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ABSTRACT 

 

 The saccharification of starch coupled with fermentation to ethanol and the transesterification of 

vegetable oils to produce biodiesel are mature technologies that currently provide the majority of biofuels 

in the United States. However, traditional food-based starch and oil feedstocks, such as corn and soybean, 

cannot meet our current fuel demands and their use remains controversial. Microalgae have been of recent 

interest for use as a biofuel feedstock because they can produce large quantities of carbohydrates and 

lipids, contain little recalcitrant biomass, and do not impact the food supply.  

 In the green alga Chlamydomonas reinhardtii, the primary carbohydrate produced is starch and 

the primary storage lipid produced is triacylglyceride (TAG), but high yields of these bioenergy carriers 

are usually only found under conditions of nutrient stress (N, S, P). As a strategy for increasing TAG 

yields, starchless mutants that divert carbon away from starch biosynthesis and into TAG production were 

investigated. These starchless mutants produce more TAG than wildtype, but at the expense of total 

productivity and lower overall anabolic activity. To increase starch levels, a native enzyme key to starch 

biosynthesis, isoamylase 1 (ISA1), was introduced into these algae which resulted in starch excess 

phenotypes. These mutant strains accumulate 3 to 4 fold more total glucan under nutrient-replete 

conditions by diverting metabolic flux into starch biosynthesis at the expense of cell division and protein 

synthesis. The starches produced by these algae are more crystalline and larger in size than wildtype. 

 None of the current genetically-tractable model algal species are competitive TAG production 

strains. To alleviate this the commercially cultivated, oleaginous alga Nannochloropsis gaditana 

CCMP526 was developed into a new model algal species for investigating TAG production. The genome 

and transcriptome was sequence and assembled, gene models developed, and metabolic pathways in this 

organism were reconstructed. Phylogenomic analysis identified genetic attributes of this organism, 

including gene expansions and unique stramenopile photosynthesis genes, that may explain the 

distinguishing oleaginous phenotypes observed. The availability of a genome sequence and 

transformation method are facilitating investigations into N. gaditana lipid biosynthesis and will permit 

genetic engineering strategies to further improve this naturally productive algal strain. 
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CHAPTER 1  

INTRODUCTION 

The following chapter contains text and figures from published manuscripts, including: Jinkerson, R. E.; 

Subramanian, V.; Posewitz, M. C., Improving biofuel production in phototrophic microorganisms with 

systems biology. Biofuels 2011, 2 (2), 125-144; Radakovits, R.; Jinkerson, R. E.; Darzins, A.; Posewitz, 

M. C., Genetic engineering of algae for enhanced biofuel production. Eukaryotic Cell 2010, 9 (4), 486-

501; Elliott, L. G.; Work, V. H.; Eduafo, P. M.; Radakovits, R.; Jinkerson, R. E.; Darzins, A.; Posewitz, 

M. C., Microalgae as a feedstock for the production of biofuels: microalgal biochemistry, analytical tools, 

and targeted bioprospecting. In Bioprocess Sciences and Technology, Liong, M.-T., Ed. Nova Science 

Publishers, Inc. 2011, pp 87-117. 

  

1.1 Biofuels overview 

 The United States is highly dependent on petroleum as a transportation fuel, which is 

disadvantageous both strategically and environmentally. In the US, 97% of the energy consumed by the 

transportation sector comes from petroleum (USDOE 2004). The US consumes 21% of the world’s 

petroleum, yet contains only 1.4% of the world’s proven petroleum reserves (USDOE 2008). To 

overcome this shortcoming, the US imports about 50% of its petroleum, creating a dependency on foreign 

resources to fulfill our energy needs (USDOE 2004). Many of the countries that have substantial 

petroleum reserves are geopolitically unstable or have political agendas incongruent to those of the US, 

such as Venezuela, Nigeria, Russia, and countries in the Middle East. The US spent approximately $430 

billion dollars on petroleum produced in foreign countries in 2012, which is direct wealth transfer out of 

the country (Chu 2013). Additionally, the continued use of petroleum may not be viable in the long term 

due to depletion of reserves. Many have theorized the world is about to, or already has reached peak oil 

production (Koppelaar 2006). This is the point in time when the maximum rate of global petroleum 

extraction has peaked and further production rates decline. After peak oil production, petroleum will be 

produced at reduced rates, resulting in increased prices of petroleum and petroleum derived products. This 

will have adverse effects across all segments of society. Increased transportation fuel prices will 

propagate into other facets of the economy causing a surge in the cost of most goods, even if they are not 

directly manufactured from petroleum. Moreover, the combustion of fossil fuels, including petroleum, 

results in the release of carbon dioxide into the atmosphere where it is a principal anthropogenic 

greenhouse gas. In the United States, the transportation sector accounts for 42% of CO2 emissions, which 

is 27% of overall global warming gas production in the US (Greene 2004). 
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 A potential solution to the problems and shortcomings associated with petroleum derived 

transportation fuels can be found in biofuels. Biofuels are solid, liquid or gas fuels derived from a 

biomass source. Potential biomass sources are wide and varied and include: sugar, starch, grass cuttings, 

corn stover, switchgrass, poplar, sorghum and microalgae (Huber 2006). To displace any significant 

fraction of fossil transportation fuels would require millions of tons of biomass each year, creating a new 

market for US farmers. One model predicts that by 2025 farmers net income could increase by about 12 

billion (32%), and by 2050 biofuels could contribute the equivalent of 7.9 million barrels of oil per day, 

53% of our current oil demand for the transportation sector (Greene 2004). Biofuels have several 

environmental advantages over currently used fossil fuels. Biofuels can help to reduce global warming 

pollution as well as improve air, water and soil quality (Greene 2004). The use of biofuels will help in 

reducing the release of CO2 in the atmosphere by displacing or reducing the use of fossil fuels. Biofuels 

also have the advantage of recycling CO2 that is already in the atmosphere and can potentially be carbon 

neutral or net negative because they chemically reduce as much or more atmospheric CO2 during growth 

than they release during their combustion (USDOE 1998). In addition to producing less atmospheric CO2 

emissions than fossil based transportation fuels, the use of biofuels can also reduce carbon monoxide, 

particulate, and sulfur emissions. Some types of biofuels, such as ethanol, are water soluble and readily 

biodegrade making them more environmentally benign than gasoline or crude oil when spills occur 

(Greene 2004). 

 There are three primary generations of biofuels. First generation biofuels consist of food crops or 

food products that are converted into a biofuel. Examples of first generation biofuel feedstocks include 

starches (corn, potato), sugars (sugar cane, sugar beets, molasses), vegetable oils (soy, palm, Jatropha, 

waste vegetable oil), and animal fats (tallow, lard, yellow grease). To produce ethanol from corn, the corn 

kernels are dry or wet milled to reduce size and remove co-products. Hydrolytic enzymes are then added 

to convert the starch into dextrose, which is then fermented by Saccharomyces cerevisiae (yeast) into 

ethanol (Santelia 2011). Ethanol from corn starch is the primary biofuel used in the US (as of 2012) 

where it is used in gasoline blends up to 10% as an oxygenate (USDOE 2012). Corn ethanol is also used 

in E85, a blend of 85% ethanol and 15% gasoline, which can be used in flex-fuel vehicles. Vegetable oils 

or animal fats, which are primarily composed of triacylglycerides (TAGs), can be readily converted into 

biodiesel. To upgrade these oils into a fuel, the TAGs are converted into alkyl-fatty esters (biodiesel) and 

glycerol (co-product) via a transesterification reaction. Typically a base catalyzed transesterification is 

preformed with methanol to form fatty acid methyl esters (FAMES) which can be used directly as 

biodiesel or blended with petroleum-based diesel.  

 Despite the advantages first generation biofuel feedstocks enjoy such as ease of conversion into 

biofuels, existing infrastructure for production and processing of these crops, and established ethanol and 
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biodiesel distribution networks, the use of food as a source of fuel remains controversial. Some have 

implemented the production of biofuels from food crops as a factor that has contributed to increased 

global food prices (Zilberman 2013). Additionally, the conversion of rainforests, peatlands, savannas, or 

grasslands to the production of first generation biofuels can actually have the net result of increasing CO2 

emissions for decades or centuries due in part to the loss of CO2 sequestered from the native ecosystem 

which is not compensated for by use of biofuels over petroleum (Fargione 2008). 

 Second generation biofuel feedstocks avoid the 'food-versus-fuel' debate by using readily 

available non-food feedstocks and agricultural residues, composed primarily of cellulose. Agricultural 

residues, such as corn stover, are generally not utilized and can be harvested for use as a cellulosic 

feedstock. Additionally, dedicated energy crops such as switchgrass or Miscanthus can be cultivated as a 

source of cellulose. Cellulose is the structural component of cell walls of plants and many algae. Cellulose 

is a polysaccharide that is composed of D-glucose units linked by β-1,4 glycosidic linkages. These 

linkages form a straight chain polymer.  The hydroxyl groups on the glucose found in cellulose can form 

hydrogen bonds with oxygen atoms on neighboring cellulose chains forming microfibrils with high 

tensile strength. This strength is important for imparting rigidity to plant cell walls, but also contributes to 

the recalcitrance of this biopolymer (Himmel 2007). In addition, other components are found in plant cell 

walls including hemicellulose, an amorphous heteropolymer of pentose sugars, and lignin, an aromatic 

heteropolymer. The biochemical conversion of lignocellulose into a biofuel is composed of three primary 

steps: (1) chemical pretreatment, (2) enzymatic hydrolysis, and (3) fermentation of liberated sugars.  The 

first step of chemical pretreatment of either dilute acid or base to hydrolyze and disrupt some of the 

structure of the lignocellulose to make the biopolymers more accessible to enzymatic hydrolysis.  For 

enzymatic hydrolysis a suite of enzymes, such as cellulases and hemicellulases, are added to further 

hydrolyze and free sugar residues from their respective biopolymers. Once the sugars are freed they can 

then be fermented into a variety of biofuels, but most typically ethanol. 

 By its very nature, lignocellulose is a recalcitrant biopolymer and this biochemical processing can 

be costly, slow, and have low fuel conversion efficiency's. Lignocellulose has evolved to resist 

degradation and to be hydrolytically stable. These are important attributes for the structural robustness of 

plant cell walls but are a hindrance when processing this material into biofuels. Severe pretreatments can 

help disrupt the crystallinity and make these polysaccharides more accessible but this requires more 

intensive processing, higher costs, and have a negative impact on downstream enzymatic and biological 

processing (Brodeur 2011). One effort underway to help reduce processing cost is to increase solids 

loading (Roche 2009a, Roche 2009b). Another consideration that must be taken into account is the high 

abundance of pentose sugars, primarily xylose, which require specific considerations regarding choice of 

fermentation organisms. The primary organism used in bioethanol production is Saccharomyces 
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cerevisiae, but this organism cannot natively utilize xylose as a carbon source, although recent efforts 

have been made to engineer strains that can metabolize diverse carbohydrates (Ha 2011). Another 

promising alternative for cellulose derived biofuels is to consolidate the saccharification and fermentation 

steps into one step. This is typically achieved by growing a cellulolytic organism on pretreated cellulose. 

These organisms can then be modified to produce alcohols or lipids (Lynd 2008, Roche 2013, Roche 

2014). 

 Third generation biofuels are made from feedstocks specifically selected or engineered for biofuel 

production, such as microalgae or genetically modified crops. These biofuel feedstocks have often been 

selected because they do not contain large amounts of recalcitrant biomass, produce tailored biofuel 

precursors, or have high product yields. Microalgae in particular are ideally suited for biofuel production 

and are the focus of this work. 

 

1.2 Microalgae as a biofuel feedstock 

 Biomass from microalgae represents an especially attractive feedstock for the production of 

renewable and domestic transportation biofuels. Phototropic microorganisms have the highest photon 

conversion efficiencies reported, do not accumulate recalcitrant biomass, can grow in diverse 

environments, and avoid the “food verse fuel” debate while creating a variety of bioenergy carriers 

(Dismukes 2008, Work 2013). The three predominant products synthesized by phototrophic microalgae 

(from here on algae) include lipids, carbohydrates, and proteins, each of which is uniquely relevant to 

bioenergy production (Figure 1.1).  Some of the lipids produced by algae include TAGs, carotenoids, 

terpenes, terpenoids, phytosterols, and carotenoids. Often the primary lipid produced by algae are TAGs, 

which can be readily converted into biodiesel or diesel fuel surrogates (Hu 2008). Algae can produce a 

wide variety of carbohydrates, including starches, cellulose, chrysolaminarin, and laminaran, which can 

be metabolized into ethanol, butanol, H2, and/or methane. Proteins produced by algae can be sold as a co-

product for animal feed, fed back to algal cultures as a nitrogen source, or be anaerobically digested.  

 Algae grow by harnessing photons of sunlight as an energy source and reduce CO2 from the 

atmosphere. The efficiency for photosynthetic glucose production from CO2 and water has a theoretical 

limit of ~12% (Blankenship 2002), but taking into account other losses, such as from light harvesting and 

respiration, the maximum limit of photosynthetic efficiency is lowered to 4.6 to 6.0% (Blankenship 

2011). Compared to terrestrial plants, algae have some of the highest photosynthetic efficiencies reported, 

however several strategies have been suggested to increase these rates (Blankenship 2011, Work 2012). 

The heat of combustion energy (kJ / g) of algal biomass is higher in Chlamydomonas reinhardtii, a green 

alga that is a model organism, than other biomass feedstocks such as corn stover or switchgrass (Table 

1.1). The energy content of C. reinhardtii is approaching that of coal, but remains short of petroleum 
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Figure 1.1 Algal metabolic pathways that can be used to produce biofuels 
Microalgal metabolic pathways that can be leveraged for biofuel production. ER, endoplasmic reticulum. 
Created for Radakovits et al. (2010).  
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products. This is because the C. 

reinhardtii biomass is only ~20% 

lipids (Work 2010) while the rest of 

the biomass, primarily protein and 

carbohydrates, have lower energy 

density. The refined lipid fraction of 

C. reinhardtii would have an energy 

content more on par with petroleum 

products. Additionally, biomass 

energy yields per area of land are 

much higher for algae than 

conventional biofuels crops. The raw 

energy yields (GJ ha-1 yr-1) for one 

algal species, Tetraselmis suecica, is 

1550, while corn grain, switchgrass, 

and rape seed are only 120, 255, and 

73, respectively (Sheehan 1998, 

Dismukes 2008). Species such as Nannochloropsis gaditana can produce over five times the lipid yield 

per hectare per year than the best terrestrial crops such as palm or Jatropha (Radakovits 2012a). This 

means that the land area required to displace sizable fractions of petroleum use with biofuels would be 

reduced if using algae as a feedstock over other plants. In fact, the land area required to grow enough 

algal biofuels to displace the current demand for gasoline is less than the area used for the 2006 corn crop 

(Dismukes 2008). 

 Algae can be cultivated on large scales in either open pond systems or in closed photobioreactors. 

Open systems for algal cultivation are dominated by high-rate open ponds which are comprised of oval 

raceways that are typically mixed with paddle wheels. This system of algal cultivation was pioneered in 

the 1950's and 60's by Oswald at UC Berkeley where algae in these systems were used to treat waste 

water (Oswald 1957). High-rate open ponds have relatively low capital and operating costs. The simplest 

implementation of this design consists of raceways dug out of the earth with a clay liner. These systems 

have good mixing and temperature control, but lose significant amounts of water due to evaporation. 

Invasive species can also be a problem in these systems because they are open to the environment. 

Photobioreactors come in a wide variety of designs and have been deployed indoors and outdoors. 

Photobioreactors typically have a glass or plastic tubing that enclose the algal culture which are mixed 

and circulated via pumps. These systems can often attain much higher algal cell densities relative to open 

Table 1.1 Energy content of various biofuel feedstocks 
and fossil fuels 

Substancea ΔHcombustion 
(kJ/g) 

Wheat Straw  17.4 
Corn stover  17.9 
Switchgrass  18.3 
Sugarcane Bagasse  19.4 
American Sycamore  19.6 
Hybrid Poplar  19.6 
Chlamydomonas reinhardtiib 21.5 
Coal (USA)  26.3 
Crude oil (Saudi Arabia)  42.5 
Diesel  43.3 
Jet fuel  44.6 
Gasoline  44.8 

a Values from Biomass Feedstock Composition and Property 
Database, USDOE and the International Energy Agency. 
b Determined experimentally with strain CC124 in 
collaboration with Teresa Alleman at NREL. 
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ponds and experience less evaporation and contamination from invasive species than open ponds. 

However, their capital and operating costs are more expensive than open systems, which can more than 

double the final biofuel production costs (Richardson 2012). Temperature control must also be taken into 

account in photobioreactors because they tend to heat up, which can be detrimental for algal growth. 

Additionally, because the system is closed CO2 needs to be delivered and oxygen needs to be removed, 

which at high concentrations can be inhibitory. One benefit of algal culturing is that it does not rely on 

traditional agricultural lands, and can be located in deserts and even potentially the open ocean. One 

ocean cultivation system devised by researchers at NASA Ames is known as an offshore membrane 

enclosure for growing algae (OMEGA system). The system is comprised of a series of plastic enclosures 

for growing the algae and utilizes forward osmosis membranes to assist in algal dewatering (Buckwalter 

2013). Large scale algal culture will not necessarily be dependent upon utilization of fresh water sources 

because unlike most terrestrial crops, some species of algae can utilize saline water sources, including 

brackish, seawater, or even hypersaline (Meuser 2013, D'Adamo 2014). 

 Despite these positive attributes, significant challenges remain prior to using microalgae in an 

economically viable biofuel process. Neither photon conversion efficiencies, nor metabolic pathways, are 

currently optimized for anthropologic energy production. In addition, algal strains will most likely have to 

be chosen for specific culturing locations (Sheehan 1998). Processes to isolate and systematically evaluate 

potential strains for use in bioenergy applications need to be developed. Modern agriculture has 

developed specific crop species and techniques to maximize product yields, and a similar approach needs 

to be taken to develop algae for bioenergy. The first step is to isolate local and regional algal species and 

then determine which strains can thrive in local environmental conditions and have the most promise for 

bioenergy applications (Elliott 2012). Culturing conditions of these strains will need to be optimized to 

maximize bioenergy carriers production and metabolic pathways may need to be optimized to direct 

metabolic flux to carbohydrates and fatty acid biosynthesis. The results of this work will be a series of 

algal strains that are optimized for bioenergy production. 

 

1.3 Algal carbohydrates 

 Carbohydrates are a primary store of photosynthate in many species of algae and serve structural 

(e.g., cellulose) and transient energy storage (e.g., starch and chrysolaminarin) roles. Carbohydrates have 

many industrial applications and have long been converted to alcohols for use as biofuels (e.g., corn 

starch) (Santelia 2011). Algal polysaccharides have been saccharified and then fermented by yeast to 

ethanol (Nguyen 2009, Harun 2010), but alternatively, once saccharified could serve as a feedstock for 

most industrially relevant microorganisms. Carbohydrates, such as glucose, can also be converted into 

alkanes (C7 to C15) in an aqueous phase catalysis process (Huber 2005). 
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 Increasing carbohydrate production in algae would be advantageous for biofuel production and 

several strategies have been proposed to do so (Radakovits 2010). These include overexpression of key 

enzymes in starch biosynthesis (e.g., ADP-glucose pyrophosphorylase or isoamylase), knockout of starch 

degrading enzymes (e.g., glucan-water dikinases and amylases), and secretion of soluble carbohydrates. 

Apart from polysaccharides, soluble carbohydrates are also produced by algae. One strategy to facilitate 

their use for biofuel production is to engineer a transport system to allow for carbohydrate secretion. This 

could eliminate the need to harvest the algae, enable product recovery, and possibly relieve product 

inhibition that normally shutdown the photosystems. Such an approach has been taken in the 

cyanobacteria Synechococcus elongatus PCC7942 where a glucose- and fructose-facilitated diffusion 

transporter was heterologously expressed along with an invertase to convert sucrose to glucose and 

fructose. Hexose sugars were secreted and yields improved by overexpressing genes responsible for 

sucrose biosynthesis (e.g., UDP-glucose pyrophosphorylase). The photosynthetic production and 

secretion of sugars were high enough to support Escherichia coli growth without any external carbon 

source (Niederholtmeyer 2010). Such a model could likely be adapted for an algal platform. 

 

1.3.1 Polyglucan storage and starch biosynthesis in algae 

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

predominate 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 2009). In Chlorophyta, starch is synthesized and stored within the 

chloroplast, while in Dinophyta, Glaucophyta, and Rhodophyta it is stored in the cytoplasm and in the 

periplastidial space of Cryptophyceae (Deschamps 2006, Deschamps 2008). Phaeophyceae (brown algae) 

and Bacillariophyceae (diatoms) store glucans in laminaran and chrysolaminarin, respectively. These 

water soluble granules are made up of β-1,3 linkages with branching at the C-2 and C-6 positions of 

glucose (Hirokawa 2008) 

 Starch synthesis in Chlorophyta is the most well characterized algal polyglucan biosynthetic 

pathway due to the extensive study of the green alga Chlamydomonas reinhardtii (Ball 2003, Ball 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 amylose 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 1998). Semi-crystalline amylopectin 

is a more complex molecule that consists of amorphous branching regions and crystalline regions of 
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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 

1996, Mouille 1996). 

 Amylopectin synthesis (Figure 1.2) begins when fructose 6-phosphate from photosynthetic 

carbon fixation is converted to glucose 6-phosphate by a phosphoglucose isomerase (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 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 1992). This enzyme is inhibited by orthophosphate, preventing the storage of glucans during times 

of cellular energy debt. 

 The elongation of amylopectin 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 1996, 

Dauvillée 2001b). This process is repeated, creating alternating layers of crystalline and amorphous 

regions, forming the semi-crystalline starch granule. 

 

1.3.2 Starch degradation in algae 

 Starch catabolism in algae is largely unknown (Ball 2009), but putative degradation mechanisms 

have been inferred from known pathways in other plants such as Arabidopsis thaliana (Smith 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 2005). Starch can also be degraded in Arabidopsis via phosphorolytic 

mechanisms even when all three α-amylases are knocked out (Yu 2005). Phosphorolytic degradation is 

initiated by glucan-water dikinases (GWD) which catalyze the transfer of β-phosphate in ATP to the C-6 

position of a glucan in a crystalline amylopectin double helix (Ritte 2006). Glucans can also be 
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Figure 1.2 Starch biosynthesis and degradation in algae 
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-glucosepyrophosphorylase; 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; MOS, malto-
oligosaccharides; PGM, plastidial phosphoglucomutase; PGI1, phosphoglucose isomerase; P, phosphate; 
Pi, inorganic phosphate; PPi, pyrophosphate; PWD, phosphoglucan-water dikinases; SS, starch synthases. 
Created for Elliot et al. (2011). 
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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 2010). Knocking out key enzymes, such as GWD or PWD, 

may limit algal starch degradation and lead to a starch accumulation phenotype. 

 

1.3.3 Genetic modification strategies for increasing glucan storage 

 The rate limiting step of starch synthesis (see Figure 1.2 for overview of starch metabolism)  is 

the ADP-glucose pyrophosphorylase (AGPase) catalyzed reaction of glucose 1-phosphate with ATP, 

resulting in ADP-glucose and pyrophosphate (Stark 1992). AGPase is typically a heterotetramer 

composed of large regulatory and small catalytic subunits, and is allosterically activated by 3-

phosphoglyceric acid (3-PGA), linking starch synthesis to photosynthesis (Zabawinski 2001). 

Polysaccharides are often found surrounding the pyrenoid in microalgae, likely because it is a source of 3-

PGA (Ball 2009).  

 Much work has been done on the catalytic and allosteric properties of AGPases in crop plants to 

increase starch production with mixed results (Smith 2008). Designer AGPases, such as glgC16 from E. 

coli (Stark 1992) or the recombinant rev6 (Giroux 1996), that have successfully increased starch content 

in other plants should be expressed in microalgae, preferably in a background with no native AGPase 

activity, such as the C. reinhardtii sta1 or sta6 mutants. An alternative approach for increasing microalgal 

starch would be to introduce starch synthesizing enzymes into the cytosol. The cytosol would give more 

physical space for the starch granules to accumulate (Smith 2008). A problem for cytosolic starch 

synthesis could be that because the AGPase is far from the pyrenoid, and thus 3-PGA, that it may not be 

activated. This problem could be circumvented by the introduction of an AGPase that does not require 3-

PGA such as the Mos(1–198)/SH2 AGPase which still has activity even without the presences of an 

activator (Boehlein 2009). 

 

1.3.4 Genetic modification strategies for decreasing starch degradation in microalgae 

 The precise mechanisms of starch catabolism in green microalgae are largely unknown (Ball 

2009), but are more widely understood in Arabidopsis thaliana (Smith 2005). Starch can be degraded by 

hydrolytic and/or phosphorolytic mechanisms. Hydrolytic starch degradation requires an enzyme capable 

of hydrolyzing semi-crystalline glucans at the surface of the insoluble starch granule. In A. thaliana, α-

amylase (AMY3) is thought to participate in starch degradation, and a homologous protein is found in C. 

reinhardtii (Smith 2005). Interestingly, starch can be degraded even when all three α-amylases in A. 

thaliana have been knocked out, indicating alternative mechanisms for starch degradation (Yu 2005). 
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Plastic starch degradation is stimulated by phosphorylation of glucose residues at the root of amylopectin 

by glucan-water dikinases (GWD) and phosphoglucan water dikinases (PWD) (Ritte 2006). The 

phosphorylation of glucans by both of these enzymes are thought to help disrupt the crystalline structure 

of the starch granules to allow glucan metabolizing enzymes access (Zeeman 2007). In A. thaliana, the 

disruption of the GWD (sex1 phenotype) results in starch levels that are 4-6 times higher than in wild-type 

leaves (Yu 2001), while disruptions in PWD results in a less severe starch excess phenotype (Ritte 2006). 

These phosphorylation steps are critical for starch degradation and are excellent gene knockout targets for 

developing a starch accumulation phenotype in microalgae.  

 

1.3.5 Secretion strategies and soluble sugars  

 Many microalgae have the native ability to secrete fixed carbon products. Mannitol, arabinose, 

glutamic acid, proline, glycerol, lysine, aspartic acid, and various polysaccharides have been reported to 

be secreted (Hellebust 1965). Ankistrodesmus densus secretes polysaccharides when exposed to light, 

even during stationary phase (Paulsen 1998). Although little is currently known about these secretion 

events, a further understanding of their regulation and mechanism could potentially be leveraged for 

continuous biofuel production from secreted saccharides. 

 The production of soluble sugars may be preferred over polysaccharides because they are smaller 

and easier to process, in addition to likely being more amenable for engineered secretion because many 

transporters have been described. Maltose, a product of starch degradation in the chloroplast, is 

transported to the cytosol in green microalgae and land plants by the maltose export protein (MEX1) 

(Deschamps 2008). This protein facilitates bi-directional diffusion and could be leveraged to export 

maltose out of the cell. Although sucrose has been largely unexplored in microalgae, evidence exists that 

some of the enzymes involved in sucrose metabolism, such as the sucrose synthetase and sucrose 

phosphate synthetase, may be present (Duran 1977). The synthesis of sucrose could be exploited by 

sucrose transporters, such as SUC1 and SUC2 found in A. thaliana, for extracellular excretion. S. 

cerevisiae transformed with SUC1 and SUC2 have been shown to transport sucrose and some maltose 

across their plasma membrane (Sauer 1994). 

 In addition to exporting soluble sugars, intracellular sugar accumulation is also a desirable 

microalgal biofuel trait. Maltose is metabolized in the cytosol by a glucosyltransferase, DPE2, but when it 

is knocked out in Arabidopsis it results in a 30-fold increase of maltose in the leaves, enough to cause 

maltose exportation to the roots where the concentration is doubled. In addition, when the MEX1 

transporter is knocked out there is at least 40 times more maltose in the leaves of the Arabidopsis mutant 

than in wild type (Lu 2006). In sugar cane, an increase in total sugar production has been accomplished 

by the transgenic expression of a sucrose isomerase from a bacterium. This isomerase converts sucrose to 
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isomaltulose, a non-plant metabolite, and as a result the total sugar levels of isomaltulose and sucrose are 

twice as high as control plants. This may imply that there is a signaling system that gives negative 

feedback when sucrose levels reach a certain level, but when sucrose is converted to isomaltulose, the 

total sugar levels are not detected, allowing for higher levels of total sugar accumulation (Wu 2007). In 

microalgae, maltose could be converted to other isoforms that may be silent to the native metabolic 

regulatory system which could result in an increase in total sugar content. For example, a 

glucosyltransferase from a bacterium converting maltose to trehalose (Nishimoto 1995) could be 

expressed as a potential strategy to increase total sugar content. A potential side effect of increased 

trehalose is its ability to induce starch synthesis and AGPase expression, which has been shown in 

Arabidopsis (Wingler 2000). 

 

1.3.6 Alcohol production in algae 

 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 2009). Many algae have native fermentative metabolic pathways that produce 

ethanol and other alcohols; however, directly coupling ethanol production to photosynthetic carbon 

fixation in situ would be preferred. The coupling of ethanol production to photoautotrophic metabolism 

will require changes in regulatory pathways or the insertion of new metabolic pathways. In the 

cyanobacteria Synechocystis, the creation of a pathway for ethanol biosynthesis has been demonstrated 

with the insertion of pyruvate decarboxylase and alcohol degydrogenase from the ethanologenic 

bacterium Zymomonas mobilis (Deng 1999, Dexter 2009). This pathway produces ethanol during 

photoautotrophic growth and could be incorporated into algae, however these enzymes are not optimized 

for performance in oxic conditions and may need to be configured for eukaryotic systems. Other 

pathways for the direct, non-fermentative production of higher alcohols has been demonstrated in E. coli 

(Huffer 2012) 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 

2008, Connor 2009).  

 

1.4 Algal lipids 

 Algae produce a variety of lipids including fatty acids, glycerolipids, phospholipids, terpenes, 

terpenoids, sterols, algaenan, waxes, monoglycerides, diglycerides, and triglycerides. The main biological 

functions of these molecules include storing energy, serving as structural components of cell membranes, 

and providing protective extracellular coatings. 
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1.4.1 Fatty acids 

 Fatty acids are primarily produced by algae for use in membrane lipids and for energy storage in 

TAGs. In algae, fatty acids are produced in the chloroplast (Figure 1.3). Acetyl-CoA carboxylase 

(ACCase) is regarded as the committed and rate limiting step in fatty acid biosynthesis, converting acetyl-

CoA to malonyl CoA. ACCase can be a single monomeric polypeptide or a complex of 4 subunits. 

Arabidopsis has two separate ACCase enzymes, one that is a single polypeptide and the second that is a 4 

polypeptide complex (Ke 2000b, Rawsthorne 2002). Some algae, such as Nannochloropsis gaditana, 

contain only monomeric ACCase homologs (Jinkerson 2013). The fatty acid synthase complex takes 

malonyl CoA and incorporates it into the growing fatty acid chain. Once the correct chain length is 

reached a thioesterase cleaves the fatty acid off of the acyl carrier protein (ACP) or coenzyme A (CoA). 

Fatty acids are then exported out of the chloroplast and trafficked to the endoplasmic reticulum (ER) 

where they are incorporated into membrane lipids or TAG. Generally, it has been thought that TAG is 

produced at the face of the ER and stored in the cytosol in algae, however, recent evidence suggests that 

some algae, such as C. reinhardtii, can produce TAG in the chloroplast (Goodson 2011). 

 

1.4.2 Altering algal fatty acid biosynthesis for biofuel production 

 The carbon chain length and degree of unsaturation of fatty acids can effect subsequent biodiesel 

properties. Long chain saturated fatty acids can increase the cloud point temperature and reduces cold 

flow properties. While increasing unsaturation can improve cold flow properties, this reduces the 

oxidative stability. The predominate fatty acids found in algae typically have 16 or 18 carbons with 0 to 3 

sites of unsaturation. Some algae also produce polyunsaturated fatty acids (PUFAs) such as  

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). One approach to make an algal fatty acid 

profile more amenable for use as biodiesel is to metabolically engineer them to produce shorter chain 

fatty acids. This strategy has been employed in the diatom Phaeodactylum tricornutum where plant short-

chain thioesterases that produce C12 and C14 fatty acids was heterologously expressed. Interestingly, 

these shorter fatty acids were found predominantly in TAG molecules which may be preferred because if 

incorporated into membrane lipids they may alter the membrane thickness (Radakovits 2011). No fatty 

acids were found to be secreted in the medium, which is different than what is observed in bacteria such 

as E. coli and in Synechocystis sp. which secrete fatty acids when thioesterases are over expressed (Liu 

2011, Liu 2012). It may be beneficial to secrete fatty acids so attempts could be made to engineer a 

secretion pathway. Typical strategies in bacteria have focused on expressing thioesterases and knocking 

out acyl-CoA ligases, which activate fatty acids. However, in eukaryotes just knocking out acyl-CoA 

ligases may not be enough to facilitate secretion (Roche 2013), so alternative strategies may need to be 

considered such as expressing fatty acid specific ABC transporters. 
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 Another strategy often proposed to increase fatty acid production is to increase malonyl-CoA 

levels. Once acetyl-CoA is carboxylated by ACCase to form malonyl-CoA it is essentially committed  to 

fatty acid biosynthesis (Radakovits 2010). Attempts to over express ACCase for improved fatty-acid 

synthesis have met with limited success, implying that acetyl-CoA levels are limiting or that other 

 
 
Figure 1.3 Fatty acid and TAG biosynthesis in algae 
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, 3-
hydroxyacyl-ACP dehydratase; KAR, 3-ketoacyl-ACP reductase; KAS, 3-ketoacyl-ACP synthase; 
LPAAT, lyso-phosphatidic acid acyltransferase; MAT, malonyl-CoA:ACP transacylase; PAP, 
phosphatidic acid phosphatase; PDH, pyruvate dehydrogenase complex; TAG, triacylglyceride. Created 
for Elliot et al. (2011). 
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regulatory features of the ACCase need to be considered (Roesler 1997). One key consideration is that 

plastid and non-plastidic forms of ACCase may not function properly if expressed in the wrong location 

due to posttranslational regulatory features controlling enzyme activity that are not currently well 

established. 

 

1.4.3 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. Many important classes of biomolecules are 

derived from terpenes and terpenoids, including sterols, carotenoids, and the phytol tail of chlorophyll. 

Two isoprene building blocks are used for terpene and terpenoid synthesis: isopentenyl diphosphate (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 2008, Lee 2008). Several efforts 

are currently ongoing to increase terpene and terpenoid content in algae and cyanobacteria (Davies 2014). 

One such successful effort that I was involved in was producing β-caryophyllene in the cyanobacteria 

Synechocystis sp. PCC6803 by heterologous expression of the β-caryophyllene synthase gene (QHS1) 

from Artemisia annua (Figure 1.4) (Reinsvold 2011). This was the first successful demonstration of the 

heterologous production of this class of molecules in a photoautotrophic microorganism.  

 

1.4.4 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 (Elliott 2011). 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 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 2005). Recently some of the genes 

responsible for the biosynthesis of botryococcene has be elucidated in Botryococcus braunii Race B. It 

was found that two squalene synthase-like proteins are responsible for the production of botryococcene 

while another squalene synthase-like proteins was responsible for the production of bisfarnesyl ether 

(Niehaus 2011). 
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Figure 1.4 Overview of isoprenoid biosynthetic pathway in cyanobacteria 
Native Synechocystis sp. strain PCC6803 metabolites and pathways shown in black, enzymes shown in 
red. Engineered sesquiterpene pathway to produce β-caryophyllene shown in blue. Enzyme abbreviations 
followed by PCC6803 gene names: CMS, 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase (ispD); 
CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (ipk); DXS, 1-deoxy-D-xylulose-5-phosphate 
synthase (dxs); DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase (dxr); GGPS, geranylgeranyl 
pyrophosphate synthase (crtE); HDS, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate synthase (gcpE); 
IDI, Isopentenyl diphosphate: dimethylallyl diphosphate isomerase (sll1556); IDS, Isopentenyl 
diphosphate: dimethylallyl diphosphate synthase (lytB); MCS, 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase (ispF). Created and adapted for Reinsvold et al. (2011). 
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1.5 The focus of this work 

 Increasing algal productivities and product of interest yields will bring down the land use 

requirements and costs of algal biofuels. Significant advances are needed before algae can be used in an 

economically viable biofuel production process. The work presented in this thesis addresses this issue in 

algal biofuels by investigating the following topics: (1) carbon partitioning in green algae between starch 

and lipids, (2) function of the isoamylase, a key enzyme in starch biosynthesis and its role in starch excess 

phenotypes, (3) how systems biology can be applied to algal systems and used to increase biofuel 

production, and (4) development of a new model organism for algal lipid production, Nannochloropsis 

gaditana. 

 

1.5.1 Carbon partitioning in green algae between starch and lipids 

 Green algae have two main bioenergy storage molecules: starch and lipids. In these algae 

atmospheric carbon dioxide is assimilated into carbon molecules in the Calvin-Benson cycle. 3-

phosphoglyceric acid (3PGA), the primary product of the Calvon-Benson cycle, is partitioned between 

starch and lipid biosynthetic pathways. We hypothesized that alteration in one of these pathways may 

drive more carbon flux into the alternative pathway. To evaluate this hypothesis we tested two starchless 

mutants defective in either the small subunit of the ADP-glucose pyrophosphorylase (AGPase) enzyme, 

designated sta6 (Zabawinski 2001), or in the isoamylase 1 (ISA1) enzyme, designated sta7 (Posewitz 

2004b). These mutants produce no starch (sta6) or only a small amount of phytoglycogen (sta7) (Ball 

2009), and we determined whether total fatty acid levels were higher relative to a wildtype control strain 

(CC-124). Both sta6 and sta7 produce more total fatty acids per cell, 2- and 4-fold more, respectively, 

than wildtype under nitrogen deprivation (Work 2010). However, if a holistic view of the total energy 

stored in starch and fatty acids is taken, the starchless mutants do not fully compensate for the loss of 

starch. Although more carbon is partitioned into fatty acids when starch biosynthesis is perturbed, 

energetically these mutants produce less overall bioenergy carriers and specifically the energy that would 

be found in starch is not made up for in a commensurate increase in fatty acids. From a biofuels 

perspective, if one only cared about biodiesel production, the starchless mutants would be selected for 

cultivation, but for overall bioenergy production the wildtype would be selected because it is producing 

more total bioenergy carriers. 

 To investigate why the starchless mutants were producing less bioenergy carriers overall we 

examined the rates of oxygen evolution which is a measurement of photosynthesis less respiration. The 

starchless mutants produce less oxygen under nitrogen deprivation than the wildtype, which indicates less 

photosynthesis. Additionally, rates of acetate uptake, which can be used by C. reinhardtii as an exogenous 
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carbon source, were decreased. While the starchless mutants produce more fatty acids, overall the 

starchless mutants have less anabolic active than the wildtype. 

 The starchless mutant sta7 was complemented to show that once starch production is restored that 

carbon flux is again split between these two bioenergy carriers and fatty acid production is decreased. We 

complemented sta7 with the wildtype ISA1 gene. Two independent complements that had restored starch 

production were investigated and it was determined that both of these strains produce up to three fold 

more starch than the wildtype. This was an unexpected result. These cells were much larger than the 

wildtype or starchless mutants, grew to a lower final cell density, and accumulated more fatty acids as 

well, likely due to the increased size of these cells. These results were the basis of our further 

investigations into the role isoamylase plays in starch biosynthesis. 

 

1.5.2 Role of isoamylase in starch biosynthesis and in starch excess phenotype 

 Our previous work revealed that complementation of isoamylase can result in a starch excess 

phenotype (Work 2010). In continuation of this project, we pursued the mechanism of the starch excess 

phenotype, repeated this phenotype in another background strain, and assessed the function of isoamylase 

in starch biosynthesis. To determine the frequency of the starch excess phenotype after random gene 

integration and complementation, we generated hundreds of sta7 complements and screened starch levels. 

A variety of starch production phenotypes were found, ranging from the starch levels seen previously in 

Work et al. (2010) to wildtype levels. Growth was negatively correlated to starch production; as starch 

levels increased growth decreased. Repeating our earlier success in creating starch excess mutants did not 

eliminate the possibility that this phenotype could be an artifact of the starchless mutant background. The 

sta7 mutation is only the last 2 exons out of 21, so a truncated form of the enzyme could exist that could 

be contributing to this phenotype. To eliminate this possibility we transformed the ISA1 gene into the 

wildtype D66. From this pool of transformants we were able to identify several that produce excess levels 

of starch. This result indicated that the starch excess phenotypes seen were not a result of the sta7 mutant 

background but linked directly to the isoamylase 1 gene. 

 In these new starch excess transformants we evaluated the molecular mechanisms of the 

phenotype. We first evaluated the ISA1 transcript levels via qPCR. The ISA1 transcript has low abundance 

and we were unable to detect significant differences between the wildtype and starch excess strain. Next 

we evaluated isoamylase activity on glycogen impregnated native-PAGE Zymograms. Increased 

isoamylase activity was detected in the starch excess strains. Attempts to quantify cellular Isoamylase 1 

protein levels were conducted on a Hybrid ESI Quadrupole time-of-flight tandem mass spectrometer 

(MS) at Colorado State University. A synthetic ISA1 gene was created to express this protein in E. coli for 

use as a standard. ISA1 protein fragments were detected in both the wildtype and starch excess strains, 
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but not at high enough levels to quantify or to detect significant differences.  Finally, we evaluated the 

starch that was produced by the starch excess strain. The starch granules are physically larger and have a 

less uniform surface in the starch excess strain when compared to the wildtype. Additionally, the starch 

sheath that surrounds the pyrenoid is thicker in the starch excess strain. Starch granule crystallinity was 

assayed by differential scanning calorimetry (DSC) which revealed that the starch gelatinization 

endotherm is shifted to a higher temperature and requires more energy in the starch excess strain, 

implying that the starch has a higher crystallinity. Fluorophore assisted carbohydrate electrophoresis 

(FACE), which can find the degree of polymerization (DP) between α-1,6 branch points in the starch 

granule, was used to determine branching frequency. Starch excess strains have increased distance 

between branch points within the starch granule, resulting in less overall branching. Longer crystalline 

regions of α-1,4 linked glucans are present between the amorphous branching regions in the amylopectin 

of the starch excess strains, which likely results in the overall increase in starch crystallinity. 

 Isoamylase plays an important role in starch biosynthesis and can alter starch crystallinity levels. 

The loss of isoamylase results in a loss of the production of crystalline amylopectin (Zabawinski 2001), 

while increasing isoamylase levels results in an increase in crystallinity.  In the case of these starch-excess 

strains, they have increased isoamylase1 content which increases starch debranching. Increased 

debranching increases starch granule crystallinity. It is thought that this change in crystallinity effects the 

cells ability to sense or possibly degrade the starch granule, resulting in increased starch production and 

an increase in glucose partitioning into starch granules, but more evaluation is required to determine the 

regulatory mechanisms that result in this increase. 

 

1.5.3 How systems biology can used to increase biofuel production in algal systems 

 Unfortunately, native algal metabolisms and regulatory networks are not optimized for the 

accumulation of bioenergy carriers such as starch or lipids. Systems biology, which includes genomics, 

transcriptomics, proteomics, metabolomics, and lipidomics, can inform and provide key insights to 

advance algal strain development for biotechnological applications. Recent advances in analytical 

technologies have enabled these sophisticated, high throughput, holistic ‘omics’ techniques to generate 

highly accurate and quantitative datasets that can be leveraged to improve biofuel phenotypes in 

phototrophic microorganisms. The study of algal genomes and transcriptomes allows for the identification 

of genes, metabolic pathways, and regulatory networks. Investigations of algal proteomes reveal protein 

levels, locations, and post-translational modifications; while the metabolome can reveal metabolite fluxes 

and intermediates, all of which are integral for investigating algal metabolism from the whole cell 

perspective. This corresponding chapter is a review of previous work that focuses on how systems 
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biology has been applied to studying metabolic networks in algae and cyanobacteria, and how these 

technologies can be used to improve bioenergy carrier accumulation. 

 One of the drivers of recent advances in systems biology is the reduction in cost of DNA 

sequencing has allowed researchers to rapidly sequence the genome and transcriptome of non-model 

algae. In the past, high DNA sequencing costs have been prohibitively high and have kept genomic and 

transcriptomic evaluations focused to only a handful of model algae. With reduced DNA sequencing 

costs, a consequence of next-generation sequencing technologies, the opportunity to study more 

industrially relevant algae in-depth has emerged. We used this approach to develop a new model algal 

system that natively produces high levels of lipids.  

 

1.5.4 Development of a new model organism for algal lipid production, Nannochloropsis gaditana 

 Lipids are an alternative bioenergy carrier to starch that many algae produce and could be used 

for biofuel production. However, none of the current algal model species are competitive lipid production 

strains. Many of these strains such as Chlamydomonas reinhardtii, Phaeodactylum tricornutum, and 

Thalassiosira pseudonana, were selected to be laboratory models because they have fast growth rates in 

the laboratory, have heterotrophic growth ability allowing the assessment of photosynthesis mutants, or 

have specific cellular functions such as phototaxis or sexual cycles (Grossman 2005). However, these 

traits are not necessarily the most desirable attributes for biofuel production. Algal strains that produce 

large quantities of lipids, specifically fatty acids, have fast growth rates outdoors, and are easily harvested 

and processed, are the most desirable for biofuel production. This creates a disparity between the 

collective basic knowledge of algal systems, which is generally focused on model organisms, and the 

need to understand industrially relevant strains (Jinkerson 2011). 

 We took the approach of screening and selecting an industrially relevant, high-lipid producing 

algal strain and then developing it into a new model system for lipid production. In our hands 

Nannochloropsis gaditana was found to be a leading producer of triacylglycerides (TAG) over several 

other algal species. Nannochloropsis species have emerged as a premier phototrophic microorganism for 

the production of biofuels. Several isolates produce large quantities of triacylglycerols, grow rapidly, and 

can be cultivated at industrial scales. Nannochloropsis strains have been cultivated outdoors by several 

companies including Aurora Algae, Seambiotic, and Solix Biofuels (Radakovits 2012a). 

 The first step in establishing N. gaditana as a new model system for studying algal lipid 

production was to sequence its mitochondrial, plastid and nuclear genomes. To accomplish this we used 

two different next-generation DNA sequencing technologies: Roche 454 and Illumina. The strengths of 

each platform were used in our assembly; 454 gives sequencing reads that are longer (up to ~600 bp) 

while the Illumina reads were shorter (100 bp) but give a much greater depth of coverage. Chloroplast and 
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mitochondrial genomes were assembled and annotated by hand. The nuclear genome was assembled 

using a variety or genome assembly programs which were reconciled into a single assembly that 

capitalizes on the relative strengths of each type of assembly software (Radakovits 2012a). The final draft 

nuclear genome assembly was approximately 28 Mb. After nuclear genome assembly, gene models were 

created with Maker (Cantarel 2008) which used EST, homology, and ab initio lines of evidence. 

Additionally, we created additional gene models based off of EST evidence to fill in gene models that 

were missed in the Maker pipeline. Overall 9,052 gene models were assigned. 

 Genomic interrogation revealed several key features that likely facilitate the oleaginous 

phenotype observed in Nannochloropsis, including an over-representation of genes involved in lipid 

biosynthesis. Additionally, the genes required for carbon assimilation, chlorophyll, and carotenoid 

biosynthesis were defined. Nannochloropsis has at least two vitamin B12 requiring enzymes but is not a 

vitamin B12 auxotroph.  

 Genes in Nannochloropsis have a unique orientation with respect to neighboring gene 

directionality and functionality. Genes are preferentially orientated so that they share common promoter 

and terminator regions. This may save space in the genome in addition to allowing tighter control of gene 

transcription. Also, in some cases, genes with similar functions or that function together in a metabolic 

pathway can be found spatially clustered together in the genome. One such cluster is a hydrogenase gene 

cluster that contains an FeFe-hydrogenase (HYDA) and three genes needed for FeFe-hydrogenase 

maturation (HYDE, HYDF, HYDG) (Jinkerson 2013). Additionally, we compiled a codon usage table for 

N. gaditana which will aid in designing synthetic genes for heterologous expression in this organism. 

 Comparative genomics analysis indicated that many of the genes found in N. gaditana are shared 

by other algae, with only 23% being unique to this organism. The most closely related organisms are 

brown algae, diatoms, and the non-photosynthetic oomycetes. An additional comparative genomics 

analysis conducted was determination of the 'StramenopilePhotoCut', a set of genes found in 

photosynthetic stramenopiles, but absent in non-photosynthetic stramenopiles, similar to an analysis 

identifying 'GreenCut' genes found in photosynthetic plants (Karpowicz 2011). Many of the genes found 

in the 'StramenopilePhotoCut' are involved in photosynthesis, but also many can be found that are 

involved in lipid and carotenoid biosynthesis and may explain the distinguishing photoautotrophic 

phenotypes observed.  

