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Table 15: Organic solvents used for the lipid extraction of Schizochytrium mangrovei cultures. The ratio of organic solvent 

used and culture used is mentioned in the table as well.  

Organic solvent Ratio organic solvent : liquid culture 

Hexan 1:1 

Methanol 1:1 

Petrolether 1:1 

Rape seed oil 1:1 

CaCl2 1:10 

HCl 1:10 

H2SO4 (+ Methanol : Petrolether) 1:10 

Methanol : Hexan 1:2:2 

Methanol : Petrolether 1:2:2 

Chloroform : Methanol : Water 2:1:2 

 

For a lipid analysis approximately 30 mg of lipid were transferred into a glass tube and sent for 

analysis to get an insight into the lipid composition of the Schizochytrium mangrovei strain 

cultivated.
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4. RESULTS 

 

4.1. Microbiome study 

The 18S rRNA amplification was performed to get an insight into the structure of the natural 

microbiome of environmental microalgae. The samples were taken from places where the 

presence of microalgae was suspected.  

In Figure 12 an overview of all the samples analyzed can be seen on a phylum level. Already 

at this level, differences of the overall sample groups were evident. The groups 3B and 3C 

showed a high relative abundance of SAR (at least 50 %) which were less represented in the 

other samples groups. Archaeplasitida and Opisthokonta represented 50 % of the relative 

eukaryotic biomass in the other samples investigated. In the sample 3E Opisthokonta was the 

predominant group (90 %). 

 

Figure 12: Visualization of all analyzed samples on phylum level . The replicates are grouped by color overlay. light blue: 

red snowfield, light orange: green snowfield, light grey: pond, light yellow: pond, dark blue: swimming pond, light green: red 

snowfield, light red: stagnant water, light purple: lake, turquoise: orange snowfield, dark grey: red snowfield, dark green: red 

biofilm on plastic chair, dark red: tile of a pool 
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The most frequently found taxon on order level in the samples from Graz and Ennstal was 

Chloroplastida (~70 %). The order Holozoa made up the same amount (~15 %) of Ennstal and 

Graz. The remaining 15 % differed slightly. Triebener Tauern and Drei Lacken contained ~50 

% of Chloroplastida. Triebener Tauern showed a higher amount of Nucletmycea compared to 

Drei Lacken. Seetaler Alpen differed from the other locations. The location Graz was the only 

location to contain Discoba (Figure 13).  

 

Figure 13: Comparison of microalgae community composition from different locations on order level. The samples of 

each location were condensed. The locations include Triebener Tauern, Drei Lacken, Seetaler Alpen, Graz and Ennstal. nfc: 

not further classified 

The samples that were taken from snowfields at different locations showed high similarities 

regarding the main organism groups (Figure 14). Samples snowfield3A, 3D and 3E contained 

at least 60 % of fungi. Their relative abundance in sample snowfield3D was higher than in the 

other samples. Sample snowfield1A and 1B had approximately 50 % of Chlorophyta and about 

30 % of fungi. The overall dominating taxonomic group on the snowfields belonged to fungi.  
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Figure 14: Comparison of snowfield samples on the order level . The replicates of each snowfield were condensed. The 

samples include two snowfield samples from Triebener Tauern (snowfield1A, snowfield1B) and three snowfield samples from 

Seetaler Alpen (snowfield3A, snowfield3D, snowfield3E).  nfc: not further classified  

The microbiome of the water samples on order level are displayed in Figure 15. Within the 

samples lake2A and 2B over 40 % of Chlorophyta were detected. The other samples also 

showed the presence of Chlorophyta but to a lesser extent. Sample 2C contained 60 % of fungal 

ribosomal sequence variants (RSVs) whilst sample water3B contained over 60 % of 

Ochrophyta. Sample lake3C showed the highest abundance. The biggest group in sample 

lake3C was Chloroplastida nfc3 (70 %). This group wasn´t that well represented in the other 

samples. Similar to the snowfield samples, the group of fungi is also well represented in all the 

water samples.  

0%

20%

40%

60%

80%

100%

snowfield1A snowfield1B snowfield3A snowfield3D snowfield3E

Charophyta Chlorophyta Chloroplastida nfc1 Metazoa (Animalia)

Fungi Nucletmycea nfc2 Opisthokonta nfc3 Apicomplexa

Ciliophora Protalveolata Alveolata nfc4 Cercozoa

Ochrophyta Peronosporomycetes Stramenopiles nfc5 Eukaryota unassigned



Results 

Lisa Bindhofer  35 

 

Figure 15: Comparison of water samples on order level . The replicates of each water samples were condensed. The samples 

include tree samples from Drei Lacken (lake2A, lake2B, lake2C) and two samples from Seetaler Alpen (water3B, lake3C) nfc: 

not further classified 

The two samples spots which were not natural habitats for microalgae were the plastic chair 

and the tile of a pool (Figure 16). In both cases Charophyta represented at least 60 %. 

