


5
Concluding remarks

Aurantiochytrium sp. strain T66 was investigated as a potential production host for

high lipid-containing biomass, rich in DHA. T66 was cultivated in a top-bench biore-

actor and shake-flask cultures, using a glucose-glutamate containing growth medium.

Analysis of intracellular lipids, central metabolites, in combination with 13C-glucose

tracers, provided information about the variations between the growth phase, the lipid

accumulation phase, and the transition between these phases.

Investigation of the Aurantiochytrium sp. strain T66 life-cycle was performed as a

consequence of several inoculated bioreactor cultures failing to initiate growth, and a

side-project with shake-flask cultures was established to characterize and develop the

understanding of the life-cycle stages. A co-existence between vegetative cells and bi-

flaggelated zoospores was reported, and the inoculum preparations were improved to

introduce more robust and reproducible bioreactor cultivations. Further studies of the

life-cycle of strain T66 will be significant for developing DHA producing cell factories.

Establishing robust and reproducible sampling protocols for quantification of intracel-

lular metabolites in thraustochytrids, was a central part of this work. The intracellular

metabolites were determined by CapIC-MS for the bioreactor culture and the shake-flask

cultures. The metabolic changes emerging from the transition between growth and sole

lipid accumulation, as well as the two distinct phases, were investigated to map possible
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limiting steps for synthesis of DHA and other fatty acids. Visual comparison between

different samples of the bioreactor culture was performed with Omix, and demonstrated

that the cytosolic citrate concentration was relatively constant throughout the cultiva-

tion. The concentrations of amino acids and nucleic acids decreased considerably from

growth to lipid accumulation, and a potential decrease in carbon flow through glycolysis

was observed. The latter corresponds well with the observed decrease in glucose uptake

from growth to the lipid accumulation phase.

The bioreactor cultivation was operated for 161 hours, with a maximal growth rate of

0.15 h−1 during the exponential growth rate. The final biomass concentration was 27 g/l

dry cell weight, with a total lipid content of 69%w/w, and DHA (C22:6) constituting 22%

of the total fatty acids. The total lipid content increased from 20% to 30% during the

exponential growth phase (65-92h), and from 30% to 69% during the lipid accumulation

phase. The lipid synthesis rate was constant during the lipid accumulation phase. The

lipid productivity of the lipid accumulation phase (92-161h), and the overall productivity,

was calculated to 0.263 g lipid/l·h and 0.116 g lipids/l·h, respectively. The lipid yield on

glucose, the sole carbon source after glutamate exhaustion, was determined to 73% of the

theoretical yield. An overall carbon mass balance was applied to the bioreactor system,

with a carbon recovery rate of 84% and 77%, during the exponential growth phase (77-

90h) and the lipid accumulation phase (94-161h), respectively. The final concentration of

DHA was determined to 2.6 g/l, resulting in an overall productivity of 16 mg DHA/l·h.

Experimental observations suggested that the glucose uptake capacity was not fully

utilized during the lipid accumulation phase, which could indicate other limiting mech-

anisms. Further investigation of potential limiting causes, like enzyme conversion rates

and assembly of proteins for the protein-rich membrane surrounding the intracellular

lipid reserves, could yield important information for improving the production rate of

lipids and DHA. The NADPH and acetyl-CoA concentrations in the growth phase and

lipid accumulation phase were measured for a shake-flask culture. The concentration

of NADPH increased by a two-fold, while the acetyl-CoA concentration was stable.

These results indicate that the fatty acid synthesis was not limited by the availability of

NADPH or acetyl-CoA.

The lipid composition changed as the cultivation proceeded from growth, through N-

limitation, and into the lipid accumulation phase. Two lipid classes were observed in

T66: neutral and polar lipids, with neutral lipids being the largest group. Composi-

tion of TAGs, DGs, MGs and polar lipids was determined for the two lipid classes, and

TAGs constituted more than 90% of total lipids during the lipid accumulation phase.

DGs and MGs comprised around 1% during the same phase. The polar lipids decreased
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from about 20% of total lipids, to 5% after N-exhaustion, remaining at 5% through-

out the cultivation, demonstrating that polar lipids were synthesized during the lipid

accumulation phase.

The absolute amounts (g/l) of all fatty acids, except stearic acid for the two last sam-

plings (143-161h), increased in the bioreactor cultivation. The relative fatty acid con-

tents (% of TFA), changed with the advancing bioreactor cultivation, showing increased

levels of PUFAs and MUFAs of total fatty acids. The increase of these fatty acid classes

continued throughout the cultivation, comprising 31% and 13% of total fatty acids, for

PUFAs and MUFAs, respectively. Palmitic acid (C16:0) was relatively stable at about

35% for the entire cultivation, and the fraction of C16:0 of TFA did not decrease like

the other saturated fatty acids after N-limitation. The stearic acid (C18:0) content de-

creased from 50% to 11% of TFA, in connection with the saturated fatty acids decreasing

from 93% to 56% during the same interval. The fatty acid profiles of the shake-flask

cultures was compared to the fatty acid profile of the bioreactor culture, showing large

variations. Lower fractions of MUFAs and PUFAs, and higher fraction of SFA, in the

fatty acids profiles of the shake-flask cultures, was observed. Palmitic acid constituted

about 50% of TFA in the shake-flask cultures, and the DHA content was 12-13% of TFA.

