
 

 

 

 

 

 

 

 

 

 

THE ESTABLISHMENT AND CHARACTERIZATION OF A BIOENERGY-FOCUSED 

MICROALGAL CULTURE COLLECTION USING HIGH-THROUGHPUT 

METHODOLOGIES 

 

 

 

 

 

 

 

 

By 

Lee Garrett Elliott 



 

 

 

 

 

 

 

 

 

 

 

 

Copyright by Lee G. Elliott 2013 

All Rights Reserved 

 



ii 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy (Civil and 

Environmental Engineering). 

Golden, Colorado  

Date_________________                                        

 

Signed______________________________ 

Lee G. Elliott 

 

Signed______________________________ 

Dr. Matthew C. Posewitz 

Thesis Advisor 

 

Signed______________________________ 

Dr. John R. Spear 

Thesis Co-Advisor 

 

Golden, Colorado  

Date_________________                                         

 

 

Signed______________________________ 

Dr. John E. McCray 

Professor and Department Head  

Civil and Environmental Engineering 



iii 

ABSTRACT 

A promising renewable energy scenario involves utilizing microalgae as biological solar 

cells to capture the energy in sunlight and then harvesting the biomass for renewable energy 

production. Through photosynthesis photons are captured by light-sensitive pigment molecules 

and used to create a cellular chemical energy gradient. Microalgae ultimately use this energy 

gradient to drive their metabolism by reducing inorganic carbon into renewable, energy-rich 

organic hydrocarbon stores such as triacylglycerols (TAGs). These valuable molecules act as a 

cellular energy reserve, readily drawn from when required, often forming large oil-bodies within 

microalgal cells that can be abundant in certain oleaginous species. This is important for biofuel 

production because lipids can be extracted from biomass and then converted into a variety of 

biofuels such as renewable diesel and jet fuel. Thus, from a biofuels perspective, maximizing 

lipid productivity in selected microalgal feedstock strains is considered essential to the 

development of an economically viable algal biofuels industry. To achieve this, many current 

research and development efforts are directed towards genetically engineering well-characterized 

microalgae to optimize TAG production; however, this approach is a time-consuming, costly 

prospect and the number of well-characterized strains is relatively few, especially when 

compared to the number of known extant species. Alternatively, microalgal feedstock 

optimization could be more readily accomplished by taking advantage of the prodigious natural 

diversity of microalgae in the environment and identifying native strains of microalgae that, 

through natural selection, already possess key metabolic traits necessary for commercial 

feedstock development. Formulated on this premise, a collaborative project between the National 

Renewable Energy Laboratory (NREL) and the Colorado School of Mines (CSM) recently 

established and cryopreserved a clonal microalgal culture collection containing 360 unique 
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strains with preliminary data regarding lipid accumulation and the growth potential of select 

isolates. The goal of this work has been to 1) perform a far more detailed characterization of the 

algal culture collection by developing high throughput screening procedures and tools for 

identifying fast-growing, oleaginous strains; and 2) gather further insight into the microalgal 

diversity found in the southwestern United States.  Herein is described in detail the rationale, 

methods, results and conclusions of these efforts. 
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CHAPTER 1 

INTRODUCTION 

As concerns over national energy security and global warming increase, the need to 

develop alternative and renewable sources of energy has become more important than ever 

before. One promising renewable energy scenario involves the use of photosynthetic microalgae 

as natural biochemical factories to capture and convert the energy in sunlight into organic 

hydrocarbons for use as a biofuel feedstock. Such a scenario allows for the production of 

biologically derived, liquid fuels that could be seamlessly integrated into the current liquid–fuel 

distribution infrastructure, a key requirement for ‘next-generation’ fuels and fuel amendments. 

This dissertation presents a modern approach to bioprospecting for valuable microalgal diversity 

using high-throughput methodologies. The primary intent of this study was to develop and 

implement high-throughput bioprospecting methods to rapidly establish a bio-energy focused 

microalgal culture collection and rapidly characterize and asses the biofuel traits and feedstock 

potential of hundreds of potentially unique microalgal strains isolated from water samples 

collected from a number of sites throughout the Southwestern United States. 

The chapters of this dissertation are organized as follows: 

o Chapter 2 - This chapter presents a review of the principles of microalgal biofuels and is 

intended to (a) discuss the various microalgal chemical intermediates, especially lipids, 

which can be converted into biofuels; (b) present the underlying biochemistry behind the 

synthesis of these intermediates; and (c) highlight the analytical tools and targeted 

bioprospecting efforts used for the development of these organisms into a feedstock for the 

production of biofuels.  

o Chapter 3 - This chapter presents the establishment of a bio-energy focused microalgal   
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culture collection from water samples collected throughout the Southwestern U.S. using 

high-throughput methodologies. 

o Chapter 4 - This chapter presents investigation of high-throughput spectrophotometric-

based methods to characterize in parallel the growth rates of hundreds of strains from the 

bioenergy-focused microalgal culture collection. 

o Chapter 5 - This chapter presents the development a high-throughput photobioreactor to 

perform fully-quantitative analysis of microalgal biomass using gravimetric-based methods.  

o Chapter 6 - This chapter presents both conclusions and future directions of the research 

efforts presented in this dissertation. In summary, this research has led to the successful 

establishment of a bioenergy focused microalgal culture collection, and to the successful 

investigation and development of high-throughput characterization tools to assess hundreds 

of strains in parallel for biomass production and lipid productivity. The culture collection 

was established and cryopreserved in order to be utilized by future researchers to further 

elucidate natural microalgal diversity. The insight garnered from this work is intended to be 

leveraged by future researchers as a guide to any forthcoming bioprospecting and high-

throughput screening efforts. 

o Appendix A - This appendix presents the supplemental figures and tables for Chapter 3. 

o Appendix B - This appendix presents the supplemental figures and tables for Chapter 4. 

o Appendix C - This appendix presents the supplemental figures and tables for Chapter 5. 

o Appendix D - This appendix presents the citation information for a manuscript I contributed 

to, including a brief description of the work I performed, regarding a study of lipid and 

carbohydrate metabolism in the Chlamydomonas reinhardtii sta7-10 starchless isoamylase 

mutant and complemented strains. 
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o Appendix E - This appendix presents the citation information for a technical report in which 

my work is highlighted that discusses the promise of microalgal biofuels and the scientific, 

economic and environmental challenges faced in producing biofuels from microalgae. 

o Appendix F - This appendix presents the email confirmation for copyright clearance from 

Nova Publishers to include a book chapter I authored in Chapter 2 of this dissertation titled 

Microalgae for the production of Biofuels: Microalgal Biochemistry, Analytical Tools and 

Targeted Bioprospecting. 

o Appendix G - This appendix presents the license agreement for copyright clearance from 

Elsevier to include the manuscript I authored in Chapter 3 of this dissertation titled 

Establishment of a Bio-energy Focused Microalgal Culture Collection. 
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CHAPTER 2 

MICROALGAE FOR THE PRODUCTION OF BIOFULES: MICROALGAL 

BIOCHEMISTRY, ANALYTICAL TOOLS, AND TARGETED BIOPROSPECTING 

Adapted from a book chapter published by Nova Science Publishers 

Citation information: (Elliott, Work et al. 2011) 

L. G. Elliott, V. H. Work, P. Eduafo, R. Radakovits, R. E. Jinkerson, A. Darzins and M. C. 

Posewitz 

2.1. Abstract 

There are currently intensive research efforts aimed at increasing the accumulation of 

lipids, alcohols, hydrocarbons, H2, polysaccharides, and other energy storage compounds in 

algae for use as renewable biofuels. Photosynthetic microorganisms (PSMs), more commonly 

known as cyanobacteria and algae, have emerged as promising platforms for the production of 

renewable biofuels. Compared to terrestrial crops, PSMs are typically more efficient solar 

collectors, use less or no land, can be converted into liquid fuels including JP-8 and other 

military grade fuels, are arguably more economically viable than lignocellulosic biomass, and 

offer other secondary uses that fossil fuels do not provide. Additionally, PSMs have evolved 

unique metabolic capabilities that allow the production of a greater diversity of biofuels. Their 

rapid generation times and extensive natural diversity, along with established genetic techniques, 

make water-oxidizing PSMs particularly well suited for the physiological and genetic 

manipulations required to optimize the conversion of sunlight, water, and CO2 into forms of 

chemical energy that can be used as transportation fuels. Recently, many improvements have 

been realized, including increased lipid and carbohydrate production, improved H2 yields, and 
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the diversion of central metabolic intermediates into fungible biofuels. The application of genetic 

engineering to enhance biofuels production in PSMs is advancing rapidly with the development 

of more sophisticated algal genetic manipulation techniques. It is likely that many of these 

advances can be extended into industrially relevant organisms in order to improve algae and 

cyanobacteria as a feedstock for the production of biohydrogen, starch-derived alcohols, diesel 

fuel surrogates, and/or alkanes.  

2.2. Introduction 

As the use of petroleum-based fuels has grown, so have concerns over the environmental 

effects of greenhouse gas (GHG) emissions, increased worldwide demand for energy, and 

international energy security. To ameliorate these concerns, there has been a recent surge in 

renewable energy research and technology development. One promising renewable energy 

scenario of considerable interest involves employing microalgae, which are an extraordinarily 

diverse group of photosynthetic microorganisms, as biological solar cells to capture and convert 

the photon energy of sunlight into an array of chemicals that can be readily harvested, 

transported, stored, and seamlessly integrated into the current fuel distribution infrastructure. 

This chapter is intended to (a) discuss the various microalgal chemical intermediates, especially 

lipids, which can be converted into biofuels, (b) present the underlying biochemistry behind the 

synthesis of these intermediates, and (c) highlight the analytical tools and targeted bioprospecting 

efforts used for the development of these organisms into a feedstock for the production of 

biofuels. 

The recent surge of interest in developing microalgae for biotechnology follows many 

years of successful exploitation of a small number of well-studied microalgae as sources of 
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bioactive compounds, nutraceuticals, human and animal food supplements, vitamins, 

polyunsaturated fatty acids, polysaccharides, proteins, and fluorescent pigments among others 

(Spolaore, Joannis-Cassan et al. 2006, León, Gaván et al. 2007). Demonstrated to be more 

efficient than most terrestrial plants at oxygenic photosynthesis, in which photon energy is 

harvested to generate a chemical energy potential, microalgae fix inorganic carbon into 

renewable, energy-rich hydrocarbon stores (Hu, Sommerfeld et al. 2008, Beer, Boyd et al. 2009). 

As such, microalgae are capable of producing a variety of chemical intermediates, many of 

which can be readily converted into biofuels: lipids, hydrocarbons, polyglucans, alcohols, 

terpenes, terpenoids, and H2.  

2.3. Microalgal Carbohydrates and Hydrocarbons 

Microalgae predominantly produce two bioenergy carriers that are applicable for biofuel 

production: carbohydrates and hydrocarbons. Carbohydrates have long been used for the 

production of renewable biofuels through their conversion to alcohols and hydrocarbons, such as 

terpenes, terpenoids, and alkanes that can be used to produce diesel and gasoline fuel surrogates.  

2.3.1. Starch Synthesis 

Microalgae store glucans in a variety of distinct polyglucan macromolecules. The most 

common glucan found in nature, D-glucose, is polymerized in algae to serve as a transient energy 

store (e.g. glycogen and starch) or in structural polymers such as cellulose (Robyt 1998). 

Chlorophyta (green algae), Dinophyta (dinoflagellates), Glaucophyta, and Rhodophyta (red 

algae) store glucans in α-1,4 and α-1,6 glycosidic linkages (Ball and Deschamps 2009), but 

Phaeophyceae (brown algae) and Bacillariophyceae (diatoms) store glucans in β-1,3 and β-1,6 

linkages (Hirokawa, Fujiwara et al. 2008). Starch synthesis in Chlorophyta is the most well 
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characterized algal polyglucan biosynthetic pathway due to the extensive study of the green alga 

Chlamydomonas reinhardtii (Ball and Morell 2003, Ball and Deschamps 2009). In green algae, 

glucans are stored in linear α-1,4 and branched α-1,6 glycosidic linkages that make up insoluble 

starch granules. These semi-crystalline granules are composed of two fractions: amylopectin (70-

90%) and amylose (10-30%). Amylopectin is semi-crystalline and moderately branched (5% α-

1,6 linkages), whereas amylase is a linear amorphous polyglucan with very few α-1,6 branches 

and is synthesized by granule-bound starch synthase I (GBSSI) (van de Wal, D'Hulst et al. 1998). 

Semi-crystalline amylopectin is a more complex molecule that consists of amorphous branching 

regions and crystalline regions of linear glucans arranged into double helixes. Amylopectin 

synthesis requires more enzymatic processing than amylose and is thought to follow the glucan 

trimming model proposed by Ball and coworkers (Ball, Guan et al. 1996, Mouille, Maddelein et 

al. 1996). 

Starch synthesis (Figure 2.1) begins when fructose 6-phosphate from photosynthetic 

carbon fixation is converted to glucose 6-phosphate by a phosphoglucose isomerase-1 (PGI1). 

Next, glucose 6-phosphate is converted to glucose 1-phosphate by a plastidial 

phosphoglucomutase (PGM). ADP-glucose pyrophosphorylase (AGPase) then catalyzes a major 

rate-controlling step of polysaccharide synthesis in plants: the reaction of glucose 1-phosphate 

with adenosine triphosphate (ATP), resulting in ADP-glucose and pyrophosphate. AGPase is a 

heterotetramer comprised of large regulatory and small catalytic subunits. It is allosterically 

activated by 3-phosphoglyceric acid (3-PGA), linking starch synthesis to photosynthesis (Stark, 

Timmerman et al. 1992). This enzyme is inhibited by orthophosphate, preventing the storage of 

glucans during times of cellular energy debt. 
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Figure 2.1 Overview of the metabolites and pathways involved in microalgal starch 

biosynthesis and degradation (black). Enzymes shown in red. During amylopectin synthesis 

glucans are added to the non-reducing end of the growing polysaccharide by α-1,4 glycosidic 

linkages. Once elongated, a branching enzyme targets the ends of the growing polysaccharides 

by forming new α-1,6 glycosidic linkages. Some of these branches are trimmed preferentially, 

and this process is repeated until a starch granule is formed. Hydrolytic and phosphorolytic 

[Starch-(P)n] degradation pathways are shown. αAMY, α-amylase; AGPase, ADP-glucose 

pyrophosphorylase; βAMY, β-amylases; BE, branching enzymes; DBE, debranching enzymes; 

DEP, disproportionating enzyme (1 and 2) α-1,4glucanotransferase; Glc, glucose; GWD, glucan-

water dikinases; ISA, isoamylases; MEX1, maltose transporter-1; MOS, malto-oligosaccharides; 

PGM, plastidial phosphoglucomutase; PGI1, phosphoglucose isomerase-1; P, phosphate; Pi, 

inorganic phosphate; PPi, pyrophosphate; PWD, phosphoglucan-water dikinases; SS, starch 

synthases. 



 

9 

The elongation of starch molecules proceeds when starch synthases (SS) transfer the 

glucose from the glycosylnucleotide ADP-glucose to the non-reducing end of an α-1,4 linked 

glucan, synthesizing a crystalline layer of the growing starch granule (Ball 1998). When enough 

α-1,4 linked glucans are assimilated, a branching enzyme (BE) hydrolyzes an α-1,4 linkage of a 

nearby donor glucan chain which is transferred to the accepter chain via a new branching α-1,6 

glycosidic bond. These newly formed amylopectin branches are disordered and loosely packed. 

A proofreading step is needed to form more optimally packed starch structures. Isoforms of the 

debranching enzymes (DBE) pullulanase and isoamylase hydrolyze tightly and loosely packed α-

1,6 linkages respectively, resulting in a tightly packed amorphous region of α-1,6 linkages that 

are ready to be elongated by starch synthases (Mouille, Maddelein et al. 1996, Dauvillée, 

Colleoni et al. 2001). This process is repeated, creating alternating layers of crystalline and 

amorphous regions, forming the semi-crystalline starch granule. 

2.3.2. Starch Degradation 

Starch catabolism in algae is largely unknown (Ball and Deschamps 2009), but putative 

degradation mechanisms have been inferred from known pathways in other plants such as 

Arabidopsis thaliana (Smith, Zeeman et al. 2005). Hydrolytic and phosphorolytic starch 

degradation mechanisms are thought to exist in green algae. Hydrolytic starch degradation 

proceeds when the semi-crystalline glucans undergo enzymatic hydrolysis at the insoluble starch 

granule surface. In Arabidopsis, this is catalyzed by the chloroplast-targeted α-amylases (αAMY) 

(Smith, Zeeman et al. 2005). Starch can also be degraded in Arabidopsis via phosphorolytic 

mechanisms even with all three α-amylases are knocked out (Yu, Zeeman et al. 2005). 

Phosphorolytic degradation is initiated by glucan-water dikinases (GWD) which catalyze the 
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transfer of β-phosphate in ATP to the C-6 position of a glucan in a crystalline amylopectin double 

helix (Ritte, Heydenreich et al. 2006). Glucans can also be phosphorylated by the 

phosphoglucan-water dikinases (PWD) at the C-3 position. These phosphorylated glucans are 

thought to disrupt the crystalline structure of the amylopectin helices to allow access to glucan-

metabolizing enzymes. Several approaches of attenuating starch degradation have been proposed 

to increase algal starch levels (Radakovits, Jinkerson et al. 2010). Knocking out key enzymes, 

such as GWD or PWD, may limit algal starch degradation and lead to a starch accumulation 

phenotype. 

2.3.3. Terpenes and Terpenoids 

Terpenes and terpenoids are a large class of compounds synthesized by algae that could 

be used for biofuel production. Terpenes are hydrocarbons, while terpenoids, also known as 

isoprenoids, are similar to terpenes except they contain functional groups. Two isoprene building 

blocks are used for terpene and terpenoid synthesis: isopentyldiphosphate (IPP) and 

dimethylallyl diphosphate (DMAPP). They are produced via the mevalonate or the non-

mevalonate pathways from acetyl-CoA and pyruvate precursors, respectively. These activated 

isoprenes are then used to build terpene and terpenoids of various sizes and configurations. 

Terpenes follow the general molecular formula of (C5H8)n, where n is the number of linked 

isoprenes (Fortman, Chhabra et al. 2008, Lee, Chou et al. 2008). 

2.3.4. Alcohols 

Traditionally, ethanol biofuels have been produced from the fermentation of food starches 

and sugars. Algal starches also have been shown to be a suitable feedstock for ethanol production 

via yeast fermentation (Nguyen, Choi et al. 2009). Many algae have native fermentative 
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metabolic pathways that produce ethanol and other alcohols; however, directly coupling ethanol 

production to photosynthetic carbon fixation would be preferred. This has been demonstrated in 

cyanobacteria where the introduction of pyruvate decarboxylase and alcohol dehydrogenase from 

Zymomonas mobilis has created a pathway for ethanol biosynthesis (Deng and Coleman 1999, 

Dexter and Fu 2009). Other pathways for the direct, non-fermentative production of higher 

alcohols has been demonstrated in E. coli and could be employed in algae. These approaches 

utilize native amino acid biosynthetic pathways to produce 1-propanol, 1-butanol, 2-methyl-1-

butanol, isobutanol, and phenylethanol (Atsumi, Hanai et al. 2008, Connor and Liao 2009).  

2.3.5. Botryococcus Hydrocarbons 

Botryococcus braunii is an oleaginous microalga that has been well studied and produces 

a variety of hydrocarbons including alkanes, fatty acids, terpenes, and terpenoids. Several strains 

of B. braunii are known and are classified by the type of hydrocarbons they produce. For 

example, the Race A strain produces dienes and trienes from C23 to C33; the Race B strain 

produces very long chain triterpenoid hydrocarbons, C30–C37 botryococcenes, and C31–C34 

methylated squalenes; and the Race L strain produces lycopadiene (Metzger and Largeau 2005). 

Race A has been observed to accumulate a hydrocarbon content of up to 61% of their dry weight, 

while Race B and L have been noted to accumulate hydrocarbons up to 40% and 8% dry weight, 

respectively (Metzger and Largeau 2005).  

2.4. Microalgal Hydrogen Production 

Many eukaryotic microalgae and cyanobacteria have the ability produce H2 either from 

dark, fermentative pathways coupled to saccharide catabolism or in the light from the electron 

transport chain at the level of ferredoxin (Hankamer, Schenk et al. 2007, Hemschemeier, 
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Fouchard et al. 2008, Posewitz, Dubini et al. 2009). It is now clear that many microalgae can 

withstand extended periods of anoxia and that hydrogenase activity is an integral component of 

this metabolism (Grossman, Croft et al. 2007). This anaerobic metabolism supports the secretion 

of alcohols and organic acids, as well as H2 production during anaerobiosis (Hankamer, Schenk 

et al. 2007, Dubini, Mus et al. 2009). Currently, the most significant hurdles hindering H2-

production yields include (a) the sensitivity of hydrogenases to O2, which prevents sustained H2-

photoproduction coupled to the photosynthetic electron transport chain (Ghirardi, Togasaki et al. 

1997), (b) the preferential use of competing metabolic pathways during aerobic metabolism, 

especially CO2 fixation (Cinco, Macinnis et al. 1993), and (c) the Thauer limit, which restricts 

dark, fermentative H2 production to 4 moles of H2 per mole of glucose (Thauer, Jungermann et 

al. 1977). To date, the use of sulfur deprivation remains the most effective means to sustain H2 

photoproduction (Melis, Zhang et al. 2000). This physiological stress attenuates photosynthesis 

to levels below respiration, allowing the establishment of anaerobiosis in sealed cultures and 

residual photosynthetic activity to provide reductant to the hydrogenase enzyme. Genetic 

techniques have been applied with the aim of increasing H2-photoproduction activity by 

decreasing light harvesting antennae size, inhibiting state transitions, manipulating competing 

pathways, and engineering the hydrogenase (Hankamer, Schenk et al. 2007, Hemschemeier, 

Fouchard et al. 2008, Posewitz, Dubini et al. 2009). Physiological, genetic, and biochemical 

approaches have rapidly advanced our understanding of H2 metabolism and enzyme maturation 

in green microalgae, and several strategies are emerging to further advance our ability to 

optimize H2 production in these eukaryotic organisms. 
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2.5. Oleaginous Microalgae 

It is well known that microalgae are capable of producing various storage products that 

are of potential commercial value, and certain oleaginous species have been documented to 

produce high levels of non-polar triacylglycerols (TAGs) (Hu, Sommerfeld et al. 2008). As a 

result, many research efforts have focused on utilizing these organisms as a biofuel feedstock and 

developing methods to readily harvest lipids (Spolaore, Joannis-Cassan et al. 2006, Chisti 2008, 

Ben-Amotz, Polle et al. 2009, Griffiths and Harrison 2009). It is also well documented that some 

species of microalgae, particularly under environmental stress, can accumulate up to 50 percent 

of their dry weight as neutral storage lipids. The level of TAG accumulation achievable appears 

to be dependent on both environmental conditions and the metabolism of individual species 

(Huesemann and Benemann 2009). Notably, Chlamydomonas has been shown to accumulate 

TAGs in the laboratory during nutrient deprivation and under high light (Riekhof and Benning 

2009).  

Algal lipids can be harvested by various techniques and readily converted into diverse 

biofuels (Amin 2009). Many well-studied microalgae have been shown to produce high levels of 

lipids and theoretical calculations of maximum algal oil production from these organisms offer 

strong support that in best case scenarios they are capable of outcompeting traditional oilseed 

crops in terms of oil productivity (Weyer, Bush et al. 2009). However, as not all species are 

oleaginous, lipid productivity is a critical factor to consider for species selection, and 

maximizing lipid productivity is essential to the development of an economically viable algal 

biofuels industry (Griffiths and Harrison 2009). Consequently, many current research efforts are 

directed towards genetically engineering well-characterized microalgae to optimize TAG 
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production, which requires a significant investment of time and resources. Alternatively, some of 

the hurdles encountered in genetic optimization procedures can be bypassed, or at least lowered, 

by taking advantage of natural selection to identify native strains of microalgae that already 

possess more efficient metabolic traits desirable for commercial feedstock development. 

2.5.1. Consideration of Carbon Source in Microalgal Lipid Accumulation 

As evidenced by their broad distribution, microalgae have adapted biochemical 

mechanisms to withstand extended periods of unfavorable conditions such as nutrient 

deprivation, high light conditions, and drought. To a large extent, these adaptations manifest into 

a diverse composition of cellular lipids which are critical for the ability to survive a broad range 

of dynamic environmental conditions (Hu, Sommerfeld et al. 2008, Harwood and Guschina 

2009). As the environment becomes less favorable, many microalgae begin to accumulate lipids 

as a consequence of a limited supply of key nutrients. This likely occurs by two possible 

mechanisms, the first of which would entail de novo lipid synthesis by which extracellular 

carbon is actively fixed and stored in the form of lipids. The second mechanism would involve a 

regulatory pathway that when activated causes the termination of de novo carbon fixation and 

initiation of intracellular reorganization of previously fixed carbon. Here, carbon would be 

actively scavenged from various non-essential cellular components for biochemical conversion 

into energy-dense storage products such as TAGs. It is conceivable that a combination of the two 

proposed pathways occurs, although from the feedstock perspective, productivity would be 

greater if a constitutive lipid trigger could be found.  
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2.6. Algal Lipid Biochemistry 

To narrow the range of biomolecules classified as lipids, this term will be used to 

reference fatty acid-containing or otherwise highly non-polar molecules that are associated with 

energy storage, cell membrane structure, and signaling. There have been a steadily increasing 

number of investigations into microalgal lipid biochemistry helping to expand the knowledge 

beyond the basic principles of algal lipid metabolism (Harwood and Jones 1989, Harwood 1998, 

Guschina and Harwood 2006, Harwood and Guschina 2009). Indeed, sequence homology 

comparisons of genes involved in lipid metabolism in Arabidopsis and putative genes in 

Chlamydomonas indicate that lipid synthesis is likely very similar but may be less complex in 

microalgae (Hu, Sommerfeld et al. 2008, Riekhof and Benning 2009, Stern and Harris 2009). 

Algal lipid biochemistry may eventually be found to deviate from the pathways detailed below, 

but the following models give informed insight into the basic biochemistry involved. 

2.6.1. Fatty Acids 

The fundamental building-block of many lipids is the fatty acid, which is a carboxylic 

acid connected to a hydrocarbon with a methyl group at its terminus. The carboxyl carbon is in 

position C1 and subsequent carbons are defined as alpha (), beta (), and gamma () carbons, 

respectively. Fatty acid chain length ranges from six carbons (hexanoic acid) to very-long-chain 

fatty acids (VLCFAs) containing over 22 carbons. Carboxylic acids containing five or fewer 

carbons are generally water-soluble and not classified as lipids. Carbon-carbon double bonds can 

be introduced within the hydrocarbon chain to confer structural diversity. Unsaturation is 

commonly found at positions toward the methyl terminus, or the omega () carbon. Generally, 

sites of unsaturation are not seen before the  carbon (C4), and multiple double bonds are usually 
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found separated either by one or two single bonds. The majority of naturally derived unsaturated 

fatty acids are found in the cis conformation. However, some organisms produce fatty acids with 

trans unsaturation. This is most often found in conjugated fatty acids: those with two or more 

double bonds. Conjugated fatty acids with trans unsaturation are found in ruminants, some 

flower petals and seeds, some vegetables, and the red alga Bossiella orbigniana (Burgess, de la 

Rosa et al. 1991, Cahoon, Carlson et al. 1999, Willett and Mozaffarian 2008). Also, partial 

hydrogenation, an industrial method of removing double bonds from unsaturated fatty acids, 

often results in byproducts with trans double bonds (trans fats).  

2.6.2. Biosynthesis 

Fatty acids (FAs) are a fundamental component of cellular structure and operation. The 

synthesis of algal lipids containing fatty acyl chains occurs via fatty acid synthase (FAS). In 

plants and photosynthetic algae, FA synthesis occurs predominately within the chloroplast and is 

catalyzed by a set of discrete enzymes collectively known as FAS II (Riekhof and Benning 

2009). Many other eukaryotic organisms synthesize FAs in the cytosol (Smith 1994), utilizing 

the multi-subunit enzyme complex FAS I. The discrete plastidial enzymes in plant and algal FA 

synthesis carry out analogous processes to their subunit counterparts in FAS I, but do not occur 

as single enzyme subunits. 

o Acetyl-CoA carboxylase (ACCace). The committed and highly regulated initial step in fatty 

acid synthesis is the formation of malonyl-CoA (3-C) via carboxylation of acetyl-CoA (2-C) 

by ACCase. This irreversible reaction takes place in the chloroplast and involves an ATP-

dependent carboxylation of a biotin carrier followed by transcarboxylation of acetyl-CoA to 

form malonyl-CoA, which is the primary source of carbon in fatty acid synthesis. Six distinct   
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enzymatic reactions follow, resulting in the formation of a fatty acid (Sul and Smith 2008).  

o Malonyl-CoA/ACP transacylase (MAT). Malonyl-CoA is loaded onto an acyl carrier protein 

(ACP), resulting in the loss of coenzyme A (CoA) and the formation of a thioester bond 

between malonate and the ACP, forming malonyl-ACP (Baud and Lepiniec 2009). 

o β-ketoacyl-ACP synthase (KAS). To begin fatty acid synthesis, KAS III is required to 

condense malonyl-ACP with acetyl-CoA, forming acetoacetyl-ACP (a ketoacid) and 

releasing one CO2. Acetoacetyl-ACP then undergoes a reduction-dehydration-reduction 

sequence (see below) to generate butyryl-ACP (4:0), which is then elongated. After the first 

condensation, malonyl-CoA is used as the sole carbon source. This requires a different type 

of ß-ketoacyl-ACP synthase, KAS I, which adds two carbons from malonyl-CoA to the 

elongating fatty acyl chain and releases the third as CO2. The new acyl-ACP is recycled back 

to KAS I for condensation with malonyl-CoA and reduction-dehydration-reduction. This 

forms an acyl-ACP elongated by two carbons, and the cycle continues to 16:0. Plastidial fatty 

acid synthesis typically terminates at palmitic acid (16:0) (Schmid and Ohlroge 2008). Once 

the fatty acid has reached 16 carbons, a thioesterase cleaves the bond between the fatty acyl 

chain and its carrier protein. Fatty acyl-ACP thioesterase (FAT) catalyzes this hydrolysis, 

releasing water, ACP-SH, and the fatty acid (Voelker, Worrell et al. 1992, Voelker and Davies 

1994).  

o ß-ketoacyl-ACP reductase (KAR). KAR reduces the ketoacid to a hydroxyacid. This reaction 

requires one NADPH molecule, which is oxidized to NADP+. In the first round of reactions, 

this forms ß-hydroxybutyryl-ACP from acetoacetyl-ACP. 

o ß-hydroxyacyl-ACP dehydratase (HD). (HD) releases one water molecule as it removes the   
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hydroxyl group and introduces an α-ß double bond to form a trans-2-Enoyl-ACP. This forms 

crotonyl-ACP in the first round. 

o Enoyl-ACP reductase (ENR). ENR reduces the trans-2-Enoyl-ACP molecule’s double bond 

to form a saturated acyl-ACP. One proton is used, and the reductant is again NADPH, which 

is oxidized to NADP+. Crotonyl-ACP is reduced to butyryl-ACP (4:0) after the first cycle of 

reactions (Heath, White et al. 2001). 

