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Due to environmental benefits, rising crude oil prices, and limited resources of fossil oil, 

there has been renewed focus on vegetable oils as a source of biodiesel fuels. Microalgae, 

which are characterized by rapid growth and high oil content, have excellent potential to 

provide algae-derived biodiesel to help alleviate the world’s dependency on petroleum-based 

fuels. However, the cost of mass algal production remains high, and the potential to 

substitute algal biodiesel for traditional fuel is still unrealized.  
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The initial goal of this thesis research was to optimize culture parameters for the alga, 

Botryococcus braunii, for increased production of fatty acids and generation of biodiesel. 

The results demonstrated that, with a supplied carbon source, lysed B. braunii could produce 

high levels of fatty acids at a rapid rate. Thus, a cell-free system was developed that can 

effectively produce biodiesel, saving significant effort by eliminating the need to maintain 

live cells. The new approach is not light-dependent, greatly reducing the requirement for land 

area. The newly designed system can maintain a rate of fatty acid production that is an order 

of magnitude greater than the production rate in traditional algal culture for at least four 

months. Furthermore, the new system uses an unorthodox top-down approach, called 

Feedback System Control (FSC), which employs experiment design for large dimensions and 

response surfaces method in searching optimum with only a small number of iterations. It 

enabled a replacement of commercial medium containing more than sixteen chemicals with a 

medium containing only four chemicals, reducing the cost of the medium tenfold. Overall, 

the new culture method significantly increases the cost efficiency of algal biodiesel 

production, and has the potential to provide a scalable and cost effective method for 

economically viable commercial use.  

 

 

 

 

  



iv 
 

The dissertation of Yitong Zhao is approved. 

 

Yong Chen 

Daniel T. Kamei 

Laurent G. Pilon, Co-Chair 

Chih-Ming Ho, Co-Chair 

 

 

 

University of California, Los Angeles 

2014 

  



v 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my parents  

for their love, endless support  

and encouragement.  



vi 
 

TABLE OF CONTENTS 

 

Chapter 1 Introduction ............................................................................................................................... 1 

1.1 Biodiesel as a renewable fuel ........................................................................................................ 1 

1.1.1 Sources of raw materials ....................................................................................................... 3 

1.1.2 Processes used to produce biodiesel ..................................................................................... 3 

1.1.3 The advantages of biodiesel .................................................................................................. 4 

1.2 Algae-based biodiesel ................................................................................................................... 5 

1.2.1 What are microalgae? ........................................................................................................... 6 

1.2.2 Advantages of algae-based biodiesel .................................................................................... 7 

1.2.3 The algal-biodiesel production process ................................................................................ 9 

1.2.4 Microalgal cultivation systems ........................................................................................... 11 

1.2.5 Current barriers to commercial production of algal-based biofuels .................................. 13 

1.3 Botryococcus braunii .................................................................................................................. 14 

1.4 Research goals ............................................................................................................................ 15 

1.5 Organization of this thesis........................................................................................................... 15 

Chapter 2 Measurement Methods ............................................................................................................ 17 

2.1 Optical Density (OD): ................................................................................................................. 17 

2.1.1 OD principle ....................................................................................................................... 17 

2.1.2 OD variation with pigment and wavelengths ...................................................................... 18 

2.1.3 OD calibration: ................................................................................................................... 21 

2.2 Lipid Measurement ..................................................................................................................... 24 

2.2.1 Spectrometer ....................................................................................................................... 24 

2.2.2 Flow Cytometry ................................................................................................................... 29 

2.2.3 GC (Gas Chromatography) ................................................................................................ 30 

Chapter 3 Citrate Effect on Algal Growth and Fatty Acid Content ......................................................... 31 

3.1 Citrate and fatty acid synthesis ................................................................................................... 31 

3.1.1 Biosynthesis of fatty acids ................................................................................................... 31 

3.1.2 The role of citrate in fatty acid production ......................................................................... 32 

3.2 Algal strain and culture ............................................................................................................... 33 



vii 
 

3.3 Results ......................................................................................................................................... 35 

3.3.1 Effects of citrate on lipid accumulation .............................................................................. 35 

3.3.2 Effects of citrate on lipid composition ................................................................................ 37 

3.3.3 Population changes ............................................................................................................. 41 

3.3.4 Effects of light on Botryococcus braunii grown with citrate .............................................. 45 

3.3.5 Long-term Effects of Citrate and Light on Lipid Content of Botryococcus braunii............ 48 

3.4 Discussion ................................................................................................................................... 51 

3.4.1 Effect of citrate on lipid accumulation ................................................................................ 51 

3.4.2 Effects of citrate on lipid composition ................................................................................ 53 

3.4.3 Effects of citrate on cell populations ................................................................................... 54 

3.4.4 Effect of light on lipid accumulation ................................................................................... 55 

3.4.5 Continuous culture .............................................................................................................. 56 

Chapter 4 Lipid Production in cell-free system generated from Botryococcus braunii .......................... 57 

4.1 Preparation of Cell-free Cultures ................................................................................................ 57 

4.2 Results ......................................................................................................................................... 58 

4.2.1 Lipid accumulation by the cell-free system with citrate ...................................................... 58 

4.2.2 Lipid composition of the cell-free system ............................................................................ 59 

4.2.3 Effects of light on cell-free system with citrate ................................................................... 62 

4.2.4 Continuous culture of cell-free system with citrate ............................................................. 63 

4.3 Discussion ................................................................................................................................... 66 

Chapter 5 Optimization of Medium for Lipid Accumulation in the Cell-Free system ............................ 68 

5.1 Experimental Approach for Optimizing the Medium--Feedback System Control (FSC)........... 68 

5.2 Experimental Design ................................................................................................................... 70 

5.2.1 Screening for optimal composition of medium .................................................................... 70 

5.2.2 Predicted combinations of chemical constituents ............................................................... 73 

5.3 Results ......................................................................................................................................... 76 

5.3.1 Lipid accumulation by the cell-free system using optimized medium ................................. 76 

5.3.2 Continuous culture of the cell-free system using optimized medium .................................. 78 

5.4 Discussion ................................................................................................................................... 80 

5.5 Effect of  Medium Optimization on Cost .................................................................................... 81 

Chapter 6 Conclusion and Contribution .................................................................................................. 82 

6.1 Conclusion .................................................................................................................................. 82 

6.2 Thesis Contribution: .................................................................................................................... 83 



viii 
 

Appendices .................................................................................................................................................. 84 

Reference .................................................................................................................................................... 93 

 

 

  



ix 
 

LIST OF FIGURES 

Fig. 1.1 The world conventional fossil fuel reserves forecast. The peak is at 2018. Sources: Jean Laherrère 

[http://hubbertpeak.com/laherrere/Beijing20061009.pdf] for Natural Gas, Energy Watch Group for Coal 

and The Oil Drum for Oil. (http://europe.theoildrum.com/node/3565) ........................................................ 2 

Fig. 1.2 Global average abundances of the major, well-mixed, long-lived greenhouse gases – carbon 

dioxide, methane, nitrous oxide, CFC-12, and CFC-11. Data beginning in 1979 are from the NOAA 

global air sampling network (http://www.esrl.noaa.gov/gmd/aggi/) ............................................................ 2 

Fig. 1.3 The process of photosynthesis converts solar energy into chemical energy (Schenk 2008) ........... 7 

Fig. 1.4 Microalgae biodiesel value chain stages (Mata et al., 2010) ......................................................... 10 

Fig. 1.5 Cyanotech’s open-system microalgal culture facility in Kona, Hawaii 

(http://www.nutraingredients-usa.com/Manufacturers/Finished-products-now-account-for-half-of-

Cyanotech-s-sales) ...................................................................................................................................... 12 

Fig. 1.6 Photo-bioreactors (PBR) (Greenfuels, http://www.flickr.com/photos/jurvetson/58591531/) ....... 13 

Fig. 2.1 The applicability of the Beer Lambert law for different types of samples. The deviation from the 

linear Beer Lambert behavior is demonstrated at multiple wavelengths for samples of: A) various dyes, B) 

E. coli cultures, and C) Chlorella vulgaris algae cultures. (Myers, 2013) ................................................. 18 

Fig. 2.2 Applicability of using optical density (OD) to indicate cell numbers ........................................... 19 

Fig. 2.3 Linearity of optical density (OD) with cells concentration ........................................................... 19 

Fig. 2.4 Linearity of optical density (OD) with oleic acids ........................................................................ 21 

Fig. 2.5 Calibration curves showing cell density and dry weight concentration as functions of optical 

density (OD) at 750 nm and for 10 mm path length for (a, b) B. braunii. (Berberoglu et al, 2009) .......... 22 

Fig. 2.6 Calibration curve showing the linear relationship between OD at 750 nm and B. braunii cell 

density (cells/ml) ......................................................................................................................................... 23 

Fig. 2.7 Typical Nile Red spectrum of an algae cell culture sample. Emission intensity was scanned from 

550 nm to 700 nm. The intensity is presented in relative fluorescent unit (RFU) ...................................... 25 



x 
 

Fig. 2.8 Relationship between lipid content determined gravimetrically and in vivo fluorescence after Nile 

Red staining of Botryococcus braunii. (Lee et al, 1998) ............................................................................ 26 

Fig. 2.9 Nile Red emission spectrum of oleic acid freely dissolved in water with a concentration of 5000 

  /ml .......................................................................................................................................................... 27 

Fig. 2.10 (a) Relationship between standard fatty acid content and Nile Red measurement result 

presenting by area under curve (AUC) (b) Relationship between standard fatty acid content and Nile Red 

measurement result presenting by peak value with a unit of relative fluorescent unit (RFU) .................... 28 

Fig. 3.1 Scheme of reactions of plastid fatty acid synthesis (Jay, 2002) .................................................... 32 

Fig. 3.2 Illustration of citrate effect on fatty acids biosynthesis ................................................................. 33 

Fig. 3.3 Botryococcus braunii, race A [magnification?] ............................................................................. 34 

Fig. 3.4 Experimental setup ........................................................................................................................ 34 

Fig. 3.5 Lipid accumulation in Botryococcus braunii, measured by (AUC) using Nile Red stain. Blue 

diamonds: algal cultures with citrate addition only on Day 0; red squares: algal cultures with citrate 

addition only on Day 8; green triangles: algal cultures with no citrate addition. ....................................... 36 

Fig. 3.6 Lipid accumulation in Botryococcus braunii, measured by (AUC) using Nile Red stain. Purple 

crosses: algal cultures with continuous citrate addition; blue diamonds: algal cultures with citrate addition 

only on Day 0; red squares: algal cultures with citrate addition only on Day 8; green triangles: algal 

cultures with no citrate addition .................................................................................................................. 37 

Fig. 3.7 Emission spectra on Day 0 (top) and Day 14 (bottom). Pink line: algal cultures with continuous 

addition of citrate; green line: algal cultures with no citrate addition ......................................................... 38 

Fig. 3.8 GC results on Day 20. Top: samples of Botryococcus braunii cultured with continuous citrate 

supply.  Bottom: samples of Botryococcus braunii with no citrate, concentrated threefold. ..................... 40 

Fig. 3.9 Flow Cytometry results for Botryococcus braunii cultures on Day 0. Population P1 (red) includes 

smaller cells with lower intensities in all three channels. Population P2 (green) includes larger cells with 

higher intensities in all three channels. ....................................................................................................... 42 

Fig. 3.10 Flowcytometry results for Botryococcus braunii cultures on Day 14. Left: samples with 

continuous citrate supply; Right: samples with no added citrate. Population P1 (red) includes smaller cells 

with lower intensities in all three channels. Population P2 (green) includes larger cells with higher 

intensities in all three channels. .................................................................................................................. 43 



xi 
 

Fig. 3.11 Morphology of Botryococcus braunii samples on Day 14, showing lipids stained with Nile Red. 

Left: algae cultured with continuous addition of citrate. Right: algae culture with no added citrate. ........ 44 

Fig. 3.12 Botryococcus braunii cultures on Day 8. Left two samples were grown with no added citrate. 