 Transcriptome sequencing, or RNA-Seq, was conducted to aid in the assembly of gene models 

and also for profiling differential regulation of genes during nitrogen limited lipid biosynthesis. For the 

creation of gene models, RNA from algal cells grown in a variety of conditions were pooled and 

sequenced in an effort to capture a wide array of genes. These conditions included +/- nitrate, logarithmic 

phase, stationary phase, heat shocked culture (2 h at 37 ºC), cold treated culture (2 h at 4 ºC), 12 h dark 
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acclimation, and +/- supplemental CO2. For the differential expression analysis, RNA was sampled from 

cultures grown in nitrogen deplete and replete conditions for 16 h. This experiment exposed which genes 

are differentially expressed under nitrogen deprivation, a condition that results in fatty acid accumulation. 

The absolute difference in expression was found to be up to 23-fold for some genes between nitrogen 

replete and deplete conditions. In general, genes involved in nitrogen scavenging and amino-acid 

reorganization were up regulated, while most major pathways were down regulated, including 

photosynthesis, carbon fixation, nucleotide metabolism, and oxidative phosphorylation. Under nitrogen 

deprivation N. gaditana shuts down major metabolic pathways and enters a stress state. 

 With the addition of robust transformation (Radakovits 2012a) and homologous recombination 

(Kilian 2011a) methods, the availability of a genome sequence will facilitate investigations into N. 

gaditana lipid biosynthesis and permit genetic engineering strategies to further improve this naturally 

productive algal strain. This genome sequence will also allow researchers to continue to answer questions 

about this fascinating organism such as what genes are responsible for algaenan biosynthesis and can this 

organism be used as a subtractive query in a comparative genomics analysis to find the gene or genes 

involved in chlorophyll c biosynthesis. 

 

1.6 General summary 

 This research represents an effort to further describe and alter carbon metabolic flux in eukaryotic 

algae. This was achieved by physiological evaluation of mutants and overexpression of key enzymes in 

starch biosynthesis. This work has given a better understanding of how carbon is partitioned between 

starch and lipids in green algae and has helped clarify the role of isoamylase in starch biosynthesis. 

Additionally, the completion of a draft genome sequence of Nannochloropsis gaditana is the first step in 

establishing this organism as a new oleaginous model algal for the evaluation of lipid production. In 

summary, this work advances basic and applied knowledge of algal biology and moves this field closer 

towards effectively deploying these organisms for large-scale biofuel production. 
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CHAPTER 2 

INCREASED LIPID ACCUMULATION IN THE CHLAMYDOMONAS REINHARDTII STA7-10 

STARCHLESS ISOAMYLASE MUTANT AND INCREASED CARBOHYDRATE SYNTHESIS 

IN COMPLEMENTED STRAINS 

The following chapter was published in the journal Eukaryotic Cell in 2010 with the following citation: 

Work*, V. H.; Radakovits*, R.; Jinkerson*, R. E.; Meuser, J. E.; Elliott, L. G.; Vinyard, D. J.; Laurens, L. 

M. L.; Dismukes, G. C.; Posewitz, M. C., Increased lipid accumulation in the Chlamydomonas reinhardtii 

sta7-10 starchless isoamylase mutant and increased carbohydrate synthesis in complemented strains. 

Eukaryotic Cell 2010, 9 (8), 1251-1261, where * denotes equal contribution. 

 

2.1 Introduction 

 Microalgae are able to efficiently convert sunlight, water, and CO2 into a variety of products 

suitable for renewable energy applications including H2, carbohydrates, and lipids (Hankamer 2007, 

Dismukes 2008, Hu 2008, Posewitz 2009, Radakovits 2010). The unicellular green alga Chlamydomonas 

reinhardtii has emerged as a model organism for studying algal physiology, photosynthesis, metabolism, 

nutrient stress, and the synthesis of bioenergy carriers (Kruse 2005, Ghirardi 2007, Grossman 2007, 

Merchant 2007, Hemschemeier 2009). During acclimation to nitrogen deprivation, C. reinhardtii cells 

accumulate significant quantities of starch and form lipid bodies (Sager 1954, Martin 1975, Libessart 

1995, Mouille 1996, Dauvillée 2001b, Zabawinski 2001, Ball 2009, Chochois 2009, Wang 2009b, Li 

2010b). Despite the significance of these products in algal physiology and in biofuels applications, the 

metabolic, enzymatic, and regulatory mechanisms controlling the partitioning of metabolites into these 

distinct carbon stores are poorly understood in algae. Several C. reinhardtii starch mutants have been 

isolated with various phenotypic changes in starch content and structure (Ball 1998, 2002, Ball 2009). 

Two of these, sta6 and sta7, contain single gene disruptions that result in “starchless” phenotypes that 

have severely attenuated levels of starch granule accumulation (Mouille 1996, Ball 1998, Zabawinski 

2001, Posewitz 2004b, Posewitz 2005, Ball 2009).  

 The disrupted loci in the two isolated starchless mutants are distinct and each mutant has a unique 

phenotype (Dauvillée 2001a, Posewitz 2004b). In sta6, the small, catalytic subunit of ADP-glucose 

pyrophosphorylase (AGPase-SS) is disrupted (Ball 1998, Zabawinski 2001, Ball 2009), and this mutant 

accumulates less than 1% of the starch observed in wild-type cells under conditions of nitrogen 

deprivation. The sta7 mutant contains a disrupted isoamylase gene (Dauvillée 2000, Dauvillée 2001a, 

Dauvillée 2001b, Posewitz 2004b, Posewitz 2005) and also has severely attenuated levels of starch, but 

accumulates a soluble glycogen-like product (Dauvillée 1999, Ball 2009). In this study, we conducted an 
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examination of the unique physiological acclimations that are utilized by these mutants to adapt to the 

loss of starch synthesis. As the genetic lesions in these two mutants are distinct and block starch synthesis 

via two very different mechanisms, we investigated the physiological consequences of starch inhibition in 

both of these mutants from a holistic bioenergy perspective, which included photosynthetic parameters 

and the overall yields of lipids and carbohydrates, the two primary bioenergy carriers in C. reinhardtii. 

Specifically, we examined whether the inability to synthesize starch would result in the accumulation of 

additional lipid, alter cellular growth or cell size, affect acetate utilization, and/or influence photosynthetic 

O2 evolution. Our data indicate that both sta6 (BAFJ5) and sta7 (sta7-10) accumulate more lipid relative 

to the CC124 control during nitrogen deprivation. However, the additional lipid does not completely 

offset the loss of starch synthesis from a complete energetic perspective. Increased lipid accumulation 

during nitrogen stress has also been reported for a variety of starch mutants in recent papers (Wang 

2009b, Li 2010b, Li 2010c). A significant feature in both of the starchless mutants studied here is that O2 

evolution and acetate utilization are diminished during nitrogen stress, which is undesirable from an 

overall bioenergy perspective. Remarkably, complementation of sta7-10 with genomic DNA encoding the 

wild-type isoamylase gene resulted in cells that were larger than sta6, sta7-10, and CC124, exhibited the 

highest levels of lipid during nitrogen deprivation, and over-accumulated starch even in nutrient replete 

medium. 

 

2.2 Material and methods 

 Strains and culturing conditions. CC124 was obtained from the Chlamydomonas Center, sta6 

(BAFJ5) was kindly provided by Steven Ball (Zabawinski 2001), and sta7 (sta7-10) in the CC425 

background was isolated as described previously (Posewitz 2004b). The sta7-10 complemented strains 

were obtained after transformation of the sta7-10 mutant with a genomic DNA segment (BamHI/KpnI 

fragment) encoding the WT STA7 gene, cloned into pSP124S (Lumbreras 1998). The sta7-10[c19] clone 

was isolated previously (Posewitz 2004b), and the sta7-10[c5] clone was isolated as a part of this study 

from a separate transformation.  

 Cultures were grown to late-log phase in nitrogen-replete Tris-Acetate-Phosphate (TAP) liquid 

medium and resuspended at 2.0-2.5 x 106 cells/ml in parallel in nitrogen-replete TAP or nitrogen-depleted 

TAP (TAP-N) media, in which NH4Cl was omitted (Gorman 1965, Harris 1989, 2009). Cells were grown 

under 50 µmoles m-2 s-1 PAR constant illumination on an orbital shaker. Samples for analysis were taken 

immediately after resuspension (0 h) and after 22, 48, 72, and 96 h. Cell counts and cell sizes were 

assessed using a Z2™ Coulter Counter® Cell and Particle Counter (Beckman-Coulter, Brea, CA). Cells 

were assumed to be spherical for diameter calculations, and background and cellular debris were excluded 
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in all cellular count, volume, and diameter assessments. Coulter cell counts were verified on 

representative samples using microscopy. 

 

2.2.1 Chlorophyll measurements. 

 Chlorophyll was determined using ethanol extraction. One ml of culture was centrifuged at 6000g 

for 5 min at room temperature (RT), the supernatant was saved for acetate quantification (see below), and 

the cell pellets resuspended in 95% ethanol and vortexed to extract pigments. Cellular debris was pelleted 

by centrifugation (14,000g) for 3 min, and absorption was read at 665 nm and 649 nm using a Jenway 

6505 UV/Vis spectrophotometer (Barloworld Scientific Ltd., Essex, U.K.). Total chlorophyll (µg/ml) 

calculations were performed as described previously (Harris 1989).   

 

2.2.2 Microscopy 

 The effects of nitrogen deprivation on nonpolar lipid accumulation were visually assayed using 

laser scanning confocal microscopy. After 96 h in TAP-N, all strains were stained with the nonpolar lipid 

fluorophore Bodipy 493/503 (Gocze 1994) (Molecular Probes®, Invitrogen Corporation). To prepare the 

cells for imaging, 3 ml of each culture was centrifuged at 4000g at RT for 5 min. The supernatant was 

removed and 100 µl of the supernatant was used to resuspend the cell pellet. The concentrated cells were 

stained with 10 µg/ml Bodipy 493/503 for 5 min. To immobilize cells, 1% low melting temperature 

(LMT) agarose was heated to 65 °C for use as mounting medium and 5 µL of stained cell suspension was 

rapidly mixed with 5 µl of molten 1% LMT agarose. Five µl 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.  

 Images were acquired using a Nikon Eclipse E800 microscope equipped with a Nikon D-Eclipse 

C1 Laser Scanning Confocal imaging system using a Melles Griot Kyma 488 series 85-BCD-010 solid 

state laser for fluorescence excitation and light transmission as well as a SPOT RT KE color mosaic CCD 

camera for brightfield imaging. Laser output power was 10 mW with an emission wavelength of 488 

±0.5nM.  Laser emission was controlled at 25% of maximum with an ND4 optical filter. Chlorophyll 

autofluorescence was detected using a 685/70 bandpass optical filter and Bodipy 493/503 fluorescence 

was detected using a 515/30 bandpass optical filter. The small pinhole confocal configuration was used to 

filter out-of-focus fluorescence emission light. 
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2.2.3 Starch assays 

 Cellular glucose levels contained in starch were determined using amyloglucosidase digestion 

and the Sigma Glucose (HK) Assay Kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s 

instructions. Cells were concentrated by centrifugation of 10 ml culture at 3600g for 10 min. The 

supernatant was discarded, and cells were frozen at -80 ºC. Samples were then resuspended in 100 mM 

sodium acetate, pH 4.5, autoclaved to solubilize starch and then digested with amyloglucosidase 

overnight at 60 oC to liberate glucose. To visually assess starch content in colonies on agar plates, iodine 

vapor staining was performed by placing solid I2 pellets on the surface of agar plates to initiate 

sublimation. 

 

2.2.4 FAME Quantification 

 Glycerolipids were converted to fatty acids for GC-FID analysis as described previously 

(Pendergrass 1997, Pendergrass 1998). Lipids were extracted and derivatized from liquid culture at the 

indicated times. Briefly, 1.0 ml methanol saturated with NaOH was added to 0.5 ml culture and heated in 

tightly sealed vials at 100ºC for 2 hours, resulting in cell lysis and lipid saponification. Acid-catalyzed 

methylation was accomplished by adding 2 ml 1:1.2 6 N HCl/MeOH and incubating at 80 ºC for 2 hours, 

followed by overnight incubation at 60 ºC. Fatty acid methyl esters (FAMEs) were extracted into 1 ml 1:1 

hexane/MTBE via gentle inversion. Extracts were washed with distilled water and analyzed directly by 

GC-FID using an Agilent 7890A gas chromatograph with a DB5-ms column (Agilent Technologies, 

Santa Clara, CA). Tridecanoic acid (13:0 fatty acid) was also spiked into representative samples and 

recovery of this internal standard converted to FAME was above 90%. Although the majority of FAME 

analyses from algae involve the use of dried biomass, the sta6 and sta7-10 cells after nitrogen deprivation 

were extremely fragile and difficult to centrifuge into cellular pellets, due to their low density, resulting in 

significant sample losses. Therefore, we modified existing protocols (Pendergrass 1997, Pendergrass 

1998, O'Fallon 2007) for lipid extraction and FAME analysis from wet biomass directly from culture, 

which also significantly improved sample throughput. FAME recovery from representative samples from 

nutrient replete cultures, which are easily harvested by centrifugation, were analyzed using the protocol 

described here, and compared to a more conventional lipid extraction and derivatization technique 

consisting of lyophilizing cells pellets, solubilizing the lipids in chloroform:methanol (2:1 v/v) and 

subsequent transesterification of the lipids by HCl:methanol (5% w/v) for 1 hour at 80 ºC in the presence 

of a tridecanoic acid (C13) methyl ester internal standard (Lepage 1986). The resulting FAMEs were 

extracted with hexane at room temperature for 1 hour and analyzed by GC-FID (method adapted from 

Lepage and Roy (1986) and optimized with regards to reaction conditions and extraction time, 

temperature). Although the wet biomass extraction and derivatization protocol resulted in diminished 
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FAME recovery (by approximately 10-15% variation when expressed on a volume basis), the difference 

in FAME recovery was consistent for all strains used, and was deemed to provide an acceptable proxy for 

relative changes in lipid accumulation.  

 

2.2.5 Acetate utilization 

 Acetate remaining in culture media was quantified using HPLC as described previously (Datar 

2007). Both nitrogen-replete and nitrogen depleted TAP contained 17.5 mM acetate prior to culturing (0 

h). One ml of medium supernatant was filtered through a 0.45 µm Nylon membrane prior to HPLC 

analysis and injected into an Agilent 1200 HPLC (Agilent Technologies, Santa Clara, CA) equipped with 

an Aminex HPX-87H (Bio-Rad, Hercules, CA) column (45 ºC), using a 0.6 ml/min flow rate and 4 mM 

H2SO4 as an isocratic mobile phase. UV-Vis and refractive index detectors were used to detect and 

quantify acetate levels by comparison with standards.  

 

2.2.6 Photosynthetic oxygen evolution rates 

 Oxygenic photosynthesis was assessed by measuring in vivo O2 production using a custom-built 

Clark-type apparatus equipped with YSI5331 platinum electrodes (YSI Incorporated, Yellow Springs, 

OH). Cells were grown to late-log phase under nitrogen-replete conditions, whereupon cultures were 

resuspended at approximately 1 x 107 cells/ml in TAP-N media. Cell suspensions (0.8 ml) were taken 

immediately after removal from the orbital shaker and added to a temperature-controlled, water-jacketed 

glass reaction cell (Allen Scientific Glass, Boulder, CO) based on an earlier design by Gilson Inc. Probe 

polarization (0.6V) and digital signal amplification was accomplished using a custom-built digital 

picoammeter circuit and acquired using a digital data acquisition card (National Instruments, Austin, TX) 

and custom software (Meuser 2011b). Calibration of the electrode signal was done at the initiation of each 

experiment using 50 mM air-saturated TAP medium and argon-purged (General Air, Denver, CO) 

reference buffer. Oxygen photoproduction of the stirred cell suspensions was measured during a 3-min 

illumination with approximately 80 µmol photons m-2 s-1 from an incandescent Fiber-Lite High Intensity 

Illuminator (Dolan-Jenner Industries, Lawrence, MA). Oxygen photoproduction rates were calculated 

from the change in O2 concentration over the 3-min illumination phase. Normalizations were done based 

on culture volume, the amount of chlorophyll (µg), or the cell density of each sample. 

 

2.2.7 Chlorophyll Fluorescence Measurements 

 The intensity of chlorophyll-a fluorescence emission was measured during excitation at 618 ± 10 

nm with cutoff filters 695 nm (high pass) and 780 nm (low pass) using the Photon Systems Instrument 

(PSI) FluorCam 800MF (Crno, Czech Republic).  The light intensity at the sample surface (500 µmol 
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photons m-2 s-1) was sufficient to saturate the variable yield of fluorescence emission, Fv, as evidenced by 

the lack of change in maximum fluorescence signal upon further increasing actinic light intensity.  Fv 

fluorescence arises from PSII and reaches a maximum yield (Fm = Fv + Fo) when PSII primary charge 

separation occurs and closes the reaction center by preventing further photochemical quenching 

(Shinkarev 2004). Fo reports on the non-variable yield of chlorophyll-a emission. CC124, sta6, and sta7-

10 (five replicates each) were plated on TAP and TAP-N agar and initially dark adapted for 15 minutes 

before any measurements and subsequently for a one-minute dark time following the initial flash 

sequence to reestablish a dark-adapted state (open reaction centers). Fo and Fm were measured directly 

from each colony and reported herein as Fv/Fm where Fv = Fm – Fo. 

 

2.3 Results 

 Distinct growth rates and cell sizes in the starchless mutants and complemented strains. To 

examine the unique physiological acclimation mechanisms used in the absence of starch synthesis, we 

pre-cultured the control strain (CC124), the starchless mutants (sta6 and sta7-10), and two sta7-10:STA7-

10 complemented strains (denoted sta7-10[c5] and sta7-10[c19]), to late-log phase in TAP medium. 

Cultures were then centrifuged and resuspended in either TAP or TAP-N medium at standardized cell 

numbers (~ 2.0-2.5 x 106 cells/ml). CC124 was used as a control since the parental strains of sta6 (330) 

and sta7-10 (CC425) are auxotrophic for arginine, which could be used as a cellular nitrogen/carbon 

source. It should be noted that CC124 has an intact cell wall and that the mutants and complements are 

cell wall-less. The growth curves and cell diameter data in Figure 2.1 and Table 2.1, respectively, show 

several distinguishing features. In nitrogen replete medium, distinct final cell densities are achieved with 

sta6 > CC124 > sta7-10 > sta7-10[c5] > sta7-10[c19].  Although the highest cell concentrations are 

attained in sta6, this strain has the smallest average cell diameter (5.6 µm) and has also been observed by 

others to exhibit this small cell phenotype in TAP. However, it appears that this may be restricted to cells 

cultured in TAP as sta6 cells cultured in HS medium do not exhibit this phenotype (Ursula Goodenough, 

personal communication). In contrast, the sta7-10[c5] (6.2 µm) and sta7-10[c19] (6.8 µm) complemented 

strains have the largest average cell diameter but achieve the lowest cell densities. Intermediate cell 

diameters and final cell counts are observed for CC124 (5.9 µm) and sta7-10 (6.0 µm). The average cell 

diameters for each strain remained relatively stable for the entire 96 h culturing period in nitrogen replete 

medium, with the exception of the sta7-10[c5] and sta7-10[c19] strains, which enter stationary phase 

prior to the other strains and become noticeably larger at the end of the 96 h culturing period (Table 2.1). 

Additionally, the results in TAP medium indicate that decreased rates of cell division correspond well 

with increased average cell diameters.  In nitrogen depleted medium, an increase in cell density was 

observed only for CC124 (~1.7 fold increase) and none of the cell wall-less strains (sta6, sta7-10, sta7-
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Table 2.1 Average cell sizes wildtype, starchless, and complements cultured in TAP or TAP-N 
media 

 
aN cells were assessed with a Z2™ Coulter Counter® Cell and Particle Counter at resuspension (0h) and 
after 96 h in TAP and TAP –N media. Cell diameter data is reported as the mean value ± the standard 
deviation of the normal distribution of cell diameters, which is representative of the distribution of cell 
sizes in each culture. Cell diameter data represents a minimum of at least four independent biological 
replicates, in which the standard deviation of replicate average diameters is less than 0.7 µm.  

Cell Diameter 
(µm)

Total Cellular 
Volume 
(µl/ml 

culture) N
Cell Diameter 

(µm)

Total Cellular 
Volume 
(µl/ml 

culture) N
CC124 5.9 ± 1 0.24 ± 0.05 6,524 5.7 ± 1.1 2.3 ± 0.2 106,695
sta6 5.6 ± 0.7 0.15 ± 0.06 9,390 5.5 ± 0.7 2.4 ± 0.6 107,748

sta7-10 6 ± 0.9 0.18 ± 0.09 4,657 6.1 ± 0.9 1.7 ± 0.1 42,933
sta7-10 [c5] 6.2 ± 0.9 0.21 ± 0.04 6,352 6.6 ± 0.9 1.9 ± 0.4 60,708

sta7-10 [c19] 6.8 ± 1.1 0.27 ± 0.11 6,226 6.9 ± 1 1.7 ± 0.4 44,173
CC124 5.2 ± 0.7 0.21 ± 0.05 9,172 7.2 ± 1.2 0.8 ± 0.2 17,157
sta6 4.9 ± 0.7 0.11 ± 0.04 5,451 6 ± 0.8 0.4 ± 0.2 43,649

sta7-10 5.6 ± 0.9 0.15 ± 0.09 4,374 6.5 ± 0.8 0.5 ± 0.2 40,533
sta7-10 [c5] 6.3 ± 0.9 0.18 ± 0.1 3,906 7.5 ± 1 0.4 ± 0.2 10,019

sta7-10 [c19] 6.4 ± 1.1 0.16 ± 0.08 3,296 7.5 ± 1.1 0.3 ± 0.2 7,953

+N
-N

96 hr0 hr

  

  
 

   

  
 

 

        
        
        
        
        
        
        
        
        
        

  

  

  
 

   

  
 

 

        
        
        
        
        
        
        
        
        
        

  

 
 
Figure 2.1 Growth characteristics of wildtype, starchless, and complements 
Cell counts for CC124, sta6, sta7-10, and two sta7-10:STA7-10 complemented strains, sta7-10[c5] and 
sta7-10[c19]. Growth curves from a representative experiment are shown and were constructed from cell 
counts at resuspension (0h) until 96 h, as indicated, in (a) TAP or (b) nitrogen depleted TAP-N medium. 
Each data point represents three replicates, except for sta7-10[c5], which represents 2 biological 
replicates. 
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10[c5], and sta7-10[c19]) showed any significant change in cell number. This indicates an arrest of cell 

division in these strains in nitrogen depleted medium during the assay (Figure 2.1b), which is consistent 

with a previous study (Li 2010c). In contrast to culturing in nutrient replete medium, the average cell 

diameters increased for each strain during nitrogen stress. After 96 h of culturing in TAP-N, the largest 

cell diameters were observed for sta7-10[c5] (7.5 µm) and sta7-10[c19] (7.5 µm), followed by CC124 

(7.2 µm), sta7-10 (6.5 µm) and sta6 (6.0 µm), respectively. Each strain exhibits an increase in average 

cell diameter during acclimation to nitrogen deprivation (Table 2.1), suggestive of an increase in cellular 

carbon product accumulation. It should be noted that all cultures contained a distribution of cell sizes for 

both culturing conditions, the majority of which were within 1.0 µm of the average cell diameter (Table 

2.1). Additionally, cell diameters are calculated based on the assumption that the displaced fluid volume 

corresponds to a sphere, which tends to underestimate the size of C. reinhardtii cells observed using 

transmission microscopy as C. reinhardtii cells are not perfectly spherical. 

 Excess starch accumulation in the sta7-10 complemented strains. To assess whether the observed 

differences in growth rates and cell size could be correlated with the accumulation of starch and lipid, we 

first measured the levels of starch-derived glucose after treatment with amyloglucosidase (Figure 2.2). In 

TAP medium, CC124 cells contained 7.8 ± 1.0 µg starch/106 cells, measured as glucose equivalents; 

whereas, after four days in nitrogen depleted medium, an approximately 6-fold cellular increase to 41.9 ± 

13.0 µg starch/106 cells was observed – values that are consistent with those recently recorded by 

Chochois et al. (2009, Li 2010b). As reported previously (Mouille 1996, Dauvillée 2001b, Posewitz 

2004b, Posewitz 2005), both sta6 and sta7-10 mutant cells contained severely attenuated levels of starch 

and essentially no glucose was detected in sta6; while sta7-10 cells contained 1.7 ± 0.2 µg starch/106 cells 

in TAP and 4.0 ± 0.3 µg starch/106 cells after four days in TAP-N medium. Interestingly, after 96 h in 

nutrient replete medium, the sta7-10[c5] and sta7-10[c19] complemented strains had 51.6 ± 2.1 µg 

starch/106 cells and 55.1 ± 6.3 µg starch/106 cells, respectively – cellular levels that are near those 

observed in CC124 only after transfer to nitrogen depleted medium. In fact, as shown in Figure 2.2b, the 

highest yields of starch on a culture volume basis were attained in nitrogen replete cultures of sta7-10[c5] 

and sta7-10[c9], with yields exceeding 400 mg/l after four days in cultures inoculated at 2.5 x 106 

cells/ml. These data indicate that complementation of the sta7-10 mutant has significantly altered starch 

accumulation, and that despite transformation with a genomic copy of the STA7-10 gene containing native 

5’ and 3’ UTRs and promoters, enzyme activity is occurring outside of the native context resulting in 

modulated starch accumulation. 

 Increased cellular lipid levels in sta6, sta7-10, and complemented strains. The other major carbon 

resource observed during nitrogen stress in C. reinhardtii is the formation of lipid bodies (Mouille 1996, 

Zabawinski 2001, Chochois 2009, Wang 2009b, Li 2010b). Since the blockage of starch synthesis in the 
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Figure 2.2 Starch analyses of wildtype, starchless, and complements 
Cells were analyzed for glucose derived from starch after amyloglucosidase digestion at resuspension (0 
h) and after 96 h in nitrogen replete TAP or nitrogen depleted TAP-N medium. (a) Starch-derived glucose 
per million cells. (b) Starch-derived glucose per milliliter of culture. Starch levels were analyzed after 28 
h in CC124, sta7-10[c5], and sta7-10[c19] to determine whether maximum accumulation was reached 
prior to 96 h. Each data point represents five replicates. (c) Verification of starch phenotype in CC124, 
sta6, and sta7-10. Cells were spotted on TAP and TAP-N agar plates, as indicated. After 7 days the cells 
were imaged on TAP plates and the TAP-N plate was stained with iodine vapors and imaged (far right) to 
indicate the presence of starch (deep purple color). 
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starchless mutants creates the potential for diverting metabolic precursors into lipid biosynthetic 

pathways, we investigated whether lipids were differentially accumulated in the starchless mutants by 

quantifying lipid-derived fatty acid methyl esters (FAMEs) using GC-FID. Lipids were extracted, 

derivatized, and quantified from liquid cultures of CC124, sta6, sta7-10, sta7-10[c5], and sta7-10[c19] at 

the indicated times of acclimation to nitrogen deprivation (Figure 2.3). The results indicate that the 

greatest levels of lipid amenable to conversion into FAMEs using the described transesterification 

protocol are observed in sta7-10[c19], sta7-10[c5], and sta7-10, followed by sta6 and CC124, 

respectively. The starchless mutants contained approximately 2 to 4 fold more lipids per cell than CC124, 

indicating that additional lipid accumulated in these strains relative to CC124. This is consistent with 

recent reports regarding increased lipid synthesis in sta6 relative to control strains (Wang 2009a, Li 

2010b, Li 2010c). However, on a bioenergetic basis, it should be noted that CC124 cell numbers 

continued to increase in nitrogen depleted medium, and despite the increased energy density of lipids 

relative to starch, the increased lipid content in the starchless mutants (approximately 15-30 µg/ml of 

culture) does not completely offset the loss of starch (140 µg starch/ml of culture at 96 h synthesized by 

CC124 cultures during nitrogen deprivation). It should be also be noted that our cultures were inoculated 

at low cell densities and that by standardizing to cell counts the smaller sta6 cells are slightly 

underrepresented from an initial biomass perspective in these experiments. 

 
 
Figure 2.3 FAME analyses of wildtype, starchless, and complements 
GC-FID quantitation of fatty acid methyl esters derived from CC124, sta6, sta7-10, sta7-10[c5], and sta7-
10[c19] lipids at the indicated times of culturing in nitrogen depleted TAP-N medium. Values are 
representative of triplicate biogical samples. (a) Lipid quantified by per million cells. (b) Lipid quantified 
by milliliter of culture.  
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 The major fatty acids observed in all strains cultured in either TAP or TAP-N media were 16:0, 

16:1, 18:0, 18:1, 18:2 and 18:3, which is consistent with previously reported results (Wang 2009a, Li 

2010b, Moellering 2010). A representative GC-FID chromatogram with a C13:0 internal standard is 

shown in Figure 2.4. We observed only minor differences in the fatty acid profiles among the different 

strains under the culturing conditions used (Table 2.2). 

 Lipid body formation during nitrogen deprivation visualized by fluorescence imaging. To 

investigate lipid droplet formation after acclimation to nitrogen deprivation, all strains were visually 

assayed for nonpolar lipid accumulation using laser scanning confocal microscopy after incubation with 

the nonpolar lipid fluorophore Bodipy 493/503. As shown in Figure 2.5, nonpolar lipid body formation, 

depicted by green Bodipy 493/503 fluorescence, increases in nitrogen-stressed cells relative to cells in 

nutrient replete medium, which is consistent with previous reports on the induction of lipid droplet 

formation in C. reinhardtii as a consequence of nitrogen limitation (Wang 2009a, Li 2010b, Moellering 

2010). Although the greatest density of lipid droplet formation appears in sta6 cells, substantial 

accumulation of non-polar lipid bodies is observed in all strains (Figure 2.5). 

 
 
Figure 2.4 GC-FID chromatogram of algal derived FAME 
GC-FID chromatogram of fatty acid methyl esters derived from sta7-10 after 96 hours of nitrogen 
deprivation. 18:1/C18:3(9,12,15)  indicates a peak containing both 18:1 and 18:3(9,12,15). 13:0/IS 
indicates a tridecanoate internal standard. 
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 Attenuation of photosynthetic oxygen evolution and acetate uptake in the starchless mutants 

during nitrogen deprivation. To further probe the underlying mechanisms of differential carbohydrate and 

lipid accumulation during nitrogen deprivation and to determine whether these parameters are correlated 

to lipid and starch synthesis, we assessed the utilization of acetate and quantified the levels of 

photosynthetic O2 evolution of each strain during acclimation to nitrogen deprivation (Figure 2.6). 

Interestingly, significant quantities of acetate remained in the medium for all strains after 96 h of nitrogen 

deprivation when cultures were inoculated at 2.0-2.5 x 106 cells/ml (Figure 2.6a). More complete acetate 

utilization would be anticipated if cultures were inoculated at higher cell densities. Under nutrient replete 

conditions, acetate is completely consumed within 48 h (data not shown) when cells are inoculated at 2.0-

2.5 x 106 cells/ml, and acetate is presumably used to synthesize proteins, membrane lipids and nucleic 

acids or support respiration. These results indicate an overall attenuation of anabolic processes in all 

strains during nitrogen deprivation. However, in accordance with the starch and lipid accumulation data, 

acetate utilization was the greatest in sta7-10[c5] and sta7-10[c19], followed by CC124, sta7-10, and 

sta6, respectively. The increased use of acetate in the complemented sta7-10[c5] and sta7-10[c19] strains 

relative to the other strains at the cell concentrations used indicates that anabolic processes in sta7-10[c5] 

and sta7-10[c19] are less severely affected during nitrogen stress.  

Table 2.2 Fatty acid composition during early (22h) and late (96h) nitrogen deprivation 
 

 
a Values for quantity of fatty acids indicate the average of triplicate measurements with standard deviation 
using GC-FID for quantitation 
b Indicates hours of culture in nitrogen depleted medium 
c Total lipid indicates total µg of lipid derived FAME per ml of culture 
d C18:1-3 indicates C18:1, C18:2 and C18:3 together 
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Figure 2.5 Microscopy of wildtype, starchless, and complements 
Laser scanning confocal fluorescent microscopy images merged with transmitted light images. CC124, 
sta6, sta7-10, sta7-10[c5], and sta7-10[c5] cells are shown, top to bottom, respectively. The two leftmost 
columns show cells stained with the non-polar lipid fluorophore Bodipy 493/503. Non-polar lipid bodies 
are visualized by green Bodipy fluorescence after 96 h (left: TAP, right: TAP-N). The two rightmost 
columns show differential interference contrast images after 96 h (left: TAP, right: TAP-N). Oil bodies 
are visible inside the cells as blue-green tinted vesicles. Chlorophyll autofluorescence is red. All scale 
bars represent 10 µm 



37 
 

 Photosynthetic O2 evolution was also monitored and all strains exhibited attenuated levels of O2 

evolution (50-70% reduction; data not shown) after 24 h of nitrogen deprivation (Figure 2.6b), relative to 

nutrient replete culturing. This is consistent with previous observations that demonstrated attenuated 

levels of O2 evolution in C. reinhardtii and other algae as a consequence of a variety of nutrient (N, P, S) 

stresses (Martin 1975, Herzig 1989, Wykoff 1998, Melis 2000). As shown in Figure 2.6b, O2 evolution in 

sta6 and sta7-10 was more severely attenuated relative to sta7-10[c5], sta7-10[c19], and CC124 during 

the first 24 h of nitrogen deprivation. These O2 evolution data, in combination with the acetate utilization 

results, indicate diminished anabolic activity in the starchless mutants relative to CC124 – activity that is 

reestablished and possibly even augmented in the complemented strains. Although sta6 cultures showed 

the lowest levels of acetate utilization and photosynthetic activity, it should be noted again that because 

the average diameter of these cells is smaller relative to the other strains, and because we standardized 

cultures according to cell number, less cellular volume and chlorophyll was initially present in the sta6 

cultures. However, even when the acetate utilization and photosynthetic activity data are adjusted to the 

 
 
Figure 2.6 Acetate utilization and oxygen evolution of wildtype, starchless, and complements 
(a) Concentrations of acetate remaining in CC124, sta6, sta7-10, and two sta7-10 complemented strains 
(sta7-10:STA7-10), sta7-10[c5] and sta7-10[c19], in TAP-N medium at indicated culturing times. 
Cultures were inoculated at approximately 2.0-2.5 x 106 cells/ml. Initial acetate concentration in TAP and 
TAP-N media is 17.5 mM. Values are representative of triplicate biogical samples. (b) Oxygen evolution 
from 0.8 ml aliquots of indicated strains after 24 h in nitrogen depleted TAP-N medium. Oxygen 
evolution is shown from left to right on the basis of culture volume, cell number, and chlorophyll, 
respectively. Cultures were inoculated at approximately 1.0 x 107 cells/ml to produce O2 at levels 
sufficient for detection. 
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same starting chlorophyll, oxygen O2 evolution and acetate uptake is still attenuated in sta6 relative to 

CC124, sta7-10[c5], and sta7-10[c19].  

 As shown in Figure 2.7, chlorophyll levels in sta6 and sta7-10 decrease faster than in CC124, 

sta7-10[c5], and sta7-10[c19] during culturing in TAP-N. The accelerated loss of chlorophyll in the 

starchless mutants is consistent with the more severely attenuated O2 evolution activities observed in 

these strains. Under nutrient replete conditions similar amounts of chlorophyll are attained in all strains. 

In sum, a significant acclimation response in the starchless mutants during nitrogen deprivation is a 

reduction in overall biosynthetic activity, which is reflected by diminished photosynthetic O2 evolution, 

attenuated acetate utilization, and the observation that increased lipid biosynthesis does not completely 

offset the loss of cellular starch that is synthesized by control cultures.  

 Chlorophyll fluorescence is able to distinguish the starchless mutants from CC124. It is clear that 

photosynthetic and anabolic processes are significantly modulated in the starchless mutants under stress 

conditions. Nevertheless, the blockage of starch synthesis and the ability to channel metabolic precursors 

into other biosynthetic pathways, including lipid synthesis, will make these mutants very useful platforms 

for further metabolic engineering. The ability to assess photosynthetic performance in a high-throughput 

fashion should allow the screening of secondary mutant populations in the starchless backgrounds with 

the aim of isolating strains that have water-oxidation capacity restored as the result of increased CO2 

fixation. Of particular interest is generating strains that divert starch precursors to the production and 

secretion of targeted hydrocarbons (Atsumi 2009, Radakovits 2010). To ascertain whether the starchless 

 
 
Figure 2.7 Chlorophyll content in wildtype, starchless, and complements 
Chlorophyll content per milliliter of culture in a representative experiment at specified time points for 
CC124, sta6, sta7-10, sta7-10[c5], and sta7-10[c19] in (a) nitrogen replete (TAP) or (b) nitrogen depleted 
(TAP-N) medium. Values are representative of triplicate biogical samples. Cells were pre-cultured to late 
log phase and then resuspended at 2.0-2.5 x 106 cells/ml in either TAP or TAP-N medium.  
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phenotype could be discriminated from wildtype cells using chlorophyll fluorescence techniques, we 

probed the variable fluorescence ratio Fv/Fm (Kolber 1998) in sta6, sta7-10, and CC124. Measurements 

were recorded periodically after plating cells using the PSI FluorCam imager, which is amenable to high 

sample throughput applications. As shown in a representative long time scale experiment in Figure 2.8, 

when plated on TAP-N agar, Fv/Fm ratios are consistently higher for the starchless mutants (sta7-10 

slightly higher than sta6), whereas Fv/Fm ratios are similar on nutrient replete TAP plates (Figure 2.9). 

This increase indicates differential acclimation of the photosynthetic apparatus in the starchless mutants 

relative to the wildtype after several days of nitrogen stress.  

 

2.4 Discussion 

 Significant remodeling of metabolic processes occurs both in the starchless mutants and, 

surprisingly, in the sta7-10:STA7-10 complemented strains. From a holistic bioenergy perspective it is 

critical that high levels of photosynthetic activity are maintained during illumination and that culturing 

conditions are optimized for water oxidation and CO2 reduction. Metabolic pathway engineering 

strategies must focus on improving the overall yields of all algal bioenergy carriers, and efforts that 

optimize the accumulation of a single bioenergy feedstock should not sacrifice overall fitness and energy 

carrier yields. 

 The underlying hypothesis of this study was that by genetically blocking the synthesis of starch, 

the dominant carbon storage product in nutrient deprived C. reinhardtii cells, major compensatory 

 
Figure 2.8 Chlorophyll fluorescence of wildtype, starchless, and complements 
(a) Variable chlorophyll-a fluorescence (Fv/Fm) of CC124, sta6, and sta7-10 plated on TAP-N agar (five 
replicate colonies for each strain) as measured by the PSI FluorCam imager, as indicated. (b) Non-
variable chlorophyll-a emission (Fo) of CC124, sta6, and sta7-10 plated on TAP-N agar (five replicate 
colonies for each strain) as measured by the PSI FluorCam imager. 
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mechanisms would result, providing new insights into the acclimation mechanisms used in starchless 

mutants relative to control strains during nitrogen deprivation. These insights could then be leveraged to 

further engineer this alga for improved bioenergy phenotypes using rational or random approaches. 

Moreover, because sta6 and sta7-10 represent the most severe carbohydrate mutations, but block starch 

synthesis at different levels, it was anticipated that unique acclimation mechanisms would emerge in these 

strains that could be uniquely leveraged in bioenergy applications.  

 To investigate the acclimation mechanisms used in the starchless mutants, we focused primarily 

on two potential metabolic outcomes: (a) the partitioning of carbon precursors normally used for starch 

synthesis to lipid biosynthetic pathways and (b) the attenuation of cellular anabolic processes (e.g. 

photosynthesis, carbon storage product synthesis/accumulation). A third possible outcome, the secretion 

of soluble sugars, was briefly assessed, but under our experimental conditions we were unable to detect 

evidence for the secretion of significant quantities of soluble sugars (data not shown). However, both of 

the first two potential acclimation mechanisms were observed during nitrogen deprivation, when the 

greatest level of starch and non-polar lipid accumulation occurs. First, increased lipid accumulation on a 

cellular basis was seen in both sta6 and sta7-10 relative to CC124 during nitrogen deprivation. Lipid-

 
Figure 2.9 Chlorophyll fluorescence of wildtype and starchless on TAP agar plates 
Variable chlorophyll-a fluorescence (Fv/Fm) of CC124 (black), sta6 (red), and sta7-10 (blue) plated on 
TAP agar (five replicate colonies for each strain) as measured by the PSI FluorCam imager. 

0 5 10 15 20 25

0.3

0.4

0.5

0.6

0.7

F v/F
m

Days after plating



41 
 

derived FAMEs under our experimental conditions were approximately 2 and 4 fold greater in sta6 and 

sta7-10, respectively, relative to CC124 on a per cell basis. This increase was more modest on a culture 

volume basis (~ 1.4 to 1.8 fold, respectively) as CC124 cells continued to undergo limited cell division 

during the first 24 h of acclimation to nitrogen stress. It is currently unclear why CC124 cell numbers 

continued to increase relative to the cell wall-less strains used in this study, but is likely a consequence of 

CC124 having a fully assembled cell wall and not due to an aspect of carbohydrate metabolism, as the 

sta7-10[c5] and sta7-10[c19] complemented strains did not continue to divide in nitrogen-deprived 

medium. Attempts to cross sta7-10 into a cell wall background have been unsuccessful to date in our 

hands.  

 The second significant acclimation mechanism observed during nitrogen stress in the starchless 

mutants was a decrease in overall anabolic processes, reflected by decreased levels of O2-evolution 

activity and acetate utilization. Additional research is required to understand the regulatory mechanisms 

controlling these processes, which must be reversed to fully realize the potential of shifting metabolic flux 

to alternative pathways in the absence of starch synthesis. 

 Fv/Fm parameters are higher for the starchless mutants relative to CC124 after several days on 

TAP-N agar plates.  In liquid media during nitrogen stress, chlorophyll is degraded faster in the starchless 

mutants. The decrease in Fv/Fm under nitrogen deplete conditions in CC124 during the first several after 

plating (Figure 2.8a) is primarily a consequence of an increase in Fo, the baseline level fluorescence not 

involving PSII charge separation (Figure 2.8b): Fv/Fm reaches its minimum on day seven when Fo is at its 

maximum. Fo first increases presumably due to the dissociation of PSII antenna complexes from the 

reaction center, then subsequently decreases as the cells lose pigmentation under nitrogen depleted 

conditions. This effect is most pronounced in CC124, while sta6 and sta7-10 show a more gradual decline 

in Fo.  These results indicate that the starchless mutants have distinct fluorescent signatures that will be 

useful in future studies examining both perturbations in the photosynthetic electron transport chain that 

occur as a consequence of the blockage in starch synthesis, and identifying mutants in the starchless 

backgrounds that have improved photosynthetic properties. 

 During the preparation of this manuscript, studies by Wang et al. (2009b) and Li et al. (2010b, 

2010c) characterized the effects of nitrogen depletion on the accumulation of nonpolar lipid bodies in 

sta6. Our results regarding sta6 are consistent with the results reported in these studies, and further extend 

the characterization of lipid over-accumulation to the sta7-10 mutant, which under our culturing 

conditions accumulates even more cellular lipid than sta6. Increased levels of lipid accumulation have 

also been observed in a starchless mutant of the alga Chlorella pyrenoidosa (Ramazanov 2006). The study 

by Li et al. (2010b) used light intensities 4-fold higher than those used here during acclimation to nitrogen 

deprivation and reports a 10-fold increase in triacylglycerol (TAG) content relative to the control strain, 
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CC1690, as a function of dry weight, which is a consequence of both increased TAG synthesis and the 

loss of carbohydrate mass. The study by Wang et al. (2009b) reported an approximate 2-fold increase in 

TAG relative to their control (a potential revertant of 330 that is no longer an arginine auxotroph, which is 

more reflective of the increase of overall lipid in sta6 that we observed. 

 Complementation of sta7-10 resulted in an unanticipated phenotype displaying significant 

differences in cell morphology, starch synthesis, and lipid accumulation relative to CC124 and sta7-10. 

The sta7-10[c5] and sta7-10[c19] strains accumulate levels of cellular starch in nutrient replete medium 

that are similar to those achieved in nitrogen-deprived CC124 cells. The mechanistic reasons for this 

phenotype are outside the scope of the present study, but will be pursued in future research. It is possible 

that the isoamylase enzyme, which is typically part of a larger protein complex (Dauvillée 2001b), is no 

longer regulated in the proper context or that enzyme levels have been perturbed resulting in increased 

starch synthesis. The complemented strains also had the greatest quantities of lipid on a cellular basis, 

likely the result of larger cells with more volume for accumulation and/or additional quantities of 

membrane that can be converted into FAMEs. The increased accumulation of both starch and lipid in the 

complemented strains is consistent with increased acetate utilization and oxygenic photosynthesis in these 

strains during nitrogen deprivation. 

 The increases in starch content in the complemented strains during nutrient replete culturing 

correlates with decreased growth rates, but larger cell sizes. This phenotype is of particular interest as it 

represents a mechanism to increase the synthesis of a primary bioenergy carrier (starch) at the expense of 

other cellular constituents used for cell division (proteins and nucleic acids).  

 It is important to reinforce that our cultures were standardized at relatively dilute cells numbers 

(2.5 x 106 cells/ml). As a consequence of the complete arrest of cell division in the cell wall-less strains 

cultured in nitrogen-deprived medium, the total amount of  bioenergy carriers are smaller compared to 

those reported in other studies on a culture volume basis, but could be achieved if we resuspended our 

cultures at higher cell numbers.  

 Our initial experiments have been conducted in continuous light using acetate as a heterotrophic 

boost. Although biased towards the accumulation of bioenergy carriers, these conditions provide insights 

into the capacity of these strains to synthesize starch and lipids and will serve as a useful reference point 

for further dissecting the metabolic pathways used for carbon product synthesis and examining metabolic 

adjustments as a consequence of genetic manipulation. Under the current growth conditions, significant 

quantities of acetate (320 µg/ml in CC124; Figure 2.6a) are metabolized, which could account for a 

substantial quantity of the products observed during nitrogen deprivation. 
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2.5 Conclusion 

 In summary, our results indicate that from a bioenergy perspective: (a) nitrogen deprivation is 

advantageous as it represents an effective means to organize cellular metabolites into the two principal 

bioenergy carriers, starch and TAG, but a significant drawback of nitrogen deprivation is that it results in 

attenuated rates of photosynthesis and acetate uptake, as overall anabolic processes are diminished;  (b) 

the disruption of starch synthesis is an effective means to over-accumulate lipid in the sta6 and sta7-10 

starchless mutants during nitrogen deprivation, but this is tempered by decreases in overall anabolic 

processes – primarily starch accumulation – in comparison to the other strains; and (c) the isoamylase 

complemented strains accumulate significantly higher levels of lipids and starch on a cellular basis during 

nitrogen deprivation, and starch over-accumulation can be achieved in the sta7-10[c5] and sta7-10[c19] in 

nutrient replete medium while these cells are actively dividing – albeit at a slower rate than the other 

strains in nitrogen replete medium.  

 The single gene alterations reported here result in dramatic carbon product accumulation 

phenotypes. The metabolic engineering of algae for improved biofuels productivity is just beginning, and 

it is noteworthy that the relatively simple genetic manipulations reported here resulted in metabolic 

alterations that significantly affected the accumulation of starch or lipid, the two most relevant algal 

bioenergy carriers. As engineering approaches become more refined in C. reinhardtii, additional advances 

are likely. 
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CHAPTER 3 

ISOAMYLASE 1: SINGLE GENE STARCH TRIGGER IN GREEN ALGAE 

The following chapter is a draft publication in progress with the citation: Jinkerson, R. E.; et al. 

Isoamylase 1: single gene starch trigger in green algae. 

 

3.1 Introduction 

 The saccharification of starch coupled with fermentation to ethanol is a mature technology that 

currently provides the majority of biofuels in the United States. Traditional food-based starch feedstocks, 

such as corn, however, cannot meet our current fuel demands and their use remains controversial. 

Microalgae have been of recent interest for use as a biofuel feedstock because they can produce large 

quantities of carbohydrates, contain little recalcitrant biomass, and do not impact the food supply. Unlike 

other polyglucans, such as cellulose, starch is readaly hydrolizable into glucose which can serve as a 

fermentation feedstock for a wide variety of chemicals. The primary carbohydrate found in many green 

algae, such as Chlamydomonas reinhardtii, is starch. High yields of this bioenergy carrier, however, are 

usually only found under conditions of nutrient stress (N, S, P).  

 Carbon is partitioned in algae between two major bioenergy storage molecules, starch and lipids 

in green algae. To probe this partitioning we studied the C. reinhardtii starchless mutant sta7-10 which is 

deficient in the isoamylase debranching enzyme (ISA1). Starch levels in sta7-10 are severely attenuated, 

so to rescue this phenotype we complemented the disrupted isoamylase gene. Unexpectedly we found that 

the complements, sta7-10[c5] and sta7-10[c19], had starch levels several fold higher than wildtype, 

CC124. These results and those on carbon partitioning into lipids and starch in this starchless mutant were 

published (Work 2010). To determine if this phenotype was repeatable we engineered wildtype strains C. 

reinhardtii to over express ISA1, which resulted in a 3 to 4 fold increase in total glucan production under 

nutrient replete conditions. These algae divert metabolic flux into starch biosynthesis in nutrient replete 

medium at the expense of cell division and protein synthesis, and obtain some of the highest levels of 

intracellular starch observed to date in this organism. Possible mechanisms responsible for this phenotype 

and the role of isoamylase in starch biosynthesis are discussed. 