Discicristata were present with at least 15 % in the urban habitats. The eukaryotes that did only 

show up in the urban habitats were Dictyostelium and Arcellinida.  

 

Figure 16: Comparison of the unnatural habitat samples on the order level. The non-environmental habitats include a 

white plastic chair and the tile of a pool. The replicates of each samples were condensed. The chair sample was taken in Graz, 

the tile pool sample was taken in Ennstal. nfc: not further classified 
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The alpha – rarefaction plot revealed a high diversity of the samples 2B and 3C (Figure 17). 

The lowest diversity was represented with the samples 1B, 3B and pool. The samples 1A and 

chair were not as diverse as samples 3D and 3A.  

 

Figure 17: Alpha-rarefaction graph  of the sequenced samples. Observed OTUs are an indicator for the microbial diversity 

in the samples. 
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The PCOA plot showed the similarities of the samples with each other and can be seen in Figure 

18. All snowfield samples were grouped with other snowfield samples. 2 replicates of samples 

snowfield1A were located near snowfield1B. The replicates of sample lake2A were very close 

to the rest of the snowfield1A samples. The chair samples were grouped nicely as well as the 

lake2B, water3B and lake3C samples. Samples snowfield3E and snowfield3A were very near 

to each other. The pool samples were located near the chair samples.  

 

Figure 18: PCOA plot of different amplicon sequencing samples. Samples from the same sampling site are highlighted in the 

same color for better differentiation. 
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Schizochytrium mangrovei was not able to grow with (NH4)2SO4 due to the drastic pH drop 

during the cultivation. For further cultivation of the microalgae, 30 mM Urea was used which 

led to high key indicator values. 

4.2.1.2.2. Substrate concentration 

Schizochytrium mangrovei was cultivated on different substrate concentrations to identify the 

ideal glucose concentration for the microalgae´s growth.  

For the cultivation of Schizochytrium mangrovei using 40 g L-1 glucose a nice growth curve 

could be created (Figure 22A). A very short lag phase was noticed. The biomass concentration 

increased within the first 40 hours with a nice exponential phase which lasted up until hour 50. 

At hour 50, the glucose was completely used up and the biomass concentration declined.  

The cultivation with 60 g L-1 glucose showed a different behavior of the microalgae (Figure 22 

B). The biomass increased in the beginning a little slower than for the lower glucose 

concentration. After the short lag phase the growth reached the start of the exponential growth 

phase. After 70 hours the biomass concentration plateaued, even though there was still                 

10 g L-1 glucose present. The microalgae was not able to consume the entire glucose.  

The cultivation with 80 g L-1 glucose revealed a short lag phase followed by an exponential 

growth phase. At hour 50 the exponential phase ended and the growth curve reached a plateau. 

The microalgal culture did not grow further. (Figure 22C). The glucose was not used up entirely, 

after 50 hours 30 g L-1 glucose were still present in the medium.  

The cultivation experiment with 120 g L-1 glucose showed a longer lag phase compared to the 

other substrate experiments conducted. The cultivation took over 300 hours. During this time 

Figure 21: Schizochytrium mangrovei after 60 hours of cultivations with (NH4)2SO4 as a nitrogen source. The microscopy 

showed a destroyed cell culture. No intact cells were visible. Cell debris was detected during microscopic evaluation. It showed 

the microalgae with 600x magnification 
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the cells were able to use up 75% of the initial glucose concentration but the growth was very 

slow (Figure 22D). A longer time period did allow the cells the take up of the glucose but the 

time needed for the consumption was very long.  

Table 18: Calculated key indicators for the substrate concentration experiments of Schizochytrium mangrovei . The key 

indicators include the max. biomass concentration, the growth rate, the biomass productivity and the yield.  

Glucose Biomass (max.) µ (exponential phase) Biomass productivity  YX/S 

[g L-1] [g L-1] [day-1] [g L-1 day-1] [g g-1] 

40 32.913 1.664 14.385 0.452 

60 37.829 1.241 10.158 0.728 

80 33.832 1.014 11.286 0.705 

120 34.334 0.172 2.782 0.236 

 

Figure 22: Growth curves for different substrate concentrations of Schizochytrium mangrovei. The glucose concentration 

is also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-axis right: glucose [g L-1]; A: 40 g L-1 glucose concentration, 

B: 60 g L-1 glucose concentration, C: 80 g L-1 glucose concentration, D: 120 g L-1 glucose concentration 

The data gained from the cultivation experiments showed a significant difference between the 

glucose concentrations used (Table 18). The cultivation with 60 g L-1 led to the highest biomass 

concentration with 37.8 g L-1 but the culture was not able to use up the entire substrate within 

90 hours, making the other key indicator values lower except the yield. The yield gained from 
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60 g L-1 glucose showed the highest value for all substrate concentration experiments with  

0.728 g g-1. The 40 g L-1 glucose cultivation consumed the substrate completely. However, the 

lowest biomass concentration of 32.9 g L-1 was produced. The highest values for growth rate 

and biomass productivity were created for the cultivation with 40 g L-1 glucose. The cultivation 

with 120 g L-1 glucose led to a biomass concentration of 34.3 g L-1. However, the time needed 

to produce this amount relativized the results.  
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4.3. Batch fermentation experiments 

4.3.1. Chlorella vulgaris 

The fermentation of Chlorella vulgaris differed from the cultivation in the shaking flasks. Three 

batch fermentations were performed. 