2.6.3. Plastidal Modification 

Acyl chains both shorter and longer than 16 carbons are necessary components of many 

lipids. To form FAs shorter than 16 carbons, specialized thioesterases truncate fatty acid 

synthesis at a chain length specific to that thioesterase (Voelker, Worrell et al. 1992, Voelker and 

Davies 1994, Schmid and Ohlroge 2008). Plants and algae contain a wide range of FA chain 

lengths. 18-carbon chains are made within the chloroplast and export of fatty acids from the 

chloroplast is done predominantly as free fatty acids (FFAs); however, further elongation and 

modification occurs within the endoplasmic reticulum (ER) (Durrett, Benning et al. 2008). 

The longest FA chain synthesized within the chloroplast contains 18 carbons; its 

elongation is catalyzed by a third type of ß-ketoacyl-ACP synthase, KAS II (Schmid and Ohlroge 

2008). In this case, the thioesterase responsible for cleaving ACP from palmitate is regulated, 

allowing KAS II to condense malonyl-CoA with palmitoyl-ACP to form stearoyl-ACP (18:0) 

(Wilson and Burton 2002). Both 16 and 18-carbon chains are highly prevalent in membrane and 

storage lipids (Thompson 1996). Unsaturation can be introduced in the plastid both by soluble 

and integral membrane desaturases, or in the ER by integral membrane desaturases (Schmid and 

Ohlroge 2008, Riekhof and Benning 2009). They are named for the location of the double bond 
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they form. A ∆9-desaturase introduces a double bond at C9; whereas an ω-3 desaturase forms a 

double bond at the third carbon from the methyl end. Plastidial desaturation of stearoyl-ACP is 

performed by a soluble stearoyl-ACP ∆9-desaturase, forming oleoyl-ACP (18:1). It has been 

found that a significant portion of the thioesterases present within the chloroplast are specific for 

18:1-ACP, indicating that a large amount of 18:1 FAs are transported outside the plastid for 

modification. Similar fractions of 16:0 and 18:0 are also exported (Schmid and Ohlroge 2008). 

2.6.4. TAG Synthesis 

A significant portion of lipids contain fatty acids esterified to a specialized head group. 

Because the hydrocarbon chains are relatively simple and not particularly differentiable, a head 

group allows the cell to diversify lipid function while using common building blocks to construct 

the basic form of the lipid. Head groups can serve to direct the lipid to specific cellular locations 

and engage in cellular communication and signal transduction (Carruthers and Melchior 1986). 

In the synthesis of storage lipids, glycerol is the most important backbone for acyl chain 

attachment. Each carbon is hydroxylated, allowing derivatization at three locations. If glycerol is 

phosphorylated, the phosphoryl group can either be replaced by an acyl group or it can be bound 

by another functional group for further derivatization. TAGs contain three acyl groups linked by 

ester bonds to a glycerol backbone. Glycerol-3-phosphate (G3P), a product of glycolysis, is a 

primary substrate to begin constructing complex lipids. The right-hand side of Figure 2.2 shows 

one common fate of activated acyl groups and glycerol-3-phosphate in an algal cell. During 

periods when the algal cell requires supplemental energy and can’t photosynthesize, (e.g. dark 

conditions), this pathway would be inhibited, and lipids within the TAG droplet shown at the 

bottom right would be metabolized as a source of energy through ß-oxidation. The enzymes  
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Figure 2.2 Overview of the metabolites and pathways involved in microalgal lipid 

biosynthesis (black). Enzymes shown in red. Free fatty acid synthesis occurs in the chloroplast, 

while TAG assembly may occur at the ER. ACCase, acetyl-CoA carboxylase; ACP, acylcarrier 

protein; ACSase, Acyl-CoA synthetase; CoA, coenzyme A; DAGAT, diacylglycerol 

acyltransferase; ENR, enoyl-ACP reductase; FAE, fatty acid elongase; FAT, fatty acyl-ACP 

thioesterase; GPAT, glycerol-3-phosphate acyltransferase; HD, β-hydroxyacyl-ACP dehydratase; 

KAR, β-ketoacyl-ACP reductase; KAS, β-ketoacyl-ACP synthase; LPAAT, lyso-phosphatidic 

acid acyltransferase; MAT, malonyl-CoA/ACP transacylase; PAP, Phosphatidic acid 

phosphatase; PDH, pyruvate dehydrogenase complex; TAG, triacylglycerols. 
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involved with this pathway are as follows. 

o Acyl-CoA synthetase (ACSase). In order for a FFA to be available for attachment to a head 

group, it must first be activated. Once exported into the cytosol, FFAs headed to the ER for 

modification are derivatized by coenzyme A (CoA) via a thioester bond. ACS-ase catalyzes 

this two-step process, which involves an adenylate intermediate. The FFA displaces 

diphosphate from ATP, forming pyrophosphate (PPi) and an acyl-AMP (acyl adenylate) 

intermediate. The immediate and highly exergonic hydrolysis of PPi pulls this reaction 

toward the products. Once the acyl adenylate has been formed, CoA displaces AMP, forming 

an acyl-CoA. This reaction requires a net of two ATPs, since ATP is taken to AMP (Schneider, 

Kienow et al. 2005). 

o Fatty acid elongase complex (FAE). ER-mediated elongation is facilitated by FAE, which 

recognizes acyl-CoAs and condenses them with malonyl-CoA. The FAE complex carries out 

functions similar to KAS, KAR, HD, and ENR, adding two carbons sequentially to the 

carboxyl end of the acyl chain (Baud and Lepiniec 2009). 

o Glycerol-3-phosphate acyltransferase (GPAT). GPAT links an activated acyl group (acyl-

CoA) to G3P, forming lysophosphatidic acid (LPA). This monoacyl phospholipid is itself a 

signaling molecule and a precursor to membrane lipids, other signaling molecules, and 

nonpolar storage lipids (Moolenaar 1995, Ryu 2004, Radakovits, Jinkerson et al. 2010). 

o Lysophosphatidic acid acyltransferase (LPAAT). LPAAT is specific for LPA and adds 

another activated acyl group to form phosphatidic acid (PA), which is an intermediate for 

either polar or neutral lipids. As a polar lipid precursor, PA can be derivatized by one of 

several head groups including choline, inositol, ethanolamine, or serine, to become a 
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glycerophospholipid. For neutral lipids, a third acyl group can replace PA’s phosphate group 

to form a TAG (Radakovits, Jinkerson et al. 2010). 

o Phosphatidic acid phosphatase (PAP). PAP is the first step in forming a TAG from PA. This 

enzyme hydrolyzes the phosphoryl group from PA, forming diacylglycerol (DAG) 

(Nakamura and Ohta 2010). 

o Diacylglycerol acyltransferase (DAGAT). DAGAT catalyzes the addition of the third acyl 

group to DAG, maximizing glycerol’s capacity to carry acyl chains. This yields a highly 

nonpolar TAG, an efficient storage molecule that forms protein-coated lipid droplets 

(oleosomes) within the cytosol (Radakovits, Jinkerson et al. 2010). 

2.6.5. Fatty Acid Oxidation 

Although the mobilization of TAGs is not yet well understood, it is believed that the 

interaction of lipases with the hydrophilic surface of lipid droplets exposes TAGs to lipase, an 

esterase that cleaves the acyl chain from its glycerol backbone. The products are FFAs that can 

be derivatized and shuttled into the mitochondrion for oxidation and energy generation (Huang 

1992). Fatty acids are very energy dense. When completely oxidized under standard conditions, 

long chain (12C-20C) saturated FAs amount to an energy release of around 37 kJ g-1 (about 9790 

kJ mole-1) (Turkish and Sturley 2006). On a per weight basis, this is twice the energy content of 

carbohydrate or protein. The oxidation of one saturated palmitate (16:0) molecule requires 2 ATP 

for activation, and subsequently yields 8 acetyl-CoA, 7 FADH2, and 7 NADH. Through the 

tricarboxylic acid (TCA) cycle, 8 acetyl-CoAs yield 80 ATP. Each FADH2 generates 1.5 ATP 

through the electron transport chain and oxidative phosphorylation, resulting in 10.5 ATP. 

Similarly, each NADH results in the formation of 2.5 ATP, producing 17.5 ATP. Overall, 
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oxidation of palmitate yields 108 ATP, with a net of 106 ATP. However, there is not a perfect 

conversion of this energy into usable cellular energy. Under standard conditions, the energy 

stored in 106 ATP only amounts to 3233 kJmol-1, but complete oxidation of palmitate releases 

almost 10,000 kJmol-1 of energy, amounting to 33% conversion efficiency. However, under the 

conditions at which the cell operates, conversion efficiencies can be higher. Even with less-than-

perfect conversion, the oxidation of fatty acids is a huge contributor to cellular energy. 

2.6.6. Localization 

FA oxidation generally occurs in the mitochondria, though it can also happen in the 

peroxisomes via an oxidase instead of a dehydrogenase (Winkler, Säftel et al. 1988). However, 

there is no mechanism that can directly transport acyl-CoAs across the mitochondrial 

membranes; thus, a shuttling system regulated by malonyl-CoA is required to allow acyl-CoAs 

into the mitochondria for oxidation. Carnitine, a small carrier molecule, replaces CoA and 

facilitates transport of the acyl chain into the mitochondrial matrix. Once inside, the carnitine 

carrier is replaced by CoA and the acyl-CoA goes into ß-oxidation (Bourdin, Adenier et al. 

2007). 

o Carnitine acyltransferase I (CAT I), located within the outer mitochondrial membrane, 

facilitates the conversion of acyl-CoA to acyl-carnitine. CoA is released back into the cytosol. 

Carnitine, CoA, acyl-CoA, and acyl-carnitine move through the outer mitochondrial 

membrane without the aid of a transport protein. Thus, exchange of CoA with carnitine can 

occur either on the cytosolic or intermembrane side of the mitochondrion. 

o Carnitine-acylcarnitine translocase (CACT) passively facilitates the movement of acyl-

carnitine and carnitine across the inner mitochondrial membrane. Generally, when the cell is 
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undergoing oxidation and the generation of ATP, acyl-carnitine moves into the matrix and 

after delivering its acyl group, carnitine moves back into the cytosol. 

o Carnitine acyltransferase II (CAT II), located on the matrix side of the inner mitochondrial 

membrane, removes carnitine from the FA and re-derivatizes it with CoA from the 

mitochondrial CoA pool. The acyl-CoA is now localized and activated. 

2.6.7. β-Oxidation 

The term ß-oxidation derives from the process of sequentially removing two-carbon units 

from the carboxyl end of the acyl chain. This results in a new FA minus 2C, where the ß-carbon 

has become the carboxyl carbon. It is essentially the reverse of FA synthesis: an oxidation-

hydration-oxidation scheme followed by thiolysis to yield acetyl-CoA and an acyl-CoA minus 

2C.  

o Acyl-CoA dehydrogenase (ADH) forms a double bond between the  and ß carbons via 

reduction of FAD to FADH2. The product is a trans-∆2-Enoyl-CoA. 

o Enoyl-CoA hydratase (ECH) adds water across the double bond, hydroxylating the ß carbon 

and forming a methylene group at the  carbon. This forms ß-hydroxyacyl-CoA. 

o ß-hydroxyacyl-CoA dehydrogenase (HADH) converts the ß carbon’s hydroxyl group to a 

keto group, reducing NAD+ to NADH and releasing a proton to form ß-ketoacyl-CoA. This 

molecule has two carbonyl groups separated by one methylene group, an intrinsically 

unstable condition that readily leads to thiolysis. 

o Thiolase also known as acyl-CoA acetyltransferase (ACAT) facilitates the nucleophilic attack 

of a free CoA to the ß carbon. This cleaves the -ß bond and releases C1, the  carbon, and 

the attached CoA as acetyl-CoA. A new CoA attaches to the shortened acyl chain, forming 



 

25 

acyl-CoA minus two carbons. The new acyl-CoA returns to ADH and the cycle continues 

until the entire chain is converted to acetyl-CoA. In order to completely oxidize odd-chain 

or unsaturated fatty acids, other enzymes are required.  

2.6.8. Unsaturated Fatty Acid Oxidation 

Degradation of fatty acids having cis-double bonds on even-numbered carbons requires 

the presence of auxiliary enzymes in addition to the enzymes of the core beta-oxidation cycle 

(Allenbach and Poirier 2000). One pathway that has been described to degrade these fatty acids 

involves the following enzymes. 

o ∆3,∆2-Enoyl-CoA isomerase (ECI). In the instance of a ∆9-monounsaturated FA, three cycles 

of ß-oxidation will occur before the double bond interferes. After three acetyl-CoAs have 

been released, the cis double bond comes into the ß- position, inhibiting ECH. ECI is 

responsible for repositioning the ß- double bond to form an -ß double bond. In other words, 

ECI shifts ∆3 unsaturation to the ∆2 position. This provides ECH with a trans double bond in 

the correct position for ß-oxidation to continue. 

o 2,4-dienoyl-CoA reductase (DECR). Oxidation of polyunsaturated fatty acids requires ECI 

and a second enzyme, DECR. After three turns of ß-oxidation with a ∆9,∆12 diunsaturated 

FA, ECI shifts the ∆9 double bond to allow for ECH, HADH, and ACAT to release one more 

acetyl-CoA. The ∆12 double bond moves into a position between C4 and C5 (∆4). ADH is 

able to oxidize this molecule to form a trans-∆2-Enoyl-CoA with cis-∆4 unsaturation. In order 

for ß-oxidation to continue, the ∆4 double bond must be reduced by DECR, resulting in a ∆3 

double bond. This is isomerized by ECI and the newly formed trans-∆2-enoyl-CoA reenters 

ß-oxidation (Chensworth, Stuchbury et al. 1998, Nelson and Cox 2005). 
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2.6.9. Odd-Chain Fatty Acid Oxidation 

Although the majority of FAs contain an even number of carbons, some organisms 

synthesize odd-chain fatty acids. Breakdown of these FAs occurs in the same manner as even-

chain FAs, except at the very end. The products at the end of odd-chain FA oxidation are acetyl-

CoA and the three-carbon activated product propionyl-CoA. Unlike acetyl-CoA, propionyl-CoA 

cannot go through the TCA cycle, and must be converted to succinyl-CoA, a four-carbon 

activated TCA cycle intermediate. 

o Propionyl-CoA carboxylase (PCCase) requires bicarbonate (HCO3
-) and one ATP to 

facilitate the binding of a single carboxyl group to the  carbon of propionyl-CoA, forming 

methylmalonyl-CoA. This reaction is facilitated by a biotin cofactor in a reaction similar to 

that of ACCase. 

o Methylmalonyl-CoA epimerase (MCE) rearranges methylmalonyl-CoA to its levorotary 

optical configuration, effectively forming a 3-carbon chain with a carboxyl group at its 

terminus and the middle carbon linked to carbonyl-CoA.  

o Methylmalonyl-CoA mutase (MCM) uses a vitamin B12 cofactor to move the carbonyl-CoA 

group and bind it to the terminal carbon (Chensworth, Stuchbury et al. 1998, Nelson and Cox 

2005). This forms succinyl-CoA, which is a TCA cycle intermediate.  

2.6.10. Algal Lipid Classification 

The lipid composition of microalgae is not as well-studied as that of higher plants. 

However, there is substantial information about algal lipid structure, biochemistry, and 

metabolism. Microalgae contain a range of glycolipids and phospholipids, the major lipids of 

higher plants, including significant quantities of the glycosylglycerides 
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monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), 

sulfoquinovosyldiacylglycerol (SQDG), and large amounts of the phosphoglycerides 

phosphatidylcholine (PC) (Drapcho, Nhuan et al. 2008), phosphatidylethanolamine (PE), and 

phosphatidylglycerol (PG). These comprise the main lipids found in the membranes of 

thylakoids, which dominate the intracellular membrane fraction in algae (Harwood 1998). 

Microalgae have MGDG as their primary lipid, with smaller amounts of DGDG and two anionic 

lipids, SQDG and PG. MGDG is often present at fractions ranging from 40-55%, DGDG at 15-

35%, SQDG at 10-20% and PG at 10-20% of the total lipid content (Harwood 1998). The 

relative abundance of these lipids is highly dynamic and dependent on culturing conditions, but 

C16 and C18 fatty acids usually dominate. Algal lipids are often highly enriched in 

polyunsaturated fatty acids (PUFAs), especially in glycosylglycerides. Unusual lipid classes are 

present in some species of algae. For example, red algae contain sulfolipids such as 

phosphatidylsulfocholine and chlorosulfolipids, while some marine algae have the arsenic-

containing lipids arsenoribosylphosphatidylglycerol. Most green alga have the betaine lipids 

diacylglyceryltrimethylhomoserine (DGTS) and diacylglyceryl hydroxymethyltrimethyl-β-

alanine (DGTA) (Harwood 1998).  

Betaine lipids belong to a class of complex polar lipids called glycerolipids. They can be 

found in lower plants (bryophytes), fungi, photosynthetic bacteria, and many algae (Christie 

2010). Three primary betaine lipids are known: DGTS, DGTA, and diacylglyceryl 

carboxyhydroxymethylcholine (DGCC). DGTS and DGTA are the most common naturally-

occurring betaine lipids and are widely distributed among bryophytes and algae. Labeling 

experiments with algae suggest that betaine lipids may play a metabolic role in the transfer of 
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fatty acids between the cytoplasm and the chloroplast and that they may be involved in fatty acid 

biosynthesis by first accepting the fatty acids formed de novo, before they are processed and 

redistributed to other cellular lipids (Christie 2010). DGTS is a primary membrane lipid of some 

green algae (C. reinhardtii, Volvox cateri and Dunaliella) and algae that contain chlorophyll a 

and c (Sato 1992). Most algae with betaine lipids do not contain PC; thus, it has been suggested 

that DGTS is a substitute for PC. In green algae, the concentrations of DGTS and PC seem to be 

reciprocal, suggesting an apparent substitution of DGTS for PC as a membrane component. 

Interestingly, it has been found that C. reinhardtii accumulates high levels of DGTS and no PC 

(Giroud, Gerber et al. 1988). In contrast, organisms such as Ulva petusa and Chaetomorpha 

spirilis have very low levels of PC and high amounts of DGTS (Sato 1992). It can be established 

from this inverse relationship that DGTS has progressively been replaced by PC during the 

evolution of green plants. DGTA is primarily found in the brown algae Fucales and Dictyotales 

(Sato 1992). DGTS is usually absent in algae that contain DGTA, and only Crytomonas and 

Ochromonas are known to produce both of these betaine lipids (Eichenberger, Araki et al. 1993). 

It has been demonstrated in Ochromonas daninca and Crptomonas sp. that DGTA can be 

uniquely synthesized from DGTS; therefore, species of algae that contain DGTA may contain 

low levels of DGTS as a precursor to DGTA (Sato 1992).  

2.6.11. Lipid Chemistry Affects Fuel Properties 

One difference between higher plants and algae is that many algae are capable of 

producing long-chain PUFAs, which are suggested to be beneficial for human health and 

nutrition, but can have an adverse impact on lipid-based biofuel performance. FA chemistry is 

important to consider for biofuel applications because chemical structure determines important 
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biodiesel properties such as cold flow, oxidative stability, and cetane number. Increasing the 

PUFA content of the feedstock organism would improve fuel performance at the lower 

temperatures encountered in colder climates as a higher degree of unsaturation decreases the 

cloud point; however, this would also decrease the oxidative stability of the fuel, as unsaturated 

double bonds are prone to oxidation (Drapcho, Nhuan et al. 2008, Hu, Sommerfeld et al. 2008). 

With these effects in mind, the FA composition of the chosen feedstock organism(s) must be 

analytically determined, and will need to be tailored to achieve a reliable feedstock that can be 

readily incorporated into the current transportation fuel infrastructure. 

Fatty acid synthesis can be manipulated by genetic modification; alternatively, variations 

in culture conditions have been shown to greatly affect microalgal FA composition, making it 

possible to direct FA synthesis towards more commercially valuable chemical structures within a 

controlled environment. Evidence also suggests that due to natural adaptations to particular 

environments, some algal species are better suited for producing commercially valuable FAs. For 

example, a Parietochloris incisa strain isolated from an alpine environment was found to contain 

the highest levels of long chain PUFAs than any other plant source described previously 

(Bigogno, Khozin-Goldberg et al. 2002), alluding to the potential benefits of bioprospecting 

efforts directed towards discovering new, unique species of microalgae.  

2.6.12. Qualitative Lipid Analysis of Microalgae 

Upon microscopic analysis, some microalgae visibly produce oil bodies or vesicles that contain 

lipid in the form of TAG (Figure 2.3a). The extent of lipid accumulation can usually be assessed 

qualitatively in situ by using fluorescence microscopy and staining with neutral, lipophilic 

fluorophores such as Bodipy 493/503 (Molecular Probes, Invitrogen) (Figure 2.3b) or Nile Red.   
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Figure 2.3 Image of a diatom species that visibly contains large oil bodies (arrow) (a). 

Fluorescence image of another diatom species where lipids were stained with Bodipy 493/503 

(b). Chlorophyll is red and Bodipy is green. Scale bars are 10µM. 

Notably, it is typical for cells to remain viable after exposure to Bodipy dye, a trait that can 

potentially be leveraged for high-throughput screening techniques to rapidly identify, and then 

culture, cells that produce neutral lipids. 

Unfortunately, some microalgae are recalcitrant to staining. This is likely due to the 

chemistry and composition of the cell wall and extracellular polysaccharide (EPS) matrices. 

Depending on the chemical makeup of these structures, dye uptake can be completely or partially 

occluded. However, protocols using heat shock, freeze fracturing, and/or treatment with 

chemicals like dimethyl sulfoxide (DMSO), methanol, ethanol, acetone, isopropanol, and 

glutaraldehyde have been shown to overcome this recalcitrance (Chen, Zhang et al. 2009), but 

this is often at the cost of solubilizing chlorophyll. For example, DMSO treatment can enhance 

dye uptake but can make a structural analysis of the cell impossible as the solvent physically 

disrupts lipid bodies and chloroplasts in some algae (Figure 2.4). Once solubilized, the 

chlorophyll phase-separates directly into the lipid bodies, which can be verified by fluorescence 

microscopy. Here, phase-separation is visualized as overlapping chlorophyll and Bodipy   
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Figure 2.4 Comparison of Bodipy stained microalgal cells without (a) and with (b) the 

fixative DMSO. Fixative disrupts intracellular structure and solubilizes chlorophyll. Chlorophyll 

is red and Bodipy is green, and overlapping signals are yellow/orange to orange/red indicating 

chlorophyll has solubilized and is mixed with the non-polar lipid bodies. Scale bars are 10 µM. 

fluorescence signals, appearing as yellow/orange to orange/red droplets. 

Electroporation can also be used to enhance dye uptake where the field strength of the 

electric pulse will determine the degree of dye penetration in recalcitrant cells. This method can 

preserve the fine structure of the cell and maintain viability. Unfortunately though, this technique 

is not well adapted for high-throughput analysis as the electroporation conditions require 

optimization for different microalgal strains and growth conditions.  

An alternative to electroporation is high pressure freezing-freeze substitution (HPF-FS), 

which fixes the cells but preserves the fine structure. Here, the biological sample is rapidly 

frozen at rates that approach −20,000 °C/sec, wherein a fixative replaces the cellular water, 

preventing damaging ice crystals from forming and resulting in nearly perfect preservation of the 

cellular architecture. Frozen samples could be stained and imaged using electron microscopy. 
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This has been used to elucidate a semi-crystalline secondary structure of TAG lipid bodies in 

Schizochytrium sp. and Thraustochytrium sp. that was not found in Neochloris oleoabundans and 

other oleaginous species (Ashford, Barclay et al. 2000).  

2.6.13. Semi-Quantitative Lipid Analysis of Microalgae and FACS 

Semi-quantitative lipid analysis can be performed using fluorophores such as Bodipy 

when coupled to flow cytometry. Using this technique, relative changes in fluorescence between 

populations of cells can be easily determined in addition to differences in light scattering 

properties. This is very useful for detecting both large and small changes within and between 

populations of cells. However, if cells in the population are recalcitrant to staining, this technique 

becomes much more challenging as fixation or electroporation must be carried out prior to 

analysis. Not only are these both time-consuming endeavors, but treatment with permeabilizing 

agents will also make the gathered data incomparable to analyses where such techniques were 

not employed. The true value of this type of analysis is realized when coupled to a flow 

cytometer with fluorescent activated cell sorting (FACS) capabilities. This instrument facilitates 

the physical collection of individual cells or populations of cells into test tubes or the wells of 

microtiter plates. If for example, a desired group of traits, like intensity of Bodipy fluorescence 

on particles that also contain chlorophyll, are distinguishable by fluorescence, side scatter (a 

measure of intracellular complexity), and/or forward scatter (a measure of particle size), they can 

be used as gating criterion to physically sort algal cells with those combined traits (Sensen, 

Heimann et al. 1993, Dubelaar and Jonker 2000, Reckermann 2000, Crosbie, Pöckl et al. 2003, 

Sieracki, Poulton et al. 2005, Mattanovich and Borth 2006). 
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2.6.14. Fully Quantitative Lipid Analysis of Microalgae 

Qualitative information regarding lipid accumulation is useful for a rapid assessment of 

lipid productivity. However, a more detailed quantitative analysis is required to accurately assess 

the feedstock potential of the organisms. Quantitative determination of lipid composition can be 

revealed by fatty acid fingerprinting methods using gas chromatography (GC) coupled to mass 

spectrometry (GC-MS) or GC coupled with a flame ionization detector (GC-FID). Analysis by 

GC requires that the analyte be volatile, which is achieved most often by acid-catalyzed trans-

esterification with methanol into the corresponding fatty acid methyl esters (FAMEs). Traditional 

analysis techniques involve lengthy extractions and long run times that result in a very low 

sample throughput. Fortunately, analysis can be accelerated significantly with the use of recently 

developed sample preparation and analysis techniques. For instance, methods have been 

developed that greatly decrease sample preparation time by performing in situ methylation or 

direct thermal desorption. Furthermore, an even greater sample throughput can be achieved if 

these methods are coupled to shortened GC run times, which is accomplished by manipulating 

the column chemistry, column length, carrier gas, and temperature ramp (Laurens 2008). Despite 

the development of these sophisticated analytical methods, differences in TAG accumulation 

level and TAG chemistry remain largely uncharacterized for most microalgae. 

2.7. Molecular Tools for Algal Feedstock Engineering 

The development of tools for genetic engineering of algae has been steadily progressing 

for more than twenty years and many methods for transformation have been developed and 

tested in a wide range of algal model systems. These developments are likely to accelerate due to 

recent efforts to sequence algal genomes. Expressed sequence tag (EST) databases have been 
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created; also, nuclear, mitochondrial, and chloroplast genomes from several microalgae have 

been sequenced and many more are reportedly being sequenced. While earlier efforts were 

focused mainly on genetic manipulation of the green alga C. reinhardtii, tools have also been 

developed for other algae that may be of greater interest for industrial applications. Transgene 

over-expression is becoming a routine procedure in many common algal model systems and 

several genetic selection markers have been proven to work well in algae. Some of the biggest 

challenges in algal genomics concern the knockout of endogenous genes, but recent progress 

with homologous recombination and ribonucleic acid (RNA) silencing may provide a way 

forward.  

2.7.1. Methods for Transformation and Expression  

To date, more than 30 different strains from several different phyla of microalgae have 

been successfully transformed. These include green algae (Chlorophyta) such as C. reinhardtii, 

Chlorella ellipsoidea, Chlorella saccharophila, Chlorella vulgaris, V. carteri, Chlorella 

sorokiana, Chlorella kessleri, Ulva lactuca and Dunaliella viridis (Jarvis and Brown 1991, 

Maruyama, Horáková et al. 1994, Schiedlmeier, Schmitt et al. 1994, Huang, Weber et al. 1996, 

Dawson, Burlingame et al. 1997, Shimogawara, Fujiwara et al. 1998, El-Sheekh 1999, Sun, Gao 

et al. 2006). Heterokontophyte algae that have been transformed include Nannochloropsis 

oculata, diatoms such as Thalassiosira pseudonana and Navicula saprophila, and brown algae 

(Phaeophyta) such as Laminaria japonica and Undaria pinnatifada (Dunahay, Jarvis et al. 1995, 

Qin, Sun et al. 1999, Qin, Yu et al. 2003, Poulsen, Chesley et al. 2006, Chen, Li et al. 2008). Red 

algae, (Rhodophyta) including Cyanidoschyzon merolae, Porphyra yezoensis, Kappaphycus 

alvarezii, Gracilaria changii, and Porphyridium sp. have also been transformed (Kurtzman and 
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Cheney 1991, Cheney, Metz et al. 2001, Lapidot, Raveh et al. 2002, Gan, Qin et al. 2003, 

Minoda, Sakagami et al. 2004). Dinoflagellates that have been transformed include Amphidinium 

sp. and Symbiodinium microadriaticum (Michael and Miller 1998). The only euglenoid that has 

been transformed to date is Euglena gracilis (Doetsch, Favreau et al. 2001). 