 

3.2 Methods and Materials  

 The following methods were used for the analysis starch excess strains and starch produced by 

these organisms. Additional methods for growth and transformation are also discussed. 
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3.2.1 Strains, culturing conditions, growth assessments 

 Chlamydomonas reinhardtii strains D66 (CC-4425 cw15 nit2-203 mt+) (Schnell 1993) was used 

as a wildtype. The starchless mutants sta7-10 (CC-425::ARG7 cw15, sr-u-60, arg7-8, mtþ, isa1) 

(Posewitz 2004b), sta7 complements (C5 and C19) (Work 2010) and sta6 (BAFJ5) (Zabawinski 2001) 

and sta6 complements (C2, C4, and C6) (Zabawinski 2001, Li 2010b), were kindly provided by Steven 

Ball. 

 Culture were grown to late log phase in nitrogen replete Tris-acetate-phosphate (TAP) liquid 

media and then reinoculated at 2.5 X 106 cells/ml for experiments. In nitrogen depleted TAP (TAP-N) 

NH4Cl was omitted. Cells were cultured for at least three rounds of reinoculation before experiments. 

Cells were grown under 100 µmol m-2s-1 PAR constant illumination on an orbital shaker (120 RPM), 

except when indicated. 

 Algal growth was measured by cell counts, chlorophyll measurements, and cell dry weight. Cell 

counts and sizes were assessed using a Z2 Coulter Counter cell and particle analyzer (Beckman-Coulter, 

Brea, CA). Background and cellular debris were excluded in all cellular counts and volume assessments. 

For cells that do not hatch properly from their mother cell walls a hemocytometer was used for manual 

cell counts. Chlorophyll was measured as previously described (Work 2010). Dry weights were measured 

by centrifuging algal cultures, removing media, washing cell pellets with DI water, centrifugation of 

washed cells, and transfer of pellet to weigh boat. Samples were dried at 80 ºC overnight. All data shown 

is from a minimum of three biological replicates unless otherwise noted. 

 

3.2.2 ISA1 Transformation 

 Transformation of the Isoamylase 1 gene was carried out by transforming a construct carrying the 

WT STA7 gene (BamHI/KpnI fragment, 15,883 bp) and Bler resistance cassette (Lumbreras 1998) cloned 

into pUC19. Transformation of sta7-10 was conducted via the glass bead method (Kindle 1990), while 

transformation of D66 was preformed via electroporation (Meuser 2011b). 

 

3.2.3 Starch quantification 

 Cellular starch levels were determined by amyloglucosidase digestion and glucose detection 

using HK glucose assay kit (Sigma). Cells were concentrated by centrifugation, supernatant discarded, 

and frozen at -80 ºC. Samples were washed with methanol to lyse cells and wash away any soluble 

glucans. Samples were then resuspended in 100 mM sodium acetate (pH 4.5), sonicated for 10 min, and 

autoclaved (dry cycle, 120 ºC, 20 minutes) to solublize starch. Samples were then digested with 

amyloglucosidase (Aspergillus niger, Sigma A7420) overnight at 60 ºC. The Sigma HK glucose assay kit 

was used to measure glucose content following manufacture's recommendations. 
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 Total carbohydrate content was determined by using a modified version of the anthrone assay 

(Morris 1948). Anthrone reagent (71% (v/v) concentrated H2SO4, 2 g / L anthrone) was added to whole 

algal cultures. Samples were boiled for 12 minutes and absorbance measured at 625 nm. 

 

3.2.4 Real time PCR (RT-PCR) 

 RNA was extracted from cells in early, mid, and late log phase and after 4 h of nitrogen 

deprivation. Primers were designed for real time PCR for the ISA1 gene. Seven primer pairs were 

designed that span introns so genomic contamination could be detected. 

 

3.2.5 Zymograms 

 Zymograms were performed as previously described (Dauvillée 2001b, Posewitz 2004b). Briefly, 

C. reinhardtii cultures were centrifuged and frozen at -80 ºC for 1 h. Cell pellets were resuspended in 

fresh lysis buffer (50 mM tricine, 10 mM NaCl,  5 mM MgCl2, 1 mM DTT) and placed in a sonication 

bath for 10 min. Cellular debris was removed by centrifugation. Soluble protein content was measured by 

Pierce BCA protein assay and 100 µg of crude protein extract was loaded onto a native polyacrylamide 

gel (stacking gel: 4.0% (w/v) 29:1 acrylamide:bisacrylamide, 63 mM Tris-HCl pH 8.8, 0.5% (w/v) rabbit 

liver glycogen; running gel: 7.0% (w/v) 29:1 acrylamide:bisacrylamide, 375 mM Tris-HCl pH 8.8, 0.5% 

(w/v) rabbit liver glycogen). Gels were run for 2 h at 30 mA in Tris-glycine electrophoresis buffer (25 

mM Tris, 192 mM glycine, 1 mM DTT, pH 8.3) and incubated overnight  in the electrophoresis buffer. 

Glycogen degradation was visualized by staining with an iodine solution (0.2% (w/v) I2, 2% (w/v) KI). 

Band intensities were compared with ImgaeJ (Schneider 2012). Isoamylase bands were excised and 

frozen for proteomic evaluation. 

 

3.2.6 Starch purification 

 Purified starch granules were prepared with a method adapted from Ral et al. (2004). Starch was 

purified from C. reinhardtii grown in nitrogen replete media (HS) and nitrogen deprived (HS-N) media in 

30 L and 6 L airlift photobioreactors, respectively. Pre-cultures were grown so that the minimum 

inoculum was at least 5% the volume of the airlift photobioreactors. Cultures were sparged with a 2% 

CO2 / air mix. Cells were grown to stationary phase before harvest. Cells were harvested by 

centrifugation, resuspended in lysis buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), and sonicated with a 

probe tip sonicator. Lysed cells were then centrifuged at 10,000 x g for 30 min to obtain a 'crude starch 

pellet'. The starch pellet was then washed three times with 90% Percoll and then washed twice with DI 

water (Ral 2004). This resulted in a purified starch pellet that was free of most cellular debris and clear of 

chlorophyll. 



47 
 

3.2.7 Differential scanning calorimetry (DSC) 

 Ten mg of dried purified starch and 20 µl of distilled water were added to an aluminum pan that 

was crimp sealed. Starch gelatinization endotherms were measured at 5 ºC min-1 in the temperature range 

of 30 - 100 ºC with a differential scanning calorimeter. 

 

3.2.8 Fluorophore activated carbohydrate electrophoresis (FACE) 

 Fluorophore activated carbohydrate electrophoresis was conducted at CSU on a DNA sequencer 

(Life Technologies, 3130xl Genetic Analyzer). 

 

3.2.9 Electron Microscopy 

 Purified starch granules isolated from cells in logarithmic growth stage were dried, gold-coated 

(20 nm), and examined by scanning electron microscopy (SEM) (JEOL, JSM-6500F). Deep Etch Electron 

Microscopy was performed at was Washington University School of Medicine using protocols previously 

described (Goodson 2011). 

 

3.2.10 Proteomic analysis of Isoamylase 1 

 For protein extraction, 5 mL of algal culture were centrifuged at 10k g for 5 min at 10 °C, then 

100 mg of cell pellet was resuspended in 300 μL of 100 mM triethylammonium bicarbonate buffer 

(TEAB) (pH 8.5) and transferred to protein low retention tube (Fisher). Samples were homogenized by 

sonication for 3 cycles with 1 min intervals on ice. Samples were then centrifuged at 18 000g for 30 min 

at 4 °C and soluble protein samples were subjected to acetone precipitation or SDS-PAGE. Three 

biological replicates were processed parallel. An aliquot (20 μg) of acetone-precipitated protein sample, E 

coli expressed synIsa1 or an excised SDS-PAGE gel band was resuspended in 20 μL of 100 mM TEAB 

(pH 8.5) followed by reduction with dithiothreitol at 60 °C and alkylation with Iodoacetamide. All 

samples were digested with 1:20 trypsin (Promega). Prior to tryptic digestion, 2 μL of acetonitrile (ACN) 

was added before incubating at 37 °C overnight. Post-digestion samples were centrifuged at 18 000g and 

vacuum centrifuged. LC-MS was conducted using RP nanoLC(Eksigent) coupled with a Hybrid ESI 

Quadrupole time-of-flight tandem mass spectrometer (ABSciex). Dried fractions were resuspended in 20 

μL of buffer A (3% ACN, 0.1% FA) before loading onto C18 trap (3 μm particle size, 0.5 cm length, 200 

μm diameter, 120 Å pore size). After desalting, peptides were introduced to MS with a flow of 300 nL 

min−1 via nano C18 column (3 μm particle size, 15 cm length, 75 μm diameter, 120 Å pore size). The 

mass detector range was set to 400−1800 m/z or selective ion monitoring triggered MS/MS for ISA1 and 

operated in positive ion mode. For protein identification and quantification, ProteinPilot 4.0 (ABSciex) 

performed both peak picking and database search. The search was performed against the C. reinhardtii 
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database obtained from UniProt on December 14, 2011 that contained 15511 protein sequences. Searches 

were also conducted against reverse-concatenated database to determine the false discovery rate (FDR). 

Protein identifications were accepted at FDR 1.0% and identification from both biological replicates. 

 

3.3 Results 

 The following results detail the creation of a new starch excess strain by expressing the ISA1 

gene and the characterization of starch produced by this strain compared to wildtype. 

 

3.3.1 Transformation of ISA1 gene and resulting starch phenotypes 

 Previously we reported that complementation of the isoamylase 1 gene not only restored starch 

production in the starchless mutant sta7-10, but unexpectedly resulted in a starch excess phenotype (Work 

2010). Two complements were evaluated, sta7-10[c5] and sta7-10[c19], both of which produced starch 

levels several fold higher than a wildtype C. reinhardtii, CC124. Due to the limited number of 

complements evaluated we generated more sta7-10 complements to determine if starch levels from ISA1 

completed lines were all excess or variable. Of the 360 transformants resistant to Zeocin, 80 (22%) were 

found to test positive for starch via the iodine vapor test. Several complements were selected and 

evaluated for cell growth and starch production. On a per cell biases total glucose production varied from 

levels found in sta7-10 to near levels found in sta7-10[c19] (Figure 3.1). Additionally it was observed 

 
Figure 3.1 Total glucose content of sta7 isoamylase complements 
Cells were inoculated at 2.5 X 106 cells per ml. Total glucose measurements taken at 0, 48 and 96 h after 
inoculation. Second axis indicates cell density after 96 h. 
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that cell growth rates and final cell density were negatively correlated with starch production; as more 

starch is produced, cell growth is retarded. 

 It was still unclear as to whether this starch-excess phenotype was only a result of an unexpected 

characteristic of the sta7-10 background. The transgene insertion into the STA7 gene only disrupts the last 

two exons out of 21 (Posewitz 2004b), and as a result a truncated version of the protein may be expressed. 

Additionally the parental background for sta7-10 is CC425, which may have higher native levels of starch 

production than the wildtype strain CC124 it was compared too. To eliminate these issues and to further 

understand the mechanism of this phenotype we wanted to determine if it could be manifested in other C. 

reinhardtii strains. To verify that this phenotype was transferable to a wildtype strain we transformed a 

wildtype C. reinhardtii (D66) with the same plasmid used for sta7 complementation that contains the 

wildtype ISA1 gene and promoter. From multiple transformations, a pool of 125 transformants that were 

resistant to the antibiotic selection marker, zeocin, were isolated, grown, and then screened for total 

glucose and starch levels using an Anthrone assay. From this preliminary screen 12 transformants were 

identified as potentially producing more starch than the parental wildtype strain, D66. These 

transformants were evaluated again for cell growth, chlorophyll levels, and total glucose content. The 

transformant D66 2.2.23 emerged with the highest starch levels and phenotype most similar to sta7-

10[c19], and was selected for more in-depth evaluation. 

 

3.3.2 Starch production at the expense of cell division in starch-excess transformant 

 When inoculated at the same initial cell density as its parent strain, D66, the ISA1 transformant 

D66 2.2.23 grows to a lower final cell density (about 33% less) and has a slower doubling time of 15 h 

versus 12 h for wildtype under our culture conditions (Figure 3.2A). In addition to slower cell division, 

D66 2.2.23 has a larger cell size than the wildtype (Figure 3.2C and D). Under nitrogen deprivation 

Chlamydomonas cells increase in size as they fill with starch and TAGs (Work 2010). Under nutrient 

replete conditions the isoamylase transformant 2.2.23 is much larger than its parent strain under nutrient 

replete conditions and is approaching the size of D66 under nitrogen deprivation. And when starved of 

nitrogen the ISA1 transformant exhibits maximum sizes not seen in the wildtype. Starch granules can be 

seen in the ISA1 transformant under nitrogen deprivation (Figure 3.2D).  

 Despite differences in cell division rates, at stationary phase both wildtype and ISA1 transformant 

reach approximately the same final chlorophyll content per culture (Figure 3.2B), so on a per cell basis 

the chlorophyll content is higher in the ISA1 transformant. At the same initial cell concentration the ISA1 

transformant will have more chlorophyll, thus more photon harvesting capacity than the wildtype. To 

avoid any bias from the excess chlorophyll we also inoculated experiments on an equal chlorophyll per 

culture basis to normalize photon harvesting potential. In these chlorophyll normalized experiments the 
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Figure 3.2 Growth and cell size differences in D66 isoamylase complements 
 (A) Cell growth curve for D66 and D66 2.2.23. Cells were normalized at inoculation to 2.5 million cells 
per ml (cell) and by chlorophyll (chl) as indicated. (B) Chlorophyll content of D66 and D66 2.2.23. Cells 
were normalized at inoculation to 2.5 million cells per ml (cell) and by chlorophyll (chl) as indicated. (C) 
Size distribution of cells at 96 h after inoculation. Data obtained by Coulter Particle Count and Size 
Analyzer. Data and error bars are representative of at least six measurements from three biological 
replicates. Only upper error bar shown. (D) Light microscopy images of D66 and D66 2.2.23 96 h after 
inoculation in nitrogen replete and deplete medium. Scale bar 10 µm. 
 

0
5

10
15
20
25
30
35

0h 20h 40h 60h 80h100h

10
6
ce

lls
 / 

m
l

TAP + N

0
10
20
30
40
50
60

0h 20h 40h 60h 80h100h

µg
 c

hl
or

op
hy

ll /
 m

l TAP + N

0
10
20
30
40
50
60

0h 20h 40h 60h 80h100h

TAP - N

0%
2%
4%
6%
8%

10%
12%
14%
16%

1 10 100 1000

Pe
rc

en
ta

ge
 o

f C
el

ls TAP + N

0%
2%
4%
6%
8%

10%
12%
14%
16%

1 10 100 1000

TAP - N

0
5

10
15
20
25
30
35

0h 20h 40h 60h 80h100h

TAP - N

D
66

2.
2.

23
D

66

A

C

D

B

D66 D66 2.2.23 (cell) D66 2.2.23 (chl)
cellular volume (µm3)

TAP + N TAP - N



51 
 

ISA1 transformant, when compared to the wildtype, was inoculated at a lower cell density, grows to a 

lower final cell concentration (Figure 3.2A), reaches the same stationary chlorophyll content per culture 

(approximately 50 µg of chlorophyll per ml of algal culture) (Figure 3.2B), and has larger cell size 

(Figure 3.2C). The chlorophyll content of cells in nitrogen deplete conditions steadily decreased, which 

is a known nitrogen deprivation response in Chlamydomonas (Work 2010). Both D66 wildtype and D66 

2.2.23 decreased to chlorophyll levels of approximately 3 µg chlorophyll per ml of algal culture. For 

nitrogen deplete conditions, cells were only standardized on a per cell basis and not on an equivalent 

chlorophyll basis. Initially, the D66 2.2.23 culture had about twice as much chlorophyll per volume of 

culture than the wildtype D66 culture. After 96 hours of growth in nitrogen depleted conditions the 

chlorophyll levels were almost equivalent, but was still slightly higher in D66 2.2.23 when compared to 

the wildtype, D66. 

 The total glucose content and starch levels (anthrone starch assay) for these samples were also 

determined. D66 2.2.23 produced 3 fold more starch than D66 under nutrient replete and nitrogen derived 

culture conditions after 96 hours (Figure 3.3). The total glucose content per cell is higher for D66 2.2.23 

and approaches the glucose per cell of wildtype under nitrogen deprivation. D66 2.2.23 cultures are 

producing glucose levels per cell under replete conditions that are typically found only in nutrient 

 
 
Figure 3.3 Glucose and biomass production of isoamylase transformant 
Cells were normalized at inoculation to 2.5 million cells per ml (cell) and by chlorophyll (chl) as 
indicated into nitrogen replete media (TAP) or deplete media (TAP-N). 
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deprived cultures of C. reinhardtii. Glucose produced per chlorophyll is also higher in the ISA1 

transformed lines. Finally total biomass production as measured by total cell dry weight is higher in the 

ISA1 transformed lines 

 

3.3.3 ISA1 transcript abundance 

 Quantitative PCR primer sets were developed to track differences in ISA1 transcript level 

between the wildtype and starch-excess strains.Seven primers sets that only amplify the desired product 

were used (Figure 3.4). Our results indicated that ISA1 is a low abundance transcript and is expressed 

500-fold less than the control housekeeping gene RACK1 (CBLP) (Mus 2007). Between the wildtype and 

ISA1 transformant there is at most an approximate 2-fold increase in ISA1 transcript in the starch-excess 

ISA1 transformant, but statistically we are unable to determine any significant differences using our 

methodology. 

 

3.3.4 Zymograms indicate more isoamylase activity in starch excess strain 

 Zymograms were used to determine starch modifying enzyme activity on glycogen and has 

previously been used to detect Chlamydomonas isoamylase activity (Dauvillée 2001b, Posewitz 2004b). 

Refinement of Native-PAGE glycogen Zymograms has given resolution of multiple protein complexes 

within Chlamydomonas that have isoamylase activity. Up to four bands can be identified with no 

differences in number or location of banding patterns between the wildtype and ISA1 transformant. 

Interestingly the starch excess strain D66 2.2.23 appears to show stronger intensity of bands over 

wildtype, implying that D66 2.2.23 may have higher isoamylase activity/protein concentration. Total 

protein loaded in these gels was equal and the lower non-isoamylase bands have similar intensity.  

 

 
Figure 3.4 DNA products of Isa1 qPCR 
Agarose gel electrophoresis of Isa1 qPCR products. Most primer sets appear to be amplifying single 
products and no genomic DNA amplification is visible. 
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3.3.5 Protein identification in zymogram gel bands  

 To identify the components of glycogen-modifying enzyme complexes, we excised gel bands that 

showed isoamylase activity and sent them to CSU for protein identification. Protein identification with 

MS-MS suggested that the gel bands contained high abundance proteins (Table 3.1), however enzyme(s) 

related to glycogen-modifying activity are in low abundance and below the detection limit of the MS-MS 

instruments used to date. 

 The areas on the zymogram gel showed negative iodine staining were cut and sent to CSU. 

Sixteen gel bands were collected and digested with trypsin for protein identification. Twenty proteins 

were identified with a protein score higher than 4. Table 3.1 shows identified proteins (protein score > 4). 

Since this suggests that ISA1 is in low abundance, SIM-triggered MS/MS was applied to continuously 

monitor 30 ions of ISA1 but ISA1 was still not detected (data not shown). 

 

3.3.6 Isolation of Isoamylase with SDS-PAGE 

 As an alternative to the Native-PAGE zymograms we decided to try to isolate ISA1 via SDS-

PAGE gels. With this new approach we hoped to be able to load more protein and isolate ISA1 with 

fewer background proteins to provide a better ISA1 signal to background ratio. Gels containing glycogen 

and SDS were used to attempt to separate and concentarte ISA1 subunits (under denaturating conditions) 

and then SDS was washed away to regain ISA1 activity. Finally gels were incubated and then stained 

with iodine to detect isoamylase activity. No isoamylase activity was detected, and the glycogen 

impregnated into the gels appear to inhibit protein migration, as compared to just SDS-PAGE gels (data 

Table 3.1 Top 20 proteins identified from the excised Zymogram gel bands 
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not shown). As an alternative to detetecting isoamylase activity after renaturateion in glycogen containing 

gels, we cut bands at the predicted isoamylase size (75-95 kd) in standard SDS-PAGE gels (no glycogen). 

Bands from these gels were analyzed by MS-MS which were able to detected ISA1 due to a reduction in 

background proteins, but quantification was still not obtainable. 

 

3.3.7 Synthetic ISA1 gene  

 The Chlamydomonas reinhardtii isoamylase 1 (ISA1) gene was codon optimized for expression in 

E. coli and synthesized by DNA 2.0. The protein contains a polyhistidine tag at the C-terminus that will 

allow for affinity purification. Purified protein was used as a MS standard.  

 

3.3.8 Electron microscopy reveals increased starch granule size 

 The starch excess D66 2.2.23 starch granules appear to be larger and less uniformly shaped when 

compared to D66 wildtype granules. Scanning electron microscopy of the purified starch was conducted 

at the CSU core facility (Figure 3.5).Samples were taken from cells in logarithmic growth stage. These 

 
Figure 3.5 Electron microscopy of cells and purified starch granules 
(A) DEEM images of pyrenoid starch from wildtype D66 and ISA1 transformant D66 2.2.23. Scale bar 
500 nm. (B) Scanning electron microscopy of purified starch granules from wildtype D66 and ISA1 
transformant D66 2.2.23. Samples were taken from cells in logarithmic growth stage in HS media. Scale 
bar 500 nm 
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findings suggest that increased size of starch granules is, at least in part, leading to the increase in starch 

in the isoamylase transformants. DEEM on whole cells could not reveal if there is a larger number of 

starch granules per cell but did reveal that the starch sheaths that surround the pyrenoid appear to be 

thicker in the starch excess strain than in the wildtype. 

 

3.3.9 Differential Scanning Calorimetry (DSC) of starch 

 Differential scanning calorimetry was used to determine the gelatinization endotherm of the algal 

starches. This endotherm is the energy required to melt the crystalline regions of the starch granule and 

gives insight into the crystallinity and polydispersity of the starch granules. The starch gelatinization 

endotherm of starch excess strain, D66 2.2.23, is shifted to the right compared to D66 in nutrient replete 

media (Figure 3.6A) which implies that D66 2.2.23 starch has a higher crystallinity than D66. 

Additionally, D66 2.2.23 gelatinization endotherm is broader than D66 which suggests that the wildtype's 

starch crystal size distribution is more homogenous than D66 2.2.23. Between nutrient replete and 

nitrogen deprived cultures the starch gelatinization endotherms are shifted to the left, indicating that both 

starches are less crystalline when produced in nitrogen depleted media. Between D66 and D66 2.2.23 

gelatinization endotherms there is a larger difference in the nitrogen deprived samples versus nutrient 

replete, which suggests that larger differences in starch architecture are manifested in nitrogen depleted 

media in the starch excess strain.  

 

3.3.10 Starch Degree of Polymerization 

 The macro structure of the starch granule is altered in the starch excess strains so we wanted to 

determine if the micro structure is also altered. Specifically we want to determine if the degree of 

branching is altered in the starch excess strain, D66 2.2.23, so we subjected purified starch granules to a 

fungal isoamylase in order to debranch (hydrolyze) all α-1,6 linkages and then determine the length of the 

remaining oligosaccharides. We determined the length of these debranched oligosaccharides via 

fluorophore assisted carbohydrate electrophoresis (FACE). To calibrate the profiling methods, glucose 

and DP1-7 standards were used. FACE analysis was conducted on starch synthesized in nitrogen replete 

(+N) media and nitrogen deplete (-N) media. Under nitrogen replete conditions (data not shown) the 

chain length distribution between both strains is fairly similar, however by integrating peak areas it can be 

determined that the wildtype (D66) starch has more DP3, DP4, DP5 (p<0.05) than the starch 

excess(2.2.23) which has more DP10, DP11, and DP12 (p<0.05) than the wild type. FACE analysis of 

starch synthesized in nitrogen deplete (-N) media indicates D66 2.2.23 starch excess has a DP shifted to 

the right indicating less frequent α-1,6 branches (Figure 3.6B). 
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3.3.11 Starch granule architecture conclusions 

 Starch produced in the isoamylase transformant D66 2.2.23 is more crystalline, has less α-1,6 

branches, and has a larger polydispersity than the wildtype D66. All of these changes can likely be 

contributed to increased isoamylase debranching activity, which reduces α-1,6 linkages and increases 

starch granule crystallinity. 

 

3.3.12 Evaluation of starch-excess transformants under biofuel relevant culture conditions 

 The isoamylase transformants, D66 2.2.23 and sta7-10[c19], were grown under photoautotrophic 

conditions in a light/dark cycle to determine if the starch-excess phenotype is as pronounced under 

bioenergy relevant conditions. Typically Chlamydomonas reinhardtii are grown on Tris-Acetate 

Phosphate (TAP) medium which decreases growth times and helps facilitate the use of this alga as a 

 
Figure 3.6 Crystalline and branching properties of purified starch granules 
(A) Gelatinization endotherm of purified starch granules cultivated in plus or minus nitrogen (-N) HS 
media. Exotherm is up. (B) Fluorophore assisted carbohydrate electrophoresis (FACE) of fungal 
isoamylase digested, starch granules. DP - degree of polymerization (number of glucose residues). 
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model strain. For bioenergy applications acetate will not likely be available as a fixed carbon source. To 

evaluate if these starch excess phenotypes manifest themselves in more bioenergy relevant conditions we 

have been growing these strains in a photoautotrophic growth medium (Sueoka’s high salt medium) under 

diurnal conditions (long day: 16 light / 8 dark). To challenge this phenotype we grew the starch-excess 

strains in low levels of light (~50 µE PAR) and at atmospheric levels of CO2. Our results show a similar 

slow growth phenotype for the starch-excess strains and higher glucose content per culture volume and 

per cell. These results validate the findings in TAP medium and show that this starch-excess phenotype 

can be manifested without the presence of acetate. The results from this experiment, in addition to 

previous experiments in TAP media, were used to calculate glucan yield per hector per year for the 

Chlamydomonas strains, which was compared to the glucan (or glucan equivalent) yields of terrestrial 

corps (Figure 3.7). The isoamylase transformant D66 2.2.23 even under poor growth conditions (low 

light and atmospheric levels of CO2) can yield starch production on par with corn. Interestingly D66 

2.2.23 grown in these ‘poor’ conditions have a higher starch production than D66 wildtype grown in TAP 

media which has acetate as a fixed carbon source. D66 2.2.23 grown on TAP media easily surpasses all 

terrestrial crops in yield.  

 
Figure 3.7 Algal starch yields compared to terrestrial plants 
Extrapolation of laboratory results to large scale growth conditions. Glucose equivalents are used for 
comparison. 
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3.3.13 AGPase (sta6) complements starch level similar to wildtype in replete conditions 

 To investigated if the overexrpession of other genes involved in starch biosynthesis will result in 

excess starch during nitrogen replete growth, we evaluated complements of the sta6 starchless mutant 

(Zabawinski 2001, Li 2010b). Under nutrient replete conditions these strains produce starch levels 

comparable to the wildtype, while the ISA1 strains produce 3 to 4 fold more starch (Figure 3.8). The 

isoamylase 1 gene is special in regards to creating a starch excess phenotype under nutrient replete growth 

conditions, even though the AGPase (sta6) is thought to be the rate limiting step in starch biosynthesis 

(Stark 1992). 

 

3.4 Discussion 

 We were able to create a starch excess green algal strain by genetic engineering of the isoamylase 

1 gene. By simply transforming the wildtype copy of this gene we were able to produce algal strains that 

produce up to 4 times more starch than a wildtype under nutrient replete conditions. With these strains we 

are able to achieve nitrogen deprived levels of starch accumulation under nitrogen replete culture 

conditions. This has long been sought by the algal research community to find a modification that triggers 

the nitrogen deprived response under nutrient replete conditions (Sheehan 1998). Typically researchers 

have focused on finding a condition for TAG accumulation. Although this remains elusive, we have 

shown that it is possible, using the ISA1 gene, to achieve high levels of starch accumulation under nutrient 

replete conditions. 

 Isoamylase has an important role in starch biosynthesis. Two theories exist about its exact role in 

starch biosynthesis. One states that the isoamylase preferentially debranches over branched pre-

amylopectin (Ball 1998, Ball 2009, Cenci 2014). The alternative hypothesis states that the isoamylase 

clears small starch granules and helps direct glucose to larger, growing starch granules (Bustos 2004). 

 
Figure 3.8 Glucose and biomass production of AGPase (sta6) complements and ISA1 transformant 
Cells were normalized at inoculation to 2.5 million cells per ml into nitrogen replete media (TAP). 
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Our data supports the preferential debranching theory; as we increase isoamylase activity we see 

increased debranching and crystallinity and not a decrease in starch granule number. Many questions still 

remain about how the cell can sense the crystallinity of the starch granule, and what is the mechanism that 

results in increased starch levels. 

 We have characterized the properties of the starch granules relative to those produced by wild-

type C. reinhardtii, and have also characterized the phenotype using q-RT-PCR, zymograms, and 

proteomics. Isoamylase 1 is expressed at low levels and the protein is not very abundant in both the wild 

type and starch excess strains. In starch excess strains more starch debranching activity is observed in 

Native-PAGE zymograms. The starch is physically different in the starch excess strains: (1) the granules 

are larger and less uniform, (2) starch that surrounds the pyrenoid is thicker, (3) starch crystallinity and 

gelatinization temperature is both increased, and (4) α-1,6 branching frequency is decrease. Our findings 

indicate that the starch-excess ISA1 transformants have an increase in isoamylase debranching activity 

that decreases overall starch branching frequency, leading to an increase in crystallinity. As a result of this 

increased crystallinity the starch is no longer accessible or identifiable by the cell, which drives metabolic 

flux from cell growth into additional starch biosynthesis 
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CHAPTER 4 

IMPROVING BIOFUEL PRODUCTION IN PHOTOTROPHIC MICROORGANISMS WITH 

SYSTEMS BIOLOGY 

The following chapter was published in the journal Biofuels in 2011 with the following citation: 

Jinkerson, R. E.; Subramanian, V.; Posewitz, M. C., Improving biofuel production in phototrophic 

microorganisms with systems biology. Biofuels 2011, 2 (2), 125-144. 

 

4.1 Introduction 

Microalgae and cyanobacteria have high photosynthetic conversion efficiencies, rapid growth 

rates, diverse metabolic capabilities, accumulate relatively little recalcitrant biomass such as cellulose and 

lignin, and are able to synthesize a diversity of biological energy carriers (e.g. starch, lipids, and H2) that 

are relevant to renewable bioenergy missions (Dismukes 2008). Algae store energy in two predominate 

forms, lipids and polyglucans, which can be converted into diesel fuel surrogates or metabolized into a 

variety of biofuels (e.g. alcohols, H2, lipids), respectively.  

Although intensive efforts are underway worldwide to produce biofuel feedstocks from water-

oxidizing, phototrophic microorganisms, commercial success in the production of biofuels from these 

organisms remains an unmet challenge. The production of algal biofuels in an economically and 

ecologically-sustainable manner will require a sophisticated understanding of algal physiology and 

metabolism, in addition to advances in algal biotechnology. The existing information regarding the 

mechanisms by which anabolic metabolisms, respiratory and fermentative processes, and diel metabolic 

cycles are integrated and modulate photosynthetic efficiencies is not sufficient to optimize phototroph 

metabolism for biofuel production. A detailed understanding of primary and secondary metabolisms will 

inform physiological culturing parameters, as well as potential genetic engineering strategies, aimed at 

optimizing the synthesis of targeted bioenergy carriers. Existing knowledge gaps will need to be 

addressed to develop bioengineering approaches that allow scientists to tailor metabolic circuits for 

bioenergy production. Even in model organisms, such as Chlamydomonas reinhardtii, the function of 

many gene products remain unknown, hampering current efforts to devise metabolic and regulatory 

models that accurately predict metabolic fluxes under photoautotrophic growth conditions (Merchant 

2007). 

Several species of algae are amenable to genetic modification and many transgenic strategies 

have been suggested and attempted to improve bioenergy carrier yields (Radakovits 2010). In algae, 

various physiological stresses stimulate the accumulation of polyglucans and/or lipid bodies; with nutrient 

(e.g. S, N, P, Fe) deprivation, being the most common mechanism. Additionally, sustained H2 
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photoproduction can be induced by sulfur deprivation, which facilitates anaerobiosis and induces 

hydrogenase activity. Even though it is known that these conditions result in the production of bioenergy 

carriers, the exact metabolic and regulatory mechanisms that cause the drastic reorganization of cellular 

metabolism is unknown. An improved biotechnology toolkit is needed to fully leverage the metabolic 

capabilities of phototrophic microorganisms, and systems biology tools will likely play a pivotal role in 

understanding and manipulating algal metabolism to optimize the accumulation of desired bioenergy 

carriers.  

Systems biology, or ‘omics’, tools include genomics, transcriptomics, proteomics, metabolomics, 

and lipidomics, which attempt to accurately quantify and functionally characterize genetic elements,  

mRNA, proteins, metabolites, and lipids, respectively. An overview of the advantages and disadvantages 

of these techniques is given in Figure 4.1. ‘Omics’ techniques are generally topdown holistic methods 

that are high throughput and generate extensive datasets (Jamers 2009, Zhang 2010). Advances in 

nucleotide sequencing technology have revolutionized the speed and accuracy with which genome data 

can be acquired. Several algal genomes have now been completed and several additional genome 

sequencing projects are underway, which have provided critical insights into the metabolic pathways 

available in algal cells and revealed an extensive set of metabolic capabilities in most organisms. 

Moreover, these efforts have provided vital tools for gene identification, initial in silico metabolic 

 
Figure 4.1 Overview of systems biology techniques 
Individual advantages and disadvantages for the four main systems biology techniques (genomics, 
transcriptomics, proteomics, and metabolomics) are listed. 
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pathway maps, the study of gene function, and establishing putative regulatory networks. Specifically, 

nucleotide sequencing technologies have facilitated the quantification of gene transcripts. High 

throughput analytical techniques, based primarily on advances in mass spectrometry, have enabled the 

quantification of proteins and metabolites. Systems biology techniques have already been applied to many 

other organisms (Ideker 2001a, Ideker 2001b) where they have been used extensively to understand 

human diseases (Hood 2004), and to metabolically engineer organisms such as E. coli to a high level (Xu 

2010). The utilization of systems biology tools on algal systems has lagged behind these more extensively 

studied organisms; however, the intense interest in biofuels from phototrophic microorganisms will lead 

to explosive growth in ‘omics’ based studies in photosynthetic algae and cyanobacteria in the coming 

years.  

Recently, the first wave of high throughput ‘omics’ studies on algae have begun to appear in the 

literature and are being used to analyze the dynamics of the transcriptome, proteome, and metabolome 

under diverse environmental conditions (e.g. variable light and CO2 levels, anoxia, nutrient stress) in 

several species. The majority of these studies have focused on C. reinhardtii or Phaeodactylum 

tricornutum, a model green alga and diatom, respectively, for which genome sequence information is 

publicly available, and for which relatively advanced genetic techniques are established. To guide 

hypothesis driven research for the production of targeted energy dense metabolites, or to engineer 

improved biofuels phenotypes, we must develop an understanding of how central metabolism is regulated 

and how the activities of critical enzymes are controlled. It is clear that algae are metabolically versatile, 

that subcellular compartments (e.g. mitochondria, chloroplast) uniquely contribute to overall cell 

metabolism, and that several genes encoding critical metabolic enzymes are transcriptionally regulated by 

mechanisms that remain largely undefined. The primary goals of algal ‘omics’ based research include (a) 

characterizing the effects of lesions that alter the activities of specific branches of central metabolism, 

lipid and carbohydrate metabolism, cellular energetics and metabolite fluxes, and photosynthetic activity; 

(b) physically locating specific metabolic enzymes (and metabolomes) to understand the potential 

trafficking of metabolites between organelles and how that integrates with whole cell metabolism; and (c) 

investigating transcriptional, translational and post-translational processes that are used to regulate central 

metabolism. The following is a review of studies focused on phototrophic microorganism (algae and 

cyanobacteria) systems biology, how these relate to biofuel production, and how these results and systems 

biology tools can be leveraged by scientists and engineers to increase algal biofuel production in native 

and engineered organisms. 
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4.2 Genomics 

The advent of high throughput, low cost nucleotide sequencing technologies has produced a 

wealth of organismal genetic information, the study of which is termed genomics. Genomics is the 

generation and analysis of nucleotide sequences from genomes and cDNA collections, from which 

individual genes, repeat elements, gene arrangement and organization, and inter-genome comparisons can 

be elucidated (Grossman 2005). At its most basic level, the genome of an organism reveals insight into 

the structure and organization of the genome, as well as potentially active metabolic circuits based on 

gene homology. Comparisons between genome sequences (comparative genomics) can identify conserved 

genes and metabolic pathways between species in addition to determining phylogenetic relatedness. 

Functional genomics, the genome wide study of the function of genes and non-genetic elements within an 

organism, can determine the precise role of a gene product and its integration in metabolic pathways 

(Meuser 2009, Zhang 2010). The combination of biochemical, physiological, and genomic data can be 

used to reveal active metabolic pathways, and regulatory mechanisms, providing insights that can be 

leveraged to understand how individual pathways are integrated and can be potentially manipulated to 

optimize energy production and utilization (Grossman 2007). 

 Several algal genomes and organellar genomes have been sequenced. In Chlorophyta, whole 

genomes have been completed for Chlamydomonas reinhardtii (Merchant 2007), Chlorella variabilis 

(Blanc 2010), Micromonas pusilla (Worden 2009), Ostreococcus lucimarinus (Palenik 2007), and 

Ostreococcus tauri (Derelle 2006), while in Bacillariophyta, Phaeodactylum tricornutum (Bowler 2008) 

and Thalassiosira pseudonana (Armbrust 2004) genomes have been completed. Additionally, the red alga 

Cyanidoschyzon merolae (Matsuzaki 2004), and the Cryptophyta Guillardia theta (Douglas 2001) have 

been fully sequenced.  Several unfinished algal genome sequencing project include: Bacillariophyta- 

Cyclotella meneghiniana, Fragilariopsis cylindrus, Pseudo-nitzschia, Seminavis robusta, and 

Thalassiosira rotula; Chlorophyta- Botryococcus braunii, Chlorella sp., Chlorella vulgaris, Coccomyxa 

sp., Dunaliella salina, Nephroselmis olivacea, Prototheca wickerhamii, Scenedesmus obliquus, Volvox 

carteri; Rhodophyta- Chondrus crispus, Galdieria sulphuraria, Porphyra purpurea, Porphyra yezoensis; 

Stramenopiles- Aureococcus annophageferrens (Liolios 2010). To date, more cyanobacterial genomes 

have been sequenced than eukaryotic genomes, due to their reduced size and complexity. Some of these 

include Acaryochloris marina (Swingley 2008), Anabaena sp. (Nostoc sp.) (Kaneko 2001), Microcystis 

aeruginosa (Kaneko 2007), Prochlorococcus (Rocap 2003), Synechococcus sp. (Palenik 2003), 

Synechocystis sp. (Kaneko 1996), Thermosynechococcus elongatus (Nakamura 2002), and others (Liolios 

2010). Although cyanobacteria are not microalgae, they are water-oxidizing photosynthetic 

microorganisms that have attracted significant interest in bioenergy production applications.  
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4.2.1 Comparative Genomics 

The completion of multiple algal genomes has allowed comparison of these genomes to different 

algal species, higher plants, and other organisms. Comparative genomics is a useful tool for determining 

the genetic foundations of phenotypes which are not easily elucidated by the analysis of an individual 

genome. A comparison of two genomes will reveal conserved genes and pathways that often permit 

identification of common features among organisms, while unique genes are often responsible for the 

distinct traits that distinguish two species (Hardison 2003). This technique can be used to identify genes 

responsible for unique phenotypes or metabolisms which are influential for biofuel production. Genomic 

comparison of the red algae Galdieria sulphuraria and Cyanidioschyzon merolae has revealed unique 

carbohydrate metabolisms not common to algae or plants and numerous unique carbohydrate transporters 

(Barbier 2005), findings that could be used to increase intercellular carbohydrate levels or be leveraged in 

secretion pathways. Recently, comparative genomics was used to elucidate the genes involved in the 

microbial biosynthesis of alkanes (Schirmer 2010). Several species of cyanobacteria are known to 

produce alkanes, so a comparative biochemical and genomic approach was taken to determine the 

requisite genes. Eleven strains of cyanobacteria were selected and evaluated for alkane production. Ten 

strains were determined to produce alkanes, while one strain, Synechococcus sp. PCC7002, did not 

synthesize these hydrocarbons. The Synechococcus sp. PCC7002 genome was subtracted from the 

intersection of all ten alkane producing cyanobacterial genomes, resulting in seventeen genes common 

only to the alkane producing strains. Of these, 10 were of a known function and it was determined that 

two of these, an acyl-ACP reductase and aldehyde decarbonylase, were responsible for alkane synthesis 

(Schirmer 2010). The discovery of the metabolic pathway for alkane synthesis will allow for the 

incorporation of this pathway into non-alkane producing algae and cyanobacteria, facilitating the 

photosynthetic production of alkanes in biofuel processes.  

The most extensively studied unicellular, eukaryotic alga in the green lineage is Chlamydomonas 

reinhardtii. The C. reinhardtii genome has been thoroughly examined since its draft release in 2003 and 

whole genome publication in 2007 (Merchant 2007). A set of gene models was created for the full C. 

reinhardtii genome using ab initio, homology-based gene prediction, and expressed sequence tag (EST) 

evidence (Merchant 2007).  These gene models were then compared phylogenomically to the gene 

models for other photosynthetic organisms in the green lineage such as Ostreococcus and Arabidopsis. 

Proteins common to these photosynthetic organisms, excluding those found in nonphotosynthetic 

organisms, were identified and called GreenCut proteins. The GreenCut consists of 349 proteins involved 

in plastid biogenesis, photosynthetic electron transport, antioxidant generation, carbon fixation, and 

plastid localized lipid and starch metabolism (Merchant 2007). Of these 349 proteins, approximately 100 

have unknown function. One method that has been used to gain insight into unknown GreenCut proteins 



65 
 

has been to examine their cyanobacterial analogs and determine if they are included into operons, which 

may hold a clue to their function. Two such proteins are present in a putative cyanobacterial operon 

associated with isoprenoid biosynthesis (Grossman 2010). Since the generation of the initial GreenCut, a 

number of these unknown proteins have been functionally characterized,  some of which have been 

defined as new proteins involved in the breakdown of chlorophyll (Sato 2009) and others involved in 

regulating photosynthetic functions (DalCorso 2008, Duan 2008). The functional characterization of these 

and other proteins involved in photosynthesis has validated the predictive power of using comparative 

genomic techniques like the GreenCut to determine sets of proteins likely to be associated with specific 

cellular functions (Grossman 2010). 

Comparative genomic techniques similar to the GreenCut can also be applied to other sets of 

proteins which are of interest from a biofuels perspective, such as the proteins associated with lipid, 

carbohydrate, or hydrogen metabolism. For example, to determine genes that are important in 

triacylglycerol (TAG) metabolism, the genomes of oleaginous eukaryotic algae in addition to oleaginous 

fungi and bacteria (Alvarez 2008) could be compared to determine a list of common proteins. Proteins 

found within most cyanobacteria genomes could be excluded, due to their inability to synthesize TAGs. 

The remaining set of proteins, which could be termed the ‘OilyCut’, would likely contain proteins 

associated with TAG biosynthesis and catabolism. The relatively small number of proteins found in such 

sets, compared to a complete set of proteins found in full genomes, helps to focus study on proteins likely 

to be important in the desired metabolism. The classical forward genetics requirement of creating genome 

scale numbers of mutants is not required with this technique. Because of the small number of identified 

proteins, reverse genetic methods can be used to generate a mutant library of these proteins, some of 

which will likely be aberrant in the metabolism in question. This mutant pool can then be phenotypically 

evaluated to elucidate gene function and metabolic significance (Grossman 2010). 

Comparative genomic data, such as the GreenCut, and predictive gene models can be utilized to 

generate algal gene targets for use in reverse genetic strategies. These strategies can be used to elucidate 

gene function or to alter genes which are influential for bioenergy carrier production.  RNA interference 

(RNAi) has been used to alter photosynthetic antenna sizes which can increase light penetrance in algal 

cultures (Mussgnug 2007, Peers 2009) and to investigate lipid droplets (Moellering 2010). Genomic 

information has successfully been utilized in PCR screens of mutant libraries to isolate algal strains with 

specific mutations relevant for biofuel production. In one study an insertional mutant library was screened 

to identify putative sulfate transporters, which play an important role in intercellular sulfur transport and 

ultimately hydrogen production (Pootakham 2010). 

 Genomics can provide a wealth of information on the presence of putative genes and gene 

arrangements, but does not provide a complete picture of all cellular processes. The mere presence of 
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genes is not sufficient in itself to understand cellular processes since genes may be differentially 

expressed, or their protein products may catalyze slightly different chemistries. Genomics focuses on 

DNA which is generally considered static information and does not appreciably change in response to 

short term environmental changes. Transcriptomics is used as a tool to interrogate relative biological 

responses to various environmental stimuli at the transcriptional level.  

 

4.3 Transcriptomics 

 Transcriptomics is the measurement of global gene expression through a quantitative assessment 

of mRNA levels. Intracellular mRNA transcript levels generally reflect the genes that are actively being 

expressed at specified time points under defined environmental conditions. Transcriptomics has three 

specific aims: (a) identify all components of a transcriptome, which includes mRNAs, small RNAs, and 

non-coding RNAs; (b) determine how genes are transcribed, specifically 5’ and 3’ ends, untranslated 

regions, and splicing patterns; and (c) to quantify changes in gene transcript levels under various 

physiological and environmental conditions (Wang 2009a). Four high throughput methods have emerged 

for transcriptomic studies: (a) with no a priori gene knowledge, genes differentially expressed under 

different experimental conditions are identified by differential display, serial analysis of gene expression 

(SAGE), or by suppression subtractive hybridization (SSH); (b) with a priori gene knowledge, cDNA or 

oligonucleotide microarrays can be used to assess differences in gene expression (Eberhard 2006); (c) 

direct sequencing of EST and cDNA library clones (Frias-Lopez 2008); and (d) direct sequencing of RNA 

or cDNA without any cloning steps (RNA-Seq) (Wang 2009a). For more in-depth technical overviews of 

microarray development see Hegde (Hegde 2000) and on nucleotide sequencing technologies for 

transcriptomics see Pariset (Pariset 2009).  

Transcriptomics can be a useful tool for understanding and increasing algal biofuel production. 

Evaluation of transcriptome data can resolve the differential regulation of metabolic pathways under 

various environmental conditions and stresses. Additionally, mutant strains can be used to determine how 

complex algal metabolic systems compensate for specific genetic lesions. The C. reinhardtii 

transcriptome is the most extensively studied algal system due to a large research community, the early 

availability of genomic data, and the completion of several macroarrays and microarrays (Im 2002, Miura 

2004, Zhang 2004, Eberhard 2006). The advent of microarrays for C. reinhardtii has allowed for the 

extensive study of its transcriptome under a variety of environmental conditions and in various mutant 

backgrounds. The transcriptome of C. reinhardtii has been examined under conditions of high and low 

light (Im 2002), inorganic carbon availability (Miura 2004), oxidative stress (Ledford 2007), anaerobiosis 

(Mus 2007, Dubini 2009), and under sulfur (Zhang 2004, Eberhard 2006) and phosphorus (Moseley 

2006) deprivation. In addition to C. reinhardtii, DNA microarrays have been created for Euglena gracilis 
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(dos Santos Ferreira 2007), the red alga Cyanidioschyzon merolae (Minoda 2005), and the green alga 

Haematococcus pluvialis (Eom 2006).  

The transcriptome of C. reinhardtii has been extensively studied under conditions of dark anoxia, 

which is of particular interest for bioenergy carrier production. In the dark without oxygen, an extensive 

set of fermentation pathways are activated, in which a variety of biofuel relevant products are produced 

such as ethanol, formate, acetate, succinate, and hydrogen (Mus 2007, Dubini 2009). Microarrays and 

quantitative PCR was used to investigate global changes in gene expression as C. reinhardtii cells 

acclimate to conditions of anoxia and initiate fermentative metabolism. During this acclimation to anoxia 

over 500 transcripts increased significantly, some of which encode proteins responsible for the production 

of ethanol, organic acids, and hydrogen. Additionally, transcripts encoding transcription and translation 

regulators, hybrid cluster proteins, proteases, catalase, prolyl hydroxylases, transhydrogenases, and 

proteins of unknown function were also differentially expressed. In fact, the majority of differentially 

expressed genes detected by microarray analysis, greater than 70%, encode putative proteins of unknown 

function (Mus 2007). These identified transcripts encoding proteins of unknown function are likely 

involved in the regulation of and metabolic partitioning of fermentative pathways, and are thus excellent 

biofuel relevant targets for further study. 