The growth curve for the first fermentation is displayed in Figure 23. The fermentation lasted 

about 50 h, which was twice as fast as the shaking flask cultivation. With the little data points 

available, no lag phase could be observed, but the biomass concentration increased 

exponentially starting from the beginning. The biomass growth did not stagnate. However, the 

provided glucose was completely consumed. 

 

Figure 23: Growth and glucose concentration curve of batch fermentation 1 of Chlorella vulgaris . The glucose 

concentration is also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-axis right: glucose [g L-1] 

The data gained from the first fermentation attempt revealed a lower biomass concentration and 

yield compared to the shaking flask cultivations. A biomass concentration of 19.9 g L-1 was 

reached (Table 19). Due to the short time needed for the entire consumption of the substrate, 

the growth rate and the biomass productivity value were higher than for the flask cultivations.  

The online data received during the first fermentation process (Figure 24) showed the regulatory 

steps taken by the controlling unit of the fermenter. After 1 hour the first regulation step of the 

pO2 regulation cascade occurred. The airflow (red line in Figure 24) from 2 to 10 NL min-1 

increased within 4 hours. Next, the stirrer speed and pressure increased to keep the pO2 at the 

desired value.  
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Figure 24: Documented fermentation data from Chlorella vulgaris fermentation 1 . Including the (A) stirrer speed, air 

flow, (B) pO2 value and pressure change during the fermentation.  

The microscopy of the cells during the fermentation Figure 25A showed cell debris, which 

might explain the lower biomass concentration. Other than that, the culture appeared to be 

axenic. In Figure 25B, the culture on the final day can be seen. The culture consisted of a variety 

of cell sizes, no cell division was documented.  

 

Figure 25: Microscopy picture of Chlorella vulgaris during fermentation 1 . (A) showed the cell debris in the background 

of the cell culture. (B) Showed the general state of the culture after 50 hours. It showed the microalgae with 600x magnification 

For the second fermentation the pO2 cascade was adjusted (flow [2-10 NL min-1] – pressure  

[0-1 bar] – stirrer [100-500 rpm]). This time the growth curve revealed a lag phase of 18 h. 

After this, the culture exhibited exponential growth behavior. At hour 40 the cultivation was 

stopped (Figure 26), due to the declining pO2 value (Figure 27B). The culture did not use up 

the entire glucose provide, 8 g L-1 glucose were still present in the medium. The key indicators 

calculated from the second fermentation showed similar values as for the first fermentation 

Table 19.  

0

1

2

3

4

5

6

7

8

9

10

0 10 20 30 40 50 60

R
P

S
 (

1
/s

)

A
ir

 F
lo

w
 (

L
/m

in
)

Time (hours)

Stirrer

Air Flow

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 10 20 30 40 50 60

p
O

2
 (

-)

P
re

ss
u

re
 (

b
a

r)

Time (hours)

pO2

Pressure

A B 

A B 



Results 

Lisa Bindhofer  47 

 

Figure 26: Growth and glucose concentration curve of batch fermentation 2 of Chlorella vulgaris . The glucose 

concentration was also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-axis right: glucose [g L-1] 

The recorded data of the fermentation showed the regulatory steps taken from the fermenter 

system (Figure 27). After ~10 hours the first regulation step, the air flow, reached its maximum. 

That was when the next regulator step, pressure regulation, occurred. Within 10 hours the 

pressure increased to 1 bar. This resulted in the third regulatory step, the increase of the stirrer 

speed. Once the highest allowed stirrer speed of 500 rpm was reached, the pO2 value decreased 

which limited the oxygen supply to the microalgal cell culture.  

 

Figure 27: Documented fermentation data from Chlorella vulgaris fermentation 2 . Including the (A) stirrer speed, air 

flow, (B) pO2 value and pressure change during the fermentation. 

The third fermentation attempt was not suitable for analysis due to a leakage in the acid pump 

tube. The system was open and the pH value was not adjusted for several hours. Due to the 

possible contamination and the uncontrolled conditions, the fermentation was stopped. The 

whole fermentation process lasted 15 hours. The key indicators for the third fermentation can 

be seen in Table 19. All values calculated were lower than for to the other Chlorella vulgaris 

fermentations because the fermentation was not finished. Therefore, this values were not 

considered for further evaluation.  
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Table 19: Calculated key indicators for the batch fermentations of Chlorella vulgaris . The key indicators included the 

max. biomass concentration, the growth rate, the biomass productivity and the yield.  