Right two samples were grown with continuous addition of citrate. .......................................................... 45 

Fig. 3.13 Lipid content of Botryococcus braunii grown with a continuous supply of citrate in light or dark, 

and with no citrate in light. Yellow circles: dark cultures with citrate. Blue squares: light cultures with 

citrate. Red diamonds: light cultures with no citrate. .................................................................................. 46 

Fig. 3.14 Nile Red emission spectra on Day 6 of Botryococcus braunii grown with a continuous supply of 

citrate in light or dark, and with no citrate in light. Green triangles: dark cultures with citrate. Blue stars: 

light cultures with citrate. Pink line: light cultures with no citrate. ............................................................ 47 

Fig. 3.15 GC results for dark cultures of Botryococcus braunii grown with a continuous supply of citrate 

on Day 20 .................................................................................................................................................... 48 

Fig. 3.16 Lipid content in long-term cultures of Botryococcus braunii grown with citrate in the dark or 

with no citrate in the light. Blue line: light cultures with citrate. Red line: light cultures with no citrate. . 49 

Fig. 3.17Lipid content in long-term cultures of Botryococcus braunii grown in the light with or without 

citrate . Culture samples were transferred to fresh medium at about two week intervals. Red squares: dark 

cultures with citrate. Green triangles: light cultures with no citrate ........................................................... 50 

Fig. 3.18 Data from Fig. 3.17 normalized to the original concentration at the beginning of the experiment 

and plotted on a log scale. ........................................................................................................................... 51 

Fig. 3.19 Illustration of the relationship between nitrogen concentration in medium (blue), biomass 

content (red), and lipid production (green) ................................................................................................. 53 

Fig. 4.1 Lipid content of cell-free cultures of Botryococcus braunii grown with a continuous supply of 

citrate or with no citrate. Blue line: cell cultures with daily citrate addition. Green line: cell-free cultures 

with daily citrate addition. Red line: cell cultures with no citrate. Purple line: cell-free cultures with no 

citrate. ......................................................................................................................................................... 59 

Fig. 4.2 Emission spectra of cell-free system generated from Botryococcus braunii with continuous citrate 

supply on Day 0 (top) and Day 14 (bottom). .............................................................................................. 60 

Fig. 4.3 Flow cytometry analysis of cell-free system with continuous citrate supply on Day 0 (left) and 

Day 13 (right). The P1 population (red) represents smaller particles with lower intensities in all three 

channels; the P2 population (green) represents larger particles with higher intensities in all three channels

 .................................................................................................................................................................... 61 



xii 
 

Fig. 4.4 Lipid accumulation of cell-free system with daily citrate supply, with or without light. Green line: 

with light. Blue line: without light. ............................................................................................................. 62 

Fig. 4.5 Lipid content of cell-free system and the B. braunii cell cultures. Blue line: cell cultures with 

daily citrate addition. Green line: cell-free cultures with daily citrate addition. Red line: cell cultures with 

no citrate. .................................................................................................................................................... 64 

Fig. 4.6 Lipid accumulation in continuous cell-free and cell cultures of B. braunii. Blue line: cell-free 

cultures with citrate.  Red line: cell cultures with citrate. Green line: cell cultures with no citrate. ........... 65 

Fig. 4.7 Lipid accumulation in continuous cell-free and cell cultures of B. braunii.  As in Fig. 4.5, but data 

are normalized to the original concentration at the beginning of the experiment and shown on a log scale.

 .................................................................................................................................................................... 66 

Fig. 5.1 Lipid content of the cell free system with citrate using different combinations of chemicals  (see 

Table 5.5). Cross: cell-free system with daily citrate addition, with best combination of 6 chemicals; 

Circle: cell-free system with daily citrate addition, with best combination of 4 chemicals; Blue diamond: 

cell-free system with daily citrate addition with commercial medium; Green diamond: regular cell culture 

with commercial medium without citrate addition. .................................................................................... 78 

Fig. 5.2Lipid content in continuous cultures of the cell-free system with citrate, using the Combination 7 

as medium in the dark and in the light. Culture samples were transferred to fresh medium at two week 

intervals. Green circle: cell-free system with daily citrate addition with light; Red circle: cell-free system 

with daily citrate addition without light ...................................................................................................... 79 

Fig. 5.3 Data from Fig. 5.2 normalized to the original concentrations at the beginning of the experiment 

and presented in log scale. .......................................................................................................................... 80 

Fig. 5.4. Cost of media made with chemicals in different combinations over13 days of citrate supply vs. 

commercial medium .................................................................................................................................... 81 

  



xiii 
 

LIST OF TABLES 

Table 1-1 Oil content of some microalgae .................................................................................................... 8 

Table 1-2 Comparison of biodiesel feedstocks (Chisti, 2007) ...................................................................... 9 

Table 5-1 Levels and range of chemicals concentrations used in experiment ............................................ 69 

Table 5-2 Screening tests based on OACD, comparing 50 combinations of six chemicals ....................... 71 

Table 5-3 Screening tests based on OACD, comparing 25 combinations of four chemicals ..................... 72 

Table 5-4 Test of predicted optimal combinations using 6 chemicals ........................................................ 75 

Table 5-5 Test of predicted optimal combinations using 4 chemicals ........................................................ 76 

Table 5-6 Predicted optimal combinations of chemicals tested for lipid accumulation ............................. 77 

  



xiv 
 

ACKNOWLEDGEMENTS 

The realization of this work was only possible due to the several people's collaboration, 

to which desire to express my gratefulness.  

To Professors Chih-Ming Ho, my supervisors, I am grateful for the trust deposited in my 

work and for the motivation demonstrated along this arduous course. His support was without a 

doubt crucial in my dedication this investigation. His vision and great insight in science and his 

care and understanding for his students are amongst the many great things about him. The things 

I learned over these five years were beyond the knowledge and skills for being a researcher. The 

greatest value I gained was the wisdom of life and being a strong and caring human.  

I would like to thank from a special way to Professor Laurent G. Pilon, the Co-Chair of 

my committee, having been a privilege to belong this work-team. And I would also like to thank 

to Professor Yong Chan and Daniel T. Kamei for the unconditional support.  

To Professor James Liao and Professor Kuan Wang, I express my gratefulness for the 

discussion and interpretation of some results presented in this thesis.  

I also need to acknowledge all my colleagues from the ‘Ho’s lab’, Aleidy Silvia, Xianting 

Ding, Leila Sabet, Tak-Sing Wong, Ieong Wong, Cecil Chen, Wei Yu,  Hann Wang, Justin 

Wang, who gave me the encouragement, advices, suggestions of the work, as well as the 

friendship that always demonstrated along these years of realization of the work.  

Moreover, I express my appreciation to my friends, Teng, Maomeng, Xin, Wen and 

Yixin for their willingness of help and discussion on my research work along the way; to Yina, 



xv 
 

Miao, Yuxi, Yiyan, Jun and Katrina for the endless support and encouragement; and to Nico, 

who brought me love and happiness and strength to carry on.  

Finally, I would like to thank to my parents, my grandmother and my aunt, their love and 

support gave me forces to make this work. 

  



xvi 
 

VITA 

2009    Bachelor of Science       

    Department of Precision Instrumentation and Mechanology  

    Tsinghua University 

    Beijing, China  

 

2010   Master of Science  

    Department of Biomedical Engineering 

    University of California, Los Angeles 

    California, the United States 

 

2010-2014  Graduate Student Researcher 

Department of Biomedical Engineering 

    University of California, Los Angeles 

    California, the United States  

 

2010-2014  Teaching Assistant 

    Department of Physics and Astrology 

University of California, Los Angeles 

    California, the United States  

 

2014   Lecturer 

    Department of Mechanical Engineering 

    Cal Poly Pomona 

    California, the United States 

 

 

PATENTS 

UCLA Case 2013-833, US 61/859701 A controllable and robust cell-free system for free fatty 

acids production 

 

UCLA Case 2012-643-1, US 61/720942 Enhanced Oil and Protein Production in Microalgae and 

Cyanobaceria 



 1  

Chapter 1  Introduction 

1.1 Biodiesel as a renewable fuel 

The needs for energy in modern life have increased dramatically during the last 

century. While the demand for oil is continuously growing, conventional fuel reserves are 

being depleted (Fig. 1.1), and the fossil fuels that transportation relies on are non-

renewable. Furthermore, fossil fuels are widely thought to be a major source of 

greenhouse gases in the atmosphere, which have increased by 32% since 1990 (Fig. 1.2), 

and already exceed the ‘dangerous high’ threshold of 450 ppm CO2-e (Demirbas, 2008). 

Gases produced by burning fossil fuels are linked with air pollution and climate change 

(IPCC, 2001; EIA, 2006). Actions taken during the next decade will be crucial in 

addressing these environmental issues, as well as national security problems related to the 

diminishing supply of fossil fuels (Rogner, 2000; BP, 2009). Therefore, development of 

clean, sustainable alternative energy sources is increasingly important. 
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Fig. 1.1 The world conventional fossil fuel reserves forecast. The peak is at 2018. Sources: Jean 

Laherrère [http://hubbertpeak.com/laherrere/Beijing20061009.pdf] for Natural Gas, Energy 

Watch Group for Coal and The Oil Drum for Oil. (http://europe.theoildrum.com/node/3565) 

 

Fig. 1.2 Global average abundances of the major, well-mixed, long-lived greenhouse gases – carbon 

dioxide, methane, nitrous oxide, CFC-12, and CFC-11. Data beginning in 1979 are from the NOAA global 

air sampling network (http://www.esrl.noaa.gov/gmd/aggi/) 

http://hubbertpeak.com/laherrere/Beijing20061009.pdf
http://europe.theoildrum.com/node/3565
http://www.esrl.noaa.gov/gmd/aggi/
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Biodiesel is a promising option: both non-toxic and renewable. Biodiesel refers to 

a diesel-equivalent, processed fuel derived from biological sources. It is a mixture of 

mono-alkyl esters of fatty acids, typically with relatively low alkyl fatty acid chain 

lengths (C14–C22), i.e., esters of short-chain alcohols, primarily methanol or ethanol. 

Ideally, biodiesel can be used directly in any diesel engine without modification or as 

blending components.  

1.1.1 Sources of raw materials 

Raw materials used to produce biodiesel are typically crops with high oil content, 

such as canola, soybeans, sunflower seeds, and palm. Oil from animal sources, such as 

cow and sheep tallow and poultry oil, are also used to produce biodiesel (Pinto et al., 

2005). Waste vegetable oils and some non-edible oils, such as biolipids from Jatropha, 

algae, bacteria, and fungi, have also been used. Due to competition between the uses of 

edible oils for biodiesel production and food, waste and non-edible oils have become 

preferable sources in recent years (Kiss, 2009). 

1.1.2 Processes used to produce biodiesel 

Three well-established methods are used for biodiesel production from raw 

materials: microemulsion, thermal cracking, and transesterification. Transesterification is 

the most preferred method and, therefore, the most commonly used (Ma, 1999). In 

transesterification, the fat or oil reacts with an alcohol to form esters and glycerol. 

Vegetable oils and fats are mostly made of triacylglycerols, which are esters of long-

chain carboxylic acids, combined with glycerol. Carboxylic acids {R–C(=O)–O–H} can 
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be converted into methyl esters {R–C(=O)–O–CH3} by the action of a transesterification 

agent. The reaction consists of a number of consecutive, reversible reactions, until the 

triacylglycerol is converted stepwise into glycerol and fatty acids.   

Fatty acid (R1COOH) + alcohol (ROH)⇌ester (R1COOR) + water (H2O) 

This reaction can be carried out with or without a catalyst, using primary or 

secondary monohydric aliphatic alcohols having 1–8 carbon atoms (Demirbas, 2005). To 

shift the equilibrium forward to produce more methyl esters, large amounts of alcohol are 

often used in this process. Ethanol is the most commonly used alcohol, due to low cost 

and certain physical and chemical advantages. The process is also affected by reaction 

temperature, pressure, molar ratio, water content, and free fatty acid content (Demirbas, 

2008).  

1.1.3 The advantages of biodiesel  

The greatest advantage of biodiesel over other fuels is that it is environmental 

friendly. It is oxygenated and essentially free of sulfur and aromatics, thus reducing 

emission of SOx, CO, unburnt hydrocarbons, and particulate matter. For example, the 

sulfur content of petrodiesel is 20–50 times that of biodiesels (Dunn, 2009). Commercial 

biodiesel fuel reduced particulate matter (PM) exhaust emissions by 75–83%, and 

reduced PM-10 by nearly 50% compared to petrodiesel-based fuel (Knothe, 2006; Reyes, 

2006). The use of pure or blended biodiesel as fuel significantly reduces net CO2 

production compared to petroleum: using 1 kg of pure biodiesel instead of fossil fuel 

could reduce CO2 production by 3.2 kg (Sharmer, 1993). 
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Other important advantages of biodiesel fuels are that they are biodegradable, 

renewable, and safe. In freshwater and soil environments, degradation is near 100% after 

21-28 days (Pasqualino, 2006; Zhang, 1998; Makareviciene, 2003). Biodiesel is produced 

from renewable domestic crops, animal fats, and greases from the food industry that are 

composed of C14-C20 fatty acids (Antolin, et al, 2002). Biodiesel is safe to handle, 

transport, and store, because it is as biodegradable as sugar, and has an even higher flash 

point than petrodiesel. It can be refined and distributed by means of the same 

infrastructural equipment that is used for traditional gasoline. 

In addition to these advantages, biodiesel significantly improves the lubrication 

properties of blended petrodiesel fuels and, thus, can reduce long term engine wear (Ma, 

1999). The high oxygen content of biodiesel molecules improves engine combustion 

efficiency and enhances engine performance. Finally, production and use of biodiesel 

engenders societal benefits, such as rural revitalization and creation of new jobs (Kis, 

2008). 

1.2 Algae-based biodiesel 

Algae are one of the most promising sources of non-edible oils for biodiesel. 

Although full-scale commercialization of algal biodiesel has not yet been achieved, 

research has shown that algal production is one of the most efficient ways of generating 

biofuels. In this thesis, the term ‘algae’ refers to microalgae, which are the main 

feedstock for biodiesel production. 
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1.2.1 What are microalgae? 

