which principal component. (b) In order to obtain clustering 

by the physiological differences reasoned by the process parameter temperature, the first 

principal component vs. the second principal component is depicted. The variance along 

the third principal component can help with the clustering based on the pH values (data  

not shown). 

 

(a) 

 

(b) 
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3.6. Verification of the Dynamic Experimental Results 

The specific rates on biomass are commonly used for the extraction of relevant process information 

on biological activity [44]. Under dynamic conditions, the specific substrate uptake rate on biomass 

can offer information on the changes in the metabolic state. The cornerstones for Monod kinetics for 

halophilic microogranisms were already shown in chemostat continuous cultures [26]. Applying 

dynamic temperature ramps and pH shifts, however, the equilibrium with the hydraulic dilution in 

continous cultures is not reached. Therefore, the results of the dynamic study were verified with 

comparing the specific substrate uptake rates with a suitable steady-state of a continuous culture and 

also with a batch culture. Table 1 summarizes the comparable rates of the four different ramps with pH 

7.2 and the optimal temperature range. Using ANOVA, applying 10% as the level of significance, it 

was proved that there are no significant differences in the specific substrate uptake rates among the 

dynamic and the steady-state processes. 

Table 1. Comparison of the different process modes for the verification of the dynamic 

experiments. The specific substrate uptake rates of dynamic ramps, steady state continuous 

conditions and batch results were compared with the same pH value, in the optimum 

temperature range and with comparabe dilution rates. In accordance with the three-

dimensional ramp representations, for better overview, the volumetric rates are also included 

in each case. Investigating the specifc substrate uptake rates, ANOVA results revealed that 

no significant difference was obtained among the dynamic experiments and the steady state 

continuous culture. 

 dynamic conditions steady state 

Experiment down 1 down 2 up 1 up 2 continuous culture batch culture 

T (°C) 37–36 38–36 38–39 36–37 37 37 

pH 7.2 7.2 7.2 7.2 7.2 7.2 

D = µ (h−1) 0.030 ± 0.005  0.035 ± 0.003 µmax 

rGly (g/L/h) 0.104 0.071 0.076 0.057 0.120 0.108 

rAce (g/L/h) 0.003 0.008 0.005 0.004 0.002 0.002 

rOD (g/L/h) 0.080 0.052 0.067 0.049 0.070 0.083 

qS (g/g/h) 0.056 ± 0.005 0.050 ± 0.005 0.051 ± 0.005 0.053 ± 0.005 0.047 ± 0.005 0.054 ± 0.005 

3.7. Data Repeatability and Reproducibility 

As the aim of the study is to describe the applicability of a novel and general dynamic method for 

accelerating bioprocess parameter optimization, data repeatability, as well as reproducibility, must be 

discussed. For the repeatability of the ramps, the following should be considered. The indicated 

deviations in Table 1 can be reasoned by the slightly different substrate concentrations in the different 

feed charges. Furthermore, due to the experimental noises, the ramps results can only be obtained with 

approx. 10% uncertainty. The presence of the adaptation to the enviromental perturbations can 

however impose slight changes, the reproducibility has been tested with repeating particular ramps, 

both ramps up and down were carried out in duplicates. There were no significant effects found on the 

relevant experimental results as ANOVA declared no significant differences (qS, Table 1). Hence, 
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with the accomplished repeatable and reproducible experiments based on dynamic methods, the main 

effects on process parameters pH and Temperature could be statistically anticipated.  

4. Conclusions  

The applications of dynamic experiments for process parameter optimization can offer faster 

alternatives in the early phase of bioprocess development with bioindustrial relevances. Optimizing 

process parameters temperature and pH is of highest interest for a physiologically robust bioprocess. 

This study presents a dynamic process parameter optimization study, using temperature ramps and pH 

shifts in continuous culture, as a novel process development tool, with an extreme halophilic strain as 

an example in a corrosion resistant bioreactor. 