Shake-flask cultures with 13C-labeled glucose substrates, were investigated and compared

to shake-flask cultures with only natural glucose. The investigated glucose substrates

were 1-13C1-, 1,2-13C2-, and U-13C6-glucose. The labeling patterns were used to dis-

tinguish the distribution, and potential branch points, for C-flux towards fatty acid

synthesis and DHA production. The 13C-tracer experiments were analyzed by Cap-

IC programmed to detect isotopologues, which were used for sum fractional labeling

(SFL) calculations. The SFL values were used to compare the labeling patterns of the

growth phase, the lipid accumulation phase, and synthesis of fatty acids from acetyl-

CoA. The results suggested no change between growth and lipid accumulation for the

upper glycolysis and pentose phosphate pathway, showing that the glutamate carbon is

not incorporated into these pathways. The SFL of selected fatty acids showed that the

labeling pattern of myristic acid (C14:0), palmitoleic acid (C16:1), and DHA (C22:6),

followed theory. Stearic acid (C18:0) and palmitic acid (C16:0) deviated from theoreti-

cally labeling patterns, pointing towards a decreased synthesis after glutamate depletion.

However, this result is not fully understood, and further investigations are needed.

The shake-flask cultures containing only natural glucose was used to verify the use of

shake-flask cultivations as a model-system for 13C-experiments of Aurantiochytrium sp.

strain T66 and their lipid accumulation. The total lipids ranged from 61-65% of dry cell

weight, and the consumption of carbon sources, fatty acid profiles, and growth rates,

were similar for both shake-flasks containing labeled and natural glucose. Furthermore,
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the distribution of fatty acids of the neutral and polar lipids were analyzed by UPC2-MS.

The growth rate of the shake-flask cultures were reduced by a three-fold compared to the

bioreactor culture. This could be explained by limited aeration, reducing the validity

of the experimental data from the 13C-labeling experiments in shake-flasks. Bioreactor

cultivations, where the oxygen supply is strictly monitored, was therefore selected as the

optimal experimental procedure for 13C-tracer analysis of Aurantiochytrium sp. strain

T66.



6
Future work

Several important aspects regarding the potential high lipid-containing biomass pro-

duction from Aurantiochytrium sp. strain T66 were reported during this MSc Thesis.

However, further investigations are vital for increasing the basic knowledge of cell life-

cycle, optimal cultivation conditions, and understanding the complex production pattern

of lipid biosynthesis. The following bullet-points are important elements for developing

thraustochytrids and their DHA production:

• The transition between the growth phase and the lipid accumulation phase is of

special interest, because metabolism changes from cellular division to sole lipid

accumulation. Furthermore, this transition showed the highest glucose uptake

rate; a 2.5 times higher than during lipid accumulation. A more dense time-

series of sampling points, and feeding of 13C-labeled glucose substrates, during

this transition, could yield important information expanding the understanding

of thraustochytrid metabolism. This combination of metabolome and fluxome

analysis, could generate an adamant map of metabolic flux.

• The metabolic flux changes in upper glycolysis and the pentose phosphate pathway

was stable from growth through lipid accumulation, suggesting that glutamate

carbon is not entering these pathways via anaplerotic reactions. Label experiments

with labeled glutamate would therefore be of high interest to validate the fate
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of glutamate. This could provide information about glutamate flux through the

TCA-cycle, incorporation to fatty acid biosynthesis, or other central metabolites.

• The labeling pattern of palmitic acid (C16:0) and stearic acid (C18:0) is not un-

derstood, and further investigations of the labeling pattern of these saturated fatty

acids, could provide very important information about the regulation of the PKS

and FAS pathways during N-starvation.

• The results provided here indicated that shake-flask cultivations are limited com-

pared to bioreactors, and future 13C-experiments should therefore be performed

in bioreactors to control the aeration. Furthermore, could bioreactor cultivations

provide overall carbon balance of the system, which is an important feature of

bioreactor cultivations.
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Guitton. Liquid chromatographic methods for the determination of endogenous

nucleotides and nucleotide analogs used in cancer therapy: A review. Journal of

Chromatography B, 878(22):1912 – 1928, 2010.

[75] Silas Granato Villas-Boas and Per Bruheim. The potential of metabolomics tools

in bioremediation studies. Omics - J. Intgr. Biol., 11:305–313, 2007.

[76] Daniel E. Atkinson. Energy charge of the adenylate pool as a regulatory parameter.

interaction with feedback modifiers. Biochemistry, 7(11):4030–4034, 1968. PMID:

4972613.

[77] Maciek R. Antoniewicz, Joanne K. Kelleher, and Gregory Stephanopoulos. Elemen-

tary metabolite units (emu): A novel framework for modeling isotopic distributions.

Metabolic Engineering, 9(1):68 – 86, 2007.

[78] Woo Suk Ahn and Maciek R. Antoniewicz. Parallel labeling experiments with [1,2-

13c]glucose and [u-13c]glutamine provide new insights into cho cell metabolism.

Metabolic Engineering, 15:34 – 47, 2013.

[79] Christensen Bjarke, Karoly Gombert Andreas, and Nielsen Jens. Analysis of flux

estimates based on 13c-labelling experiments. European Journal of Biochemistry,

269(11):2795–2800, 2002.