Microalgae are microorganisms that grow in aquatic environments, both marine 

and freshwater. Microalgae include prokaryotes, like cyanobacteria (blue-green algae), 

and eukaryotes, such as green algae and diatoms. Microalgae utilize light energy, water, 

and CO2 to carry out photosynthesis, and store energy as chemical energy (Fig. 1.3). It is 

estimated that there are more than 50,000 species of microalgae; around 30,000 have 

been studied (Richmond, 2004). Many are unicellular organisms less than 0.4 mm in 

diameter (Li, 2008). The most common species used in commercial production to date 

include Isochrysis, Chaetoceros, Chlorella, Arthrospira (Spirulina) and Dunaliella 

(Carlsson, 2007).  
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Fig. 1.3 The process of photosynthesis converts solar energy into chemical energy (Schenk 2008) 

1.2.2 Advantages of algae-based biodiesel 

Microalgae offer many advantages for biodiesel production compared to 

terrestrial plant feedstocks. The most significant advantages are rapid growth and high oil 

content. Microalgae have typical cell doubling times of around 3.5 hours during their 

peak growth phase (Chisti, 2007). They can complete an entire growth cycle in a few 

days, allowing frequent harvests, while conventional crops require an entire season. Thus, 

supplies of microalgae are less limiting to production than supplies of terrestrial crops or 

animal fat. While percentages vary among species, fatty acids account for up to 40% of 

total mass in some microalgae, and oils account for up to 75% (Table 1-1; Metting, 1996; 
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Spolaore et al., 2006). These values are over an order of magnitude higher than content in 

terrestrial crops, which contain a maximum of about 5% dry weight of oil (Chisti, 2007). 

Table 1-1 Oil content of some microalgae 

 

Rapid growth and high oil content of microalgae result in high yields of biodiesel 

per hectare of production area (Table 1-2). For example, ~46 tons of oil/hectare/year can 

be produced from diatoms (Chisti, 2007; Shenk, 2008). Oil yield per unit area per year 

from certain microalgal strains is ~300 times higher than from corn, 130 times higher 

than from soybeans, 30 times higher than from Jatropha, and ~10 times higher than from 

oil palms. Life cycle analysis showed that microalgal cultivation uses land ~3.3 times 

more efficiently than corn, 4.3 times more efficiently than switchgrass, and 5 times more 

efficiently than canola (Clarens et al., 2011) and, therefore, is less limited by land 

availability. Furthermore, algae can grow in almost any salt or freshwater environment 
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where there is sufficient light, can use wastewater that is not suitable for human 

consumption, and do not compete directly with food crops.  

Table 1-2 Comparison of biodiesel feedstocks (Chisti, 2007) 

 

1.2.3 The algal-biodiesel production process 

Production of algal-based biodiesel starts with cell cultivation, followed by the 

harvesting of cells from the growth medium (Fig. 1.4). Lipids are then extracted from the 

cells and further processed into diesel form, usually through transesterification. Each step 

of the production process affects the economic viability of the final product.  
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Fig. 1.4 Microalgae biodiesel value chain stages (Mata et al., 2010) 

Microalgal cultivation is the most thoroughly investigated step of the production 

process. Many studies have focused on increasing lipid production efficiency through 

genetic modification or optimization of culture parameters, including pH, irradiance, 

temperature, salinity, carbon source, nitrogen source, and supply of other nutrients 

(Williams, 2002). Microalgae can utilize several metabolic pathways: (i) 

photoautotrophic, utilizing CO2 as a carbon source for photosynthesis; (ii) heterotrophic, 

utilizing organic compounds as both carbon and energy sources; (iii) mixotrophic, a 

combination of autotrophic and heterotrophic metabolism, utilizing both organic 

compounds and CO2 as carbon sources, depending on the concentration of organic 

compounds and light availability (Chojnacka, 2004). Algal growth and lipid production 



 11  

vary among metabolic pathways, and can be controlled via the operational parameters to 

optimize yield. 

A major challenge in microalgal cultivation is that the highest oil concentrations 

are achieved when the algae are nutrient-limited. However, nutrient limitation decreases 

algal growth. The challenging is to balance growth and oil content to maximize total oil 

production. (DOE, 1998)  

The harvesting step separates the microalgae from their culture medium. The most 

common harvesting methods include sedimentation, centrifugation, filtration, and ultra-

filtration, sometimes with an additional flocculation step. The harvesting step can account 

for 20–30% of the total production costs (Grima, 2003). The subsequent extraction of 

lipids from harvested cells typically uses organic solvents, such as hexane, ethanol or 

chloroform (Richmond, 2004). The final step in production converts the lipids into 

biodiesel through an ester exchange reaction, as discussed in section 1.1.2. 

1.2.4 Microalgal cultivation systems 

Microalgal cultivation systems fall into two categories: open-culture systems, 

such as lakes or ponds, and closed-culture system. Each type of system has advantages 

and disadvantages. Open-culture systems, such as the raceways shown in Fig. 1.5, are 

generally less expensive to build and operate, and usually have larger production capacity 

than closed systems. The main problem of open-culture systems the limitation of light 

penetration: water depth must usually be no greater than 150 cm for the algae to receive 

sufficient solar energy (Richmond, 2004). Thus, open-culture systems require relatively 

large areas. The operation parameters – temperature, mixing rate, CO2 concentration, etc. 
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– are less controlled than in closed-culture systems, and more susceptible to weather and 

contamination by other organisms.  

 

Fig. 1.5 Cyanotech’s open-system microalgal culture facility in Kona, Hawaii 

(http://www.nutraingredients-usa.com/Manufacturers/Finished-products-now-account-for-half-of-Cyanotech-s-sales) 

Closed-culture systems (Fig. 1.6), also called photo-bioreactors (PBRs), are more 

controllable than open-culture systems, allowing optimization of growth conditions. 

Closed-culture systems can be manipulated to prevent culture collapse or takeover by low 

oil strains, and are less vulnerable to temperature fluctuations. The major drawback of 

PBRs are the high cost of building and operation, and difficulty in scaling up. These 

problems are particularly significant in the production of low value products, such as fuel. 

http://www.nutraingredients-usa.com/Manufacturers/Finished-products-now-account-for-half-of-Cyanotech-s-sales
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Fig. 1.6 Photo-bioreactors (PBR) (Greenfuels, http://www.flickr.com/photos/jurvetson/58591531/) 

1.2.5 Current barriers to commercial production of algal-based biofuels 

Despite the tremendous potential of algae-based biodiesel production, it has not 

yet been scaled up to commercial levels, due to the high cost per unit area of large-scale 

cultivation, resulting in low cost efficiency. In 2008, U.S. Department of Energy 

estimated that 15,000 square miles of land would be needed to completely replace 

traditional gasoline with algae-based biodiesel produced in open pond culture system, and 

that the price of the algae-based fuels would be more than $8/gal (U.S. DOE, 2008). In 

2012, OriginOil estimated the cost of biodiesel production using pure algal feedstocks to 

be $5.44/gal. High estimated costs of production on a commercial scale were based on 

specific cultivation, harvesting, energy inputs, and land requirements (Teixeira, 2012).  
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Currently, biodiesel contributes only ~2% to the overall production of liquid fuels 

in the U.S. Future efforts to expand production should concentrate on reducing costs in 

both small- and large-scale systems, to achieve economic viability.  

1.3 Botryococcus braunii  

Botryococcus braunii (Kützing, 1849) is a member of the Class, Chlorophyceae, 

and is widely distributed in freshwater habitats. Botryococcus braunii is characterized by 

colonial organization and high lipid content. Colony size ranges from 30 µm to 2 mm. 

The cells, generally ~10 µm in diameter, are located around the periphery of the cluster, 

and embedded within cups of a matrix impregnated by oil (Metzger, 1996). Oil content 

can be as high as 86% of dry weight (Brown et al., 1969). Based on types of 

hydrocarbons synthesized, B. braunii is classified into three chemical races: race A (Fig. 

1.7) synthesizes alkadienes, race B synthesizes botryococcenes, and race L synthesizes 

lycopadiene (Metzger et al., 1985a; Metzger et al., 1990).  

The ability of B. braunii to synthesize large amounts of hydrocarbons has drawn 

the attention of scientists (Swain and Gilby, 1964), and has been implicated in the 

formation of some fossil fuels (Cane, 1969). However, B. braunii also produces some 

lipids commonly found in algal oil, such as fatty acids and triacylglycerols (TAGs), and 

sometimes in very high concentrations. Fatty acids in the range of C14-C32 accounted for 

5–14% of dry biomass (Metzger et al., 1990). The main fatty acids are palmitic (16:0), 

oleic (18:0), and octacosenoic (28:1). In race A, more than 80% of the total fatty acids are 

consisted of oleic acids, which are the precursors in the biosynthesis of very long-chain 

lipids. TAGs, the fatty acids essential product, were also detected in the A race. Thus, B. 
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braunii has potential as a source of biodiesel. 

1.4 Research goals 

Despite the exciting fact that using algae biomass for biodiesel production has a 

promising future, whether algal oil can be an economic source for biofuel and replace 

petroleum-based fuel in the future is still highly dependent on its cost.  

The goals of the research presented in this thesis were to optimize the growth 

conditions of algae, in specific to their carbon source and culture medium, in order to 

increase the lipid production. Botryococcus braunii (Strain A) was chosen to be studied to 

realize a maximum of lipid production. Citrate, which is the precursor of acetyl-CoA by 

the action of ATP: citrate lyase (ACL), as well as serves as the allosteric signal for the 

activation of ACCase, was tested as a carbon source to trigger the production. Then six 

chemicals and their combinations were optimized to increase algae lipid production 

efficiency. In order to optimize a combination of chemicals, a fast and robust feedback 

system control (FSC) approach (Wong, P.K. et al, 2008) was applied (Detail discussed in 

Chapter 5, 5.1).  

1.5 Organization of this thesis 

The global demand for energy continues to grow rapidly; however, the supply of 

fossil fuels is finite. Renewable biofuels are crucial to meeting future energy needs. 

Algal-biodiesel is one of the most promising candidates in the alternative fuels market. 

Microalgae have the advantages of rapid growth and high oil content, and do not compete 
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with food uses. But, the cost of mass production of biodiesel from microalgae is still too 

high to compete with fossil fuels. Chapter 1 of this thesis reviews the background and 

potential for algal-biodiesel to provide a cost effective alternate fuel source. Chapter 2 

describes the methods used to measure cell density and lipid production of B. braunii. 

The initial research attempted to increase lipid content by optimizing culture conditions, 

and sodium citrate was added to the culture system as an organic carbon source. Chapter 

3 discusses the effects of citrate addition, which led to the development of a cell-free 

system for fatty acid production. The cell-free system is described in Chapter 4. 

Subsequent experiments optimized the medium using an unorthodox top-down system 

level approach, the Feedback System Control (FSC) technique. Chapter 5 presents the 

experimental results and optimal medium. Chapter 6 summarizes the research, results, 

and conclusions. 
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Chapter 2  Measurement Methods 

2.1 Optical Density (OD):  

2.1.1 OD principle  

Optical density (OD) is used to quickly measure suspended biomass concentration 

and is the most common means in microbiology laboratories to assess microbial growth. 

Visually evaluating turbidity of a sample is only a rough estimate of the cell 

concentration, but this method can be useful given prior experience with culturing the 

target organism. Several experiments have shown that OD correlates directly with 

biomass (Shen, 2008; Qin, 2005). OD measurements replace tedious procedures such as 

counting the cell numbers with a hemocytometer or plating for colony forming units. 

When the light wavelength used to measure the density of the sample is carefully picked 

to correspond to chromophore absorption, pigments within cells can also be estimated.  

The applicability of OD is largely discussed in terms of the Beer-Lambert law, 

which relates the concentration of a sample to the attenuation of light as it passes through 

the sample.  

       (
 

  
) 

In this equation,    is the incident intensity of light, and   is the intensity of light 

transmitted through the sample and measured by the photo sensor. The attenuation is a 

combination of light scattering and absorption (Swanson, 1999). 
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2.1.2 OD variation with pigment and wavelengths  

Without pigment in the sample, a light-scattering effect dominates the reading, 

and the sample is not sensitive to different wavelengths. A higher wavelength will 

provide a higher OD signal. Pigments in the sample provide a heavier absorbance effect, 

which delays the non-linear trend (Fig. 2.1). All samples have a linear correlation with 

particle numbers, regardless of wavelength when OD<1. It is, therefore, recommended to 

use OD measurements to represent cell numbers only when the OD reading is under 0.5 

(Myers, 2013).  

 

Fig. 2.1 The applicability of the Beer Lambert law for different types of samples. The deviation 

from the linear Beer Lambert behavior is demonstrated at multiple wavelengths for samples of: A) various 

dyes, B) E. coli cultures, and C) Chlorella vulgaris algae cultures. (Myers, 2013) 

To test the max range of our spectrometer, an experiment that was similar to the 

work done by Myers was carried out. Different concentrations of Botryococcus braunii 

cells were prepared, and cell density was determined by a hemocytometer (Schoen, 1988; 
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Guillard, 1978). The OD of eight different concentrations of algae were measured at eight 

different wavelengths.  