The work focused on the quantitative investigation of the biological activity along the applied 

ramps and shifts in continuous culture extracting the process relevant information from the experimental 

data, without providing full kinetic, as well as metabolomic assessment. The three-dimensional 

representations of the obtained datasets could help with the identification of the optimal ranges for 

temperature and pH as well. The results were phyisiologically interpreted and interlinked with the 

primary carbon metabolism of extreme halophilic Archaea. On one hand, multivariate data analysis 

could help with supporting the observations of the three-dimensional data evaluations. Data clustering 

with principal component analysis was shown to be an efficient tool for separating different 

physiological states reasoned by different temperatures and pH values.  

On the other hand, the results of this dynamic study were verified with comparing the obtained 

biological activities along the ramp studies with results of steady-states of continuous cultures and 

batch cultivations. The robustness of the dynamic experiments was reflected in the acceptable 

reproducibility along the ramp downs and ramp ups within 10% uncertainty. Hence, the here presented 

dynamic methodology can serve as a general process development tool for accelerating bioprocess 

development. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Oren, A. Industrial and environmental applications of halophilic microorganisms. Environ. 

Technol. 2010, 31, 825–834. 

2. Zhuang, X.; Han, Z.; Bai, Z.; Zhuang, G.; Shim, H. Progress in decontamination by halophilic 

microorganisms in saline wastewater and soil. Environ. Pollut. 2010, 158, 1119–1126. 

3. Pendashteh, A.R.; Fakhru’l‐Razi, A.; Chuah, T.G.; Dayang Radiah, A.B.; Madaeni, S.S.;  

Zurina, Z.A. Biological treatment of produced water in a sequencing batch reactor by a 

consortium of isolated halophilic microorganisms. Environ. Technol. 2010, 31, 1229–1239. 

4. Li, W.-G.; Ma, F.; Wei, L.; Zhang, D.-W.; Liu, F.; Wang, G.-Y.; Su, J.-F. Isolation and 

identification of moderately halophilic bacterium and enhanced treatment of hypersaline tanning 

wastewater by the bacterium. JSCUT 2008, 36, 89–94. 

http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Fakhru%E2%80%99l%E2%80%90Razi%2C+A%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Chuah%2C+T%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Radiah%2C+A+D%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Madaeni%2C+S%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Zurina%2C+Z%29


Bioengineering 2014, 1 15 

 

 

5. Cyplik, P.; Czaczyk, K.; Piotrowska-Cyplik, A.; Marecik, R.; Grajek W. Removal of nitrates from 

brine using Haloferax mediterranei Archeon. Environ. Prot. Eng. 2010, 36, 5–16. 

6. Rodriguez-Valera, F.; Garcia Lillo, J.A.; Anton, J.; Meseguer, I. Biopolymer Production by 

Haloferax mediterranei; In General and Applied Aspects of Halophilic Microorganisms; Springer: 

New York, NY, USA, 1991; pp. 373–380. 

7. Rodriguez-Saiz, M.; Sanchez-Porro, C.; Fuente, J.L.; Mellado, E.; Barredo, J.L. Engineering the 

halophilic bacterium Halomonas elongata to produce β-carotene. Appl. Microbiol. Biotechnol. 

2007, 77, 637–643. 

8. Oren, A. Molecular ecology of extremely halophilic Archaea and Bacteria. FEMS Microbiol. 

Ecol. 2002, 39, 1–7. 

9. Fendrihan, S.; Legat, A.; Pfaffenhuemer, M.; Gruber, C.; Weidler, G.; Gerbl, F.; Stan-Lotter, H. 

Extremely halophilic archaea and the issue of long-term microbial survival. Rev. Environ. Sci. 

Biotechnol. 2006, 5, 203–218. 

10. Kivistoe, A.T.; Karp, M.T. Halophilic anaerobic fermentative bacteria. J. Biotechnol. 2011, 152, 

114–124. 