 Biomass (max.) µ (exponential phase) Biomass productivity YX/S  

 [g L-1] [day-1] [g L-1 day-1] [g g-1] 

Fermentation 1 19.890 1.438 8.235 0.446 

Fermentation 2 19.295 2.159 9.953 0.861 

Fermentation 3 7.595 1.975 2.594 1.324 

 

Overall, the highest biomass concentration was produced with the first fermentation. The 

highest growth rate, biomass productivity and yield were achieved in the second fermentation.  

4.3.2. Schizochytrium mangrovei 

The three batch fermentations conducted with Schizochytrium mangrovei did not reflect the 

observed characteristics of the microalgae and key indicators observed in the flask experiments. 

The three fermentations showed the same growth inhibition of the microalgae as well as similar 

key indicators. Each fermentation was performed over 130 hours. The growth curves for each 

fermentation were similar (Figure 28). The microalgae grew very slowly starting from the 

beginning. The growth did not reach an exponential phase. The growth curves revealed a very 

slow substrate uptake as well. After 130 h only 10 g L-1 glucose were consumed by the 

microalgae. The highest biomass concentration gained from all fermentations was 7.8 g L-1 

(Table 20). That was significantly lower than the values from the shaking flask experiments. 

Additionally, also the growth rates, biomass productivities and yields were lower. The growth 

of Schizochytrium mangrovei seemed to be inhibited in each fermentation attempt.  

 

Figure 28: Growth and glucose concentration curve of batch fermentation 6 of Schizochytrium mangrovei . The glucose 

concentration was also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-axis right: glucose [g L-1] 
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Table 20: Calculated key indicators for the batch fermentations of Schizochytrium mangrovei . The key indicators include 

the max. biomass concentration, the growth rate, the biomass productivity and the yield.  

 Biomass (max.) µ (exponential phase) Biomass productivity YX/S  

 [g L-1] [day-1] [g L-1 day-1] [g g-1] 

Fermentation 5 2.966 0.782 0.578 0.362 

Fermentation 6 7.815 0.471 1.537 0.610 

Fermentation 7 3.945 0.466 0.546 0.153 

 

The fermentation documentation graphs of all three fermentations showed similar results. The 

fermentation documentation graph of fermentation 6 was displayed in Figure 29. They revealed 

no increase in oxygen demand, which was the result of a low biomass concentration in the 

fermenter. No regulatory steps to maintain the pO2 saturation were activated. The sterility of 

the culture was confirmed by microscopy (Figure 30). No mobile cells were detected, which 

was a result of no growth. In comparison to the shaking flask experiments, the culture was not 

dense. During the fermentation process something inhibited the microalgae´s growth. To 

identify the inhibiting factor, experiments in an airlift bioreactor were conducted.  

 

Figure 29: Documented fermentation data from Schizochytrium mangrovei fermentation 6 . Including the (A) stirrer 

speed, air flow, (B) pO2 value and pressure change during the fermentation.  
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Figure 30: Microscopy picture of Schizochytrium mangrovei during fermentation 6 . The microscopy picture showed more 

smaller cells than larger ones. However, no mobile cells were observed. It showed the microalgae with 600x magnification 

4.4. Airlift bioreactor experiments 

Cultivation experiments in the airlift bioreactor were conducted to investigate the inhibited 

growth of Schizochytrium mangrovei in the fermentation processes. Two different experiments 

were performed: One to simulate the fermentation cultivation and try to reproduce the problem, 

and the second one to eliminate the inhibitor.  

4.4.1. Fermentation simulation 

The first approach, where the airlift bioreactor was treated like the fermenter (medium 

components except for glucose were autoclaved twice inside the bioreactor) the bioreactor 

showed the same behavior as the fermenter (Table 21), i.e. the growth of the microalgae was 

inhibited. The culture did not reach an exponential phase. The slow growth stagnated after 

100 hours, no significant increase in the biomass concentration was documented after that. The 

cultivation was stopped after 200 hours. The glucose curve in Figure 31 did decline slowly. The 

culture did consume 15 g L-1 of the provided glucose. A biomass of 7.2 g L-1 after 200 h was 

produced, which is a little less biomass than in the fermenter. 
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Figure 31: Growth and glucose concentration curve of the fermentation simulation in an airlift bioreactor of 

Schizochytrium mangrovei . The glucose concentration was also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-

axis right: glucose [g L-1] 

Table 21: Calculated key indicators for the fermentation simulation in an airlift bioreactor of Schizochytrium mangrovei 

. The key indicators included the max. biomass concentration, the growth rate, the biomass productivity and the yield.  

Biomass (max.) µ (exponential phase) Biomass productivity YX/S  

[g L-1] [day-1] [g L-1 day-1] [g g-1] 

7.157 0.499 0.997 0.419 

 

When the medium handling of the flask experiments and the fermentations were compared, a 

difference was noticed. The shaking flasks were filled with sterile filtered medium, whereas the 

fermenter and fermenter simulation experiment were filled with heat sterilized medium (30 min, 

121 °C). This difference led to the assumption of a nutrition limitation in the fermenter and the 

fermenter simulation experiment, which could explain the lower key indicators.  