 

Fig. 2.2 Applicability of using optical density (OD) to indicate cell numbers 

 

Fig. 2.3 Linearity of optical density (OD) with cells concentration 
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As seen in Fig. 2.2, the linear relationship between OD and cell numbers starts to 

diminish when cell density exceeds               ; therefore, it is important to keep 

the measurement under OD<1. As OD is based on a log scale, if the OD equals 1, this 

indicates that less than 37% of the initial light directed at the sample reaches the photon 

detector. When keeping OD<1 during measurement, all of the OD results showed strong 

linearity (       ) with the cell numbers despite different wavelengths (Fig. 2.3), 

except for 460 nm. The OD result for the 460nm wavelength could have been caused by 

the auto-fluorescent effect from chlorophyll, which would reduce the precision of the 

measurement. The pigment inside B. braunii forces the linearity to be wavelength-

dependent. A general observation is that using a longer wavelength provides more linear 

results (see appendix) but less sensitivity of the measurement. All linear results 

established with wavelengths above 600 nm are adequate (        ) for testing and 

indicate that OD readings as a measurement of cell concentration are reliable. 

A set of serial-diluted pigmentless concentrations of oleic acid (C18:3) were 

prepared to provide further evidence for the effect of pigments. A range of wavelengths 

was used to measure the OD of the serial dilutions. Fig. 2.4 shows that there is little 

deviation in the slopes of the linear fitted lines except for the 510 nm and 590 nm 

wavelengths. 
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Fig. 2.4 Linearity of optical density (OD) with oleic acids 

Our results show that the OD readout numbers are a linear function of the particle 

concentrations, regardless of whether the sample consists of cells or fatty acids. Therefore, 

it does not make sense to compare the OD results under different situations or to use OD 

numbers to represent cell quantity in all cases. This point was important to establish in 

order to distinguish the appropriate method to use with a cell-based versus cell-free 

system. Samples were checked under a microscope to assess if the major particles were 

cells or not. The OD method was only used to indicate the biomass when analyzing the 

regular cell culture at the beginning (before the cell-free system was created).  

2.1.3 OD calibration: 

Calibration curves were developed by Berberoglu et al and show the linear 

relationship of the optical density (OD) at 750 nm of a B. braunii suspension. These 
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curves were established with both the dry cell weight X (in Kg/m3) and the number of 

cells per unit volume of liquid N (in cells/m3) (Berberoglu et al, 2009). The 

measurements were done in disposable polystyrene cuvettes with the path length of 10 

mm (Fig. 2.5). 

 

Fig. 2.5 Calibration curves showing cell density and dry weight concentration as functions of optical density (OD) at 

750 nm and for 10 mm path length for (a, b) B. braunii. (Berberoglu et al, 2009) 

Based on the result shown on Fig. 2.3 and the results from Berberoglu et al, a 750 

nm wavelength was chosen for the absorbance test used in this thesis research. To 

calibrate the spectrometer, serial dilutions of a highly concentrated algae solution were 

pipetted into clear wells of a 96-well plate and the density was measured by spectrometer. 

Cell numbers from samples of several dilutions were also counted by a hemocytometer. 

Fig. 2.6 shows that there is a linear relationship between B. braunii cell concentration and 

OD readout at 750 nm between 0 and 0.9. The commercial medium Modified Bold 3N 
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was used as a blank and gave an OD of 0.0445, which is similar to DI water. This number 

is subtracted from the OD results for all samples. 

 

Fig. 2.6 Calibration curve showing the linear relationship between OD at 750 nm and B. braunii cell 

density (cells/ml) 

During the algae cultivation period, the OD of algae samples was measured using 

a spectrometer (SpectraMax M5, Molecular Devices) every 0.5-3 days, depending on 

need. Measurements from each sample were duplicated. 315 μl of algae culture were 

placed into two clear wells of a 96-well plate for measurement. The OD measurement 

was read twice for each sample, and the maximum difference among the four numbers 

was less than 3%. The average of the four numbers was used to represent the cell 

concentration. 
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2.2 Lipid Measurement 

2.2.1 Spectrometer 

Nile Red 

Nile Red (9-diethylamino-5H-benzo [alpha]phenoxazine-5-one) (Invitrogen) is a 

red phenoxazine dye present as a minor component in commercial preparations of the 

non-fluorescent stain, Nile Blue. It is a lipid-soluble fluorescent probe for in situ lipid 

measurement. It has been shown to be a sensitive, quantitative and high throughput 

method for screening of cellular neutral lipid content in algae. (Chen, 2009, Lee, 1998). 

And it is frequently employed to evaluate the lipid content of microalgae (Cooksey, 1987, 

Elsey, 2007, Eltgroth, 2005, Mutanda, 2011). According to Lee et al. (1998), a significant 

relationship (R
2
=0.997) between in vivo fluorescence of cells stained with Nile Red and 

the lipid content in B. braunii existed.  

The concentration of algal lipids was stained by Nile Red and the emission 

fluorescence was detected by a spectrometer (SpectraMax M5, Molecular Devices). A 

stock of 5 mg was dissolved in 1 ml DMSO; a 1:99 (v/v) solution was used for OD 

measurements. Three microliters of Nile Red solution was added into each 650 μl of 

sample. The samples were agitated vigorously for 5 min to completely dissolve the dye 

and then kept stable and removed from light for another 5 min. Samples were measured 

in a 96-well black-walled plate with a spectrofluorometer. The excitation wavelength was 

490 nm; the emission wavelengths within the range of 550-700 nm were scanned with a 

step of 5 nm and recorded. Data were expressed as fluorescence arbitrary units. 
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Nile Red emission profile 

A typical Nile Red emission spectrum has an emission intensity between 

wavelengths 550-700 nm (Fig. 2.7), presented in a relative fluorescent unit (RFU), which 

usually consists of two peaks. A peak indicating lipid content appears around 580 nm and 

a peak caused by the chlorophyll auto-fluorescent content appears at 680 nm (Kay et al, 

2013). Our results show that the peak of the emission scan curve shifts between 

experiments in the 570 nm to 600 nm window. Instead of recording the emission at a 

specific wavelength, the area under curve (AUC) between the wavelengths of 550 nm and 

630 nm was used as a measure of lipid content in the presented research. AUC has a 

relative fluorescent unit (RFU) of 1RFU nm. 

 

Fig. 2.7 Typical Nile Red spectrum of an algae cell culture sample. Emission intensity was scanned from 

550 nm to 700 nm. The intensity is presented in relative fluorescent unit (RFU) 
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Nile Red calibration 

A significant linear relationship (Fig. 2.8) between in vivo fluorescence of cells 

stained with Nile Red and the lipid content in B. braunii has been shown by Lee’s group. 

(Lee et al, 1998) The lipid content was determined gravimetrically by using a bead-beater 

(Mini-Beadbeater-16, Biospec) associated with a chloroform/methanol solvent system. 

 

Fig. 2.8 Relationship between lipid content determined gravimetrically and in vivo fluorescence 

after Nile Red staining of Botryococcus braunii. (Lee et al, 1998) 

Since B. braunii is known for secreting oil and for producing fatty acids, an 

experiment was conducted to determine the relationship between pure fatty acids content 

and Nile Red fluorescent emission intensity. Standard oleic acid and α-linolenic acid 

purchased from Sigma Inc. were used and serial dilutions of both fatty acids were made. 

Each sample was dyed with the Nile Red dye procedure stated earlier. Fig. 2.9 indicates 

that the Nile Red emission spectrum is different from that of algae alone (Fig. 2.7). The 
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single peak is at 600-610 nm, which is shifted to the right compared with previous cell 

samples. It has been reported that the red shift of the Nile Red emission peak is due to the 

presence of a more polar environment or more polar lipids (Greenspan, 1985). A broad 

emission peak will develop at approximately 580 nm for TAGs or at 620 nm for 

phospholipids (Wu, 2011). 

 

Fig. 2.9 Nile Red emission spectrum of oleic acid freely dissolved in water with a 

concentration of 5000   /ml 

We, therefore, considered the Nile Red emission signal to be represented by both 
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2
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content of the samples. The area under curve (AUC) measurement was chosen to be used 
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in future spectrometer tests for this research. It was also revealed that the α-linolenic acid 

gives out a stronger signal than oleic acid under the same concentration. Therefore, the 

results in future experiment will be the combination of all fatty acids and neutral lipids.  

 

 

Fig. 2.10 (a) Relationship between standard fatty acid content and Nile Red measurement result presenting 

by area under curve (AUC) (b) Relationship between standard fatty acid content and Nile Red 

measurement result presenting by peak value with a unit of relative fluorescent unit (RFU) 
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2.2.2 Flow Cytometry 

Flow cytometers measure light scattering and fluorescence characteristics from 

individual particles in a fluid stream as they cross one or more light beams at rates of up 

to thousands of particles per second. Flow cytometry-detectable optical signals may arise 

naturally from algae size, structure, and endogenous pigmentation, or from generated 

fluorescent stains that report the presence of cellular constituents.  

Nile Red staining was performed via the protocol stated previously. One milliliter 

of sample was treated with 3 μl of working solution of Nile Red and acetone. The mix 

was gently vortexed and incubated for 10 min at room temperature in darkness. The Nile 

Red fluorescent level was determined and expressed as arbitrary units using a 

FASCSCalibur flow cytometer (Becton Dickinson Instruments) equipped with a 488 nm 

argon laser.  

Upon excitation by a 488 nm argon laser, Nile Red exhibits intense yellow-fold 

fluorescence when dissolved in neutral lipid matrix (Shapiro, 1995) while exhibiting red 

light (620 band pass filter) when in polar lipids (De la Jara, 2003). FACSCalibur 

collected information of each particle including: Forward scatter (FSC) indicative of the 

cell size and shape; side scatter (SSC) indicative of cell granularity, size and refractive 

index; yellow and orange light (560-610 nm, corresponding to neutral lipids) in the FL 2 

channel; and red light (>660 nm corresponding to chlorophyll auto-fluorescence) in the 

FL 3 channel. Ten thousand events (particles) were measured and analyzed using log 

amplification of the fluorescent signal versus the relative number of events. Non-stained 

cells were used as a background.  
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2.2.3 GC (Gas Chromatography) 

Gas chromatography (GC) is a form of partition chromatography in which the 

mobile phase is a gas and the stationary phase is a liquid. A sample is injected into the 

gas phase where it is volatilized and passed onto the liquid phase. Components of the 

sample spend different times in the mobile phase and the stationary phase, depending on 

their relative affinities for the latter. Samples emerge from the end of the column 

exhibiting peaks of concentration, ideally with a Gaussian distribution.  

Concentrated samples with an OD that was higher than 1 were sent to a 

collaborator’s lab for GC analysis. Lipids were extracted according to the procedure of 

Folch et al. (1957) with 20 vol chloroform/methanol (2:1, v/v) containing 0.005% 

butylated hydrotelecene. After homogenization for 1 min, extracted solutions were 

incubated at 4 °C overnight. Treated samples were centrifuged at 5,000 rpm for 5 min at 

4°C, and then repeated with the same procedure. Solutions were centrifuged at 9,000 rpm 

for 10-20 min at 4°C and extracted a third time. Extractions were centrifuged a final time 

at 9,000 rpm for 10 min at 4°C. Chloroform layers from all three extractions were taken 

and dried under nitrogen environment.  

The extracted lipids were then methylated with trifluoride-methanol (Morrison, 

1964). Tricosanoic acid (C23:0) was used as an internal control. The contents were 

heated at 90°C for 1 hr, cooled, diluted with 1 ml water, and extracted with 1 mL of 

hexane. The hexane layer was dried under nitrogen environment and re-dissolved in 

hexane to be ready for GC analysis. Fatty acids methyl esters were identified by co-

chromatography with authentic standards Supelco 37 (Sigma Inc.). The quality of the 

fatty acids was determined by comparing their peak areas with that of the internal control. 
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Chapter 3  Citrate Effect on Algal Growth and 

Fatty Acid Content 

3.1 Citrate and fatty acid synthesis  

3.1.1  Biosynthesis of fatty acids  

The production of lipids from carbohydrates via fatty acid synthesis is a 

ubiquitous pathway in organisms. Fatty acids are precursors for important metabolic 

building blocks, such as phospholipids and triacylglycerides (TAGs). Fatty acid synthesis 

occurs in the cell’s plastids, is dependent on acyl carrier protein, and requires both 

NADPH and NADH (Fig. 3.1). Acetyl-coenzyme A (acetyl-CoA) molecules are the 

building blocks of fatty acids. In the first reaction of the fatty acid bio-synthetic pathway, 

the enzyme, acetyl-CoA carboxylase (ACCase), catalyzes the interaction of acetyl-CoA 

and CO2 to produce malonyl-CoA, with consumption of ATP. The malonyl group is then 

transferred to a protein cofactor, acyl carrier protein (ACP), and carbon-carbon bonds are 

formed by a series of condensation reactions with ACP, forming fatty acids up to 18C in 

length (Ohlrogge, 1995). The ultimate length of the carbon chain depends on the presence 

of specific enzymes. For example, at least thirty enzymatic reactions are required to 

produce palmitic acid (16:0) or stearic acid (18:0) from acetyl-CoA and malonyl-CoA.  