Several methods for introducing transgenes into algae exist, including agitation in the 

presence of glass beads or silicon carbide whiskers (Michael and Miller 1998), electroporation 

(Maruyama, Horáková et al. 1994, Shimogawara, Fujiwara et al. 1998, Chen, Li et al. 2008), 

biolistic microparticle bombardment (Jarvis and Brown 1991, Dunahay, Jarvis et al. 1995, El-

Sheekh 1999), and Agrobacterium tumefaciens mediated gene transfer (Cheney, Metz et al. 

2001). The efficiency of these transformation methods vary between different algal species, and 

the method of transformation must be carefully tested and optimized for each species of algae. In 

many cases, transformation has resulted in stable expression of transgenes, either from the 

nuclear or the chloroplast genome, but in some cases only transient expression has been 

achieved. Methods developed primarily in C. reinhardtii (Eichler-Stahlberg, Weisheit et al. 2009) 

demonstrate that the stability of expression can be improved through proper codon usage, the use 

of strong endogenous promoters, and inclusion of species specific 5’, 3’ and intronic sequences.  

Many different genetic markers have been used to facilitate efficient isolation of genetic 

transformants. These markers comprise antibiotic resistance genes and fluorescent/biochemical 

markers. Many algae are resistant to a wide range of antibiotics and the choice of antibiotic will 

vary between different species of algae. Antibiotic resistance genes that have been used for algal 

transformant selection include bleomycin (Lumbreras, Stevens et al. 1998), spectinomycin and 

streptomycin (Doetsch, Favreau et al. 2001), paromomycin (Sizova, Fuhrmann et al. 2001), 
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G418 (Eichler-Stahlberg, Weisheit et al. 2009) and hygromycin (Zhao, Wang et al. 2009). 

Fluorescent and biochemical markers have also been used to confirm genetic transformation in 

algae. These markers include luciferase (Jarvis and Brown 1991), β-glucuronidase (El-Sheekh 

1999, Cheney, Metz et al. 2001), β-galactosidase (Gan, Qin et al. 2003, Qin, Yu et al. 2003), and 

green fluorescent protein (GFP) (Cheney, Metz et al. 2001). 

Homologous recombination events are rare in algae; thus, transformation generally 

results in a random integration of transgenes into the nuclear genome. While this may be suitable 

for transgene expression or for random mutagenesis screens, it makes it difficult to delete 

specific target genes. Homologous recombination has been reported in the nuclear genomes of C. 

reinhardtii and C. merolae at a very low efficiency, and further optimization is needed to 

improve successful homologous recombination (Minoda, Sakagami et al. 2004, Zhao, Wang et 

al. 2009). RNA silencing is another option for gene inactivation that has been studied in algae as 

RNA silencing has been shown to be a feasible strategy in both C. reinhardtii and P. tricornutum. 

Recent improvements in gene knockdown strategies include the development of high throughput 

artificial micro-RNA (armiRNA) techniques in C. reinhardtii that are reportedly more target-

specific and stable than traditional RNAi approaches (Zhao, Wang et al. 2009).  

Transgene expression and protein localization in the chloroplast are needed for the proper 

function of many genes involved in metabolic pathways. In C. reinhardtii, it is possible to 

achieve transformation of the chloroplast through homologous recombination (Marín-Navarro, 

Manuell et al. 2007). Chloroplast transformation has not been demonstrated in diatoms. 

However, plastid targeting sequences in diatoms have been characterized, which allow for 

translocation of proteins into the chloroplast (Gruber, Vugrinec et al. 2007).  
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2.7.2. Microalgal Genomes 

Algal genetic modifications are greatly facilitated by the availability of microalgal 

genome sequences, and the recent developments in rapid large-scale sequencing technology 

represent a revolution in microalgal research. Some of the past and current microalgal genome 

sequencing projects include C. reinhardtii (Shrager, Hauser et al. 2003), Ostreococcus tauri 

(Derelle, Ferraz et al. 2006), Fragilariopsis cylindrus, Pseudo-nitzschia, Thalassiosira rotula, 

Botryococcus braunii, C. vulgaris, D. salina, Micromonas pusilla, Galdieria sulphuraria, 

Porphyra purpurea, V. carteri, and Aureococcus annophageferrens (Liolios, Mavromatis et al. 

2008). In addition, there are several completed and ongoing efforts to sequence plastid and 

mitochondrial genomes, as well as dynamic transcriptome analysis from many different 

microalgae (Shrager, Hauser et al. 2003). 

2.8. Bioenergy-Focused Bioprospecting for Microalgal Diversity 

At least 40,000 algal species have been described to date with some conservative and 

more generous estimates of actual diversity ranging from several hundred thousand to millions of 

extant microalgae and macroalgae species combined (Mann and Droop 1996, Norton, Melkonian 

et al. 1996). Only a fraction of this enormous biological and genetic diversity has been examined 

to date, as it traditionally requires a significant investment of time and resources to perform 

conventional taxonomic and biological analyses. However, in conjunction with classical 

techniques and a recent surge in interest, the advent of molecular tools such as ribosomal 

deoxyribonucleic acid (rDNA) gene sequencing will help to rapidly expand the list of known and 

described species.  

Microalgae thrive in a broad range of diverse natural habitats with many species being  
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predominantly aquatic. With such an abundant diversity of species, it is feasible that there are 

undiscovered microalgae capable of producing and accumulating useful co-products. As such, 

metabolic diversity, especially with respect to differences in TAG metabolism, is likely to be 

enormous, and the need to assess this unknown potential has rapidly grown with the increasing 

interest of using these organisms for biofuels. This idea was extensively explored during the 

1980’s by the U.S. Department of Energy (DOE) during the Aquatic Species Program (ASP) 

directed from the Solar Energy Research Institute (SERI), later established as the National 

Renewable Energy Laboratory (NREL). Initial efforts were geared towards isolating strains from 

diverse environments throughout the U.S. Subsequent screening and characterization of these 

isolates revealed several strains of high interest for biofuels production. The program was 

eventually canceled as a result of low petroleum prices and federal budget cuts. Fortunately, 

information was gathered regarding all aspects of microalgal biology, process development, and 

the feasibility of using algae as a biofuel feedstock, which is presented in the ASP Close-Out 

report (Sheehan, Dunahay et al. 1998) discussed below. Most notably, this report provides 

compelling evidence that large-scale microalgal bioprospecting efforts targeting a broad 

spectrum of environments can uncover commercially valuable oleaginous species. 

2.8.1. DOE’s Former Aquatic Species Program 

From 1979 to 1996 the US DOE supported a relatively small algal biofuel research effort 

project known as the ASP. The major focus of this DOE program was the development of 

technologies for producing biodiesel from oil accumulating microalgae grown in large, open 

raceway ponds using the CO2 derived from coal-fired power plants. The activities of the ASP 

included the isolation and characterization of microalgal strains, the study of the physiology and 
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biochemistry of lipid accumulation, genetic engineering of microalgae for enhanced lipid 

production, and the demonstration of open raceway pond systems for the cultivation of 

microalgal biomass. Despite the significant advancements made in the biological and process 

engineering areas, the program was terminated in 1996. In 1998, a close-out report was prepared 

detailing the research accomplishments of ASP. One of the most important accomplishments was 

the establishment of microalgal culture collection which represented a large genetic resource 

with the potential for oil production (Sheehan, Dunahay et al. 1998).  

At the beginning of the ASP, the information available in the general field of microalgal 

biology was rather limited. In addition, researchers exploring the feasibility of developing 

microalgal-derived biofuels did not have the benefit of accessing existing microalgal culture 

collections from which to identify microalgal strains that could serve as candidates for a 

commercial oil production process. Therefore, a major undertaking by ASP researchers from 

1983-1987 was to build and characterize a large microalgal strain collection. Over the four-year 

period, microalgal strains were collected primarily from inland, shallow saline aquatic 

environments in the West, Northwest and Southeastern regions of the continental U.S. and from 

Hawaii. The rationale for collecting microalgal strains from these diverse locations was that 

these habitats, largely characterized by predominantly high solar irradiation and temperatures, 

would harbor strains that could naturally withstand substantial variations in temperature and 

salinity throughout the year. It was, therefore, hypothesized that these strains would be better 

able to withstand the fluctuating conditions that would be experienced at a commercial 

cultivation facility. The major goals of the strain collection work was to 1) isolate microalgal 

biodiversity from a variety of US aquatic environments; 2) characterize the isolated strains for 
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their ability to grow rapidly under high light, high temperature, and saline conditions; 3) analyze 

the strains for lipid components; and 4) investigate the effects of various stress conditions on 

lipid composition. 

The strain collection effort resulted in the identification of approximately 3,000 

microalgal strains that were isolated from within the continental US (Alabama, Arizona, 

California, Colorado, Mississippi, Nevada, New Mexico, Florida, Nebraska, Utah, and 

Washington) and Hawaii. Since most of the strains in the culture collection had not been 

characterized with respect to lipid content, a rapid screening method based on the lipophilic 

fluorescent dye Nile Red was developed (Cooksey, Guckert et al. 1987). In the presence of a 

neutral lipid environment (i.e., lipid droplets), Nile Red fluoresces yellow. Subsequent method 

development studies were able to demonstrate that an increase in Nile Red fluorescence (575nm) 

was correlated with an increase in total lipid content after nutrient deprivation. The Nile Red 

assay was then coupled with a screen for rapid growth of microalgal strains under high 

conductivity, high temperature (30°C), and high light conditions. Of the ten fastest growing 

strains, six were identified as cyanobacterial species belonging to the genus Oscillatoria and 

Synechococcus. The fastest growing eukaryotic algae identified belonged to the genus 

Chlorococcum (CHLOC4; 3.47 doublings/day), Amphora (AMPHO46; 2.84 doublings/day), 

Nannochloris (NANNO13; 2.78 doublings/day) and Chlorella (CHLOR23; 2.66 doublings/day) 

(Sheehan, Dunahay et al. 1998). However, none of these fast-growing strains made the list of the 

ten highest Nile Red fluorescing strains. All ten of the strains identified as having the highest 

Nile Red fluorescence were diatoms comprising the genus Nitzchia, Amphora (AMPHOR45 and 

27), and Fragilaria. The best microalgal strains that combined both high Nile Red fluorescence 
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and rapid growth were Chaetoceros muelleri (CHAET9), Navicula saprophila (NAVIC2), and 

Nitzchia pusilla (NITZS12). Despite the identification of these superior strains through the ASP 

strain screening procedure, many of the 3000 strains in the collection were never characterized 

(Sheehan, Dunahay et al. 1998).  

Between the years of 1983-1987 SERI published three Culture Collection Catalogs (Solar 

Energy Research Institute, SERI/SP-231-2486; SERI/SP-232-2863; SERI/SP-232-3079). The 

1984-1985, 1985-1986, and 1986-1987 catalogs contained 11, 10, and 29 microalgal strains, 

respectively (Sheehan, Dunahay et al. 1998). The 1987 catalog contained a total of 50 strains 

comprising a broad range of different microalgal classes including Chlorophyceae (26%), 

Bacillariophyceae (60%), Chrysophyceae (8%), and Eustigmatophyceae (6%) (Johansen, Lemke 

et al. 1987). By the end of the ASP in 1996, approximately 37 of the 50 strains in the 1987 strain 

collection catalog were still viable. These strains, combined with an additional 260 strains that 

were not extensively characterized, brought the collection to approximately 300 strains 

(Sheehan, Dunahay et al. 1998) and were transferred to the Marine Bioproducts Engineering 

Center (MarBEC) headquartered at the University of Hawaii. MarBEC was established as a 

National Science Foundation (NSF) Engineering Research Center in 1998 through a partnership 

between the University of Hawaii at Monoa and the University of California at Berkeley. Since 

NSF funding for MarBEC ran out in 2004, the current status of the SERI culture collection is 

largely unknown. However, in the final report 

(http://mybiofuels.org/Pubs/MarBEC_Final_2004.pdf) a summary of the MarBEC Culture 

Collections stated that former NREL Marine Biofuels Collection is comprised of 183 microalgal 

strains. Based on this information, it is likely that only a fraction of the original 300 microalgal 
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strains transferred to the University of Hawaii are viable today. The Executive Summary of the 

ASP close-out report emphasized the desire that future researchers should be able to make use of 

the culture collection; however, no additional publically available information regarding the 

current status of this largely untapped source of microalgal genetic diversity can be found. 

2.8.2. Establishment of a Bio-Energy Focused Microalgal Strain Collection with FACS 

The ASP strain screening effort was successful in that promising microalgae were 

identified, but was incredibly labor-intensive and time-consuming as it utilized traditional 

isolation and screening techniques. Approaches utilizing state-of-the-art technology to rapidly 

screen large communities of microalgae collected directly from the environment for TAG 

productivity and chemistry are greatly needed. One such approach employs FACS to rapidly 

screen large heterogeneous populations of cells for oleaginous microalgae and then subsequently 

sort those cells for cultivation. This technique utilizes the physical properties of various isomers 

of chlorophyll, which make algal cells highly autofluorescent at characteristic light wavelengths. 

Consequently, it is possible to identify and sort algae by coupling flow cytometry with a cell-

sorting. Furthermore, by staining samples with fluorescent neutral lipid probes like Bodipy or 

Nile Red, it is possible to identify microalgal cells that accumulate TAGs. Together, these traits 

can be leveraged for bioprospecting using FACS to isolate oleaginous algae from large 

heterogeneous populations of microorganisms. 

Recently, a new bioprospecting effort funded by the Colorado Center for Biorefining and 

Biofuels (C2B2) was undertaken using high-throughput FACS to rapidly re-establish a new 

bioenergy-focused microalgal strain collection at the National Renewable Energy Laboratory 

(NREL). Forty-five water samples were collected from a broad range of environments   
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Figure 2.5 FACS process of algal isolation from a natural water sample using relative 

chlorophyll and Bodipy fluorescence. Scatter plot of all events, where gates P1, P2, and P3 

define the sort criterion. Gated cells are sorted into a 96 well microtiter plate and growth is later 

characterized using diascopic microscopy to identify unique isolates. 

throughout the Southwestern states of Colorado, New Mexico, Arizona, and Utah. Differences in 

water chemistry were compared in terms of pH and conductivity, which is related to the total 

ions in solution. Conductivity measurements ranged from freshwater to brine, and pH ranged 

from near neutral to slightly basic. 

Stained water samples were directly analyzed on a Becton Dickinson FACSAria (BD 

Biosciences) to identify populations with both positive chlorophyll and Bodipy 493/503 

fluorescence (Figure 2.5). These populations were gated and single cells were sorted. The sort 

protocol was devised to isolate a representative number of the naturally-occurring microalgae 

from a particular water sample. This process resulted in the isolation of 245 robust, unialgal 

cultures followed by the successful cryopreservation of over 96% of the collection with methanol 

or DMSO as a cryoprotectant. However, most species isolated using FACS were fresh water 

green algae despite the observation that the dominant species present in many of the water 

samples were diatoms. This selection bias likely occurred because diatoms, possessing a silica 
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cell wall, are more fragile and may be less likely to survive the sorting process as there are 

considerable forces generated within the sample stream required to sort particles in a high 

throughput liquid platform. It is also possible that suboptimal cultivation conditions were 

responsible. Furthermore, dye recalcitrance, as discussed above, may have caused some 

oleaginous algal species to be overlooked during the sorting process. 

A great deal of valuable information has been collected throughout this project resulting 

in the successful establishment of a bioenergy focused microalgal strain collection, which can be 

used to refine future high-throughput bioprospecting efforts. It can be concluded that FACS is 

very useful for analyses of algal populations and for subsequent physical separation of robust 

cells from such populations. 

2.9. Conclusion 

The development of microalgae into a feedstock for the production of biofuels is a 

promising renewable energy scenario that many believe capable of providing a substantial 

fraction of our transportation energy needs. However, viable commercial development of this 

technology will ultimately require the use of algal strains that have much higher and consistent 

production of chemical intermediates than any species described to date. Many efforts are 

currently focused on genetically optimizing metabolic pathways to increase lipid productivities 

in well-studied organisms, which are laborious and time consuming tasks. However, the 

difficulty could be lessened by taking advantage of natural selection and identifying native 

strains of microalgae that already possess the metabolic traits necessary for commercial 

feedstock development. 
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CHAPTER 3 

ESTABLISHMENT OF A BIOENERGY FOCUSED MICROALGAL CULTURE 

COLLECTION 

Adapted from a paper published in Algal Research 

Citation information: (Elliott, Feehan et al. 2012) 

Lee G. Elliott, Corinne Feehan, Lieve M.L. Laurens, Philip T. Pienkos, Al Darzins and Matthew 

C. Posewitz 

3.1. Abstract 

A promising renewable energy scenario involves growing photosynthetic microalgae as a 

biofuel feedstock that can be converted into fungible, energy-dense fuels. Microalgae transform 

the energy in sunlight into a variety of reduced-carbon storage products, including 

triacylglycerols (TAGs), which can be readily transformed into diesel fuel surrogates. To 

develop an economically viable algal biofuel industry, it is important to maximize the production 

and accumulation of these targeted bioenergy carriers in selected strains. In an effort to identify 

promising feedstock isolates we developed, evaluated and optimized contemporary high-

throughput cell-sorting techniques to establish a collection of microalgae isolated from highly 

diverse ecosystems near geographic areas that are potential sites for large-scale algal cultivation 

in the Southwest United States. These efforts resulted in a culture collection containing 360 

distinct microalgal strains. We report on the establishment of this collection and some 

preliminary qualitative screening studies to identify important biofuel phenotypes including 

neutral lipid accumulation and growth rates. As part of this undertaking we determined suitable 

cultivation media and evaluated cryopreservation techniques critical for the long-term storage of 

the microorganisms in this collection. This technique allows for the rapid isolation of extensive 
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strain biodiversity that can be leveraged for the selection of promising bioenergy feedstock 

strains, as well as for providing fundamental advances in our understanding of fundamental algal 

biology. 

3.2. Introduction 

As concerns over national energy security and global warming increase, the need to 

develop alternative and renewable sources of energy is more important than ever. One promising 

scenario involves using microalgae as biochemical factories to capture and convert the energy in 

sunlight into organic hydrocarbons. Through photosynthesis, inorganic carbon is reduced and 

incorporated into biomass. Among the most reduced, energy-rich hydrocarbons in algal biomass 

are triacylglycerol storage lipids (TAGs) composed of 3 fatty acid moieties bound to a glycerol 

backbone (Sheehan, Dunahay et al. 1998, Chisti 2007, Dismukes, Carrieri et al. 2008, Hu, 

Sommerfeld et al. 2008, Weyer, Bush et al. 2009). These and other algal cellular components can 

be converted into a variety of biofuels (Pienkos and Darzins 2009). 

A recent technology and engineering assessment of the algal biofuel industry (Lundquist, 

Woertz et al. 2010) concluded that, in addition to coupling biofuel production to waste water 

treatment and nutrient recovery to lower costs, a doubling of current reported algal productivities 

needs to be achieved to reach economic feasibility. To circumvent productivity limits, tools are 

being developed to metabolically engineer microalgae to optimize bioenergy carrier 

accumulation, for example by manipulating lipid and carbohydrate metabolism (Beer, Boyd et al. 

2009, Courchesne, Parisien et al. 2009, Radakovits, Jinkerson et al. 2010, Jinkerson, 

Subramanian et al. 2011). These endeavors are primarily focused on well-studied model 

organisms (e.g. Chlamydomonas reinhardtii and Phaeodactylum tricornutum), but the process 

can be greatly facilitated by identifying and developing superior microalgal strains that already 
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possess certain genetic traits better adapted for biofuel production relative to model laboratory 

organisms (Mutanda, Ramesh et al. 2010, Elliott, Work et al. 2011). 

There are approximately 40,000 different algal species identified to date, with some 

conservative and more generous estimates of actual diversity ranging from one to two orders of 

magnitude more extant species that have yet to be described (Mann and Droop 1996). Relatively 

little of this biological and genetic diversity has been examined in detail; however, a recent surge 

of interest in algal-based biotechnology is helping to rapidly expand the list of described species. 

The biological diversity in nature is attributed to the natural selection of traits that 

improve species fitness. Through evolution, algae have acquired the ability to survive prolonged 

exposure to conditions of low nutrients, turbulence, temperature extremes, wide ranges of 

salinity and pH, fluctuating light levels, niche competition from other organisms, predatory 

grazing, toxins, and periodic droughts. This level of environmental adaptability is a reflection of 

complicated metabolic strategies used in response to environmental stressors that can act to 

hinder as well as advance the utility of algae as a feedstock. Understanding the mechanisms 

behind these responses will significantly help to develop the full potential of the algal 

biotechnology industry. 

The idea that novel microalgal strains with desirable biofuel phenotypes exist in nature 

was extensively explored during the 1980’s and 1990’s by the U.S. Department of Energy (DOE) 

during the Aquatic Species Program (ASP), directed by what is now the National Renewable 

Energy Laboratory (NREL). This alternative fuels program was largely initiated in response to 

the petroleum price fluctuations caused by the 1973 Arab oil embargo (Johnson, Weissman et al. 

1988). Initial efforts were geared towards isolating strains from diverse environments throughout 

the U.S. using basic microbiology tools, including enrichment plating for clonal colony selection. 
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Subsequent screening and characterization of these isolates revealed several strains of high 

interest from a biofuel perspective but before their potential could be fully realized, the program 

was terminated in 1996 as a result of low petroleum prices and federal budget cuts. 

Unfortunately, only a small fraction of the original ASP culture collection remains, as long-term 

cryopreservation of the strains was not pursued. Even though the ASP was cancelled, a great deal 

of critical knowledge was acquired with many advances made in basic microalgal biology and 

detailed feasibility studies using algae as a biofuel feedstock. This information was summarized 

and presented in a detailed closeout report (Sheehan, Dunahay et al. 1998) that provides 

compelling evidence that large-scale microalgal bioprospecting efforts targeting a broad 

spectrum of environments have the ability to uncover commercially valuable oleaginous species 

(Elliott, Work et al. 2011).  

Once again, recent fluctuations in energy prices have refueled interests in alternative 

fuels, including new research endeavors revisiting the promise of microalgal biofuels. With the 

insights gained from the ASP and the availability of new technology and tools, further attempts 

to explore native diversity for improved bioenergy feedstock phenotypes are likely to yield more 

promising insights and provide an improved platform for technology transfer into the alternative 

fuels industry. 

One relatively new tool that was not widely available during the ASP is the fluorescent 

activated cell sorter (FACS). This high-throughput technology is well established as an 

experimental tool, and there have been several successful efforts using FACS to isolate and 

analyze microalgal cells (Sensen, Heimann et al. 1993, Dubelaar and Jonker 2000, Peperzak, 

Vrieling et al. 2000, Reckermann 2000, Crosbie, Pöckl et al. 2003, Rutten 2005, Cellamare, 

Rolland et al. 2008). FACS, which is built on a basic flow cytometry platform of microfluidic 
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particle interrogation by fluorescence and light scattering properties, is a powerful tool for 

phycologists to leverage as microalgae possess chlorophyll, which exhibits strong red-shifted 

autofluorescence when excited using 488 nm laser light, a common feature on cytometers as well 

as confocal microscopes (MacIsaac and Stockner 1993, Olson, Zettler et al. 1993). Specifically, 

FACS can be leveraged for high-throughput screening and selecting bioenergy phenotypes such 

as high-lipid content. To achieve this, lipophilic fluorescent dyes such as Bodipy and Nile Red 

can be used to visualize lipid bodies inside the cells. When used in combination with cell sorting, 

this technology can be a powerful technique to rapidly identify and isolate high lipid containing 

strains from large heterogeneous populations. The advantage of using dyes is that live cells can 

be stained, interrogated and sorted without the need for destructive procedures such as solvent-

based lipid quantification. 

Since the close of the ASP, advances have also been made in microalgal cryopreservation 

techniques. These are widely used in the biotechnology industry to preserve stock cultures and to 

reduce process variability from genetic drift (Beaty and Parker 1992, Taylor and Fletcher 1998). 

Cryopreservation is an important technique that can prevent the catastrophic loss of valuable 

biodiversity and eliminate the need for labor and resource intensive serial passage of numerous 

strains. 

In this report, we reexamine the potential of bioprospecting to identify promising 

microalgal metabolic traits. The goals of this work were to; a) establish a bioenergy focused 

microalgal strain collection by applying the FACS process to water samples collected from 

environmentally diverse sites, b) implement robust protocols to isolate promising strains in a 

high-throughput fashion, c) ensure conservation of the collection's biodiversity by implementing 

reliable cryopreservation and recovery strategies, and iv) screen the collection for high-lipid 
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content based on the application of lipophilic dyes in combination with FACS. We describe the 

establishment of a bioenergy-focused, 360-strain microalgal culture collection. Our results 

provide a qualitative assessment of the bioenergy potential of select strains, identify promising 

growth media, describe technical insights garnered through this effort, and identify successful 

techniques to cryopreserve the collection for long-term storage.  

3.3. Materials and Methods 

Here the materials and methods are presented that were used to bioprospect for 

microalgal diversity, isolate and cultivate unique strains using FACS to rapidly create a 

microalgal culture collection and to cryopreserve the microalgal diversity within the collection 

for long term preservation.  

3.3.1. Field Water Sample Collection, Processing and Transport  

A total of 71 water samples were collected from distinct sites around the Southwestern 

U.S. during two sampling expeditions. Samples 1 – 47 were collected during sampling in the 

spring and summer of 2008 and samples 48 – 71 were collected during the spring, summer and 

fall of 2009. For each lacustrine sample site, 250 mL of water was collected from the shore in a 

500 mL Nalgene bottle. For each fluvial sample site, a plankton net with a 10 μm pore-size 

(Aquatic Research Instruments) was held suspended in the water column near the shore for 1 min 

and then allowed to drain to concentrate captured plankton. Approximately 250 mL of sample 

was transferred into a 500 mL Nalgene bottle. Once the site water was collected, biofilm samples 

were collected by gathering any floating or suspended bio-mats (2 – 4 g) and scraping the 

adherent biofilms from rocks and other submerged material. A small quantity (2 – 4 g) of sub-

lacustrine or subfluvial sediment was also collected at each site. These biofilm and sediment 

materials were added directly to the site water sample container and the mixture was sealed and 
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thoroughly mixed by vigorous shaking for 1 min. This suspension was then filtered to remove 

larger particles including algal grazers and other debris. Filtration was achieved using a stacked 

sieve consisting of two coupled 10.2 cm diameter polyvinyl chloride pipe sections. The upper 

sieve had an immobilized 100 μm mesh and the lower sieve an immobilized 30 μm mesh 

(Aquatic Research Instruments). Application of a vacuum was used to pull homogenate with 

high levels of suspended particles through the sieves. The vacuum was generated in the field by 

attaching a sample collection container to the bottom of the stacked sieves, wrapping the joints 

with plastic wrap, and then slowly pulling the collection container away from the stacked sieves. 

The 30 μm sieve filtrate was then collected and specific conductivity and pH were measured on 

site using an IQ170 multi-parameter environmental water quality measurement system (Hach 

Company). Each filtered sample was then divided into two 30 mL aliquots and placed into 50 

mL conical vials. The lids were perforated with a single 0.6 cm hole for aeration. Samples were 

then placed into an illuminated cooler for a transport period of up to 2 weeks and held vertically 

to prevent spillage. The collection equipment (bottles, sieves, and nets) was disinfected between 

each use by thoroughly spraying with 90% v/v isopropyl alcohol followed by a brief rinsing with 

sterile milliQ deionized water. The light sources used in the cooler were four 6 V battery 

operated lanterns containing a total of 32 white light-emitting diodes (LEDs) having a combined 

luminous output of approximately 40 μmoles m−2 s−1 PAR (photosynthetically active radiation) 

operated on a 12:12 light– dark cycle. The temperature in the cooler was maintained between 4.4 

°C and 10 °C at all times by lining the bottom of the cooler with 7.6 cm of crushed ice that was 

replenished daily. The samples were suspended in test tube racks 8 cm above the ice layer. PAR 

was measured using a LI-250A light meter equipped with a LI-190 quantum sensor (LI-COR 

Biosciences) capable of measuring photosynthetic photon flux density (PPFD) in μmoles of 
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photons per unit area per unit time between the wavelengths of 400–700 nm. Sample site latitude 

and longitude coordinates were recorded using a Garmin eTrex Vista HCx Global positioning 

system (GPS) receiver, and the site locations were plotted using Garmin Base Camp v2.0.3 

software. 