 The transcriptome of several algal mutant backgrounds have also been studied. Analysis of 

specific mutant backgrounds can bring insights to how cells can adjust metabolic fluxes when specific 

pathways are blocked. The transcriptome of the C. reinhardtii hydEF mutant, defective in an essential 

radical S-adenosylmethionine protein required for the assembly of an active [Fe-Fe] hydrogenase 

(Posewitz 2004a), has been extensively studied to determine how this mutant metabolically compensates 

for its inability to produce hydrogen (Dubini 2009). Although the majority of the transcriptional changes 

exhibited under anoxia are common to both the parental wildtype strain and the hydEF mutant, there are 

some marked differences. In the mutant, pyruvate carboxylase and malic enzyme transcript levels 

increase significantly, which track with the increased production of succinate seen in the mutant (Dubini 

2009). The hydrogenase is thought to function as an electron valve, but without this outlet the cell appears 

to compensate by producing succinate in order to oxidize reducing equivalents and continue glycolysis. 

The investigation of this and other algal mutants show that algae often have complex and dynamic 

metabolic networks that can compensate for metabolic perturbations and that single gene disruptions can 

significantly alter transcription and metabolite levels. Transcriptomics can thus provide insights into how 

cells metabolically compensate for these changes. 

Transcriptomics holds the potential to unlock key findings that can greatly advance the field of 

biofuels. Study of the transcriptome can identify unknown genes responsible for specific phenotypes, 

metabolic pathways, and biological process. One gene, or set of genes, that are currently unknown, but 
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are of critical importance to biofuel production is the ‘lipid trigger’ genes. The algal ‘lipid trigger(s)’ is a 

gene or set of genes that are hypothesized to be responsible for the drastic reorganization of carbon 

energy stores into neutral lipids under nutrient stress, most notably during nitrogen deprivation. At the 

conclusion of the Aquatic Species Program, an 18 year program to develop renewable transportation fuels 

from algae operated at the National Renewable Energy Laboratory, no obvious ‘lipid trigger’ was found 

based on conventional genetic and molecular biology techniques (Sheehan 1998). Transcriptomics could 

reveal such a ‘lipid trigger’ if it exists. Tracking changes in the transcriptome when algae transition into 

nutrient stress conditions may reveal unknown genes or transcription factors that play a role in lipid body 

formation and accumulation. Comparison of several transcriptomes, or comparative transcriptomics, of 

different species of nitrogen deprived oleaginous algae could elucidate conserved proteins involved in the 

acclimation to nitrogen deprivation, some of which would be associated with TAG biosynthesis. 

 High throughput nucleotide sequencing has allowed for several new methodologies for studying 

algal transcriptomes. RNA can be converted into cDNA, with or without amplification, and then directly 

sequenced, a process termed RNA sequencing or RNA-Seq (Wang 2009a). Alternatively, RNA can be 

directly sequenced, without the creation of cDNA (Ozsolak 2009). For a comparison of the advantages 

and disadvantages of RNA-Seq and microarrays see Figure 4.2. One major advantage of RNA-Seq over 

 
Figure 4.2 Advantages and disadvantages of transcriptome measurement techniques, microarrays 
and RNA-Seq 
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microarray based technologies is that a priori genomic knowledge is not needed to determine the 

transcriptome. This technique is ideally suited for transcriptome analysis of non-model alga without 

complete genome sequences. RNA-Seq has low background signals and can detect a larger dynamic 

range of expression levels than microarrays (Wang 2009a). RNA-Seq is already gaining widespread use 

for Arabidopsis (Lister 2008) and yeast (Nagalakshmi 2008) and is starting to be used for algae.  In a 

recent study, the transcriptome of a wildtype C. reinhardtii and a mutant defective in SNRK2.1, a Ser-Thr 

kinase required for acclimation to sulfur deprivation, were evaluated via standard microarray and RNA-

Seq technologies (Gonzalez-Ballester 2010). Quantitative RT-PCR data revealed that the microarray 

analysis was less sensitive than the RNA-Seq at estimating changes in low abundance transcripts and that 

RNA-Seq has an overall larger dynamic range. The RNA-Seq assessments have yielded extensive 

quantitative data sets on the transcriptional responses to sulfur deprivation in the wildtype and mutant 

strains, a nutrient stress condition that is important for bioenergy carrier accumulation (Gonzalez-

Ballester 2010). The transcriptome of C. reinhardtii has also been evaluated using RNA-Seq under 

conditions of nitrogen limitation (Miller 2010), a stress condition that is of particular interest for biofuel 

production due to the accumulation of starch and TAG. Genes involved in lipid biosynthesis such as 

pyruvate decarboxylase and diacylglycerol acyltransferase, enzymes in the pentose phosphate cycle, 

genes involved in nitrogen assimilation, and gametogenesis genes were all up-regulated while expression 

levels of genes encoding lipases, glyoxylate cycle enzymes, and gluconeogenesis enzymes all dropped 

under nitrogen deprivation (Miller 2010). These studies have demonstrated several advantages of using 

RNA-Seq technology over standard microarrays for algal transcriptional analysis. RNA-Seq has the 

potential to increase the ease and throughput of transcriptome analysis in many strains of algae of 

importance for biofuel production, and will likely be a useful tool for future algal research, especially in 

non-model algal systems where no microarrays exist. 

 Transcriptomics can inform researchers of changes in gene regulation and expression, and how 

algae respond to different environmental stimuli. However transcriptomics does not address transcript 

translation rates, protein abundance, post translational modification, or intercellular locations of proteins 

and metabolic pathways. Proteomics and metabolomics can address some of these issues with protein 

abundance and location, in addition to metabolite concentrations and flux. 

 

4.4 Proteomics 

Proteomics is the study of an organism’s accumulated proteins, their intracellular location, 

abundance, and any post translational modifications. The proteome is dependent on environmental 

conditions and the physiological status of an organism, and can help reveal what metabolic processes are 

active. Preliminary evidence for the existence of a gene can be obtained from genomic and transcriptomic 
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analyses; however, the direct evidence required to verify gene translation can only be obtained by 

isolating and identifying a protein via its corresponding sequence. Proteomics is used to evaluate whether 

genes are translated into protein, determine protein levels and localization, delineate intermolecular 

protein interactions, and to identify protein post-translational modifications.   

Since the advent of polyacrylamide gel electrophoresis (PAGE), the field of proteomics has been 

continuously evolving. The most commonly used proteomic techniques involve the use of sodium 

dodecyl sulfate (SDS)-PAGE gels to separate proteins based on molecular weight followed by the 

identification of individual proteins using antibodies. However, this approach is generally used to identify 

only a small set of proteins from a whole proteome. A higher throughput approach uses two dimensional 

electrophoresis (2-DE) which involves separating proteins based on its isoelectric point, in the first 

dimension, followed by its molecular weight in the second dimension (O'Farrell 1975). High quality 

protein extracts are subjected to isoelectric focusing (IEF) on immobilized pH gradient gels, followed by 

separation in the second dimension using SDS-PAGE gels, where separation is based on individual 

protein molecular weight. Proteins can then be visualized by staining using colored or florescent dyes to 

provide qualitative as well as quantitative information about the proteome. This technique is useful for 

determining differential protein expression levels across various culture conditions. Depending on the 

complexity of the protein extract, several hundred proteins can be detected on 2D gels. To determine 

amino acid sequences, individual protein spots can be cut from these gels and then identified using 

various mass spectrometric techniques like MALDI-TOF, LC-MS/MS etc.  

An improvement to this technique is the differential in-gel electrophoresis technique (DIGE). 

This involves labeling proteins prior to separation in the first dimension with non-functional fluorescent 

dyes like Cy3, Cy5, or Cy2. The advantage of this technique is that two different protein extracts (e.g., 

from two different growth conditions) could be labeled individually with either of the two dyes (typically 

Cy3 or Cy5) and compared on the same gel, thereby halving the number of SDS-PAGE gels needed for 

any experiment. A third protein extract is prepared that contains a mixture of both the protein extracts 

(half the amount of what was used for labeling with Cy3 or Cy5) and is labeled with the third dye Cy2. 

This mixture is used as an internal control in all DIGE experiments, where every protein from each 

sample is represented. This step improves confidence while matching spots from different gels as well as 

strengthens the statistical significance of the matched protein spots.  

An alternative to 2D-electrophoresis is to sequentially cut out sections of individual lanes from 

one dimensional PAGE gels, digest all proteins with a protease such as trypsin, extract peptides, and 

separate peptide fragments using column chromatography in line with a mass spectrometer. The principal 

advantage of this technique is that it is much faster than conventional 2D electrophoresis, although a 

disadvantage is having a mixture of proteins in every gel slice, thereby adding the requirement of 
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improved mass spectrometry instrumentation and/or bioinformatics capabilities that are able to identify 

proteins from complex mixtures.   

Advances in mass spectrometric technologies are progressively making protein identification 

from biological samples easier. Genome sequence data, in addition to gene annotations, can also assist in 

protein identification. Identifications of pure/single proteins can be made with simpler technologies like 

MALDI-TOF. However more advanced instruments like the LC-MS/MS, MALDI-TOF/TOF are needed 

for identification of proteins from complex mixtures.  Shotgun sequencing involves isolating protein 

extracts from whole cells or cell organelles, fragmenting the proteins, and directly identifying individual 

proteins contained in the mixture using mass spectrometry. Protein fragments are separated on 

chromatography columns that are connected in line with mass spectrometers. Advantages of this 

technique include identification of thousands of proteins in a single run along with reduced experimental 

time and complexity. Shotgun sequencing has been used in both qualitative, as well as quantitative 

experiments. Mass spectrometry has an additional advantage of mapping post-translational modifications 

such as glycosylation and phosphorylation. Advances in quantitative shotgun technologies include stable 

isotope labeling of amino acids in cell cultures (SILAC), isotope coded affinity tagging (ICAT), isobaric 

tags for relative and absolute quantification (iTRAQ), global internal standard technology (GIST), in-gel 

stable isotope labeling (ISIL), and isotope dilution strategies (Ong 2003, Asara 2005, Ciordia 2006, 

Tannu 2006, Chen 2007, Maurya 2007, Pan 2007a, Brun 2009, Xun 2009).  

Like other ‘omic’ techniques, algal proteomics has primarily focused on the model green alga, C. 

reinhardtii. Many proteomic studies in this organism have aimed to understand the proteins involved in 

photosynthesis, which is essential for algal biofuel production. Increasing algal photosynthetic 

efficiencies can improve algal growth and can be leveraged to direct photosynthate into targeted 

metabolites for biofuel production.  Proteomic studies focusing on photosynthesis have emphasized 

examination of the chloroplast, specifically the thylakoid membranes, where the photosynthetic 

machinery is located. In an attempt to better understand light harvesting efficiency in C. reinhardtii, 

Hippler et al. (2001) separated and identified 30 light harvesting complex proteins (LHCP) from 

thylakoid membranes using 2-DE followed by protein identification using nanoelectrospray mass 

spectrometry. This study revealed that more hydrophobic membrane proteins like PsaA polypeptide, 

which contains 11 transmembrane domains could be separated using the 2-DE (Hippler 2001). 

Subsequently, the same group revealed the presence of at least nine Lhca proteins and eight Lhcb proteins 

in the thylakoid membranes (Stauber 2003). This approach could be used for identification and 

comparison of LHCPs from algal strains with high photosynthetic efficiencies to determine which 

proteins are responsible for this phenotype. Once known, these proteins could be expressed into other 

algal strains in an attempt to increase photosynthetic efficiencies. In order to understand the translational 
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regulation of these and other chloroplast associated proteins, a proteomic evaluation of the chloroplast 

translational machinery was performed by Yamaguchi et al. (Yamaguchi 2002). They identified 20 

different ribosomal proteins among which, three proteins S2, S3, and S5 were found to be larger than their 

orthologs and were predicted to be interacting with S1 and PSRP-7 proteins, which is a unique aspect of 

this organism and of importance for chloroplastic protein expression. Heterologous protein expression in 

the chloroplast may be an efficient way to directly access metabolites produced from photosynthesis or to 

produce hydrogen from inducible gene expression systems (Surzycki 2007).  

The mitochondrion is also an important organelle for biofuel synthesis, particularly for 

photobiological hydrogen production. Mitochondrial respiration consumes oxygen produced during 

water-splitting activity of photosystem II that would otherwise inhibit hydrogenase activity. Furthermore, 

acetyl-CoA, which is an important precursor in fatty acid biosynthesis pathways, is also generated in the 

mitochondria. Using a combination of blue native (BN)-PAGE 2-DE, and N-terminal sequencing, the 

major oxidative phosphorylation complexes, namely F1F0-ATP synthase, NADH-ubiquinone 

oxidoreductase, ubiquinol-cytochrome c reductase, and cytochrome c oxidase, were resolved in addition 

to the identification of other proteins like the chaperone HSP60, alternate oxidase AOX, aconitase and the 

ADP/ATP carrier proteins from the C. reinhardtii mitochondrial fractions (van Lis 2003). Studies that 

map proteins from the mitochondrion and chloroplast, provide insight into the relatively less studied 

complex interplay between the two energy generating and consuming organelles that could be exploited 

for efficient carbon fixation and channeling of photosynthate into biofuel precursor production pathways. 

Efficient light assimilation and biomass accumulation rates are also important qualities for biofuel 

production strains. Cell division and its regulation affect biomass accumulation, so cell cycle 

manipulation could be used as a method to increase biomass yields. Increasing biomass, but limiting cell 

division is one approach to increase the accumulation of useful storage products in algae. Centrioles are 

organelles that act as basal bodies for assembly of cilia and flagella during the interphase of cell division. 

In order to improve the understanding of the function of algal centrioles, and thus cell division in C. 

reinhardtii, mass-spectrometry based protein identification technology (MudPIT) was employed that 

identified 45 centriole-associated proteins (Keller 2005). Although, this study was not directed towards 

biofuels research, information generated from this and similar studies can be extrapolated so as to be used 

towards biofuel research. Eyespot and flagella are two other organelles that are given extreme importance 

in C. reinhardtii research. Efficient regulation and understanding of the phototactic signal transmission 

from the eyespot to the flagella is important to allow for efficient carbon sequestration which is in turn 

translated into useful biomass or storage molecule accumulation for biofuel research. The eyespot study 

revealed 202 proteins that were shown to be involved in structural organization of the eyespot apparatus 

as well as phototactic movement (Schmidt 2006). Further, the authors also showed the role of one of the 
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identified eyespot protein kinases, CK1 in several physiological functions of the cell. Flagella proteomics 

has primarily concentrated on identification of phosphorylated proteins in this organelle (Boesger 2009). 

Phosphorylation appears to play an important role in molecular signaling in this organelle, which is also 

highlighted by the fact that several kinases and phosphatases have been found in previous studies of 

flagella and cilia (Ostrowski 2002, Pazour 2005, Liu 2007). These reports elucidate the importance of 

post-translational modifications (e.g. phosphorylation) in this organism. Further evidence for the presence 

of phosphorylation was recently provided by Wagner et al. (2008), where they identified 32 

phosphoproteins using a mass spectrometric approach (Wagner 2008). Understanding the role of 

phosphorylation, as well as other post-translational modifications, in algae under biofuel producing 

conditions will be critical in understanding the interplay between metabolic pathway regulation and 

protein levels. Redox regulation is another mechanism of protein regulation that impacts biofuel 

producing organisms. Thioredoxin-mediated thiol-disulfide interchange is an area of study that has 

recently been gaining attention in algae because it has been observed in land plants (Buchanan 2002). A 

similar mode of regulation is likely present in algae, which is supported by the numerous thioredoxin 

targets that have been identified using proteomics techniques in C. reinhardtii (Lemaire 2004). 

Production of bioenergy carriers and their precursors often affect the redox balance of the cell, so future 

study on how these changes effect redox regulation and overall biofuel yields needs to be 

conducted.Other studies on C. reinhardtii have focused on understanding the physiology of this alga 

under different environmental stress conditions. Generation of algal strains that are capable of thriving 

under changing environmental (light, temperature etc.) and/or other stress conditions (nutrient, pH, 

salinity, toxicants etc.) will be an important trait of biofuel production strains cultured in open 

environmental conditions (Radakovits 2010). Forster et al. (2006) identified 105 proteins in C. reinhardtii 

that were differentially regulated in response to high and low light treatments when compared between 

the wildtype and two very high light-resistant mutant strains. Among the other proteins identified, these 

mutants specifically were found to have altered their light harvesting and photosystem II complexes as 

shown by altered levels of NAB1 and RB38 proteins, in addition to increased levels of chaperone proteins 

(Forster 2006). Another study was based on the response of C. reinhardtii towards the toxic heavy metal, 

cadmium (Gillet 2006). This study revealed an increase in oxidative stress response proteins and 

decreases in photosynthetic and carbon fixation pathway proteins, among others, as a response towards 

cadmium toxicity. This was followed by a study by Naumann et al. (2007) to understand the adaptive 

response of green alga towards iron deficiency. Specifically, they found a decrease in photosystem I (PSI) 

polypeptides and an increase in some PSII polypeptides in response to Fe-stress conditions (Naumann 

2007). Cid et al. (2010) recently showed the response of this algae towards acid stress, which specifically 

revealed a drastic reduction in carbon fixation and photosynthetic proteins (Cid 2010). It is evident from 
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these studies that the two photosystems are uniquely altered in response to varying stress conditions and 

insights from such studies could provide a basis for the development of genetically altered strains of algae 

that are resistant to heavy metal toxicity, varying salinity levels, high light intensities and other 

fluctuating culture conditions.   

Although there are transcriptomic studies that probe the physiology and regulation of genes 

during hydrogen production in C. reinhardtii (Mus 2007, Nguyen 2008, Dubini 2009), studies of gene 

products and their mode of regulation in this organism are more limited. Several recently published 

proteomic articles assaying anaerobic metabolism and sulfur-deprived conditions are the only direct 

studies thus far to investigate hydrogen production by this green algae from a proteome perspective (Chen 

2010, Terashima). Evidence of metabolic rerouting has been observed under these different hydrogen 

producing conditions that gives a better overall view of metabolic changes that occur during hydrogen 

production in C. reinhardtii. Even in the model green alga C. reinhardtii, its proteome has thus far been 

relatively unexplored in areas of research that will directly improve biofuel production. Future research 

efforts will likely study the different conditions under which renewable biofuels like hydrogen and biofuel 

precursors such as fatty acids are produced by this organism, thus linking transcriptomic and metabolomic 

data, thereby bridging the gap between the genome and the final accumulation of metabolic products. 

In addition to C. reinhardtii, the proteomes of several other species of algae have been evaluated. 

The green alga Dunaliella salina has been studied for its ability to tolerate high-saline environments. This 

adaptation has been of interest due to its potential to reveal the physiological mechanisms necessary to 

protect against salt stress; a strategy that could be employed in other algal strains, in addition to traditional 

crops, to improve their survival under highly saline conditions. BN-PAGE or 2-DE, in combination with 

LC-MS/MS has been commonly used in proteomic studies of D. salina (Liska 2004, Katz 2007). The 

photosynthetic activity in most plants and cyanobacteria is known to be inhibited by high salt conditions. 

However, D. salina responds to this stress condition by enhancing CO2 assimilation and by accumulation 

of the osmolyte, glycerol (Liska 2004, Katz 2007), which is a unique mode of adaptation. Another study 

has involved shotgun proteomics to study the effect of hyper saline conditions on flagellar proteins in this 

organism (Jia). Seawater and saline aquifers are likely to be the most available and lost cost water 

resources for algal culturing. Insights into the haloprotection mechanisms used by D. salina will be of 

importance for understanding what is required for photosynthesis to occur in high saline conditions.  

Reports on whole cell and subproteome analyses on other marine and halotolerant alga are also available, 

although the primary interest has been to understand the physiology of these algae under environmental 

stress conditions or their ability to produce industrial important metabolites (e.g. pigments). Published 

reports include those from Haematococcus sps., Nannochloropsis sp., Scytosiphon sp., and 

Pseudokirchneriella sp. (Wang 2004, Kim 2005, Tran 2009, Vannini 2009, Contreras). 
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In comparison to eukaryotic algae, cyanobacteria are more extensively studied with respect to 

proteomic analyses, with Synechocystis sp. PCC 6803 being the most intensively studied cyanobacteria. 

Proteomics in cyanobacteria can be classified into organellar and soluble fraction proteomics. Since the 

late 1990s, there has been extensive research done to identify the regulation of proteins under different 

environmental, nutrient, and stress conditions in this organism. Since it is estimated that nearly one-third 

of all the proteins in Synechocystis are membrane-bound, special emphasis is given to membrane-based 

proteomics. These include studies involving all membranes as a whole (Herranen 2004, Mata-Cabana 

2007), or involving membrane fractions from thylakoids (Norling 1998, Srivastava 2005) and plasma 

membranes (Huang 2002, Huang 2006, Pisareva 2007, Zhang 2009). Most of these reports have used 2-

DE in combination with MALDI-TOF mass spectrometry. Particularly, the presence of major protein 

complexes like those belonging to the photosynthetic electron flow, ATP synthesis, NADPH-

dehydrogenase (NDH) etc. along with the identification of proteins involved in redox signaling, cell 

motility, ion transport, among others have been reported in the above studies. Information about its cell 

structure, physiology, photosynthetic apparatus, and nutrient uptake generated from these membrane-

bound proteomic studies could provide a mechanism by which metabolic flux could be redirected towards 

biofuel precursor production. In terms of soluble protein proteomics, studies have primarily focused on 

understanding the mechanism by which this organism adapts to changing environmental influences. 

Specifically, studies involving salt stress, acid stress, heat shock, and ultraviolet light exposure have been 

performed (Fulda 2000, Fulda 2006, Kurian 2006, Suzuki 2006, Gao 2009, Pandhal 2009). With its 

potential to be used in the synthesis of important biofuels and/or their precursors, studies dealing with 

adaptation to stress conditions are valuable towards developing more environmentally tolerant strains. 

There are some reports on proteomic studies on the cyanobacterium Synechococcus sp. with respect to 

proteins involved in cell division and protein interactions that form the structural aspect of the ribulose-

1,5-bisphosphate carboxylase/oxygenase (Rubisco) containing organelle, carboxysome (Koksharova 

2007, Long 2007).  

The cyanobacterium genus Nostoc has been studied with respect to understanding nitrogen 

fixation, their life cycle, as well as their potential use in hydrogen production. Under nitrogen limitation, 

cyanobacteria can fix atmospheric nitrogen into ammonia using the enzyme nitrogenase, which is also 

capable of producing hydrogen. This enzyme is located in differentiated cells called heterocysts. 

Proteomics in this organism have used more global approaches when compared to studies of 

Synechocystis. Specifically, iTRAQ-based analysis has been used to investigate proteomic changes during 

nitrogen fixation in this organism (Stensjo 2007, Ow 2008). Collectively, an increase in the levels of 

proteins involved in energy and carbon metabolism, nitrogen assimilation, and photosystem I components 

has been reported under nitrogen fixing conditions. Another study involving a combination of  gel 
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filtration and 2D-LC-MS/MS technique has been used to analyze the soluble proteome of a different 

species of this filamentous nitrogen-fixing cyanobacterium in the presence of ammonia as a nitrogen 

source (Anderson 2006). A comparison of proteomic profiles between photoautotrophic and 

diazotrophically grown cells has been reported using 2-DE and MALDI-TOF techniques that revealed the 

identity of proteins related to stress, motility, secretion, post-translational modifications, and those 

containing thioredoxin targets that were not reported earlier (Ran 2007). A detailed analysis of the 

heterocysts has also been done using an iTRAQ approach where protein extracts were labeled with eight 

different iTRAQ tags followed by LC separation on strong cation exchange (SCX) columns and 

identification of proteins using LC-MS/MS (Ow 2008). With respect to Anabaena sp., which is another 

nitrogen fixing cyanobacterial genus, proteomic studies have focused on soluble cell proteomics in 

addition to understanding copper homeostasis and the effect of pre-exposure to heat on UV-B toxicity 

(Barrios-Llerena 2007, Bhargava 2008, Mishra 2009). Understanding the cross-talk between the 

vegetative cells and the nitrogen fixing heterocysts is a key factor towards developing this organism for 

hydrogen production. Regulation of photosystems with simultaneous funneling of the reducing 

equivalents from vegetative cells to the heterocysts is crucial for maintaining an oxygen free atmosphere 

and functional nitrogenase enzymes in heterocysts. Such proteomic studies could therefore provide 

valuable information on the levels of expression of proteins in heterocysts and their regulation with 

respect to the overall cellular metabolism (including photosynthesis) in this oxygenic photosynthetic 

organism.  

The cyanobacterium, Spirulina sp. is primarily known for its use as a food supplement due to its 

high protein and fatty acid content. This organism has been investigated extensively by Hongsthong’s 

group at the level of proteomics using 2-DE and MALDI-TOF mass spectrometry for understanding their 

global protein regulation in response to temperatures, light, and their two morphological forms 

(Hongsthong 2007, Hongsthong 2008, Jeamton 2008). Information regarding RNA stability of fatty acid 

genes, chlorophyll biosynthesis, and changes in cell shape in response to changing environmental 

conditions were obtained in these studies. Additionally, there are proteomic studies on other 

cyanobacteria including Prochlorococcus sp. and Gloeothece sp. in response to light and quorum sensing, 

respectively (Pandhal 2007, Sharif 2008).  

Diatoms, which can accumulate large quantities of triacylglycerides, are of significant interest 

due to their lipid productivities (Huesemann 2009, Matsumoto). There is only one proteomic study to date 

in the diatom Thalassiosira pseudonana, where a lyse-N-Go shotgun approach was used to investigate 

biochemical pathways in this organism (Nunn 2009).  

 The field of renewable energy is expected to benefit immensely from the advent of new labeling 

technologies, which provide more quantitative information on protein accumulation. Although, there is a 
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dearth of research aimed directly at biofuel production in microalgae and cyanobacteria, it is only a matter 

of time before such studies are conducted. Future studies will specifically address the effects of 

environmental conditions, nutrient deprivation, light levels, temperature fluctuations, CO2 levels, and the 

myriad of other factors that directly influence the production of important biofuels or their precursors in 

photosynthetic organisms. Quantitative proteomics can be performed between two test conditions using 

SILAC or iCAT labeling techniques. Additionally, comparisons between more than two different growth 

conditions have become much easier with the availability of iTRAQ labeling reagents. It should not be 

ignored that regulation of metabolic pathways can occur by other modes where signal transduction 

pathways are affected by post-translational modifications including phosphorylation, glycosylation, and 

ubiquitination. Although a direct approach for detection and quantification of such modifications is still 

not available, a combination of protein enrichment techniques followed by mass spectrometry has been 

used to map specific post-translational modifications in different systems. Detailed overviews of 

phosphoproteomics, as well as other post-translational modifications that could be identified by mass 

spectrometry, are available (Collins 2007, Amoresano 2009, Farley 2009, Grimsrud, Young). These 

studies provide a more complete picture of the cellular pathways functioning in their respective 

organisms, along with an improved understanding of the mechanisms by which individual pathways 

responsible for bioenergy carrier production are regulated. This information can be exploited by 

informing rational genetic engineering strategies.   

 

4.5 Metabolomics  

Metabolomics is the study of small molecules or metabolites, which includes their identification 

and quantification, at a global level in a biological system. The compounds include organic acids, fatty 

acids, amino acids, lipids, carbohydrates and other compounds that have molecular weights of less than 

approximately 1,000 Daltons. Determining the level of individual compounds and their intermediates, or 

the metabolome, can reveal metabolic fluxes at any given time point, which in turn helps in elucidating 

the metabolic pathways functioning in an organism. Evaluation of the metabolome can define a particular 

growth phenotype and the biological state of a cell. Metabolomics has been of interest in the field of 

medicine due to its ability to identify and differentiate biochemical phenotypes based on identification of 

certain key metabolites or biomarkers in a tissue, organ, or biofluid as well as in drug discovery (Young 

2009, Aravindaram, Goonewardena, Oakman) and is currently of great interest to biofuel researchers. 

Identification of metabolites is most commonly done using two techniques: nuclear magnetic 

resonance (NMR) and/or mass spectrometry (MS). Differences between the two techniques lie in their 

sensitivity and the nature of the compounds identified. NMR measures the amount and frequency of 

energy absorbed by NMR active nuclei under a magnetic field. 1H is the most commonly used nuclei with 
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each nuclei contributing to the NMR spectrum. Other commonly used nuclei include 13C, 31P and 15N. 

NMR is a highly reproducible and quantitative technique, although the level of sensitivity is low (10 µmol 

to few nmol) in comparison to mass spectrometry techniques. The advantage of using NMR is its 

nondestructive nature (Pan 2007b). Further, this technique provides detailed structural information on the 

metabolites identified. An important characteristic of this technique is that it is not affected by the 

chemical nature of the metabolites such as pKa or hydrophobicity, making sample preparation a relatively 

easy task.   

Mass spectrometry is a tool which is characterized by its high sensitivity (picomolar range) and 

specificity. Although it can be used to identify pure compounds with a direct injection, it is combined in 

most cases with other separation techniques, such as liquid chromatography (LC), gas chromatography 

(GC), or capillary electrophoresis (CE). Whereas LC is based on differential partitioning of metabolites 

between a mobile phase (solvent) and a capillary stationary phase (usually silica-based), GC is based on 

differential partitioning of metabolites between the mobile phase (carrier gas) and the capillary matrix 

(stationary phase). CE depends on separation of metabolites based on its charge to mass ratio and is 

particularly suitable for the detection of polar compounds. GC is traditionally combined with electron 

impact ionization (EI) mass spectrometry where the GC-separated individual compounds are fragmented 

to provide fingerprint spectra. Compounds are then identified by comparison with available spectral 

libraries. The disadvantage of this technique is that the compounds of interest need to be volatile or made 

volatile by derivatization (e.g. silylation, acetylation, methylation) using chemical agents, thus adding 

additional sample preparation steps. LC is a more straight forward technique that does not require sample 

derivatization. It is generally combined with electrospray ionization (ESI) mass spectrometry.  The 

resolving power of this technique is lower and depends on the type of column used for separation. CE is 

traditionally combined with electrospray ionization, although it can also be combined with matrix 

associated laser desorption ionization (MALDI) techniques (Fonslow 2009, Oh). 

Metabolomics studies in algae have been conducted primarily on C. reinhardtii, particularly by 

Fiehn’s group, who optimized the necessary extraction conditions, as well as identified and quantified 

metabolites from C. reinhardtii under nutrient deprived (N, P, S, Fe) conditions (Bolling 2005, Lee do 

2008). They identified more than 100 metabolites out of the 800 that were detected from a single sample 

using gas chromatography-time of flight (GC-TOF) mass spectrometry. In addition to demonstrating 4-

hydroxyproline (4-Hyp) accumulation exclusively under sulfur-starvation conditions, their study also 

revealed that phosphorus depletion induced a deficiency response quite different from that of nitrogen, 

sulfur or iron. It was also found that a wide range of changes in the primary metabolic modules occur in 

response to nutrient stresses in this organism. Determination of such big alterations suggests that drastic 

metabolic reorganization occurs in the cell wall during starvation conditions.  Subsequently, May et al. 
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(2008) used a combination of metabolomics, proteomics and computational modeling techniques to 

improve the existing C. reinhardtii genome annotation. Using GC-GC-TOF mass spectrometry and LC-

MS/MS for their metabolomic and proteomic analyses, they were able to detect 159 metabolites and 

1,069 proteins using these two techniques (May 2008). Wienkoop et al. (2010) recently published a more 

targeted approach to understand the metabolic changes occurring in autotrophic versus mixotrophic C. 

reinhardtii cultures. They used a combination of basic (Western Blot analyses) and advanced level 

proteomic techniques (mass spectrometry techniques) along with metabolomics using unlabeled samples 

(GC-TOF-MS analyses) and isotope labeled metabolic flux analyses (using GC-TOF-MS) (Wienkoop 

2010). A comprehensive view of the dynamic cross-talk occurring between mitochondrial and chloroplast 

metabolism has been revealed. Such studies using system wide approaches (proteomic and metabolic) in 

combination with the existing genomic databases provides a complete map of the functional metabolic 

pathways in this organism and their regulation under different growth conditions that could eventually be 

implemented into better carbon fixing strains with the ability to divert metabolic flux towards biofuels 

and/or their precursors. Another green alga that has been studied at the level of metabolomics is 

Scenedesmus vacuolatus, where the biochemical changes during exposure to the phytotoxic, N-phenyl-2-

naphthylamine (PNA) was evaluated using a GC-MS mass spectrometry approach (Sans-Piche 2009).  

Several studies have focused on cyanobacterial metabolomics. Lin et al. (2008) developed a 

combined high-throughput mass spectrometry protocol where LC-MS was followed by an off-line 

microdroplet NMR approach to identify unknown metabolites from the cyanobacterial strain Fischerella 

ambigua (Lin 2008). At each stage of separation, samples were recovered and used for subsequent 

analysis (MS and NMR) (Lin 2008). Another study optimized metabolomic investigations of two 

different cyanobacteria, Synechocystis sp. PCC6803 and Nostoc sp. PCC7120, where individual steps for 

sample harvesting, quenching, extraction, and derivatization, as well as sample analysis using GC-MS, 

were optimized (Krall 2009). 

The diatom Phaeodactylum tricornutum has been studied with an emphasis towards 

understanding its biochemical adaptation to iron starvation. Both transcriptomic (microarray and RT-

PCR) as well as metabolomic (GC-MS) approaches were used in this study (Allen 2008). Photosynthetic, 

mitochondrial electron transport, and nitrate assimilatory processes were down-regulated in these 

cultures. Additionally, this study also revealed the upregulation of an Fe-responsive gene cluster; one 

function being iron uptake in response to iron starvation. Striking similarities, especially in terms of the 

accumulation of TCA cycle intermediates, have been observed with C. reinhardtii under Fe- starvation 

conditions (Bolling 2005).  Information on iron regulation is crucial to the field of bioenergy, especially 

biohydrogen, which involves a complex set of Fe-S containing proteins along with their interplay with the 

photosynthetic machinery. Another diatom, Thalassiosira rotula has been recently studied using a novel 



80 
 

band-selective optimized flip-angle short-transient (SOFAST) heteronuclear multiple quantum correlation 

(HMQC) technique that allowed acquisition of small metabolite NMR spectra in 10-15 seconds. This 

technique has provided a means to understand the subtle changes occurring in living cells (in vivo) as 

opposed to time consuming conventional mass spectrometry techniques (Motta).   

Metabolome evaluation of green algae and other prospective biofuel producing organisms, has 

been relatively limited. Like proteomics, metabolomic studies have concentrated on understanding the 

global changes occurring under different environmental stress conditions. Little work has been done with 

an emphasis on biofuel research in these organisms. With the availability of both proteomic and 

metabolomic data, along with the availability of transcriptomic data, a complete functioning network of 

metabolic pathways could be generated. This effort would lead to a thorough understanding of these 

microorganisms at a molecular level that could be exploited in a more focused manner towards biofuel 

development in the future. Understanding the three major functional “omes” of these organisms will be a 

key factor in the development of efficient bioenergy producers in the future.     

 

4.6 Lipidomics  

Lipidomics is a subset of metabolomics that specifically evaluates cellular lipids, their associated 

metabolic pathways, and their interactions with proteins, metabolites, and other lipids. The complete lipid 

profile, or ‘lipidome’, can be evaluated using various analytical chemistry techniques including GC-MS, 

GC-FID, MALDI-TOF MS, NMR, NIR, and FTIR (Vieler 2007, Beal 2010, Laurens 2010, Work 2010). 

Various algal lipidomes have been evaluated (Hu 2008). Using genomic information, lipid biosynthetic 

pathways can be reconstructed in silico (Riekhof 2005). In C. reinhardtii, it was found that nearly 260 

proteins are associated with TAG lipid droplets. When one of the major proteins found within lipid 

droplets was knocked down with RNA interference, TAG droplet size increased but no overall change in 

TAG metabolism or content was observed (Moellering 2010). Determining what proteins are important in 

TAG biosynthesis and assembly is of great importance to algal biofuel production. Recently, efforts have 

focused on altering the lipidome of algae to produce lipids that are more amenable for biofuel production. 

One effort has focused on metabolically engineering fatty acid chain lengths in Phaeodactylum 

tricornutum (Radakovits 2011). Diesel fuel surrogates produced from shorter chain length fatty acids (14 

carbons and less) have better fuel characteristics and cold flow properties, but the majority of fatty acids 

in P. tricornutum have chain lengths of 16, 18, and 20 carbons. To produce shorter fatty acids Radakovits 

et al. (2011) heterologously expressed acyl-ACP thioesterases that were known to produce 12 (lauric 

acid) and 14 (myristic acid) carbon fatty acids in plants. These thioesterases increased myristic acid 

production and induced production of lauric acid, which is not natively produced by P. tricornutum, 

successfully altering the lipidome (Radakovits 2011). Alterations of the lipidome from engineering fatty 
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acid chain lengths, increasing metabolic flux to lipid anabolism, and identifying proteins involved in fatty 

acid synthesis and TAG lipid droplet formation will directly impact biofuel yields in algae and is an 

important area of future research.  

 

4.7 Integration of systems biology disciplines 

Together, ‘omic’ technologies have the capability to generate valuable insights into specific 

biological processes, however any single ‘omics’ approach may not be sufficient to characterize complex 

biological systems (Gygi 1999). Putative genes found in a genome may be non-functional, or expressed at 

low levels negating their metabolic effect. Transcriptomic data on gene expression levels does not provide 

insight into protein abundance, activity, location, or post-translational modifications (Zhang 2010). 

Glycolysis has been shown to be controlled at the metabolic, proteomic, post-translational and genomic 

levels (ter Kuile 2001) and is likely that most metabolic pathways have multiple levels of regulation. 

Integrating multiple ‘omic’ studies will be necessary to unravel the complex systems that regulate 

biological systems on a molecular level. This type of an integrated evaluation will require new approaches 

to analyze and compare large data sets, but should afford insights into important cellular processes (Zhang 

2010). 

 

4.8 How systems biology tools can be used to develop biofuel production strains 

Engineering of native metabolic pathways and the introduction of synthetic metabolic pathways 

into a microorganism can be leveraged to produce desired chemical products, but in doing so can have 

deleterious effects on the host cell’s metabolism and native pathway intermediates. Systems biology can 

provide insights into the cellular effects of metabolically engineered pathways, and although this has not 

been demonstrated yet in algae, it has been applied to biofuel production in E. coli. In one study, 

transcriptomics and metabolomics were used to determine the mechanism of toxicity in an engineered 

strain of E. coli that produces large quantities of isoprenoids (Kizer 2008).  A synthetic mevalonate 

pathway intermediate, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA), was found to accumulate 

intracellularly causing inhibited cell growth and cytotoxicity (Pitera 2007). Evaluation of the 

transcriptome revealed up-regulation of fatty acid synthesis genes, while metabolome data showed an 

accumulation of malonyl-CoA, an intermediate in fatty acid biosynthesis, indicating an inhibition of fatty 

acid anabolism. Systems biology tools determined the source of growth inhibition, which in turn informed 

a strategy of palmitic and oleic acid supplementation that counteracted the cytotoxic effects of HMG-CoA 

(Kizer 2008). Assessing whether an engineered metabolic pathway is malfunctioning is often easily 

determined by analysis of the desired product. However, determining what native pathways are perturbed 

that result in cell toxicity or slow growth phenotypes, is often more difficult. A systematic evaluation of 
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the perturbed organism with systems biology tools can reveal insight into metabolic intermediates that 

may be limited or have toxic effects on normal cellular processes, which can be addressed by further 

metabolic engineering strategies.  

The majority of algal systems biology studies have been conducted on model strains, such as 

Chlamydomonas reinhardtii and Phaeodactylum tricornutum. Model algal systems are often selected for 

their fast growth rates, heterotrophic growth ability to assess photosynthesis mutants, ease of genetic 

manipulation, or to investigate specific cellular functions such as phototaxis or sexual cycles (Grossman 

2005). These traits however are not necessarily the most desirable attributes for biofuel production. Algal 

strains that produce large quantities of lipids or starch, have fast growth rates outdoors, and are easily 

harvested and processed are the most desirable for biofuel production and often considered ‘industrially 

relevant’ strains (Dismukes 2008). This creates a disparity between the collective basic knowledge of 

algal systems, which is generally focused on model organisms; whereas knowledge of algal systems 

needs to be applied more frequently on industrially relevant strains. Systems biology tools can help bridge 

this gap by facilitating the transfer of general algal knowledge to industrially relevant strains and by 

allowing researchers to understand these industrially relevant organisms at a systems level of complexity, 

giving them insight into algal metabolism and regulatory processes. Figure 4.3 is a flow diagram 

overview of one scenario where systems biology tools can be implemented to transform an industrially 

relevant algal strain into a strain that can be used as a biofuel production crop. The first step in this 

process is nucleotide sequencing. Sequencing of a genome will reveal genome size and complexity, help 

to identify genes by homology, and determine how closely related it is to available model organisms. 

Transcriptome sequencing of an alga subjected to conditions likely to be found in mass cultivation, or 

under nutrient stress regimes that promote bioenergy carrier accumulation, is the likely next step. The 

transcriptome data will inform researchers on which genes are differentially regulated under the assayed 

conditions, potentially giving insight into what genes are responsible for the desired bioenergy phenotype. 

Gene models can be verified and detailed knowledge on intron/exon boundaries can be determined, in 

addition to discovery of endogenous promoters that can be used for foreign gene expression. At this stage, 

the differences and similarities between the industrially relevant strain and established model organisms’ 

physiology, genome, and transcriptome should be known. Model organisms with high similarity can be 

used as a primary knowledge base for making rational decisions about metabolic engineering strategies to 

improve biofuel yields. With genome data, reverse genetic screens can be employed to find knockouts or 

knockdowns. For example, it is known that in C. reinhardtii impairing starch synthesis leads to an 

increase in lipid accumulation (Work 2010), so in industrially relevant strains that produce starch, these 

pathways could be targeted for knockout. PCR reverse genetic screens of mutant libraries could be used 

to identify these or other desired mutants. Additionally, any knowledge about deregulating bioenergy 
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carrier production or any known homologous or heterologous genes that increase bioenergy yields in 

model systems can be implemented in the industrially relevant organism. The genetically modified strains 

can be reevaluated to determine the effect of the modification on the bioenergy phenotype. At this point 

proteomic and metabolic studies are appropriate. Proteomics could be used to determine transgene 

expression levels and localization, while metabolomics gives insight into the levels of bioenergy carriers 

and their precursors. After this thorough assessment, it can be decided if the desired bioenergy phenotype 

has been achieved. If successful, the strain can be tested in scaled-up cultivation. However, if bioenergy 

yields are insufficient for a commercially relevant process, another round of transcriptomics, followed by 

genetic modification, and phenotype evaluation could be iterated until the desired bioenergy phenotype is 

achieved. 

 

 
Figure 4.3 Flow diagram of how systems biology tools can be used to develop algal strains for 
biofuel production 
An industrially relevant alga is chosen and its genome sequenced. After transcript profiling, gene models 
and gene expression profiles can be created. This information, along with a priori knowledge from model 
algal systems can then be used to make rational genetic modifications targeted at increasing biofuel 
production. Once genetically modified, these organisms can be subjected to iterative metabolome and 
proteome profiling to examine biofuel yields in detail. If yields are suboptimal, ’omics’ techniques can 
again be leveraged to determine the consequences of genetic modification to reveal existing metabolic 
bottlenecks that need to be mitigated, and the entire process repeated until the desired phenotype is 
attained, at which point scaled-up production can be evaluated. 
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4.9 Conclusion and future perspective: 

The cultivation of microalgae for the production of fuels represents a paradigm shift in the way 

we view agriculture and fuel production. Growing aquatic microorganisms at a scale large enough to 

provide meaningful quantities of fuel has never before been achieved. This effort will require massive 

investments in infrastructure for cultivating, harvesting, and processing algal biomass. Increasing algal 

bioenergy carrier production per photosynthetic footprint is essential for minimizing the area needed for 

cultivation, capital costs, and ultimately fuel prices. Terrestrial plants have been selected and bred for 

thousands of years to produce the high yielding, economically viable, and nutritious crops that we enjoy 

today. A similar approach to improving bioenergy yields in algae would be laborious and time intensive. 

Determining optimal algal culture conditions, in addition to genetically modifying algal strains, will 

decrease the time needed to transform native algal species into bioenergy crops. Systems biology tools 

will play a major role in this transformation. These tools will facilitate the continued evaluation of 

photosynthetic microorganisms on a molecular level, which will provide researchers insights into the 

mechanisms important for biofuel production. Systems biology can reveal how metabolic pathways are 

differentially regulated under conditions found in mass cultivation and also identify gene targets and 

pathways for overexpression or knockout that will direct photosynthate into the desired bioenergy carrier. 

High throughput systems biology techniques that specifically evaluate biological molecules at 

various cellular levels are and will become more common place in the laboratory. As these technologies 

mature, their cost will likely decrease making their adoption and use more widespread. Emerging tools 

that take advantage of advances in nucleotide sequencing technologies, such as RNA-Seq, will be used in 

the place of more established technologies like microarrays. As these tools proliferate, the amount of data 

generated will be extensive. Data processing, analysis, and dissemination will need to keep pace with the 

expansion of these tools in order to keep their output timely and relevant. The extraction of useful 

knowledge from the data generated by systems biology tools regarding how biological systems are 

interacting will be crucial to understanding algal biology and ultimately increasing biofuel yields.  
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CHAPTER 5 

DEVELOPMENT OF AN OLEAGINOUS MODEL ALGA: NANNOCHLOROPSIS GADITANA 

DRAFT GENOME, GENETIC TRANSFORMATION AND HIGH LIPID PRODUCTIVITIES 

The following chapter was published in the journal Nature Communications in 2012 with the following 

citation: Radakovits*, R.; Jinkerson*, R. E.; Fuerstenberg, S. I.; Tae, H.; Settlage, R. E.; Boore, J. L.; 

Posewitz, M. C., Draft genome sequence and genetic transformation of the oleaginous alga 

Nannochloropis gaditana. Nature Communications 2012, 3, 686., where * denotes equal contribution. 

 

5.1 Introduction 

In recent years, a detailed understanding of the many biosynthetic pathways that can be used for 

the production of biofuel feedstocks and higher value bioproducts has emerged, and novel pathways for 

the production of specific bioenergy carriers are continuously being discovered in a variety of organisms 

(Rude 2009, Li 2010a, Radakovits 2010, Steen 2010, Jang 2011). These advances, in combination with 

the development of reliable genetic transformation protocols for photosynthetic organisms with high 

innate biomass accumulation rates will enable the engineering of improved strains that have not only high 

production rates but also produce tailored precursors or even finished products of biotechnological 

interest (Radakovits 2010, Ducat 2011, Wackett 2011).  

Several species of Nannochloropsis have attracted sustained interest from algal biofuels 

researchers due to their high photoautotrophic biomass accumulation rates, high lipid content (Zou 2000, 

Converti 2009, Gouveia 2009, Rodolfi 2009, Pal 2011), and their successful cultivation at large scale 

using natural sunlight in either open ponds or enclosed systems by companies such as Solix Biofuels (Fort 

Collins, CO), Seambiotic (Tel Aviv, Israel), Hairong Electric Company/Seambiotic (Penglai, China) and 

Proviron (Antwerp, Belgium).  Further improvements in strain productivity have been hampered by the 

lack of a genetically tractable model system for these highly productive oleaginous algae. Currently, the 

most developed algal model species are the green alga Chlamydomonas reinhardtii and the diatom 

Phaeodactylum tricornutum, both of which have genome sequences and established transformation 

methods (Boynton 1988, Kindle 1990, Zaslavskaia 2000, Merchant 2007, Siaut 2007, Bowler 2008). 

Genetic engineering approaches have been successfully used to improved biofuel phenotypes in both of 

these organisms (Wang 2009b, Li 2010b, Work 2010, Radakovits 2011), unfortunately neither of these 

algae are natively exceptional producers of biomass or lipids and as such, extensive genetic modifications 

will be needed prior to their use in biofuel applications. As an alternative, we selected an alga that 

inherently has desirable biomass production characteristics and has been successfully cultivated outdoors 

at commercial scale. Nannochloropsis gaditana is a stramenopile alga of the Eustigmatophyceae class, 
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which is oleaginous and stores relatively large amounts of lipid, in the form of triacylglycerides (TAG),  

even during logarithmic growth  (Figure 5.1). Various strains of Nannochloropsis have been investigated 

for their biomass and lipid production characteristics and several isolates have been grown for aquaculture 

purposes. Nannochloropsis salina, N. oculata and N. gaditana have received the most attention due to 

their exceptional lipid production characteristics (Boussiba 1987, Converti 2009, Simionato 2011). 