[80] Boros LG et al. Buescher JM, Antoniewicz MR. A roadmap for interpreting 13c

metabolite labeling patterns from cells. Current opinion in biotechnology., 34:189–

201, 2015.

[81] Scott B. Crown, Woo Suk Ahn, and Maciek R. Antoniewicz. Rational design of 13c-

labeling experiments for metabolic flux analysis in mammalian cells. BMC Systems

Biology, 6(1):43, May 2012.

[82] Christopher T. Evans and Colin Ratledge. Effect of nitrogen source on lipid accu-

mulation in oleaginous yeasts. Microbiology, 130(7):1693–1704, 1984.

[83] Svante Wold, Kim Esbensen, and Paul Geladi. Principal component analysis.

Chemometrics and Intelligent Laboratory Systems, 2(1):37 – 52, 1987. Proceed-

ings of the Multivariate Statistical Workshop for Geologists and Geochemists.

[84] Molecular Probes. Live/dead baclight viability kits. 2004.

[85] E.G. Bligh and W.J. Dyer. A rapid method of total lipid extraction and purification.

Canadian Journal of Biochemistry and Physiology, 37:911–917, 1959.



Bibliography 103

[86] Fabrice Pernet, Claude J. Pelletier, and Joyce Milley. Comparison of three solid-

phase extraction methods for fatty acid analysis of lipid fractions in tissues of marine

bivalves. Journal of Chromatography A, 1137(2):127 – 137, 2006.

[87] Silje Malene Olsen. Researcher at NTNU Institute of Biotechnology and Food

Science.

[88] Bo Tan, Zhaohai Lu, Sucai Dong, Genshi Zhao, and Ming-Shang Kuo. Derivatiza-

tion of the tricarboxylic acid intermediates with o-benzylhydroxylamine for liquid

chromatography–tandem mass spectrometry detection. Analytical Biochemistry,

465:134 – 147, 2014.

[89] Lisa Marie Røst. Ph.d candidate at NTNU Institute of Biotechnology and Food

Science.

[90] Kim Jye Lee Chang, Geoff Dumsday, Peter D. Nichols, Graeme A. Dunstan, Su-

san I. Blackburn, and Anthony Koutoulis. High cell density cultivation of a novel

aurantiochytrium sp. strain tc 20 in a fed-batch system using glycerol to produce

feedstock for biodiesel and omega-3 oils. Applied Microbiology and Biotechnology,

97(15):6907–6918, Aug 2013.

[91] Panida Unagul, Caetharin Assantachai, Saranya Phadungruengluij, Manop Suphan-

tharika, Morakot Tanticharoen, and Cornelis Verduyn. Coconut water as a medium

additive for the production of docosahexaenoic acid (c22:6 n3) by schizochytrium

mangrovei sk-02. Bioresource Technology, 98(2):281 – 287, 2007.

[92] A. Singh and O. P. Ward. Production of high yields of docosahexaenoic acid

bythraustochytrium roseum atcc 28210. Journal of Industrial Microbiology,

16(6):370–373, Jun 1996.

[93] Takashi Yamasaki, Tsunehiro Aki, Masami Shinozaki, Masahiro Taguchi, Seiji

Kawamoto, and Kazuhisa Ono. Utilization of shochu distillery wastewater for

production of polyunsaturated fatty acids and xanthophylls using thraustochytrid.

Journal of Bioscience and Bioengineering, 102(4):323 – 327, 2006.





A
Additional Medium Components

A.1 Vitamin mix

The vitamin mix was prepared by dissolving the listed components (Table A.1) in deion-

ized water to a total volume of 500 ml. The solution was separated into smaller volumes

and stored at -20 ◦C. The vitamin mix was sterile filtered prior to addition.

Table A.1: Vitamin mix used during cultivation and fermentation of T66

Vitamin (mg/l)

Biotin 5
B12 (cobalamine) 5
Folic acid 100
Calcium-panthotenat 100
Thiamin-HCl 200
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A.2 TMS-6

TMS-6 is a mixture of trace minerals and some components which are necessary for

the thraustochytrids during the fermentation. The solution was prepared by SINTEF

Materials and Chemistry. The components of TMS-6 is shown in Table A.2 below.

Table A.2: Components of TMS-6 with corresponding concentration. 50 ml of 37 %
HCl was added to the solution. All components were dissolved in deionized water.

Chemical component (mg/l)

FeSO4·7H2O 50 000
CuSO4·5H2O 3900
ZnSO4·7H2O 4400
MnSO4·H2O 1500
Na2MoO4·2H2O 100
CoCl2·6H2O 200
HCl 50 ml



B
Primary Data

All primary data is not listed here, but stored electronically, and accessible upon request.

Please contact Professor Per Bruheim at per.bruheim@ntnu.no for access.

Some primary data is included here, as supplementary information to the data provided

in Section Results and Discussion 4.

B.1 Supplementary bioreactor culture data

Table B.1 shows optical density (OD), dry cell weight (g/l), lipid content (TL, % of

DCW), and fatty acid content (TFA, g/l), measured for the bioreactor cultivation of

Aurantiochytrium sp. strain T66, as described in section Materials and Methods 3.