3.3.2. Laboratory Cultivation Conditions 

Field samples and enrichments were maintained in an illuminated cultivation room in 10 

mL borosilicate glass test tubes for an incubation period of up to 4 weeks. Fluorescent 5000K T8 

lights were located 15 cm below glass shelving and facing upward so that samples were 

illuminated from below through the shelves. Lighting conditions generated approximately 65 

μmoles m−2 s−1 of PAR and the room was operated on a 16:8 light–dark cycle. The temperature 

was maintained between 20 °C and 24 °C. Microtiter plate cultures generated by FACS were 

grown in a humidified plant growth chamber (Sanyo, MLR-35H) for up to 4 weeks. The 

chamber was illuminated by 5000 K T8 fluorescent lights that were located vertically behind 

glass panels on three sides of the chamber to produce approximately 65 μmoles m−2 s−1 of PAR 

and the incubator was operated on a 16:8 light–dark cycle. The temperature was maintained at 22 

°C and the relative humidity was kept at 90%. Shake flask cultures containing 150 mL of algal 

culture were grown in the illuminated cultivation room in 500 mL non-baffled shake flasks 

covered with silicone sponge closures (Sigma Aldrich) to maintain sterility and allow gas 

exchange. Orbital shakers (VWR) were operated at 120 rotations per minute (RPM) with 5000K 

T8 fluorescent lights located 30 cm above the shaker platform, generating lighting conditions of 

approximately 65 μmoles m−2 s−1 of PAR, with the room operated on a 16:8 light–dark cycle and 

the temperature held between 20 °C and 24 °C. 
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3.3.3. Laboratory Water Sample Processing and Enrichment 

Enrichment was carried out on samples by vortexing field samples and then transferring 

100 μL of the mixed suspension into 5 mL of filter-sterilized medium in 10 mL borosilicate glass 

test tubes covered with Kap-Uts disposable closures (Thomas Scientific) to maintain sterility and 

allow gas exchange. These were placed in the cultivation room for an incubation period of 

several weeks up to 1 year prior to FACS. For enrichments not sorted within the first 6–10 

weeks, serial transfer of 100 μL of the enrichment into 5 mL of filter-sterilized medium was used 

to maintain algal cultures, performed every 6–10 weeks. Algal media recipes for mBBM, 

mASP2 (Andersen, Berges et al. 2005), mDF/2 (Glover 1977), mPLM, mWLM, and mMLM 

(Thomas, Seibert et al. 1986), and mS2 (c10, c25, c40, c55, and c70) (Sheehan, Dunahay et al. 

1998) were modified by normalization of vitamins, trace metals, nitrate, and silica to non-

limiting conditions. Samples 1–11 were enriched with mBBM growth media prior to FACS but 

samples 12–47 were not enriched prior to FACS. Samples 48–71 were enriched with each of the 

11 different growth media and these 264 enrichments were maintained in the culture room by 

repeated serial transfers until FACS was performed. 

3.3.4. Fluorescent Activated Cell Sorting (FACS) for Isolation of Single Cells 

To perform FACS a custom BD FACSAria™ running BD FACSDiva™ software v6.0 

(BD Biosciences) was used to analyze raw and enriched water samples and sort single microalgal 

cells. The FACSAria™ hardware configuration for particle interrogation included a 13 mW 488 

nm coherent sapphire solid state laser, an 11 mW 633 nm JDS Uniphase HeNe Air Cooled laser, 

and a 10 mW 407 nm Point Source Solid State laser. The FACSAria™ was capable of detecting 

up to 10 different channels of particle fluorescence in addition to forward scatter (FSC) and side 

scatter (SSC). An ND1.5 (neutral density) light attenuation filter was positioned before the FSC 
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detector. For these experiments chlorophyll autofluorescence was detected using a 407 nm trigon 

photomultiplier tube (PMT) channel equipped with a custom 650 nm longpass optical filter 

(Chroma). The lipophilic dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene, 

also known as Bodipy 493/503 (Molecular Probes, Invitrogen), was used on samples 1–47 and 

the fluorescence was detected on a 488 nm octagon PMT channel equipped with a 530/30 nm 

bandpass optical filter. A 130 μm nozzle, a sheath fluid pressure setting of 10 psig, and the single 

cell precision sorting mask were used for all sorting experiments. Sphero Rainbow Calibration 

Particles (BD Biosciences) 3.0–3.4 μm in size were used to set the PMT voltage parameters to 

103 arbitrary units (AUs) for the positive population condition on all fluorescence channels prior 

to running algal samples. Unlabled 6 μm beads from a CaliBRITE three-color kit (BD 

Biosciences) were used to verify that the negative population would appear near zero AUs in the 

fluorescent channels after setting the PMT voltages for the positive populations. FSC and SSC 

voltages were adjusted using the Sphero Rainbow beads and both voltages were set at 100 AUs. 

The FSC threshold parameter was set to 2000 and the window extension to 4.0. The two tube 

sort layout was used to set the drop delay for sorting using 6 μm Accudrop Fluorescent Beads 

(BD Biosciences) according to the manufacturer's instructions. The 96-well plate sort layout was 

used to sort single microalgal cells and the robotic-arm homing device was reset after each 96-

well plate sorting experiment to compensate for a significant drop positioning drift-error that 

propagated over time. 

Two separate FACS protocols were used for isolation of clonal microalgal cells, one for 

samples collected in 2008 (1–47) and one for samples collected in 2009 (48–71). For samples 1–

47, FACS was used to clonally sort single microalgal cells into 96-well micro-titer culture plates 

containing 240 μL of growth medium per well, either mASP2 or mBBM for saline or fresh water 
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samples respectively. Each of these samples had one dedicated 96-well plate such that 96 single 

events assumed to be microalgal cells were sorted from each sample. Immediately prior to 

FACS, 1 mL of suspension was filtered in duplicate through cell strainer caps with a 35 μm pore 

size (BD Falcon) and the filtrate captured in BD Falcon flow cytometer test tubes. One of the 

filtered duplicates was stained with Bodipy 493/503 at a final working concentration of 10 

μg/mL and left to incubate at room temperature (RT) until sorting could be performed, which 

was always within 2 h of staining. The Bodipy stock solution was prepared by dissolution of the 

dye into 95% ethanol at RT to give a stock concentration of 1 mg/mL and then filtering with a 

0.2 μm syringe filter (Whatman). At the working concentration in stained samples, the final 

ethanol concentration was consequently 0.95%. Samples were run on the BD FACSAria™ and 

dilutions were made as necessary to achieve an event rate between 200 and 800 events per 

second at a sample flow rate setting of 1–2 based on a relative flow scale of 1–11 on the BD 

FACSDiva™ v6.0 control software. Event populations were gated for sorting based on positive 

chlorophyll and Bodipy fluorescence and one event was sorted into each well of a 96 well plate 

for clonal isolation. After sorting, the plates were sealed with a radiation sterilized film (Nalge 

Nunc International) for cell culture applications to minimize water evaporation from the media, 

which was significant without the film, and to minimize cross contamination. This film is 

designed to allow gas exchange, and though it is likely to serve as something of a barrier, it did 

not prevent facile growth. The sealed plates were then incubated in the culture room for up to 4 

weeks by which time visible algal growth was apparent. It was found that the film was very 

difficult to remove aseptically. Removal required centrifugation of the plates to remove 

condensation that developed on the inside of the film in each well. Then, the film had to be very 

carefully peeled to avoid splashing the well contents and cross contaminating the adjacent wells. 
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For samples 48–71, FACS was again used to clonally sort single microalgal cells into 96-

well microtiter culture plates containing 240 μL of growth medium per well. For this sort, the 

media type in each well was dependent on the respective sample enrichment media. Each 

enrichment culture had 1 row (12 wells) of a 96-well plate dedicated to sorting single events. 

Only the most robust enrichments were chosen for FACS (115 of 264 enrichments); enrichments 

with no visible growth and those showing predominantly filamentous cyanobacterial growth 

were excluded. Samples were diluted prior to FACS to achieve event rates between 200 and 800 

events per second at a relative flow setting of 1–2. Samples were filtered with a 35 μm cell 

strainer as before, but this time no samples were stained with Bodipy. Event populations were 

gated for sorting based only on chlorophyll autofluorescence, where one event was sorted into 

each of 24 wells of a 96-well plate. After sorting, plates were incubated in a Sanyo humidified 

plant growth chamber for up to 4 weeks and were not sealed with film but were instead covered 

with the microtiter plate lid to improve gas exchange. The use of a humidified chamber greatly 

reduced evaporation and eliminated the need for the cumbersome Nunc films. Cross 

contamination between wells was not observed and was likely avoided by careful handling of the 

plates when transporting to and from the incubator. The chamber used 5000K T8 fluorescent 

lights that were located vertically behind glass panels on three sides of the chamber to produce 

approximately 65 μmoles m−2 s−1 of PAR and the incubator was operated on a 16:8 light–dark (L-

D) cycle. The temperature was maintained at 22 °C and the relative humidity (RH) was kept at 

90%. 

3.3.5. Diascopic Microscopy for Morphological Characterization 

Diascopic (transmitted) light microscopy was used to compare microalgae based on 

morphology and identify unique species candidates for addition to the culture collection. An 
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Olympus SZH Stereozoom microscope with a maximum magnification of 200× was used to 

examine all microtiter plate wells for growth 2–4 weeks post-sorting, and each well positive for 

growth was marked for further examination at a higher magnification. At four weeks, if there 

was no visible growth in a given well it was assumed that there would be no growth. For each 

marked well, a microscope slide with 5 μL of culture was prepared for imaging using a Nikon 

Eclipse E400 microscope equipped with CFI Plan Achromat Series objectives for phase contrast 

and a Nikon DS-Fi1 High-definition color camera head run with Nikon Elements Br software 

(Nikon). Images of each candidate culture were taken at 1000 × magnification and the 

morphology was visually compared to other cell images. Cells with similar morphologies 

isolated from the same water sample were assumed to be representatives of the same cultivar, but 

cells with similar morphologies from different water samples were assumed to be unique species 

because of geospatial separation. The culture from each microtiter well determined to contain a 

clonal microalgal culture with unique morphology was transferred into 5 mL of media in 10 mL 

borosilicate test tubes and placed in the light room for long term maintenance. If the growth in 

multiple wells of the same sample was determined to be morphologically indistinguishable, then 

the microtiter well with the most visually robust growth was taken. If this was not apparent then 

a representative culture well was chosen randomly for addition to the collection. The strain 

nomenclature used for initial strain cataloging reflects the funding agency (C2B2), the water 

sample number, the media type represented by a lower case letter next to the sample number for 

48–71, and the microtiter plate well number and letter the culture was isolated from, e.g. C2B2-

71a-B6 represents Colorado Center for Biorefining and Biofuels, water sample number 71, 

media type a (mBBM), and microtiter well B6. 
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3.3.6. Culture Maintenance  

The FACS process resulted in the isolation of 360 unique clonal microalgal cultures, 

which were continually maintained by serial passage in liquid medium and kept in the 

illuminated cultivation room. Continuous maintenance of each culture occurred every 6–10 

weeks until samples could be cryopreserved and proven revivable. Here repeated transfers were 

performed by diluting stock cultures 1:500 in 10 mL test tubes with 5 mL of nutrient replete 

medium. For maintenance purposes, a sheet of Mira-cloth is placed under the test tubes on the 

glass shelf to attenuate light levels to about half of what they are under normal conditions. 

3.3.7. Fluorescent Microscopy 

A qualitative measure of lipid accumulation under nutrient replete and nutrient limited 

conditions was carried out using laser scanning confocal microscopy for the majority of isolates. 

All strains were stained with the nonpolar lipid fluorophore Bodipy 493/503 by adapting a 

protocol developed for mammalian adipose cells (Gocze and Freeman 1994). To prepare the 

cells for imaging, 99 μL of cell suspension was added to 1 μL of Bodipy 493/503 (1 mg/mL in 

95% ethanol) for a final concentration of 10 μg/mL. Stained cells were incubated at RT for 5 

min. To immobilize cells, 1% low melting temperature (LMT) agarose was heated to 65 °C for 

the use as mounting medium and 5 μL of stained cell suspension was rapidly mixed with 5 μL of 

molten 1% LMT agarose. Five microliters of this mixture was immediately transferred to a 

coverslip, which was then inverted on a microscope slide and allowed to solidify. Coverslips 

were sealed with a clear epoxy (nail polish) to prevent evaporation of mounting medium during 

the imaging process (Work, Radakovits et al. 2010). 

Images were acquired using a Nikon 90i microscope equipped with a Nikon D-Eclipse 

C1 laser scanning confocal imaging system using a Melles Griot Kyma 488 series 85-BCD-010 
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solid-state laser for fluorescence excitation and light transmission. The laser output power was 

10 mW, with an emission wavelength of 488 nm. Laser intensity was controlled at 17% of 

maximum. Chlorophyll autofluorescence was detected using a 685/70 band-pass optical filter, 

and Bodipy 493/503 fluorescence was detected using a 515/30 band-pass optical filter. For 

digital imaging, the small pinhole confocal configuration was used to filter out-of-focus 

fluorescence emission light. 

3.3.8. Cryopreservation 

The microalgal strains were cryopreserved using a protocol adapted from the University 

of Texas (UTEX) culture collection website (http://web.biosci.utexas.edu/utex/protocols.aspx). 

All cultures were cryopreserved using cells harvested from late exponential growth phase. At 

least 20 mL of liquid culture for each strain was grown in medium that supports active growth 

until a dense, late log culture was achieved, providing sufficient cell biomass to cryopreserve 

eight 2 mL aliquots of each culture. Static cultures in borosilicate test tubes were grown in the 

light room where lighting conditions generated approximately 65 μmoles m−2 s−1 of PAR and the 

room was operated on a 16:8 light–dark cycle. The temperature was maintained between 20 °C 

and 24 °C. A ‘Mr. Frosty’ Nalgene Freezing Container (Nalgene Labware) containing 

isopropanol was placed into a 4 °C refrigerator at least one day before it was used to achieve the 

desired temperature ramp of −1 °C/min for cryopreservation as specified by the manufacturer. 

An 81-positon square plastic storage box designed to hold 2 mL cryovials was placed into a rack 

and stored in a liquid nitrogen dewar at −196 °C for several hours before cultures were placed 

inside for temperature equilibration. A Chart MVE 800 series liquid nitrogen storage dewar was 

used to store 8 technical replicates of each strain in 2 mL cryovials in the vapor phase. Four vials 

for each cryopreservation condition being tested were prepared, six for long-term storage and 

http://web.biosci.utexas.edu/utex/protocols.aspx
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two, one from each condition, to thaw for testing viability. Both MeOH and DMSO at a final 

concentration of 5% (v/v) were tested as cryoprotectants, where 1.9 mL of each culture was 

added to 2 mL cryovials followed by 0.1 mL of the corresponding cryoprotectant. This was 

performed quickly to minimize the exposure time to the cryoprotectant prior to freezing. The lids 

were fastened and the vials inverted to mix the contents after the addition of the cryoprotectant. 

The vials were then quickly placed into the pre-chilled Mr. Frosty container (Nalgene) and then 

placed into a −80 °C Freezer for 1.5 h. Once frozen, the vials were transferred to the 

cryopreservation tank for long-term storage. 

3.3.9. Revival of Microalgae from Cryostorage 

All microalgal samples were tested for viability within one year of freezing, most being 

tested within 6 months. To thaw cultures for viability testing, a water bath was first heated to 37 

°C. The frozen vials were removed from the cryopreservation Dewar and quickly placed in the 

water bath and held vertically to keep the cap threads above the water level. Vials were left to 

thaw for approximately 2–4 min, and then the vials were centrifuged at 1500 RCF for 5 min at 

25 °C. Afterward, the supernatant containing the cryoprotectant was quickly aspirated. The pellet 

was washed once with 1 mL of sterile medium. Gentle inversion of the closed vial was used for 

resuspension, and then centrifuged again at 1500 RCF for 5 min at 25 °C, followed by aspiration 

of the wash supernatant. The cell pellet was once more resuspended in 1 mL of replete medium 

and then the contents of the vial were transferred into one well of a 24-well plate leaving an 

adjacent well empty. The microtiter plates were placed into a Miracloth (EMD Millipore) 

wrapped plexiglass box for attenuated lighting for ~1–2 days to give photosynthetic processes 

time to acclimate. The boxes were placed in the humidified incubator and then removed after 1–2 

days leaving the plate inside the humidified incubator. The wrapped box provided lighting 
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conditions of approximately 25 μmole m−2 s−1 of PAR; the incubator operated on a 16:8 light–

dark cycle at 22 °C and 90% RH. 

3.3.10. Cryoviability Testing 

After the recovery period, a serial dilution was made of the revived culture at 1:100 in an 

adjacent well and the initial OD was measured using a BMG LABTECH FLUOstar Omega plate 

reader at a wavelength of 750 nm, followed by a final OD measurement 2–4 weeks later. 

Viability was confirmed in most cultures by an increase in the OD compared to the initial 

measurement. However, post-recovery growth was not detectable using the plate reader for some 

cultures (b20) in this 2–4 week time frame as they were very slow to recover. These cultures 

were still considered viable within the 2–4 week time period if upon microscopic examination 

the presence of chlorophyll containing cells was confirmed. Non-viable cultures were almost 

immediately apparent as the cells would bleach rapidly within 24 h on thawing, leaving 

completely white cell husks lacking any chlorophyll. 

3.4. Results and Discussion 

Here the results and discussion of the microalgal bioprospecting effort to rapidly establish 

a microalgal culture collection using FACS are presented. This includes a thorough discussion of 

the considerations made for the collection and processing of environmental samples to maximize 

algal diversity and the development and evolution of procedures used to isolate, cultivate and 

cryopreserve the culture collection for long term preservation. A great deal of insight was 

garnered in the field and laboratory regarding the effectiveness of procedures and methods to 

rapidly create a culture collection as well as the ability perform a very thorough preliminary 

assessment of the biofuel feedstock characteristics of hundreds of microalgal strains over a short 

period of time by creating a micrograph library of the entire collection.  
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3.4.1. Microalgal Bioprospecting 

Successful bioprospecting efforts are critically dependent on initial sample collection and 

processing methods. The sampling methods described in this report were largely driven by a 

consideration of basic phytoplankton ecology. Many species of algae will co-inhabit the same 

aquatic ecosystem but several contributing factors determine which species will dominate and for 

how long in an annual cyclical process known as algal succession (Addy and Green 1996). The 

key physical and chemical parameters affecting algal population dynamics aside from 

conductivity and pH are a) horizontal stability of a water mass, b) vertical stability of a water 

mass, c) temperatures, d) PAR levels, e) allochthonous organic loads (DOC and POC), f) 

allochthonous inorganic loads (fixed nitrogen and phosphorus), g) biologically available trace 

metals, h) suitable sediments acting as seed beds to support spores and resting cells, and i) 

nutrient cycling from algal-bacterial and algal-grazer synergisms. As such, algal blooms are 

often predictable by the onset of certain seasonal hydrological events such as increased 

terrigenous runoff, water column turnover and upwelling, changes in physical and chemical 

stratification, and the arrival of favorable temperature and light regimes (Paerl 1988). The 

methods used to collect samples were based on these parameters, and the work flow for the 

bioprospecting effort is presented in the process tree shown in Figure 3.1. 

3.4.2. Water Sample Collection 

During the initial bioprospecting phase, 71 water samples representing alkaline, fresh, 

brackish, saline, and brine environments were collected from aquatic sites in Colorado, Utah, 

Nevada, California, New Mexico, and Arizona (Figure 3.2). These sites encompassed a broad 

diversity of water chemistries with conductivity and pH values, ranging from 0.05 to 660 mS/cm 

and 6.87–9.88 respectively, as shown in Figure 3.3 and Table A.1. The first 45   
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Figure 3.1 Algal bioprospecting process tree depicting bioprospecting work flow beginning 

with the collection of environmental samples. 

samples were collected during the summer and spring of 2008, the next two were collected in 

early March of 2009, and the remainder collected in the summer and fall of 2009. These samples 

were collected from a broad distribution of sites representing alkaline, fresh, brackish, saline and 

brine environments.  
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Figure 3.2 Relative locations and distributions of all sample sites with various water qualities 

indicated by colored dots. General sampling areas outlined by dashed or continuous line 

according to the year the samples were collected. Some sample sites overlap at this 

magnification and may not be distinguishable. *Specific conductivity is normalized at 25 °C. 

3.4.3. Sample Site Targeting and Timing Strategies 

Samples were primarily collected during the spring and early summer, coinciding with 

seasonal hydrobiological growth triggers. Near shore water from the epilimnion region was 

collected at all sites, likely capturing the dominant phytoplankton blooming on site. To increase 

bioprospecting success, sediment material was also collected at all sample sites as sediments are 

likely to harbor the greatest diversity in the form of seed cultures. Submerged biofilms within the 

photic zone were also targeted for collection as periphytonic communities within this zone are 

likely to harbor large numbers of viable and resting algal cells or spores. This was confirmed   
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Figure 3.3 Water sample conductivities [mS/cm] of samples 1–70 plotted on a log scale 

against sample pH. The 2008 samples were mostly freshwater samples and greater effort was 

taken to target brackish, saline, and hypersaline water environments in addition to more alkaline 

water environments during the 2009 sampling. 

upon microscopic examination of samples, demonstrating the ubiquitous nature of microalgae in 

the environment. Homogenization of the subsamples by vigorous shaking increased the sample 

representation of actual diversity without increasing the sample load. This prevents a thorough 

examination of the ecology at the site in terms of bloom dynamics, as the precise origin of any 

isolates is obscured by mixing subsamples, but this was not the primary study objective. Future 

studies aimed at detailing the stratification of algae in these ecosystems will allow precise 

characterization of the micro niche each isolate inhabits, potentially aiding the design of 

commercial cultivation systems, but are outside the scope of the present project. 

Emphasis was placed on targeting a wide range of saline environments to seek halo-

tolerant strains that maintain productivity over a wide range of salt concentrations. Such strains 
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would have advantages when considering the most likely conditions of commercial production 

scenarios where fresh water is likely too expensive and significant increases in salt concentration 

inevitably occur due to evaporation in open ponds. 

Alkaliphiles from permanent or seasonal soda lakes were also sought as carbonate rich 

environments are often found in marginal lands thought suitable for algal cultivation. The 

increased availability of inorganic carbon in these ecosystems may facilitate enhanced CO2 

assimilation and lipid accumulation, both favorable phenotypes for biofuel production. 

Phototrophic acidophiles were also desirable, as production scenarios often include gas sparging 

with CO2 elevated above atmospheric CO2 levels, to enhance inorganic carbon availability. 

Sparging with CO2 causes a fall in medium pH when the buffer component becomes 

overwhelmed by proton disassociation from carbonic acid/bicarbonate. Unfortunately, no acidic 

environments were encountered during the bioprospecting process, and no effort was made to 

enrich for acidophiles or screen for acid tolerant strains. 

3.4.4. Consideration of Selection Criteria for Strain Isolation 

In addition to targeted sampling strategies, isolation efforts were also designed to capture 

strains that would grow well in the conditions expected of commercial production scenarios and 

would meet specific bioenergy feedstock criteria. During the ASP researchers outlined general 

selection criteria as guides for adding strains to their culture collection. These in descending 

order of importance were: energy yields (growth rate × calorimetric energy content), co-products 

and precursors (hydrocarbons, lipids, carbohydrates, etc.), environmental tolerance (temperature, 

salinity, pH), mass culture performance (competitive, resistant to predation), media requirements 

(vitamins, trace metals, etc.), data currently available on related strains, and available budget for 

the culture collection (Barclay, Johansen et al. 1986). It was with consideration of these criteria 
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that the selection guidelines for adding strains to our culture collection were developed. These 

ASP guidelines, although logical, can be challenging to implement and difficult to adhere to as 

each additional criterion places a greater burden on the screening process, requiring additional 

resources. Indeed, most of the criteria require extensive cultivation and wet chemistry to assess, 

which were not technically feasible in the initial establishment phase. Our efforts were therefore 

focused on surveying the greatest diversity of water chemistries, attaining clonal isolates from 

each sample, and qualitatively identifying a subset of organisms that grew well in the laboratory 

and were oleaginous. 

3.4.5. Isolation of Clonal Microalgal Cells using FACS 

 The isolation and initial screening process for this project was designed to heavily 

leverage the FACS platform, a rigorous single-cell interrogation tool that is nearly ideal for 

bioprospecting in a high-throughput platform. However, in our experiments with this instrument 

we observed a selection bias towards the isolation of physically robust strains. This is likely due 

to the considerable physical forces generated in the fluidics stream, required to deflect 

aerosolized droplets containing single cells. Consequently, the more fragile strains in our 

experiments, such as many diatoms, did not survive the sorting process as frequently. This 

selection bias may be desired for feedstock production strains since successfully sorted robust 

strains may be able to better tolerate the physical stresses associated with cultivation in open 

pond/bioreactor systems. Conversely, physically robust strains may be more difficult to process 

and extract oils from and be less desirable from a process efficiency standpoint. This observed 

selection bias may also be a contributing factor behind the high cryopreservation and cryo-

revival success rates observed as discussed below. For fragile strains not successfully isolated 

with FACS, traditional isolation techniques such as plating and serial dilution may be required. 
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However, new technologies that can improve user control over cell selection such as imaging 

cytometry directly coupled to FACS, micro-dissection mechanical tools, or optical tweezers and 

laser pressure catapulting may be quite useful. 

3.4.6. Sorting Oleaginous Microalgae from Raw Water with a Neutral Lipid Probe 

For isolation of algal strains from the first batch of 2008 water samples, numbers 1–47, 

FACS was used to clonally sort microalgae in un-enriched, raw water samples into 96-well 

microtiter culture plates containing one of two growth media, mASP2 for salt water and mBBM 

for fresh water samples. All water samples were treated with the fluorescent non-polar lipid 

probe Bodipy 493/503 in an attempt to identify and isolate native oleaginous microalgal strains 

with naturally occurring high levels of neutral lipids, as these are among the most chemically 

reduced bioenergy carriers. To sort the microalgal cells, a relatively low event rate of 200–800 

events per second at a low sample flow rate setting of 1–2 (on a relative flow scale is 1–11) was 

used to increase the chances that single events were sorted. Higher event rates would increase 

throughput but significantly decrease the fidelity of single-cell sorting. The sorting protocol 

developed for each sample allowed for the potential isolation of up to 96 unique microalgal cells 

per sample, where one event was sorted into each well in a 96-well plate. Oleaginous microalgal 

cells were targeted for sorting based on positive chlorophyll autofluorescence and positive 

Bodipy fluorescence. Unstained polystyrene calibration beads (BD Biosciences) were used to set 

the gating parameters allowing discrimination between negative and positive particle 

fluorescence.  

3.4.7. Enrichment of Water Samples 

The pre-isolation processing for the 24 samples collected in 2009 included adding an 

enrichment step using 11 different media types (Figure 3.4, Table A.2 and Table A.3),   
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Figure 3.4 Specific conductivity versus pH of the 11 selected enrichment media used to 

enrich the 2009 water samples (48–70) plotted against pH. Media selection was primarily based 

on a broad conductivity range from fresh to brine with a bias towards alkaline pH. 

representing a broad range of water chemistries. All media recipes were normalized for vitamins, 

nitrogen, silica, and trace metals but differed largely in major macronutrient salt composition and 

concentrations. In retrospect, vitamins should have been omitted from all media, as these 

constitute a significant cost burden in large-scale cultivation if the growth of a strain is 

dependent on their presence. Fortunately, many algae are able to synthesize required vitamins, 

and subsequent evaluation of most strains indicated that very few isolates had an absolute 

requirement for vitamin addition (data not shown). The enrichment process was designed to use 

the specific conductivity of the media as an upstream selection criterion to isolate only algal 

species that would flourish in inexpensive media. Surprisingly, all water samples contained algae 

that would grow in each of the eleven media types, regardless of salinity. Fresh water sites 

harbor algae that thrive in hyper-saline media and vice-versa. It was noticed that diatoms from 
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freshwater sites would almost always be the dominant species in increasingly saline enrichments, 

whereas green alga dominated in all the fresh and slightly brackish enrichments. 

3.4.8. Sorting Microalgae from Water Sample Enrichments 

Many of the brackish enrichments supported dominant growth of filamentous 

cyanobacteria. These were largely not desirable for isolation, as filamentous cells pose a fluidic 

problem for FACS. In general, an enrichment process will yield a lower diversity of algae, but 

considerably streamline downstream media optimization. The isolation of a smaller number of 

robust species already adapted to a given medium eliminates lengthy media optimization 

procedures, which are highly labor-intensive and frequently unsuccessful. As such, the last 24 

water samples were enriched and maintained by serial transfer for a period of up to one year, 

which allowed the strains best adapted for the selected culturing media and conditions to 

dominate the enrichments, at which point they were processed for FACS. However, not all 

enrichments provided robust growth and these were not considered a high priority for FACS. 

The FACS isolation process was modified for these 24 enriched water samples collected 

in 2009. Specifically, water sample enrichments were not stained with Bodipy prior to sorting 

mostly because several algae from the 2008 samples were found to be recalcitrant to neutral lipid 

staining with fluorophores, and oleaginous strains could have been overlooked using the 2008 

sorting protocol. It is possible to increase the dye uptake by adding a permeabilizing agent such 

as DMSO, but the concentrations required can cause cell death and solubilize lipids/pigments 

(Elliott, Work et al. 2011). Additionally, due to the low signal to noise ratio of large 

heterogeneous populations stained with Bodipy, it was difficult to make a true negative control to 

distinguish stained versus unstained species. This resulted in numerous species being sorted that 

had effectively no Bodipy fluorescence, specifically cyanobacteria which did not accumulate 
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TAG, along with other species that had moderate to low levels of TAG accumulations. 

Consequently, it was decided to isolate microalgae in the 2009 enrichments by FACS based 

solely on chlorophyll autofluorescence and screen the resulting isolates downstream for lipid 

content using spectroscopic and gravimetric approaches rather than relying on the more 

qualitative neutral lipid probe fluorescence signal. Additionally, each sample was enriched with 

11 different media that supported algal growth, increasing the chances of successfully sorting 

and isolating viable microalgae. Enrichments were sorted only into the same medium type, 

reducing from 96 to 12 the number of wells used to isolate strains from a given enrichment. 