To confirm this theory, the same cultivation in an airlift was performed with a sterile filtered 

medium.  

4.4.2. Sterile filtration experiment 

In the growth curve obtained from the cultivation with the sterile filtered medium, the culture 

reached the exponential phase (Figure 32). In the beginning of the cultivation, the growth of the 

microalgae was slow, however, within the first 50 hours a biomass concentration of 6 g L-1 was 

produced, which was more biomass when compared to the 4.4.1. Fermentation simulation 

experiment. At hour 80 the oxygen supply was increased manually from 0.5 L min-1 to  

1 L min-1. After this oxygen boost, the culture was able to use up the glucose and produce a 

biomass of 23.8 g L-1 within 120 h.  
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Figure 32: Growth and glucose concentration curve of the sterile filtered medium experiment in an airlift bioreactor of 

Schizochytrium mangrovei . The glucose concentration was also displayed. X-axis: time [h], y- axis left: biomass [g L-1], y-

axis right: glucose [g L-1] 

Table 22: Calculated key indicators of the sterile filtered medium experiment in an airlift bioreactor of Schizochytrium 

mangrovei . The key indicators included the max. biomass concentration, the growth rate, the biomass productivity and the 

yield.  

Biomass (max.) µ (exponential phase) Biomass productivity YX/S  

[g L-1] [day-1] [g L-1 day-1] [g g-1] 

23.792 0.573 4.799 0.633 

 

The key indicators obtained for this cultivation can be seen in Table 22. With the sterile filtered 

medium, a higher biomass concentration, growth rate, biomass productivity and yield were 

reached than for all fermentation experiments. In comparison to the flasks experiments, the key 

indicators were lower, which can be explained by the uncontrolled conditions within the 

bioreactor. The pH value was not stable over time. Due to the manual correction the pH sank 

down to a value of 4 before being corrected to 7. Additionally, the oxygen supply was not 

increased exponentially with the growth.  

The cultivation with the airlift bioreactor and sterile filtered medium confirmed the suspected 

nutrition limitation from the fermenter simulation experiment and also revealed an oxygen 

limitation inside the airlift bioreactor system. 
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The PCOA plot showed the similarity of the samples (Figure 18). Snowfield samples 1A 

showed a high similarity, expect for two replicates, which were more similar to snowfield 

samples 1B. This can be explained by the different color of the snowfields where the samples 

were taken. Snowfield samples 1B was taken from a green snowfield. The snowfield of samples 

1A was differently colored. The two samples, which are closer to snowfield sample 1B, were 

taken from a greener area of the snowfield, whereas the other samples were taken from a red 

part of the snowfield. The samples from the plastic chair were very similar to each other as well 

as the samples from the tile of a pool. The two non-natural habitats showed a high similarity on 

the PCOA plot. The water samples were very similar to each other, independent of the location. 

The mixing of the water phase might explain these similarities. In a water medium, which is 

well mixed, the population is spread more evenly compared to e.g. snowfields, where no mixing 

takes place. The snowfield samples 3A, 3D and 3E were located near to each other. Overall the 

PCOA plot supported the information gained from the bar charts. It also pointed out a high 

similarity of two replicates of samples snowfield1A with snowfield samples 1B, which was not 

that clear from the bar charts. Also the similarity from the water samples was made clearer.  

Generally, the microbiome study revealed a high similarity of the water samples independent 

of the sampling location while for the snowfields the coloring of the snowfields seemed to have 

a high impact on the composition of the occurring microorganism. 

5.2. Heterotrophic growth experiments 

The experiments with different substrate concentrations revealed for Chlorella vulgaris an ideal 

substrate concentration of 40-60 g L-1 glucose. Even though the calculated values for the key 

indicators were the highest for 60 g L-1 glucose, the growth curve exhibited the best behavior 

for the 40 g L-1 glucose. Here, the lag phase at the beginning of the cultivation was the shortest, 

followed by an immediate exponential phase. The cultivation with 60 g L-1 glucose displayed a 

lag phase that was longer than for the 40 g L-1 glucose cultivation. In both cases the entire 

glucose was used up and no inhibitory effects on the algal growth were indicated. The 

cultivation with 80 g L-1 glucose clearly showed that higher substrate concentrations inhibit the 

growth of the microalgae. This statement is supported by the calculated key indicator values. 

The approach with the highest glucose concentration lead to the lowest biomass concentration 

as well as the lowest growth rate, biomass productivity and yield. This cultivation approach 

ended with glucose present in the flask. The algal culture was not able to use up the substrate 

within 180 hours. In comparison to the lower substrate concentration approach: Here, the entire 

glucose was used up after approximately 150 hours. Similar results were documented by 
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Doucha (2011). The fermentation of the microalgae with 40 g L-1 glucose as a substrate resulted 

in a similar biomass concentration. However, mentioned in his work is that fedbatch cultivation 

can reach even higher biomass concentrations. With fedbatch fermentations, biomass 

concentration of 48 g L-1 are documented (Shi & Chen, 2008).  