 32  

 

Fig. 3.1 Scheme of reactions of plastid fatty acid synthesis (Jay, 2002) 

3.1.2 The role of citrate in fatty acid production  

The first step in fatty acid synthesis, in which ACCase catalyzes the carboxylation 

of acetyl-CoA to produce maloynl-CoA, is believed to be the rate-limiting step (Ratledge 

and Evan, 1989). In this metabolic pathway, citrate is used to transport carbon from the 

mitochondria back into the cytoplasm to maintain the reaction (Fig. 3.2). Citrate is then 

cleaved by citrate lyase to regenerate acetyl-CoA. Citrate also activates the fatty acid 

synthesis enzyme by binding to the allosteric binding site. Thus, citrate shifts the 

equilibrium towards the active polymers and increases production of fatty acids. 

Accumulation of citrate has been observed in yeast prior to lipid production (Evans 1983). 



 33  

 

Fig. 3.2 Illustration of citrate effect on fatty acids biosynthesis 

3.2 Algal strain and culture 

When they degrade, fatty acids release large amounts of energy, which makes 

them potentially useful in the production of liquid transportation fuels and high-value 

oleochemicals (Lennen, 2012). One goal of the research described in this thesis was to 

examine the effect of citrate on fatty acid production by the microalga, Botryococcus 

braunii 572 (Fig. 3.3). This strain was obtained from the Culture Collection of Algae at 

the University of Texas at Austin (UTEX). The algae were maintained in 25 cm2 cell 

culture flasks (Corning) with Modified Bold 3N medium (Fig. 3.4), and were 

continuously shaken at 60 rpm on an orbit shaker (Labnet) with a 100 µmol m-2 s-1 of 

light intensity provided by fluorescence lamp. On Day 0 and Day 8, a stock solution of 1 

M sodium citrate tribasic dehydrate was added to the algal cultures to give a final 

concentration of 2 mM citrate. Samples were collected every other day, stained with Nile 

Red, and absorbance was measured by a spectrometer and the lipid content was presented 

in an arbitrary unit by integral the area under curve (AUC) in the emission spectra as 

described in 2.2.1. 
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Fig. 3.3 Botryococcus braunii, race A [magnification?] 

 

Fig. 3.4 Experimental setup 
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3.3 Results 

3.3.1 Effects of citrate on lipid accumulation 

Botryococcus braunii cultures that were provided with citrate on Day 0 showed a 

near doubling of AUC by Day 4 (Fig. 3.5), indicating a rapid increase in lipid content. 

However, the rate of increase slowed down after Day 6. In cultures to which citrate was 

added on Day 8, lipid accumulation prior to the addition was relatively slow, but lipid 

content increased by roughly 1.5 fold from Day 8 to Day 12. The rate of lipid 

accumulation was highest from Day 10 to Day 12, after which the rate declined. Cultures 

with no added citrate had lower rates of lipid accumulation than cultures to which citrate 

was added, but started to accumulate large amounts of lipid at the end of two weeks, and 

had the highest lipid content by the end of the experiments. 
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Fig. 3.5 Lipid accumulation in Botryococcus braunii, measured by (AUC) using Nile Red stain. Blue diamonds: 

algal cultures with citrate addition only on Day 0; red squares: algal cultures with citrate addition only on Day 8; 

green triangles: algal cultures with no citrate addition. 

Because one-time addition of citrate caused increases in lipid accumulation, 

effects of continuous citrate addition were examined. Botryococcus braunii cultures to 

which citrate was added on a daily basis exhibited rates of lipid accumulation during the 

first eight days that were similar to rates in the previous experiments (Fig. 3.6). On Day 9, 

however, lipid content started increase rapidly, and continued to increase through Day 16. 

Final lipid content was more than ten times the initial content, and more than eight times 

that of cultures with no added citrate. The peak rate of increase was six times faster than 

that of cultures with no added citrate. This result was consistent in more than 30 replicate 

experiments.  
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Fig. 3.6 Lipid accumulation in Botryococcus braunii, measured by (AUC) using Nile Red stain. Purple 

crosses: algal cultures with continuous citrate addition; blue diamonds: algal cultures with citrate addition only on 

Day 0; red squares: algal cultures with citrate addition only on Day 8; green triangles: algal cultures with no citrate 

addition 

3.3.2 Effects of citrate on lipid composition 

Emission spectra were recorded during AUC measurements of Botryococcus 

braunii cultures grown with continuous addition of citrate and without added citrate. At 

the beginning of experiment, the emission profiles of all samples looked identical, with a 

peak at 585±5 nm, representing lipid content, and another peak at 680 nm, caused by 

autofluorescence of chlorophyll (Fig. 3.7, top). On Day 14, the sample with no added 

citrate still showed the two peaks, both of which increased over time, reflecting the 

increase in total number of cells and total amount of lipids (Fig. 3.7bottom). In contrast, 

the sample to which citrate was added continuously showed a shift in the lipid peak from 
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and Day 10. At the same time, the peak increased in magnitude: by Day 14, the peak was 

as much as five times higher than the initial lipid peak.  

 

 

Fig. 3.7 Emission spectra on Day 0 (top) and Day 14 (bottom). Pink line: algal cultures with continuous 

addition of citrate; green line: algal cultures with no citrate addition 
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Gas chromatography (GC) was used to examine the composition of the fatty acids 

in cultured Botryococcus braunii. In cultures with continuous citrate addition, there were 

major peaks at 7.36, 12.23, 15.61, and 15.91 min retention times (Fig. 3.8). Comparison 

to fatty acid standards indicated sample composition of 284       tridecanoic acid, 542 

      palmitic acid, 322       stearic acid, and 4 µ     oleic acid. Another peak at 

23.40 min was the internal control. In contrast, algae cultures with no added citrate, 

which were concentrated threefold to increase the signal, showed major peaks at 7.35, 

12.23, 15.60, 15.90, and 17.67 min, indicating original composition of 120        

tridecanoic acid, 205        palmitic acid, 129       stearic acid, 31       oleic acid, 

and 12       α-linolenic acid.  
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Fig. 3.8 GC results on Day 20. Top: samples of Botryococcus braunii cultured with continuous citrate supply.  

Bottom: samples of Botryococcus braunii with no citrate, concentrated threefold. 
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3.3.3 Population changes 

Flowcytometry was utilized to further examine the effects of citrate on 

Botryococcus braunii cultures. On Day 0, Flowcytometry results were identical for 

cultures with continuous addition of citrate and cultures with no added citrate (Fig. 3.9).  

Results for both samples indicated two populations of cells. The larger cells (P2), which 

made up about 70% of the total population, had forward-scattered light (FSC) 

measurements greater than 104 units, with higher intensities in both the phycoerythrin 

channel (PE: 1.1×104 units) and the allophycocyanin channel (APC: 104 units). The rest 

of the cells (P1) were smaller and had lower PE and APC intensities, with no significant 

peak in any channel. 
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Fig. 3.9 Flow Cytometry results for Botryococcus braunii cultures on Day 0. Population P1 

(red) includes smaller cells with lower intensities in all three channels. Population P2 (green) 

includes larger cells with higher intensities in all three channels. 

After two weeks, FACS results for Botryococcus braunii cultures with continuous 

addition of citrate vs. no added citrate showed distinct differences (Fig. 3.10). The culture 

with added citrate was dominated by the smaller P1 cells, which made up 88% of the 

total population, with an 800 unit peak in the PE channel, and a 500 unit peak in the APC 

channel. The larger P2 cells made up 11% of the population, with a high intensity in APC 

channel, but no major peaks. The sample with no added citrate was still dominated by P2 
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cells with high PE and APC peaks (11,000 and 9000 units, respectively). Smaller P1 cells 

had lower PE and APC intensities (500 and 100 units, respectively). 

  

Fig. 3.10 Flowcytometry results for Botryococcus braunii cultures on Day 14. Left: samples with continuous 

citrate supply; Right: samples with no added citrate. Population P1 (red) includes smaller cells with lower intensities 

in all three channels. Population P2 (green) includes larger cells with higher intensities in all three channels. 

The morphology of Botryococcus braunii grown with or without citrate was 

compared on Day 20, using a confocal microscope. Without any citrate addition, cells 

grew in small colonies and the size of a single cell was about 12 μm in all three 

dimensions (Fig. 3.10 right). When stained with Nile Red, the cell membranes showed up 

as ring shapes, the intracellular oil particles displayed a strong intensity of orange-red 

fluorescence, and the chlorophyll autofluorescence was a light reddish color. Colonies 

grown with citrate were about 16 μm thick, and about 250 μm in length and width, but 
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included few intact cells (Fig. 3.10 left). Most of the cluster consisted of particles about 

1/10th of the size of normal cells, floating in liquid that emitted a weak fluorescence after 

staining.   

 

 

Fig. 3.11 Morphology of Botryococcus braunii samples on Day 14, showing lipids stained with Nile Red. Left: 

algae cultured with continuous addition of citrate. Right: algae culture with no added citrate. 
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After the dramatic increase in lipid production, Botryococcus braunii cultures 

with continuous addition of citrate exhibited different solution colors than cultures grown 

without citrate (Fig. 3.11). In the cultures with no citrate, green cell colonies could be 

seen by the naked eye, even when the cell concentration was not very high (Fig. 3.12). 

Cultures with added citrate had a cloudy color, similar to that of standard fatty acids 

(Appendix, Fig. ?), and no green colonies were visible to the naked eye. 

 

Fig. 3.12 Botryococcus braunii cultures on Day 8. Left two samples were grown with no added 

citrate. Right two samples were grown with continuous addition of citrate. 

3.3.4 Effects of light on Botryococcus braunii grown with citrate 

Experiments were run to examine the effect of light on Botryococcus braunii 

grown with a continuous supply of citrate. Dark cultures were wrapped with aluminum 

foil, and Nile Red emission spectra were compared with cultures exposed to light. The 

dark and light cultures exhibited similar patterns of lipid accumulation during two weeks 
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(Fig. 3.13). In both cases, the rate of increase in lipid accumulation was more than 10 

times higher than in a culture with no added citrate. However, lipid accumulation in the 

light cultures increased rapidly starting on Day 3, slowed after Day 4, and increased 

rapidly again after Day 8. Lipid content of the dark cultures did not start to increase until 

Day 4, then slowed and remained relatively slow. By the end of Day 12, lipid 

accumulation in the light cultures was about 20% higher than in the dark cultures  (AUC 

= 18,000 vs. 13,000, respectively), which was about 4.2 and 3 times higher, respectively, 

than cultures with no added citrate. Dark and light cultures with continuous addition of 

citrate exhibited similar emission spectra, with one major peak around 610 nm (Fig. 3.14).  

 

Fig. 3.13 Lipid content of Botryococcus braunii grown with a continuous supply of citrate in light 

or dark, and with no citrate in light. Yellow circles: dark cultures with citrate. Blue squares: light cultures 

with citrate. Red diamonds: light cultures with no citrate. 
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Fig. 3.14 Nile Red emission spectra on Botryococcus braunii grown with a continuous supply of 

citrate in light or dark, and with no citrate in light. Top: on Day 0; bottom: on Da 6. Green triangles: 

dark cultures with citrate. Blue stars: light cultures with citrate. Pink line: light cultures with no citrate.  
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Samples from the dark cultures with citrate were collected on Day 20, and gas 

chromatography was used to examine the composition of the fatty acids. There were 

major peaks at 7.36, 12.23, 15.61, and 15.91 min (Fig. 3.15), indicating 352        

tridecanoic acid, 493       palmitic acid, 272       stearic acid, and 11.3       oleic 

acid.  Compared with the result from the light culture with citrate, the content was quite 

similar: the dark culture with citrate produced about 23 % higher in tridecanoic acid, 

while 10% less in palmitic acid, 15% less in stearic acid and 65% less in oleic acid.  

 

Fig. 3.15 GC results for dark cultures of Botryococcus braunii grown with a continuous supply of 

citrate on Day 20 

3.3.5 Long-term Effects of Citrate and Light on Lipid Content of Botryococcus braunii  

Cultures of Botryococcus braunii were maintained in the light in the light for 51 d 

with daily citrate addition or with no citrate added. Cultures with citrate showed a 
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dramatic increase in lipid accumulation from Day 9 to Day 23, when AUC reached 93 

times its original value (Fig. 3.16). Lipid content then decreased, dropping dramatically 

after Day 44. However, on Day 51, AUC was still 47 times higher than the original value. 

In cultures with no citrate, lipid accumulation increased from Day 8 to Day 23, when 

AUC was 4 times its original value, then gradually increased to 5 times its original value 

on Day 51. 

 

Fig. 3.16 Lipid content in long-term cultures of Botryococcus braunii grown with citrate in the 

dark or with no citrate in the light. Blue line: light cultures with citrate. Red line: light cultures with 

no citrate. 
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medium every two weeks for 107 days (7 dilutions). Lipid content in light cultures with 

citrate showed a dramatic increase at every transfer to fresh medium (Fig. 3.17). However, 

the increase tended to become smaller over time. Light cultures with no citrate showed 

little lipid accumulate during the first 17 days, but subsequently showed a 4 to 5-fold 

increase. After the fourth transfer at 44 days, the lipid content remained constant. 

 

Fig. 3.17Lipid content in long-term cultures of Botryococcus braunii grown in the light with or 

without citrate . Culture samples were transferred to fresh medium at about two week intervals. Red squares: 

dark cultures with citrate. Green triangles: light cultures with no citrate 
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Fig. 3.18 Data from Fig. 3.17 normalized to the original concentration at the beginning of the experiment and plotted 

on a log scale. 