Despite this apparent reduction in the odds of isolating a specific microalgal cell from a given 

sample, there were actually a greater number of wells dedicated to isolating unique species from 

each water sample since there were 11 enrichments per sample, and 12 wells per enrichment, 

thereby increasing the number of sorting events from 96 to 132 for each water sample. The plates 

were incubated in a humidified light incubator for up to 4 weeks. This incubation procedure was 

much more amenable to long-term microtiter plate growth experiments than the previous 

procedure where a microalgal growth room was utilized, as water evaporation from microtiter 

wells was negligible in a humidified incubator. This eliminated the need to seal the plates with 

the film used previously and greatly facilitated analysis throughput. 

An ‘enrichment triage’ was eventually performed prior to sorting the 2009 enrichments 

where only those samples containing fast growing, non-filamentous strains were selected for cell 

sorting. Selection was based on empirical experience with strain performance. There were 264 

total enrichments but only 109 of these enrichments were selected for sorting. These yielded 115 

clonal strains for addition to the collection bringing the total culture collection to 360 isolates. In 

most cases, there was one strain incorporated per enrichment; however, not every enrichment   
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yielded strains, and a few enrichments yielded more than one strain. 

3.4.9. Examination and Selection of Clonal Isolates for Addition to the Culture Collection  

The number of events sorted from all samples that resulted in algal growth varied greatly. 

Post-sorting, growth was often observed as early as one week, whereas in others it was not 

apparent for several weeks, if at all, but no quantitative information on initial growth rates was 

obtained. A stereo-microscope with a maximum magnification of 200 × was used to quickly 

screen each well for growth, and each well with positive growth was marked for further detailed 

examination and comparison at a higher magnification. At four weeks, if there was no visible 

growth in a given well it was assumed that there would be no growth. If the samples were 

enriched, the number of wells positive for growth in each sample approached the total number of 

events sorted. However, as mentioned above, species diversity was typically low in enriched 

samples with usually one dominant species. More rarely, there were two or three dominating 

species. For samples that were not enriched, species diversity was higher but it was observed that 

the number of wells positive for growth post-sorting was frequently much lower with several 

plates showing no growth at all. For un-enriched samples, it is likely that the lack of growth was 

either due to the use of non-optimal growth media or it was simply because those microalgae that 

were sorted were unable to survive the sorting process, as algae were observed in the raw water 

samples and a distinctive chlorophyll autofluorescence signal was always present. High sorting 

fidelity was observed with no apparent cross-contaminating events (i.e., erroneous sorting of 

more than one cell per sort event) with the aforementioned event rate maintained between 200 

and 800 events per second and a relative sample flow rate set between 1 and 2. It should be noted 

that after many serial transfers (every 6 to 10 weeks for maintenance purposes), a few cultures 

have been found to be non-clonal. This is possibly due to erroneous sorting from FACS, but it is 
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more likely that this is from a lapse of sterile technique during the serial transfer process as all 

isolates were visually determined by microscopy to be clonal prior to addition to the collection. 

Any non-clonal cultures in the collection are easily recovered using FACS or from 

cryopreservation. 

3.4.10. Morphological Analysis and Preliminary Classification using Light Microscopy 

Diascopic (transmitted) light microscopy images were used to compare microalgal cell 

morphology and identify candidates of unique species for addition to the culture collection. 

Notably, many of the wells from a given sample proved to contain morphologically 

indistinguishable microalgae and were consequently categorized as the same species. In these 

cases, not more than one isolate was chosen for addition to the culture collection. However, no 

such limiting criterion was applied to morphologically similar microalgae from different water 

samples where it was assumed that genetic differences were likely to be significant. It was 

assumed that as distances between sample sites were most often very substantial, with many 

sample locations separated by hundreds of miles, there would be little chance of isolating 

genetically identical species from geologically separate and/or chemically distinct locations. 

Using these criteria, 360 potentially unique species of microalgae identified from the 71 water 

samples have been continuously maintained by serial transfer. Microscopic images depicting the 

diversity of all the strains in the collection are presented in Figure A.1, Figure A.2, Figure A.3, 

Figure A.4, Figure A.5, Figure A.6, Figure A.7, Figure A.8 and Figure A.9. These have all been 

initially categorized as belonging to the classes Bacillariophyceae (diatoms), Chlorophycea 

(green algae), or Cyanophyceae (cyanobacteria) but this preliminary classification remains 

untested using molecular tools for phylogenetic determination. 

Traditional microscopy as a selection tool can consume significant time. But this can be   



 

74 

justified as evidenced by the micrograph library (Figure A.1 through Figure A.9), and the 

qualitative assessment of intermediate production evidenced in Figure 3.5 and Figure 3.6. In fact, 

the major benefit of a visual assessment is that morphological diversity and oleaginous, 

carbohydrous, and other co-product accumulation phenotypes can usually be quickly assessed by 

human interpretation and is relatively inexpensive compared to the resources required for 

compositional analysis and molecular phylogeny. Traditional flow cytometry analysis 

incorporates powerful analytical tools on a high-throughput platform and provides data sets that 

clearly show differences in particle fluorescence or light scattering; however, this can provide 

rather ambiguous data if strict controls are not put into place. This is especially true for 

fluorophore fluorescence analysis when different species of algae exhibit unknown levels of 

permeability to molecular probes. An ideal flow cytometry platform would incorporate high-

quality microscopy with traditional particle interrogation and cell sorting capabilities, but this is 

not yet available as the required flow rates are drastically different for the two platforms. 

As mentioned previously, it became clear early in the isolation process that when 

choosing selection criteria for adding strains, it is best to opt for very strict selection rules for 

highly desired traits. Initially, this was not strictly adhered to and significant amounts of time 

were consumed trying to isolate and maintain hundreds of unique strains. All of these strains 

were very interesting from an academic perspective and potentially promising but ultimately 

proved difficult to cultivate by substantially increasing the time commitment for culture 

maintenance and also increasing the screening burden. Thus, a balance must be achieved in 

bioprospecting endeavors that allows a representative examination of natural diversity but does 

not permit researchers to become overwhelmed by the potentially high number of candidate 

strains that would require characterization.  
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Figure 3.5 Micrographs of selected strains in the collection that visibly accumulate high 

levels of storage molecules under stress, thought to be lipid bodies or carbohydrates. Adjacent 

images are of un-stressed and stressed cultures, respectively, where nutrients have been 

biologically depleted over a 10 week period. Strain 12b-E6 appears to be capable of 

photosynthate secretion. Scale bars are 10 μm. 
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Figure 3.6 Fluorescent micrographs of selected strains that demonstrate high levels of 

fluorescence with the lipid probe Bodipy 493/503. Bodipy fluorescence is green and chlorophyll 

autofluorescence is red, overlapping signals are orange-yellow. Scale bars are 10 μm. 

3.4.11. Cryopreservation 

Budgetary limitations for serial strain transfer were ultimately the reason the original 

ASP collection was almost entirely lost. It is, therefore, highly prudent to pursue 

cryopreservation strategies and identify early in the bioprospecting process strains that can be 

revived from a cryopreserved state, and even consider this aspect a priority when ranking 

selection criteria. Thus, in addition to strain isolation, it is imperative to develop effective 

cryopreservation techniques to minimize the costs and efforts associated with library 

maintenance. Also, cryopreservation will prevent the genetic drift associated with serial passage 

(Rhodes, Smith et al. 2006, Mutanda, Ramesh et al. 2010). At the first International Symposium 

on the Cryopreservation of Algae held in 1998, discussions covered genetic drift problems that 

arise when strains are continuously cultured using continuous serial transfer. More specifically, 

genetic drift becomes more likely with increasing culture age from random mutations and active 
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genetic selection of beneficial traits occurring during vegetative growth over time. 

Cryopreservation is, therefore, used to prevent the loss of important attributes present in the 

original strain (Surek 1998). 

In recognition of these issues, a thorough examination of cryopreservation techniques 

was previously under taken using a broad diversity of eukaryotic microalgae, examining the 

relationships between cryoprotectants, culture conditions, phylogenetic relationships, habitats, 

and the viability of cryopreserved strains on thawing (Beaty and Parker 1992). Among the 

intriguing insights gained from this study, it was found that either 5% DMSO or 5% MeOH are 

effective as cryoprotectants for the large majority of microalgae. The UTEX microalgal culture 

collection has also undertaken efforts to cryopreserve their culture collection and has made their 

most successful cryopreservation methods available on the UTEX website 

(http://web.biosci.utexas.edu/utex/protocols.aspx). Based on the information from these methods, 

and the results of the previous study, a slightly modified protocol (Materials and methods 

section) was developed using 5% DMSO as a cryoprotectant. Using this method, all of the 

strains in the collection have been cryopreserved and Graph depicting FAME (%DW) versus 

DW (g/L) of the 80 harvested strains in the first two nutrient replete runs, where ~ >15% FAME 

or ~> 0.56 g/L DW strains are identified by label call outs with red indicating the best growth, 

orange the best FAME and blue moderate for both.charc 93.1% of these were successfully 

revived. 

3.4.12. Bacterial Contamination of Microalgal Strains 

The extent of bacterial contamination in the algal cultures is not quantitatively known but 

some of the cultures contain visible bacterial contaminants. Many algal cells are capable of 

producing a gelatinous extracellular matrix and it is likely that when these algal cells were 

http://web.biosci.utexas.edu/utex/protocols.aspx
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sorted, there were bacterial cells adhering to the cells. In support of this scenario, some clonal 

cultures with such a matrix analyzed at 1000 × appear to have some motile and non-motile 

bacterial cells associated with them. Bacterial growth in these cultures is kept at a minimum 

since the culture media are specific for phototrophs and lack an organic carbon source. It is 

possible that some bacteria may be ectosymbiotic and perhaps even required for the homeostasis 

of the algal cells, whereas others are likely to have a commensal relationship and are otherwise 

harmless unless their growth is enhanced by a surplus of organic carbon in the culture. 

Interestingly, there have been several algal cultures isolated from the un-enriched samples that 

have failed to grow after the first or second serial transfer. It is possible that the isolated algae in 

these few cases could not survive without a natural bacterial symbiont that was lost during 

isolation. Regardless of these inherent relationships, the ideal culture collection should be 

completely axenic to facilitate biological and genetic investigation of individual species. This 

may not be achievable with all cultures using FACS due to adherent properties of many bacteria. 

Instead, the use of antibiotics may be required to achieve axenic cultures. Indeed, cephalothin, 

gentamycin, rifampicin and streptomycin can be used effectively to remove common bacterial 

contaminants, or if these fail in the case of antibiotic resistant bacteria, resorting to carefully 

measured doses of lysozyme and sodium dodecyl sulfate (SDS) (Su, Yang et al. 2007). 

Ultimately, it will be impractical to maintain large scale algal cultivation systems in an axenic 

manner over prolonged periods and contamination must be controlled regardless of whether the 

source is the stock culture or introduced from the outside environment. 

3.4.13. Preliminary Assessment of Promising Microalgal Strains 

From the 360 strains isolated, novel microalgae were identified from a qualitative biofuel 

perspective and several of these are presented in Figure 3.5 and Figure 3.6. The micrographs in 



 

79 

Figure 3.5 depict selected strains in early, active growth phase to the left and stressed, stationary 

phase to the right. The micrographs in Figure 3.6 depict confocal images of the relative 

distribution and size of lipid bodies in green and the chlorophyll distribution in red. Although 

rigorous quantification is not complete, these strains in particular stand out in their ability to 

accumulate neutral lipids as evidenced by the clearly visible, numerous, and often large storage 

bodies in the stressed cells of Figure 3.5 and the relatively high levels of Bodipy fluorescence of 

the selected strains in Figure 3.6. Additionally, apparent oleaginous excretion phenotypes are 

observed in a few strains such as 12b-E6 depicted in Figure 3.5, which is a potentially valuable 

trait for biofuel strain development as this could simplify product recovery, though of course, 

this could be complicated by the presence of heterotrophic contaminants that consume the 

excretion products.  

Growth rates have not been accurately assessed on a relative scale for every strain given 

the size of the collection; however, dozens of strains were able to maintain dense cultures and 

rapidly reestablish numbers after serial dilutions. Attempts were made to rank these cultures and 

many strains seem promising but no definitive conclusions can yet be made regarding 

productivity. However, it was very clear that the most robust growth occurred in two of the 

eleven media types: the freshwater medium mBBM and the brine medium mMLM. Further, the 

medium in which the most isolates were obtained was the freshwater type mBBM by hundreds 

of isolates compared to the other media. The next most productive medium was the brine 

medium mMLM. The brackish and saline media were not as promising, and many of the isolates 

in these media were characterized as having relatively poor growth. Most of these recipes were 

derivatives of media developed by the ASP, and it is not yet clear why such poor performance 

was observed using these media types relative to mBBM and mMLM, even after examination of  
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the chemical constituents. 

3.5. Conclusions  

To date, the diversity of microalgae has been relatively unexplored despite the potential 

utility that these organisms may have in a variety of biotechnological applications including, 

biofuels, bioplastics, bioremediation, aquaculture, and animal/human nutrition. The goal of this 

study was to (a) establish protocols using contemporary techniques to rapidly generate a 

collection of distinct microalgae from diverse water chemistries, (b) establish a limited number 

of media types that have low cost inputs and that support the robust growth of several algal 

species, (c) qualitatively identify promising species capable of fast growth rates and/or that 

contain visually abundant intracellular lipid bodies, and (d) identify a successful 

cryopreservation technique for long-term culture maintenance. Future studies on a subset of 

promising strains, which are beyond the scope of the present investigation, will include a more 

rigorous quantification of algal biomass in terms of dry-weight accumulation and accurate 

quantification of the lipid content. These analyses could also identify stains that accumulate 

specific fatty acids that are ideal for chemical refining and synthesis platforms, or investigate 

metabolite secretion. 

We identified promising growth media and several algal species that stood out as being 

capable of robust growth and/or accumulated significant reduced hydrocarbon storage bodies, 

and even a few seemed to possess the ability to excrete these compounds into the surrounding 

medium. Many of these inclusions have been confirmed to be neutral lipid bodies as visualized 

with lipophilic dye Bodipy 493/ 503. But often, many of these inclusions do not fluoresce when 

stained, which indicates some other form of storage molecules, such as carbohydrates, that do 

not fluoresce when stained with Bodipy. Also, the presence of these inclusions correlates with 
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increases in total fatty acids as determined by preliminary whole cell transesterification assays 

(data not shown). These isolates are currently the focus of intensive continued research efforts. 

Also of significant importance, we observed that by adapting more contemporary 

cryopreservation techniques that 93.1% of the collection was viable after cryopreservation using 

a single protocol. Although a first step in characterization, promising strains from a bioenergy 

perspective were readily identified. 

Our first approach aimed at isolating water-oxidizing, phototrophic microorganisms using 

FACS entailed staining with Bodipy and sorting cells from the natural water samples relatively 

soon after isolation. Cells were sorted on the basis of both Bodipy and chlorophyll fluorescence. 

Although successful in providing many interesting isolates, several issues were identified using 

this approach that led to a protocol adaptation. First, Bodipy was not observed to be taken up by 

many organisms of interest, likely resulting in oleaginous organisms that were not selected. 

Moreover, it was difficult to establish a robust negative algal control, and cells that did not 

accumulate significant lipid bodies were selected. There are other lipophilic dyes available, such 

as Nile Red, but as the molecules are chemically similar, it is unlikely that there would be any 

improvement in dye uptake. However, fluorescence based selection of strains is a powerful 

technique to rapidly isolate high lipid containing strains, but any uneven dye uptake could result 

in promising strains being overlooked. This finding illustrates the need for robust chemical 

analysis in conjunction with rapid fluorescence based screening. Lastly, downstream media 

selection was difficult and highly labor intensive as many of the sorted cells were not amenable 

to facile culturing after isolation. For subsequent isolation efforts, water samples were first 

separately enriched in 11 media types and cultured for 6–12 months prior to sorting. This 

procedure reduced biodiversity and biased samples for the isolation of a few select organisms. 
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However, the benefit of this approach was that isolated strains were amenable to culturing in the 

pre-enrichment medium post-sorting and the need to optimize media downstream was 

eliminated. By using multiple media types, we observed a proliferation of distinct species, 

capturing at least a subset of the biodiversity from each collected water sample. Moreover, more 

robust strains amenable to laboratory culturing were readily isolated. By omitting the initial 

Bodipy staining, strains recalcitrant to lipid fluorophore uptake, but still containing high lipid 

content, are not potentially overlooked by the FACS isolation process. 

Overall, the bioprospecting and screening effort reported here have been extremely 

successful and the diversity of species now present within the collection is an invaluable resource 

that can be interrogated for a variety of desired biofuels related phenotypes. Additional 

bioprospecting efforts are underway in a number of other laboratories (Mutanda, Ramesh et al. 

2010, Araujo, Matos et al. 2011, Zhou, Li et al. 2011) and in combination with this study 

documents distinct features of algal diversity. Detailed characterization of the collection 

described here is currently ongoing and will continue to provide highly useful information on 

phototroph biochemistry and biology (manuscript in preparation). Documenting images of the 

microalgal cells in nutrient replete and nutrient depleted media has been placed in a database for 

analysis. A scientific data management system is being built around this collection linking all 

experimental metadata to facilitate future data analysis and rapid retrieval of relevant strain 

information. We are able to use the data to predict which environments and water chemistries are 

likely to harbor fast growing, oleaginous algae and to use this information to guide a more 

targeted approach for future bioprospecting efforts directed towards the discovery of the most 

productive biofuel feedstock strains.  
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In summary, contemporary analytical tools can be used to readily capture portions of the 

microalgal biodiversity in nature. However, significant instrument optimization is required, and 

pre-enrichment strategies are recommended that select desired growth phenotypes prior to 

sorting, which minimizes downstream processing steps. The collection of algae generated in this 

study yielded organisms from aquatic environments ranging from freshwater to hypersaline, with 

a variety of water pH values, and carbonate levels, as well as a broad geographic distribution. 

This subset is now being studied in much greater detail. Subsequent research will quantify the 

bioenergy production potential and attempt to make correlations between water chemistries and 

phenotypes, as well as phylogenetic connections to these phenotypes. 
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CHAPTER 4 

AN INVESTIGATION OF A HIGH-THROUGHPUT SPECTROPHOTOMETRIC GROWTH 

ASSAY TO CHARACTERIZE A MICROALGAL CULTURE COLLECTION  

4.1. Introduction 

The second phase of this project was initiated to develop high-throughput methods and 

tools to further characterize and screen the culture collection to identify the most rapidly 

growing, oleaginous microalgae. This phase has yet to be completed, requiring additional 

funding, but much progress has been made. The most important aspect of this phase was the 

development and implementation of a high-throughput screening platform. Thus, a discussion 

regarding the factors involved and considerations to make for the selection of the screening 

platform is merited, including the selection of cultivation equipment, controlling variables of 

concern, and analytical tools available for biomass analysis. The high-throughput screening work 

performed to date and the results follows this discussion. 

4.2. Consideration of the Screening Platform 

A significant portion of this project has involved the development, testing, and validation 

of a high-throughput assay to rapidly assess the growth potential of hundreds of unique 

microalgal strains under standardized conditions for commercial deployment. To begin, 

screening the physiological traits relevant to commercial biofuel development of such a large 

number of cultures requires careful planning and experimental design. The most significant 

hurdle encountered with such an effort is the development of methods and analytical procedures 

that can be adapted to a high-throughput platform and then validating that these procedures not 

only save time, money and resources, but  are also reliable, repeatable and commercially 

scalable. Moreover, the costs of equipment, materials and operation varies significantly with the 
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scale of the platform as well as the sample throughput. Small scale platforms can save time and 

resources by lowering equipment, material and operational costs. However, the quality, 

reliability and/or usefulness of the data generated can be diminished in increasingly small scale 

platforms. This can be attributed to 1) the selection of improperly scaled cultivation conditions, 

2) much larger degrees of experimental uncertainty caused by increases in random and 

systematic errors, and 3) the inability to perform fully quantitative analysis on very small 

amounts of biomass. Experimental uncertainty is especially problematic in microscale systems 

where large numbers of samples can easily become contaminated and technical errors are 

amplified by the small quantities and volumes used. These drawbacks provide ample opportunity 

for misinterpretation of results that can easily lead to erroneous conclusions about strain 

performance, making careful planning and rigorous experimental controls absolutely essential. 

4.2.1. Cultivation equipment and controlling variables 

The most economical platform for cultivating algae is a low-tech, unconfined bench-scale 

system using standard fluorescent lights suspended over an orbital shaker, with test tubes, 

beakers or shake flasks for cell culture purposes. This simple system will provide sufficient 

biomass for most experimental procedures; however, testing algal physiology requires that the 

experimental conditions be strictly controlled to isolate the independent and dependent variables 

in question. This is best achieved by placing the cultivation equipment inside an environmentally 

controlled growth chamber, which are costly and often have limited useable interior space. This 

is problematic for most high-throughput screening purposes as the foot print required for parallel 

cultivation of large numbers of microalgal cultures can easily exceed the capacity of most growth 

chambers. Unless sufficient equipment is obtained for high-throughput parallel cultivation of all 

strains being tested, orbital shaker screening platforms instead are run in sequential batches of 
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samples grown under a standard set of controlled conditions. This, however, is not ideal as it is 

no longer high-throughput and it is also very challenging to maintain conditions between batches 

of cultures over time, especially if environmental growth chambers are not used. Yet, even with 

climate controlled growth chambers this is difficult because quality control over common 

labware fluctuates, unforeseen equipment and power failures occur, light levels change over time 

or are non-uniform; and technical mistakes happen, such as neglecting to swap out CO2 tanks 

before they run out or making growth media improperly; any of these errors can derail even the 

best planed experiment. To avoid such pitfalls, physiology investigations require rigorous 

experimental controls, biological and technical replicates, and data loggers that are routinely 

employed to monitor and record the controlled variables. These include relative humidity, 

evaporation, PAR levels, temperature, pH, conductivity, macronutrient concentrations and CO2 

levels among others.  This will allow any discrepancies that might appear upon data analysis to 

be accounted for. Physiology assays, especially high-throughput ones, can quickly become 

difficult to manage and expensive to operate. Strict adherence to rigorous protocols, data logging 

and simplicity in experimental design are very important to help prevent mistakes, keep costs 

down and better assure the quality and repeatability of the results.  

The foot-print of the system must also be considered carefully since laboratory space is 

often at a premium. Bench-scale systems of up to several liters are ideal for smaller batches of 

samples, numbering in the several dozens or less, but microscale systems, can be used to obtain 

useful data on dozens or hundreds of samples in a single run. This single-run ability is essential 

for large screening efforts, saving a great deal of time and resources and also making 

standardization much easier since all samples are far more likely to have been exposed to 

identical conditions as opposed to those run in sequential batches. For high-throughput screening 
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purposes, microalgal cultures grown in microtiter cell culture plates can be rapidly analyzed 

using spectrophotometer plate readers or flow cytometers with auto-samplers. Microtiter tissue-

culture plates with either 6, 12, 24, 48, and 96 wells are common that accommodate working 

volumes of approximately 3mL, 1.5mL, 1.0mL, 0.5mL, and 0.3mL respectively. The downside 

to choosing microtiter plates as opposed to flasks, beakers, or test-tubes is that maintaining 

sterility and preventing cross-contamination are more challenging. Adhesive microtiter plate 

seals can be used to maintain sterility but gas exchange is compromised; however, this should be 

acceptable for short durations of time. Additionally, it is difficult if not impossible in a microtiter 

plate to mimic the conditions encountered in orbital shake flask cultures including those 

governed by the principles of fluid mechanics, thermodynamics and the physics of light. Thus, 

strains that grow well in a shake flask may perform poorly in a microtiter culture plate, and the 

converse may also be true. Thus, it is critical to validate early in a commercial strain 

development process that the physiology observed under one set of screening conditions can be 

used to reliably predict the physiology at a larger, more commercially relevant scale.  

4.2.2.  Automation of the screening platform 

Automation of one or more procedures in the screening process greatly improves sample 

throughput and the reliability of the results by reducing or eliminating random error and 

increasing the speed of experimental setup, operation, data collection and/or downstream 

processing. However, even though robotic systems are becoming more affordable, acquisition is 

still a costly prospect. Nonetheless, standard liquid handling robotic systems and auto-samplers 

are easily adapted for many high-throughput biological and biochemical studies. Although, 

maintaining sterility, which is often essential to biological experimentation, can be a problem in 

standard robotic platforms. To be more certain of sterile operating conditions, the entire system 
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is best confined within a biological safety cabinet to protect both the experimenters and the 

samples from contamination. Alternatively, free-standing, Plexiglas encased, non-sterile systems 

are lower-cost options that can be treated with ultra violet light for temporary sterilization 

purposes in between runs. These encased systems are not actively maintained sterile 

environments, unlike the safety cabinets, but do make contamination less likely.  

4.2.3.  High-throughput Analytical Technology 

Microscale systems are advantageous over larger scale systems due to the lower cost, 

smaller foot print and increased sample throughput. However, biological samples obtained from 

microscale systems are often too small for fully quantitative, analytical wet-chemistry procedures 

since the analytes present in the biomass samples are often below the detection limits of the 

equipment. However, such analyses are often required for fully understanding cell physiology 

and metabolism. Instead, for microscale systems there are indirect analytical procedures that can 

be employed for screening purposes to identify samples that should be scaled for full quantitative 

analysis. For instance, analysis of the biomass can be performed using cytometers and 

spectrophotometers to measure the physical response of light impinged on a sample of biomass 

whereby fluorescence, light absorption, light scattering and/or light transmittance is determined. 

This data can then be related to some aspect of cell physiology such as fluorophore fluorescence 

for lipid accumulation, light scattering for cell size, light transmittance for culture growth, and 

light absorption and fluorescence for photopigment analysis. 

Most spectrophotometers and flow cytometers utilize photomultiplier tubes (PMTs) to 

gauge changes in light intensity. Of these three analytical tools, flow cytometers are designed to 

be the most high-throughput with common data acquisition rates of up to 100,000 events per 

second and cell sorting capabilities of up to 30,000 events per second. The detection and 
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recording of extremely fast events are possible because none of the PMT components 

(photocathode, focusing electrode, dynodes, resistors, and anode) store any charge and respond 

to changes in input light fluxes within a few nanoseconds (Davidson and Abramowitz 2002). The 

instruments also have very low thresholds of light detection and can distinguish very small 

relative changes in the quantity of light due to the physics behind photomultipliers. These 

capabilities enable the detection of very small particles with very high resolution (Sharpe and 

Wulff 2006).   

Light detection limits can approach the single photon level for PMTs, which operate on 

the principles of the photoelectric effect. In this process incident photons at the detector surface 

cause electrons to be ejected in discrete quanta from the surface of a photocathode in direct 

proportion to the frequency of the incident light. The number of electrons ejected depend on the 

properties of the photocathodes. However, not every incident photon causes electron ejection; the 

ratio of incident photons to ejected electrons is called the quantum efficiency. The sensitivities of 

the photocathodes are functions of the wavelength with maximum sensitivity at λmax. The 

quantum efficiencies at λmax are always less than 30% indicating that approximately 70% of 

incident photons are not detected by PMTs (Davidson and Abramowitz 2002, Rincón 2008). 

Although, positive detection at this level depends on the amount of noise present from dark 

current and background sources, which can easily overcome the weakest of signals making it 

difficult to distinguish light scattering or autofluorescence patterns of actual cells, especially 

small ones, from that of debris present in the samples.    

The signal to noise ratio is very high in scientific-grade photomultipliers because the dark 

current is extremely low and the gain is extremely high (Hakamata, Kume et al. 2006). Spectral 

sensitivity of the PMT depends on the chemical composition of the photocathode with the best 
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devices having gallium-arsenide elements, which are sensitive to the spectrum of 

electromagnetic radiation between 300 to 800 nanometers. To provide sufficient gain for signal 

detection, high-grade PMTs contain 11 to 14 electron amplifying stages (dynodes), with up to 

108 electrons generated per photoelectron for 14 stage PMTs (Davidson and Abramowitz 2002, 

Flyckt and Marmonier 2002, Hakamata, Kume et al. 2006). 

4.3.  High-throughput microtiter plate growth assay 

Taking into account the equipment available for this project and all the factors to consider 

for screening, a platform was developed and a procedure was successfully implemented to screen 

the culture collection and identify the species with the best overall growth potential under 

standardized conditions. Attempts were initially made to screen the collection using sequential 

batches of orbital shake flask cultures but this proved impossible given the equipment and 

operational limitations of this project. Instead, a microtiter plate cultivation platform using a 

robotic serial transfer protocol coupled with a plate reader spectrophotometer to assess growth 

was chosen for primary screening purposes.  

4.4.  Materials and methods 

4.4.1. Microtiter plate inoculation procedure and growth conditions 

To accomplish the high-throughput growth assay, the entire clonal collection, which 

consisted of 245 clonal species at the time this was performed, was serially transferred from 

10mL culture test tubes, where the collection was continually cultivated and maintained, into the 

wells of four 96-well microtiter plates according to a plate key that was created for this purpose. 

The transfer was performed using a ultraviolet (UV) sterilized, free-standing, Plexiglas encased 

liquid handling robot (epMotion 5070 Automated Pipetting System). A program for the robot 

was created with epBlue software to mix and aseptically transfer the algal cultures from 10mL 
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culture maintenance test tubes into microtiter plate wells according to the plate key. Each 

microtiter well contained 240 µL of growth media into which 40 µL of the mixed algal 

suspension was transferred. Three 96-well microtiter plates contained all fresh water species in 

mBBM growth media with 3mM-N and a fourth plate contained the saline species in mASP2 

growth media with 3mM-N, except one strain that was grown in mS2(10) with 3mM-N growth 

media (see Table A.2 and Table A.3 for all media recipes). These plates were cultivated in a 

humidified plant growth chamber (Sanyo MLR-351H) at the steady state conditions of 90%RH, 

65µEm-2s-1 PAR on a 16:8 light-dark cycle, and held at 22°C.  