107
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Table B.1: Total fatty acids (TFA), lipid content (TL) and DHA, with corresponding
DCW for fermentation with glucose.

Time DCW TFA TL DHA TFA TL DHA
(h) (g/l) (g/l) (g/l) (g/l) (%w/w)1 (%w/w)1 (%w/w)2

76.9 1.3 1.9 0.4 0.01 146 23 4
87.5 6.3 3.0 1.4 0.3 48 22 12
89.9 8.8 3.1 2.0 0.4 35 23 12
94.4 10.7 3.9 3.4 0.5 36 32 12
113.3 16.4 6.5 8.6 1.3 40 53 19
116.6 17.4 7.6 8.7 1.4 44 50 18
138.6 22.4 10.1 15.2 2.2 45 68 22
143.1 23.6 10.4 15.1 2.2 44 64 21
160.8 27.3 12.2 18.8 2.6 45 69 22

1 Weight fraction of dry cell weight (DCW)
2 Weight fraction of total fatty acids (TFA)
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B.1.1 Fatty acid data from the bioreactor culture

Table B.2: Fatty acid (FA) fractions of total fatty acids (% of TFA) for Auranti-
ochytrium sp. strain T66 from a top-bench bioreactor culture.

FA 76.9h 87.5h 89.9h 94.4h 113.3h 116.6h 138.6h 143.1h 160.8h

C14:0 2.3 4.0 4.2 6.2 10.1 10.7 10.9 11.9 12.4
C15:0 0.2 0.3 0.2 0.2 0.3 0.3 0.3 0.3 0.3
C16:0 38.1 35.4 34.6 35.3 33.9 34.9 33.1 33.7 32.8
C16:1 0.1 0.2 0.3 1.5 4.0 4.6 5.6 6.7 8.0
C17:0 0.7 0.5 0.5 0.5 0.3 0.3 0.2 0.2 0.2
C17:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C18:0 51.8 43.0 44.0 37.8 21.5 19.6 15.7 12.4 10.8
C18:1 0.8 0.6 0.7 1.2 2.7 2.8 3.6 3.9 4.5
C18:2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
C20:5 0.1 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.4
C22:5 1.4 3.7 3.3 4.6 7.4 8.0 8.5 9.1 9.0
C22:6 4.3 11.9 11.7 12.3 19.4 18.4 21.7 21.3 21.6
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Table B.3: Isotopologues of myristic acid (C14:0) for each of the shake-flask cultures.
All values are shown as relative values, and the sum of 12C (M) and all corresponding

isotopologues (M+n, n=1-14) is shown in the last row. (-) is equal to not detected.

Fatty acids SF-C1 SF-C2 SF-1-13C SF-1,2-13C SF-U-13C

12C (M) 2.84 3.42 0.42 0.25 0.24
M+1 0.28 0.36 0.54 0.05 -
M+2 - - 1.1 0.2 -
M+3 - - 1.0 0.3 -
M+4 - - 0.6 0.6 -
M+5 - - 0.2 0.5 -
M+6 - - - 0.6 -
M+7 - - - 0.4 -
M+8 - - - 0.3 -
M+9 - - - 0.2 -
M+10 - - - 0.1 0.1
M+11 - - - - 0.1
M+12 - - - - 0.6
M+13 - - - - 0.6
M+14 - - - - 2.6
Sum 3.1 3.8 4.0 3.5 4.3

B.2 Isotopologue data from shake-flask cultures grown on

13C-glucose substrates

The data provided in Table B.3-B.7 is relative concentrations, of 12C (M) and all iso-

topologues M+n, n=1 to number of carbons in fatty acid acyl-chain, for myristic acid

(C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), and doco-

hecxaenoic acid (DHA, C22:6).
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Table B.4: Isotopologues of palmitic acid (C16:0) for each of the shake-flask cultures.
All values are shown as relative values, and the sum of 12C (M) and all corresponding

isotopologues (M+n, n=1-16) is shown in the last row. (-) is equal to not detected.

Fatty acids SF-C1 SF-C2 SF-1-13C SF-1,2-13C SF-U-13C

12C (M) 23.2 27.3 15.4 12.9 15.7
M+1 3.4 4.2 3.9 2.1 2.3
M+2 0.2 0.2 2.6 0.6 0.1
M+3 - - 2.7 0.7 -
M+4 - - 2.4 1.3 -
M+5 - - 1.1 1.5 -
M+6 - - 0.3 1.5 -
M+7 - - - 1.4 -
M+8 - - - 1.3 -
M+9 - - - 0.5 -
M+10 - - - 0.6 0.2
M+11 - - - 0.2 0.1
M+12 - - - 0.1 0.6
M+13 - - - - 0.6
M+14 - - - - 2.1
M+15 - - - - 1.4
M+16 - - - - 2.6
Sum 26.7 31.7 28.4 24.4 25.8

Table B.5: Isotopologues of palmitoleic acid (C16:1) for each of the shake-flask cul-
tures. All values are shown as relative values, and the sum of 12C (M) and all corre-
sponding isotopologues (M+n, n=1-16) is shown in the last row. (-) is equal to not

detected.