11. Kapdan, I.K.; Erten, B. Anaerobic treatment of saline wastewater by Halanaerobium lacusrosei. 

Process Biochem. 2007, 42, 449–453. 

12. Martínez-Espinosa, R.M.; Zafrilla, B.; Camacho, M.; Bonete, M.J. Nitrate and nitrite removal 

from salted water by Haloferax mediterranei. Biocatal. Biotransfor. 2007, 25, 295–300. 

13. Oren, A. Uptake and turnover of acetate in hypersaline environments. FEMS Microbiol. Ecol. 

1995, 18, 75–84. 

14. Brasen, C.; Schonheit, P. Mechanisms of acetate formation and acetate activation in halophilic 

archaea. Arch. Microbiol. 2001, 175, 360–368. 

15. Oren, A.; Gurevich, P. Diversity of lactate metabolism in halophilic archaea. Can. J. Microbiol. 

1995, 41, 302–307. 

16. Anton, J.; Meseguer, I.; Rodriguez-Valera, F. Production of an extracellular polysaccharide by 

Haloferax mediterranei. Appl. Environ. Microbiol. 1988, 54, 2381–2386. 

17. Oren, A. The role of glycerol in the nutrition of halophilic archaeal communities: A study of 

respiratory electron transport. FEMS Microbiol. Ecol. 1995, 16, 281–290. 

18. Cuadros-Orellana, S.; Pohlschroeder, M.; Durrant, L.R. Isolation and characterization of halophilic 

archaea able to grow in aromatic compounds. Int. Biodeterior. Biodegrad. 2006, 57, 151–154. 

19. Siebers, B.; Schönheit, P. Unusual pathways and enzymes of central carbohydrate metabolism in 

Archaea. Curr. Opin. Microbiol. 2005, 8, 695–705. 

20. Sato, T.; Atomi, H. Novel metabolic pathways in Archaea. Curr. Opin. Microbiol. 2011, 14,  

307–314. 

21. Falb, M.; Müller, K.; Königsmaier, L.; Oberwinkler, T.; Horn, P.; von Gronau, S.; Gonzalez, O.; 

Pfeiffer, F.; Bornberg-Bauer, E.; Oesterhelt, D. Metabolism of halophilic archaea. Extremophiles 

2008, 12, 177–196. 

22. Hawkes, F.R.; Dinsdale, R.; Hawkes, D.L.; Hussy, I. Sustainable fermentative hydrogen production: 

Challenges for process optimisation. Int. J. Hydrogen Energ. 2002, 27, 1339–1347. 

23. Herwig, C. Process analytical technology in biotechnology. Chem. Ing. Tech. 2010, 82, 405–414. 



Bioengineering 2014, 1 16 

 

 

24. Sagmeister, P.; Wechselberger, P.; Herwig, C. Information processing: Rate-based investigation 

of cell physiological changes along design space development. PDA J. Pharm. Sci. Technol. 2012, 

66, 526–541. 

25. Rittmann, S.; Seifert, A.; Herwig, C. Quantitative analysis of media dilution rate effects on 

Methanothermobacter marburgensis grown in continuous culture on H2 and CO2. Biomass 

Bioenerg. 2012, 36, 293–301. 

26. Lorantfy, B.; Seyer, B.; Herwig, C. Stoichiometric and kinetic analysis of extreme halophilic 

Archaea on various substrates in a corrosion resistant bioreactor. New Biotechnol. 2013, in press. 

27. Cyplik, P.; Grajek, W.; Marecik, R.; Króliczak, P.; Dembczyński, R. Application of a membrane 

bioreactor to denitrification of brine. Desalination 2007, 207, 134–143. 

28. Fang, C.-J.; Ku, K.-L.; Lee, M.-H.; Su, N.-W. Influence of nutritive factors on C50 carotenoids 

production by Haloferax mediterranei ATCC 33500 with two-stage cultivation. Bioresour. 