4.4.2.  High-throughput OD measurements 

To track the growth, the optical density (OD) of each microtiter plate well was measured 

at a wavelength λ = 750 nm using a BMG Omega plate reader every day for a 14 day period. The 

plate reader well-scan feature was used to create a user defined matrix grid of 61 scan points 

within each well where each data point generated in the well matrix was an average of twenty 

reads (see Figure B.1 and Figure B.2). Each plate contained at least one blank reference well of 

the sterile culture medium/media used for that plate. The data points can be displayed graphically 

as an OD gradient image of each well in a plate and also numerically as an average of data points 

within each well to provide an exponential growth curve. The well image provides the ability to 

visually discern cultures that adhere together and form bio-flocks, which impact the accuracy and 

reliability of the OD measurement. 

4.4.3.  Cultivation conditions for microscale validation experiments  

For all validation experiments, selected cultures were grown for 15 days each in 500 mL 

non-baffled shake flasks in the algal cultivation light-room at NREL with 150 mL of mBBM (or 

mASP2 for strain 39-A8) media (Table A.2, Table A.3) containing 3mM N, with 65µEm-2s-1 



 

92 

PAR on a 16:8 light dark cycle, at 20-24ºC, and shaken at 120 RPM. Ten cultures were 

cultivated in 3 staggered time groups of 15 days. The staggering was necessary due to the limited 

availability of shaker space at the time the experiment was initiated. The OD750 was measured 

using a standard spectrophotometer 8 times over the 15 day period for all time groups.  

4.5.  Results and discussion 

4.5.1. Normalizing the data to compare species fitness 

The raw data collected over the 14 day experiment was used to create OD gradient 

images of each well in a plate and also used to calculate the numerical average of the OD within 

each well in order to an plot exponential growth curve for each strain. The well image provides 

the ability to visually discern cultures that adhere together and form bio-flocks, which impact the 

accuracy and reliability of the OD measurement. This qualitative information can be 

incorporated into the data analysis when assessing growth potential and can also be used for 

developing economical harvesting and dewatering strategies of algal biomass but was not 

employed for this study. Instead, the numerical averages were incorporated into an Excel spread 

sheet and a macro was written in the visual basic editor in Excel to transform the 15 data sets for 

each well into 4 separate tables.  The graphical depiction of the 4 tables is presented in Figure 

B.3, Figure B.4, Figure B.5 and Figure B.6 where each plot represents a single row of 12 wells, 

with 8 rows for each plate. It should be noted that the linearity of the OD measurements is 

maintained only for lower OD values, typically less than 0.6. As such, cultures are typically 

serially diluted to obtain linear OD data points for direct comparisons. However, due to resource 

limitations and the large number of cultures being screened, the cultures were not diluted and any 

non-linearity in the data from any given strain was assumed to be uniformly distributed in the 

data sets of all strains and thus not necessary to correct for. It was determined that the graphs 
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provide a useful visual, qualitative tool to identify promising strains in each row of a 96-well 

plate, but this is not very useful when comparing across rows and/or between plates. Instead, a 

more robust analysis tool was required for the interpretation and comparison of all this data to 

accurately predict each species fitness as potential for rapid growth.  

The geometric mean is one such mathematical tool that can be used to normalize the 

optical density data sets for this purpose. This is calculated by taking the product of all data 

points (average OD measurements for this study) to the nth root according to the equation,

where n is the number of data points and an represents the nth data point. The geometric mean is 

a numerical representation of the central tendency of a set of numbers that are either exponential 

in nature or are intended to be multiplied by each other (Costa 1997). More simply stated, the 

geometric mean is a log-transformation tool to enable meaningful statistical evaluations of 

exponential-type data sets. Many variables in biology have log-normal distributions after log-

transformation because multiplying a group of independent factors together often results in a 

product that has a normal distribution (McDonald 2009). Since microbial population growth over 

sequential generations is multiplicative, not additive, the geometric mean can be used to predict 

species fitness (Iliev 2006). Moreover, unlike an arithmetic mean, a geometric mean will dampen 

the effect of very high or very low values, which would otherwise bias the mean since microbial 

populations can vary by several orders of magnitude over short periods of time. Therefore, the 

geometric mean should be appropriate for normalizing any microbial growth data. Indeed, 

wastewater dischargers, and also regulators who monitor swimming beaches and shellfish areas, 

must test for and report on fecal coliform bacteria concentrations. This is usually reported as the 

geometric mean of all the test results obtained during a reporting period and the calculated values   

(∏ ai
n
i=1 )

1

n = √a1×a2×…×an
n                                                                             (4.1) 

(4.1)((4.1)        
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Figure 4.1 Log-normalized distribution of OD values calculated using the geometric mean 

for the 245 strains, each of which is represented by a triangle, arranged numerically from highest 

to lowest, left to right respectively. The geometric mean is equivalent to strain growth ranking 

score. 

are used by public health officials to meet wastewater discharge standards and also identify when 

shellfish beds or swimming beaches must be closed (Costa 1997).  

To normalize the optical density data, the geometric mean was calculated using the raw 

data obtained for each strain over the two week high-throughput microtiter plate growth 

experiment (Table B.1). The calculated values were all greater than zero but less than one and 

were arranged from highest to lowest to create a growth ranking scale from 0 to 1, with a ranking 

of 1 indicating the best overall growth performance and species fitness. The log-normal 

geometric mean trend for all strains is depicted in Figure 4.1 and the top 25 strains are identified 

in Figure 4.2. The statistical uncertainty of this data set cannot be determined because there were 

no biological or technical replicates made for this initial experiment. The experiment was 

designed to be a proof of concept that would be repeated for statistical analysis once the results   
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Figure 4.2 Expanded view of the log-normal geometric mean distribution identifying the top 

25 strains. 

could be validated and deemed useful for screening purposes but was ultimately not repeated due 

to resource limitations. However, the ability of the geometric mean to successfully predict the 

growth performance can be visualized when comparing the exponential growth curves of a fast 

growing strain to that of a slow growing strain in association with the calculated geometric mean 

values (Figure B.7).   

4.5.2. Validation of the microscale growth performance  

To test the validity of using a microscale growth assay to predict growth potential at a 

larger scale, it was decided to scale-up a representative population of the 245 strains tested at 

microscale up to benchscale (shake-flasks) and then determine if a positive correlation existed 

between geometric mean values at the two different scales. The null hypothesis for this 

experiment is that there isn’t a positive correlation in any growth rankings between scales and 

the microscale assay cannot predict benchscale growth performance of any strain.  
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For this experiment, 30 strains were chosen such that 10 morphologically distinct strains 

from each of the best, moderate, and poor ranking categories were selected. The benchscale 

geometric mean was calculated for each culture using the OD data gathered (graphically depicted 

in Figure B.8) and the resulting values were compared to the geometric mean previously 

calculated from the microscale OD data (Table 4.1). For comparison, the geometric mean values 

for each experiment were arranged numerically and then assigned a new rank score of 1-30, 

where 1 is the best rank score for growth and 30 is the worst. The score difference between 

microscale and benchscale was then calculated, followed by the percent change which is the 

absolute value of the difference divided by the number of scores. This value is indicative of the 

correlation, or lack thereof, between the benchscale and microscale values where 0% change 

represents perfect correlation allowing rejection of the null hypothesis, and 100% change 

represents zero correlation requiring acceptance of the null hypothesis. 

To account for random and systematic errors and since there were no biological or 

technical replicates to calculate standard deviation from, a boundary for the change in ranking 

scores was required. For a conservative limit, a 10% change in ranking could be deemed an 

acceptable variance to still indicate a positive prediction ability. Upon analysis of the data with 

this limit, there were 17 out of 30 strains (56.7% of the strains tested) where the ranking score 

changed more than 10 percentage points by rising or falling 3 points or more. If a more moderate 

boundary of 20% is considered acceptable, then 12 out of 30 strains (40% of the strains tested) 

where the ranking score changed more than 20 percentage points by rising or falling 6 points or 

more. And if an even less a stringent boundary of 30% change is acceptable, then 9 out of 30 

strains (30% of the strains tested) where the ranking score changed more than 30 percentage 

points by rising or falling 9 points or more. Thus, only 43.3% of the strains growth could be  
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Table 4.1 The geometric mean was calculated using the bench scale OD data gathered the 

15 day growth periods. The microscale data is taken from the previous microscale growth 

experiment and thus was not repeated. The data is sorted by the percent change in ranking from 

the microscale growth experiments in descending order from worst to best and given a secondary 

ranking from 1-30 respectively (the ranking scale here is reversed from the previous ranking 

scale so that 1 is the best score and 30 is the worst). The percent change in ranking is calculated 

by dividing the absolute value of the ranking score change from micro-scale to bench-scale by 

the total number of scores, in this case 30. 

Strain 

ID 

Microscale 

Geomean 

Benchscale 

Geomean 

Microscale 

Rank 

Benchscale 

Rank 

Change 

in 

Rank 

% Percent 

Change in 

Rank 

17-h9 0.589257232 0.001248844 9 30 21 70.0 

42-g4 0.065792553 0.090806713 27 8 -19 63.3 

24-e12 0.124000766 0.075430527 23 9 -14 46.7 

41-c5 0.394912133 0.250260063 14 1 -13 43.3 

33-h11 0.457437172 0.006356961 13 25 12 40.0 

46b-h4 0.767762536 0.02127424 5 16 11 36.7 

23-a7 0.074324795 0.021439603 26 15 -11 36.7 

46a-a8 0.053800209 0.018655708 28 17 -11 36.7 

15-b10 0.541546913 0.011880355 10 20 10 33.3 

4-g11 0.193104656 0.001595185 20 29 9 30.0 

39-a8 0.245978615 0.003950676 19 27 8 26.7 

2-c4 0.330326338 0.007038262 16 23 7 23.3 

31-h8 0.988309845 0.102104064 1 7 6 20.0 

33-c11 0.371961997 0.011331954 15 21 6 20.0 

33-b5 0.099322294 0.015900066 25 19 -6 20.0 

33-h6 0.252849903 0.022883489 18 13 -5 16.7 

15-g1 0.161438686 0.015950493 22 18 -4 13.3 

11-b9 0.881341611 0.112739934 3 6 3 10.0 

17-a1 0.722403257 0.199770114 6 3 -3 10.0 

37-f9 0.691435732 0.166804801 7 4 -3 10.0 

14-h3 0.65556564 0.049714889 8 11 3 10.0 

13-h6 0.284730814 0.021682351 17 14 -3 10.0 

22-f10 0.187544995 0.006826379 21 24 3 10.0 

15-c9 0.042086802 0.005660667 29 26 -3 10.0 

9-b3 0.485412017 0.072913861 12 10 -2 6.7 

21-h12 0.121345575 0.008210558 24 22 -2 6.7 

33-d8 0.023593272 0.002019151 30 28 -2 6.7 

19-e11 0.835917591 0.117686769 4 5 1 3.3 

33-a12 0.514923871 0.025011615 11 12 1 3.3 

31-d2 0.940757069 0.22335021 2 2 0 0.0 
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 predicted to an acceptable degree using the conservative boundary. Moreover, for there were 

several instances where the growth performance changed drastically (more than 40 %) going 

both from good to poor and from poor to good. For instance, the strain 17-h9 had one a decent 

microscale performances ranked at 9 (scores ranked 1 – 30 with 1 being the best and 30 the 

worst) and had the worst benchscale performance ranked at 30. Additionally, the strain 42-g4 

had one of the worst microscale performances ranked at 27 (scores ranked 1 – 30 with 1 being 

the best and 30 the worst) and had a greatly improved benchscale performance ranked at 8. 

Furthermore, the strain 41-c5 had only a moderate microscale growth performance ranked at 14 

and had a greatly improved benchscale performance ranked at 1. This suggests that the described 

microscale growth assay is not likely valid as a benchscale growth performance prediction tool 

for most strains in this culture collection.  

4.6.  Conclusions 

Overall, the microscale growth assay shows much promise as a very high-throughput 

method to determine the species fitness of hundreds of strains in parallel. However, the results 

obtained indicate that the methods and/or experimental conditions are not optimal and must be 

altered due to the inability to correlate the microscale results with the benchscale validation 

results. There are several factors that could be contributing to the lack of correlation between 

microscale and bench scale growth. First, the microtiter plates were made of a tissue-culture 

treated plastic and the shake flasks were borosilicate glass. These different cultivation containers 

very likely affected the growth of each culture differently. Also, the bench scale conditions 

included shaking at 120 rpm but this was not performed at microscale. Here, the rotational force 

generated in a 500mL shake flask containing 150 mL of growth medium shaken at 120 RPM is 

not at all comparable to the rotational force generated in the wells of a 96 well microtiter plate 
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with 340 microliters of growth medium shaken at 120 RPM, however, the physics calculations 

required to generate comparable rotational conditions were not determined. It should also be 

noted that the inoculum was not standardized in terms of the growth phase of the cultures or by 

the cell number for either the microscale or benchscale growth tests, but rather by volume where 

1mL of maintenance culture was added. This could have impacted the growth in all cultures, 

providing an initial growth advantage for some cultures that volumetrically contained more cells 

than others. However, the cultures should have reached an equilibrium or stationary phase that 

would account for any initial differences in cell number but this may not have been detectable at 

this stage in the experiment and may have been obscured by the non-linear OD beyond readings 

of 0.6. Additionally, the growth conditions of the humidified incubator for the microtiter plates 

were kept constant but the growth conditions of the light room for the shakers were found to be 

highly variable over the hot summer months with respect to temperature and humidity during the 

experiments. It was found that the heating and cooling controls of the facility are overburdened 

and insufficient to maintain the temperature of the room essentially from June through 

September resulting in daily fluctuations ranging from 20ºC to 27ºC. This variability between 

conditions may explain the failure to correlate some of the growth observations between scales. 

From these results it can be argued that proportional scaling of the system may be the 

most critical component of a high-throughput screening platform, whereby all of the physical 

parameters of the screening system must have rigid proportional adherence to those larger scale 

systems at which the microorganisms are expected to perform. Aside from custom 

manufacturing of cultivation systems and equipment, this is very difficult, if not impossible, to 

achieve using the commercially mass produced microtiter plates available to the microalgal 

research community. In many cases tissue culture plates simply do not provide the conditions at 
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which microalgae are known to perform best, which are typically gently agitated/mixed aqueous 

environments with CO2 gas sparging and high surface to volume ratios for optimum light 

penetration. Therefore, using the growth performance of microalgae in microtiter plates is not 

likely to be a useful tool to predict the performance of microalgal strains at commercially 

relevant scales, unless it can be shown through validation studies that performance does indeed 

scale for a particular strain such as may be the case for strain 31-d2 having a 0% change in the 

rank score (Table 4.1). Furthermore, even though this study was limited to testing only the 

growth performance, other aspects of cell physiology and metabolism such as lipid accumulation 

should also be similarly affected. Lastly, the non-linear nature of spectrophotometer 

measurements of undiluted culture may render the use of microtiter cultivation systems of 

limited value as accurate serial dilutions for OD measurements on such small volumes are 

technically challenging achieve and introduce more opportunity for culture contamination. 

Instead, gravimetric approaches applied to harvested biomass cultivated on a larger scale are 

likely to be more practical methods to measure culture growth and will also provide more 

reliable results.
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CHAPTER 5 

DEVELOPMENT OF A HIGH-THROUGHPUT PHOTOBIOREACTOR FOR 

GRAVIMETRIC ANALYSIS OF ALGAL BIOMASS 

5.1. Introduction 

The results of the microscale growth validation test presented in chapter 4 indicated the 

need to develop a new screening platform for a high-throughput growth assessment of the 

majority of strains in the collection. In order predict the growth of microalgal strains at 

commercially relevant scales, the screening platform must provide for proportional scaling of the 

conditions at which microalgae are known to perform best and provide sufficient biomass for 

gravimetric analysis, which is a more practical and more reliable quantitative assessment of 

biomass than can be performed using spectrophotometric based methods. To achieve this, efforts 

focused on designing and building a bench-scale high-throughput photobioreactor (HTPBR) 

capable of standardized cultivation of up to 50 microalgal strains in parallel, providing 150mL of 

culture volume, normalizing temperature and light levels, and utilizing gas sparging for mixing 

of cultures and CO2 delivery (Figure 5.1).  A discussion the design configurations of the HTPBR, 

the methods used to test the system, and a discussion of the results follows.  

5.2. Materials and Methods 

5.2.1. Bioreactor and Enclosure 

The bioreactor was enclosed in a 4’ × 4’ × 8’ Mylar lined canvas grow-tent (Secret Jardin 

Dark Room Pro DR150 II) for full light-dark cycle control and was designed to use 50 

removable, reusable, and sterile phototroph cultivation units with a gas sparging manifold 

designed for normalized mixing of all cultures and CO2 delivery. The interior custom-made load-

bearing structure was constructed using T-slot framing (80/20 Inc.) to accommodate all   
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Figure 5.1 Images of the high-throughput photobioreactor designed and built for screening 

up to 50 strains in parallel. Top left: image of the closed bioreactor chamber housing the cultures 

with horizontal light ballasts and reflectors visible behind the front air circulation fan. Bottom 

left: image inside of the open reactor chamber showing the front 25 cultures. Right: image 

looking into the reactor chamber from the side with the gas delivery lines above the cultures and 

the overflow vials in between the front (left) and back (right) culture rows. 

equipment and controls. 

5.2.2.  Light Conditions and Controls 

The growth chamber is subjected to illumination of up to 500 µmole PAR m-2s-1 from ten 

4’ long high-output (HO) T5 fluorescent lights with reflectors on a cumulative 16:8 hour light-

dark diel cycle that increases and decreases in intensity throughout the illumination photoperiod 

by progressing through 5 separate, overlapping timed illumination intervals, designed to mimic 

natural daily variations in light intensity caused by the rising to setting of the sun. A LI-COR 

data logger light meter with a quantum sensor was used to measure the PAR throughout the 

experiments at 15 minute intervals, averaging 5 read values in each interval. 
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5.2.3.  Temperature Conditions and Controls 

The temperature was controlled using an air cooling unit (Sunleaves Portable Dual-Hose 

Air Conditioner) inside the reactor tent, set to maintain the ambient tent temperature at 20°C, 

along with several mounted fans to assist with air circulation and facilitate heat transfer from 

within the reactor chamber to the actively cooled air inside the tent. Temperature in the reactor 

chamber was recorded using a Hobo temperature data logger with a temperature probe set to 

record the temperature at ten minute intervals throughout the experiments. 

5.2.4.  Gas Delivery, Culture Units and Sparging Conditions 

Two mass flow meters (Smart Trak-2 Series 100, Sierra Instruments) in addition to 

metering valves are used to precisely mix and regulate the flow of 5% CO2 with air (v/v) 

delivery to each 160mL round bottom test tube (160 mL KIMAX threaded culture vials with 

hole caps and 35mm Silicone/PFTE lined Septa). All culture tubes are connected to 60mL 

reuseable, sterile overflow accelerated solvent extraction (ASE) vials (Thermo Scientific) with 

sterilized tubing to capture any excessive bio-foam events generated during the growth phase. 

Each 160mL culture vial is approximately 35mm in diameter and 250mm in height, sealed with 

septa and screw cap to maintain sterility. Tubes are suspended vertically using c-clamps on a 

support structure inside the bioreactor chamber.  The septa are pierced with 1mL glass pipets for 

sparging (KIMEX disposable glass pipets) and mixing of the culture with air and CO2, and 

pierced with a purge needle (12 ga) to vent the head space gas and direct any biofoam into the 

into the overflow vial. Gas feed-lines for each culture are fitted with an inline 0.2 micron in-line 

air filter (Whatman 13mm syringe filters) to prevent contamination from the gas sources. The 

cultivation units, including all the detachable tubing (Platinum cured silicone tubing, Cole-

Parmer), purge needles, overflow vials and in-line filters are pre-assembled and autoclaved 
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together prior to each use and then filled with sterile media and inoculated in a sterile biological 

safety cabinet.  

The flow rate was adjusted for each culture unit with the corresponding gas feed line 

using 50 metering valves, one placed before each culture. These were calibrated using a mass 

flow meter set fully open, functioning as a flow gauge, to determine the number of turns to allow 

200 mL•min-1 of air to flow through each individual valve at 40 psig (within the optimal working 

pressure range for the mass flow meters). It was necessary to fine-tune the valves in an iterative 

process using a standard rotameter placed at the valve outlet to normalize the flow between all 50 

valves based on the float position in the rotameter. The optimal gas flow rate for culture mixing 

using the single-orifice sparge tubes (1 mL glass pipets) was found to be a cumulative 10 L•min-1 

for the entire system, or 200 mL•min-1 for each culture.  

The first 2 runs were sparged with 100% air for 7 initial days, then with 5% CO2 for the 

remaining 7 days when the cultures were harvested. The time delay was necessary to allow 

enough biomass to grow to act as a biological buffer to counter the pH drop of the media from 

sparging with 5% CO2. The last run was inoculated in replete media and after 7 days, the cultures 

were resuspended in deplete media and run for an additional 7 days before harvest. This run was 

sparged with 100% air for only 3 days and then with 5% CO2 for the next 11 days until harvest. 

Precise gas mixing was achieved by setting the cumulative air mass flow rate to 9.5 L•min-1 and 

the cumulative CO2 mass flow rate to 0.5 L•min-1. This sparge rate with dry gas caused 

significant evaporation of water in the culture tubes, where the liquid level within each culture 

tube decreased at a rate of approximately 25 mL per day. To counteract this effect, de-ionized 

and filter-sterilized water was introduced to each culture every two to three days. The water was 

added through a side tube port (normally plugged) which was attached to the top of each culture 
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tube individually, using a pressurized water-delivery system (35psig) and passing through two 

0.45 µm filters (Whatman 13mm syringe filters). 

5.2.5.  Biomass Inoculation and Harvesting 

All cultures were obtained from maintenance cultures whereby 100 µL of each stationary 

phase culture was inoculated into 150 mL of media and cultivated for 14 full days. For 

harvesting, the culture tubes were removed from the reactor and then moved into a sterile hood. 

Each culture was then individually homogenized by light shaking and when clumping was 

observed, vigorous mixing with a sterile inoculation loop attached to a rotary motor. The 150 mL 

cultures were divided into three aliquots for dry weight (DW), FAME, and for microscopy 

analysis. The FAME sub-sample was a 100mL aliquot and dewatered by centrifugation, followed 

by lyophilization of the cell pellet. The biomass was centrifuged at 3500 × g for the replete runs 

and 5000 × g for the deplete runs, each for 10 minutes or until culture was forced to pelletize and 

the supernatant was aspirated, except for a 15mL aliquot kept for future analysis of excretion 

products. Less than 1 mL was taken for microscopic analysis and the DW aliquot was the 

remainder ~ 45mL to 50 mL of culture.  

5.2.6.  Determination of Dry Weight 

To determine the dry weight of each strain, 10 mL of each culture was vacuum filtered in 

triplicate using glass fiber filters (Whatman), washed to remove salts, dried in an oven, and then 

weighed. Glass micro-fiber filters were dried overnight in a 105°F oven and cooled in vacuum 

desiccators and then pre-weighed and labeled in aluminum trays before being used for filtration. 

To remove excess salts on the algae, the samples were rinsed with ammonium formate solutions 

isotonic to the growth medium. To avoid lysing the cells on the filters, the vacuum was initially 

set at a reduced level (~100 mm Hg) for each strain to prevent lysis. When necessary, the 
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vacuum was increased (~ 500 mm Hg) if more suction was needed. After all samples were 

filtered, the filters were again placed in a 105 °F oven overnight to remove the excess water and 

volatilize the ammonium formate. The next day the dried filters with biomass were cooled in a 

vacuum desiccator and weighed. 

5.2.7.  Microscopy 

All microscopy was performed using Nikon E600 microscope with Plan optics for phase 

contrast and images were acquired using a Nikon DS-Fi1 high-definition color CCD microscope 

camera. All images scale bars are 10 microns. 

5.2.8.  GC-FID Analysis of Biomass 

The GC-FID FAME analysis was carried out using an in-situ acid catalyzed trans-

esterification of algal lipids into fatty acid methyl esters (FAMEs) using a 2:1 

chloroform:methanol solution and a HCl:methanol solution as an acid catalyst, followed by GC-

FID of the extracted FAMEs for lipid fingerprinting according to the methods reported by 

Laurens and Wolfrum (Laurens and Wolfrum 2011).  

5.3.  Results and Discussion 

5.3.1. Selection of Experimental Conditions 

The HTPBR was ultimately designed for ridged control of experimental variables that 

directly affect biomass production rates. With these controls in place, it was then possible to 

isolate and change those variables deemed most relevant to biofuel production and test the 

effects of these changes on the growth rates and lipid productivity of up to 50 strains in parallel. 

More specifically, biomass production is most likely to be affected by variations in PAR levels, 

flow rates for gas sparging and mixing rates, blends of CO2 and air, media compositions, and 
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temperature. Moreover, these variables are believed to encompass some of the most important 

conditions to optimize for commercial production of algal biomass.  

For the initial conditions it was decided to maximize PAR levels at 500 µmole PAR m-2s-

1 with daily fluctuations rising and falling to mimic a natural diel cycle since commercial 

production systems are likely to favor the most cost-effective photon supply which would be 

natural sunlight. This decision was seen as a compromise to using either natural sunlight, which 

is impossible to control as a variable, or using full, non-variable exposure to high-output artificial 

lighting, which in turn is not representative of the natural fluctuations of the daily and seasonal 

photoperiods. The maximum PAR output for the system at the mid-day photoperiod (1 - 3p.m.) 

was measured up to 500 µmole PAR m-2s-1 but averaged at 310 for the duration of the 

experiments (Table C.1, Figure C.1). The actual output may have been greater than what was 

detected with the sensor due to shading by the culture tubes and the incident angle of the 

different light tubes on the sensor surface. 

For gas sparging and mixing, the maximum flow rate of 200 mL/min of air or 200 

mL/min of an air:CO2 blend was decided upon based on initial flow experiments using the 

equipment comprising the HTPBR and the design specifications of the mass flow meters. The 

mass flow meters were capable of a maximum flow rate of 10 L/min but since there were 50 

cultures units, a basic mass balance indicates that the theoretical maximum flow rate for any 

given culture would be 200 mL/min of any gas mixture minus any minor and local 

thermodynamic losses largely from friction and pipe system parameters between the mass flow 

meter exit and the sparge orifices. Upon initial testing of the system with this maximum flow rate 

it was deemed likely to provide a moderate to aggressive mixing regime that most cultures could 

be expected to tolerate and, thus, a good initial flow rate to begin biological experimentation. A 



 

108 

blend of 5% CO2 in air was used as the initial sparging gas mixture as this is a commonly 

reported value that algae are known to tolerate. 

For the HTPBR temperature control system, a standard consumer cooling unit was employed to 

counteract the rise in temperature inside the enclosure due to the heat output from the ten HO T5 

20 Watt lights and ballasts. A temperature of 20 °C was thought to be ideal to maintain for 

experimentation purposes. However, due to the combined effects of the heat escaping from the 

adjacent greenhouse next to the laboratory cultivation room, the heat generated from the high-

output lamps, and the heat generated from the short section of exposed heat-rejection air ducting 

for the air cooling unit in the tent, the air temperature fluctuated daily between 20ºC to 35ºC 

inside the reactor chamber throughout the experiments in a given photoperiod ( 

Figure C.2). The system temperature could be much better controlled using an insulated 

enclosure and a custom cooling system but this was far beyond the resource capabilities of this 

study. 

5.3.2.  Strain Selection for HTPBR Experiments 

The reactor was run for the first time on June 16th with 50 strains from the C2B2 culture 

collection (Table C.2) chosen somewhat randomly, mostly based on the apparent culture 

densities achieved in maintenance cultures of the culture collection. From those high-density 

cultures, strains were selected with unique morphological characteristics to obtain a high 

diversity of species to begin experimentation. The strains tested for the first run were a 

combination of 40 freshwater and 10 brine strains grown in N-replete (10 mM-N) mBBM or 

mMLM medium respectively (Table A.2) without any vitamins added. It was decided that strains 

requiring vitamins were undesirable from a biofuels perspective so vitamins were removed from 

all media to isolate those strains that did not require them. The second run began on July 1st with 



 

109 

an additional 50 strains (Table C.3), focusing on Freshwater strains only since it was found 

during the first run that salt plugs formed rapidly in the brine media sparge tubes, frequently 

preventing gas delivery. These plugs were troublesome and had to be removed almost daily by 

swapping out the sparge pipets with new ones. Because of this, it was decided to focus on 

freshwater strains for the remaining runs. It is likely that high-salt containing media can be used 

in the reactor if an air stone is deployed for sparging to prevent salt precipitates from completely 

blocking air flow, but this was not tested. A third run began on July 18th, consisting of the top 50 

freshwater strains (Table C.4) from the first two runs, intending to investigate the effects of N-

depletion after one week of growth in N-replete medium but this biomass was analyzed for DW 

only, with no FAME analysis performed on the harvested biomass due to resource limitations. 

5.3.3.  Observations of Strain Performance in HTPBR Experiments 

Of the 100 strains tested, a total of 80 strains successfully grew in the HTPBR without 

supplied vitamins and the other 20 strains either did not appear to grow at all, or produced too 

little biomass to analyze. It is not clear whether the lack of vitamins was the reason for the poor 

performance of these strains or whether it was caused by some other environmental or biological 

factor. This could be addressed by duplicating the experiment with vitamin-replete media but this 

was not performed for this study.  

It was observed during the experiments that none of the diatom species tested grew as 

well as expected based on past performance in shake flasks. This may be due to the benthic 

tendencies of many diatoms which grow best attached to environmental substrates and/or each 

other in bioflocs. It is likely the moderate to aggressive gas sparging mixing regime chosen for 

the cultures may be inhibiting growth by preventing bio flocculation. It is also possible that the 

5% CO2 blend caused the pH to drop too low and prevented bioflocculation as higher pH is 
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known to cause flocculation of algae; however, the pH of the cultures was not monitored for 

these experiments due to resource limitations. Indeed, several of the 20 strains that grew poorly 

and were not diatoms appeared to grow sufficiently for the first week when sparging with air 

only, but seemed to stop growing when sparging with CO2 began. These strains may not be able 

to tolerate a drop in pH as well as others. Without question, metadata collected on the chemical 

composition of the media during the experiments would be invaluable to understand such 

phenomena in future studies but obtaining this data would be very expensive and/or difficult to 

monitor for 50 strains in parallel. 