 
Figure 5.1 Biomass production by N. gaditana 
Nannochloropsis gaditana production of biomass, lipids, protein and sugars quantified during continuous 
growth over a period of three months in 50% salinity seawater medium supplemented with nitrate, 
phosphate and CO2 grown with continuous 1000 µE light (a). Every week half of the culture was 
harvested and replaced with fresh medium. (b) Chart illustrating harvested biomass compositions, the 
majority of which consists of lipids even under nutrient replete conditions. (c) Table describing the yield 
in mg/l/d and the biomass composition as a % of total. (d) Comparison of N. gaditana lipid production 
rates with other algae examined in this work. (e) Comparison of N. gaditana large scale production rates 
with other biofuel production platforms. Bars in green indicate our estimations; bars in gray indicate 
estimations by Atsumi et al. (2009). The values for N. gaditana have been extrapolated from 1 L cultures 
and adjusted for our observed productivity in 12h/12h light/dark cycles. The S. elongatus production 
values are for 24h light and would presumably be lower in 12h/12h light/dark cycles. 
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Nannochloropsis gaditana has high photoautotrophic biomass and lipid production rates and can grow to 

high densities (>10 g/l) while tolerating a wide range of conditions with regards to pH, temperature and 

salinity. N. gaditana is therefore a good candidate for development into a model organism for algal 

biofuel production and the availability of a genome sequence and reliable transformation protocols are 

important steps in this direction. In addition, there are some suggestions that homologous recombination 

may be more tractable in eustigmatophyte algae than in green algae (Kilian 2011b). This possibility 

would enhance the utility of N. gaditana as a model species and greatly increase the value of a publicly 

available draft genome. 

In an effort to transform a natively robust and oleaginous alga into a model system for biofuel 

production, we sequenced the genome and developed a genetic transformation method for the microalga, 

Nannochloropsis gaditana CCMP526. We further compared the production rates of N. gaditana with 

several other marine microalga and other biofuel production systems to demonstrate that this alga has 

favorable production characteristics. Despite its high productivity, relatively little is known about the 

metabolic pathways and adaptations that allow N. gaditana to reach such high cell densities while 

accumulating large amounts of lipid. We have investigated the lipid metabolic pathways in N. gaditana 

both on a genomic and transcriptomic level, quantifying gene expression levels during a relatively low 

lipid production stage, (logarithmic growth), and a high lipid production stage, (stationary phase) after 

nitrate depletion. Additionally we have conducted comparative and phylogenomic analysis among other 

algal lineages to determine genes unique to N. gaditana and also to identify sets of conserved proteins 

across photosynthetic stramenopiles. Interestingly, we were also able to identify several potential carbon 

concentrating mechanisms, including a carbonic anhydrase based mechanism and a single cell C4-like 

mechanism. The genome sequence, its analysis, and the development of genetic transformation in N. 

gaditana are important first steps in improving this industrially proven, oleaginous algal for biofuel 

production. 

 

5.2 Methods  

 The following methods were used for the sequencing, assembly, annotation, and analysis of the 

N. gaditana genome. Additional methods for growth and transformation are also discussed. 

 

5.2.1 Growth of N. gaditana 

Nannochloropsis gaditana CCMP526 (Provasoli-Guillard National Center for Culture of Marine 

Phytoplankton, West Boothbay Harbor, ME (CCMP)) was cultivated in either f/2 medium or artificial 

seawater medium as indicated. The f/2 medium was made using Boothbay Harbor seawater (CCMP) 

diluted to 50% salinity with diH2O and supplemented with f/2 trace metals, 8.82 mM NaNO3 and 0.1448 
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mM NaH2PO4. A defined artificial seawater medium (ASW) was prepared as follows: 15 g/l NaCl, 6.6 g/l 

MgSO4·7H2O, 5.6 g/l MgCl2·6H2O, 0.5 g/l CaCl2·2H2O, 1.45 g/l KNO3, 0.12 g/l KH2PO4, 0.04 g/l 

NaHCO3, 0.01 g/l FeCl3·6H2O, 0.035 g/l Na2-EDTA, 0.25 ml/l 3.64 mM MnCl2·4H2O, and 0.5 ml/l trace 

metal mix (20 mg/l CoCl2·6H2O, 12 mg/l Na2MoO4·2H2O, 44 mg/l ZnSO4·7H2O, 20 mg/l CuSO4·5H2O, 

7.8 g/l Na2-EDTA). The pH of the trace metal mix was adjusted to 7.5 and the final pH of the ASW was 

adjusted to 7.3. No significant difference in growth was observed between the f/2 and ASW media. Low 

density starting cultures were grown in low light (50 µmol m–2 s–1) without CO2 supplementation. The 

light intensity was gradually increased and maximum biomass production was achieved from medium 

density starting cultures (>3 g/l) bubbled with 2% CO2/air at high light (200-2000 µmol m–2 s–1). 

 

5.2.2 Estimation of biomass and lipid production yields 

Dry biomass yields were calculated from filters. The biomass from 5-10 ml of culture was 

harvested by vacuum filtration using 0.7 µm glass fiber filters (Pall Corporation, Ann Arbor, Michigan), 

which were then washed twice with 20 ml of diH2O before being dried overnight at 80º C and then 

weighed. 

Total lipids were extracted and derivatized from liquid cultures as described previously (Work 

2010, Radakovits 2011). Briefly, 1.0 ml of 1 M NaOH in 95% methanol was added to 0.5 ml of algal 

culture and then heated in tightly sealed vials at 100ºC for 2 h, which resulted in cell lysis and lipid 

saponification. Acid-catalyzed methylation was accomplished by adding 1.5 ml 12 N HCl:MeOH, 1:16  

(v/v) and incubating at 80ºC for 5 h. FAMEs were extracted into 1.25 ml hexane via gentle inversion for 

20 min. Extracts were washed with distilled water and analyzed directly by GC-FID using an Agilent 

7890A gas chromatograph with a DB5-ms column (Agilent Technologies, Santa Clara, CA). FAMEs 

were quantified against a standard C8-C24, 37-component FAME mix (Sigma-Aldrich, St Louis, USA). 

Tridecanoic acid (13:0 fatty acid) was also spiked into representative samples and recovery of this 

internal standard converted to FAME was above 95%. We also verified that the conversion efficiency of 

TAG, free fatty acids and phospholipids was above 95% by converting standards into FAMEs. 

Several sources were used to determine comparative yields from different large scale biofuel 

production platforms. For the production of lipids from N. gaditana we extrapolated our small scale yield 

values to large scale production. These values were corrected for 12h:12h light:dark cycles using a 

correction factor of 0.66, which we deducted from previous lipid production experiments using light:dark 

cycles. For soy, palm and jatropha lipid production, we used the values cited by Chisti et al. (2007). For 

the yields shown by the gray bars in (Figure 5.1e), we utilized values derived from Atsumi et al. (2009). 

These include Synechococcus elongatus isobutyraldehyde and isobutanol production values from their 

results during cultivation in 24 h light; ethanol production from S. elongatus; hydrogen production from 
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Anabaena variabilis, Chlamydomonas reinhardtii and Oscillatoria sp.; and lipid production from 

Haematococcus pluvialis. 

 

5.2.3 DNA and RNA extraction for sequencing 

DNA was extracted from separate cultures as described previously (Radakovits 2011). Briefly, 10 

ml of N. gaditana culture was pelleted and nucleic acid was extracted using phenol-chloroform according 

to the Newman protocol (Newman 1990) and treated with RNase to degrade RNA. Nuclear, 

mitochondrial and plastid DNA were isolated in this fraction. 

 RNA was extracted as previously described (Radakovits 2011) from several different conditions 

and growth phases to increase the number of expressed genes. These conditions included, +/- nitrate, 

logarithmic phase, stationary phase, heat shocked culture (2h at 37ºC), cold treated culture (2h at 4ºC), 

12h dark acclimation, and +/- supplemental CO2. Aliquots of RNA from each condition were then pooled 

for conversion into cDNA and sequenced to obtain transcriptome data. The quality of the DNA and RNA 

used for sequencing was assessed by agarose gel analysis and an Agilent Bioanalyzer, and satisfied all 

quality control metrics. 

 

5.2.4 DNA and RNA sequencing 

In order to capitalize on their differing strengths, we employed both Roche (“454”) and Illumina 

sequencing. The relatively long sequencing reads produced by the Roche technology are especially useful 

for resolving short repeated sequences during assembly. The reads produced by the Illumina technology 

are much less expensive, enabling deep coverage at moderate cost, and do not suffer from the high error 

rates within homopolymer runs that characterize Roche sequencing. Further, we performed sequencing 

using an Illumina protocol called LIPES (“Long Insert Paired-End Sequencing”), which pairs the 

sequencing reads at approximately 4 kb separation, which is useful for ordering and orienting contiguous 

portions of the assembly that are not extended because of genome repeat elements. 

 The Roche 454 sequences were processed to trim off primer sequences. All sequencing reads 

were trimmed to an error probability of approximately 1:100 and to contain no ambiguous nucleotide 

identities. Reads shorter than 30 nucleotides were removed. Table 5.1 shows the performance metrics for 

each type of sequencing method and Figure 5.2 shows the read length distribution before and after 

trimming. (There was little change in this for the Illumina sequencing reads.) 

 To generate an assembled transcriptome and to map transcriptome reads to the genome for the 

most accurate possible gene models (using what is commonly called “RNA-seq” methods), we generated 

Illumina sequencing on pooled samples of cDNA that had been made from polyA-selected RNA isolated 

from varying conditions (above). This cDNA was sequenced using the Illumina SIPES (“Short Insert 



90 
 

Paired-End Sequencing”) protocol, which pairs the sequencing reads at approximately 200 bp separation. 

Sequencing reads were trimmed as for the genomic sequencing data, except that all reads as long as 20 nts 

were retained. A total of 17,823,072 raw reads were determined and 17,723,662 survived the trimming, 

with a mean trimmed read length of 50.7 nts. If we assume a total transcriptome size of 11.8 MB with an 

average transcript length of 1,180 nts (estimated from the inferred gene content in version 1.1; see below), 

this corresponds to 76X sequencing coverage on a transcript represented at the mean level in these 

samples. 

 

5.2.5 Assembly of nuclear genome 

 Numerous assemblies were performed using a variety of genome assembly programs with 

varying parameters followed by measuring and comparing their quality. We then used software developed 

in house for merging of the results of the best of these various attempts into a single, well-reconciled 

assembly that capitalizes on the relative strengths of each type of assembly software while minimizing the 

chance of creating redundancy. After many trials, the best result was obtained by using Newbler version 

2.3 (Roche, Inc.) to assemble the Roche data and Convey Graph Constructor (CGC; Convey Computer 

Corporation, Richardson, TX) to assemble the Illumina data followed by scaffold creation (based on 

paired-end reads that fall into adjacent contigs) using Velvet (Zerbino 2008, Zerbino 2009). CGC is 

similar to Velvet (Zerbino 2008, Zerbino 2009), but designed for memory and runtime efficiency by 

taking advantage of Convey’s HC-1 architecture. 

 To perform the merging step, all contig/scaffold sequences from the Newbler and Velvet 

assemblies were first aligned all-by-all using BLASTn. Aligned pairs with a minimum reported BLAST 

Table 5.1 Details of the sequencing data for the N. gaditana genome using Roche 454 and Illumina 
sequencing 

Format 
Number of 
raw reads 

Number of 
reads after 
trimming 

Total nts after 
trimming 

Mean 
trimmed read 

length 

Genome 
coverage 

after 
trimming 

Roche unpaired 1,123,414 1,103,775 338,614,903 307 9 

Illumina 
unpaired 24,709,613 24,484,194 2,313,756,333 95 63 

Illumina LIPES 57,978,246 56,644,602 5,845,722,926 103 158 

TOTAL 83,811,273 82,232,571 8,498,094,162 N/A 230 
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e-value of 1x10-7 were then screened by requiring a minimum overlapping length of 40 bp and minimum 

identity score of 95. The identity score was calculated as the sum of +1 for base matches, -2 penalty for 

mismatches, and -1 penalty for insertions or deletions (indels). As homopolymer errors are common 

issues for reads generated by the Roche platform, a lower indel penalty was used. A graph was then built 

with contigs as nodes and their pairings as edges, then continuously overlapping contigs were constructed 

in a greedy fashion, i.e., the longest path wins in the case of conflict. In the case of conflict where one 

path is not significantly longer than the other (i.e., differing in length by <40 nt), neither path was created. 

To reduce homopolymer errors from merged sequences, the consensus used the portion of the overlap 

taken from only the Illumina sequencing reads. 

This assembly comprises 2,455 scaffolds, the largest of which is 692,214 nts, and there are 50 

scaffolds that are longer than 100,000 nucleotides. 

We first noticed during preliminary gene searches that some of the scaffolds from this assembly 

were likely to be bacterial. We also found that some of these scaffolds had been created from only the 

Illumina sequencing reads with few or no aligning Roche reads. Considering this, and suspecting that 

there had been some bacterial contamination specifically in the DNA preparation used for Illumina 

sequencing, we conducted a systematic search based on sequence matching to either bacterial or 

stramenopile genomic sequences and careful manual examination. This identified 363 scaffolds that 

contain a total of 7 Mb that were concluded to be bacterial, which were then removed along with the five 

 
Figure 5.2 Roche 454 sequencing read length distribution before and after trimming. 
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scaffolds that constituted the mitochondrial and plastid genomes, leaving 2,087 scaffolds in what we 

designated assembly version 1.1. To estimate genome size, we subtracted duplicated regions with 100% 

homology from the 2,087 scaffolds. Following these corrections we assume a genome size of ~28 Mb. It 

takes 253 scaffolds from the assembly to contain half of the genome (the N50 statistic) and the length of 

the 253rd longest contig is 38,300 nts (the L50 statistic). There are 35 scaffolds longer than 100 kb, a total 

of 561 longer than 20 kb, and a total of 1,447 that are longer than 2 kb. Figure 5.3 shows the distribution 

of the paired-end separation distance for the Illumina LIPES pairs. 

 

5.2.6 Assembly of organellar genomes 

Assembled contigs were searched for sequence similarity against chloroplast (Genbank: 

NC_008589 and NC_008588) and mitochondrial (Genbank: NC_007405 and HQ840789) proteins from 

Thalassiosira pseudonana and Phaeodactylum tricornutum using tBLASTn. The mitochondrial genome 

was found to be contained within a single assembled contig. The chloroplast genome assembly was 

incomplete due to inverted repeat (IR) regions commonly present in plastid genomes (Oudot-Le Secq 

2007). Three contigs were identified that contained the large single copy (LSC), short single copy (SSC), 

and IR regions. The contig that contained the majority of the IR was found to have approximately twice 

 
Figure 5.3 Distribution of paired-end sequencing read separation distances in the genome assembly 
Distribution of the separation distances of Illumina LIPES paired-end sequencing reads in the N. 
gaditanas genome assembly version 1.1. 
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the sequence coverage as the LSC and SSC containing contigs, verifying its duplication. Genes were 

identified by sequence similarity of open reading frames to known plastid proteins and transfer RNAs 

were determined by tRNAscan-SE 1.21 (Schattner 2005). Both mitochondrial and chloroplast genomes 

were visualized with OGDRAW (Lohse 2007)  

 

5.2.7 Assembly of the transcriptome 

The trimmed Illumina SIPES sequencing reads from the pooled RNA samples were assembled 

using the commercial package from CLC Bio. This generated a total of 37,055 contigs, which is surely an 

over-count of the actual number of genes. These were formed by the matching of 16,094,133 reads (91% 

of the total), 13,921,494 of which matched as pairs (defined as facing one another and separated by 50 to 

500 nts). The total length of these contigs is 17,024,428 nts with a G+C content of 56%. These contigs 

have a fairly tight distribution of paired-end separation distance, as shown in Figure 5.4. 

 

 
Figure 5.4 Distribution of paired-end sequencing read separation distances in the assembly of 
potential transcript contigs from the pooled RNA samples 
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5.2.8 Creating gene models 

Genes were modeled in numerous ways after masking repeated genomic elements:  (1) Exonerate 

(Slater 2005) gene models using the Nannochloropsis transcriptome assembly compared to the 

Nannochloropsis genome scaffolds. (2) EST evidence using this same aligned data by BLASTn. (3) EST 

evidence using 66,106 Ectocarpus siliculosus EST sequences (Cock 2010) aligned to the 

Nannochloropsis genome scaffolds with reduced stringency of matching using tBLASTx. (4) Gene 

models created by aligning the RNAseq data to the Nannochloropsis genome scaffolds using Bowtie 

(Langmead 2009) followed by gene modeling with Tophat and Cufflinks (Trapnell 2009). (5) Protein 

homology evidence by aligning all proteins of 10 genomes to the Nannochloropsis genome scaffolds 

using BLASTx. These were the gene sets of Chlamydomonas reinhardtii (Merchant 2007) because of its 

high quality gene annotations and nine stramenopiles (like Nannochloropsis), the diatoms Phaeodactylum 

tricornutum (Bowler 2008) and Thalassiosira pseudonana (Armbrust 2004), the brown algae Ectocarpus 

siliculosus (Cock 2010) and Aureococcus anophagefferens (Gobler 2011), and the oomycetes 

Hyaloperonospora arabidopsidis (Baxter 2010), Phytophthora infestans (Haas 2009), Phytophthora 

ramorum (Tyler 2006), Phytophthora sojae (Tyler 2006), and Pythium ultimum (Levesque 2010). (6) 

Exonerate gene models using all proteins from these same 10 organisms compared to the 

Nannochloropsis genome scaffolds. (7) Ab initio gene models created by the program Augustus (Stanke 

2003), which had been trained on the gene structures of Neurospora crassa (Galagan 2003), which had 

been demonstrated to be the best training data for this genome in earlier tests. (8) Ab initio gene models 

created by the program SNAP (Korf 2004), which had been trained on Hidden Markov Models (HMMs) 

of the genes of Pythium ultimum (Levesque 2010). (9) Ab initio gene models created by the program 

GeneMark (Lukashin 1998), which had been trained on HMMs of the genes of Pythium ultimum. All of 

these lines of evidence were reconciled into a single gene set using Maker (Cantarel 2008). 

Recognizing that some genes may not be modeled in this way because of limitations of the 

assembly or of our gene modeling process, we also examined the transcriptome assembly for any 

additional genes that may be present. We searched all transcript contigs (see above) for homology to the 

gene sets of P. tricornutum, T. pseudonana, C. reinhardtii, E. siliculosus, and A. anophagefferens using 

BLASTx with a cutoff of E-10. The subset so identified was then searched against the complete gene set 

created as described above using BLASTn with a cuttoff of E-20, narrowing this to 2,531 transcript 

assembly contigs that have homology support for being real genes but were not present in our Maker gene 

set. 

We masked all of the regions with Maker-predicted gene models and then ran the program 

EST2genome (Mott 1997) to align these 2,531 transcript assemblies to the genome assembly v1.1. Of 

these, 1,310 could be assigned to the genome and 1,221 could not. Presumably EST2genome could not 
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match these 1,221 genes because they are located in regions that are misassembled, overlaps with a 

Maker-predicted gene model (and so were masked to avoid artifactual duplication), span two or more 

scaffolds, or are in regions missing from the assembly altogether. We checked this by running BLASTn 

of these 1,221 transcript assemblies against the genome assembly and found matches for 784 of these 

1,221 transcript contigs. This supports the view that these genes largely do appear in the genome 

assembly, and only 437 do not. Gene models that are not found in the genome assembly account for only 

4.8% of the total gene models. 

All gene models were subsequently assigned a unique, short gene designation (“Nga” followed by 

a unique number) which is followed by the more complete gene name as assigned by Maker or by 

EST2genome (Table 5.2). Of these, an all-by-all BLASTn search identified 619 genes that appear as 

duplications with identical sequence and 670 with large regions of identical sequence, but in each case 

being at different loci.  These may be actual biological duplications or might be errors in the assembly.  

Those that are completely identical are distinguished by suffices of ‘.01’ and ‘.02’ and those with only 

large regions of identity by suffices of ‘.1’ and ‘.2’ (with the longer sequence called .1).  This 9,052-

member gene set is designated version 1.1 genes models.  

 

5.2.9 Gene expression analysis 

RNA was isolated from cultures in logarithmic growth during nitrogen replete conditions (+N) 

and from parallel cultures that had been washed with nitrogen deprived medium twice and transferred into 

Table 5.2 Gene model naming scheme 

Name 
Schemea Gene model sourceb 

# of 
gene 

modelsc 
# of nr gene 

modelsd 

Nga0xxxx Maker genes 7,315 6,361 

Nga1xxxx Manually added genes - - 
Nga2xxxx EST genes 1,310 1,310 
Nga3xxxx EST genes w/o assembly support 1,221 1,221 

Nga4xxxx Chloroplast genes 124 124 
Nga5xxxx Mitochondrial genes 36 36 

  Total N. gaditana genes (v1) 10,006 9,052 
a N. gaditana gene model naming scheme where the first digit of the 5-digit number identifies the source 
of that model. The ‘x’ represents possible digits (0-9) that uniquely identify the gene model. 
b Identifies the methodology used to determine the gene model.  
c Total number of gene models identified with each method. Gene models that are duplicates are included. 
For Nga v1 no genes were added manually. 
d Total number of non-redundant gene models identified with each method. Gene models that are 
duplicates are not included.  
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nitrogen deprived medium for 16 hours before RNA isolation (–N). RNA was extracted as described 

previously(Radakovits 2011), selected for polyA+ transcripts and converted into cDNA, and then 

sequenced using the Illumina SIPES protocol. 

Sequencing reads were trimmed as described previously, leaving 19,564,728 paired reads of the 

+N and 18,061,406 paired reads of the –N conditions, with an average read length of 50.87 nts. A count 

was made of each of these RNAseq reads aligned to each of the gene sequences of gene set version 1.1. 

This was then normalized by the length of each transcript to get the mean depth of coverage and then 

normalized for the differing numbers of input reads. Ratios were calculated for each gene to assay the 

differences in gene expression under these two conditions. There were matches of this RNAseq data to 

8,948 of the total of 9,052 gene models; presumably, the 104 genes that were not matched were not 

expressed in these conditions. There were 48 additional genes that were matched by reads from the cDNA 

of the +N condition but not of the –N condition and 27 other genes that were matched by reads from the 

cDNA of the –N condition but not of the +N condition. Other than these absolute differences in 

expression, the ratios were found to be as high as 23-fold. 

 

5.2.10 Functional annotation of gene models 

Conserved protein domains were identified within N. gaditana gene models by CD-Search, an 

algorithm which uses RPS-BLAST to compare gene models to NCBI-curated domains, Pfam, SMART, 

COG, PRK, TIGRFAM databases (Marchler-Bauer 2011). Putative subcellular localizations were 

predicted using TargetP (Emanuelsson 2007) and HECTAR, a statistical prediction method that is specific 

for heterokonts (Gschloessl 2008). Gene Ontology terms (GO-terms) were assigned with Blast2GO (Götz 

2008). GO-term enrichment analysis was conducted with the Gossip algorithm (Blüthgen 2004) to 

perform Fisher exact test against P. tricornutum and C. reinhardtii GO-terms retrieved from the B2G-

FAR database (Götz 2011). 

 KEGG orthology (KO) identifiers were assigned using the KEGG Automatic Annotation Server 

(KAAS) with default settings (Moriya 2007) and KOG numbers were assigned by the mutual best 

BLASTp hit  with an e-value of less than 1x1010 of each gene model to the KOG Database (Tatusov 

2003). KO identifiers and KOG numbers were used to populate metabolic maps, which were visualized 

with iPath2.0: interactive pathway explorer (Yamada 2011). 

 Gene clusters were identified by linking GO-terms to gene location on assembly version 1.1. GO-

terms were sorted and those terms that were represented by three or more gene models were manually 

investigated. Select clusters are displayed in Figure 5.5 and Table A-2.  

http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml#CDSource_NCBI_curated�
http://pfam.sanger.ac.uk/�
http://smart.embl-heidelberg.de/�
http://www.ncbi.nlm.nih.gov/COG/new/�
http://www.ncbi.nlm.nih.gov/proteinclusters/�
http://www.jcvi.org/cms/research/projects/tigrfams/overview/�
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5.2.11 Comparative algal genomics 

The 9,052 gene models encoded by N. gaditana were compared to the following algal groups 1) 

‘brown’ algae: E. siliculosus and A. anophagefferens; 2) diatoms: P. tricornutum and T. pseudonana; 3) 

red algae: Cyanidioschyzon merolae; and 4) green algae: C. reinhardtii, Chlorella variabilis NC64A, and 

Ostreococcus tauri. For this comparison A. anophagefferens was included as a ‘brown’ algae for 

simplicity of analysis due to their close phylogenetic relatedness. Nannochloropsis gaditana gene models 

were used as a BLASTp query against the aforementioned algae and hits with an e-value of less than 1E-

10 were designated as homologous proteins. Gene models with no BLASTp hits at this cutoff (2,744) 

were designated as ‘unique’. If a N. gaditana protein was found to be homologous by at least one member 

of an algal group, it was designated as being found within that group. This data was compiled for all N. 

gaditana gene models and visualized in a Venn diagram (Figure 5.6b). Nannochloropsis gaditana gene 

models were also compared to all previously sequenced genomes in the non-redundant (nr) protein 

database using BLASTp. The organism from the top BLASTp hit (e-value less than 1E-3) of each gene 

 
Figure 5.5 Functional gene clusters identified in the N. gaditana nuclear genome 
Clusters of genes involved in hydrogen metabolism and nitrogen assimilation. Arrows indicate gene 
direction. 
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model were aggregated and displayed in Figure 5.7. Gene models with no BLASTp hits (e-value less 

than 1E-3) numbered 2,061. 

 

5.2.12 Generation of the StramenopilePhotoCut 

To determine conserved protein families important to photosynthetic stramenopiles we followed a 

phylogenomic analysis similar to Merchant et al. (2007) and Karpowicz et al. (2011) who established the 

GreenCut and GreenCut2, respectively, to inventory orthologous sets of proteins common to the green 

algal and plant lineage. All N. gaditana protein sequences were used as a BLASTp query against the 

 
Figure 5.6 Comparison of N. gaditana to other algae 
Schematic phylogenetic tree of stramenopiles and photosynthetic algae (a). The tree is adapted from 
Eisenreich et al. (2004) and Tyler et al. (2006). Filled green circles on the right indicate photosynthetic 
species. The inset cladogram outlines the relationship between the different species of Nannochloropsis 
based on 18S rRNA. (b) Venn diagram representation of shared/unique genes in comparison of N. 
gaditana with brown algae, diatoms, red algae and green algae. (c) Pie chart showing the 
StramenopilePhotoCut of genes common to photosynthetic and absent in non-photosynthetic 
stramenopiles. Green sector: fraction of the StramenopilePhotoCut that is also found in the GreenCut2 of 
genes common to the green lineage; yellow sector: genes unique for the photosynthetic Stramenopiles 
(not found in green or red lineages). 
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complete proteomes of photosynthetic stramenopiles, A. anophagefferens, E. siliculosus, P. tricornutum 

and T. pseudonana, and non-photosynthetic stramenopiles, Albugo laibachii Nc14, Blastocystis hominis, 

P. sojae, P. ramorum, and P. infestans T304. To establish orthology to a N. gaditana protein, an organism 

must have a BLASTp hit with an e-value less than 1E-10 to that protein. N. gaditana proteins that have 

orthologs in all photosynthetic stramenopiles and no orthologs in any non-photosynthetic stramenopiles 

were designated the “StramenopilePhotoCut”.  In total, 363 proteins were included in the 

“StramenopilePhotoCut”. These proteins were also compared against proteins found in the GreenCut2 

(Karpowicz 2011) and orthologs were sought (BLASTp hit with evalue less than 1E-10) in the green 

 
Figure 5.7 N. gaditana gene models BLASTp top-hit, by organism 
Nannochloropsis gaditana gene models were compared to all previously sequenced genomes in the non-
redundant (nr) protein database using BLASTp. The number of times an organism was the top BLASTp 
hits (e-value less than 1E-3) of a N. gaditana gene model is indicated. 
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algae: C. reinhardtii, C. variabilis NC64A, and O. tauri; and red algae: C. merolae. Only 39 

“StramenopilePhotoCut” proteins were found exclusively in stramenopiles (brown algae and diatoms) and 

not in the green or red lineage, while 115 are encompassed by the GreenCut2 (Figure 5.6c and Figure 

5.8).  

False Positive Rate. The false positive rate was estimated by comparing the 

“StramenopilePhotoCut” proteins to the proteome of the diatom Fragilariopsis cylindrus, a recently 

sequenced photosynthetic stramenopile, which ideally should contain all 363 “StramenopilePhotoCut” 

proteins. A BLASTp hit (less than 1E-10) of a F. cylindrus protein to a N. gaditana 

“StramenopilePhotoCut” protein was used to establish orthology. When a “StramenopilePhotoCut” 

protein was not found in the F. cylindrus v1.0 protein set, a tBLASTn search (evalue less than 1E-5) 

(Karpowicz 2011) was conducted against the F. cylindrus genomic assembly (JGI prepublication). In 

total, 344 out of 363 “StramenopilePhotoCut” proteins were found in F. cylindrus, giving an estimated 

false positive rate of 5.2%. Additionally, two non-photosynthetic stramenopiles, Hyaloperonospora 

arabidopsidis (Baxter 2010), and Pythium ultimum (Levesque 2010), were also used to find false 

positives, because they should contain no “StramenopilePhotoCut” proteins. Hyaloperonospora 

arabidopsidis has orthology to 3 proteins from the “StramenopilePhotoCut” list, while P. ultimum has 

orthology to 5 proteins, implying a combined (7 unique proteins) false discovery rate of 1.9%. Because 

these sets of false positives from photosynthetic and non-photosynthetic stramenopiles are mutually 

exclusive, in combination they suggest a false positive rate of up to ~7.2%. 

False Negative Rate. The false negative rate was estimated by determining if a set of proteins 

known to be involved in photosynthesis were included in the “StramenopilePhotoCut”. These proteins are 

PsaA, PsaB, PsaC, PsaD, PsaE, PsaF, PsaG, PsaL, PsbA, PsbB, PsbC, PsbD, PsbE, PsbH, PsbQ, PsbR, 

PsbU, PsbV, PsbW, Rubisco small subunit (rbcS), Rubisco large subunit (rbcL), ferredoxin, and 

ferredoxin-NADP reductase. From this list 20 out of 23 proteins were found in the 

“StramenopilePhotoCut”, with PsaG, PsbR, and PsbW absent, suggesting a false negative rate of ~13%. 

Identification of orthologous proteins is problematic for short, moderately divergent sequences 

(Karpowicz 2011), so these proteins may have been missed because they have BLASTp e-values to N. 

gaditana greater than our cutoff of 1E-10. 

 

5.2.13 Genetic transformation of N. gaditana 

Genomic DNA from an axenic culture of N. gaditana (CCMP526, Provasoli-Guillard National 

Center for Culture of Marine Phytoplankton) was purified as previously described using a phenol 

chloroform extraction protocol (Radakovits 2011) and a full 454 sequencing run was used to generate a 

preliminary Newbler assembly of the N. gaditana genome. BLASTx was used to annotate genes by 
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Figure 5.8 Expanded version of “StramenopilePhotoCut” 
Chart showing the “StramenopilePhotoCut” of genes comparing photosynthetic and non-photosynthetic 
stramenopiles (a). Green indicates the fraction of the “StramenopilePhotoCut” which are found in the 
GreenCut2 of photosynthetic genes; yellow indicates the “StramenopilePhotoCut” genes that are found in 
diatom and brown algal lineages, but not found in red or green algal lineages; red indicates the 
“StramenopilePhotoCut” genes that are found in diatom, brown, and red algal lineages; light green 
indicates the “StramenopilePhotoCut” genes that are found in diatom, brown, and green algal lineages, 
but not in GreenCut2; purple indicates the “StramenopilePhotoCut” genes that are found in diatom, 
brown, red, and green algal lineages, but not in GreenCut2. (b) Chart showing the number of 
“StramenopilePhotoCut” genes with select Gene Ontology (GO) terms. The organisms that were included 
in the analysis of the “StramenopilePhotoCut” include N. gaditana and the photosynthetic stramenopile 
algae Ectocarpus siliculosus, Aureococcus anophagefferens, Phaeodactylum tricornutum, and 
Thalassiosira pseudonana, the non-photosynthetic stramenopiles Phytophtora sojae, Phytophtora 
ramorum, Phytophtora infestans, Blastocystis hominis, and Albugo laibachii.  In addition the red alga 
Cyanidioschyzon merolae and the green algae Chlamydomonas reinhardtii, Chlorella variabilis NC64, 
and Ostreococcus lucimarinus, were used to determine if “StramenopilePhotoCut” genes are found in 
other algal lineages. 
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homology. The N. gaditana genome is similar to the genomes of P. tricornutum and T. pseudonana in 

that the genes only have 0-2 introns, this characteristic allowed us to identify many full length genes 

including their upstream promoter regions. From the identified full length genes that included an 

upstream promoter region we selected three for testing in transformation experiments. We cloned the 608 

bp region upstream of the start codon of the heat shock protein 70 gene (HSP), the 520 bp promoter 

region of beta-tubulin (TUB) and the 710 bp promoter region of the ubuquitin extension protein (UEP) 

from genomic DNA using the following primers:  

 

HSP forward primer: ATGCTCCGGAGCC GAAGCCCTGTCG ACCAC 

HSP reverse primer: AGCTTGGCCATGTTAGTCTGTCAAAAAATGACGTTGCG 

TUB forward primer: ATGCTCCGGAACTGCGCATGGATTGACCGA 

TUB  reverse primer: AGCTTGGCCATGCTTCACAAAAAAGACAGCTTCTTGAT 

UEP forward primer: ATGCTCCGGAGCTGCTGCCCCGACCGTATC 

UEP reverse primer: AGCTTGGCCATCCT GCTGTATGATTTTGGCACAACG.  

 

The cloned fragments were ligated in front of the bleomycin (ble) resistance gene in the pPha-T1 plasmid 

(Zaslavskaia 2000) replacing the P. tricornutum fcpB promoter to create the pPha-T1-HSP, pPha-T1-

TUB and the pPhaT1-UEP plasmids. 

 N. gaditana was grown in f/2 50% seawater medium under cool white fluorescent lights at 100 

µE (24 h illumination). After two weeks of growth 5x108 cells were harvested for each transformation 

experiment. Cells were washed twice with 375 mM sorbitol before resuspension in 100 µl 375 mM 

sorbitol containing 5 µg plasmid DNA linearized with ScaI. Electroporation was done using a ECM630 

BTX electroporator (Harvard Apparatus, Inc., Holliston, MA) set at 500 Ω, 50µF and either 900, 1050 or 

1200 V using a 1 mm cuvette, resulting in a single 17-20 ms pulse. After electroporation cells were 

resuspended in 10 ml f/2 medium and kept overnight on a shaker at RT in low light (50 µmol m–2 s–1) 

before plating on f/2 zeocin selection plates. 5x107 cells were plated per 10 cm plate containing 3 µg/ml 

zeocin. Resistant colonies were detected after 5-6 weeks and picked after 7-8 weeks. No colonies grew on 

control plates with cells electroporated without plasmid and survival of cells plated without zeocin 

appeared unaffected even at the highest voltage. The highest number of colonies was generated using 

1200 V (12000 V/cm field strength) and the promoter with the highest number of transformants was TUB 

followed by UEP (Table 5.3). 



103 
 

 
5.2.14 Confirmation of successful transformation by genomic PCR and Southern blot 

Picked colonies were grown in f/2 liquid media and 109 cells were harvested for verification of 

transgene incorporation into the genome of the zeocin resistant colonies. Genomic DNA was purified as 

described previously (Radakovits 2011)  and either used for genomic PCR (Figure 5.9a) or digested with 

the StuI and ClaI restriction enzymes over night for Southern blot analysis (Figure 5.9b). The resulting 

DNA fragments were separated on a 0.7% agarose gel before transfer onto a nitro cellulose membrane 

which was used for hybridization with a 371 bp DNA probe specific for the ble resistance gene. The ble 

probe was generated by PCR using the following primers: ble forward primer: 

 
Figure 5.9 Successful transformation of N. gaditana by electroporation 
Genomic PCR confirmation of the presence of the transgene (a). Southern blot indicating the nuclear 
incorporation and copy number of the Zeocin resistance gene in three different transformants (lanes 1-3), 
and the lack of the transgene in a wildtype control (WT lane) (b). 

Table 5.3 Number of clones generated by different promoter constructs and field strengths 
Promoter constructa 9000 

V/cmb 
10500 
V/cmb 

12000 
V/cmb 

12000 V/cm 
Efficienciesc 

No plasmidd 0 0 0 0 
TUB 0 3 40 12.5*10-6 
UEP 0 8 18 27.8*10-6 
HSP 0 3 3 166.7*10-6 
pPha-T1-fcpBe 0 0 0 0 

a The plasmid used for transformation. 
b Number of colonies generated at the different field strengths used during electroporation. 
c Efficiencies of electroporation, colonies generated per number of electroporated cells. 
d Negative control went through entire electroporation protocol without any plasmid DNA. Survival 
appeared unaffected on positive control plates without zeocin. 
e pPha-T1-fcpB indicates the original pPha-T1 plasmid that utilizes the P. tricornutum fcpB promoter. 



104 
 

CCGGGACTTCGTGGAGGACGAC; ble reverse primer: GCTGCTCGCCGATCTCGGTCAT. Probe 

synthesis and hybridization were performed using the AlkPhos Direct Labeling and Detection Systems as 

described previously (Pootakham 2010), according to the manufacturer’s instructions (Amersham 

Biosciences). The chemilumiscent signal was detected by a LAS-4010 imaging system (GE Healthcare 

Life Sciences), 20 h exposures gave the best results. The differences in the size of the bands indicate 

random insertion of the transgene while the presence of multiple bands in some mutants signifies multiple 

insertions. 

 

5.2.15 Microscopy 

Lipid accumulation during logarithmic growth and stationary phase was visualized by 

fluorescence microscopy using the nonpolar lipid fluorophore Bodipy 493/503 (Molecular Probes, 

Invitrogen Corporation) as described previously (Work 2010). Briefly, a 100x concentrated suspension of 

cells was stained with 10 µg/ml of Bodipy and the labeled cells were visualized on a Nikon Eclipse 80i 

microscope with UV fluorescence imaging capacity for Bodipy 493/503 and chlorophyll fluorescence. 

 

5.2.16 Accession codes 

The genome sequencing data has been submitted to Genbank, BioProject ID: PRJNA73791. The 

data can also be freely accessed through the project’s website 

at: http://Nannochloropsis.genomeprojectsolutions-databases.com/. 

 

5.3 Results 

In recent years, N. gaditana has emerged as one of the most promising candidates for algal 

biofuel production. We sequenced and annotated the N. gaditana genome due to the high interest in this 

organism, its biomass and lipid production characteristics, and for the purpose of creating a new model 

alga for biofuel production. 

 

5.3.1 High biomass and lipid yields from high density cultures of N. gaditana 

Nannochloropsis gaditana is a robust producer of both biomass and lipids under a wide array of 

culture conditions, including minimal f/2 seawater medium and artificial seawater (10-120% seawater 

salinity, pH 7-10) supplemented with nitrate, phosphate and CO2 (Figure 5.10). The key components to 

achieving high yields are the augmented supply of CO2 (1-2%), high concentrations of nitrate (8.9 mM), 

and inoculums above 3 g/l. Optimal lipid yields were obtained with a starting culture density of ~3.6 g/l. 

It is likely that self shading is the main limiting factor at higher starting densities. Low density cultures 

(<0.5 g/l) can be growth inhibited by high light (>200 µE) but the higher density cultures have good 

http://nannochloropsis.genomeprojectsolutions-databases.com/�
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production between 1,000 µE and 2,000 µE. For medium to high density cultures (3-10 g/l), no 

substantial increase in productivity is observed upon increasing the light from 1,000 µE to 2,000 µE, 

supporting the hypothesis that self shading becomes the limiting factor at these densities. The yields from 

cultures grown in f/2 medium at 50% salinity are shown in Figure 5.1a-c. Yields  of 0.65 g/l/d biomass 

and 0.31 g/l/d total lipids were achieved over a period of three months in Roux Flasks bubbled with 2% 

 
Figure 5.10 Characterization of N. gaditana lipid content 
Lipid droplets in cells during logarithmic growth (a). Lipid droplets in cells during stationary phase (b). 
Lipid droplets are fluorescently labeled with BODIPY (492/503) (green), chlorophyll autofluorescence 
(red). (c) GC-FID chromatogram showing a typical N. gaditana fatty acid profile. 



106 
 

CO2 with half the cultures being exchanged for fresh medium every week. Lipid body accumulation can 

be triggered in most algae by nitrogen deprivation and other stress conditions(Hu 2008), and the high 

lipid content (47.6%) in these actively growing cultures is likely facilitated by the rapid depletion of 

nitrate in these dense cultures (3-8 g/l) during the growth cycle. These productivity numbers have been 

extrapolated to calculate theoretical lipid yields in comparison with other algae (Figure 5.1d) and to other 

biofuel production platforms (Figure 5.1e). In Figure 5.1e the green bars indicate our extrapolations, 

while gray bars indicate estimations originally provided by Atsumi et al. (2009). It is important to note 

that some of the values represent actual production yields from large scale cultivation (Soy, Palm) (Chisti 

2007, Sumathi 2008), while other values are extrapolated from small scale cultures with 24 h light (S. 

elongatus Isobutyraldehyde and Isobutanol). The N. gaditana lipid production yields have been derived 

from small scale cultures with 12 h light/12 h dark cycles and therefore provide a more realistic 

estimation relative to S. elongatus. The yields from N. gaditana scale from 25 ml cultures to 8 L cultures 

under laboratory conditions, to 10 hectare outdoor ponds where it is grown on a commercial scale 

(Hairong Electric Company, Penglai, China and Seambiotic, Tel Aviv, Israel). The high lipid content of 

N. gaditana cells is apparent upon fluorescent labeling of algal triglycerides with the lipophilic dye, 

bodipy. Actively growing cells have a constitutive lipid droplet that expands within cells in stationary 

phase or during nitrogen deprivation (Figure 

5.10a and b respectively). The large majority 

of lipids in N. gaditana are composed of 

palmitic and palmitoleic acid with a minor 

content of myristic and oleic acid (Figure 

5.10c), resulting in a relatively simple fatty 

acid profile, and these fatty acids can be used 

for the production of biodiesel or biopetrol. 

 

5.3.2 Sequencing and assembly 

DNA sequencing reads obtained using 

both Roche and Illumina (including both 

unpaired and LIPES protocols) technologies 

were trimmed for quality, and then assembled 

separately. These assemblies were merged, 

followed by removal of scaffolds of bacterial 

contaminant(s), producing a genome assembly 

of 2,087 scaffolds, with an N50 of 253 and an 

Table 5.4 N. gaditana genome statistics 

 
Assembly Statistics   

Number of assembled contigs 2,087 

Estimated genome size 28.4 Mbp 

Contig N50 253 

Contig L50 38,300 bp 

Genomic G + C content 54.20% 

    

Gene Statistics   

Predicted number of genes 9,052 

Chloroplast genes 124 

Mitochondrial genes 36 

Genes supported by ESTs 8,359 (92.3%) 

Genes supported by homology 6,308 (69.7%) 

(Blast e-value cutoff <e-10)   

Unique genes 2,744 (30.3%) 
Average coding sequence 
length 1069 bp 

Average intron length 220 bp 

Introns per gene 1.62 
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Figure 5.11 N. gaditana chloroplast genome 
Genes on the inside are transcribed clockwise, and genes on the outside are transcribed counter-
clockwise. 
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Figure 5.12 N. gaditana mitochondrial genome 
Genes on the inside are transcribed clockwise, and genes on the outside are transcribed counter-
clockwise. 
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L50 of 38,300 nts (Table 5.4). There are 35 scaffolds longer than 100 kb, a total of 561 longer than 20 kb, 

and a total of 1,447 that are longer than 2 kb. 

RNA was isolated from a variety of culturing conditions and growth phases, converted into 

cDNA, then sequenced using the Illumina SIPES protocol, followed by assembly of these reads using the 

commercial package from CLC Bio (Katrinebjerg, Denmark) into 37,055 contigs. 

In addition to the nuclear genome, the plastid and mitochondrial genomes were also sequenced, 

assembled and annotated. Relative to the organellar genomes of P. tricornutum and T. pseudonana, 

significant conservation of gene content and gene organization was observed, with some notable 

exceptions (Oudot-Le Secq 2007).  

 

5.3.3 Plastid and mitochondrial genomes 

The circular chloroplast genome is 114,785 bp, which is similar in size to those of P. tricornutum, 

T. pseudonana and E. siliculosus (Oudot-Le Secq 2007, Le Corguille 2009), and contains 124 protein-

encoding genes as well as those for 5S, 16S and 23S rRNAs, and 27 tRNA, which satisfy all translational 

requirements (Figure 5.11). Due to the close phylogenetic relationship between N. gaditana and diatoms 

we compared the plastid and mitochondrial genomes with P. tricornutum, T. pseudonana and E. 

siliculosus (Table A-1). The gene order is not strictly conserved but there are a number of conserved gene 

clusters, such as that of ribosomal genes. Interestingly, the N. gaditana chloroplast genome contains all 

the subunits of the light-independent protochlorophyllide reductase (chlB, chlL, and chlN) which is 

needed for chlorophyll synthesis. Neither chloroplast genomes of P. tricornutum or T. pseudonana 

encode these subunits, while the chloroplast genome of the evolutionarily more distant green alga C. 

reinhardtii does (Li 1993). 

 The circular mitochondrial genome is 42,067 bp, which is similar in size to those of T. 

pseudonana and P. tricornutum, and contains 36 protein-encoding genes as well as those for 16S and 23S 

rRNAs and 27 tRNAs (Figure 5.12), which satisfy all translational requirements except for tRNA-Thr, 

which is also missing in other heterokonts (Oudot-Le Secq 2011). Interestingly, the N. gaditana 

mitochondrial genome has two complete copies of the cox1 gene lacking introns in two duplicated 

regions. This is a different configuration than what is found in P. tricornutum or T. pseudonana where the 

cox1 gene instead is split into exons and introns. This change in configuration may suggest that the 

duplicated cox1 gene in N. gaditana is an older configuration which has been modified in P. tricornutum 

and T. pseudonana. Heterokontophyte brown algae have only a single intron-less copy of cox1 (Oudot-Le 

Secq 2006). 
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5.3.4 Nuclear genome annotation 

A variety of methods were used, including ab initio predictions, homology detection, and 

RNAseq matching to the genome assembly, and then these were reconciled into a single gene set using 

Maker. Contigs from the transcript assembly that had strong homology support but were otherwise not 

part of the Maker gene set were added in to form gene set version 1.1 with 9,052 members (Table 5.4). 

 

5.3.5 Clusters of genes with similar functions 

Some stramenopiles are known to have clusters of genes with similar functions(Cock 2010). To 

detect if N. gaditana has genes arranged in this fashion we linked GO-terms to gene model locations on 

assembly version 1.1. GO-terms were then sorted by location and those terms that were represented by 

three or more gene models were investigated. Clusters of genes with similar functions were determined 

and a selection of these can be found in Table A-2 . These clusters may include genes of a similar 

biological process of independent evolutionary origin or genes that have been duplicated at a given locus. 

Some of the functions found within these gene clusters include acyl-carrier protein biosynthesis, cellular 

nitrogen compound metabolic processes, gene expression, branched chain amino acid metabolism, mRNA 

processing, and transport. Figure 5.5 details gene clusters involved in hydrogen metabolism and nitrogen 

assimilation. The hydrogen gene cluster is made up of the [FeFe]-hydrogenase (hydA) and three genes 

needed for [FeFe]-hydrogenase maturation  (hydE, hydF, and hydG). This cluster appears to have two bi-

directional promoters found between hydE and hydG and also between hydA and hydF.  This is 

configuration of hydrogen genes has not been observed in algae sequenced to date (Meuser 2011a). The 

nitrogen assimilation cluster entails genes for the transport of nitrate, nitrate reduction to nitrite, and 

finally nitrite reduction.While a similar cluster of nitrogen assimilation genes can be observed in 

prasinophytes and C. reinhardtii (Quesada 1994, Fernandez 2007), no such cluster can be observed in the 

more closely related E. siliculosus (Cock 2010).  

 

5.3.6 Expansion of gene families 

For further analysis of the expansion of gene families/enrichment of gene ontology terms (GO-

tems) in N. gaditana we compared the prevalence of GO-terms with P. tricornutum and C. reinhardtii. 

Gene Ontology terms were assigned with Blast2GO (Götz 2008) and the complete gene ontologies for P. 

tricornutum and C. reinhardtii were obtained from B2G-FAR database (Götz 2011). The Fisher exact test 

was used to analyze the significance of the expansions/reductions (Conesa 2005) through the use of the 

built in Gossip algorithm (Blüthgen 2004). 