Fatty acids SF-C1 SF-C2 SF-1-13C SF-1,2-13C SF-U-13C

12C (M) 1.3 1.5 - - -
M+1 - - - - -
M+2 - - - - -
M+3 - - - - -
M+4 - - 0.1 - -
M+5 - - - 0.1 -
M+6 - - - - -
M+7 - - - - -
M+8 - - - 0.1 -
M+9 - - - - -
M+10 - - - - -
M+11 - - - - -
M+12 - - - - -
M+13 - - - - -
M+14 - - - - 0.1
M+15 - - - - 0.1
M+16 - - - - 0.7
Sum 1.3 1.6 0.2 0.3 1.0
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Table B.6: Isotopologues of stearic acid (C18:0) for each of the shake-flask cultures.
All values are shown as relative values, and the sum of 12C (M) and all corresponding

isotopologues (M+n, n=1-18) is shown in the last row. (-) is equal to not detected.

Fatty acids SF-C1 SF-C2 SF-1-13C SF-1,2-13C SF-U-13C

12C (M) 10.1 12.8 10.6 8.9 10.6
M+1 1.6 2.1 2.1 1.7 2.0
M+2 0.1 0.2 0.2 0.1 0.2
M+3 - - - - -
M+4 - - - 0.3 -
M+5 - - - - -
M+6 - - 0.2 0.4 -
M+7 - - 0.1 0.3 -
M+8 - - - - -
M+9 - - - - -
M+10 - - - - -
M+11 - - - - -
M+12 - - - - -
M+13 - - - - -
M+14 - - - - 0.3
M+15 - - - - 0.3
M+16 - - - - 1.0
M+17 - - - - -
M+18 - - - - -
Sum 11.8 15.0 13.2 11.5 14.3
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Table B.7: Isotopologues of docohexaenoic acid (DHA,C22:6) for each of the shake-
flask cultures. All values are shown as relative values, and the sum of 12C (M) and all
corresponding isotopologues (M+n, n=1-22) is shown in the last row. (-) is equal to

not detected.

Fatty acids SF-C1 SF-C2 SF-1-13C SF-1,2-13C SF-U-13C

12C (M) 6.4 7.0 - - -
M+1 1.3 1.4 0.2 - -
M+2 2.4 2.5 0.8 - -
M+3 0.4 0.5 1.5 - -
M+4 - - 2.2 0.1 -
M+5 - - 1.9 0.2 -
M+6 - - 2.2 0.9 -
M+7 - - 0.9 0.9 -
M+8 - - 0.1 1.0 -
M+9 - - - 0.6 -
M+10 - - - 1.2 -
M+11 - - - 0.8 -
M+12 - - - 1.0 -
M+13 - - - 0.5 -
M+14 - - - 0.2 -
M+15 - - - - -
M+16 - - - - 0.1
M+17 - - - - -
M+18 - - - - 0.4
M+19 - - - - 0.5
M+20 - - - - 1.5
M+21 - - - - 1.7
M+22 - - - - 3.7
Sum 10.6 11.4 9.9 7.3 7.9





C
Optical Density

The optical density (OD) was measured throughout the cultivation of the bioreactor

culture and the shake-flask cultures. OD was measured at 660 nm, and was used for

establishing a correlation between OD and dry cell weight (DCW) for later use to monitor

growth.

C.1 Optical density of the bioreactor culture

Table C.1 shows OD and DCW measured for each sample. Figure C.1 show OD plotted

versus DCW and time.

115



Appendix C 116

Table C.1: Optical density measurements at 660 nm for the bioreactor culture.

Sample time (h) Optical density (OD, 660 nm)

76.9 1.4
87.5 12.8
89.9 9.3
94.4 11.9
113.3 26.7
116.6 29.3
138.6 34.5
143.1 30.2
160.8 40.4

(a) OD versus time

(b) OD versus dry cellular weight

Figure C.1: Optical density versus time and dry cellular weight (DCW) for the biore-
actor culture. Trend line C.1b) of OD vs. DCW: y = 1.47x, R2 = 0.94.
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C.2 Optical density of 13C shake-flask cultures

SF-C3 was used for establishing a optical density curve, which can be used to monitor

the growth of the investigated cellular system is shake-flask cultivations. Table C.2

below shows the measured OD throughout the fermentation of SF-C3. The resulting

Figure is shown in C.2.

Table C.2: Development of optical density (OD, 660 nm) for shake-flask culture of
control 3 (SF-C3).

Time (h) OD (660 nm)

0 0.3
20.5 1.4
22.8 1.8
24.3 2.1
20.8 3.3
43.1 5.8
44.3 6.1
67.0 8.1
73.5 7.8

Figure C.2: Development of optical density (OD, 660 nm) versus time (h) of shake
flask control 3 (SF-C3).





D
Carbon Balance of the Bioreactor Culture

This calculations are based on the assumption of the Aurantiochytrium sp. T66 cells

being Black-boxes, as discussed in 2.5.1. The carbon balance is divided between the

growth phase and the lipid accumulation phase. The growth phase is assumed to range

from 76.6-89.9h, and the lipid accumulation phase from 94.4-160.8h. The summarized

result is shown in Table 4.8 and Table 4.7 in Section 4.1.2.4.