The results gained here resulted in the usage of 40 g L-1 for the fermentation process of 

Chlorella vulgaris.  

For Schizochytrium mangrovei two different medium components were tested. The flask 

experiments for the nitrogen source revealed that the growth of Schizochytrium mangrovei on 

(NH4)2SO4 was not possible. The uptake of (NH4)2SO4 resulted in the release of protons from 

the algae into the medium (Eustance E. et al., 2013), which decreased the pH to a value were 

the microalgal culture could not survive. Even though the medium for the flask experiments 

contained a puffer, it was not possible to puffer the pH change due to the cultivation with 

(NH4)2SO4. The cultivation with Urea showed a slight decrease in the pH value, which did not 

have a high impact on the culture. Due to the cell death in the cultivation with (NH4)2SO4, the 

cultivation with Urea created the highest biomass concentration, growth rate, biomass 

productivity and yield. For the substrate cultivation experiment the cultivation of urea was 

preferred.  

Schizochytrium sp. are reported to be able to work with very high glucose concentrations (up to 

150 g L-1) (Yaguchi et al., 1997). This report was not support by the work conducted in this 

thesis. The cultivation of Schizochytrium mangrovei with glucose concentrations of  

40 – 60 g L-1 created the best growth curves. In both cases a very short lag phase was followed 

by a rapid increase in biomass. The 40 g L-1 glucose cultivation ended after 50 hours with no 

glucose present, whereas the 60 g L-1 glucose cultivation took 70 hours and ended with 8 g L-1 

glucose remaining. The cultivation with a higher substrate concentration of 80 g L-1 glucose 

also exhibited a different growth behavior. The starting point of the exponential phase was later 

compared to the lower substrate concentration. The culture was not able to use the entire 

glucose. After 70 hours, 30 g L-1 glucose were still present and the growth rate declined. A 

slight inhibitory effect was observed. Due to the reported high glucose tolerance the cultivation 

with 120 g L-1 glucose was performed. This cultivation approach showed a strong inhibitory 

effect of the substrate to the microalgae. The cultivation was performed for 350 hours. Within 

this time the algae used up the glucose very slowly. Schizochytrium mangrovei was not able to 

use up the entire glucose provided. A look at the biomass concentration revealed a rather high 

concentration, but the time needed for creation of this biomass relativizes the result. The highest 
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biomass concentration was produced with 60 g L-1 glucose. The highest biomass productivity 

was calculated for the 40 g L-1 glucose cultivation.  

Therefore, for the batch fermentation 40 g L-1 glucose and 30 mM Urea were used. 

5.3. Batch fermentation 

During the three fermentations with Chlorella vulgaris the regulation cascade of the oxygen 

saturation was shown to be the most important factor. The first fermentation, where the pO2 

cascade was stirrer [100-1500 rpm] – flow [2-10 NL min-1] – pressure [0-1 bar], the microscopy 

revealed a high number of destroyed cells. Due to the high stirrer activity (up to 1000 rpm) high 

shear forces were created. It is very likely that the sensitive microalgal cells did not endure the 

high shear forces and that therefore biomass was lost during the fermentation. This would 

explain the lower biomass concentration in the fermenter compared to the shaking flask. For 

the next fermentation attempt the pO2 regulation cascade was changed to flow  

[2-10 NL min-1] – pressure [0-1 bar] – stirrer [100-500 rpm]. The change in the regulation 

cascade resulted in a similar biomass concentration. Here the glucose was not entirely 

consumed. The regulation cascade was completely exhausted and the pO2 value sank after hour 

40. That might be the reason why the glucose was not used up entirely. The culture was under 

oxygen limitation and was not able to grow any further. However, the biomass concentration 

reached after 40 hours was the same as for the first fermentation attempt. If the oxygen 

limitation would not have been present during the fermentation, probably a much higher 

biomass concentration than in the first fermentation could have been achieved. For the third 

fermentation the regulation cascade was changed again: flow [2-10 NL min-1] – pressure  

[0-1.5 bar] – stirrer [100-500 rpm]. The stirrer speed was not increased due to the experiences 

with the higher stirrer activity from the first fermentation. Instead the pressure, which was able 

to build up in the fermenter, was regulated higher. The third fermentation unfortunately ended 

prematurely due to the leakage of the acid pump tube. Due to the open system and the unsterile 

conditions, the data from this fermentation was not usable for analysis.  