3.4 Discussion 
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carbon, including glucose, sucrose, and acetate, resulting in increased total cellular lipids 

(Barrow, 2008; Xu, 2006; Ratledge, 1993; Ratledge and Wynn, 2002). 

When citrate was added only at the beginning of the culture period, increased 

lipid accumulation was maintained for less than 6 days, with only about 20% higher lipid 

content than cultures with no citrate. This suggests that the citrate was consumed, and the 

cells reverted to only autotrophic production. However, lipid accumulation tended to 

increase again by Day 14, suggesting that the cells had entered the stationary phase and 

started to accumulate lipid as cell replication slowed down. This pattern was also seen in 

cultures with no citrate, and can be understood in light of the relationship between 

nitrogen content, cell growth, and lipid accumulation (Fig. 3.19). When the environment 

is nitrogen-rich, cells tend to replicate and increase biomass. When cells are nitrogen-

limited, lipids accumulate through conversion of biomass (Ratledge, 1989; Weldy, 2007; 

Melinda, 2014). When citrate was added on Day 8, lipid accumulation increased slightly 

during Day 10 to Day 12, but the increase was smaller than when citrate was added on 

Day 0. This might reflect a higher concentration of cells in a later growing phase, which 

were more resistant to using citrate as a carbon source and maintained primarily 

autotrophic metabolism.  
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Fig. 3.19 Illustration of the relationship between nitrogen concentration in medium (blue), biomass content (red), 

and lipid production (green) 

Daily addition of citrate resulted in significantly higher lipid content than a single 

addition of citrate. Although lipid accumulation was similar during the first 9 days, 

subsequent lipid production was much faster. Among the more than 30 replicate 

experiments, there was always a delay of 4-10 days prior to the increase in rate of lipid 

accumulation. It is possible that, over time, more and more cells were using heterotrophic 

metabolism.  
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environment, due to a large change in dipole moment upon excitation (ref.). Depending 

on the hydrophobicity of the solvents, the peak of Nile Red fluorescence can vary 60 nm 

(Greenspan, 1985), shifting toward the red in more polar environments. Thus, cells 

continuously supplied with citrate appeared to become more polar environments, possibly 

due to the production of more polar lipids, such as the phospholipids that make up the 

cell membrane. It was also possible that the Nile Red became more localized at the 

interfacial region of the membrane, so that the depth of penetration became shallower, 

and the intensity of the emission maximum became higher (S. Mukherjee, 2007). An 

increase in some hydrocarbon localized in the interfacial region of the membrane, or a 

lack of certain hydrophobic molecules in the membrane could both contribute to this.  

Results of GC indicated a change in fatty acid composition after continuous 

citrate supply. Compared to cultures with no citrate, cells supplied with citrate produced 

little linolenic acid (C18:3) and slightly less oleic acid (C18:1), but almost twice as much 

tridecylic acid (C13:0), palmitic acid (C16:0), and stearic acid (C18:0), which made up 

the majority of lipid content. Thus, daily citrate supply not only enhanced accumulation 

fatty acids, but altered the fatty acid composition.  

3.4.3 Effects of citrate on cell populations 

The different emission spectra of B. braunii cells with and without citrate 

indicated that the cells were not physiologically or genetically identical. In response to 

citrate supply, the initially homogeneous cells seemed to be divided into two populations. 

FSC and SSC results indicated that the cultures were originally made up of mainly 

regular cells, with relatively large size, high chlorophyll content, and high lipids (P2 

particles). After two weeks of culture with no citrate, the P2 particles still accounted for 
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the majority, although there was a slight increase in P1 particles, which contained little 

chlorophyll and medium lipid content. The P1 population could be lipid droplets. In 

cultures with citrate, the P2 population declined to 11%, and P1 particles became the 

majority population. It is also noticed that the peak of APC channel intensity shifted right 

slightly. This can be a result of the red-shift of Nile Red emission peak and the emission 

intensity at 660±20 nm was also high as shown in Fig. 3.7. 

3.4.4 Effect of light on lipid accumulation 

Comparison of light and dark cultures showed that, with daily citrate supply, light 

is not needed for lipid production. Both samples, with and without light had a similar 

tendency with dramatic increase of lipid production after a week. The differences 

between the light and dark cultures could be attributable to the small population of cells 

(P2 particles) still utilizing photosynthetic pathways to produce lipids. Perhaps the citrate 

concentration was not sufficient to supply energy to all cells, or some cells had higher 

resistance to citrate as a carbon source. Nevertheless, the emission spectra of dark and 

light cultures were similar, and Flow cytometry results showed that the composition of 

the fatty acids was also similar. Without light, cells produced about 10% less palmitic 

acid (C16:0), 15% less stearic acid (C18:0), and 20% more tridecylic acid (C13:0). As the 

latter accounts for only 25% of total lipids, and majority of the lipids were palmitic acid 

and stearic acid, these changes could account for the changes in the emission spectra. 

Overall, the results suggest that algae provided with daily citrate no longer need light to 

produce lipids, could rely solely on citrate as a carbon source, and produce a large 

amount of lipid in a short period of time. 
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3.4.5 Continuous culture 

In batch cultures, algal cells often slow down replication and reach a plateau. B. 

braunii cultures often exhibit an exponential growth phase with rapid replication for 

about 1-2 weeks, followed by a stationary phase where large amount of lipid is 

accumulated (Metzger and Largeau, 2005; Ashokkumar, 2011). This pattern was 

observed in the present study (Fig. 3.7). Cultures with or without citrate ceased to 

accumulate lipid after about 3 weeks, possibly due to the deletion of essential nutrients 

and cell degradation. The subsequent decline in lipid content of cultures with citrate 

could be explained by decomposition of lipids to generate energy for the maintenance of 

basic life activities.  

In industrial algal production, a common way to avoid nutrient depletion and 

maintain algal growth is to periodically add fresh medium to the previously produced cell 

pellet (Ashokkumar, 2011). Under continuous culture conditions, the cultures without 

citrate replicated and produced lipid for about two months. Continuous cultures with 

citrate showed dramatic increases in lipid content after every transfer to fresh medium. 

After the first transfer, the cells required less time to respond to the transfer, possibly due 

to their adaptation to citrate metabolism. As in the cultures with no citrate, lipid 

accumulation was higher during the first two months and gradually declined. This could 

be a result of some cells losing their metabolic activities. Nevertheless, cultures with 

citrate maintained high rates of lipid accumulation for 107 days, with the potential to 

continue. 

  



 57  

Chapter 4  Lipid Production in cell-free system 

generated from Botryococcus braunii 

As described in Chapter 3, microscopic analysis and FACS results showed that lipid 

accumulation was maintained in Botryococcus braunii cultures with a continuous supply of 

citrate, despite few intact cells. These results led to the development of a cell-free system for 

lipid production.  

4.1 Preparation of Cell-free Cultures 

An algal stock solution with optical density ~1 was used to initiate the cell-free 

cultures of B. braunii. A small volume of stock solution (0.3~0.5 ml) was added diluted 

with 1 ml DI water, then mixed at a 1:1 (v/v) ratio with 0.1 mm diameter Ziroconia/silica 

beads (BioSpec). A bead beater (BioSpec, Mini Beadbeater-16) was used to lyse the cells 

during three cycles of one-minute grinding/one-minute cooling. The efficacy of the bead 

beater was about 95%. The top 0.8 ml of the homogenate was transferred into a 1.5 ml 

Lo-Bind tube and centrifuged at 10,000 g for 2 min, to remove cells. One half milliliter of 

the supernatant was transferred to a vented polystyrene cell culture container and mixed 

with 19.5 ml of medium to create the cell-free system. The sample of the cell-free system 

was examined microscopically, and no intact cells were found. The containers were then 

maintained on a shaker.  
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4.2 Results 

4.2.1 Lipid accumulation by the cell-free system with citrate  

The cell-free system with continuous citrate supply showed similar trends in lipid 

accumulation to cultures with intact algal cells and daily addition of citrate. Although 

initial lipid content of the cell-free system was less than 28% of that in the cell cultures 

with citrate, lipid content in the cell-free system increased rapidly after Day 6 (Fig. 4.1). 

By Day 8, lipid content in the cell-free system was similar to that in the cell cultures with 

citrate. By Day 13, lipid accumulation in the cell-free system was more than 3-fold higher 

than that of cell cultures with no citrate. The cell-free system with no citrate did not 

accumulate any lipids. 
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Fig. 4.1 Lipid content of cell-free cultures of Botryococcus braunii grown with a continuous supply of citrate or with 

no citrate. Blue line: cell cultures with daily citrate addition. Green line: cell-free cultures with daily citrate addition. 

Red line: cell cultures with no citrate. Purple line: cell-free cultures with no citrate. 

4.2.2 Lipid composition of the cell-free system 

Emission spectra of cell-free system created from Botryococcus braunii with 

continuous addition of citrate were determined using Nile Red stain and a spectrometer. 

On Day 0, the emission profile looked distinctively different from that of cell cultures: 

intensity was very low at all emission wavelengths (RFU below 15), and there was only a 

small peak at 640 nm (Fig. 4.2, top). Although the cell cultures had low initial densities 

(~2×104 cells/ml), they exhibited the expected profile with two peaks of which both were 

above 40 RFU (Fig. 3.7, top). On Day 14, the cell-free system with continuous citrate 

addition showed a peak at about 6105±5 nm (Fig. 4.2, bottom), and the shape was similar 

to that of cell cultures with citrate added daily (Fig. 3.7, bottom). 
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. 

 

Fig. 4.2 Emission spectra of cell-free system generated from Botryococcus braunii with continuous citrate 

supply on Day 0 (top) and Day 14 (bottom). 
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Flow cytometry analysis of the cell-free system on Day 0 showed that total particle 

density was very low, and that the population of particles (P2) that were around the size of a 

cell or that had high PE and APC channel intensity,  representing high lipid and chlorophyll 

content, accounted for less than 1% of the total population (Fig. 4.3 left). Small particles with 

low lipid or chlorophyll content (P1) made up the majority. On Day 13, the P2 population—

with a size of normal cell, but not as high content of lipid or chlorophyll as the normal 

cells—still accounted for only 13% of the total, while the population of P1 particles with 

medium PE and APC channel intensities had greatly increased. (Fig. 4.3right) 

  

Fig. 4.3 Flow cytometry analysis of cell-free system with continuous citrate supply on Day 0 (left) and Day 13 

(right). The P1 population (red) represents smaller particles with lower intensities in all three channels; the P2 

population (green) represents larger particles with higher intensities in all three channels 
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4.2.3 Effects of light on cell-free system with citrate 

The effects of light were examined on lipid accumulation in the cell-free system 

with continuous citrate supply. Dark samples were covered with aluminum foil. Nile Red 

emission spectra of dark and light samples showed similar patterns of lipid accumulation 

during a two-week period, but accumulation was delayed by four days in the dark 

samples (Fig. 4.4). In both cases, final lipid content was more than 7 times higher than 

initial lipid content, but final lipid content of the light samples was about 10% lower than 

content in the dark samples.   

 

Fig. 4.4 Lipid accumulation of cell-free system with daily citrate supply, with or without light. Green line: with light. 

Blue line: without light. 
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4.2.4 Continuous culture of cell-free system with citrate 

Lipid accumulation in the cell-free system with continuous citrate supply was 

followed for 51 days and compared to cell cultures with and without citrate (Fig. 4.5). 

The cell-free system showed increased lipid content starting on Day 6, and a very rapid 

rate of increase starting on Day 16, two days later than the cells grown with citrate. The 

lipid content of the cell-free cultures increased more than 35-fold from Day 6 to Day 16. 

Content peaked around Day 20 at more than 280 times the original level, then decreased 

and remained fairly constant at about 120 times the original level. In contrast, lipid 

content of the cell cultures with citrate started to accumulate after Day 10, peaked at 

around 35 days, and then remained at about 8 times the original content. 
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Fig. 4.5 Lipid content of cell-free system and the B. braunii cell cultures. Blue line: cell cultures with daily citrate 

addition. Green line: cell-free cultures with daily citrate addition. Red line: cell cultures with no citrate. 

Continuous culture of the cell-free system was carried out to test its ability to 

continuously generate lipids (see similar experiment with cell culture in Section 3.3.5). 

The cell-free cultures with added citrate were established; on Day 13, 1 ml of sample was 

taken and added to 19 ml of fresh medium; and this procedure was repeated for a total of 

seven cycles. Lipid accumulation in the cell-free system with citrate was similar to that in 

cell cultures with citrate (Fig. 4.6and Fig. 4.7). Both culture systems reached the highest 

lipid contents at around 22 days cycle – 47 times the level at the beginning of the second 

cycle. The increase in lipid content was lower in subsequent cycles, and then leveled out. 

Nevertheless, high rates of lipid accumulation were maintained for 107 days.    
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Fig. 4.6 Lipid accumulation in continuous cell-free and cell cultures of B. braunii. Blue line: cell-free cultures with 

citrate.  Red line: cell cultures with citrate. Green line: cell cultures with no citrate. 

0

50

100

150

200

250

300

0 20 40 60 80 100 120

A
U

C
 

×
1

0
0

0
 

Days 

Lipid accumulation 

Cell free w/
commercial medium
w/ citrate

Algae w/ commercial
medium w/ citrate

Algae w/ commercial
medium w/o citrate



 66  

 

Fig. 4.7 Lipid accumulation in continuous cell-free and cell cultures of B. braunii.  As in Fig. 4.5, but data are 

normalized to the original concentration at the beginning of the experiment and shown on a log 

scale. 