D.1 Carbon balance of the exponential growth phase

The average molecular weight during the growth phase was calculated by discussions

with Inga Marie Aasen [60] and Per Bruheim [70]. Average elemental formula was

selected as CH1.8O0.5N0.2 MW, equal to 24.5 g/mol. Table D.1, D.2 and D.3 below show

the data used to calculate the carbon balance for the exponential growth phase shown

in Table D.4.

The carbon balance is summarized in the Table below, and is also shown in 4.7.
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Table D.1: Calculated change in carbon source, glucose: S1 glutamate: S2, and change
in biomass. The consumption of yeast extract is assumed to be constant from 76.9h
to 89.9h, and is depleted before N-limitation. Carbon content in YE is assumed to be

48%w/w with the average molecular formula of 17.9 g/mol of YE (Sigma-Aldrich).

Time Glucose (S1) Glutamate (S2) Yeast extract Biomass (X)
(h) (g/l) (g/l) (g/l) (g/l)

76.9 122.9 5.6 1.0 1.3
89.9 111.3 0.0 0.0 8.8
∆t=13 ∆S1=11.6 ∆S2=5.6 ∆YE = 1.0 ∆X=7.5

Table D.2: Calculated data of carbon flow into the system. Molecular weights, MW:
glucose (glc, 6 carbon) 180 g/mol, and glutamate (glu, 5 carbon) 147 g/mol. Yeast

extract (1.0 g/l), with 48%w/w carbon (C), equals 0.48 g C/l.

C-source ∆S1/∆MW nC nC/∆t C in glc
(mol glc/l) (mol C/l) (mol C/l·h) (mmol C/l·h)

Glc 0.064 0.39 0.030 30
Glu 0.038 0.19 0.015 15
YE 0.060 0.040 0.0030 3

Table D.3: Calculated carbon flow out of the system. The molecular weight, Mw, for
average molecular weight: 24.5 g/mol was used for the growth phase. Entries marked

with Biomass and CO2 are connected to the calculations of these carbon flows.

Biomass Biomass CO2 CO2 CO2

∆X/Mw C to lipid Av. Flow Av. CO2 C til CO2

(mol C
l·h ) (mmol C

l·h ) ( l air
h ) (%) (mmol CO2

l·h )

0.024 24 29.3 2.1 16

Table D.4: The carbon balance of the growth phase (76.9-89.9h) using the Black-
Box-model.

Carbon balance growth phase

In In In Out Out
Glucose Glutamate Yeast extract CO2 Biomass Recovery
(mmol C/l·h) (mmol C/l·h) (mmol C/l·h) (mmol C/l·h) (mmol C/l·h) (%)

30 15 3 16 24 84
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D.2 Carbon balance of the lipid accumulation phase

The molecular weight on average during the lipid accumulation phase was selected by

discussions with Inga Marie Aasen [60] and Per Bruheim [70]. The MW equals 17.9

g/mol. The molecular weight was used to calculate the molar flow of carbon to lipids

during the lipid accumulation phase. Table D.5, D.6 and D.7 below show the data used

to calculate the carbon balance for the lipid accumulation phase shown in Table D.8.

Table D.5: Calculated change in of glucose: S1, and change in biomass during the
lipid accumulation phase.

Time Glucose (S1) Biomass (X)
(h) (g/l) (g/l)

94.4 77.9 10.7
160.8 11.1 27.3
∆t=66.4 ∆S1=66.8 ∆X=16.6

Table D.6: Calculated data of carbon flow into the system. Molecular weight, MW:
glucose (glc, 6 carbon) 180 g/mol.

∆S1/∆MW nC nC/∆t C in glc
(mol glc/l) (mol C/l) (mol C/l·h) (mmol C/l·h)

0.37 2.225 0.034 34

Table D.7: Calculated carbon flow out of the system for the lipid accumulation phase.
MW for the lipid accumulation phase was assumed to equal 17.9 g/mol.

Lipid Lipid CO2 CO2 CO2

∆X/Mw C to lipid Av. Flow Av. CO2 C til CO2

(mol C
l·h ) (mmol C

l·h ) ( l air
h ) (%) (mmol CO2

l·h )

0.014 14 29.3 1.6 12

Table D.8: The carbon balance of the lipid accumulation phase (94.4-160.8h). As-
sumed only lipid accumulation, and no cellular division.

Carbon balance of the lipid accumulation phase

In Out as CO2 Out as lipid Recovery
(mmol C/l·h) (mmol C/l·h) (mmol C/l·h) (%)

34 14 12 77





E
Materials and Methods

E.1 Sugars with HPLC

Method for analysis of sugars, organic acids, and ethanol: Column: Agilent Hi-Plex H,

7.7·300 mm, 8 µm (p/n PL1170-6830). Mobile phase: 0.05M H2SO4. Storage solution:

5% MeOH. Flow rate: 0.6 ml/min (0-6.5 min, 20.5-30 min), 0.4 ml/min (7-20 min).

Temperature: 20◦C. Wash vial - P2-A1. A standard curve was developed for each run,

and used to quantify the glucose concentration in each sample.

One standard of concentrated (as listed in Table E.1), 0.75 std, 0.5 std and 0.25 std was

prepared from the concentrated sample. All samples were filtered with 0.2 µm membrane

filter.
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Table E.1: Standard solution for HPLC analysis of supernatant samples. *Volatiles
are freshly prepared.