5.3.4.  Contamination Status of the Cultures. 

The microscopy was performed on all harvested cultures from the first two runs of 100 

strains to visually verify the contamination status of the cultures (Figure C.3, Figure C.4, Figure 

C.5, Figure C.6, Figure C.7, Figure C.8, Figure C.9 and Figure C.10). A total of six cultures were 

noticeably contaminated (14-D3, 14-D7, 69k-A11, 63a-D10, 33-E9 and 9-C8) and an effort was 

made to verify if the seed culture from the culture collection was cross-contaminated prior to 

inoculation or if the culture became contaminated during the reactor run. It was found that all six 

of the maintenance cultures were contaminated so cross contamination during the reactor run 

was deemed unlikely. 

5.3.5. Dry Weight Analysis of Biomass. 

For the gravimetric analyses of algal biomass, vacuum filtration of a 10 mL aliquot of 

culture was performed and the DW of each culture determined (Figure 5.2, Table C.5 and Table 

C.6). Filtration notes were taken for this process as some harvested cultures took over an hour or 

more to filter, significantly slowing the DW analysis process due to the number of cultures to 

filter. This is important to consider as efficient dewatering of biomass is fundamental to   
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Figure 5.2 Graph depicting FAME (%DW) versus DW (g/L) of the 80 harvested strains in 

the first two nutrient replete runs, where ~ >15% FAME or ~> 0.56 g/L DW strains are identified 

by label call outs with red indicating the best growth, orange the best FAME and blue moderate 

for both. 

successful biofuels production. Specifically, strains 33-H7, 13-D2, 18-F8, 31-C7, 18-A1, 31-A4, 

14-G3, 31-A6, 6-D6 and 14-H5 were very slow. Interestingly, one of the densest cultures (69k-

A11, Dunaliella sp.) was also one of the fastest cultures to filter. From this, culture density can’t 

be expected to predict relative filtration rates but it may be a contributing factor for certain 
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strains. It is likely that a slow filtration rate is correlated to the production of extracellular 

polysaccharides that may effectivly create a water barrier on the filter when cells aggregate on 

the surface that inhibits water migration into the filter pores. In particular, strain 13-D2 took an 

extremely long time to filter, especially after the deplete run. The harvested culture demonstrated 

an unusually high viscosity, possibly due to an unusual quantity of extracellular polysaccharides 

being produced by this strain compared to others, essentially preventing vacuum filtration. 

Stressing cultures by N-depletion may lead to increasing the filtration time of harvested cultures 

due to changes in cell wall structure and organization caused by changes in cellular metabolism. 

Another important observation to note from the filtration process was of two particular strains 

from the stressed run: 60a-A8 and 58a-G11. Although the vacuum used for filtration was initially 

set very low to prevent lysing of the cells, the color of the filtrate from these two strains 

indicated some chlorophyll present suggesting that the cells being filtered had been partially 

lysed. This may indicate that the dry weights measured from those strains is not quite accurate. 

Moreover, it is an indication that these strains cell walls had become very weak when stressed in 

N-deplete media. Overall, as depicted in Figure 5.2, the strains that out performed all others in 

terms of biomass production were 56a-C10, 8-F5 and 6-D6 in the N-replete runs. For the N-

deplete runs the top strains were again 56a-C10 and 6-D6 but 61a-B11 made the top three instead 

of 8-F5. The reason for the change of top biomass producers in the two runs may be related to 

the switch to N-limited conditions after the first week of growth but more likely it is because 

none of the 3rd run inoculate was normalized for cell number. This occurred because the main 

objective of the third run was to obtain as much biomass as possible after one week of growth so 

that there would be enough to analyze by GC-FID so as large of inoculum as possible was used 

to start the 3rd run cultures. However, this never occurred due to time and resource constraints. 
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These strains should certainly be included in any further studies as the biomass production rate 

may be the most important factor to consider for biofuels. Moreover, is the biomass from these 

strains may contain other metabolites of value that can be harvested for bioenergy production.  

5.3.6.  GC-FID Analysis of Biomass 

For the GC-FID analysis, a trans-esterification reaction is performed on extracted algal 

lipids using chloroform to break down algal cells and HCl to catalyze the reaction. The result is 

the replacement of the ester bond between the fatty acids and the glycerol backbone by another 

ester bond between the fatty acid and a methyl group, forming FAMEs and glycerol. The 

FAMEs are then extracted using hexane, as the FAMEs will transfer to a hexane phase. The 

FAMEs are volitalizable and are thus able to be analyzed by gas chromatography and measured. 

The amount of FAMEs present is determined using a pre-measured C13 spike in each sample as 

an internal standard. The FAME mass is then compared to the mass of each sample that the 

corresponding FAMES were extracted from. The measurement of the FAME content is 

expressed as a percentage of the total dry weight, representing the total neutral lipid content of 

the algal biomass.  The FAME content was determined and compared to the DW for the first two 

replete runs and is presented in Figure 5.2 but was not determined for the third nitrogen-deplete 

run due to resource limitations. It should be noted that some error is expected in the FAME 

values because the dry weight measurements were taken after a washing to remove salts, the 

FAME data was collected from cells that were not washed to remove salts. Any salts present do 

not interfere with the FAME reaction or GC procedures but will introduce some amount of error 

in the weighing process, especially for the hyper saline strains grown in mMLM in the first run. 

For these strains, the FAME content is expected to be somewhat higher than the values given 

here, but the relative rankings between strains in this experiment are not expected to be affected. 
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Figure 5.2 highlights and identifies the strains that either produced very high levels FAMEs or 

had very high relative biomass accumulations. As is apparent there are also strains that display 

moderate levels of both biomass and FAME (strains 46-B4 and 9-B3 for example) but nothing 

that indicates an outlier in both. Considering the data set, some promising strains are certainly 

worth investigating further such as 23-A7 and 53a-c2. These had rather poor growth but very 

high FAME levels and it may be desirable to investigate optimal cultivation conditions for these 

strains and determine if the FAME production remains as high if the growth rates can be 

improved.  

5.4.  Conclusions 

From these results several strains are clearly able to out-perform others in terms of lipids 

which are 23-A7 and 53a-C2 but these regrettably were some of the poorest biomass producers. 

Conversely, the top performers by DW were 8-f5, 53c-A10, and 6-d6 for the replete runs but 

these were regrettably very low lipid accumulators. For the deplete run, the highest FAME 

production has yet to be determined from the harvested biomass. Given more time and resources 

this should be pursued to continue characterizing these strains and further optimizing this 

screening effort. More robust evidence could be gathered to confirm or disprove that these or 

other strains, are the most productive strains in the collection. To obtain indisputable evidence 

that any of the strains identified are indeed the best biomass producers in the collection and to 

verify their FAME contents, the experiment would need to be repeated in N-replete and N-

deplete conditions with all inoculum normalized for cell number either using OD calibrated to 

hemacytometer counts or using fluorescent activated cell sorting to inoculate each culture with 

the same number of cells. However, even though FACS is designed to be a high-throughput 

instrument for analyzing and/or sorting vast numbers of individual cells within a culture with 
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high precision and accuracy, the process becomes much less high-throughput when comparing 

between cultures due to the time it takes to manually switch between one culture and another on 

the instrument. Thus, using FACS may be challenging to implement as a tool for normalizing 

inoculum for 50 separate cultures unless an auto-sampler is coupled to the FACS instrument to 

facilitate this process. Regardless of the methods, more work is required as the identification of 

the most productive microalgal strains in the collection is still disputable.  Regardless, much 

insight has been garnered into the development of high-throughput gravimetric methods to 

screen a microalgal culture collection for biofuel characteristics that can be used directly to 

implement better screening strategies in future studies. 
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

The development of microalgae into a feedstock for the production of biofuels is a 

promising renewable energy scenario that many believe capable of providing a substantial 

fraction of our transportation energy needs. However, viable commercial development of this 

technology will ultimately require the use of algal strains that have much higher and consistent 

production of chemical intermediates than any species described to date. Many efforts are 

currently focused on genetically optimizing metabolic pathways to increase lipid productivities 

in well-studied organisms, which are laborious and time consuming tasks. However, the 

difficulty could be lessened by taking advantage of natural selection and identifying native 

strains of microalgae that already possess the metabolic traits necessary for commercial 

feedstock development. To date, the diversity of microalgae has been relatively unexplored 

despite the potential utility that these organisms have and targeted bioprospecting efforts are 

likely to uncover valuable metabolic strategies that can be leveraged for commercial biofuel 

development. 

The goal of the studies described in this dissertation have been to (a) establish protocols 

using contemporary techniques to rapidly generate a collection of distinct microalgae from 

diverse water chemistries, (b) establish a limited number of media types that have low cost inputs 

and that support the robust growth of several algal species, (c) qualitatively identify promising 

species capable of fast growth rates and/or that contain abundant intracellular lipid stores using 

high-throughput methods, and (d) identify a successful cryopreservation technique for long-term 

culture maintenance.  
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The first phase of this project resulted in the successful establishment of a bio-energy 

focused microalgal culture collection by identifying promising growth media, isolating hundreds 

of unique microalgal strains from chemically diverse environments, implementing a successful 

cryopreservation strategy, and creating a database to catalogue the metadata acquired for each 

strain. Overall, the bioprospecting and screening effort was extremely successful and the 

diversity of species now present within the collection is an invaluable resource that can be 

interrogated well into the future for a variety of desired biofuels related phenotypes. The 

collection of algae generated in this study yielded organisms from aquatic environments ranging 

from freshwater to hypersaline, with a variety of water pH values and carbonate levels, as well as 

a broad geographic distribution. The scientific data management system built around this 

collection links all experimental metadata to facilitate future data analysis and rapid retrieval of 

relevant strain information. This metadata is intended to be used to predict which environments 

and water chemistries are likely to harbor fast growing, oleaginous algae and to use this 

information to guide a more targeted approach for future bioprospecting efforts directed towards 

the discovery of the most productive biofuel feedstock strains. Subsequent research will quantify 

the bioenergy production potential of strains in the collection and attempt to make correlations 

between water chemistries and phenotypes, as well as phylogenetic connections to these 

phenotypes. In completing this work, several algal species were qualitatively identified that stood 

out as being capable of robust growth and/or accumulated significant reduced hydrocarbon 

storage bodies, and even a few that may possess the ability to excrete these compounds into the 

surrounding medium. Although a first step in characterization, promising strains from a 

bioenergy perspective were readily identified and these isolates are a focus for intensive 

continued research efforts.  
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The second phase of this project involved the detailed characterization of hundreds of 

strains in the culture collection using high-throughput methodologies. The first attempt utilized a 

high-throughput spectrophotometric microscale growth assay to rapidly identify the fastest 

growing strains in the culture collection. A procedure was developed employing a serial transfer 

robot to transfer and inoculate 245 strains of the culture collection into 96-well microtiter plates 

for cultivation. The culture growth was monitored daily for two weeks using a spectrophotometer 

plate reader to track changes in the OD of all 245 cultures over a two week period.  After 

normalizing the data sets by calculating the geometric mean, the microscale performance of each 

strain could be assigned a rank score equivalent to the geometric mean and directly compared on 

a liner scale. From the list of scores, 30 representative strains were scaled up to shake flask 

cultures to assess the ability of the microscale assay to predict the growth performance of the 

strains at larger, more commercially relevant scales. On analysis and interpretation of the data 

sets, the results indicated a lack of correlation between the microscale and bench scale growth 

performance for at least half of the strains tested. This suggests that either the inability to 

normalize the inoculum using a serial transfer robot or the non-linear nature of 

spectrophotometer measurements of undiluted culture may render the use of the described high-

throughput microtiter growth assay of limited value to identify promising strains in the culture 

collection. Instead, gravimetric approaches applied to harvested biomass cultivated on a larger 

scale are likely to be more practical methods to measure culture growth and will also provide 

more reliable results. 

The second attempt to screen the collection and identify promising strains involved the 

design and development of a high-throughput photobioreactor to generate sufficient biomass to 

perform a gravimetric analysis for up to 50 strains in parallel. The HTPBR was ultimately 
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designed for ridged control of experimental variables that directly affect biomass production 

rates such as variations in PAR levels, flow rates for gas sparging and mixing rates, blends of 

CO2 and air, media compositions, and temperature. With these controls in place, it was possible 

to isolate and change those variables deemed most relevant to biofuel production and test the 

effects of these changes on the growth rates and lipid productivity of up to 50 strains in parallel. 

The HTPBR was run twice for two weeks each run, inoculated with 100 unique microalgal 

strains using N-replete media without vitamins. The biomass was then harvested for gravimetric 

analysis of DW and non-polar lipid production. Several strains were identified as either having 

rapid growth and/or lipid accumulations. The top 50 strains were selected for a third, N-deplete 

run but, unfortunately, was not completed. The strains with the highest biomass production and 

lipid accumulations are a focus for future research efforts.  This phase of work has not only 

identified promising isolates to further characterize but has also garnered much insight into the 

development of high-throughput methods to screen a microalgal culture collection for biofuel 

characteristics that can be used directly to implement better screening strategies in future studies. 

In conclusion, this research effort has led to the successful establishment of a bioenergy 

focused microalgal culture collection and led to the successful investigation and development of 

high-throughput characterization tools to assess hundreds of strains in parallel for biomass 

production and lipid productivity. Moreover, these studies have resulted in the identification of 

several promising strains for further characterization. Future efforts should focus on performing 

more detailed biochemical, genetic, and additional scaled up growth experiments to assess the 

potential under more relevant to commercial conditions. These studies will build upon on the 

initial investment in this project by providing valuable insights into the potential use of native 
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algae isolated from the US Southwest for bioenergy production and will be invaluable for 

guiding future microalgal bioprospecting and culturing strategies.  
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APPENDIX A 

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 3 

Table A.1 List of all 70 sample sites including state, general locations and descriptions, GPS 

coordinates, and water quality measurements of conductivity and pH. 

Water 

Sample 
State 

General 

Location 
Description GPS Location 

Conductivity 

[mS/cm] 
pH 

1 CO Golden Clear Creek 
N39 45.266 

W105 13.584 
0.47 8.05 

2 CO Golden 
Clear Creek 

Tributary 

N39 45.533 

W105 13.238 
1.055 8.1 

3 CO Golden 
Clear Creek 

Tributary 

N39 45.586 

W105 13.304 
1.372 8.1 

4 CO Golden Clear Creek 
N39 45.417 

W105 13.327 
0.436 8.17 

5 CO Arvada 
Hyatt Lake 

Stream a 

N39 48.369 

W105 10.174 
3.2 7.8 

6 CO Golden CSM Drainage Ditch 
N39 44.984 

W105 13.332 
1.705 8.2 

7 CO Golden Bog by Broad Lake 
N39 48.501 

W105 10.201 
0.648 7.4 

8 CO Golden Water Canal 
N39 48.394 

W105 10.178 
0.418 7.87 

9 CO Golden 
Chimney Gulch 

Stream 

N39 44.555 

W105 14.071 
1.527 7.9 

10 CO Arvada 
Intermittent Stream to 

Hyatt Lake 

N39 48.367 

W105 10.175 
1.87 7.87 

11 CO Arvada Broad Lake 
N39 48.502 

W105 10.201 
1.164 8.11 

12 CO Arvada Water Canal 
N39 48.394 

W105 10.178 
0.312 7.87 

13 CO Golden Clear Creek 
N39 45.273 

W105 13.592 
0.303 8.05 

14 CO Arvada Broad Lake Bog 
N39 48.503 

W105 10.201 
0.836 9.28 

15 CO Arvada Broad Lake 
N39 48.511 

W105 10.208 
0.967 8.11 

16 CO Golden 
Clear Creek  

Tributary 

N39 45.552 

W105 13.260 
0.907 8.1 

17 CO 
Summit 

County 

Blue River  

Pond 

N39 27.541 

W106 02.249 
0.118 8.74 
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Water 

Sample 
State 

General 

Location 
Description GPS Location 

Conductivity 

[mS/cm] 
pH 

18 CO 
Summit 

County 
Revette Pond-a 

N39 31.965 

W106 01.726 
0.091 7.2 

19 CO 
Summit 

County 
Lake Dillon Spillway 

N39 47.442 

W106 03.963 
0.34 7.86 

20 CO 
Summit 

County 
Revett Pond-b 

N39 31.949 

W106 01.691 
0.17 7.43 

21 CO 
Summit 

County 

Tiger Run Dredge 

Pond 

N39 32.465 

W106 02.156 
0.159 8.59 

22 CO 
Summit 

County 
Lake Dillon, Frisco 

N39 34.648 

W106 05.436 
0.645 7.83 

23 CO 
Clear Creek 

County 

Idaho Springs, Hot 

Spring 

N39 44.327 

W105 30.786 
2.2 7.95 

24 CO 
Summit 

County 
Keystone Pond 

N39 36.355 

W105 58.326 
0.569 8.47 

25 CO 
Summit 

County 
Tiger Run Pond-b 

N39 31.877 

W106 00.330 
0.119 8.46 

26 NV 
Great Salt 

Lake 
Spiral Jetty Tow 

N41 26.095 

W112 39.959 
632 7.28 

27 NV 
Great Salt 

Lake 

Farmington Antelope 

Is. Marina 

N41 03.455 

W112 14.882 
14.52 7.96 

28 NV 
Great Salt 

Lake 

W189 Antelope Is. 

Marina 

N41 02.501 

W112 16.381 
48.8 7.96 

29 NV 
Great Salt 

Lake 
WSW187 

N41 41.932 

W112 50.529 
30.2 7.89 

30 CO 
Western 

Slope 
Gypsum Ponds 

N39 39.117 

W106 56.243 
0.216 6.99 

31 CO 
Western 

Slope 
Eagle River 

N39 39.116 

W106 56.250 
0.0965 7.06 

32 CO 
Western 

Slope 
Highline Lake 

N39 16.335 

W108 50.118 
0.872 6.99 

33 CO 
Western 

Slope 

Colorado River,  

Fruita 

N39 10.424 

W108 48.489 
0.201 7.98 

34 NM Roswell Bitter Lakes 
N33 27.614 

W104 24.081 
6.83 8.03 

35 NM Roswell Bottomless Lakes 
N33 20.198 

W104 19.980 
55.2 7.7 

36 NM Carlsbad Salt Lake #1 
N32 20.286 

W103 58.514 
625 7.14 

37 NM Lordsberg Lordsberg Plyas 
N32 16.522 

W108 52.746 
0.968 8.46 

38 AZ Nogales Patagonia Lake 
N31 29.760 

W110 51.214 
0.571 8.4 
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Water 

Sample 
State 

General 

Location 
Description GPS Location 

Conductivity 

[mS/cm] 
pH 

40 AZ Phoenix Saguaro Lake 
N33 34.586 

W111 32.099 
1.295 8.2 

41 AZ Peyson 
Little Green Valley 

Stream 

N34 16.758 

W111 08.221 
0.1408 8.15 

42 AZ Heber Woods Canyon Lake 
N34 20.042 

W110 56.673 
0.0272 8.39 

43 AZ Holbrook Porter Tank Draw 
N34 51.167 

W110 10.326 
1.533 7.4 

44 NM Santa Fe Cochitti Lake 
N35 37.936 

W106 19.427 
0.296 8.04 

45 NM Angel Fire Eagles Nest Lake 
N36 30.503 

W105 16.312 
0.371 7.78 

46 CO Fort Collins 
New Belgium Brewery 

Waste Water 

N40 35.370 

W105 03.439 
3.96 8.35 

47 CO Golden 
Golden Wetland 

Mitigation Site 

N39 44.036 

W105 12.935 
1.22 7.91 

48 UT Provo Utah Lake 
N40 14.228 

W111 44.449 
1.12 8.37 

49 UT Salt Lake City GSL State Park Pond 
N40 43.985 

W112 12.457 
11.41 9.48 

50 UT Salt Lake City 
GSL State Park  

Marina 

N40 44.191 

W112 12.691 
330 8.17 

51 UT Wendover 

Newfoundland 

Evaporation Basin 

Canal 

N40 44.232 

W113 56.760 
227 7.88 

52 UT Wendover 

Newfoundland 

Evaporation Basin 

Lake 

N40 42.432 

W113 53.709 
673 7.44 

53 NV Fallon Humboldt Slough 
N39 49.989 

W118 46.432 
14.13 8.71 

54 NV Fallon Soda Lake Drain 
N39 31.269 

W118 46.252 
1.48 9.83 

55 NV Fallon Big Soda Lake 
N39 31.579 

W118 53.208 
36.9 9.45 

56 NV Fallon Little Soda Lake 
N39 30.978 

W118 52.919 
16.9 8.98 

57 NV Fallon Stillwater Marsh 
N39 37.226 

W118 25.415 
6.56 8.7 

58 NV Fallon Carson Sink 
N39 18.887 

W118 42.943 
1.18 8.81 

59 NV Nixon Pyramid Lake 
N39 50.675 

W119 26.419 
3.33 9.18 
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Water 

Sample 
State 

General 

Location 
Description GPS Location 

Conductivity 

[mS/cm] 
pH 

60 NV Artesia Nevada Hot Springs 
N38 53.934 

W119 24.659 
0.52 8.55 

61 CA Tahoe Keys Lake Tahoe 
N38 56.485 

W120 00.075 
0.05 7.78 

62 NV Hawthorne Walker Lake 
N38 44.897 

W118 45.561 
27.9 9.46 

63 CA Lee Vining Mono Lake 
N37 58.716 

W119 07.314 
68 9.85 

64 CA 
Mammoth 

Lakes 
Lake Crowley 

N37 37.045 

W118 45.420 
0.68 8.87 

65 CA 
Mammoth 

Lakes 

Little Alkali Lake 

Hot Springs 

N37 39.847 

W118 47.329 
3.22 8.26 

66 CA 
Mammoth 

Lakes 
Big Alkali Lake 

N37 40.589 

W118 47.021 
3.24 9.88 

67 NV Beatty Death Valley 
N36 54.932 

W116 45.182 
0.56 9.01 

68 AZ Winslow 
Clear Creek  

Reservoir 

N34 58.123 

W110 38.680 
0.95 8.59 

69 NM Quemado Salt Lake #2 
N34 24.549 

W108 47.132 
660 7.59 

70 NM Negra Salt Lake #3 
N34 29.311 

W105 35.715 
582 7.15 

71 CA California Tule Lakes 
N41 54.150 

W121 23.370 
0.653 6.87 
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Table A.2 Chemical concentrations [g/L] of the macronutrients of the 11 growth media types used to cultivate algae. The media 

was normalized with respect to nitrogen at 10mM. 

Chemical mBBM mPLM mS2(10) mWLM mS2(25) mASP2 mS2(40) mDF/2 mS2(55) mS2(70) mMLM 

NaCl 0.02501 3.27100 1.51100 4.07500 8.07800 17.99952 12.96300 26.00000 20.58800 26.07500 26.30000 

KCl 0 0.24600 0.46600 0.43000 0.96500 0.60005 2.02800 0.70000 3.04400 3.67300 2.91000 

CaCl2∙2H20 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 0.02499 

Na2CO3 0 0.39200 0.23100 1.32200 0.87600 0 1.23400 0 1.49200 1.52700 25.44000 

NaHCO3 0 1.17600 1.20800 2.18400 2.31500 0 2.85500 0 3.23400 3.24500 15.12000 

Na2SO4 0 0.20700 2.67100 3.39200 5.87000 0 15.72000 0 23.30500 28.36000 14.20000 

NaH2PO4∙H2O 0 0 0 0 0 0 0 0.35560 0 0 0 

K2HPO4 0.11259 0 0 0 0 0.44881 0.35081 0 0 0 0.44881 

KH2PO4 0.26331 0.35081 0.35081 0.35081 0.35081 0 0.35081 0 0.35081 0.35081 0 

KNO3 0 0 1.01100 0 1.01100 0 1.01100 0 1.01100 1.01100 1.01080 

NaNO3 0.84998 0.85000 0 0.85000 0 0.84997 0 0.84998 0 0 0 

MgCl2∙6H2O 0 0.50800 1.95300 0 3.02600 0 3.92000 4.81684 4.36200 4.23000 0 

MgSO4∙7H2O 0.07493 0 0 0.79025 0 5.00334 0 6.68227 0 0 0.07167 

NaF 0 0.01100 0 0.00900 0 0 0 0 0 0 0 

NaBr 0 0 0 0 0 0 0 0.13994 0 0 0 

H3BO3 0.0114 0.0114 0.0114 0.0114 0.0114 0.0114 0.0114 0.0114 0.0114 0.0114 1.9206 
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Table A.3 Chemical concentrations [g/L] of the normalized trace metals and vitamins used 

for all media types.  

Chemical All Media 

FeCl3∙6H2O 8.6939E-04 

Na2 EDTA∙2H2O 3.0000E-02 

H3BO3 1.1439E-02 

ZnSO4∙7H2O 8.8278E-03 

MnCl2∙4H2O 1.4408E-03 

Na2MoO4∙2H2O 1.1926E-03 

CuSO4∙5H2O 1.5705E-03 

Co(NO3)2∙6H2O 4.8893E-04 

Na2SiO3∙9H20 1.0000E-01 

Cyanocobalamin (B12) 2.0054E-06 

Inositol 5.0084E-04 

Thiamine (B1) 4.4520E-05 

Nicotinic acid 9.9965E-06 

Biotin 9.9923E-08 

Folic acid 1.9995E-07 
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Figure A.1 Micrograph library part 1 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.2 Micrograph library part 2 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.3 Micrograph library part 3 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.4 Micrograph library part 4 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.5 Micrograph library part 5 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.6 Micrograph library part 6 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 



 

146 

 

Figure A.7 Micrograph library part 7 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.8 Micrograph library part 8 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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Figure A.9 Micrograph library part 9 of 9 of the culture collection in its entirety, separated 

into 9 figures for ease of viewing and identification purposes. Scale bars are 10 µm. 
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APPENDIX B 

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 4 

 

Figure B.1 Detailed depiction of the data generated using a BMG Omega plate reader system to measure OD at 750nm in a 96-

well plate. Numerical OD data averages of each well are on the left and the corresponding well-scan image generated by the raw data 

on the right. Data shown represents the last read during a 14 day microtiter growth experiment. 
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Figure B.2 Detailed depiction of the data points generated from a single well (well E7 in Figure B.1) by the well-scan feature of 

the plate reader. The well-scan matrix used for the microscale growth experiments consisted of 61 points distributed throughout a 2 

mm diameter circle in the center of each well. Each matrix point OD value is the average of 20 reads. The OD of 245 cultures grown 

in 96 well plates was measured every day for 14 days using this protocol. 

  



 

151

 

Figure B.3 High-throughput microtiter OD750 growth curves of the first 92 fresh water 

strains grown in mBBM in a 96 well microtiter plate for 14 days inside a humidified incubator 

with 90%RH, 65µEm-2, at 22°C on a 16:8 light dark cycle. Each plot contains the data points of 

a single row of 12 wells from one 96 well plate. Four wells were used as a blank control for 

calibration. 
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Figure B.4 High-throughput microtiter OD750 growth curves of the next 92 fresh water 

strains grown in mBBM in a 96 well microtiter plate for 14 days inside a humidified incubator 

with 90%RH, 65µEm-2, at 22°C on a 16:8 light dark cycle. Each plot contains the data points of 

a single row of 12 wells from one 96 well plate. Four wells were used as a blank control for 

calibration. 
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Figure B.5 High-throughput microtiter OD750 growth curves of the next 32 fresh water 

strains grown in mBBM in a 96 well microtiter plate for 14 days inside a humidified incubator 

with 90%RH, 65µEm-2, at 22°C on a 16:8 light dark cycle. Each plot contains the data points of 

a single row of 12 wells from one 96 well plate. Two rows in the fresh water plate 96-3 did not 

contain any strains so no growth trend is observed in these plots. Four wells were used as a blank 

control for calibration. 
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Figure B.6 High-throughput microtiter OD750 growth curves of the first 29 saline water 

strains grown with mASP2 (one with mS2(10)) in a 96 well microtiter plate for 14 days inside a 

humidified incubator with 90%RH, 65µEm-2, at 22°C on a 16:8 light dark cycle. Each plot 

contains the data points of a single row of 12 wells from one 96 well plate. Three rows in the 

saline plate 96-4 did not contain any strains so no growth trend is observed in these plots. Three 

wells were used as a blank control for calibration. 
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Figure B.7 Positive correlation between high/low growth ranking scores and OD growth 

curves. Detailed plot of one row of OD growth data from the high-throughput microscale growth 

experiment highlighting the corresponding geometric mean calculated for a fast growing and 

poorly growing strain.   
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Table B.1 Calculated geometric mean values from high-throughput microscale growth assay 

optical density data arranged from largest to smallest. Species fitness is expected to show a 

positive correlation with the calculated geometric mean, where largest values are indicative of 

the best overall growth performance in 96-well microtiter plates.   