 A selected list of over- and under-represented GO-terms with a maximum P-Value of  

4x10-03 and maximum false discovery rate of 5x10-02 are shown in Table 5.5. Several expanded gene 
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families that may be of importance for the exemplary biomass and lipid production characteristics of N. 

gaditana include those for acyl-carrier protein biosynthetic processes, auxin biosynthetic processes 

related to the production of plant growth hormones, carbon utilization, response to stress (including 

chemical, temperature and salt), and pyruvate metabolic processes. A large number of GO-terms 

Table 5.5 Selected GO-term expansions/reductions 

GO term descriptiona 
Over- or 
Under-

representedb 
p-valuec                  

P. tricornutum 
p-valuec                

C. reinhardtii 

auxin biosynthetic process over 2.20E-53 1.26E-55 
acyl-carrier-protein biosynthetic process over 2.22E-25 1.35E-30 
pyruvate metabolic process over 1.96E-06 1.45E-09 
carbon utilization over 2.44E-07 2.54E-04 
response to stress over 8.46E-07 1.87E-12 
response to chemical stimulus over 6.11E-08 1.97E-16 
posttranscriptional regulation of gene expression over 2.76E-04 2.38E-04 
halogenated hydrocarbon metabolic process over 3.15E-05 3.51E-06 
chlorinated hydrocarbon metabolic process over 3.15E-05 3.51E-06 
cellular ketone metabolic process over 3.88E-14 2.63E-21 
carboxylic acid metabolic process over 5.51E-13 7.07E-20 
organic acid metabolic process over 1.55E-12 8.11E-20 
response to temperature stimulus over - 5.55E-06 
response to salt stress over - 1.95E-04 
acetyl-CoA catabolic process over - 2.46E-03 
C-acyltransferase activity over - 3.58E-03 

regulation of growth rate under 6.37E-13 1.15E-09 
regulation of growth under 2.89E-09 1.92E-08 
transcription factor activity under 1.33E-10 6.07E-04 
reproduction under 1.64E-18 2.00E-19 
meiotic cell cycle under 1.27E-03 3.04E-03 
multicellular organismal development under 1.17E-27 1.18E-37 
cell wall under 6.24E-07 3.30E-12 
vitamin binding under 2.52E-13 2.24E-07 
transmembrane transport under 1.96E-32 3.09E-25 
phagocytosis under 6.78E-06 2.14E-05 
cytokinesis under 1.82E-03 5.65E-04 

response to water deprivation under - 8.40E-04 
a Expansions and reduction of Gene ontology term. GO-term description listed. Green indicates over-
representation in comparison with both P. tricornutum and C. reinhardtii, while red indicates under-
representation. Lighter green and red indicates over-representation and under-representation in 
comparison with C. reinhardtii alone. 
b Signifies whether the GO-term is over- or under-represented in comparison with P. tricornutum and C. 
reinhardtii. 
c Probability for over/under-representation in comparison with C. reinhardtii and P. tricornutum 
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associated with amino acid metabolism are also overrepresented (Table A-3). In addition, GO-terms for 

chlorinated/halogenated hydrocarbon metabolic processes are also expanded, which is also observed in E. 

siliculosus (Cock 2010) where it is thought that these genes may protect against halogenated compounds 

produced by kelps as defense molecules, allowing epiphytic growth on these organisms (Cock 2010). 

Nannochloropsis gaditana growth does not rely on exogenous sources of vitamins, which is reflected in 

the under-representation of genes involved in vitamin binding.  

 

5.3.7 Comparative genomics 

 Nannochloropsis gaditana is a eustigmatophyte alga that is closely related to the Phaeophyceae 

(brown algae), with the most closely related organism having a fully sequenced genome being the 

multicellular brown alga, Ectocarpus siliculosus (Figure 5.6a) (Cock 2010). To identify novel features of 

the N. gaditana genome, we determined which N. gaditana genes have homologs found in brown algae 

(Cock 2010) and the pelagophyte A. anophagefferens (Gobler 2011)), green algae (Chlorella variabilis 

NC64A (Blanc 2010) and Chlamydomonas reinhardtii (Merchant 2007)), red algae (C. merolae 

(Matsuzaki 2004)), and diatoms (T. pseudonana (Bowler 2008) and P. tricornutum (Armbrust 2004)). 

This analysis confirms the close evolutionary proximity between the Eustigmatophyceae and 

Phaeophyceae (Figure 5.6b), and provides us with 2,744 genes that are exclusive to N. gaditana, not 

found in the other algal genomes queried. This corresponds to 30.3% of the total gene repertoire in N. 

gaditana, which is similar to the fraction of unique genes found in T. pseudonana, E. siliculosus and P. 

tricornutum (Armbrust 2004, Bowler 2008, Cock 2010). Comparison of N. gaditana gene models to the 

non-redundant protein database (BLASTp) yielded top hits from a variety of organisms, the most frequent 

being stramenopiles (Figure 5.7), which was expected based on the phylogeny of N. gaditana. 

Previous attempts have been made at establishing the minimal essential set of genes needed for 

photosynthesis, the “GreenCut” of photosynthetic genes, which is a set of 597 orthologs that are 

conserved in plant and green algal lineages, but not in non-photosynthetic organisms (Merchant 2007, 

Karpowicz 2011). We decided to take advantage of the fact that there are both photosynthetic and non-

photosynthetic stramenopiles to generate an analogous set of genes conserved in photosynthetic 

stramenopiles. To establish this “StramenopilePhotoCut” of photosynthetic genes, orthologs common to 

N. gaditana and four photosynthetic stramenopiles (E. siliculosus, A. anophagefferens, T. pseudonana 

and P. tricornutum), but not present in non-photosynthetic stramenopiles (P. sojae, P. ramorum, P. 

infestans, A. laibachii or B. hominis), were selected, resulting in a list of 363 genes. (Figure 5.6c and 

Table D-1). The majority of these genes have orthologs in the green and red algal lineages and 115 are 

found in the “GreenCut2” (Karpowicz 2011) (see Figure 5.8 for an expanded characterization of the 

genes in the “StramenopilePhotoCut”). However, 39 genes with homologs only found in photosynthetic 
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stramenopiles are present in the genome (Table D-1). Similar to many genes found in the “GreenCut”, 

some of the 39 stramenopile-specific “StramenopilePhotoCut” genes are of completely unknown 

function, but several of the genes have known domains, including several peptidases/proteases, DNA-

binding proteins/transcription factors and transport proteins, as well as genes that are thought to directly 

interact with the photosystems. Due to the high photoautotrophic growth rates exhibited by N. gaditana 

we also characterized the complete pathways for synthesis of chlorophyll and accessory pigments (Table 

A-4). All expected genes could be identified except for those encoding the mevalonate pathway for 

isopentenyl-pyrophosphate biosynthesis (see analysis of bioenergy metabolic pathways). 

 

3.3.8 Carbon assimilation genes 

Simple mechanisms for carbon concentration and carbon assimilation have been described in 

many algae (Reinfelder 2011). These mechanisms typically rely on carbonic anhydrases, which catalyze 

the reversible conversion of CO2 to bicarbonate (HCO3
-) (Table 5.6). The physiological function of a 

carbonic anhydrase is dictated by its compartmentalization. Bicarbonate cannot passively cross 

membranes and has to either be transported into the cell by a bicarbonate transporter or be converted to 

freely diffusible CO2 by extracellular carbonic anhydrases. Cytosolic carbonic anhydrases can produce 

HCO3
- either for transport by a bicarbonate transporter into the chloroplast or for use in C4-like carbon 

concentrating mechanisms. Chloroplastic carbonic anhydrases produces CO2 in the vicinity of Rubisco 

from actively transported HCO3
-. 

 

Table 5.6 Carbon assimilation genes 
Gene modela Targetingb 
Carbonic anhydrase   
Nga01240 Cytosolic/Chloroplast?c 

Nga01717 Mitochondria 

Nga03728 Cytosolic 

Nga30848 

Nga10007 

Cytosolic 

Chloroplast 

Nga21222 Extracellular 

    
Bicarbonate transporter   
Nga00165.01 Plasma membrane 
Nga06584 Chloroplast 

a Gene models involved in carbon assimilation. 
b Signal peptide targeting predicted by TargetP and HECTAR. 
c No clear signal peptide was determined for Nga01240 but it has high homology with a chloroplast 
targeted β-carbonic anhydrase in both P. tricornutum and E. siliculosus. 
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 We were able to identify all components necessary for inorganic carbon assimilation, including 

extracellular, mitochondrial, chloroplast, and cytosolic carbonic anhydrases and bicarbonate transporters 

localized in the plasma membrane and in the chloroplast (Table 5.6). The total number of carbonic 

anhydrases found in N. gaditana is fewer than that found in P. tricornutum or E. siliculosus. The use of a 

carbonic anhydrase type carbon concentrating mechanism is in part supported by previous studies by 

Huertas and Lubian which suggested the presence of an active uptake of bicarbonate and at least 

intracellular carbonic anhydrases (Huertas 1998, Huertas 2000, Huertas 2002).  

 C4-like carbon concentrating mechanisms have been suggested for other photosynthetic 

stramenopiles, including E. siliculosus, Thalassiosira weissflogii and P. tricornutum (Roberts 2007, Kroth 

2008, Cock 2010). Typical C4 metabolism relies on spatial separation between the sequestration of CO2 

into C4 acids and the release of CO2 from C4 acids to Rubisco, either by differentiated cell types or the 

presence of specialized organelles. Single cell C4-like mechanisms have recently been described in land 

Table 5.7 Genes important for carbon fixation 
Gene Number EC 

number Targetinga 

Calvin cycle 
 

   

Rubiscob 
 

4.1.1.39 Nt 

phosphoglycerate kinase 3 2.7.2.3 Nt/M 

glyceraldehyde-3-phosphate dehydrogenase 4 1.2.1.13 Nt/C 

fructose-bisphosphate aldolase 4 4.1.2.13 Nt/C 

fructose-1,6-bisphosphatase 5 3.1.3.11 Nt/C 

transketolase 2 2.2.1.1 C 

seduheptulose-bisphosphatase 3 3.1.3.37 Nt 

ribose 5-phosphate isomerase 1 5.3.1.6 Nt 

phosphoribulokinase 1 2.7.1.19 C 

triose-phosphate isomerase 3 5.3.1.1 Nt/C/M 

ribulose-phosphate 3-epimerase 2 5.1.3.1 Nt 

    C4 cycle 
   malate dehydrogenase (NAD/NADP) 2 1.1.1.37/82 Nt/M 

malic enzyme (NAD/NADP) 2 1.1.1.39/40 Nt/C 

aspartate aminotransferase 4 2.6.1.1 Nt/M 

phosphoenolpyruvate carboxykinase 1 4.1.1.49 M 

phosphoenolpyruvate carboxylase 1 4.1.1.31 Nt 

malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+) 1 1.1.1.40 Nt 

pyruvate, phosphate dikinase 3 2.7.9.1 Nt 

alanine transaminase 2 2.6.1.2 Nt/M 

fructokinase 1 2.7.1.4 Nt 
a TargetP prediction of targeting. Nt, no target peptide identified; M, mitochondria; C, chloroplast. 
b Rubisco is chloroplast encoded, all the other genes are nuclear encoded. 
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plants, such as Bienertia sinuspersici, Bienertia cycloptera and Borszowia aralocaspia (Edwards 2004, 

Offermann 2011), but an actual mechanism for a C4-like metabolism in single cell alga has not been fully 

characterized.  

 We were able to identify the genes needed for both C3 and C4 type carbon assimilation (Table 

5.7). TargetP (Emanuelsson 2007) and HECTAR (Gschloessl 2008) were used to establish the targeting 

of these proteins and a possible model for carbon concentrating mechanisms is shown in Figure 5.13. We 

describe two potential single cell C4-like carbon concentrating mechanisms that entail production of 

malate in the cytosol and in the mitochondria. Both of these mechanisms rely on a chloroplast malic 

enzyme for release of CO2 within the chloroplast and a malate/pyruvate shuttle that permits malate into, 

and pyruvate out of, the chloroplast. A similar mitochondrial based C4-like mechanism has recently been 

described in Bienertia cycloptera (Offermann 2011).  

 Several potential carbon concentrating mechanisms exist in N. gaditana that may provide 

flexibility in carbon assimilation under a variety of environmental conditions. Further studies are needed 

to biochemically verify the use of these proposed carbon concentrating mechanisms in N. gaditana. 

 

5.3.8 Nitrogen assimilation genes 

Nitrogen can be assimilated by N. gaditana in several ways. We have determined that growth can 

be sustained on nitrate, nitrite (Hipkin 1983), ammonium, or urea as sole nitrogen sources. The genome 

encodes nitrate, nitrite, ammonium, and urea transporters (Table 5.8). In order to utilize nitrate and nitrite 

they need to be reduced to ammonium. The N. gaditana genome encodes one NAD(P)H-nitrate reductase 

to reduce nitrate to nitrite. Ectocarpus siliculosus, P. tricornutum, and T. pseudonana contain two types 

of enzymes that use different reducing substrates to catalyze the reduction of nitrite, ferredoxin dependant 

as found in plants and NAD(P)H dependant as found in bacteria. Unlike these other stramenopiles, 

NAD(P)H-nitrite reductase cannot be found in our N. gaditana gene models or in Assembly 1.1 

(tBLASTn, evalue less than 1E-03). This suggests that N. gaditana can only reduce nitrite when reduced 

ferredoxin is available via the ferredoxin-nitrite reductase (Nga02267), and this activity is diminished 

during the night or under low-light when reduced ferredoxin levels are attenuated. This is supported by 

experiments in Nannochloropsis oculata that show in the dark or in the presence of DCMU nitrite uptake 

is negligible, whereas nitrate uptake is substantial. The majority (82%) of this nitrate reappeared in the 

medium as nitrite (Hipkin 1983), indicating the possible use of nitrate as a terminal electron acceptor 

under these conditions. Genome analysis indicates that nitrate can be reduced in the absence of 

photosynthesis via NAD(P)H dependant nitrate reductase but nitrite is not readily reduced in the absence 

of the high levels of reduced ferredoxin generated during photosynthesis. 
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 Urea can also be utilized by N. gaditana cells via a urea/Na+ symporter and can be converted into 

ammonium with a urease and urease accessory proteins (ureD, ureF, and ureG). Additionally, N. gaditana 

genome encodes the complete urea cycle including carbamoyl-phosphate synthetase I (large and small 

subunits), ornithine carbamoyltransferase, argininosuccinate synthase, argininosuccinate lyase, and 

arginase. 

 
Figure 5.13 Carbon concentrating mechanisms 
Proposed mechanisms in which inorganic carbon is assimilated by N. gaditana and the proposed C4-like 
metabolism based on predicted protein localizations. Metabolites (black): G3P, glyceraldehydes 3-
phosphate; MA, malic acid; OAA, oxaloacetate; PEP, phosphoenolpyruvic acid; 3-PGA, 3-
phosphoglycerate; Pyr, pyruvate; RuBP, ribulose-1,5-bisphosphate; Enzymes (red): BCT, bicarbonate 
transporter; CA, carbonic anhydrase; MDH, malate dehydrogenase; ME, malic enzyme; PC, pyruvate 
carboxylase; PEPC, phosphoenolpyruvate carboxylase; PPDK, pyruvate, phosphate dikinase; RuBisCO, 
Ribulose-1,5-bisphosphate carboxylase oxygenase. 
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 Genes responsible for nitrate assimilation and reduction of nitrate to nitrite to ammonium are 

found in a gene cluster, which includes NAD(P)H-nitrite reductase, the ferredoxin-nitrite reductase, and a 

nitrate high affinity transporter (Figure 5.5). Nitrogen assimilation genes have been found in clusters in 

C. reinhardtii (Quesada 1994, Fernandez 2007), but not in E. siliculosus, which no such clusters exist, not 

even as gene pairs (Cock 2010). 

 The lack of functional redundancy in several key nitrogen assimilation genes can exploited for 

biotechnological purposes.  In C. reinhardtii nitrate reductase has been used as a selectable marker in 

Table 5.8 Genes involved in nitrogen assimilation up to ammonium 
Functiona,b Gene modelc 

Assimilation   
NAD(P)H nitrate reductase Nga02268 
Ferredoxin nitrite reductase Nga02267 
NAD(P)H nitrite reductase No homologd 

Urease Nga03713 
Urease accessory protein ureF Nga20646.1 
Urease accessory protein ureG Nga00207.01 
Urease accessory protein ureD Nga01342.01 
    
Transport   
Nitrate high affinity transporter Nga30904 
Nitrate high affinity transporter Nga10006 
Putative nitrate / peptide transporter Nga04130 
Nitrite transporter Nga00897 
Nitrite transporter Nga06677 
Ammonium transporter Nga20972 
Ammonium transporter Nga30207 
Urea/Na+ high affinity symporter Nga06186 

  Urea Cycle 
 carbamoyl-phosphate synthetase I large subunit Nga00381 

carbamoyl-phosphate synthetase I small subunit Nga03303 
ornithine carbamoyltransferase Nga20220 
argininosuccinate synthetase Nga04487 
argininosuccinate lyase Nga03647 
arginase Nga00526 

a Genes involved in nitrogen assimilation in N. gaditana. Proteins from P. tricornutum and E. siliculosus 
were used as BLAST queries. 
b Functional role in nitrogen assimilation. 
c Candidate N. gaditana gene model encoding corresponding enzyme. 
d No NAD(P)H nitrite reductase were found in N. gaditana gene models or in Assembly v1.1 (tBLASTn, 
evalue less than 1E-03). 
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nitrate reductase (nit-1) deficient strains (Fernández 1989), and a similar approach could be used in N. 

gaditana. Knockouts in NAD(P)H-nitrate reductase (Nga02268) or ferredoxin nitrite reductase 

(Nga02267) if isolated, could serve as selectable markers. 

 

5.3.9 Meiosis Genes 

Ectocarpus siliculosus and some species of diatoms are known to have sexual cycles (Cock 

2010), so we queried genes known to be associated with meiosis to determine if they were contained 

within the N. gaditana genome. Seven members of the RAD51 family are known to be found in 

eukaryotes and are important for DNA repair, homologous recombination, and genome stability (Lin 

2006). Of these several are implicated in playing a role in meiosis including, DMC1 which is specifically 

required for meiotic recombination in plants, yeast, and animals and RAD51, RAD51C, and XRCC3 

which are essential for meiosis in Arabidopsis  (Li 2006). The N. gaditana genome contains four RAD51 

homologs, including one for DMC1 and RAD51 (Table 5.9). 

 Two genes, Hop2 and Mnd1, form a heterodimeric complex that stimulate DMC1 activity and are 

required for meiotic recombination in Saccharomyces cerevisiae (Chen 2004). A Mnd1 homolog is found 

in N. gaditana, but no clear Hop2 homologs can be found. Two other genes involved in meiotic 

Table 5.9 Meiosis Genes 

Gene 
N. gaditana 
gene modela 

Transcript 
Supportb 

RAD51 Nga03590 yes 
RAD51A Nga02535.01 no 
DMC1 Nga00201.01 no 
recA Nga04950 no 
Msh4 Nga10008 no 
Msh5 Nga01439.01 no 
Mer3 Nga03449 no 
Hop1 no homologc - 
Hop2 no homolog - 
mnd1 Nga01637.01 yes 
Spo11 Nga02765 no 
Spo11/Top6A Nga06442 yes 
Top6B Nga05494.01 no 
ERCC4 Nga10010.1 no 
Mus81 no homolog - 
Mms4 no homolog - 

a Candidate N. gaditana gene model encoding corresponding enzyme. 
b Indicates if the gene model has transcript support from the assembled transcripts from the following 
pooled conditions, +/- nitrate, logarithmic phase, stationary phase, heat shocked culture (2h at 37ºC), cold 
treated culture (2h at 4ºC), 12h dark acclimation, and +/- supplemental CO2. 
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recombination process (crossovers) that are found in N. gaditana are Msh4 and Msh5. These are meiosis 

specific proteins and are required for proper segregation of homologues chromosomes during meiosis. 

Msh4 and Msh5 form a heterodimer and are thought to stabilize chromosomes during meiosis double 

strand break repair (Snowden 2004). A DNA helicase required for interference-sensitive meiotic 

crossover events in Arabidopsis, Mer3 (Mercier 2005), also has a homolog in N. gaditana. 

 Interestingly many of the meiotic genes found in N. gaditana have no evidence of being 

transcribed under any of the physiological conditions we have assayed, which include +/- nitrate, 

logarithmic phase, stationary phase, heat shocked culture (2h at 37ºC), cold treated culture (2h at 4ºC), 

12h dark acclimation, and +/- supplemental CO2. More than 98% of the 9,052 gene models have 

transcript support from these conditions. This lack of transcript support of meiosis-specific genes may 

suggest that the culture condition that induces the N. gaditana sexual cycle was not examined or that these 

genes are no longer transcribed because N. gaditana no longer undergoes meiotic recombination. Further 

investigation will be needed to clarifiy whether mitoic recombination is possible in N. gaditana. 

 

5.3.10 Genetic transformation of N. gaditana using electroporation 

Transformation protocols for common laboratory model algae, such as C. reinhardtii and P. 

tricornutum have been available for more than a decade (Boynton 1988, Kindle 1990, Apt 1996, 

Zaslavskaia 2000), but relatively low biomass production rates in most of these strains have kept them 

from becoming industrially relevant. There have been reports of successful genetic transformation of 

Nannochloropsis oculata (Chen 2008, Li 2009). However, 99% of the transformants lost the transgene 

after 1.5 months of cultivation, indicating that the majority of the transformants had not truly incorporated 

the transgene into the genome. These earlier attempts at transformation of N. oculata relied on the use of 

foreign promoters, from P. tricornutum, C. reinhardtii or viral promoters and did not utilize antibiotic 

selection. Here we show for the first time the successful transformation of N. gaditana. Transformation 

efficiency was greatly improved by the use of endogenous promoters, identified through preliminary 

sequencing of the N. gaditana genome, to drive the expression of a bleomycin resistance gene. In 

addition, previously described protocols for the transformation of N. oculata involve the use of various 

enzyme mixes for creation of protoplasts prior to transformation (Chen 2008, Li 2009), while our protocol 

simply relies on the use of electroporation at high field strength. We selected three promoters for use in 

our transformations, which included the promoters from the genes encoding beta-tubulin (TUB, 

Nga00092), heat shock protein 70 (HSP, Nga07210) and the ubiquitin extension protein (UEP, 

Nga02115.1). The efficiency of the transformations was strongly affected by the promoter used (Table 

5.3) and the most efficient transformation was achieved using the TUB promoter which resulted in an 

efficiency of 12.5*10-6. This was achieved using a very high 12,000 V/cm field strength during the 
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electroporation. Use of lower field strength (10,500 V/cm) resulted in 5-fold lower transformation 

efficiency (60*10-6). We also attempted using the fucoxanthin binding protein B (FcpB) promoter from P. 

tricornutum without success. The highest efficiency achieved, (12.5*10-6) is comparable to the efficiency 

(10*10-6) observed with transformations of P. tricornutum (Apt 1996).  

Confirmation of successful N. gaditana transformation was done after 4-5 months of growth with 

antibiotic selection. Genomic PCR confirmed the presence of the transgene in selected colonies and 

Southern blot analysis confirmed successful incorporation of the transgene into the nuclear genomes of 

the mutant colonies (Figure 5.9a and b). The Southern blots also indicated that in some cases multiple 

insertions of the transgene occurred, and that integration into the genome with the construct used is 

random. Our results demonstrate a straight forward approach to genetically modify this oleaginous alga, 

and we anticipate that the ability to further engineer N. gaditana will allow this organism to emerge as an 

important model species for algal biofuel production. 

 

5.4 Discussion 

To investigate metabolic pathways of interest for biofuel production functional annotations were 

assigned to N. gaditana gene models. Gene Ontology terms were assigned to 3,838 gene models, from 

which 2,766 genes were identified as performing enzyme-catalyzed reactions representing 700 unique EC 

numbers that were in turn used to populate metabolic pathway maps (Figure 5.14). Some of the most 

frequent Gene Ontology terms, aside from housekeeping functions, are terms involved in auxin 

biosynthesis, photosynthesis, and lipid biosynthesis (Figure 5.15). Due to the exemplary lipid production 

by N. gaditana cultures we focused on characterizing lipid metabolic pathway genes, including those 

involved in fatty acid biosynthesis, TAG assembly and lipid activation/degradation (Table A-5). 

BLASTp was used to identify homologs of the N. gaditana lipid metabolic genes in red/green/brown 

algae and diatoms. Comparison of the number of genes in each step of the lipid metabolic pathways 

suggests that N. gaditana has an expanded repertoire of genes involved in both TAG assembly and lipid 

degradation, including glycerol 3-phosphate dehydrogenase (G3PDH), glycerol 3-phosphate 

acyltransferase (GPAT), long-chain acyl-CoA ligase (ACSL) and acyl-CoA oxidase (ACOX) (Figure 

5.16 and Table A-6). This increased number of lipid metabolic pathway genes is likely significant 

considering that N. gaditana has fewer total genes than all other algae used for this comparison, with the 

exception of C. merolae. To further examine the expansion of gene families in N. gaditana we compared 

the prevalence of gene ontology terms (GO-terms) with P. tricornutum and C. reinhardtii using the Fisher 

exact test. A selected list of over- and under-represented terms is shown in Table 5.5. This analysis 

confirms the overrepresentation of the GO-term for acyl-carrier protein biosynthetic processes and also 
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indicates the expansion of several other gene families that may be of importance for the exemplary 

biomass production phenotype of N. gaditana.  

To assist in the identification of genes and to improve metabolic pathway maps of N. gaditana we 

sequenced the transcriptome (RNAseq) under a variety of physiological conditions. Additionally, 

transcriptome sequencing was conducted during logarithmic growth (low lipid production) and during 

transcriptional changes in N. gaditana modulate increased metabolic flux into lipid biosynthesis during 

nutrient deprivation. Genes that are most strongly regulated during these different conditions are shown in 

Table D- 2. Similar to the findings in C. reinhardtii (Miller 2010), many of the most strongly up-

regulated genes are involved in nitrogen assimilation and protein degradation/recycling, while many of 

the most down-regulated genes are involved in photosynthesis. In addition, we annotated the most highly 

regulated pathways on the metabolic pathway map (Figure 5.14). This map highlights the decreased 

expression of genes involved in photosynthesis, carbon fixation, and oxidative phosphorylation that 

would be expected during stationary phase due to nutrient stationary phase due to nitrate deprivation 

(high lipid production) to discover how deprivation. Surprisingly, few genes that are directly involved in 

lipid biosynthesis are transcriptionally up-regulated to a significant extent. Because N. gaditana 

constitutively produces TAG, even during logarithmic growth, a possible explanation for this low amount 

 
Figure 5.14 Metabolic pathway map of genes found in N. gaditana 
Genes that are found within N. gaditana are labeled green. Genes that are up- or down-regulated during 
nitrogen deprivation are labeled in yellow and blue, respectively. Light gray background traces indicate 
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Figure 5.15 Most abundant GO terms assigned to N. gaditana gene models 
Number of gene models assigned to specified GO term. GO terms associated with lipids (red), 
carbohydrates (purple), and photosynthesis (green). 
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of differential transcript accumulation is that the lipid 

production machinery may already be abundant within the 

cell, and existing levels can manage increased metabolic 

flux. In support of this hypothesis, we found that genes 

assigned with the GO-term for posttranscriptional 

regulation of gene expression were overrepresented in N. 

gaditana in comparison with P. tricornutum and 

C.reinhardtii, while the GO-term for transcription factor 

activity was underrepresented (Table 5.5). Interestingly, 

genes involved in gluconeogenesis (fructose-1,6-

bisphosphatase, fructose-1,6-bisphosphate aldolase and 

phosphoglycerate kinase) are down-regulated, which could 

help direct carbon flux away from carbohydrate 

biosynthesis into lipid biosynthesis. To determine the exact 

mechanisms of lipid accumulation during nutrient 

deprivation further transcriptomic, proteomic, and 

metabolomic investigations are needed. 

Other pathways that are of interest for bioenergy 

applications are the two isoprenoid biosynthesis pathways, 

the mevalonate (MVA) and the non-mevalonate pathways 

(DXP). Ancestral eukaryotes generally have only the MVA 

pathway while many photosynthetic organisms have 

acquired the DXP pathway, most likely through a 

cyanobacterial endosymbiont or secondarily through a red 

algal symbiont (Eisenreich 2004). Interestingly, most 

higher plants have kept both the MVA and DXP pathways, 

while the green and red algae (C. reinhardtii, O. 

lucimarinus, C. merolae) have kept the more recently 

acquired DXP pathway and eliminated the more ancestral 

MVA pathway. In a similar fashion, stramenopiles that 

most likely acquired the DXP pathway from a red algal 

symbiont have in the case of diatoms and brown algae (P. 

tricornutum, T. pseudonana, E. siliculosus) kept both the 

MVA and DXP pathways, while N. gaditana and A. 

 
Figure 5.16 Number of gene homologs 
in the TAG biosynthetic pathways in 
N. gaditana 
For each reaction, colored squares 
denote the number of homologous genes 
in N. gaditana (orange), E. siliculosus 
(brown), P. tricornutum (yellow), C. 
merolae (red), C. reinhardtii (green).  
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Figure 5.17 Isoprenoid biosynthesis pathway comparison 
Simplified phylogenetic cladogram and table showing the relationship between organisms with 
different sets of isoprenoid biosynthesis pathway genes. Green arrows indicate the acquisition of 
photosynthetic symbionts thought to have brought the DXP pathway into modern plants and 
algae. The names of S. elongatus and C. merolae appear in quotes to indicate that the symbiotic 
events do not refer to the S. elongatus or C. merolae but rather unknown relatives of these species 
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anophagefferens have only the DXP pathway (Figure 5.17and Table A-4). Parasitic chromalveolates, 

including stramenopiles, seem to differ in their isoprenoid biosynthesis capacity depending on whether 

they have kept at least a remnant plastid. Both P. marinus (has a functional plastid) and P. falciparum 

(has a remnant plastid) have kept the DXP pathway, while P. sojae, P. ramorum and A. laibachii (no 

plastid) have lost both the MVA and DXP pathways. 

Due to the high biomass accumulation rates of N. gaditana, we characterized genes involved in 

inorganic carbon and nitrogen assimilation. The presence of an active bicarbonate uptake system and 

intracellular carbonic anhydrase activity has been suggested in previous studies (Huertas 2000, Huertas 

2002), and we were able to identify several potential carbon concentrating mechanisms, including 

differentially localized carbonic anhydrases and bicarbonate transporters, and C4-like carbon 

concentrating mechanisms for production of malate in the cytosol and in the mitochondria (Figure 5.13). 

 

5.5 Conclusion 

Here we present the annotated draft genome and a method for genetic transformation of a biofuel 

relevant alga, the eustigmatophyte N. gaditana. Photosynthetic algae have long been considered a 

possible renewable feedstock for biofuel production and have recently experienced intense interest due to 

diminishing petroleum reserves and increasing atmospheric levels of CO2. One of the main challenges has 

been the lack of a genetically tractable model alga capable of industrial biofuels production. The 

continued development of N. gaditana into a model for oleaginous algal biofuel production is a step 

towards the cost competitive photoautotrophic production of biofuels. 
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CHAPTER 6 

GENOMIC INSIGHTS FROM THE OLEAGINOUS MODEL ALGA NANNOCHLOROPSIS 

GADITANA 

The following chapter was published in the journal Bioengineered in 2013 with the following citation:  

Jinkerson, R. E.; Radakovits, R.; Posewitz, M. C., Genomic insights from the oleaginous model alga 

Nannochloropsis gaditana. Bioengineered 2013, 4 (1), 37-43. 

 

6.1 Introduction 

 Microalgae are among the most promising renewable feedstocks for the production of fuels and 

chemicals. They produce a variety of bioenergy carriers, including lipids and carbohydrates; however, 

biological productivities need to be improved before algae are leveraged in economically viable biofuel 

production processes (Pienkos 2009, Weyer 2010, Work 2012). A promising strategy for increasing 

productivities is to “domesticate” algal strains via genetic engineering to improve lipid yields and to 

produce biomolecules tailored for biofuel applications (Radakovits 2010). Currently, only a few algal 

systems with publicly available genomes are genetically tractable, including the green algae 

Chlamydomonas reinhardtii and Ostreococcus tauri (Corellou 2009), as well as the diatoms 

Phaeodactylum tricornutum (Apt 1996), and Thalassiosira pseudonana (Poulsen 2006). These organisms 

were selected as model systems because of their phylogenetic or ecological significance and/or their ease 

of culturing in the laboratory. Unfortunately, these organisms do not natively exhibit the high lipid or 

biomass productivities required from a biofuel feedstock and would likely require extensive genetic 

modification to increase their bioenergy carrier yields to the necessary levels. 

 As an alternative to these model algal systems, we took the approach of studying an algal strain 

that natively produces large quantities of lipids and is cultivated at commercial scale outdoors. After 

evaluating a variety of organisms, Nannochloropsis gaditana CCMP526 emerged as a leading candidate 

that produces large quantities of lipid and sustains high biomass accumulation rates. Species of 

Nannochloropsis are successfully cultivated at industrial-scale by several commercial interests including 

Aurora Algae, Solix Biofuels, and Seambiotic. To begin to develop Nannochloropsis as a genetically 

tractable, industrially relevant alga, we sequenced the N. gaditana genome and transcriptome, and 

developed a robust transformation protocol using endogenous promoters. These results were recently 

published in Radakovits et al. (2012a). Importantly, homologous recombination was reported for 

Nannochloropsis sp. W2JB3 (Kilian 2011a), further establishing Nannochloropsis as among the most 

promising oleaginous algae for metabolic engineering, and the recent genetic advances will enable 

Nannochloropsis to be developed into a model system for optimizing algal lipid accumulation. 
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6.2 Nannochloropsis for biofuel production 

 There are six recognized species in the Nannochloropsis genus that are phylogenetically divided 

into two clades; one consisting of N. gaditana and N. salina, and the second of N. granulata, N. limnetica, 

N. oceanica, and N. oculata. Nannochloropsis species in commonly accessed culture collections have 

been isolated from around the world and in every ocean (Table 6.1). Nannochloropsis is generally 

regarded as a marine species, but one species, N. limnetica, is a fresh water isolate. Additionally, we have 

adapted N. gaditana CCMP526 to grow in 10% of the salinity in seawater by gradually adapting cultures 

to lower salt levels, which illustrates Nannochloropsis’ ability to thrive in a variety of culture conditions. 

 Nannochloropsis gaditana natively exhibits high photoautotrophic biomass and lipid 

productivities. Over a period of three months we achieved an average biomass production rate of 0.65 g l-1 

d-1, or ~20 g m-2 d-1 on an extrapolated aerial basis, in 1 l Roux flasks sparged with air/2% CO2 with a 

portion of the culture being harvested weekly. Lipid production in these conditions averaged 0.31 g l-1 d-1, 

and made up almost 50% of the algal biomass (Radakovits 2012a). The primary storage lipid in 

Nannochloropsis is triacylglycerol (TAG). The fatty acid composition of N. gaditana is relatively simple 

with the most abundant chain lengths being 16:0 and 16:1, and less abundant chain lengths of 14:0, 18:1, 

18:2 and 20:5(n-3) (EPA). Many algae, such as Chlamydomonas, produce little TAG during logarithmic 

growth and require nutrient starvation to initiate significant lipid body formation (Wang 2009b, Work 

2010). Nannochloropsis gaditana has constitutive TAG droplets even in nutrient replete media during 

linear growth, and when deprived of nitrogen a single large oil droplet often encompasses the majority of 

the cellular volume.  

 Because of the exemplary lipid productivity in N. gaditana, we examined lipid metabolism genes, 

including those involved in fatty acid biosynthesis, TAG assembly, and lipid degradation. The number of 

genes involved in lipid metabolism in N. gaditana is expanded compared to the model algae, C. 

reinhardtii, P. tricornutum, and Ectocarpus siliculosus (Figure 6.1). To find further gene expansions 

relative to C. reinhardtii and P. tricornutum, we used Fisher’s exact test to compare the prevalence of 

Gene Ontology (GO) terms found in each respective genome. Several GO-terms are over-represented in 

N. gaditana, which may be of importance for the lipid and biomass phenotypes observed. These terms 

include acyl-carrier protein biosynthetic processes, auxin biosynthesis, pyruvate metabolism, carbon 

utilization and acetyl-CoA catabolic processes. Interestingly, GO-terms involved in the regulation of 

growth rate, transcription factor activity, and vitamin binding are under-represented (Radakovits 2012a). 
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 Many species of algae require an exogenous source of vitamin B12 for use as a cofactor in vitamin 

B12-dependent enzymes. This micronutrient is often acquired through symbiosis with bacteria (Croft 

2005). Although Nannochloropsis does not require vitamin B12 supplemented media for growth, it does 

contain several vitamin B12 dependent enzymes. It is estimated that about half of all algae can only 

Table 6.1 Strains of Nannochloropsis and status of genomic sequencing efforts 

Species Strain 
Year 

Isolated Location isolated 
Genomic 
sequencinga 

Nannochloropsis gaditana CCMP526 1985 Lagune de Oualidia, Morocco completed 

Nannochloropsis gaditana CCMP527 1952 Long Island, New York, USA in progress 

Nannochloropsis gaditana CCMP532 1956 Milford, Connecticut, USA   

Nannochloropsis gaditana CCMP536 1965 Sayville, New York, USA   

Nannochloropsis gaditana CCMP1775 

 

Cadiz Bay, Cadiz, Spain   

Nannochloropsis gaditana CCMP1894 1995 Comacchio Lagoons, Ferrara, Italy 

Nannochloropsis granulata CCMP529 1958 Continental Shelf, North Atlantic in progress 

Nannochloropsis granulata CCMP534 1986 West Boothbay Harbor, Maine, USA 

Nannochloropsis granulata CCMP535 1965 Sayville, New York, USA   

Nannochloropsis granulata CCMP1662 1993 Skagerrak, North Atlantic   

Nannochloropsis limnetica CCMP505 1971 Morehead City, North Carolina, USA in progress 

Nannochloropsis limnetica CCMP2260 1996 Arrowwood Lake, North Dakota, USA 

Nannochloropsis limnetica CCMP2267 1996 Arrowwood Lake, North Dakota, USA 

Nannochloropsis limnetica CCMP2271 1996 Jim Lake, North Dakota, USA 

Nannochloropsis limnetica CCMP2272 1996 Arrowwood Lake, North Dakota, USA 

Nannochloropsis oceanica CCMP531 

 

Qingdao, China in progress 

Nannochloropsis oceanica CCMP1779 1979 Kuwait in progress 

Nannochloropsis oceanica LAMB0001 

  

completed 

Nannochloropsis oceanica OZ-1 

 

  in progress 

Nannochloropsis oculata CCMP525 

 

  in progress 

Nannochloropsis oculata CCMP2195 1968 Tunis, Tunisia   

Nannochloropsis salina CCMP369 1986 Narragansett Bay, Rhode Island, USA 

Nannochloropsis salina CCMP537 1986 Narragansett Bay, Rhode Island, USA in progress 

Nannochloropsis salina CCMP538 1964 Pamlico Sound, North Carolina, USA 

Nannochloropsis salina CCMP1776 1965 Isle of Cumbrae, Scotland, UK in progress 

Nannochloropsis salina CCMP1777 1965 Isle of Cumbrae, Scotland, UK 

Nannochloropsis salina CCMP1778 1966 Isle of Cumbrae, Scotland, UK   

Nannochloropsis sp. CCMP821 1969 Narragansett Bay, Rhode Island, USA 

Nannochloropsis sp. CCMP1780 

  

  

Nannochloropsis sp. CCMP1997 1994 Sargasso Sea   

Nannochloropsis sp. CCMP2001 1998 Long Island, New York, USA 

Nannochloropsis sp. CCMP2904 2006 Klamath Lake, Oregon, USA 

 

a Genome status from NCBI 
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produce methionine with a vitamin B12-dependent methionine synthase (Croft 2005). Nannochloropsis 

contains both a vitamin B12-dependent and a vitamin B12-independent methionine synthase. Due to higher 

catalytic efficiency, the vitamin B12-dependent enzyme is likely preferred when vitamin B12 is available 

(Gonzalez 1992); however, methionine synthesis can occur in the absence of vitamin B12 via the vitamin 

B12-independent methionine synthase. Nannochloropsis also contains a vitamin B12-dependent class II 

ribonucleotide reductase (RNR) which catalyzes the de novo synthesis of deoxyribonucleoside 

triphosphates (dNTPs). This enzyme is rarely found in eukaryotes, but was described in Euglena gracilis 

and Dictyostelium discoideum (Torrents 2006), which suggests that the class II enzymes were present in a 

common, B12-dependent, eukaryotic ancestor. Eukaryotes, including Nannochloropsis, typically have 

class I RNRs, which are primarily active in the presence of oxygen, but the addition of a class II RNR 

which is oxygen-independent may facilitate deoxyribonucleotide biosynthesis during anaerobiosis in 

aquatic ecosystems. This suggests, along with the presence of an FeFe-hydrogenase, that 

Nannochloropsis experiences anaerobic conditions in its native environment and has retained the 

metabolic capacity to withstand anoxic challenges. A third vitamin B12-dependent enzyme, 

methylmalonyl coenzyme A mutase, is found in Nannochloropsis and catalyzes the isomerization of 

methylmalonyl-CoA to succinyl-CoA which requires a vitamin B12 derivative, adenosylcobalamin, to 

function. While Nannochloropsis does not require exogenous vitamin B12, the addition of this 

micronutrient can augment its metabolic capabilities. 

 

Figure 6.1 Selected lipid metabolism genes as a fraction of total genes 
The number of gene homologs involved in lipid metabolism in each genome was normalized to the total 
number of genes in each organism. Total gene models in each organism: N. gaditana, 9,052; E. 
siliculosus, 16,256; P. tricornutum, 10,402; C. reinhardtii, 15,143. 
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Further studies are required to determine if addition of this vitamin can be leveraged to stimulate growth 

or improve biofuel production. 

 

6.3 Metabolic nodes in fatty acid biosynthesis 

 Critical metabolic nodes for rationally engineering improvements in fatty acid biosynthesis are at 

the levels of acetyl-CoA and malonyl-CoA. Factors governing the synthesis and further metabolism of 

these metabolites are poorly understood in algae, and our research efforts with organisms such as 

Chlamydomonas clearly indicate that there are significant information deficits regarding the enzymes 

contributing to acetyl-CoA synthesis and how these enzymes are regulated in phototrophic 

microorganisms (Catalanotti 2012). In terrestrial plants, the acetyl-CoA used for fatty acid synthesis in the 

plastid is proposed to be derived primarily from the activity of a plastidic pyruvate dehydrogenase (PDH) 

complex, with additional potential contributions from acetyl-CoA synthetase and ATP-citrate lyase (Ke 

2000a, Oliver 2009). Discrete plastidic and mitochondrial PDH complexes have been described in 

Arabidopsis thaliana (Ke 2000a, Tovar-Méndez 2003, Oliver 2009), and genes encoding homologs for 

subunits corresponding to both of these distinct PDH complexes are present in N. gaditana. The plastidic 

PDH complex subunits are more similar to bacterial PDH complex subunits and lack several of the well-

characterized posttranslational regulatory motifs described for mitochondrial PDH complexes. Linear 

photosynthetic electron transport from water oxidation is optimally configured to provide the necessary 

ATP/NADPH ratios for fixing CO2 to glyceraldehyde 3-phosphate (GAP) in the Calvin cycle. In 

principle, metabolism could be controlled to convert GAP, or even the primary product of the RuBisCO 

enzyme (3-phosphoglycerate) to acetyl-CoA using plastidic glycolytic enzymes and in the process 

attaining a net production of ATP (pyruvate kinase) and reducing equivalents (NAD(P)H) via plastidic 

PDH and GAP dehydrogenase for subsequent use in fatty acid biosynthesis. Acetyl-CoA can also be 

generated by ATP citrate lyase (ACL) which catalyzes the ATP dependent cleavage of citrate into acetyl-

CoA and oxaloacetate. In Arabidopsis and Chlamydomonas, ACL is a cytosolic enzyme made up of two 

discrete subunits that produces a cytosolic pool of acetyl-CoA (Fatland 2005). The N. gaditana genome 

encodes one monomeric ACL encoded by a single polypeptide that is similar to monomeric forms found 

in animals. As acetyl-CoA is at the nexus of respiratory ATP production (mitochondrion), the conversion 

of central metabolites to reducing equivalents (respiration), the entry point into citric acid cycle 

intermediates for biosynthetic precursors, and the key substrate for fatty acid biosynthesis in the plastid, 

control of acetyl-CoA biosynthesis in multiple cellular compartments and manipulation of its downstream 

metabolic fate is likely to enable improved biofuels phenotypes at the expense of protein biosynthesis and 

cell division. Establishing and characterizing the distinct metabolic enzymes/complexes that are able to 

generate acetyl-CoA, and an understanding of the competing pathways utilizing acetyl-CoA, is critical to 
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this effort. By establishing that two discrete PDH complexes are present in Nannochloropsis, efforts can 

now be undertaken to begin characterizing and manipulating this important metabolic node. 

 Acetyl-CoA carboxylase (ACCase) is regarded as the committed and rate limiting step in fatty 

acid biosynthesis, converting acetyl-CoA to malonyl CoA. The N. gaditana genome encodes two 

monomeric ACCase homologs (>2,000 AA each), as is commonly observed in other algal strains with 

secondary endosymbiotic ancestry (Huerlimann 2012). In Arabidopsis, two separate ACCase enzymes 

have been characterized. One is encoded by a single polypeptide and is targeted to the cytosolic face of 

the endoplasmic reticulum where it is proposed to be involved in fatty acid elongation reactions; whereas, 

the second ACCase complex (4 polypeptide subunits) is targeted to the plastid and is proposed to be the 

primary enzyme responsible for generating malonyl-CoA for plastidic fatty-acid biosynthesis (Ke 2000b, 

Rawsthorne 2002). Attempts to overexpress ACCase for improved fatty-acid synthesis have met with 

limited success, implying that acetyl-CoA levels are limiting or that other regulatory features need to be 

considered (Roesler 1997). However, it must be stressed that some of these efforts focused on monomeric 

nonplastidic forms of ACCase (Roesler 1997), which may not function properly/optimally in the plastid, 

and that posttranslational regulatory features controlling enzyme activity in algae are not well established. 

As in the case of the PDH complexes, it is critical to develop a fundamental understanding of the 

physiological role, as well as the catalytic and regulatory properties of both of the Nannochloropsis 

ACCase enzymes, and then leverage this information in attempts to improve metabolic flux through this 

enzymatic node. The genome sequence has illuminated the requisite PDH and ACCase targets and 

directed studies are now underway to characterize these enzymatic systems, which influence fatty-acid 

synthesis and therefore ultimately TAG accumulation levels.  

 

6.4 Genome architecture and gene organization 

 Nannochloropsis gaditana has a haploid genome with an estimated size of 29 Mb (Radakovits 

2012a). For genomic sequencing, we used both 454 pyrosequencing and Illumina technologies. Sequence 

data were assembled into 2,087 scaffolds. Half of the genome is contained on 257 scaffolds (N50 statistic) 

with the 257th scaffold being 38 Kb in length (L50 statistic). The genomic sequence G+C content is 

54.2%. All N. gaditana sequences were deposited in GenBank BioProject PRJNA73791 and have the 

accession numbers JH470562-JH472444. 

 In N. gaditana, we identified 9,052 gene models using two discovery methods: (1) gene models 

generated by Maker (Cantarel 2008), which reconciled nine lines of EST, homology, and ab initio 

evidence and (2) ESTs with homologs in other algal lineages that were not included in the Maker gene 

model set. The majority of these gene models are supported by EST (92.3%) and homology (69.8%) 

evidence. Nannochloropsis genes on average have relatively few introns (1.62 per gene) when compared 

http://www.ncbi.nlm.nih.gov/bioproject/73791�
http://www.ncbi.nlm.nih.gov/nuccore?term=JH470562:JH472444%5bPACC%5d�
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to model algae in the green lineage such as C. reinhardtii (7.33 per gene) or C variabilis NC64A (6.3 per 

gene). Many genes have no introns at all (more than 36% [3,102 genes]), which simplifies molecular 

biology and metabolic engineering tasks. 

 Genes in Nannochloropsis have unique orientations with respect to neighboring gene 

directionality and functionality. The majority of genes in N. gaditana are orientated such that genes 

diverge from a common locus and also converge with adjacent genes for termination, while having a 

smaller bias for genes that are sequentially transcribed in the same direction (Figure 6.2a). The maximum 

number of consecutive genes observed with an alternating orientation is 15 (two instances), whereas the 

number of genes with a continuous orientation in a single direction is 9 (one instance). This preference is 

shared by other photosynthetic stramenopiles, but is not apparent in non-photosynthetic stramenopiles 

(Figure 6.2b). This could constitute a mechanism used by Nannochloropsis to reduce genome size or to 

allow better control of gene transcription, as a single bi-directional promoter controls the transcription of 

two genes. The promoter for a violaxanthin/chlorophyll a-binding protein has been experimentally shown 

to be active in both directions in Nannochloropsis sp. W2JB3 (Kilian 2011a). Many of these gene pairs 

have less than 1000 bp of intergenic sequence and bidirectional promoters can likely be exploited to drive 

the expression of two genes of interest, or to easily knock-out two genes with one genomic insertion.  

 More than 20 metabolic pathway gene clusters were found by analyzing the spatial distribution of 

GO-terms. A nitrogen assimilation gene cluster was identified that includes a nitrate reductase, nitrite 

reductase, and a nitrate transporter. Additionally, a hydrogenase gene cluster with a unique configuration 

 
Figure 6.2 Gene orientation in Nannochloropsis and other stramenopiles 
 (a) Distance in nucleotides between Nannochloropsis gaditana gene models in relation to gene 
orientation. (b) A schematic phylogenetic tree of stramenopiles and other closely related eukaryotes, and 
a heat map indicating the percentage of genes with the specified relative orientation (diverging, 
converging, or same) to neighboring genes in the given organisms. Genes that are randomly oriented with 
respect to each other would be evenly distributed at 25% of genes in each orientation. 
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was found that contains an FeFe-hydrogenase (HYDA) and three genes needed for FeFe-hydrogenase 

maturation (HYDE, HYDF, and HYDG) (Posewitz 2004a). This observed gene clustering can likely be 

used in some instances to infer the physiological function of neighboring proteins of unknown function.  