4.3 Discussion 

The cell-free system generated from the Botryococcus braunii cultured with daily 

citrate supply showed lipid accumulation similar to cell cultures with citrate. Lipid 

content showed an initial delay, but then increased rapidly between Day 6 and Day 10. In 

continuous cultures, the delay time tended to become shorter in later cycles. The rapid 

increase in lipid content lasted for about three weeks without a fresh supply of medium. 
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Lysis of the B. braunii cells using the bead beater method was very efficient: 

there was no cell visible with microscopy, and analysis from the Flow cytometry 

indicated an insignificant number of intact cells (less than 1% of particles). Even after 

two weeks of culture, intact cells (P2) made up only 13% of the total particles. Thus, lipid 

accumulation in the cell-free system was not likely due to residual cells growing under 

mixotrophic or heterotrophic culture conditions. In that case, lipid accumulation in the 

cell cultures would be expected to be 60 times higher than that in the cell-free system, 

since the cell cultures were initiated with more than 60% intact cells. Furthermore, 

Takako et al. (2011) found that B. braunii cultured under mixotrophic and heterotrophic 

conditions maintained normal cell shapes, which differed from the cell morphology found 

in the current cultures (Fig. 3.11). Finally, results of previous studies on mixotrophic 

culture of B. braunii showed a continuous increase in biomass, but a delayed increase in 

lipid content until Day 10–20. (Gim, 2014; Tansakul, 2005). 

The bead beater method used to initiate cell-free system from B. braunii 

apparently does not destroy cell extracts containing the enzymes and machinery for fatty 

acid synthesis and it seems that these cell constituents can continue to produce lipids 

outside of intact cells. If this is indeed the case, other enzymes and machinery must also 

remain operational, such as the acyl carrier proteins, NADPH and NADH needed for 

energy supply. With continuous supplies of citrate and nutrients, the cell-free system 

could potentially maintain high rates of lipid accumulation with no light for a long time, 

which are favorable characteristics for industrial applications.  
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Chapter 5  Optimization of Medium for Lipid 

Accumulation in the Cell-Free system 

5.1 Experimental Approach for Optimizing the Medium--Feedback System Control 

(FSC)  

Determination of the optimal chemical composition of medium for lipid 

production by cell-free system generated by Botryococcus braunii culture is not feasible 

through trial and error, due to the large number of potential combinations and the 

inherent complexity of the biological system. If there were only seven possible 

concentrations of each chemical, for example, there would be             ) possible 

chemical combinations. Therefore, culture conditions for lipid production in the cell-free 

system were optimized by Feedback System Control (FSC). FSC uses a combination of a 

two-level factorial or fractional factorial design and a three-level orthogonal array to 

produce an orthogonal–array composite design (OACD; Xu, 2012). This method provides 

a trade-off between estimation efficiency and combination size economy.  

To determine the optimal chemical composition for lipid accumulation, six 

chemicals were selected from the Modified Bold 3N medium (UTEX). The chemicals 

and concentration ranges are shown in Table 5-1.  
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Table 5-1 Levels and range of chemicals concentrations used in experiment 

 

The initial experiments included six variables, each at 2 or 3 concentrations, 

resulting in 52 combinations. Subsequent experiments including only four variables, each 

at 2 or 3 concentrations, resulting in 30 combinations. The results were used to predict an 

equation where y represents lipid accumulation, and the chemical concentrations are 

included as dependent variables (  ).  
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, β

  
 and β

  
 are the intercept, linear, quadratic and bilinear (or interaction) 

terms, respectively. And        σ
 
  is the error term.    ,    represent coded levels of 

the independent variables. Matlab was used to carry out the statistical calculations, 

including the solutions of the second-order polynomial model equation. An optimum 

combination of concentrations was predicted from the fitted equation, and the efficacy of 

prediction was tested by a subsequent set of experiments using the best combinations. 

Chemicals Symbol 
code 

Levels and concentrations (g/L)   

1 2 3 4 5 6 7 

NaNO3 x1 0 0.162 0.348 0.75 1.62 3.48 7.5 

CaCl2·2H2O x2 0 0.0025 0.005 0.025 0.054 0.116 0.25 

MgSO4·7H2O x3 0 0.0162 0.0348 0.075 0.162 0.348 0.75 

K2HPO4 x4 0 0.0162 0.0348 0.075 0.162 0.348 0.75 

MnCl2·4H2O x5 0 2.91E-05 6.27E-05 1.35E-04 2.91E-04 6.27E-04 1.35E-03 

Biotin x6 0 2.50E-06 5.00E-06 2.50E-05 5.39E-05 1.16E-04 2.50E-04 
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5.2 Experimental Design 

To determine the optimum culture medium for lipid production, the central 

concentration of each chemical was selected based on Modified Bold 3N. Lipid 

accumulation by the cell-free cultures, prepared as described in section 4.1, was 

compared for each combination. 

5.2.1 Screening for optimal composition of medium 

Bold Modified 3N contains 16 defined chemicals and soy water in commercial 

medium (see Appendix D). Six of those chemicals were selected, based on the pathway 

of lipid synthesis. Nitrogen, calcium, magnesium, and phosphate are required for basic 

cell activities. (Lem, 1983; Khozin-Goldberg, 2006; Chen 2014; Sakthivel, 2011) 

Manganese and biotin have been reported to enhance the fatty acid generation process 

(Constantopoulos, 1970; Ohlroggeav, 1995). Each chemical was tested at three levels (1, 

4, and 7). The middle level (4) was the same used in the commercial medium 

(concentrations shown in Appendix D). Level 1 was one order of magnitude lower, and 

level 7 was one order of magnitude higher than level 4. Screening tests were used to 

compare the combinations (Table 5-2). Since the concentrations of MnCl2·4H2O and 

biotin used in the initial screening tests were relatively low, a second screening test was 

designed without these two chemicals (Table 5-3).  
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Table 5-2 Screening tests based on OACD, comparing 50 combinations of six chemicals 

Combinations NaNO3 CaCl2·2H2O MgSO4·7H2O K2HPO4 MnCl2·4H2O Biotin 

1 7 7 7 7 7 7 

2 7 7 7 7 1 1 

3 7 7 7 1 7 1 

4 7 7 7 1 1 7 

5 7 7 1 7 7 1 

6 7 7 1 7 1 7 

7 7 7 1 1 7 7 

8 7 7 1 1 1 1 

9 7 1 7 7 7 1 

10 7 1 7 7 1 7 

11 7 1 7 1 7 7 

12 7 1 7 1 1 1 

13 7 1 1 7 7 7 

14 7 1 1 7 1 1 

15 7 1 1 1 7 1 

16 7 1 1 1 1 7 

17 1 7 7 7 7 1 

18 1 7 7 7 1 7 

19 1 7 7 1 7 7 

20 1 7 7 1 1 1 

21 1 7 1 7 7 7 

22 1 7 1 7 1 1 

23 1 7 1 1 7 1 

24 1 7 1 1 1 7 

25 1 1 7 7 7 7 

26 1 1 7 7 1 1 

27 1 1 7 1 7 1 

28 1 1 7 1 1 7 

29 1 1 1 7 7 1 

30 1 1 1 7 1 7 
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31 1 1 1 1 7 7 

32 1 1 1 1 1 1 

33 1 1 1 1 1 1 

34 1 4 4 4 4  

35 1 7 7 7 7 7 

36 4 1 1 4 4 7 

37 4 4 4 7 7 1 

38 4 7 7 1 1 4 

39 7 1 4 1 7 4 

40 7 4 7 4 1 7 

41 7 7 1 7 4 1 

42 1 1 7 7 4 4 

43 1 4 1 1 7 7 

44 1 7 4 4 1 1 

45 4 1 4 7 1 7 

46 4 4 7 1 4 1 

47 4 7 1 4 7 4 

48 7 1 7 4 7 1 

49 7 4 1 7 1 4 

50 7 7 4 1 4 7 

 

 

Table 5-3 Screening tests based on OACD, comparing 25 combinations of four chemicals 

Combination NaNO3 CaCl2·2H2O MgSO4·7H2O K2HPO4 

1 1 1 1 1 

2 1 4 4 7 

3 1 7 7 4 

4 4 1 4 4 

5 4 4 7 1 

6 4 7 1 7 

7 7 1 7 7 

8 7 4 1 4 

9 7 7 4 1 
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10 7 7 7 7 

11 7 7 7 1 

12 7 7 1 7 

13 7 7 1 1 

14 7 1 7 7 

15 7 1 7 1 

16 7 1 1 7 

17 7 1 1 1 

18 1 7 7 7 

19 1 7 7 1 

20 1 7 1 7 

21 1 7 1 1 

22 1 1 7 7 

23 1 1 7 1 

24 1 1 1 7 

25 1 1 1 1 

 

5.2.2 Predicted combinations of chemical constituents 

Combinations of Six Chemicals 

Lipid content on Day 13 was used in the predictive equation for the first set of 50 

combinations. The mathematical model was based on the results after a Box-Cox 

transformation (Box & Cox, 1964), which is a parametric power transformation 

technique for reducing anomalies, such as non-additivity, non-normality, and 

heteroscedasticity (Sakia, 1992). The results produced a fitted function of lipid 

production based on chemical composition: 
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The optimum combination determined by the equation was 3.48 g/L NaNO3, 0.116 

g/L CaCl2·2H2O, 0.162 g/L MgSO4·7H2O, 0.75 g/L K2HPO4, 0 g/L MnCl2·4H2O, and 

2.50     g/L Biotin. The statistical significance of the second-order model equation, 

determined by analysis of variance, was            , indicating that the model fitting 

was significant and useful for predicting the outcome variable. The coefficient of 

determination,   for the model was 0.95366, which is close to 1, indicating a useful 

prediction of the response.  

The second-order surface fitted to the equation was flat near the maximum. Therefore, 

several near-optimal combinations were picked to validate the prediction and eliminate any 

error in fitting (Table 5-4). Two additional samples with all 6 chemicals at level 4, and two 

samples with commercial Modified Bold 3N medium, were also compared. The test 

sequences were randomized.  
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Table 5-4 Test of predicted optimal combinations using 6 chemicals 

Combination NaNO3 CaCl2·

2H2O 

MgSO4·

7H2O 

K2HPO4 MnCl2·

4H2O 

Biotin 

1 4 4 4 4 4 4 
2 6 6 5 7 1 4 
3 5 5 5 7 1 5 
4  Commercial Culture Medium   
5 6 1 6 7 1 7 
6 5 2 7 7 1 7 
7 4 4 4 4 4 4 
8 6 1 7 7 1 7 
9 4 1 5 7 1 7 

10  Commercial Culture Medium    
11 1 1 7 7 1 7 
12 1 1 7 7 1 1 

 

Combinations of Four Chemicals 

Lipid content on Day 13 was used in the predictive equation for the subsequent set 

of 25 combinations. The results produced a fitted function of lipid production based on 

chemical composition after a Box-Cox transformation: 

                                                            

                                  
        

        
        

  

The statistical significance of the second-order model equation was          , 

indicating that the model was accurate for predicting the outcome variables. The coefficient 

of determination    was 0.9288. The optimum combination determined from the predicted 

equation was 1.62 g/L NaNO3, 0 g/L CaCl2·2H2O, 0.348 g/L MgSO4·7H2O, and 0.075 g/L 

K2HPO4. 
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Several near-optimal combinations were used to validate the prediction (Table 5-5). 

Two additional samples with all four chemicals at level 4, and two samples with 

commercial Modified Bold 3N medium, were also compared. The test sequences were 

randomized.  

Table 5-5 Test of predicted optimal combinations using 4 chemicals 

Combinations NaNO3 CaCl2·2H2O MgSO4·7H2O K2HPO4 

1 1 1 7 3 
2 2 1 7 2 
3  Commercial Medium  
4 7 1 7 7 
5 2 1 7 1 
6 4 4 4 4 
7 5 1 7 4 
8 7 4 1 4 
9  Commercial Medium  

10 2 1 7 2 

11 3 1 7 5 
12 2 2 7 1 
13 4 4 4 4 
14 4 1 7 4 

5.3 Results 

5.3.1 Lipid accumulation by the cell-free system using optimized medium 

When the cell-free system used the predicted optimal media, lipid content on Day 

13 in all of the tested combinations (Table 5-6) exceeded that in the commercial medium 

(Fig. 5.1). In most of the combinations, rapid lipid accumulation started by the end of 

Day 9. In Combination 9 (6 chemicals) and Combination 10 (4 chemicals), lipid 
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accumulation started early on Day 6, but the rate of increase tended to slow down after a 

few days. Combination 7, which contained only 4 chemicals, gave the best results, with 

final lipid content about 3 times higher than in the commercial medium. As the cell-free 

system can produce as much as 10 times more lipid than cell cultures (see section 4.2.1), 

the optimized chemical combinations should ultimately produce about 10-30 times higher 

lipid accumulation.  