Stock Volume Stock conc. Final conc.
Compound ml (g/l) (g/l)

Fructose 1 50 5
Glucose 1 50 5
Sucrose 1 50 5
Maltose 1 50 5
Glycerol 1 25 2.5
Ethanol* 2 50 10
Acetic acid* 0.375 16 0.6
Succinic acid 0.3 50 1.5
Citric acid 0.12 50 0.6
Lactic acid 0.3 50 1.5

E.2 Glutamate with UPLC-MS

Reverse phase-protocol for chromatographic separation of PITC-Glutamic acid Column:

Waters AQUITY UPLC BEH C18 1.7 µm, 2.1·50 mm. Column temperature: 40◦C. Flow

rate: 0.6 ml/min. Injection volume: 2 µl. Mobile phase A: H2O added 0.2% formic acid.

Mobile phase B: acetonitrile (ACN) added 0.2% formic acid.

Mobile phase gradient (%v/v):

• 0.00-0.50 min: 1% B

• 0.50-2.00 min: 1-100% B

• 2.00-2.50 min: 100% B

• 2.60-3.10 min: 1% B

• 3.10 min: end

E.3 LC-MS settings

LC-MS analysis were performed on a Waters AQUITY I-Class UPLC/Waters Xevo TQ-

MS system operated in positive electrospray mode, for amino acid and organic acid

analysis. The setting used for fatty acid analysis is described below, and was performed

in collaboration with SINTEF. MS-settings including MRM-transitions can be obtained

from supervisor Per Bruheim [70] upon request.
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E.3.1 Amino acid analysis with LC-MS

Reverse phase-protocol for chromatographic separation of PITC-amino acids:

Column: Waters AQUITY UPLC BEH C18 1.7 µm, 2.1·75 mm, Column temperature:

50◦C, Flow rate: 0.6 ml/min, Injection volume: 2 µl, Mobile phase A: H2O added 0.2%

formic acid, Mobile phase B: Acetonitrile added 0.2% formic acid, and Mobile phase

gradient (%v/v):

• 0.00-0.45 min: 0% B

• 0.45-3.30 min: 0-15% B

• 3.30-5.90 min: 15-70% B

• 5.90-6.05 min: 70-100% B

• 6.05-6.52 min: 100% B

• 6.52-7.30 min: 0% B

• 7.30 min: end

ESTD stock solution (2.5mM): Ala, Arg, Asp, Cys, Glu, Gly, His, Ileu, Leu, Lys,

Met, Phe, Pro, Ser, Thr, Tyr, Val. Supplementary ESTD (10 mM): Glu, Asp, Cys,

Try.

13C15N ISTD-mix (100 µM): Ala, Arg, Asp, Cys, Glu, Gly, His, Ileu, Leu, Lys, Met,

Phe, Pro, Ser, Thr, Tyr, Val. Supplementary 13C15N ISTD-mix (100 µM): Glu,

Asp, Cys.

E.3.2 Organic acid analysis with LC-MS

Reverse phase-protocol for chromatographic separation of o-BHA-organic

acids Column: Waters AQUITY UPLC BEH C18 1.7 µm, 2.1·100 mm, Column tem-

perature: 40◦C, Flow rate: 0.25 ml/min, Injection volume: 10 µl, Mobile phase A: H2O

added 0.1% formic acid, Mobile phase B: Methanol, Mobile phase gradient (%v/v):

• 0.00 - 0.50 min: 55% B

• 0.50 - 5.00 min: 55-85% B

• 5.00 - 5.10 min: 85-99% B

• 5.10-5.50 min: 99% B
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• 5.50-5.60 min: 99-55% B

• 5.60-8.00 min: 55% B

• 8.00 min: end

E.3.3 Fatty acid analysis with LC-MS

The LC-MS method: 1 µl sample injection onto a C18 RP non-polar LC column (Ascentis

Express, 15cm x 2.1 mm, 2.7 µm particle). Temperature was 15◦C and a flow rate of 0.5

mL/min. The mobile phase solvent A: 25 mM ammonium formate (AmFA) in water,

and mobile phase solvent B: pure acetonitrile (ACN). The separation was performed

starting at 75% B for 0.5 min, then increased with a linear gradient to 100% B over 8.5

min, and the 100% B was kept isocratic for 1 min to ensure complete washout. The

gradient was then lowered to 75% B for 2 min.

The LC column effluent was introduced into a QqQ/MS (Agilent 6490) and operated in

–ESI mode. The ion source parameters were as followed: The nebulizer was set at 45

psi and operated at 3.0 kV. Nitrogen gas (N2) was used as the nebulizer gas. N2 was set

at 250◦C and gas flow was 12 l/min. Sheath gas temperature was set at 400◦C and gas

flow was 11 l/min, while the nozzle voltage was set at 1500 V. The fragmentor was fixed

at 380 V. Analysis were performed in single ion monitoring (SIM) mode, where each

SIM was monitored for 50 ms (dwell time). Fatty acids detected by MS were confirmed

based on a comparison with known standards.