The fermentation of Schizochytrium mangrovei created some challenges. The first fermentation 

showed a very low biomass concentration. The behavior of the microalgae differed extremely 

from the shaking flask experiment to the fermenter experiment. After the first fermentation 

attempt the growth of the microalgae seemed inhibited. Due to the experience gained from the 

Chlorella vulgaris fermentation the initial thought was that the issue could be the oxygen 

saturation. Consequently, for the second fermentation the pO2 regulation cascade was changed, 

but no significant improvements were observed. The same issue occurred for the third 
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fermentation. Evidently, a change in the pO2 regulation did not influence the outcome of the 

fermentation. In each fermentation the microalgae culture seemed to be inhibited. After intense 

analysis of the fermentation process the assumption was made that the issue might stem from a 

nutrient limitation. The sterilization of the fermenter including the medium was done at 121 °C 

for 30 min. Literature showed that Urea is heat sensitive and degrades before reaching its 

melting point (Rafat, 2014). If the microalgae did not have any or very little nitrogen, the growth 

would be inhibited due to the nutrition limitation. This assumptions needed to be investigated. 

Therefore the cultivation in 5 L airlift bioreactors was performed.  

5.4. Airlift bioreactor experiments 

The first step to confirm the theory of nutrient limitation was to simulate the fermentation 

experiment with the airlift bioreactor. When the medium was autoclaved twice to simulate the 

121 °C for 30 min, similar key indicators as for the fermentation were observed. The fermenter 

simulation in the airlift bioreactor showed the same type of inhibition as the fermentation did. 

Enough oxygen was present in the airlift bioreactor and the culture was axenic. It grew, but 

only very slowly and the glucose concentration hardly sank.  

The next step was to perform the same cultivation with sterile filtered medium to eliminate any 

effect of heat to the medium. In this experiment the growth curve looked differently. A higher 

biomass concentration was produced. The microalgae culture consumed all the glucose and 

grew. In the beginning, the cell growth was a little slower up until the point when the oxygen 

supply was increased. Even though the growth up until this point was slower compared to the 

shaking flask experiments, it still was better than in the fermenter. For the cultivation in the 

airlift bioreactor the controlling and regulation was not as good as it would be in a fermenter. 

This needs to be considered because the growth would be influenced by the bad conditions 

regardless of the nutrient limitation. When the oxygen supply for the culture was increased, the 

exponential phase started immediately and within 40 h the glucose was used up. With the results 

of those two experiments the initial assumption of the nutrient limitation during the 

fermentation was confirmed.  

5.5. Lipid extractions and content analyses 

The lipid of Schizochytrium mangrovei was extracted from the liquid culture because it was not 

possible to concentrate the biomass by centrifugation or filtration. This issue was first noticed 

with the flask experiments. The high lipid content of the microalgae might make it hard for the 

cells to settle. Regardless, the lipid extraction worked well with the liquid culture. To open the 
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cells they were homogenized. During the lipid extraction, a third phase in between the aqueous 

and organic phase formed. All attempts to get rid of this phase failed. A possible explanation 

could be that this third phase might be an accumulation of phospholipids, proteins, etc.. similar 

to an oil refinery’s so-called gums. Different types or organic solvents are reported to work for 

the lipid extraction of Schizochytrium mangrovei’s lipid (Choi et al., 2014 and Wang et al., 

2015 and Yel et al., 2017). Many of the reported organic solvents did not work. Only organic 

solvents in combination with methanol had the ability to extract the lipid.  

The lipid analysis of the extracted lipid revealed the presence of 38.81 % DHA in the lipid 

sample sent for analysis. Thraustochytrids are reported to be EPA and DHA producers (Lewis, 

Nichols & McMeekin, 1999). However, EPA was not found in a significant amount in the 

Schizochytrium mangrovei lipid extract. The composition of the lipid depends on the strain as 

well as the medium used. The absence of a significant amount of EPA does support research 

which suggest that Schizochytrium mangrovei is specifically interesting due to its high DHA 

content but not EPA content. (Fan et al., 2001). 
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6. CONCLUSIONS AND OUTLOOK 

 

The present work provides novel insights into the ecology of microalgae and their industrial 

utilization. Next-generation sequencing was successfully applied to resolve algal 

community structures in different habitat. The microbiome study with different microalgal 

samples revealed that water samples have the most complex microbiome of all samples. 

However, they displayed the highest similarities independent of the sampling location. This 

might be caused by the movement and mixing of the water. The snowfield samples showed 

a higher similarity when taken at the same location. The coloring of the snowfield is 

indicative of a specific microbiome composition. The microbiomes of the urban habitats 

(pool tiles, plastic chair) were very similar even though the sampling location was not the 

same. In order to further refine the findings, more samples should be collected and analyzed 

in order to find all correlations between microbiome and sampling location, type of habitat 

(natural and artificial/urban) as well as the state of the water (liquid or snow/ice). The 

information gained from microbiome studies provides the means to identify 

microorganisms, which are able to support the growth of microalgae and hence improve 

their industrial application. 