Table 5-6 Predicted optimal combinations of chemicals tested for lipid accumulation 

  NaNO3 CaCl2 MgSO4 K2HPO4 MnCl2 Biotin 

Combination6 5 2 7 7 1 7 

Combination9 4 1 5 7 1 7 

Combination4 7 1 7 7   

Combination7 5 1 7 4 - - 

Combination10 3 1 7 5  - -  

Combination13 4 1 7 4  - -  
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Fig. 5.1 Lipid content of the cell free system with citrate using different combinations of chemicals (see Table 5.5). 

Cross: cell-free system with daily citrate addition, with best combination of 6 chemicals; Circle: cell-free system 

with daily citrate addition, with best combination of 4 chemicals; Blue diamond: cell-free system with daily citrate 

addition with commercial medium; Green diamond: regular cell culture with commercial medium without citrate 

addition. 

5.3.2 Continuous culture of the cell-free system using optimized medium 

The long-term ability of lipid accumulation by the cell-free system was examined 

as described in section 3.3.5, but with the most productive optimized medium, 

Combination 7. One milliliter of sample was taken out every two weeks and added to 19 

ml of fresh medium. This procedure was repeated for 3 cycles, under dark and light 

conditions. Results of the most productive tests are shown in Fig. 5.2 and Fig. 5.3. The 

pattern of lipid accumulation in the optimized medium was similar to that in commercial 

medium: there was a rapid increase in lipid content, starting between Day 0 and Day 4; 
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lipid content increased 7 to 8-fold in each cycle; and this pattern was maintained for 42 

days. Lipid accumulation was independent of light: during the second and third cycles, 

lipid content was ~5% higher in the dark samples than in the light samples. 

 

 

Fig. 5.2 Lipid content in continuous cultures of the cell-free system with citrate, using the Combination 7 as 

medium in the dark and in the light. Culture samples were transferred to fresh medium at two week intervals. 

Green circle: cell-free system with daily citrate addition with light; Red circle: cell-free system with daily citrate 

addition without light 
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Fig. 5.3 Data from Fig. 5.2 normalized to the original concentrations at the beginning of the experiment and 

presented in log scale. 

5.4 Discussion 

Comparison of various media, including the predicted optimal combination, showed that 

lipid accumulation depends on the combination of chemicals and concentrations in the medium, 

not simply to high concentrations. NaNO3 and K2HPO4 were essential chemicals for lipid 

accumulation. When biotin was included in the medium, a high concentration of K2HPO4 

resulted in higher lipid content. When no biotin was added, a high concentration of MgSO4 

worked better. Although the results from the predicted equation indicated that biotin should 

always be included at a high concentration, biotin is expensive, and its use in industrial 

production might be limited. CaCl2 did not appear to have any major effect on lipid accumulation. 
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Results of the predictive equation for six chemicals indicated that MnCl2•4H2O would actually 

have a negative effect on lipid accumulation, and that this chemical should be included at the 

lowest level or eliminated.  

5.5 Effect of  Medium Optimization on Cost  

Limitation of the cell-free medium to only 4 or 6 chemicals, not only increases lipid 

accumulation and allows the medium to be better defined, but also reduces material cost. Based 

on the 2014 Sigma Chemical price list, the chemicals included in the optimized media are much 

less expensive than the chemicals included in Modified Bold 3N commercial medium (Fig. 5.4) 

costs $55/liter which includes labor fee and other extra fees, thus is not comparable.  

 

Fig. 5.4 Cost of media made with chemicals in different combinations over13 days of citrate 

supply vs. commercial medium  
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Chapter 6  Conclusion and Contribution 

6.1 Conclusion 

Global demand for energy is increasing rapidly, but the supplies of fossil fuels that 

provide much of that energy are finite. Renewable biofuels are crucial as alternative energy 

sources, due to the unstable financial and political costs of fossil fuels, and their contribution 

to environmental pollution and global climate change. Algal-biodiesel, produced from 

cultivated microalgae, has excellent potential as an alternative fuel. Selected microalgae have 

high growth rates and oil content, and do not compete with food sources. However, the cost 

of mass production for algal-biodiesel is still too high to compete with gasoline or other 

traditional fuels.  

The initial goal of the research presented in this thesis was to optimize culture 

parameters for growth and production of fatty acids by Botryococcus braunii, a promising 

microalgal species. The results showed that with the addition of citrate, an organic carbon 

source, allowed B. braunii to produce as much as 10 times more lipids than culture without 

organic carbon, because the algae were utilizing citrate for heterotrophic growth, rather than 

depending on autotrophic growth via photosynthesis. The new approach for generating 

biodiesel does not require light, which allows three-dimensional culture and greatly reduces 

area requirements. With no light requirement, furthermore, heterotrophic production can 

occur 24 hours per day. 

Further research showed that, given a supply of organic carbon, lysed cells of B. 

braunii produce fatty acids at a much faster rate than intact cells, i.e., biodiesel can be 
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efficiently produced in a cell-free system, which eliminates the need to maintain live cells. 

This novel culture system can maintain fatty acid production at a rate that is an order of 

magnitude higher than traditional algal culture for four months or more. The research also 

found that commercial culture medium, which contains more than sixteen chemicals, could 

be replaced with a medium containing only four chemicals, by using an unorthodox top-

down system level approach, the Feedback System Control (FSC) technique. FSC has been 

previously used to determine optimal dosages for combinatorial drug therapy, and only a 

small number of iterations in the feedback loop were needed to find the optimal chemical 

combination in the current study.  with the need for only four  chemicals reduces the cost of 

culture medium by an order of magnitude.  The new microalgal culture technology described 

in this thesis could significantly reduce the cost of commercial biodiesel production and 

make algal-biodiesel a viable alternative to fossil fuels. A patent for the new technology has 

been applied for.  

6.2 Thesis Contribution: 

The research described in this thesis developed a novel technology, which uses the 

biological machinery of lysed microalgal cells and organic carbon, rather than intact algal 

cells and photosynthesis, to produce fatty acids. This technology reduces costs compared to 

cultivation of live cells, and greatly reduces the requirement for land space, as light is no 

longer a crucial parameter. With an optimized culture medium and a continuous supply of 

organic carbon, such as citrate, the lysed-cell system can maintain high rates of lipid 

production rate for four months or more. The new technology has great commercial potential 

for mass production of biodiesel as a source of clean, renewable energy.   
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Appendices  

Appendix A. Linearity of OD 

 

Fig. A.1 Slope of linear regression in Fig. 2.3 (Cell concentration vs OD) 

 

Fig. A.2 Linearity R
2
 of linear regression in Fig. 2.3(Cell concentration vs OD) 
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Fig. A.3 Slope of linear regression in Fig. 2.4 (oleic acid concentration vs OD) 

 

Fig. A.4 Linearity R
2
 of linear regression in Fig. 2.4(oleic acid concentration vs OD) 
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Appendix B. Cell Viability Test 

B.1    Fluorescein Diacetate (FDA) cell viability test 

Cell viability was examined by vital staining with fluorescein diacetate (FDA). 

FDA is a cell-permeate esterase substrate that measures both enzymatic activity, which 

activates its fluorescence, and cell-membrane integrity, which retain their fluorescent 

product intracellular. This rapid and direct measurement has become the most common 

fluorescent probe currently used to assay viability in microalgae. (Pouneva 1997)  

FDA (Sigma) was dissolved in 100% acetone at a concentration of 0.5% (w/v). This 

FDA stain stock solution was diluted with culture medium to make a 0.01% FDA 

measurement solution. The measurement solution was mixed with the cell sample by a 

1:1 (v/v) ratio on a slide glass. After 5-20 min of incubation at room temperature, sample 

was monitored under fluorescence microscopy. Viable cells appeared fluorescent yellow-

green while nonviable cells appeared red or colorless under a blue light excitation.  
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Fig. B.1 FDA staining result under microscope. Top: Botryococcus braunii cell culture without 

citrate addition. Intact cells with green fluorescence inside the membrane can be seen, indicating 

live cells with active enzymes and intact membranes. Bottom: B. braunii cell with continuous 

citrate addition. No intact cell was found. Colonies of small particles with green fluorescence 

were found in solution. 
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B.2    Mitochondria test  

The mitochondria activity was measured by Rhodamine 123 (RH-123). RH-123 

was the first used to measure the transmembrane potential of mitochondria. (Baracca 

2003) The energization of mitochondria induces the quenching of RH-123 resulting in a 

red shift of its fluorescence (Emaus 1986). It has been widely used as a sensitive and 

reliable method to indicate the effectiveness of the mitochondrial bioenergetic function 

nowadays. 

Rhodamine 123 (Life Technologies) was dissolved in DI water at a concentration 

of 5mg/ml. The RH-123 stain stock solution was mixed with the cell sample to reach a 

final concentration of 10 µg/ml. After 15 min of incubation at 37 °C, sample was 

monitored under fluorescence microscopy. Sample was excited at 503 nm with a blue 

light and emission fluorescence was detected at 527 nm corresponding to green-yellow 

light. 

Fig. B. 2 shows the activity of mitochondria detected by the RH-123 in the B. 

braunii culture with no citrate addition. The algal culture with citrate addition did not 

show fluorescence after stained by RH-123 (Figure is not shown here).  
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Fig. B.2 Rhodamine 123 staining result of Botryococcus braunii cell culture without citrate addition, 

under microscope. Top: Intact cells with yellow fluorescence inside the membrane can be seen, indicating 

the activity of mitochondria. Bottom: Same field with white light.  
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Appendix C. Color of fatty acids and cell-free sample treated with continuous citrate 

As the pure fatty acids samples were prepared for calibrating OD, it was also noticed that 

the solution of fatty acids looked similar as the cell free samples treated with citrate. 

(a)       (b)  

Fig. C.1 Comparison of color of pure standard fatty acids (a) and Botryococcus braunii cultures 

and cell free system with continuous citrate addition (b). (a) left to right are samples of 0.3 mg/ml 

α-linolenic acid, 3 mg/ml palmitic acid, 30 mg/ml myristic acid.  
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Appendix D. Commercial Culture Medium Components 

Modified Bold 3N Medium was purchased from Culture Collection of Algae at the University of 

Texas at Austin (UTEX) and was denoted as Commercial Medium throughout this paper. It 

contains 16 identified chemicals, buffer (pH 7.8) and Soilwater 

(http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=47). See Table D-1 for detailed 

components and concentrations. 

Table D-1 Commercial Culture Medium Components (Modified Bold 3N) 

# Component Amount Stock Solution  

Concentration 

Final Concentration 

1 NaNO3 (Fisher BP360-

500) 

30 mL/L 10 g/400mL dH2O 8.82 mM 

2 CaCl2·2H2O (Sigma C-

3881) 

10 mL/L 1 g/400mL dH2O 0.17 mM 

3 MgSO4·7H2O (Sigma 

230391) 

10 mL/L 3 g/400mL dH2O 0.3 mM 

4 K2HPO4 (Sigma P 3786) 10 mL/L 3 g/400mL dH2O 0.43 mM 

5 KH2PO4 (Sigma P 0662) 10 mL/L 7 g/400mL dH2O 1.29 mM 

6 NaCl (Fisher S271-500) 10 mL/L 1 g/400mL dH2O 0.43 mM 

7 P-IV Metal Solution 

(Table D-2) 

6 mL/L   

8 Soilwater: GR+ Medium  40 mL/L   

9 Vitamin B12 (Table D-3) 1 mL/L   

10 Biotin Vitamin Solution 

(Table D-4) 

1 mL/L   

11 Thiamine Vitamin 

Solution (Table D-5) 

1 mL/L   

http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=47
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=127
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=47
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=123
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=131
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=130
http://web.biosci.utexas.edu/utex/mediaDetail.aspx?mediaID=130
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Table D-2 P-IV Metal Solution 

# Component Amount Final Concentration 

1 Na2EDTA·2H2O (Sigma ED255) 0.75 g/L 2 mM 

2 FeCl3·6H2O (Sigma F-1513) 0.097 g/L 0.36 mM 

3 MnCl2·4H2O (Baker 2540) 0.041 g/L 0.21 mM 

4 ZnCl2 (Sigma Z-0152) 0.005 g/L 0.037 mM 

5 CoCl2·6H2O (Sigma C-3169) 0.002 g/L 0.0084 mM 

6 Na2MoO4·2H2O (J.T. Baker 3764) 0.004 g/L 0.017 mM 

Table D-3 Vitamin B12 Solution 

# Component Amount Stock Solution  

Concentration 

Final Concentration 

1 
HEPES buffer pH 7.8 

(Sigma H-3375) 
2.4 g/200 mL dH2O     

2 

Vitamin B12 

(cyanocobalamin, (Sigma 

V-6629) 

0.027 g/200 mL dH2O     

Table D-4 Biotin Vitamin Solution 

# Component Amount Stock Solution  

Concentration 

Final Concentration 

1 
HEPES buffer pH 7.8 

(Sigma H-3375) 
2.4 g/200 mL dH2O     

2 
Biotin 

(Sigma B-4639) 
0.005 g/200 mL dH2O     

Table D-5 Thiamine Vitamin Solution 

# Component Amount Stock Solution  

Concentration 

Final Concentration 

1 
HEPES buffer pH 7.8 

(Sigma H-3375) 
2.4 g/200 mL dH2O     

2 Thiamine (Sigma T-1270) 0.067 g/200 mL dH2O     
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