E.4 Metabolite analysis with CapIC-MS

CapIC-MS settings[69]: A Thermo Scientific Dionex ICS-4000 capillary IC was operated

in external mode with DI-water delivered by an external AXP pump at a flow rate

of 30 µl/min. To assist desolvation for better electrospray, a makeup solvent of 90%

ACN in DI-water containing 0.01% ammonium hydroxide (NH4OH) was delivered by an

external AXP-MS pump at 30 µl/min, combined with the eluent via a low dead volume

mixing tee and passed through a grounding union before entering the MS. A minimized

length of peak tubing (0.08 mm/0.003 in. ID) (P/N 049715) was used for the capIC-MS

interphase. The capIC analysis was performed with a IonPac AS11HC-4µm, 0.4·250 mm

column (2000 Å) and a IonPac AG11-HC 4 µm 0.4·50 mm guard column. IC flow rate

was 16 µl/min at 40◦C. The gradient conditions were as follows: an initial 4 mM KOH

was held for 1 min, increased to 12 mM at 5 min, to 20 mM at 13 min, and 70 mM at

22 min, held at 70 mM for 7.5 min, followed by a rapid increase to 100 mM at 31 min,
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held 100 mM for 5 min and decreased to 4 mM in 4 min, and finally held for 10 min to

re-equilibrate the column. The total run time was 50 min.

A Waters Xevo TQ-S triple-quadrupole MS was operated in negative electrospray ioniza-

tion (ESI) mode with a capillary voltage of 2.5 kV and ion-source temperature of 150◦C.

The desolvation gas was nitrogen, and the flow was set to 800 l/h at a temperature of

300◦C. The collision energy for each MRM transition was optimized for each compound

both manually and using the Intellistart-function in MassLynx 4.1. The MS was run in

dynamic MRM mode, and the retention time (RT) window for each compound was set

to ±2 min of the expected RT. Downstream data processing was performed in MassLynx

V4.1.

E.4.1 Original protocol intracellular metabolites

The original protocol was developed by Kvitvang et al. [68]. Vacuum filtration was used

to separate cell mass from the sample.

Vacuum: Set the vacuum as little as possible, but be careful not to disrupt the cells

(Eshcerichia coli is normally vacuum-filtered at 600 Pa, and Saccharomyces cerevisae

at 800 Pa. The T66 cells were not possible to vacuum filter at high cell concentrations,

even though the pressure was lowered to about 120 Pa).

Filtration and washing:

1. A filter (0.8 µm was used in this protocol) was placed in the filtration manifold

and about 1 ml of deionized H2O was added to moist the filter.

2. Primarily 5 ml of sample (reduced to 1 ml) was added to the filter.

3. 10 ml cold saline water (15 g/l NaCl, kept on ice) was used to wash the cells (added

right before the filter paper went dry).

4. 10 ml cold deionized H2O (kept on ice) was used to wash the cells (added right

before the filter paper went dry).

Quenching:

1. The filter was removed from the vacuum manifold, and placed in a 50 ml falcon

tube with 13 ml 55:45 ACN-H2O (kept on ice).

2. The samples were stored at -80◦C.
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3. Three freeze-thaw cycles (a and b) were preformed to disrupt the cells, and release

the metabolites to the solvent:

(a) 1 min in liquid N2.

(b) Place in EtOH bath at 0◦C for about 20 min.

4. The centrifuge was set to 0◦C and 5000 rpm for 5 min.

5. The largest filter parts were removed, and the samples centrifuged.

6. Three 15 ml falcon tubes from each sample was prepared.

7. The falcon tubes were stored at -80◦C (horizontally to maximize the surface area).

8. The samples were freeze-dried at -150◦C and about 20 Pa.

CapIC-MS analysis:

1. Re-suspended the samples in 500 µl cold H2O.

2. The samples were centrifuged at 5000 rpm for 4 min at 4◦C.

3. 450 µl was transferred to 3000 kD spinfilters.

4. Centrifuged at 5000 rpm for 10 min at 4◦C.

5. 2·100 µl was transferred to two HPLC vials for CapIC.

E.5 Sigmol analysis by UPLC-TQS

Addition of 5 µl sample to a Agilent AdvanceBio MS Spent Media column (2.1·100 mm)

at 30◦C. The flow rate was set to 0.4 ml/min. The mobile phase was A: 10% 100 mM

ammonium acetate in water pH 9, 90% water, and B: 10% 100 mM ammonium acetate in

water, 90% acetonitrile (ACN). The separation was performed starting at 100% solvent

B for 15 min, decreased to to 80% of B for 0.5 min. After 15.5 min, the fraction of

solvent B was increased back to 100%, and run until the 20 min cycle was completed.

A Waters Xevo TQ-S was operated in negative electrospray ionization (ESI) mode with

a capillary voltage of 2.2 kV and ion-source temperatyre of 150◦C. The desolvation gas

was nitrogen, and the flow set to 1000 l/h at a temperature of 500◦C. The collision

energy of each multiple reaction minitoring (MRM) and transition was optimized both

manually and sing the infusion function in MassLynx V4.1. Downstream data processing

was performed in MassLynx V4.1.


	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	
	
	

	
	
	
	

	
	

	

	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	


	

	
	
	
	
	
	
	
	

	
	
	
	
	
	

	

	
	
	
	
	


	
	
	

	
	


	
	
	
	
	

	
	
	

	

	
	
	

	
	
	

	
	
	
	
	
	
	

	
	

	