 

6.5 Genomic transformation and homologous recombination 

 For Nannochloropsis to emerge as an algal biofuel production platform, transformation of the 

nuclear and chloroplast genomes must be facile and routine. To date, the highest-efficiency 

transformations are achieved using electroporation with high electric field strengths and endogenous 

promoters driving the expression of a selection marker (Kilian 2011a, Radakovits 2012a). Markers that 

confer resistance to zeocin (Radakovits 2012a), hygromycin B, and blasticidin S (Kilian 2011a) have been 

effectively used in Nannochloropsis. Higher transformation efficiencies are achieved when plasmids are 

linearized prior to transformation. Additionally, Nannochloropsis has the ability to take up multiple 

pieces of exogenous DNA. Using different selectable markers, cotransformation frequencies of about 

50% for one unselected marker and about 30% for two unselected markers were seen in Nannochloropsis 

sp. W2JB3 (Kilian 2011a), 

 Without using homologous flanking regions, random integration into the genome can occur and 

multiple integrations are possible (Radakovits 2012a). When using homologous flanking regions, 

homologous recombination can proceed with high efficiency (up to 94%) in Nannochloropsis sp. W2JB3 

(Kilian 2011a). The ability to create random or targeted genomic insertions in Nannochloropsis can be 

leveraged in forward and reverse genetic approaches. These transformation techniques complement each 

other and will help facilitate functional genomics studies and allow for advanced metabolic engineering 

strategies.  

 Many eukaryotes, including the current model algal systems, preferentially use non-homologous 

end-joining (NHEJ) in double-strand break (DSB) repair and as a result exogenous DNA is ectopically 

inserted into the genome even if long stretches of homologous regions are present, resulting in very low 

homologous recombination (HR) efficiencies (Sodeinde 1993, Radakovits 2010). Interestingly, the 

Nannochloropsis genome does not encode for Ku80, a protein that forms a heterodimer with Ku70 that 

binds to DSB ends and promotes NHEJ. It was demonstrated in several organisms that elimination of a 

Ku70 or Ku80 homolog greatly improves the frequency of homologous integration of exogenous DNA 

(Ninomiya 2004). The absence of Ku80 in Nannochloropsis may facilitate the observed high rates of 

homologous recombination. In an effort to increase homologous recombination efficiency, and further 

reduce ectopic insertions, the Ku70 homolog is a promising target for genetic disruption. 
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6.6 Molecular tool development and synthetic biology in Nannochloropsis 

 Chlamydomonas is the most developed model algal system and a variety of molecular tools and 

resources exist that expedite research. These include plasmid, cosmid, and bacterial artificial chromosome 

libraries, methods for tagging mutant alleles, map-based cloning, RNA interference, and reporter genes 

(Grossman 2007). Developing a similar foundation for Nannochloropsis is a priority. One resource that 

may be easier to establish in Nannochloropsis relative to Chlamydomonas is a whole genome knock-out 

library. High through-put techniques have been employed to make targeted genome scale deletion 

collections in organisms that have high-rates of homologous recombination (Colot 2006) and a similar 

approach should be taken with Nannochloropsis. Auxotrophic strains can also be produced rapidly with 

homologous recombination, which will speed the development of endogenous selection markers. 

 For synthetic gene design and optimization, we determined Nannochloropsis codon usage as gene 

expression levels are commonly correlated with codon usage in many organisms (Sharp 1987). The most 

frequently used codons were identified with a relative adaptiveness analysis and are indicated in Figure 

6.3. Nannochloropsis coding regions have a slightly higher G+C content (58.0%) than the overall 

 
Figure 6.3 Codon use in N. gaditana 
Codon utilization in N. gaditana shown by relative adaptiveness, wij, which is defined as the ratio of the 
number of occurrences, xij, of a codon, j, for a given amino acid, i, compared to the number of 
occurrences of the codon used with the highest frequency for that amino acid, ximax, or wij  = 100 * xij / 
ximax (Sharp 1987). Codon use was analyzed for 8,642 genes comprising more than 3 million codons. 
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genomic DNA sequence (54.2%), and have a slight preference for A or T at the second base of the codon, 

with the average G+C content of the first, second, and third codon base being 61.0%, 45.9%, and 67.0%, 

respectively.  

 Sexual recombination has not been reported to date in Nannochloropsis. The absence of a 

tractable reproductive system in which crosses can be generated is one remaining feature that would 

benefit the progression of Nannochloropsis into a model alga. In the N. gaditana genome, we found a set 

of genes that should be sufficient to facilitate meiosis. However, transcript evidence for the expression of 

these genes was never observed under any of the transcriptome conditions assessed which included  plus 

and minus nitrate, heat and cold shock, linear and stationary phase culturing, supplemental CO2 and 

light/dark transitions (Radakovits 2012a). This suggests that (1) the correct environmental conditions to 

trigger meiosis were not evaluated, (2) multiple mating types may need to be present for meiosis to be 

initiated, and/or (3) these genes are no longer transcribed because N. gaditana no longer undergoes 

meiosis. To determine whether Nannochloropsis can undergo a mating cycle, more environmental 

conditions need to be tested in addition to combining different strains that could possibly have an 

alternative mating type. Although difficult to establish, a tractable sexual recombination system in 

Nannochloropsis would complement the molecular tools already developed. 

 

6.7 Conclusions 

 Algae can produce large quantities of lipid, have high photon to biomass conversion efficiencies, 

and can grow in a variety of water sources, but the lack of a genetically tractable, industrially relevant 

alga previously limited progress. The genomic DNA sequence of Nannochloropsis gaditana, in addition 

to efficient transformation protocols, will permit the rapid development of this organism into a biofuel 

production platform. Interrogation of the N. gaditana genome has revealed many features that contribute 

to our understanding of the oleaginous phenotype observed, but these findings are just a starting point for 

further investigations. The genomic sequence provides the basis for systems biology investigations and 

will serve as a platform for transferring knowledge attained from other algal systems to Nannochloropsis 

to improve biofuel phenotypes (Jinkerson 2011). An informed understanding of the metabolic pathways 

and their regulation in Nannochloropsis will allow for metabolic engineering strategies to reroute 

metabolites to biofuel precursors. The tools already developed for Nannochloropsis have positioned it for 

rapid strain improvements and advances are likely to emerge in the near future 
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CHAPTER 7 

EXPANDED MATERIALS AND METHODS 

7.1 Introduction 

 The following chapter contains experimental protocols and explanations of software that were 

developed for this thesis. Some of the protocols included in this chapter are an expanded and more 

detailed method that may be found elsewhere in this thesis in an abridged form. Detailed methods and 

observations are given where needed to help clarify the processes and procedures that were used to 

generate the data provided in this thesis. 

 

7.2 Preparation of Chlamydomonas cultures for physiological experimentation 

 During experimentation that resulted in the Work et al. (2010) paper, a robust method for 

reproducibly culturing Chlamydomonas reinhardtii cells to provide close biological replicates from 

unique experiments was developed. These included assaying over 13 biological replicates (A, B, C, D, E, 

F, G, H, I, J, K, L, M). Keys to reproducibility are the following: 

 

1. Strict pre culture, pre/pre culture, and plate time frames. Cells should be struck on plates 

approximately one week before the pre/pre culture is inoculated. The pre/pre culture is grown to 

late log and then transferred to the pre culture at the same initial cell density as the experimental 

culture (For Work, 2010 this was 2.5 million cells per ml). 

2. Cells should be resuspended by pipette, not by shaking. Shaking cultures to resuspend is highly 

variable and resulted in differences in experimental cultures. 

3. Cells destined for nitrogen deplete cultures should be washed at lease 1x with nitrogen depleted 

media (TAP-N). 

4. Using foam stoppers and aluminum foil to top Erlenmeyer flasks can result in variable gas 

exchange rates. Pink foam and silicone caps provide consistent and higher gas exchange rates 

than foam stoppers and aluminum foil. 

 

7.3 Algal medias 

 Several medias are available for algal culture. These range from fresh water to hypersaline. They 

can have supplemental fixed carbon sources, which can boost algal growth. All medias also contain trace 

metals that are needed for proper growth. Some of the most frequently used medias for freshwater are 

TAP, HS, BG11 and salt water medias are f/2 and ASW. 
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7.3.1 Tris-acetate-phosphate (TAP) medium 

 TAP media is a freshwater medium used for the cultivation of Chlamydomonas reinhardtii 

(Gorman 1965). It contains acetate as a fixed carbon source which allows for fast growth of 

Chlamydomonas strains. To prepare TAP media, fill a media bottle to ~80% of the final volume with DI 

water. Add the Tris base and then each stock solution. When adding Glacial Acetic Acid, wash pipette to 

ensure all of the acetate is transferred. Adjust pH to 7.20 with HCl (Usually the pH should be close to 

7.20 or slightly higher around ~7.3-7.4). Dilute to final volume and then autoclave. Autoclaving the 

media multiple times does not significantly alter the pH. Older bottles of TAP will have a white film at 

the bottom of the bottle which is probably from phosphates coming out of solution. This does not seem to 

alter the performance of the media. The media is originally from Gorman et al. (1965). 

  

7.3.2 Sueoka's high salt (HS) medium 

 This media is a freshwater minimal medium used for the culture of Chlamydomonas. It is 

phosphate buffered. To prepare: Fill media bottle to ~80% of the final volume with DI water. Add the HS 

salts, phosphate solution, and Hutner’s Trace Elements. Dilute to final volume. Autoclave. The phosphate 

solution used in HS is the same used in TAP so the same stock can be used. Sometimes after autoclaving 

phosphates can be seen to precipitate out of the final HS solution. Filtering the phosphate solution to 

remove impurities in a attempt to remedy this have had varying success. The final total salt concentration 

in HS medium is: 2.78 g / l (including trace elements). The media is originally from Sueoka (1960). 

 

7.3.3 How to make Hutner's trace metals without precipitates 

 Hutner's trace metals (Hutner 1950) are used in TAP and HS medias. The preparation of this trace 

metal solution takes a few hours and can be daunting. If one follows the protocol exactly from the 

Chlamydomonas Sourcebook, the Hutner's will have a brown precipitate (Harris 1989). To make Hutner’s 

with no brown precipitate (which is desired), use Togasaki’s modification which uses 50 g H2EDTA in 

250 ml, and add KOH to get it into solution. (Note: the EDTA solution needs to be less than 250ml 

otherwise you will overshoot the final volume). After all solutions have been added and then cooled to 70 

°C, the solution should be dark green and translucent. If not translucent, then precipitate is present. An 

easy way to determine if precipitate is present is to take a small aliquot of the solution and centrifuge. If 

there are particulates present at the bottom, precipitate has formed. When adjusting pH to 6.7 with hot 

KOH precipitate was observed forming at pH 6.6. To lower the pH, add H2EDTA while boiling to bring 

the pH down, which removed the precipitate and made the solution green again. Stop raising the pH at 6.0 

to avoid precipitation (it was pH 6.42 when cooled). It would be advisable to stop increasing the pH of the 

solution at pH ~6.4 or 6.5 and not try to raise it all the way to pH 6.7. 
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7.3.4 BG11  

 BG11 is a freshwater medium typically used for the culture of freshwater cyanobacteria (Allen 

1968). This is the primary media used to culture Synechocystis sp. PCC6803. However, when making 

agar plates for Synechocystis sp. PCC68003, remember to add a supplement of 1 mM of sodium 

thiosulfate. If omitted cells will not grow. Although typically used for the culture of freshwater 

cyanobacteria, BG11 can also be used to culture most fresh water algal species such as Chlamydomonas, 

Scenedesmus, and Chlorella species. There is no carbon source so growth must be photoautotrophic. To 

prepare: Add stock solutions and all components to medium. Dilute to desired volume. Autoclave. Final 

pH should be 7.4 after cooling. The citric acid stock (stock 1) should be clear and yellow (near highlighter 

yellow) and not be orange/brown rust colored with particles (crystals) that have came out of solution. 

Make a new stock if not bright yellow as the citric acid stock does go bad after extended periods of time. 

The media protocol is originally from Allen et al. (1968). 

 

7.4 Proper use of the Coulter Counter for cell counting and sizing 

 The Z2 Coulter Counter cell and particle analyzer (Beckman-Coulter, Brea, CA) is an essential 

tool in generating growth curves of algal cultures, characterizing the physiological state of algal cultures, 

and determining cell size. Proper use of this instrument is key to many experiments. Background counts 

should be minimal (ideally less than 100 for 4 to 12 µm counting range). Background counts typically 

increase with lower size ranges. To reduce background counts, a user can flush the aperture. This is not 

usually an optimal solution and may or may not work. Many times high background counts can be 

attributed to cells becoming trapped in the aperture. Sometimes you can even see green at the bottom of 

the aperture. In these cases, the best solution is to take off the aperture and clean it. Wash the aperture 

with EtOH, followed by DI water, and then partially refill with diluent. Also, I will use a paper towel to 

"ram rod" clean the aperture, but be careful not to get the paper stuck at the bottom. 

 

7.4.1 Selecting the appropriate size range for the Coulter Counter 

 Ideally, one should choose a size range on the Coulter Counter that covers the size of the cells 

being counted. For Chlamydomonas, cells generally fall within the range of 4 to 12 µm. However, if cells 

are dividing rapidly, they may be at the lower limit of 4 µm. It is always good to look at a size distribution 

of cells to select the proper TL (the lower limit range that is being counted) between the cell and debris 

peaks. Additionally, large Chlamydomonas cells, such as D66 2.2.23 or sta7-10 [C19], may be larger than 
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12 µm. To produce the best counts, one should select the TL in the valley between cell debris and the 

actual cells (Figure 7.1). For this example of Chlamydomonas cells, TL should be at ~4 µm (Figure 7.1). 

Using the count of ‘>TL’ will capture all of the cells above that size, including cells that are greater than 

TU (the upper limit range) that you have selected. If clumping cells are a problem, use the ‘between TL 

and TU’ count which will only display a count that is between the user defined range. If you are 

measuring the count as ‘>TL’, then cells that are larger than the range specified (greater than TU) will be 

captured in that count. If you are only look at the number of cells ‘between TL and TU’, then you may 

miss larger cells, such as D66 2.2.23. The gain should be selected automatically by the instrument but 

noted by the researcher. 

 

 
Figure 7.1 Selecting an appropriate size range on the Coulter Counter example 
Coulter counts from a Chlamydomonas (D66 wildtype) culture. Different ranges used for the counts are 
shown in different colors. The counts displayed are shown. The count of cells in this example is ~28,000. 
>TL gives accurate counts as long as you start the count between the debris and cell peaks (at ~4 µm). 
Starting the count range too early (at 2 µm) will include some of the debris peak and will result in an over 
count. For this example, the best count to take is between 4 µm and 12 µm. Additionally, one could have 
found an accurate count (28k) from using the size range 2 – 4 µm and taking the count from >TU. This is 
because in this example 4 µm is past the debris and before the cells, thus anything larger than TU would 
be the cells. 
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7.4.2 Coulter counter binning: background 

 The Z2 Coulter Counter works on the Coulter principle (Hogg 1971). When a particle passes 

through the aperture, it measures the change in impedance in the electrolyte solution. From this change 

the size of the particle can be determined. Once the size is determined a count is added to the 

corresponding bin with which that particles size falls into. These bins however are not uniform in size and 

get smaller as you approach the upper size detection limit selected. These bins appear to decrease in size 

on a logarithmic scale. For example, for the size range commonly used to count Chlamydomonas cells (3-

12 µm) at 4 µm the bin size (width) is 0.129 µm, while at 11 µm the bin size is 0.01 µm.  

 

7.4.3 Coulter counter binning: size distribution illusion 

 Because the bin sizes near the upper size limit are much smaller than those at the beginning, 

plotting the frequency of cells versus bin size (which is a common way to visualize cell size) will shift the 

right half of the plot down. Assuming that the cells are normally distributed, the cells per bin will be less 

on the right size of the graph due to the smaller size range/larger frequency of bins, thus making it appear 

as though these cells are less abundant (larger size cell frequency is shifted down). To test this hypothesis, 

I simulated a normal distribution of 15,000 cells with an average size of 8.97 µm (µ) with a standard 

deviation of 1.23 µm (σ) (this is the same average and standard deviation as found in the debris truncated 

D66 2.2.23 replicate D under nitrogen deprivation at 96 h (223dn.96.1) cell count found in file: 

bcd_Cell_Size_Count_TRUNCATED_CLEAN_10.24.10-_reBINEDED2.xls). Once I made this 

distribution of cells I binned it using ‘Histogram’ in the Excel Data analysis pack into 3 different sets of 

bins: fixed bin sizes of 0.25 µm and 0.5 µm, and the Coulter Counter bin sizes (bin sizes decrease 

logarithmically). I plotted the binned data and a normal distribution (µ = 8.97 and σ = 1.23) in Figure 7.2. 

Because of the different bin sizes the frequency values of these bins were not standardized Figure 7.2A, 

so to be able to make direct comparisons of the plot I picked arbitrary points to at which to normalize the 

frequencies found within that bin (at bin size 6.25 µm and ~9 µm). For the bin sizes of 0.5 µm and 0.25 

µm, I plotted the frequencies in the center of the bin range (e.g. if the bin range was 5 µm to 6 µm, the 

frequency would be plotted at 5.5 µm), or ‘shifted’ it from the highest bin value. Without shifting, it 

skews the distribution to the right. 

 In Figure 7.2B plot frequencies were normalized at 6.25 µm. The effect of diminishing bin size 

can be clearly seen. The green trace (Coulter Counter bin sizes) stays with the larger bin sizes, but then 

rapidly drops off. The 0.25 µm and 0.5 µm bin sizes track very well with the normal distribution (They 

are slightly lower at the top of the apex do to variation in the random data). This figure also shows how 

larger bins can ‘smooth’ out data. Because larger bin sizes groups more data together, it has the effect of 

averaging out minor variations. This can be seen in the red trace (0.25 µm sized bins) in which this plot 
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Figure 7.2 Effects of bin size on the visualization of Coulter Counter data 
Random normalized (µ = 8.97, σ = 1.15, N = 15,000) data was generated to simulate cell size data 
generated from the Coulter Counter. (A) Plot of simulated data binned in Coulter Counter bin sizes or 
constant width bin sizes (0.5 µm and 0.25 µm). The same amount of data is plotted in each case but 
because of smaller bin sizes the plots are shifted down. To compare the curves the frequency found in 
each bin was normalized at 6.25 µm (B) and 8.75 µm (C). These plots show that the standard Coulter 
Counter bin sizes can alter the way data appears when visualized. 
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varies up and down more than the blue plot (0.5 µm sized bins). In Figure 7.2C the plot frequencies were 

normalized near the apex of the normal distribution, around 8.75 µm. The Coulter Counter sized binned 

data also drops away from the normal curve and the consistently sized binned data.  

 

7.4.4 Coulter counter binning: rebinning 

 Rebinning the data to bins with constant bin size will depict the size data more accurately than the 

Coulter Counter bin sizes and allow for better visual analysis of differences in size distribution. This is 

especially important if trying to visualize size differences between cells, such as the Chlamydomonas 

wildtype D66 and the isoamylase transformant D66 2.2.23. 

 

7.4.5 Coulter counter binning: choice of bin size 

 The smaller the bin size is, the more it will represent the data that falls within the bin. The larger 

the size, the more the data is smoothed. Because our data is coming from the Coulter Counter bins, it 

must first be debinned, and then rebinned. Because of this fact, selecting a bin size smaller than the 

largest Coulter Counter bin size, may prove problematic for the left side of the curve (where the bins are 

larger). If smaller bins are selected problems could result from bins that do not have values, but 

neighboring bins do. 

 

7.4.6 Coulter counter binning: Excel VBA macro rebinner 

 In order to rebin the Coulter Counter cell size data, an Excel VBA macro was written. This takes 

the output data from the cell size truncator and rebins the data into user specified bin sizes (0.5 µm is 

default size). More information on how to run this macro can be found in section 7.19.4.  

7.5 Dry cell weight measurements 

 This protocol is designed to measure the dry cell biomass in an algal culture. This method uses 

large volumes of algal culture (20 to 50 ml), which makes this method more robust and repeatable then 

methods that use less culture volume (such as filtering methods). This method is ideal for experiments 

were there is ample algal culture, such as growing in bioreactors, or for the last time point of an 

experiment when all of the culture can be utilized. 

 

Supplies 

pre-weighed aluminum weigh boat 
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Reagents 

DI water 

70% EtOH 

 

Protocol 

1. Centrifuge cell cultures of appropriate volume, typically between 20 and 50 ml. More culture 

volume should be used if cell densities are low. Cells should be pelleted but not lysed. 

2. Remove spent algal medium making sure not to disturb the pellet. Wash cells in 15 ml of DI 

water. Resuspend with pipette. 

3. Centrifuge to pellet cells. 

4. Remove supernatant. 

5. Add ~5 ml of DI water to resuspend algal cultures. Move each algal sample to a pre-weighed 

aluminum weigh boat. It is not needed to resuspend the algae completely; the goal is just to 

transfer them to the weigh boat so if they are in clumps it is ok. Be careful of clumps sticking to 

the inside of the pipette. Add more water to transfer if necessary but try to keep overall volumes 

low because it will speed the drying time. 

6. Spray 70% EtOH into the centrifuge tube to wash any cells that may be attached to the plastic. 

Transfer EtOH to weigh boat. This EtOH will help make sure all cells are transferred, but will 

also hopefully kill the algae to stop metabolism while they are being heated in the oven. 

7. Leave samples in oven at 80 ºC for overnight or until the biomass is completely dry. 

8. Let samples cool before weighing. Subtract weight of the weigh boat and divide by the volume of 

culture used to determine dry weight. This value is typically reported in grams per liter. 

 

7.6 Chlorophyll measurement protocol 

 Chlorophyll can be used to track algal culture growth. The amount of chlorophyll in algal cultures 

can vary depending on cell concentration, cell size, and physiological state. Dilute cultures may require 1 

ml of cell culture, while concentrated cultures may need only 250 µl. This method was adapted from 

Jonathan Meuser (Meuser 2009, Meuser 2011a, Meuser 2011b). 

 

Reagents 

95 % EtOH 

 

Protocol 

1. Add algal culture (0.25 to 1 ml) to microcentrifuge tube. 
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2. Spin at 12k for 5 min (pellet cells but do not lyse). 

3. Remove supernatant with pipette but leave the pellet intact. 

4. Add 1 ml of 95% EtOH. 

5. Resuspend with pipette. 

6. Vortex samples. 

7. Spin at 14k rpm (max) for 2 min. 

8. Measure absorbance at 649 and 665 nm. Blank with 95% EtOH. 

9. Calculate: chlorophyll concentration (µg / ml) = (6.1 * A665 nm + 20.04 * A649 nm) * dilution factor 

 

7.7 Preparation of algal samples for microscopy 

 This method was used to prepare samples for second harmonic laser microscopy, but could be 

used for any microscopy purposes. This protocol was adapted from Lee Elliot (Elliott 2011, Elliott 2012). 

 

Reagents 

Glutaraldehyde (25%) 

Bodipy stock solution: 1 mg Bodipy 493/503 per ml in 95% EtOH 

Low melt temperature agarose (Sigma A9414) 

 

Protocol 

1. Centrifuge 10 ml of algal culture. 

2. Transfer 1 ml of cell pellet (high cell density) to a microcentrifuge tube. 

3. Add 1 µl of glutaraldehyde to the culture. 

4. Invert tube and wait 3 min. 

5. Transfer 100 µl aliquots to new vials. 

6. Add 1 µl of Bodipy stock to 100 µl of cells. 

7. Transfer 5 µl to a new vial. 

8. Add 5 µl of liquid low-melt temperature agarose to cells. Melt the low-melt temperature agarose 

in a heat block at 65 ºC. 

9. Quickly transfer 5 µl of the cell agarose mix to a cover slip. Place the cover slip onto a glass slide 

in a way to reduce air bubbles. Solution will solidify quickly so act fast. 

10. Seal the cover slip to keep the slide from drying out by painting around the cover slip with nail 

polish. Colored nail polish works better than clear because you can see where it has been applied 

and if any has been sucked under the cover slip from capillary action. Make sure nail polish is 

dried before adding it to the microscope. 
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7.8 Anthrone total sugar and polysaccharide content assay 

 The anthrone reaction can be used to measure total content of reducing sugars in an organism. In 

Chlamydomonas we estimate that over 90% of the reducing sugars in D66 is found in glucose and starch. 

In addition, anthrone measurements can be used to quantify starch or other insoluble carbohydrates if 

these insoluble materials are separated from soluble sugars. This method was adopted from the Science 

paper by Morris (1948), a paper on yeast carbohydrates by Trevelyan et al. (1952) and from a personal 

communication by Damian Carrieri (Carrieri 2010, Carrieri 2012). 

 

Notes 

Caution: Extremely exothermic upon addition of acid into water. Concentrated sulfuric acid / anthrone 

reagent are extremely caustic. Let anthrone reagent cool before use. Store in -20°C in the dark.  Anthrone 

reagent has finite lifetime and is best if used fresh. If anthrone reagent loses yellow color or turns brown, 

discard. Anthrone reactions should be carried out with the ratio of 9:1 (anthrone reagent : water/algal 

culture v/v) so that the final acid concentration is correct. Too high of a concentration of acid will result in 

degradation of sample (reaction turns brown/black) and not enough acid may result in an incomplete 

hydrolysis. 

 

Reagents 

Anthrone reagent: 2 g / L anthrone; 71% concentrated H2SO4 and 29% DI water (v/v) 

Glucose standard solution: 1 mg glucose / ml in DI water at various concentrations Table 7.1. 

 
 

 

Table 7.1 Common glucose calibration table for anthrone assay 
Standard glucose 

solution (µl) 
DI water 

(µl) 
Glucose in 

standard (µg) 
0 100 0 
10 90 10 
15 85 15 
20 80 20 
30 70 30 
40 60 40 
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Protocol 

1. Prepare 100 µl samples (standards Table 7.1, cells, culture medium, etc). If the cells assayed 

have a high sugar content or are very concentrated, use 50 µl sample and 50 µl DI water. 

2. To samples add 900 µl of anthrone reagent. Be careful to transfer all of the anthrone reagent; it is 

very viscous, especially if cold. 

3. After addition of anthrone reagent immediately immerse samples into an ice water bath to keep 

hydrolysis reaction time uniform for all samples. 

4. Vortex samples. 

5. Boil samples for exactly 12 minutes. 

6. After 12 minutes, immediately move samples to ice water bath to stop reaction. 

7. Vortex samples. 

8. Measure absorbance at 625 nm. For use in a plate reader transfer 300 µl to a 96 well plate with a 

clear bottom. Make sure not to touch the bottom of the 96 well plate. It is key to make sure that 

all 300 µl are transferred because the absorption path length is dependent on the volume in the 

well. Also if the plate reader is reading over 1, then you can transfer the samples to new wells 

with less volume (< 300 µl) with a 

multi-channel pipette to reduce the 

absorption (remember to also do this 

with the standards). 

 

7.8.1 Anthrone method validation 

 Several experiments were conducted 

to develop and validate the anthrone method. 

These include developing the exact boiling 

time for ideal measurements in Golden CO, 

assessing the stability of the glucose-anthrone 

complex over time, and validating the method 

with a potato starch standard.  

 

7.8.2 Anthrone method validation: 

maximum peak of absorption 

 The spectrum of the glucose-anthrone 

complex was measured. The peak maximum is 

at 625 nm (Figure 7.3). The ratio of 625 / 820 

 
Figure 7.3 Absorption spectrum of anthrone 
reaction 
Absorption was measured with a UV/VIS 
spectrophotometer. The maximum absorption is at 
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can be used for normalization between samples (Personal communication Damian Carrieri) although 

through testing this does not significantly alter or increase the R2 of standards when compared to just 

measuring at just 625 nm. 

 

7.8.3 Anthrone method validation: boiling time optimization 

 Boiling of anthrone samples is necessary to make sure that all polysaccharides are hydrolyzed by 

the sulfuric acid and to react the anthrone with the reducing sugars. Optimal boiling time was determined 

from a boiling time course. Glucose standards containing 20 µg of glucose (20 µl of 1 mg glucose / ml) 

and samples of sta7-10 [C19] (Work 2010) were boiled for given amounts of time and then cooled in an 

ice bath.  Completeness of the anthrone reaction was assayed by measuring absorption at 620 nm. The 

maximum absorbance was found to occur at about 12 to 14 minutes (Figure 7.4). After this time the 

absorbance starts to decrease. A boil time of 12 minutes was selected for the protocol because at this time 

most of the glucose present has reacted and there is less possibility of overshooting the boiling point 

maximum and entering the region were absorbance starts to decline. 

 
 
Figure 7.4 Anthrone reaction boiling time course 
Glucose standards of 20 µl of 1 mg / ml glucose (20 µg glucose) and samples of sta7-10 [C19] were 
boiled for various times to determine completeness of anthrone reaction. 
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7.8.4 Anthrone method validation: stability of the glucose-anthrone complex over time  

 After reaction of anthrone with reducing sugars, a glucose-anthrone complex forms that is blue-

green in color. It was not known how stable this complex is and how quickly samples have to be 

measured after the boiling reaction. To test this, anthrone reagent was added to glucose standards which 

were boiled and then chilled on ice to stop the reaction. Samples were then allowed to briefly warm up to 

room temperature and absorbance was measured at 620 nm. The standards then remained at room 

temperature for two hours and were tested again. The absorption values and calculated calibration slope 

from measurements two hours after the boil are very close to those immediately after the boil. This 

suggests that the anthrone-glucose complex is stable for at least two hours at room temperature. 

Absorption measurements within this time frame should not impact the results. However, after several 

days of storage these samples do begin to fade in color. 

 

7.8.5 Anthrone method validation: potato starch standard 

 To validate that the anthrone method can give quantitative measurements of starch, a 1 mg potato 

starch / ml standard was made. Potato starch samples of 10, 20, 30, 40, and 50 µg were tested with the 

anthrone assay. The potato starch is insoluble in water so care was taken to shake and homogenize the 

standard before sampling. Data was plotted on an expected starch versus calculated glucose curve (Figure 

7.5). A slope of one is an exact correlation between expected and measured values, implying complete 

 
 
Figure 7.5 Anthrone validation with potato starch standard 
Potato starch standards were used to check the accuracy of the anthrone assay. 
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hydrolysis and accurate anthrone measurement. The experimental slope determined is close to 1 at 0.98, 

which implies a complete hydrolysis and detection of starch throughout the range of 10 to 50 µg starch / 

ml. 

 To determine the upper range of the anthrone assay, potato starch samples were also used. Potato 

starch concentrations of 500 µg starch / ml, for a 100 µl sample and 1000 µg starch / ml, for a 50 µl 

sample were tested and found to be measured accurately by this method. Algal samples fall within this 

measurable range, for example sta7-10 [C19] has a starch concentration of 450 µg glucose / ml of culture 

(Work 2010). For high glucose algal cultures 50 µl or less samples should be used to (1) stay within the 

limits of the anthrone method and (2) to give absorbance values that are found within the standard curve. 

The lower limit of this anthrone method is a few µg of glucose / ml of culture. 

 

7.8.6 Anthrone method validation: variability from boil to boil 

 After several months of conducting anthrone assays, it was determined that glucose standard 

curves have variability from boil to boil. A plot of slopes from several months of experimentation shows 

that even on the same day calibration slopes can vary (Figure 7.6). This is likely due to slight differences 

in boiling times and temperatures. This data shows the importance of doing a standard glucose curve for 

every set of samples that are boiled. In this case the standards undergo the exact same boiling conditions 

 
 
Figure 7.6 Variability in glucose calibration curves in anthrone method 
Calibration curve slopes are plotted from experiments that span 5 months. Variability is seen even on 
experiments from the same day. 
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as the samples, which should reduce variability. Average values of slope, y intercept and r2 from 17 

independent glucose standard curves are: m = 0.038 ± 0.002; yint = 0.061 ± 0.017; and r2 = 0.9976 ± 

0.003. 

 

7.9 Amyloglucosidase starch assay 

 The amyloglucosidase starch assay is a method to measure algal starch. First cells are lysed and 

soluble sugars are washed away. The insoluble starch is autoclaved to make it more accessible and then 

subjected to amyloglucosidase from Aspergillus niger that degrades the starch into glucose monomers 

which can then be detected by a glucose hexokinase (HK) assay. This method was adapted from Randor 

Radakovits (Work 2010). 

 

Notes 

The HK assay kit, once opened, has a shore shelf life of only approximately 2 weeks. Fresh, or new, kits 

should always be used. The amyloglucosidase starch assay requires an overnight starch digestion which 

means the protocol takes two days. Alternatively, glucose concentration can be measured by the anthrone 

assay after the methanol wash or digestion. 

 

Reagents 

Chemicals: MeOH; 100 mM Na acetate, pH 4.5; 

Amyloglucosidase from Aspergillus niger (Sigma A7420) 

Glucose (HK) Assay Kit (Sigma G3293) 

 

Protocol 

Day 1 

1. Pellet 10 ml of algal culture, 4k rpm, 15 min. Remove supernatant. Freeze in -80 ºC to store 

sample if needed. 

2. Resuspend pellet in 1.4 ml MeOH and transfer to microcentrifuge tubes. 

3. Spin down cells, maximum speed for 5 min. Remove supernatant. (It should be green from 

chlorophyll) 

4. Resuspend in 1 ml MeOH. Vortex if necessary. Resuspension should be done carefully, all of the 

cells should be lysed, and no chlorophyll should remain after the two MeOH washes. If cells are 

not completely lysed soluble sugars will be carried forward and will increase the glucose 

concentration at the end of the experiment, skewing starch numbers up. Green in the pellet means 

that the cells are not yet fully lysed. 
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5. Spin down cells, maximum speed for 5 min. Remove supernatant.  

6. Wash pellet with 500 µl of 100 mM Na acetate, pH 4.5 (adjust pH with acetic acid). The pellet 

should be yellow. 

7. Transfer pellet with 2 ml of Na acetate, careful to avoid loss, into glass vials. If the starch is 

sticky use a pipette tip with the end cut off. 

8. Water bath sonicate for 10 min. 

9. Autoclave samples in a dry cycle for 20 min at 120 ºC. 

10. Cool samples down to less than 55 ºC. 

11. Add 1 ml amyloglucosidase for a final concentration of 4 units of activity / ml. (10 mg 

amyloglucosidase in 25 ml Na acetate = 12 units / ml) 

12. Incubate overnight at 55 ºC. 

 

Day 2 

1. Spin down 1 ml of sample from overnight incubation at max rpm for 5 min. 

2. Prepare samples and blanks according to the Glucose (HK) Assay Kit instructions. Typically 

prepare a standard curve of 5, 10, 30 µg of glucose in Na acetate (Table 7.2). 

3. Add HK assay reagent and incubate 15 min at room temperature. Do not vortex. 

4. Measure absorbance at 340 nm. Reagent blank should read < 0.350 at 340 nm (preferably around 

0.075), higher values indicate that the kit is old and will not work properly. 

5. Calculate glucose concentration according to HK Assay Kit. The calculated glucose 

concentrations for the standards should be very close to the amount of glucose added, otherwise 

the kit is getting old. 

 
7.10 Starch purification from Chlamydomonas 

 This method is for generating mg to g quantities of purified starch from Chlamydomonas and is 

an adaption from Ral et al. (2004) in which they use a similar method to purify starch from the 

picophytoplanktonic green alga Ostreococcus tauri.  

Table 7.2 Glucose (HK) assay kit sample volumes 
 Assay reagent (µl) Sample volume (µl) Water (µl) 

Sample blank - 50 500 

Reagent blank 500 - 50 

Sample 500 50 - 

Glucose standard 500 50 - 

 



152 
 

Notes 

This method is for the purification of starch from Chlamydomonas. For nitrogen replete cultures 25+ L of 

cultures should be used to get sizable amounts of starch (a few 100 mg). In nitrogen depleted cultures, 

starch yields are much higher and only ~8 L are needed to yield sizable amounts of starch. Cells were 

grown in Biovantage air lift bioreactors in HS medium. If after the first spin of the lysed cells the starch 

pellets seem small, sonicate again to try to get a more complete cell lysis. Without complete cell lysis 

starch yields will be low. Starch pellets from D66 wildtype cells in +N cultures often have a green and 

‘stringy’ contaminate in the starch pellet, which is denser than the starch. This is best if removed 

manually because it will not wash out. DSC analysis of this substance reveals no isotherms and its 

identity remains unknown. 

 

Reagents 

Lysis buffer: 10 mM Tris-HCL (pH 8.0) and 1 mM EDTA. (Table 7.3) 

Percoll: (PVP-coated) Manufacturer is GE Healthcare but can order from Fisher: 17-0891-02 

 

Protocol 

1. Harvest cells by centrifugation for 4 min at 10k g (this is sufficient in the large floor centrifuge). 

After several rounds of centrifugation, transfer pellet to a 15 or 50 ml centrifuge tube with a 

spatula. Spin to get pellet to bottom of tube. 

2. Add lysis buffer, approximately 1/8 of the volume of the pellet. Sonicate with a probe tip 

sonicator for ~30-60 s X 3. Keep on ice to prevent cultures from heating up during sonication.  

3. Spin lysed cells at 10k for 4 min. Remove supernatant. At this point Steven Ball calls the pellet a 

‘crude starch extract’. For further purification add about equal to 2x volume of the pellet of 90% 

Percoll 10% H2O and resuspend. Spin for 30 min at 10k g. Remove supernatant and green cell 

debris. (Alternatively, after the cell lysis directly add Percoll, mix and then spin 10k for 30 min, 

skipping the ‘crude starch extract’ step) 

4. Repeat Percoll wash until starch pellet becomes white and is free of green. Usually this takes at 

least 3 or maybe even more wash steps. (A slight green tinge may be left after 3 or 4 Percoll 

washes, but usually this is removed by the water wash) 

5. Once the pellet is washed and free of green, wash twice with DI water. Resuspend and then spin. 

Remove supernatant. Repeat. To get the last bit of green off of the top surface of cells it may be 

necessary to scrape it off with a pipette tip. 

6. On the final starch wash with DI water, resuspend pellet and then aliquot samples into new tubes. 



153 
 

7. Do one final spin and remove as much water as possible. Leave the tubes opened to dry at room 

temperature. Cover to keep dust from falling into the tubes. For long term storage keep at 4 °C.  

 

This purified starch is now ready for DSC, FACE, SEM, XRD, etc. At some point in the protocol it is best 

to move from large tubes to small 2 ml microcentrifuge tubes. The smaller tubes require less Percoll and 

also allow for better separation of the debris from the starch pellet. 

 
7.11 Differential scanning calorimetry (DSC) analysis of purified starch 

 The DSC can be used to measure the gelatinization endotherm of purified starch granules. The 

temperature at which this occurs, the amount of energy required, and the shape of the endotherm can give 

insight into the crystallinity of the starch. 

 

Interment setup 

1. Turn on N2 gas to 20 psi to cool chamber. 

2. To turn on the N2 flow, in TA software go to Notes → flow rate min and set to 50 ml / min N2. 

3. To turn on the cooler, in TA software go to Control → Events → On. 

4. Drying the chamber can be done by going to preset method heat to 150 ºC for 10 min. 

5. Data acquired during experimental runs will be stored under C:/TA/Protocol/Data/ 

 

Instrument shutdown 

1. To turn off, stop all runs by hitting Stop. 

2. Turn flow rate of N2 to 0 ml / min. 

3. Turn off N2 gas. 

4. Leave the electronics on. 

 

Starch sample preparation and measurement 

1. Starch samples should ideally have the same relative humidity and same level of dryness. Any 

added water in the starch samples will alter the weight of the sample. To get around this we take 

dry starch samples (air dried) and then add a known amount of water to all of the samples. 

Table 7.3 Starch purification lysis buffer 
Volume Desired 2000 1000 500 250 100 50 ml 
EDTA stock (500 mM) 4 2 1 0.5 0.2 0.1 ml 
Tris-HCl (pH 8.0) (100 mM) 200 100 50 25 10 5 ml 
Water 1796 898 449 224.5 89.8 44.9 ml 
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2. Weigh the aluminum sample pan (T-Zero). The volume of the pan is ~50 µl but when the lid is 

sealed the volume is only around 40 µl. 

3. Load about 10 mg of starch into the pan and weigh the pan and starch. Calculate the exact weight 

of starch added. 

4. Add a volume of DI water that is exactly twice the weight of starch (assumed density of water 1 

mg / µl). For example, 20 µl of DI water would be added to a 10 mg sample of starch. Weigh 

after the addition of water. Make sure to add the water directly onto the starch. 

5. Make sure all of the starch is wetted by the water. Stir sample to ensure it is homogenous with tip 

of tweezers. 

6. Seal pan with lid. Let samples equilibrate for 1 to 2 h. Shake pans and tap samples down before 

measurement to try to ensure homogeneity of sample. 

7. DSC program: equilibrate at 30 ºC then ramp to 95 ºC at rate of 10 ºC / min. 

8. After the run, to measure the dry weight of the starch, poke holes into the sealed pan. Incubate in 

the oven overnight at 80 ºC and then weigh. 

 

7.12 Zymogram to detect isoamylase activity 

 Zymograms are native-PAGE gels containing a carbohydrate (glycogen) which carbohydrate 

degrading enzymes can act on. Enzyme activity is visualized with an iodine stain. This method was 

adapted from Dauvillée et al. (2001b) and from Posewitz et al. (2004b). 

 

Notes 

This protocol can be very difficult. Many problems can occur in this protocol including, the inability to 

get proteins to migrate into the gel and also to get protein separation once in the gel. A stacking gel with a 

lower acrylamide concentration can help with getting the proteins into the gel and for allowing consistent 

separations. If the proteins are not loading or migrating well, decrease the protein load. These approaches 

can be optimized, but are highly dependent on the state of the cells and the effectiveness of  cell lysis. 

 

Reagents 

Lysis buffer: 50 mM tricine, 10 mM NaCl,  5 mM MgCl2, 1 mM DTT 

Running gel: 7.0% (w/v) 29:1 acrylamide:bisacrylamide, 375 mM Tris-HCl pH 8.8, 0.5% (w/v) rabbit 

liver glycogen 

Stacking gel: 4.0% (w/v) 29:1 acrylamide:bisacrylamide, 63 mM Tris-HCl pH 8.8, 0.5% (w/v) rabbit liver 

glycogen 

Electrophoresis buffer: 25 mM Tris, 192 mM glycine, 1 mM DTT, pH 8.3 
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Iodine solution: 0.2% (w/v) I2, 2% (w/v) KI 

Sample loading buffer:  80% (v/v) 1 M Tris-HCl ph 8.8, 20% (v/v) glycerol, bromophenol blue 

 

Protocol 

1. Pour running gel in a 1.5 mm gel casting cassette. Let solidify. 

2. Pour stacking gel on top of solidified running gel. Add a 1.5 mm, 10 well comb. 

3. Extract crude protein lysate. C. reinhardtii cultures were centrifuged and frozen at -80 ºC for 1 

hour. Cell pellets were resuspended in fresh lysis buffer. 

4. Sonicate samples in a sonication bath for 10 minutes.  

5. Centrifuge to pellet cellular debris.  

6. Soluble protein content was measured by Pierce BCA protein assay. 

7. Load 100 µg of crude protein extract into each well. Aim for loading 35 µl into each well, 7 µl  of 

which should be the sample loading buffer. 

8. Run the gel for 2 h at 30 mA in Tris-glycine electrophoresis buffer. 

9. Incubate overnight in the electrophoresis buffer. 

10. Visualize glycogen degradation by staining with iodine solution and photograph with a backlight. 

11. Compare band intensities with ImgaeJ.  

 

7.12.1 Zymogram band removal for proteomics 

1. Cut band out with razorblade. Make sure to cut off excess gel on the sides that does not contain 

proteins. Use a new razor blade for each sample. 

2. Put gel band in microcentrifuge tube submerged in a 50% acetonitrile and 50% water mix. Store 

at 4 °C. 

3. When Iodine has left the gel, remove acetonitrile and water mix and rinse two more times. 

4. After final washing step, leave band in acetonitrile 

 

 

Two control samples should also be taken: 

1. Band with no protein, cut from an empty lane. 

2. Lane with a protein sample, but with no starch degrading enzymes present in band. 

 

7.13 Iodine vapor stain 

 The iodine vapor stain is a facile technique to quickly identify if mutants are or are not producing 

starch. For an example of the iodine vapor stain see Figure 2.2 (Work 2010). Iodine molecules intercalate 
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into the helical regions of starch granules and form a dark purple to black color. Mutants, such as the 

starchless sta6 and sta7 mutants, do no stain dark purple or black. Additionally, starchless mutants with 

less severe phenotypes can be identified that have altered starch structures which may appear as a variety 

of colors during the iodine stain including, yellow, olive green, and red (Zabawinski 2001). Interestingly, 

an iodine vapor screen of mutants with low hydrogen production (Meuser 2011b) identified a mutant, mut 

2-5, that stained olive green. 

 For the iodine vapor stain to work, chlorophyll levels must be low, otherwise the dark green will 

mask the dark purple starch-iodine color. This can be accomplished by transferring cells onto TAP-N 

plates or onto TAP 15%N, which has 15% of the nitrogen found in TAP media. Ideally the cells will grow 

briefly but then run out of nitrogen and then bleach, losing most of their chlorophyll. 

 

Reagents 

TAP-N or TAP 15%N agar plates. 

Elemental iodine (s) 

 

Protocol 

1. Transfer liquid cultures of Chlamydomonas cells to TAP-N plate. A volume of 10 µl should be 

transferred, but this volume can be varied to alter the cell spot size. Transferring liquid culture 

will result in round, homogeneous spots that are suitable for publication quality figures. 

Transferring a streak of cells from another agar plate will work but will not be visually as nice. 

2. Leave the plates in low light for 1 to 3 weeks until they are yellowish in color and have lost most 

of their chlorophyll. 

3. To do the iodine vapor stain, place a chunk of solid iodine on the plate and let the vapors travel 

into the cells. Standing the plate on one end and placing the iodine at the bottom will help the 

iodine travel up to the colonies. Rotate the iodine chunks around the plate every few minutes to 

get an equal staining. Avoid overstraining as the whole plate will turn black. 

 

After the iodine stain, the cells are not viable so make sure there is a replicate plate to recover any 

identified mutants. The iodine stain will gradually fade over a few days but the dead cell colonies can be 

stained again. A second staining is often clearer than the first stain because any chlorophyll that was 

present is likely bleached from the first staining or degraded in the dead cells. 
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7.14 Bligh and Dyer lipid and terpene extraction 

 This method is a Bligh and Dyer extraction that was used to extract and identify the terpene β-

caryophyllene heterologusly produced in the cyanobacteria, Synechocystis sp. PCC6803 (Reinsvold 

2011), but could be used to extract other terpenes or whole lipids for class identification.  This method is 

from Bligh and Dyer (1959). 

 

Notes 

It is best to use glass for all steps of this protocol that involve chloroform. Plastics and rubbers can 

contaminate samples with polymers that appear in the GC. Once the initial biomass/media volume is 

known use Table 7.4 to determine the final volume of the extraction to make sure you are using a large 

enough glass vial. Also use high quality chloroform to avoid contamination. 

 

Reagents 

Extraction solvent: 1:2 v/v chloroform:methanol 

Dilution solvent: 1:1 v/v chloroform:water 

 

Protocol 

1. Pellet Cells. Final volume of media/cells is key to the extraction. A sample of 0.8 ml of 

media/biomass will have a final volume of 5.8 ml. 

2. Add chloroform and methanol to obtain a monophasic solution of the ratio 1:2:0.8 

(chloroform:methanol:water/biomass) by volume. 

3. Vortex. 

4. Let samples stand for 15 min. 

5. Add chloroform and water (1:1 v/v) to form a biphasic system (final solvent ratio: 1:1:0.9 

chloroform:methanol:water v/v/v). 

6. Vortex, and allow phases to separate. 

7. Transfer chloroform layer to new vial. 

8. Wash with DI water as needed. With cyanobacteria blue pigments (phycocyanin) are carried 

through but can be removed during the wash step. 

9. The sample is now ready for GC-FID or GC-MS analysis. 
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7.15 Wet lipid extraction by saponification-transesterification 

 This method is designed for use as a fast and high throughput method for screening total fatty 

acid content of algal cultures by direct analysis. This method requires no drying or lyophilization steps 

often required in fatty acid analysis. Overview - (1) Sample culture. (2) Perform a base saponification. (3) 

Perform an acid catalyzed transesterification. (4) Analyze FAMEs on GC-FID/MS. This method has been 

adapted from Work et al. (2010) by Robert Jinkerson and Dongxu (Tom) Li. 

 Originally, this protocol called for use of 1:1 v/v hexane:MTBE for the extraction reagent (Work 

2010, Radakovits 2011). However, we determined that the MTBE is miscible with the water phase during 

the extraction, which would reduce the volume and increase the concentration found in the non-polar 

extraction layer. MTBE should not be used in the extraction reagent unless great care is taken to quantify 

the volume of the non-polar extraction phase that will be measured. 