Strain Geometric Mean Media 

C2B2-31-H8 0.988309845 mBBM 

C2B2-46a-B3 0.984051551 mBBM 

C2B2-31-D2 0.940757069 mBBM 

C2B2-8-F5 0.892173507 mBBM 

C2B2-11-B9 0.881341611 mBBM 

C2B2-14-H4 0.853127802 mBBM 

C2B2-19-E11 0.835917591 mBBM 

C2B2-31-A4 0.835191269 mBBM 

C2B2-46b-A2 0.826977816 mBBM 

C2B2-19-E10 0.800537231 mBBM 

C2B2-14-H11 0.795273872 mBBM 

C2B2-8-H11 0.777282095 mBBM 

C2B2-33-E9 0.773823475 mBBM 

C2B2-14-F2 0.771944701 mBBM 

C2B2-46b-H4 0.767762536 mBBM 

C2B2-7-G11 0.765118187 mBBM 

C2B2-14-F3 0.736579606 mBBM 

C2B2-14-F1 0.734560809 mBBM 

C2B2-32-B12 0.727678023 mBBM 

C2B2-19-B2 0.725447987 mBBM 

C2B2-17-A1 0.722403257 mBBM 

C2B2-30-D6 0.703279274 mBBM 

C2B2-14-E5 0.700809211 mBBM 

C2B2-14-E3 0.697295237 mBBM 

C2B2-4-C12 0.69288546 mBBM 

C2B2-37-F9 0.691435732 mBBM 

C2B2-30-B11 0.679320188 mBBM 

C2B2-14-F10 0.668996586 mBBM 

C2B2-19-G1 0.665566266 mBBM 

C2B2-25-D10 0.656977735 mBBM 

C2B2-14-H3 0.65556564 mBBM 

C2B2-14-D7 0.654397034 mBBM 
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Strain Geometric Mean Media 

C2B2-14-B4 0.65337396 mBBM 

C2B2-24-E8 0.651938216 mBBM 

C2B2-6-H8 0.648693994 mBBM 

C2B2-33-C1 0.63866914 mBBM 

C2B2-14-H2 0.638107976 mBBM 

C2B2-33-D1 0.633844308 mBBM 

C2B2-15-F12 0.631424171 mBBM 

C2B2-13-H8 0.617114441 mBBM 

C2B2-14-E11 0.615551087 mBBM 

C2B2-14-D3 0.607099328 mBBM 

C2B2-46b-A4 0.606354891 mBBM 

C2B2-17-H9 0.589257232 mBBM 

C2B2-14-H5 0.579486295 mBBM 

C2B2-2-B7 0.576306756 mBBM 

C2B2-8-H1 0.575435997 mBBM 

C2B2-6-E12 0.573188699 mBBM 

C2B2-14-B3 0.572913152 mBBM 

C2B2-1-C1 0.5725481 mBBM 

C2B2-46b-E1 0.569194307 mBBM 

C2B2-42-D8 0.567953289 mBBM 

C2B2-33-D7 0.567345726 mBBM 

C2B2-46a-A4 0.565496613 mBBM 

C2B2-12a-E4 0.561061017 mBBM 

C2B2-16-D8 0.555198015 mBBM 

C2B2-2-B5 0.550386755 mBBM 

C2B2-12b-G5 0.541900448 mBBM 

C2B2-15-B10 0.541546913 mBBM 

C2B2-31-E2 0.538416241 mBBM 

C2B2-17-D3 0.53721411 mBBM 

C2B2-19-A5 0.526422429 mBBM 

C2B2-32-A8 0.521635875 mBBM 

C2B2-33-D10 0.520287829 mBBM 

C2B2-6-C11 0.517868052 mBBM 

C2B2-14-G3 0.517770442 mBBM 

C2B2-33-A12 0.514923871 mBBM 

C2B2-33-B11 0.513233345 mBBM 
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Strain Geometric Mean Media 

C2B2-14-E4 0.51222034 mBBM 

C2B2-25-G10 0.510008783 mBBM 

C2B2-1-A3 0.507002456 mBBM 

C2B2-31-C7 0.501436701 mBBM 

C2B2-33-B10 0.500992421 mBBM 

C2B2-33-H7 0.493882777 mBBM 

C2B2-19-H6 0.491372915 mBBM 

C2B2-9-B3 0.485412017 mBBM 

C2B2-1-F5 0.482849104 mBBM 

C2B2-6-E2 0.477632277 mBBM 

C2B2-37-D12 0.473153179 mBBM 

C2B2-31-H6 0.471336724 mBBM 

C2B2-9-A2 0.469216488 mBBM 

C2B2-10b-H6 0.464292318 mBBM 

C2B2-41-E11 0.462939869 mBBM 

C2B2-2-E2 0.46230364 mBBM 

C2B2-11-C12 0.461957267 mBBM 

C2B2-33-H11 0.457437172 mBBM 

C2B2-41-C4 0.455567537 mBBM 

C2B2-30-F1 0.450268397 mBBM 

C2B2-1-E8 0.449944003 mBBM 

C2B2-14-E7 0.443102851 mBBM 

C2B2-12b-H2 0.442085613 mBBM 

C2B2-11-A3 0.438307277 mBBM 

C2B2-46b-D3 0.436110018 mBBM 

C2B2-18-C9 0.434437699 mBBM 

C2B2-14-G5 0.429788725 mBBM 

C2B2-24-A1 0.42915008 mBBM 

C2B2-13-H4 0.421562427 mBBM 

C2B2-1-A4 0.415920942 mBBM 

C2B2-41-B3 0.412266912 mBBM 

C2B2-1-A1 0.410277665 mBBM 

C2B2-15-E11 0.400096255 mBBM 

C2B2-41-C5 0.394912133 mBBM 

C2B2-18-A1 0.390938163 mBBM 

C2B2-30-D10 0.390863275 mBBM 
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Strain Geometric Mean Media 

C2B2-15-H1 0.384080156 mBBM 

C2B2-12b-F3 0.380921175 mBBM 

C2B2-30-F7 0.38006089 mBBM 

C2B2-18-A7 0.378920606 mBBM 

C2B2-1-F1 0.375944318 mBBM 

C2B2-33-C11 0.371961997 mBBM 

C2B2-2-B8 0.37104757 mBBM 

C2B2-17-G3 0.369741329 mBBM 

C2B2-31-C9 0.367785635 mBBM 

C2B2-6-H3 0.364663694 mBBM 

C2B2-11-A6 0.36349516 mBBM 

C2B2-46a-B7 0.360755382 mBBM 

C2B2-30-F8 0.355280885 mBBM 

C2B2-31-A9 0.352825262 mBBM 

C2B2-12a-H2 0.341456612 mBBM 

C2B2-30-H2 0.338768502 mBBM 

C2B2-11-F4 0.337260985 mBBM 

C2B2-2-C4 0.330326338 mBBM 

C2B2-15-E5 0.326351976 mBBM 

C2B2-15-E3 0.323389852 mBBM 

C2B2-9-C8 0.320698959 mBBM 

C2B2-46a-A10 0.306915948 mBBM 

C2B2-41-H2 0.302082681 mBBM 

C2B2-1-E5 0.29073252 mBBM 

C2B2-13-H6 0.284730814 mBBM 

C2B2-6-H7 0.281987881 mBBM 

C2B2-13-H5 0.280682248 mBBM 

C2B2-22-F6 0.27962705 mBBM 

C2B2-22-B10 0.278210517 mBBM 

C2B2-31-A6 0.278184657 mBBM 

C2B2-12b-E6 0.270446111 mBBM 

C2B2-41-F9 0.261348131 mBBM 

C2B2-29-H4 0.254568553 mASP2 

C2B2-33-H6 0.252849903 mBBM 

C2B2-13-D2 0.252670307 mBBM 

C2B2-22-D10 0.252601476 mBBM 



 

160 

Strain Geometric Mean Media 

C2B2-31-D12 0.251505598 mBBM 

C2B2-31-B9 0.249643652 mBBM 

C2B2-39-A8 0.245978615 mASP2 

C2B2-28-G8 0.245431436 mASP2 

C2B2-46a-G6 0.243143691 mBBM 

C2B2-18-A11 0.242919104 mBBM 

C2B2-31-B7 0.241550133 mBBM 

C2B2-31-C4 0.240315537 mBBM 

C2B2-29-B11 0.231766728 mASP2 

C2B2-19-G6 0.227655272 mBBM 

C2B2-28-E9 0.226713827 mASP2 

C2B2-17-D6 0.215903927 mBBM 

C2B2-6-D6 0.211576125 mBBM 

C2B2-13-G8 0.208903097 mBBM 

C2B2-28-A8 0.20789102 mASP2 

C2B2-13-D1 0.203614025 mBBM 

C2B2-22-H8 0.199920783 mBBM 

C2B2-31-G12 0.195104045 mBBM 

C2B2-4-G11 0.193104656 mBBM 

C2B2-13-B3 0.191294015 mBBM 

C2B2-29-D6 0.188932661 mASP2 

C2B2-29-B12 0.188871602 mASP2 

C2B2-22-F10 0.187544995 mBBM 

C2B2-18-F4 0.178913072 mBBM 

C2B2-29-D9 0.178395303 mASP2 

C2B2-28-B1 0.17261792 mASP2 

C2B2-18-E7 0.171829087 mBBM 

C2B2-38-E9 0.171557193 mBBM 

C2B2-29-D10 0.168488876 mASP2 

C2B2-29-F1 0.167190716 mASP2 

C2B2-31-E9 0.163370501 mBBM 

C2B2-15-G1 0.161438686 mBBM 

C2B2-29-H6 0.159168785 mASP2 

C2B2-25-B12 0.157399164 mBBM 

C2B2-6-E6 0.15677777 mBBM 

C2B2-29-E2 0.153806744 mASP2 
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Strain Geometric Mean Media 

C2B2-29-C1 0.153539621 mASP2 

C2B2-31-D3 0.152840451 mBBM 

C2B2-22-E4 0.151057198 mBBM 

C2B2-29-C10 0.149703223 mASP2 

C2B2-29-H8 0.14359213 mASP2 

C2B2-9-C3 0.142025882 mBBM 

C2B2-18-F8 0.139342019 mBBM 

C2B2-45-B3 0.134708866 mBBM 

C2B2-28-B6 0.1245672 mASP2 

C2B2-24-E12 0.124000766 mBBM 

C2B2-24-A3 0.122848845 mBBM 

C2B2-18-A4 0.122236319 mBBM 

C2B2-21-H12 0.121345575 mBBM 

C2B2-13-A1 0.121270258 mBBM 

C2B2-32-H8 0.121093447 mBBM 

C2B2-44-A8 0.120825655 mBBM 

C2B2-22-H5 0.120695379 mBBM 

C2B2-14-E1 0.120436504 mBBM 

C2B2-28-F10 0.117833845 mASP2 

C2B2-31-E4 0.114532723 mBBM 

C2B2-29-D4 0.114520395 mASP2 

C2B2-29-A6 0.112346817 mASP2 

C2B2-18-D1 0.108863864 mBBM 

C2B2-18-D4 0.106047523 mBBM 

C2B2-30-D4 0.102148254 mBBM 

C2B2-29-A8 0.099406065 mASP2 

C2B2-33-B5 0.099322294 mBBM 

C2B2-14-D2 0.097815894 mBBM 

C2B2-22-F5 0.095739813 mBBM 

C2B2-29-C5 0.095241548 mASP2 

C2B2-29-A9 0.093402211 mASP2 

C2B2-21-B5 0.091912086 mBBM 

C2B2-25-H1 0.085493763 mBBM 

C2B2-23-A7 0.074324795 mBBM 

C2B2-14-C3 0.071307062 mBBM 

C2B2-30-D9 0.066950953 mBBM 
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Strain Geometric Mean Media 

C2B2-19-E7 0.065899056 mBBM 

C2B2-42-G4 0.065792553 mBBM 

C2B2-46b-C3 0.065137645 mBBM 

C2B2-22-G12 0.064856924 mBBM 

C2B2-5-F7 0.062284551 mBBM 

C2B2-2-B4 0.059319458 mBBM 

C2B2-25-H2 0.058284147 mBBM 

C2B2-29-G11 0.05799065 mASP2 

C2B2-27-B10 0.057761511 mASP2 

C2B2-42-D9 0.054535836 mBBM 

C2B2-46a-A8 0.053800209 mBBM 

C2B2-31-D8 0.052475615 mBBM 

C2B2-18-A5 0.051949114 mBBM 

C2B2-15-D3 0.049137126 mBBM 

C2B2-13-C6 0.046684055 mBBM 

C2B2-15-C9 0.042086802 mBBM 

C2B2-25-G7 0.037092131 mBBM 

C2B2-12b-G4 0.034900478 mBBM 

C2B2-13-B7 0.034568542 mBBM 

C2B2-29-A7 0.030636654 mASP2 

C2B2-18-A3 0.029764508 mBBM 

C2B2-9-E3 0.029044941 mBBM 

C2B2-33-G5 0.025330108 mBBM 

C2B2-33-D8 0.023593272 mBBM 

C2B2-25-G2 0.021691154 mBBM 

C2B2-13-B6 0.021061821 mBBM 

C2B2-12b-D11 0.020350233 mBBM 

C2B2-29-A3 0.02030926 mASP2 

C2B2-15-D1 0.018574821 mBBM 

C2B2-29-B9 0.018370524 mASP2 

C2B2-9-A1 0.017722277 mBBM 

C2B2-18-G2 0.013183488 mBBM 

C2B2-31-G5 0.00906053 mBBM 
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Figure B.8 Graph depicting OD measurements taken for the microscale validation experiments. Cells were grown in 500mL shake 

flask, 150mL media, 16:8 hr LD, 65µEm-2s-1, 120rpm, 20-24°C. The cultures were all grown for 15 days but divided into 3 different 

batches, started on 10/11, 10/13 and 10/27, and harvested on 10/27, 10/29 and 11/13 respectively. 
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APPENDIX C 

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 5 

Table C.1 The lighting time cycles, the number of lights on and the average PAR output 

[µEm-2s-1] for each photoperiod for the HTPBR. 

Time Period Number of Lights On Avgerage PAR 

10:00 PM – 6:00 AM 0 0 

6:00 AM – 8:00 AM 2 5.7 

8:00 AM – 10:00 AM 4 13 

10:00 AM – 12:00 PM 6 30 

12:00 PM – 1:00 PM 8 87 

1:00 PM – 3:00 PM 10 310 

3:00 PM – 4:00 PM 8 89 

4:00 PM – 6:00 PM 6 30 

6:00 PM – 8:00 PM 4 14 

8:00 PM – 10:00 PM 2 6.2 
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Figure C.1 The measured light intensity inside the bioreactor chamber at the center position facing the front light ballasts recorded 

using a LI-COR data logger and quantum sensor from 6/14/11 through 8/1/11. The inoculation, harvest, and nitrogen-depletion events 

are noted in red. Each peak represents a single day in the diel cycle with the maximum PAR achieved with all the light ballasts on, at 

1-3 p.m. daily.  Fluctuations in maximum PAR are likely due to the sensor slightly shifting position over time, culture shading, and 

shifts in sensor position/lighting during daily maintenance procedures. Note the first two days had no cultures in the reactor and PAR 

readings were measured at over 500.
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Figure C.2 The daily measured temperature (ºC) inside the reactor chamber from 6/14/11 through 8/1/11 collected using a HOBO 

data logger. The inoculation, harvest, and nitrogen-depletion events are noted in red. Each peak represents the daylight hours of a 

single day of the diel cycle with the maximum daily temperature occurring when all the light ballasts are on at 1-3 p.m. daily. The 

fluctuation of the daily maximum was due to the fluctuation of the ambient temperature inside the room housing the bioreactor 

throughout the data cycle, with peak temperatures occurring in mid-July. 
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Table C.2 The list of algae strains in the first nutrient replete reactor run, lasting 14 days. 

Each culture was inoculated with 0.5 mL of maintenance culture. The relative position of each 

strain in the reactor is indicated by the assigned number and row. The positions of the two 

strains in red are possibly reversed. 
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Table C.3 The list of algae strains in the second nutrient replete reactor run, lasting 14 

days. Each culture was inoculated with 0.5 mL of maintenance culture. The relative position 

in the reactor is indicated by the assigned number and row. 
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Table C.4 The list of algae strains in the third nutrient replete-deplete reactor run, lasting 

14 days. These were the best performing freshwater strains from the first two runs by DW. 

Each culture was inoculated with 3 mL of maintenance culture to achieve sufficient biomass 

within 7 days to resuspend in nutrient deplete medium (-nitrate). The relative position in the 

reactor is indicated by the assigned number and row. The ***14-g3 culture was non-viable at 

inoculation. 
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Figure C.3 Images of strains that grew well enough to harvest taken at the harvest point from 

the first run in the HTPBR. No cultures seem to be cross contaminated. Scale bars are all 10 µm.  
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Figure C.4 Images of strains that grew well enough to harvest taken at the harvest point from 

the first run in the HTPBR. No cultures seem to be cross contaminated except 14-D3. Scale bars 

are all 10 µm. 
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Figure C.5 Images of strains that grew well enough to harvest taken at the harvest point from 

the first run in the HTPBR. No cultures seem to be cross contaminated except 14-D7. Scale bars 

are all 10 µm. 
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Figure C.6 Images of strains that grew well enough to harvest taken at the harvest point from 

the first run in the HTPBR. No cultures seem to be cross contaminated except 69k-A11. Scale 

bars are all 10 µm. 
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Figure C.7 Images of strains that grew well enough to harvest taken at the harvest point from 

the second run in the HTPBR. No cultures seem to be cross contaminated. Scale bars are all 10 

µm. 
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Figure C.8 Images of strains that grew well enough to harvest taken at the harvest point from 

the second run in the HTPBR. No cultures seem to be cross contaminated except 63a-D10 with a 

potential eukaryotic fungus (clear cells). Scale bars are all 10 µm. 
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Figure C.9 Images of strains that grew well enough to harvest taken at the harvest point from 

the second run in the HTPBR. No cultures seem to be cross contaminated except 9-C8 and 33-E9 

with a potential eukaryotic fungus (clear cells). Scale bars are all 10 µm. 
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Figure C.10 Images of strains that grew well enough to harvest taken at the harvest point from 

the second run in the HTPBR. No cultures seem to be cross contaminated. Scale bars are all 10 

µm. 
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Table C.5 List of all 80 gravimetric measurements obtained from the first two HTPBR runs. 

The left and right-hand side of the table presents the same data but the strains are sorted by DW 

[g/L] in descending order on the left-hand side of the table and the strains are sorted by FAME 

[%DW] in descending order on the right-hand side. All data is presented as an average of 3 

technical replicates. 

Strain 
DW 

(g/L) 

FAME 

(% DW) 
 Strain 

DW 

(g/L) 

FAME 

(% DW) 

C2B2-8-F5 0.97 10.38  C2B2-23-A7 0.10 33.70 

C2B2-6-D6 0.94 8.17  C2B2-53a-C2 0.04 25.53 

C2B2-56a-C10 0.94 9.57  C2B2-71a-B11 0.21 17.83 

C2B2-61a-B10 0.83 8.46  C2B2-18-A1 0.26 17.80 

C2B2-14-H3 0.82 11.34  C2B2-30-F7 0.34 17.31 

C2B2-69k-A11 0.79 9.48  C2B2-42-D8 0.15 15.33 

C2B2-63a-D11 0.77 10.31  C2B2-56k-A1 0.09 14.39 

C2B2-6-H7 0.77 10.96  C2B2-25-B12 0.26 14.30 

C2B2-65a-F5 0.73 10.63  C2B2-46b-A2 0.35 14.29 

C2B2-61a-B11 0.69 6.70  C2B2-60a-A8 0.47 14.13 

C2B2-54-D12 0.61 8.90  C2B2-46b-A4 0.56 13.93 

C2B2-9-B3 0.60 10.40  C2B2-50k-F4 0.27 13.23 

C2B2-46b-A4 0.56 13.93  C2B2-58a-G11 0.53 13.12 

C2B2-64a-E11 0.55 5.64  C2B2-14-G3 0.26 12.51 

C2B2-58a-G11 0.53 13.12  C2B2-19-G6 0.14 12.42 

C2B2-1-F1 0.52 10.73  C2B2-15-F12 0.12 12.23 

C2B2-70k-F2 0.52 9.37  C2B2-24-A3 0.09 12.20 

C2B2-66a-G8 0.52 7.37  C2B2-22-F5 0.21 11.95 

C2B2-14-H5 0.50 8.03  C2B2-2-B5 0.11 11.69 

C2B2-63-D10 0.49 11.34  C2B2-6-E2 0.24 11.60 

C2B2-60a-A8 0.47 14.13  C2B2-71a-B12 0.11 11.52 

C2B2-33-H7 0.46 8.53  C2B2-33-E9 0.10 11.49 

C2B2-33-D1 0.46 9.55  C2B2-14-H3 0.82 11.34 

C2B2-31-D8 0.43 11.08  C2B2-63-D10 0.49 11.34 

C2B2-31-A4 0.42 10.69  C2B2-67a-H12 0.15 11.31 

C2B2-31-C7 0.37 11.26  C2B2-42-G4 0.12 11.27 

C2B2-52k-D7 0.36 9.32  C2B2-31-C7 0.37 11.26 

C2B2-65a-F12 0.35 10.15  C2B2-31-C4 0.21 11.17 

C2B2-46b-A2 0.35 14.29  C2B2-31-D8 0.43 11.08 

C2B2-13-H6 0.35 7.48  C2B2-31-B7 0.11 10.97 

C2B2-13-D2 0.35 10.85  C2B2-6-H7 0.77 10.96 

C2B2-14-D7 0.34 9.78  C2B2-19-E11 0.21 10.95 

C2B2-9-C8 0.34 10.44  C2B2-13-D2 0.35 10.85 

C2B2-30-F7 0.34 17.31  C2B2-1-F1 0.52 10.73 

C2B2-48a-A9 0.32 5.89  C2B2-33-C11 0.21 10.73 

C2B2-33-D10 0.31 9.74  C2B2-31-A4 0.42 10.69 
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Strain 
DW 

(g/L) 

FAME 

(% DW) 
 Strain 

DW 

(g/L) 

FAME 

(% DW) 

C2B2-33-C1 0.31 10.37  C2B2-65a-F5 0.73 10.63 

C2B2-13-H8 0.30 8.85  C2B2-11-C12 0.26 10.62 

C2B2-49a-B6 0.29 9.04  C2B2-9-C8 0.34 10.44 

C2B2-6-H8 0.29 8.16  C2B2-9-B3 0.60 10.40 

C2B2-18-F8 0.28 9.30  C2B2-8-F5 0.97 10.38 

C2B2-51k-G8 0.28 10.10  C2B2-33-C1 0.31 10.37 

C2B2-14-D3 0.27 10.33  C2B2-14-D3 0.27 10.33 

C2B2-50k-F4 0.27 13.23  C2B2-22-F6 0.27 10.32 

C2B2-22-F6 0.27 10.32  C2B2-63a-D11 0.77 10.31 

C2B2-22-H8 0.26 9.61  C2B2-65a-F12 0.35 10.15 

C2B2-18-A1 0.26 17.80  C2B2-33-B5 0.07 10.11 

C2B2-14-G3 0.26 12.51  C2B2-51k-G8 0.28 10.10 

C2B2-25-B12 0.26 14.30  C2B2-42-D9 0.12 10.05 

C2B2-11-C12 0.26 10.62  C2B2-14-D7 0.34 9.78 

C2B2-24-A1 0.24 7.86  C2B2-33-D10 0.31 9.74 

C2B2-6-E2 0.24 11.60  C2B2-22-H8 0.26 9.61 

C2B2-71a-B11 0.21 17.83  C2B2-56a-C10 0.94 9.57 

C2B2-31-C4 0.21 11.17  C2B2-33-D1 0.46 9.55 

C2B2-19-E11 0.21 10.95  C2B2-69k-A11 0.79 9.48 

C2B2-33-C11 0.21 10.73  C2B2-70k-F2 0.52 9.37 

C2B2-22-F5 0.21 11.95  C2B2-52k-D7 0.36 9.32 

C2B2-33-H6 0.20 5.29  C2B2-18-F8 0.28 9.30 

C2B2-67a-H12 0.15 11.31  C2B2-22-G12 0.15 9.19 

C2B2-42-D8 0.15 15.33  C2B2-49a-B6 0.29 9.04 

C2B2-22-G12 0.15 9.19  C2B2-54-D12 0.61 8.90 

C2B2-19-G6 0.14 12.42  C2B2-13-H8 0.30 8.85 

C2B2-42-G4 0.12 11.27  C2B2-25-D10 0.11 8.70 

C2B2-42-D9 0.12 10.05  C2B2-66a-G7 0.10 8.66 

C2B2-15-F12 0.12 12.23  C2B2-64k-B11 0.01 8.64 

C2B2-31-A6 0.12 6.82  C2B2-19-A5 0.09 8.62 

C2B2-71a-B12 0.11 11.52  C2B2-33-H7 0.46 8.53 

C2B2-25-D10 0.11 8.70  C2B2-61a-B10 0.83 8.46 

C2B2-2-B5 0.11 11.69  C2B2-6-D6 0.94 8.17 

C2B2-31-B7 0.11 10.97  C2B2-6-H8 0.29 8.16 

C2B2-53k-E12 0.10 8.12  C2B2-53k-E12 0.10 8.12 

C2B2-23-A7 0.10 33.70  C2B2-14-H5 0.50 8.03 

C2B2-33-E9 0.10 11.49  C2B2-24-A1 0.24 7.86 

C2B2-66a-G7 0.10 8.66  C2B2-13-H6 0.35 7.48 

C2B2-19-A5 0.09 8.62  C2B2-66a-G8 0.52 7.37 

C2B2-24-A3 0.09 12.20  C2B2-31-A6 0.12 6.82 

C2B2-56k-A1 0.09 14.39  C2B2-61a-B11 0.69 6.70 

C2B2-33-B5 0.07 10.11  C2B2-48a-A9 0.32 5.89 
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Strain 
DW 

(g/L) 

FAME 

(% DW) 
 Strain 

DW 

(g/L) 

FAME 

(% DW) 

C2B2-53a-C2 0.04 25.53  C2B2-64a-E11 0.55 5.64 

C2B2-64k-B11 0.01 8.64  C2B2-33-H6 0.20 5.29 

  



 

181 

Table C.6 List of all 48 gravimetric measurements obtained from the third HTPBR run 

where the strains are sorted by DW [g/L] in descending order 

Strain DW (g/L) 

C2B2-56a-C10 1.62 

C2B2-6-D6 1.56 

C2B2-61a-B11 1.48 

C2B2-66a-G8 1.41 

C2B2-64a-E11 1.41 

C2B2-14-H3 1.40 

C2B2-31-C7 1.36 

C2B2-31-A4 1.28 

C2B2-1-F1 1.27 

C2B2-33-D1 1.26 

C2B2-6-H7 1.24 

C2B2-13-D2 1.22 

C2B2-60a-A8 1.07 

C2B2-22-F6 0.97 

C2B2-13-H8 0.97 

C2B2-18-F8 0.92 

C2B2-54a-D12 0.90 

C2B2-63a-D11 0.87 

C2B2-33-C11 0.87 

C2B2-33-D10 0.86 

C2B2-46b-A2 0.83 

C2B2-58a-G11 0.78 

C2B2-65a-F5 0.77 

C2B2-46b-A4 0.77 

C2B2-63a-D10 0.73 

C2B2-31-D8 0.72 

C2B2-22-H8 0.72 

C2B2-33-H7 0.71 

C2B2-9-C8 0.66 

C2B2-11-C12 0.61 

C2B2-71a-B11 0.58 

C2B2-61a-B10 0.56 

C2B2-30-F7 0.55 

C2B2-49a-B6 0.54 

C2B2-9-B3 0.50 

C2B2-8-F5 0.45 

C2B2-24-A1 0.44 

C2B2-25-B12 0.34 

C2B2-6-H8 0.32 

C2B2-65a-F12 0.31 
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Strain DW (g/L) 

C2B2-14-H5 0.29 

C2B2-19-E11 0.25 

C2B2-14-D3 0.16 

C2B2-48a-A9 0.14 

C2B2-14-D7 0.09 

C2B2-6-E2 0.07 

C2B2-18-A1 0.05 
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APPENDIX D 

INCREASED LIPID ACCUMULATION IN THE CHLAMYDOMONAS REINHARDTII STA7-

10 STARCHLESS ISOAMYLASE MUTANT AND INCREASED CARBOHYDRATE 

SYNTHESIS IN COMPLEMENTED STRAINS 

The accumulation of bioenergy carriers was assessed in two starchless mutants of 

Chlamydomonas reinhardtii (the sta6 [ADP-glucose pyrophosphorylase] and sta7-10 

[isoamylase] mutants), a control strain (CC124), and two complemented strains of the sta7-10 

mutant. The results indicate that the genetic blockage of starch synthesis in the sta6 and sta7-10 

mutants increases the accumulation of lipids on a cellular basis during nitrogen deprivation 

relative to that in the CC124 control as determined by conversion to fatty acid methyl esters. For 

this paper, my efforts were directed towards laser scanning confocal and diascopic (transmitted) 

light microscopy for imaging of lipid accumulations in the strains tested under N-replete and N-

deplete conditions.  

 Citation information: (Work, Radakovits et al. 2010) 

Work, V. H., R. Radakovits, R. E. Jinkerson, J. E. Meuser, L. G. Elliott, D. J. Vinyard, L. M. 

Laurens, G. C. Dismukes and M. C. Posewitz (2010). "Increased lipid accumulation in 

the Chlamydomonas reinhardtii sta7-10 starchless isoamylase mutant and increased 

carbohydrate synthesis in complemented strains." Eukaryotic cell 9(8): 1251-1261. 
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APPENDIX E 

MAKING BIOFUEL FROM MICROALGAE: SO MUCH POTENTIAL COEXISTS WITH SO 

MANY SCIENTIFIC, ENVIRONMENTAL AND ECONOMIC CHALLENGES 

 A technical report discussing the promise of microalgal biofuels. For this paper, my 

work is highlighted by fellow researchers at NREL where I provided figures and data related to 

the discussion but was not included as co-author. 

Citation information: (Pienkos, Laurens et al. 2011) 

Pienkos, P. T., L. Laurens and A. Aden (2011). "Making Biofuel from Microalgae So much 

potential coexists with so many scientific, environmental and economic challenges." 

American Scientist 99(6): 474-481. 
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