During the optimization of heterotrophic cultivation of two microalgae strains, important 

parameters for process improvements were defined. The heterotrophic cultivation of 

Chlorella vulgaris and Schizochytrium mangrovei showed that a glucose concentration of 

40-60 g L-1 for Chlorella vulgaris and 40 g L-1 glucose for Schizochytrium mangrovei 

resulted in the best growth conditions for the microalgae. With these nutrient concentrations 

inhibiting effects on the microalgal growth can be excluded. Even though with other 

substrate concentrations occasionally higher key indicators (biomass concentration, yield, 

biomass productivity and growth rate) were achieved, the overall growth behavior of the 

microalgae was less optimized.  

The controlled conditions during the cultivation in a fermenter improve the cultivation 

conditions and should therefore lead to a fast cultivation and higher key indicators than flask 

cultivation. With the SPV experiments it has been proven that Schizochytrium mangrovei 

has a high lipid content (~45%) with a high presence of DHA. To further improve the 

cultivation process, the fermentation should be optimized by utilizing different nitrogen 

sources to achieve a higher lipid content and DHA percentage. In this regard (NH4)2SO4 
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could be used, as this nitrogen source reportedly improves the Schizochytrium mangrovei 

growth rate. To increase the key indicators different cultivation modes (e.g. fed-batch) 

should be tested for both microalgae.  

Overall, microalgae become more important industrially and economically. Research in this 

field is increasing and necessary to enable the use of microalgae as a natural resource for 

pigments, vitamins, lipids and many more.  
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7. Chemicals 

 

For the medium and cultivation processes, the following chemicals were used and 

purchased from: 

Agar-Agar     Carl Roth, Karlsruhe, Germany 

CaCl2 * 2 H2O    Carl Roth, Karlsruhe, Germany 

H3BO3     Carl Roth, Karlsruhe, Germany 

CuSO4 * 5 H2O    Carl Roth, Karlsruhe, Germany 

ZnSO4 * 7 H2O    Carl Roth, Karlsruhe, Germany 

CoSO4 * 7 H2O    Carl Roth, Karlsruhe, Germany 

MnCl2 * 4 H2O    Carl Roth, Karlsruhe, Germany 

(NH4)6Mo7O24 * 4 H2O   Carl Roth, Karlsruhe, Germany 

MgSO4*7H2O    Carl Roth, Karlsruhe, Germany 

Glucose     Carl Roth, Karlsruhe, Germany 

NaOH      Carl Roth, Karlsruhe, Germany 

HCl     Carl Roth, Karlsruhe, Germany 

NaCl     Carl Roth, Karlsruhe, Germany 

MgCl2 * 6 H2O    Carl Roth, Karlsruhe, Germany 

KCl     Carl Roth, Karlsruhe, Germany 

NaNO3     Carl Roth, Karlsruhe, Germany 

MgSO4 * 7 H2O    Carl Roth, Karlsruhe, Germany 

CaCl2 * 2 H2O    Carl Roth, Karlsruhe, Germany 

MOPS-Puffer    Carl Roth, Karlsruhe, Germany 

Citric acid monohydrate   Carl Roth, Karlsruhe, Germany 

Ferric ammonium citrate   Carl Roth, Karlsruhe, Germany 

Na2EDTA * 2 H2O   Carl Roth, Karlsruhe, Germany 

Na2CO3     Carl Roth, Karlsruhe, Germany 

K2HPO4     Carl Roth, Karlsruhe, Germany 

Na2MoO4 * 2 H2O   Carl Roth, Karlsruhe, Germany 

Vitamin B12    Carl Roth, Karlsruhe, Germany 

Biotin     Carl Roth, Karlsruhe, Germany 
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Thiamin HCl    Carl Roth, Karlsruhe, Germany 

Urea     Carl Roth, Karlsruhe, Germany 

(NH4)2SO4     Carl Roth, Karlsruhe, Germany 

Yeast extract     Carl Roth, Karlsruhe, Germany 

Peptone     Carl Roth, Karlsruhe, Germany 

MgSO4     Carl Roth, Karlsruhe, Germany 

Glanapon2000     Carl Roth, Karlsruhe, Germany 

Ethanol (70%)     Carl Roth, Karlsruhe, Germany 

 

For the DNS-assay the following chemicals were utilized and purchased from: 

3,5-dinitro-salycilic acid    Sigma-Aldrich, Darmstadt, Germany 

Potassium Sodium tartrate  Sigma-Aldrich, Darmstadt, Germany 

 

For the SPV-assay the following chemicals were utilized and purchased from: 

Vanillin     Sigma-Aldrich, Darmstadt, Germany 

Phosphoric acid (85%)   Carl Roth, Karlsruhe, Germany 

Sulfuric acid (97%)   Carl Roth, Karlsruhe, Germany 

Ethanol (99,9%)    Sigma-Aldrich, Darmstadt, Germany 

 

For the lipid extraction experiments the following chemicals were utilized and purchased 

from: 

Hexane      Carl Roth, Karlsruhe, Germany 

Methanol     Carl Roth, Karlsruhe, Germany 

Petrol ether     Carl Roth, Karlsruhe, Germany 

H2SO4     Carl Roth, Karlsruhe, Germany 

Chloroform     Carl Roth, Karlsruhe, Germany 
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