Technol. 2010, 101, 6487–6493. 

29. Bowers, K.J.; Wiegel, J. Temperature and pH optima of extremely halophilic archaea:  

A mini-review. Extremophiles 2011, 15, 119–128. 

30. Robinson, J.L.; Pyzyna, B.; Atrasz, R.G.; Henderson, C.A.; Morrill, K.L; Burd, A.M.; DeSoucy, E.; 

Fogleman, R.E., III; Naylor, J.B.; Steele, S.M.; Elliott, D.R.; Leyva, K.J.; Shand, R.F. Growth 

kinetics of extremely halophilic Archaea (family Halobacteriaceae) as revealed by Arrhenius plots. 

J. Bacteriol. 2005, 187, 923–929. 

31. Losen, M.; Froehlich, B.; Pohl, M.; Buechs, J. Effect of oxygen limitation and medium 

composition on Escherichia coli fermentation in shake-flask cultures. Biotechnol. Prog. 2004, 20, 

1062–1068. 

32. Vazquez, M.; Martin, A.M. Optimization of Phaffia rhodozyma continuous culture through 

response surface methodology. Biotechnol. Bioeng. 1998, 57, 314–320. 

33. Mateles, R.I.; Battat, E. Continuous culture used for media optimization. Appl. Environ. Microbiol. 

1974, 28, 901–905. 

34. Spadiut, O.; Rittmann, S.; Dietzsch, C.; Herwig, C. Dynamic process conditions in bioprocess 

development. Eng. Life Sci. 2013, 13, 88–101. 

35. Shahhosseini, S. Simulation and optimisation of PHB production in fed-batch culture of  

Ralstonia eutropha. Process Biochem. 2004, 9, 936–969. 

36. Wechselberger, P.; Sagmeister, P.; Herwig, C. Model-based analysis on the extractability of 

information from data in dynamic fed-batch experiments. Biotechnol. Progr. 2013, 29, 285–296. 

37. Dietzsch, C.; Spadiut, O.; Herwig, C. A dynamic method based on the specific substrate uptake 

rate to set up a feeding strategy for Pichia pastoris. Microbial. Cell Factories 2011, 10, 14, 

doi:10.1186/1475-2859-10-14. 

38. Garcia, L.J.; Rodriguez-Valera, F. Effects of culture conditions on poly(beta-hydroxybutyric acid) 

production by Haloferax mediterranei. Appl. Environ. Microbiol. 1990, 56, 2517–2521. 

39. Oren, A.; Gurevich, P. Production of D-lactate, acetate, and pyruvate from glycerol in communities 

of halophilic archaea in the Dead Sea and in saltern crystallizer ponds. FEMS Microbiol. Ecol. 

1994, 14, 147–155. 

40. Sonnleitner, B.; Kaeppeli, O. Growth of Saccharomyces cerevisiae is controlled by its limited 

respiratory capacity: Formulation and verification of a hypothesis. Biotechnol. Bioeng. 1986, 28, 

927–937. 



Bioengineering 2014, 1 17 

 

 

41. Wechselberger, P.; Herwig, C. Model-based analysis on the relationship of signal quality to  

real-time extraction of information in bioprocesses. Biotechnol. Prog. 2012, 28, 265–275. 

42. Romesburg, H.C. Cluster Analysis for Researchers; Lulu Press: Raleigh, NC, USA, 2004. 

43. Lorantfy, B.; Jazini, M.; Herwig, C. Investigation of the physiological response to oxygen limited 

process conditions of Pichia pastoris Mut
+
 strain using a two-compartment scale-down system.  

J. Biosci. Bioeng. 2013, 116, 371–379.  

44. Ren, H.; Yuan, J. Model-based specific growth rate control for Pichia pastoris to improve 

recombinant protein production. J. Chem. Technol. Biot. 2005, 80, 1268–1272. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