 

Notes 

Precipitates should not form when adding the transesterification reagent. If they do, some of the sample 

may be lost in the precipitate. Precipitates should be avoided. Do not use plastic with hexane, only glass 

vials and glass Pasteur pipettes. Usually an internal standard of C13 FAME was added at the beginning of 

the method. Alternatively, a fatty acid internal standard could be used if added before the 

transesterification reaction. To save time use a 5 ml pipette to add methylation reagent and save the tip for 

next time. Also save time by using the digital pipette controller for adding the 1.25 ml hexane. However 

Table 7.4 Bligh and Dyer regents need based off starting biomass volume 

 

0.8 1 2 1 1

Water/Bio
mass Chloroform Methanol

Total 
Chloroform / 

Methanol
Volume 1st 

Solvent Chloroform Water
Volume 2nd 

Solvent Total volume

0.5 0.625 1.25 1.875 2.375 0.625 0.625 1.25 3.625
0.6 0.75 1.5 2.25 2.85 0.75 0.75 1.5 4.35
0.7 0.875 1.75 2.625 3.325 0.875 0.875 1.75 5.075
0.8 1 2 3 3.8 1 1 2 5.8
0.9 1.125 2.25 3.375 4.275 1.125 1.125 2.25 6.525

1 1.25 2.5 3.75 4.75 1.25 1.25 2.5 7.25
1.1 1.375 2.75 4.125 5.225 1.375 1.375 2.75 7.975
1.2 1.5 3 4.5 5.7 1.5 1.5 3 8.7

1.25 1.5625 3.125 4.6875 5.9375 1.5625 1.5625 3.125 9.0625
1.5 1.875 3.75 5.625 7.125 1.875 1.875 3.75 10.875

Dilution solventExtraction Solvent
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when using the digital pipetter use the first 1.25 ml to rinse the pipette and then discard before you start 

aliquoting hexane to samples. 

 

Supplies 

4 ml glass vials (Sigma 27024) 

Green solid screw caps (Sigma 27141) 

Septa (if needed) (Sigma 29041-U) 

GC vial inserts (HP-5181-3377) 

  

Reagents 

Saponification reagent: 5 ml 0.8 g / ml KOH and 95 ml MeOH 

Methylation reagent: 17.5 ml 12N HCl in 282.5 ml MeOH  

Extraction reagent: hexane  

 

Protocol 

1. Take 0.5 ml of algae culture and put it into a 4 ml screw cap vial. An internal standard, such as a 

C13 fatty acid can be added at this point. 

2. Add 1 ml of saponification reagent. 

3. Vortex for 20 to 30 s. 

4. Incubate at 100 °C for 90 min. 

5. Cool to room temperature and add 1.5 ml of methylation reagent. 

6. Vortex for 20 to 30 s.  

7. Incubate at 80 °C for 5-6 hours (or alternatively 60 °C overnight). 

8. Cool to room temperature and add 1.25 ml extraction reagent. 

9. Mix for 20 to 30 min. This can be accomplished by inverting samples manually or putting 

samples on the tissue culture rotator. 

10. Let vial stand and phase separate for 5 to 10 min. 

11. Take 150 µl of top layer hexane layer and add to GC-FID vial. GC vial inserts can be used to 

reduce the volume of sample needed. 

 

7.16 Plate Reader for screening of lipid content in Chlamydomonas 

 To determine if a plate reader screen of lipid content was feasible for Chlamydomonas, a Synergy 

2 plate reader with a florescent unit was demoed. Algal samples that were used to determine feasibility 

included, D66, CC124, sta6, sta7, sta7-C5, sta7-C19, Nannochloropsis gaditana, and Nannochloropsis 
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salina under plus and minus nitrogen (+N and - N). The Nannochloropsis plus nitrogen cultures were 

extremely old. All data generated for this run can be found in 'Plate Reader Dem Rob 5.3.10 processed 

graphs.xls'. 

 

Protocol 

To 96 well plates (black with clear bottom) 100 µl of algal culture and 100 µl of water were added. To 

identify lipids 1 µl to 2 µl of Bodipy (1 mg Bodipy 493/503 / ml in 95% EtOH) to samples. Various 

wavelengths from the top and bottom of the plates were used for the analysis. The data was acquired for 

Bodipy and chlorophyll florescence (with Bodipy being measured from the top and Chlorophyll from the 

bottom).  

 

Analysis 

To analyze the data, overall Bodipy emission were analyzed, but differences were not clear. Bodipy 

normalized to chlorophyll showed more substantial differences. All samples were normalized by wildtype 

(divided by the wildtype (CC124)). This leads to the largest difference between sta6 and sta7. The sta6 

and sta7 cultures from nitrogen deprivation could easily be distinguished from wildtype, but nitrogen 

replete sta6 and sta7 were not clearly distinguished. Figure 7.7 shows the normalized values from all of 

the various combinations of filter sets and from top and bottom plate reading. Also, the same conditions 

that was the first read was re-read after all samples. This value was less for sta7, but higher for sta6, so 

photobleaching could be a problem. It seems like all the different combinations provide good resolution, 

so BioTek suggested filter set combination of 528 and 440/40 should be sufficient. For a lipid screen, 

nitrogen deprived cultures would be the preferred physiological state because there is a larger difference 

between the starchless mutants and wildtype than under nitrogen replete conditions. In conclusion, 

normalizing to the wildtype, the mutants high in lipids have a higher signal (bodipy / chlorophyll) (6 to 15 

fold higher than the wildtype) under nitrogen deprived conditions. More pronounced differences came 

from reads from the top of the plate, rather than from the bottom of the well. The differences between 

filter sets after normalization was minimal, and varied between mutant strains as to which set was the 

'best'. The plate reader can be used for mutant lipid screens in Chlamydomonas or Nannochloropsis. With 

Chlamydomonas cells, difference were easily detected between starch-less mutants with high lipid content 

and wildtype cells with low lipid content. For such a screen random mutants can be generated and then 

grown in 96 well plates. These plates can then be screened for TAG content to identify high and low 

mutant phenotypes. 
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7.17 BioVantage bioreactors protocol 

The growth of large volumes of algae (> 2L) were conducted in photobioreactors produced by the now 

defunct BioVantage of Golden, CO. These reactors are airlift reactors that have light rods with red LEDs 

that allow for lighting of dense cultures from the inside of the culture. Additionally, an area with T5 

fluorescent lights to light the clear plastic reactors from the outside was built. The reactors are 6 L and 30 

 
Figure 7.7 Demonstration of a fluorescent plate reader to detect high lipid mutants 
Bodipy florescence per chlorophyll fluoresces is normalized to wild type CC124 and plotted for various 
algal strains grown under nitrogen replete or deplete conditions. Each column represents a different filter 
set used to measure fluorescence from either the top or bottom of the 96 well plate. Second indicates the 
second time the same sample was read at the end of the experiment to gage the rate of photobleaching. 
Difference between the wildtype and starchless mutants were apparent from cells grown under nitrogen 
deprivation. NaGa = Nannochloropsis gaditana, NaSa = Nannochloropsis salina. 
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L in volume and have one and there light rods, respectively. Dylan Franks, an undergraduate researcher, 

helped me build the setup, develop these protocols, and run the BioVantage reactors. The biomass from 

these bioreactors was used for starch extraction. 

 

Notes 

At this volume it is nearly impossible to be sterile. Because sterility is an issue for Chlamydomonas 

cultures, HS media that contains no acetate was used (Sueoka 1960). Acetate would promote growth from 

bacteria and fungus. Even in the photoautotrophic media our cultures had various levels of contamination. 

The larger the inoculation the less chance of major contamination, likely because culture times were 

reduced. The longer the culture grew the more contaminated they can become. Typically, the biomass has 

an earthy, grassy smell, but when contaminated the cultures can smell like sewage. Initially we had a 

problem with the cultures foaming out of the top of the reactors. As the cultures age, cells lyse and release 

amphiphilic molecules that promote foaming. If left unchecked the foam will build up in the head space 

of the reactor and eventually, due to the positive pressure from the air bubbling, will begin to leak or 

spray out of the reactor. This can be very messy. One solution is to add a commercial anti-foaming agent, 

such as Antifoam 204. A few 100 µl of this can completely eliminate foam almost instantly. No growth 

inhibition from using Antifoam 204 was noticed. 

 

Important Note 

When plugging in the LEDs into the power box (attached to the base), make sure that the power box is 

NOT plugged into an outlet. If it is it can surge the LED leading to a blow out of the circuits. This has 

happened several times; the LED turns on for a second, smokes, then burns out the light and fan. To avoid 

this, plug the LED into the power box first, and then plug the power box into the wall. 

 

Hardware 

Reactor 

Lights and light rod 

New bubbler, bubbler tube, and rigid Tygon tubing 

Sampling valve, tubing, and a drain 

 

Reagents (6 L / 30 L reactor) 

Filtered water: 6 / 30 L 

HS Salts: 30 / 150 mL 

Phosphate solution: 30 / 150 mL 
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Hutner’s Trace Elements: 6 / 30 mL 

Antifoam 204: 0.01 - 0.005 % 

Air and CO2: 0.05 L/min house compressed air, 2% CO2 

Cleaning solution: very dilute bleach 

 

Protocol 

A clean reactor should first be placed near a drain, out of the way of electronics, to minimize damage if 

the reactor leaks. The external lights should be set aside. All sampling ports should have a valve installed 

and be in the closed position. Light rods should be in the reactor, but not connected to the light LEDs. The 

lid of the reactor should remain closed as much as possible to keep out contaminating organisms. Fill the 

reactor with carbon filtered tap water to remove any chlorine that may be present. Nutrients can be 

directly added to the reactor. Before adding algal cultures, hook up the air pumps and make sure that the 

bubbler is working properly. Make sure internal LED lights are working. Inoculate algae by opining the 

lid and pouring them in. BioVantage suggests 20% inoculation though 5 - 50 % has been successfully 

tried. 

 

Cleaning 

A very dilute bleach solution can be added to the reactor to kill any live algae for no more than 30 

minutes (Dylan added 2 squirts from our bleach bottle to a small reactor for about 30 minutes and it may 

have caused a crack, so be careful). After the algae are bleached, the culture can be poured down the 

drain. The reactor should be carefully rinsed with warm water and scrubbed with a soft brush to avoid 

scratching the plastic. Scratches on the inside of the reactor can harbor bacteria so these should be 

avoided. 

 

7.18 Synthetic genes and plasmids 

 Recently, the cost of synthesizing DNA sequences as dropped to a point where de novo synthesis 

is often a less expensive option than traditional cloning for creating plasmids. This technology was 

utilzied to create custom DNA constructs for several projects. Because the design of these sequences is 

completely customizable, many extras and contingency plans are built into them to make these plasmids 

more versatile and usable. 

 

7.18.1 ISA1 overexpression promoter 

 The results of previous work on complementing and expressing the isoamylase 1 gene in 

Chlamydomonas reinhardtii revealed that gene dosage is a key factor to the starch-excess phenotype 
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observed. It was hypothesized that using a stronger promoter to drive ISA1 expression could result in an 

even increased starch-excess phenotype. To accomplish this a synthetic plasmid that could be used as the 

source material to replace the existing ISA1 promoter with the hsp70 / rbcS2 promoter was designed. This 

synthetic plasmid, Isa1_promoter_swap_syn_rbc_hsp_2013.02.04 (Figure 7.8), was created by DNA2.0 

in their house plasmid pJ204 (our plasmid number from DNA2.0: 109129). The ISA1 wildtype containing 

plasmid, pIsa1_BamHI_KpnI (Posewitz 2004b), was used as the base plasmid to put the new promoter 

sequence into. The native promoter, first exon, and part of the first intron can be excised with the 

restriction sites BamHI and MluI from pIsa1_BamHI_KpnI. FspAI is found in the first exon and could 

also work with BamHI to excise the native promoter, but it is a blunt cutter. BamHI and MluI were added 

into the synthetic plasmid to make compatible sticky ends that can be used for the ligation. The synthetic 

plasmid was also designed to accept the wildtype ISA1 FspI - MfeI fragment, creating an alternative 

strategy of cloning an ISA1 fragment into the synthetic plasmid. The synthetic plasmid was also designed 

to have a multiple cloning site (MCS) to accept the AphVIII resistance cassette from pSI103. The Δ PvuII 

fragment from PSI103 will contain the AphVIII cassette and can be cloned into the PvuII site in the 

synthetic plasmid. This can be followed by addition of the FspI - MfeI ISA1 containing fragment from 

pIsa1_BamHI_KpnI, to create a plasmid with AphVIII resistance cassette and hsp70 / rbcS2 ISA1. 

 Additionally, the NdeI site was inserted at the ATG start site to facilitate changing promoters. 

This would have to be done in the synthetic plasmid because the NdeI site is also found elsewhere in the 

wildtype ISA1 sequence in pIsa1_BamHI_KpnI.  

 
Figure 7.8 Restriction map of Isa1 overexpression synthetic promoter 
Restriction enzyme (RE) map of synthetic hsp70A / rbcS2 promoter for the Isa1 gene. This synthetic gene 
was created by DNA2.0 and is in their house plasmid pJ204. The number in parentheses is the number of 
time that RE cuts. Cloning into Isa1 refers to taking a fragment of this synthetic gene and cloning that into 
pIsa1_BamHI_KpnI . Cloning Isa1 in, refers to cloning a fragment of pIsa1_BamHI_KpnI into the 
synthetic plasmid. In this case to use the synthetic plasmid the AphVIII resistance marker will also need 
to be inserted before the plasmid can be transformed into Chlamydomonas. 
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7.18.2 Nannochloropsis homologous recombination plasmid 

 Nannochloropsis has been reported to insert exogenous DNA into its genome via homologous 

recombination (HR) (Kilian 2011a). This is highly advantageous for creating targeted mutations or for 

genome editing. To test if Nannochloropsis gaditana can undergo HR we designed a construct with two 

large MCS regions that can be used to clone in homologous flanking regions (Figure 7.9). This cassette 

has a codon optimized chloramphenicol acetyltransferase as the marker gene driven by the UEP promoter 

(Radakovits 2012a, Radakovits 2013) to confer resistance to chloramphenicol. The synthetic gene was 

synthesized with OMP reductase homologous regions in place. Each of these can be removed by single 

RE, SbfI and SpeI to remove HR region 1 and 2, respectively. RE have been place conveniently to allow 

for customization of the construct. To put in the Zeocin cassette from Radakovits et al. (2012), XhoI or 

the HindIII - XhoI sites can be used. To insert the KO cassette into the yeast recombineering plasmid, 

pRS426, EcoRI - NotI can be used. Additionally, to put in the paromomycin resistance cassette 

synthesized by Brian Vogler, HindIII - PvuII or SpeI - PvuII can be used. 

 

7.18.3 Nannochloropsis over expression plasmid 

 A synthetic plasmid was designed to use a highly transcribed native promoter to drive high 

expression of foreign genes or RNAi constructs and to swap with native promoters by using homologous 

recombination. This construct employs the EEF1A promoter (eukaryotic elongation factor alpha subunit), 

one the most highly expressed genes in the genome (Radakovits 2013). For a terminator, a different 

 
Figure 7.9 Restriction map of Nannochloropsis homologous recombination plasmid 
pNgaKO_CAT_HR 
Restriction enzyme (RE) map of synthetic Nannochloropsis homologous recombination plasmid 
pNgaKO_CAT_HR. This synthetic gene was created by DNA2.0 and is in their house plasmid pJ368. 
This is the map of the plasmid without any homologous regions which would normally be located in the 
MCS regions. The number in parentheses is the number of time that RE cuts. 
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highly expressed gene was selected, to reduce the chance for unintended homologous recombination. The 

terminator used is the fructose-bisphosphate aldolase (ALDO) which is approximately the 19th most 

expressed gene. It was noted that many of the most highly expressed genes in Nannochloropsis gaditana 

have long 3'UTRs, including the ALDO terminator. Instead of driving a trans gene, a hairpin RNAi 

construct was designed to be expressed with the goal of knocking down PKS3 expression. The RNAi 

sequence can be changed using SspI or SacII and removed with EarI restriction enzymes. Upon removal 

this will leave the native EEF1A promoter and start codon which has designed in it the NdeI restriction 

enzyme site. Following the start codon is an MCS for cloning in genes and also the NcoI site. To use the 

NcoI site, the NdeI site can be remove by using the VspI site. For the stop codon, PmeI and HindIII are 

available. For a marker, a codon optimized hygromycin resistance (HygR) gene driven by Simian Virus 

40 (SV40) promoter was synthesized. The SV40 promoter, chimeric intron, late polyA region, and 

enhancer was described for use in Nannochloropsis by Synthetic Genomics Inc.(SGI) in a patent 

application disclosure (Schneider 2013). Our synthetic gene incorporates all of the components of the 

SV40 promoter and terminator used by SGI, but used the HygR marker instead of the bleomycin gene 

(ble). After the HygR CDS an RNAi antisense sequence has been added that targets another region of the 

PKS3 gene. Additionally, a green fluorescent protein (GFP) also used by SGI (Schneider 2013) was 

included. This was inserted at the end of our plasmid, not behind a promoter, bound by PacI. The GFP 

gene can be removed from the synthetic construct and used for a variety of purposes, including 

determining protein localization and promoter expression studies. 

 

7.19 Excel Visual Basic macros for data processing 

 For the completion of this thesis, several Excel Visual Basic for Applications (VBA) macros were 

written to help process data. VBA was selected because it integrates nicely with Excel and has the 

features of user forms and popup dialog boxes that can help with user input or data visualization. 

 

7.19.1 GC-FID fatty acid quantification macro 

 These VBA macros were written to extract data from the GC-FID, create standard curves for all 

FAME in the standard, and to calculate the fatty acid content of user samples. This macro was written 

because we are using standards that have many FAME, 37 for the 37Comp standard, which would be 

laborious and time intensive to make standard curves for every GC run. The macro makes Excel 

spreadsheets that are dynamic and editable by the user. The only thing the macro does is to populate the 

spreadsheets. If the user wants to alter anything in the spreadsheets after running the macro, they can and 

these changes will be reflected in the final FAME calculations. In order for it to work properly, the GC 

must assign the peaks of interest, and those names must be exactly the same names that are found in the 
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macro (on the "STANDARDS" tab). For example if the GC is assigning peaks as C18, but if in the 

standards page the macro has C18:0, the macro will not be able to connect that those peaks are really the 

same thing and will report that no C18:0 FAME is detected. New standards can be added or edited in the 

VBA script where indicated. One of the major problems with using the macro can arise if the GC does not 

properly assign the peaks and then the standard curves are off (this will often result in a low R2 warning) 

or some FAME may be missing in samples. It is always best that before you run the macros to check each 

sample on the GC and make sure all the peaks are properly annotated, and if not, adjust the retention time 

windows and re-export the data from the GC. To resave the data go to Report → Print Report; this must 

be done for each sample that you want to export the modified data, which can be laborious if you have a 

large number of samples. 

 

Protocol 

1. Use the Excel® spreadsheet DataAnalysisMacro.RJ.xls to load all of the GC-FID data into excel. 

This macro was adapted from Lieve Laurens at NREL (Laurens 2010). This macro finds the data 

and imports it into an Excel spreadsheet. It has to be run on Excel 2003. Once in the Excel sheet, 

run the macro "GetSortChemstationData". At the prompt enter the sequence name (this is the 

main folder that your data is stored in and is usually your name). Then enter your lab book name. 

This is the long name, usually with the date, that is your experiments name. It is best to copy and 

paste this name in to prevent typo errors. 

2. Copy all of the GC-FID data and close the "DataAnalysisMacro.RJ" excel sheet. The data will be 

located in the first column of the spreadsheet. 

3. Open "RobertsMacro_07.04.2011_Tom v1.38". Paste all of the data onto the first sheet, starting 

in the upper left corner (A1). This Excel file should be opened with Excel 2008. 

4. Run the macro, "DataProcessing" 

5. Enter the relevant data on the "INPUT" sheet (Figure 7.10). Enter all of the samples that are 

blanks and standards here (non-blanks and non-standard samples do not need to be entered here). 

Select the sample in Column B and then enter if it is a "BLANK" or a standard, such as 

"37comp", in Column C. For all standards enter the amount of standard and solvent (e.g. 10 

standard, 390 solvent). If standards are to be averaged, enter this in Column F. (Note: put all 

standards in Column B, but only select to average one set of standards with each other, not both 

sets, see Figure 7.10).Additionally, other parameters can be changed before further processing 

such as adjusting the injection volume, parameters used to filter out the solvent front or unknown 

peaks, or parameters to flag peaks. 
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6. Save before running next step in case you need to re-run the macro. You cannot rerun 

DataProccessing2 after it has been run, so you need to re-start from this point. 

7. Run "DataProcessing2" 

8. Analyze data. Make sure that all of the slopes and R2 for all of the FAME are reasonable. These 

are found on the "CAL" sheet. Red values are estimates and were not present in the standard (in 

the macro), but annotated by the GC. Because these are not found in the standard, their standard 

curve slopes come from the "Nearest Neighbor" estimation, in which they are given a standard 

slope which come from the nearest FAME that does have a standard as an estimate. Additionally, 

calibration information can be copied into the "CAL" sheet if you want to use values from a 

different run or standard. If R2 values are low you can check the "STDdata" sheet which will have 

all of the data that are from the standards. Check here to see if peaks are missing (not annotated 

by the GC) that will throw off the standard curve slopes. The "RESULTS" page contains the total 

FAME (ng) present in the hexane injected and also the individual amounts of FAME. These 

values do not take into consideration the sample dilution factor, which must be applied to get the 

final value of FAME present in the algal sample. 

 

 

 
 
Figure 7.10 Screen shot of GC-FID fatty acid quantification macro 
Screen shot of the "INPUT" sheet of the Excel file RobertsMacro_07.04.2011_Tom v1.38 after running 
the first macro, " DataProcessing". Blanks and standards sample numbers are entered in Column B and 
type entered into Column C. There is no need to enter experimental samples. Amount of standard and 
solvent are added to Column D and E. Standards to average with are added in Column F. If a sample is 
added to the average column, no samples should be added to average with that sample (Sig2000010.D, 
11, 12 are averaged to 3, 4, and 5 (F7, F8, F9) and cells F11, F12, F13 should remain blank). 



169 
 

7.19.2 Plate reader data transformer 

 This VBA macro was written to transcribe data from the plate reader and make it into a vertical 

column which can be easier to manipulate and calculate values from. The typical application for this is 

measurement of anthrone assays in 96 well plates. For example a 96 well plate has samples A1-A12 in 

row one, B1-B12 in row 2, and so on. This will take the values from these rows and put them in columns 

starting with A1-A12, then adding B1-B12 below A12, and so on. It is usually easiest to delete (make 

blank) measurements for empty wells before using the macro. They will be transformed into the column 

as blank rows. Also, this macro can be used to name your samples by putting the names in the 96 well 

formant then running the macro. 

 

Protocol 

1. Open Excel sheet that contains plate reader data. 

2. Open PlateReader_DATA_transformer 2010.5.5 v1.0.xlsm which contains the VBA macro. This 

macro has been written and tested on Excel 2008. 

3. Run the macro "PlateReader_DATA_transformer" 

4. Select the size of the plate used; (1) 96 well, (2) 24 well. 

5. Enter the number of rows of data. Typically this is the number of wavelengths measured. 

6. Select the first cell in the beginning of plate. Just select one cell, the top one if multiple 

wavelengths were measured. 

7. Select the column you want to add the data to by selecting one cell in that column. 

 

7.19.3 Coulter counter cell count and size analysis with the Truncator macros 

 The Coulter counter cell count and size, and truncator macros are designed to open cell size and 

count information saved from the Z2 Coulter Counter, put all of this data in one Excel spreadsheet, 

calculate the cell count, volume, and size, and then allow the user to open a GUI that shows the size 

distribution (Figure 7.11) so the user can then decide to truncate count information from cellular debris or 

clumps of cells. This can be used to make cell counts more accurate by eliminating counts for cellular 

debris or clumps. Additionally, eliminating debris and clumps will make the size information more 

accurate because you are measuring just whole single cells. This pipeline was used to generate the 

Chlamydomonas size information found in Work et al. (2010). 
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Figure 7.11 Screen shots of cell count Truncator userform 
Screen shot of the Userform2 found in the Excel VBA macro Truncator 2010.05.03 v2.2.xls. Top image 
(A) is during truncation, while the bottom (B) is redrawn after truncation. The green line is the de-bin 
average diameter and the magenta lines are de-bin standard deviation. The red lines are where the user 
selected to truncate the cell count to remove cellular debris (left red line) and cell clumps (right red line). 
The bottom redrawn screen shot (B) shows that the areas selected to be truncated are removed (zero 
count) and as a result the cell diameter mean has shifted (green line) to a slightly larger size after the 
truncation. 
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Protocol 

1. Open the Excel spreadsheet Cell_Size_Count_Macro_RJ.2010.05.03.xlsm to import all of the Z2 

Coulter counter data. 

2. Run the macro, Cell_Size_Count_Macro. Select all of the Z2 data you want to import. (The 

default file extension is .Z2, but this can be changed to import any file extension) 

3. The Z2 data for each sample should be imported into a single column on the "RAW" sheet. The 

data for each sample is also imported onto the "VOLUME" sheet into three columns. The data 

(starting at row 6) in the first column is the Coulter Counter assigned upper bin size, the second 

column is the count that is found in that bin, and the third column is the volume of all of the cells 

found in that bin size. At the top in the first column the following values can be found that are 

calculated from the below data: the cell count, total volume of all cells, average diameter, and 

average diameter standard deviation. The diameter average and standard deviation are calculated 

by using custom functions that takes the Coulter Counter bin size and count and de-bins that data 

to calculate the average diameter and standard deviation. This is measuring the actual distribution 

of cells and is more accurate than taking the total volume of cells found in the count and back 

calculating the diameter. The standard deviation is the standard deviation found assuming a 

normal distribution of cells. The "RESULTS" sheet looks up the counts, volume, and diameter 

from the volume page and consolidates the information. This is dynamic and changes if the data 

on the volume page is altered. 

4. To remove cell debris or cell clumps from the count and volume data (truncate the cell count 

data), then open the Excel workbook Truncator 2010.05.03 v2.2.xls. 

5. Navigate back to the "VOLUME" sheet that has the data to be truncated on it (in the other 

workbook). 

6. Open the Visual Basic Editor (under Developer tab). In the Project - VBAProject window expand 

the Forms folder under VBAProject Truncator 2010.05.03 v2.2.xls. Double click on 

"UserForm2". The truncator form should appear (Figure 7.11). Hit the play button ("Run sub") to 

start the Truncator macro. The Visual Basic Editor should minimize and the form should now be 

in front of your data. 

7. Select "Draw First Chart". The first Z2 count will be displayed. To navigate the Z2 data, clear Z2 

chart, or re-draw Z2 chart use the navigation buttons on right side of form (Figure 7.11). 

8. To truncate (delete data) cell debris or clumps of cells use the buttons at the bottom of the form. 

Where the user clicks on the button determines at which point the data becomes truncated. The 

top button truncates to the left (smaller sizes) and can be used to truncate debris peaks. After 

clicking this button, it will automatically advance to the next Z2 data set to allow for rapid 
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trimming. The middle button will trim to the right (larger sizes) and can be used to eliminate cell 

clumps. The bottom button will trim to the left (smaller sizes) but not automatically advance. This 

can be used to trim multiple times to 'walk' up to the spot where you want to truncate by trimming 

more and more until the user trims the amount they want. Hitting the space bar will also advance 

to the next Z2 data set. Note: once data is truncated, it is not retrievable, so it is always good to 

save an un-truncated version of the data in case the user performs a bad truncation. To replace the 

data, copy the three columns of data for that sample from the un-truncated "VOLUME" sheet to 

the truncated "VOLUME" sheet. The user can navigate back to where they were by using the 

"Column" field and "GoTo" button. 

9. The count, volume, and size data on the "RESULTS" page is automatically updated after 

truncation. 

 

7.19.4 Coulter counter data re-binner 

 Re-binning Z2 Coulter Counter data has many advantages in viewing size data and for calculating 

size averages and standard deviations from multiple replicates (See section 7.4.4, pg. 142 for a more 

complete review on this topic). The re-binner macro accomplishes this by taking Coulter Counter data and 

then populating user defined bins. Typically, these bin sizes are 0.5 or 0.25 µm in width. Bin size can be 

changed by manually editing the macro at the line "For binSIZE = 0.5 To 20 Step 0.25", where the first 

two numbers are the upper and lower limits of the bins and the "Step" is the width of the bin (in this case 

0.25 µm). Typically the user should not set the bin width to be smaller than the largest Coulter Counter 

bin so I would recommend 0.25 µm at a minimum bin size. 

  A problem can arise if the user defined bins partially overlap with the Coulter Counter bin. To 

remedy this the macro proportionally divides the counts into the new bin(s), so the final cell count will be 

exactly the same as the original count. The downside of this technique is then fractional portions of cells 

are assigned to bins which is unrealistic; however the cell counts should be sufficiently high that this is 

not a significant factor. 

 

Protocol 

1. Open the Excel workbook reBINNER_2010.12.06.xlsm. 

2. Open the Excel workbook that has the data you want to re-bin and navigate to the "VOLUME" 

sheet. 

3. Run the macro, "Count_Size_ReBinner". 
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4. The macro will run an create a new spreadsheet with the rebined data on it. The data can now 

easily be averaged and plotted without distortion commonly found in the Coulter Counter bin 

sizes. 

 

7.19.5 At a difference add, average, standard deviation, delete blank lines, etc. macro 

 This is a macro that was written to do a lot of different tasks that help in processing data in Excel. 

The premise is that it starts at the bottom row of your spreadsheet and works up line by line looking in the 

column that the user specifies. If the row and the previous row are different values ("At a Difference") the 

macro will execute various lines of code. The actions this macro can perform range from putting in lines 

to separate data, averaging and conducting standard deviations on data in another column, eliminate 

blanks, relist unique data in a user defined location, and others. The user selects which action the macro 

will perform in a popup dialog box that lists all of the functions (Figure 7.12). This set of macros was put 

into my PERSONAL.XLSB spreadsheet which automatically loads every time Excel opens, so it is 

always available.  

 

Protocol 

1. To put the macro into your 

PERSONAL.XLSB spreadsheet so that 

it is available every time you run Excel, 

open Excel and open the Visual Basic 

Editor (under Developer tab).  

2. In the Project - VBAProject window 

expand the VBAProject 

(PERSONAL.XLSB) and expand 

Modules. Note if PERSONAL.XLSB 

does not exist, then go to the Developer 

tab and "Record Macro". Make sure to 

"Store in Personal Macro Workbook" 

which will generate 

PERSONAL.XLSB.  

3. Copy and paste the macro code from At_Difference_add_avg_std_ref_2013.11.19.txt into 

Module1. If no Modules exist go to Insert → Module. 

4. When you exit Excel, it will ask you if you want to save PERSONAL.XLSB. Say yes so that next 

time the macro will be available when you launch excel. 

 
Figure 7.12 Screen shot of 
At_Difference_add_avg_std_ref macro dialog 
box 
Screen shot of the popup dialog box asking the 
user what they want to do. Put the number in the 
box of what you want to do and hit ok to continue. 
Most of the options involve the "At a difference" 
where values in subsequent rows are compared 
and if they are different the macro will perform an 
operation such as adding a line to separate values, 
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5. In Excel, run the macro "At_Difference_add_avg_std_ref" 

6.  A popup dialog box will open (Figure 7.12). Select which task you want to perform by inputting 

a number and hitting ok. The macro will specify what the user needs to do for each task in a 

series of prompts. Typically you can exit by hitting the Cancel button, which may or may not 

cause an error which can be ignored. Make sure to only select one cell if the Macro specifies that. 

 

7.19.6 Error bar adder, change title and axis, and change series name macro 

 This is a macro that was written to rapidly and easily add error bars, change series names, and add 

or change title and axis of charts in Excel. This macro will add vertical error bars (top and bottom, or just 

top) to bar charts and XY scatter plots. In the macro the user has to select if the data plotted is horizontal 

or vertical, an example of which is given in the popup dialog box (Figure 7.13). The error bar data to be 

added should be in the exact layout as the data that was used to create the chart. Sometimes the user may 

have to try horizontal and vertical data options to find the correct method. The easiest way to do this is to 

delete one of the error bar values you want to add, then try both horizontal and vertical data types in the 

macro to determine which one 

does not give an error bar on the 

deleted data point. 

 To change the series, 

name of a chart the user can use 

the "s" option. The macro will 

start at the point chosen and will 

move down cells changing 

current series name with that of 

the selected cells. 

 Adding or changing the 

title of the chart is also 

simplified with this macro by 

using the "t" option. If selected, 

a dialog box opens that allows 

the user to input the text they 

want to be used in the title or 

axis label of the chart. If nothing 

is input no title or axis label is 

added to the chart. 

 
Figure 7.13 Screen shot of error bar adder macro dialog box 
Screen shot of the popup dialog box asking the user what they 
want to do. Put the letter in the box of what you want to do and 
hit ok to continue. From this macro users can add error bars to 
charts, change the series name, and add or change the title and 
axis. 
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Protocol 

1. Load the macro ErrorBAR_Adder_2013.11.19.txt into your PERSONAL.XLBS. See section 

7.19.5 for more detailed instructions. 

2. To format a chart, select it. Then run the macro "ErrorBAR_Adder". Alternatively, you can 

assign this macro a hot key, such as CTRL-E, so it is quickly accessible. To add a macro to a hot 

key open the run Macro dialog box, select the macro, then go to "Options…". 

3. Follow the instructions given. 

 

7.20 Make figures in Illustrator from Excel 

 Sometimes it is necessary to import figures created in Microsoft Excel into Adobe Illustrator. The 

following is a method to do this and allow manipulation of individual parts of the Excel graph (such as 

changing the color of bar graphs). 

 

Protocol 

1. Make a graph as good as possible in Excel because generally it is harder to work in Illustrator 

than Excel. However some things in Excel are not possible so manipulation in Illustrator may be 

necessary. 

2. Copy as picture in Excel (alternatively save as PDF). 

3. Paste in Illustrator (or open pdf). 

4. Remove all Clipping Masks: Select → Object → Clipping Mask, then delete. 

5. Select all, Ungroup (many times may be necessary). 

Free bar graphs so that you can change their colors individually: Select bars, then Object → Compound 

Path → Release. 
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CHAPTER 8 

CONCLUSION 

The following chapter contains text and a Figure that is included in a manuscript in press at 

Photosynthesis Research with the following citation: Davies, F. K.; Jinkerson, R. E.; Posewitz, M. C., 

Towards a photosynthetic microbial platform for terpenoid engineering. Photosynthesis Research 2014, 

1-20. 

 

 Before algae can be cultivated economically at commercial scales for the production of biofuels, 

advances in our understanding of fundamental algal biology and algal metabolic engineering are needed 

(Sheehan 1998, Dismukes 2008, Hu 2008, Pienkos 2009, Radakovits 2010, Wijffels 2010, Elliott 2011, 

Jinkerson 2011, Work 2012, Work 2013). Although maximum oil and starch production is limited based 

on the maximum photon conversion efficiency of the algae (Weyer 2010, Blankenship 2011), the current 

state of oil and starch production is well below theoretical and thus many gains can be made before these 

limits are reached. The work presented in this thesis advances these goals by (1) progressing knowledge 

of carbon partitioning in algae, (2) establishing the role of isoamylase in the biosynthesis of excess starch 

in complemented Chlamydomonas strains, (3) proposing methodology that utilizes systems biology to 

increase algal biofuel yields, and (4) by establishing Nannochloropsis as a new model organism for the 

production of algal lipids by sequencing and analyzing its genome and transcriptome. 

 Many previous studies have looked at starchless mutants in Chlamydomonas, but the goal of 

these studies has been to identify and evaluate the enzymes need for starch biosynthesis in green plants 

and algae (Libessart 1995, Mouille 1996, Ball 1998, Dauvillée 2000, Zabawinski 2001, Ball 2009). We 

took the approach of looking at these starchless mutants in a different light; in the absence of starch 

production will carbon be redirected in TAG biosynthesis? We were the first to show that the starchless 

mutant sta7, deficient in the isoamylase 1 enzyme (Posewitz 2004b), does produce more total fatty acids 

than the wildtype (Work 2010) and, along with other groups, showed that the sta6 mutant, deficient in the 

AGPase, also produces more total fatty acids and TAG (Wang 2009b, Li 2010b, Li 2010c, Work 2010). 

Additionally, we determined that the loss of starch production is not made up on an energy content basis 

by the increase in TAG and that overall anabolic process, including photosynthetic oxygen evolution and 

acetate consumption, are reduced in the starchless mutants (Work 2010, Radakovits 2012b). Since 

publication, this work has been the basis, in part, of several follow-up studies on carbon partitioning and 

lipid metabolism in C. reinhardtii (Goodson 2011, Siaut 2011, Merchant 2012, Blaby 2013, Ramanan 

2013). Several key question still remain that have not been answered, included why does the anabolic 
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capacity of starchless mutants drop, what is the mechanism of this of change, and how can we keep 

photosynthetic rates in these algae high. 

 An unexpected result that emerged from the Work et al. (2010) study was that complementation 

of the ISA1 gene resulted in an increase in starch production. This result inspired the next series of 

experimentation that investigated the role of isoamylase in the starch excess phenotype. We showed that 

the starch excess phenotype seen in the sta7 complemented strains was a result of the isoamylase and not 

an aberration from the mutant background by replicating this phenotype in a wildtype strain. This starch 

excess strain produces larger, more crystalline starch granules, with a greater distance between α-1,6 

branch points. This along with zymogram data suggests increased isoamylase activity. This work has 

shown that by increasing levels of isoamylase, the physical properties of the starch granules can be 

altered, which result in increased starch production. Future work will be need to determine how these 

starch granule alterations actually result in a starch increase and if a similar approach could be taken in 

higher plants to increase starch production in food crops. 

 Technological advances in systems biology will continue to reduce the costs of these methods and 

make them more widespread. As this data becomes more available, advances in algal biology will 

progress at faster rates (Jinkerson 2011). Next-generation nucleotide sequencing technologies have 

especially made a large impact and have dramatically increased genomic and transcriptomic data 

availability of non-model organism (Paul 2014). In Jinkerson et al. (2011), we propose approaches to use 

this plethora of newly available data to increase biofuel production in algae. These strategies include 

conducting comparative genomic studies between oleaginous algae to find an 'OilyCut' set of genes that 

may give rise to observed oily phenotypes. This methodology can be used to find genes that are involved 

in wide variety of traits and such methods will become more powerful as more algae are sequenced. 

Recent algal genome sequencing efforts have included five Nannochloropsis species (Wang 2014), the 

red alga Porphyridium purpureum (Bhattacharya 2013), the green alga Coccomyxa subellipsoidea (Blanc 

2012), and the yellow-green alga Heterococcus sp. (Nelson 2013). Our recent work in algal 

transcriptomics shows that even in non-model organisms, such as Tetraselmis sp. GSL018, genetic 

insights can be quickly and cheaply be obtained; in this case the genes involved in hydrogen production in 

this halophilic alga were determined (Figure 8.1) (D'Adamo 2014). 

 Systems biology can also be used to rapidly develop non-model organisms into new model 

systems that are industrially relevant for biofuel production. A template for using these new tools to 

establish a new model organism is shown in Figure 4.3 (pg. 83) (Jinkerson 2011). We employed this 

methodology and utilized genome and transcriptome sequencing technologies to establish a new model 

alga for evaluating lipid production, Nannochloropsis gaditana, (Radakovits 2012a, Jinkerson 2013). We 

were the first to publicly publish a draft genome sequence and gene models for this species of algae. 
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Overall, the genome is relatively small in size (30 Mb) and contains about 9,000 genes. Our analysis 

detailed some of the distinguishing features of the genome and gene complement that may contribute to 

the oleaginous phenotype observed. These include an over-representation of genes associated with fatty 

acid metabolism, genes unique to photosynthetic stramenopiles ('StramenopilePhotoCut'), and metabolic 

pathways that are differentially regulated under nitrogen deprivation. 

 The genomic and transcriptomic data and analysis presented in our work (Radakovits 2012a, 

Jinkerson 2013), and that of others (Kilian 2011a, Pan 2011, Vieler 2012, Carpinelli 2013, Liang 2013, 

Zheng 2013, Wang 2014), has laid a foundation for further study of this alga. The next step is to develop 

genetic tools that allow for routine and facile genetic manipulations, including RNAi for gene knock 

down and CRISPR-Cas9 systems for target gene knock out (Shalem 2014). Determining if 

Nannochloropsis can reproduce sexually is another avenue that should be explored. Genes that are 

involved in meiosis in other organisms are found in Nannochloropsis, but many of these genes were not 

transcribed under any of the conditions assayed (Radakovits 2012a). This may indicate that N. gaditana 

can no longer undergo a meiotic cycle, or that the proper environmental conditions or alternative mating 

type were not present in our experimental conditions. Paths forward may including putting a reporter 

gene, such as GFP (Schneider 2013), behind the promoter region of a possible meiosis related gene and 

screen a variety of environmental conditions for expression. Also this strain, CCMP526, can be 

introduced to other N. gaditana isolates to see if other isolates, which may be of an alternative mating 

 
Figure 8.1 HYDE sequences of Tetraselmis determined by transcriptomics 
Schematic representation of the independent HYDE and fused HYDEF transcripts obtained from 
transcriptome sequencing of Tetraselmis sp. GSL018. The percent nucleotide identity of each transcript to 
each other is given. Detected SNPs between HYDE and HYDEF are also indicated. The insert shows a 
detailed view of the genomic differences (determined by PCR) between the two genes, specifically the 
loss of the stop codon and 3’UTR plus the addition of an intron in the HYDEF gene. Created for 
D'Adamo et al. (2014). 
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type, can induce expression. These types of experiments may help clarify if Nannochloropsis can undergo 

sexual recombination, if these genes serve alternative purposes, or are genetic fossils that no longer 

function. 

 The availability of genomic and transcriptomic sequencing data from a variety of 

Nannochloropsis species will allow for extended study of the evolution of this alga and stramenopiles in 

general. Recently, we have used this genomic data to investigate genes of interest that are found in this 

organism and other stramenopiles. We have established that two discrete pyruvate dehydrogenase (PDH) 

complexes are present in Nannochloropsis (Jinkerson 2013). This complex catalyzes and regulates the 

oxidative decarboxylation of pyruvate to acetyl CoA, and now since it has been identified efforts can be 

undertaken to begin characterizing and manipulating this important metabolic node to fatty acid 

biosynthesis. Another interesting gene indentified, a predicted isopentenyl-diphosphate delta 

isomerase/squalene synthase (IDI/SQS) bifunctional protein, is a fusion protein associated with terpenoid 

metabolism and was recently investigated (Davies 2014). The IDI/SQS fusion appears to be conserved 

across photosynthetic heterokonts (stramenopiles) including diatoms, brown algae, and Aureococcus 

anophagefferens, and can also be found in the haptophyte Emiliania huxleyi and in several 

Dinoflagellates (Figure 8.2). Squalene synthase catalyzes the reductive dimerization of two farnesyl 

pyrophosphate (FPP) molecules in a head-to-head orientation to form the triterpene squalene, which is an 

essential precursor of all sterols. Plants synthesize squalene in the cytosol via products of the MVA 

pathway, and the absence of a chloroplast transit peptide sequence associated with the IDI/SQS fusion 

protein is also suggestive of a cytosolic localization. However, Nannochloropsis and other microalgae 

solely utilize the plastidal MEP pathway for terpenoid biosynthesis, suggesting that IPP and/or DMAPP 

building blocks are transported across the chloroplast envelope to the cytosol for squalene/sterol 

biosynthesis. The SQS enzyme associates with the endoplasmic reticulum membrane, where it is 

anchored by a short C-terminal membrane-spanning domain.  It is an interesting possibility that farnesyl 

pyrophosphate synthase (FPPS) may physically interact with the IDI/SQS bifunctional protein to 

complete the missing step in this series of reactions for squalene synthesis. The IDI encoded by the fusion 

protein appears to function exclusively as a cytosolic IPP isomerase, because a second IDI with a 

predicted chloroplast transit peptide is annotated in the Nannochloropsis gaditana draft genome 

(Radakovits 2012a), which is likely to function in plastidal terpenoid biosynthesis. Both of the predicted 

IDI genes encode Type I IDI. Interestingly, the fused IDI are more closely related to IDI found in green 

algae, while the independent IDI found in N. gaditana, Ectocarpus siliceous, and the non-photosynthetic 

Oomycetes are more closely related to red algae (Figure 8.2a). The independent IDI was likely found in 

early heterokonts and was subsequently lost in some lineages, including diatoms, Aureococcus 

anophagefferens, and the Dinoflagellates Alexandrium tamarense and Lingulodinium polyhedron, which 
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Figure 8.2 Evolutionary relationships of IDI and SQS across algal taxa 
(a) Evolutionary relationships of IPPI across algal taxa. Just the IPPI domain from independent IPPI or 
fusion IDI/SQS were used. The evolutionary history was inferred using the Neighbor-Joining method 
(Saitou 1987). The optimal tree with the sum of branch length = 6.86792575 is shown. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are 
shown next to the branches (Felsenstein 1985). The tree is drawn to scale, with branch lengths in the same 
units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances 
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only have one IDI that is fused to SQS. However, independent IDI have reemerged in some diatoms such 

as Phaeodactylum tricornutum and Thalassiosira pseudonana, which are paralogs of their respective 

IDI/SQS and are likely the result of independent unfusion events. Despite being lost at some point in their 

evolutionary past, in these diatoms an independent IDI is likely advantageous in balancing DMAPP and 

IPP ratios. SQS domains in Heterokontophyta are all monophyletic, no independent SQS have been 

identified thus far in photosynthetic heterokonts, and the SQS may not be of red algal origin (Figure 

8.2b). Understanding the functional roles and the evolutionary origins of these and other biosynthetic 

genes may give key insights into the way nature organizes these pathways which can be exploited for 

anthropogenic systems for biofuel production. 

 Algae offer an extraordinary potential for the production of biofuels. Organic molecules, such as 

algaenan, produced by algae millions of years ago are implicated as a key source of carbon for certain 

types of kerogen, the source of petroleum. If we can harness these organisms today in ways to produce 

chemicals of our choosing, we can provide sustainable, carbon neutral transportation fuels. This body of 

work advances these goals, but continued exploration of algal biology is needed to gain key insights into 

these fascinating organisms in order to fully realize their potential.  

  

were computed using the Poisson correction method (Zuckerkandl 1965) and are in the units of the 
number of amino acid substitutions per site. The analysis involved 31 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 143 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA5 (Tamura 2011). Blue entries are IDI from the fused 
IDI/SQS, while red entries are from independent IDI found in heterokonts.  (C) Evolutionary 
relationships of SQS across algal taxa. Just the SQS domain from independent SQS or fusion IDI/SQS 
were used. The method used was the same as above except that the analysis involved 26 amino acid 
sequences and there were a total of 270 positions in the final dataset. The optimal tree with the sum of 
branch length = 6.26047703 is shown. Blue entries are SQS from the fused IDI/SQS. Created for Davies 
et al. (2014). 
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APPENDIX A SUPPLEMENTARY MATERIALS 

Table A-1 Chloroplast gene content comparison - continued 

Gene 
Name 

Guillardia 
theta 

Odontella 
sinensis P. tricornutum T. pseudonana Emiliania 

huxleyi 
Ectocarpus 
siliculosus N. gaditana 

acpP + + + - - - - 
atpA + + + + + + + 
atpB + + + + + + + 
atpD + + + + + + - 
atpE + + + + + + + 
atpF + + + + + + + 
atpG + + + + + + + 
atpH + + + + + + + 
atpI + + + + + + + 

cbbX + + + + + + + 
ccs1 

(ycf44) + + + + + + + 

ccsA 
(ycf5) + + + + + + + 

cemA 
(ycf10) + - - - - - - 

chlB - - - - - + + 
chlI + + + + + + + 
chlJ - - - - - - - 
chlL - - - - - + + 
chlN - - - - - + + 
clpA - - - - - - + 
clpC + + + + + + + 
cpeB + - - - - - - 
dfr - - - - + - - 

dnaB + + + + - + - 
dnaK + + + + + + + 
ftrB + - - - - + - 
ftsH 

(ycf25) + + + + - + + 

groL + + + + + + + 
hlip 

(ycf17) + - - - - + - 

hupA + - - - - - - 
ilvB + - - - - + + 
ilvH + - - - - + - 
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Table A-1 Chloroplast gene content comparison - continued 

Gene 
Name 

Guillardia 
theta 

Odontella 
sinensis P. tricornutum T. pseudonana Emiliania 

huxleyi 
Ectocarpus 
siliculosus N. gaditana 

infB + - - - - - - 
minD + - - - + - - 
minE + - - - - - - 
pbsA + - - - - - - 
petA + + + + + + + 
petB + + + + + + + 
petD + + + + + + + 
petF + + + + - + + 
petG + + + + + + + 
petL 
(ycf7) + + + + + + - 

petM 
(ycf31) + + + + + + - 

petN 
(ycf6) + + + + + + + 

psaA + + + + + + + 
psaB + + + + + + + 
psaC + + + + + + + 
psaD + + + + + + + 
psaE + + + + - + + 
psaF + + + + + + + 
psaI + + + + + + + 
psaJ + + + + + + + 
psaK + - - - - - - 
psaL + + + + + + + 
psaM + + + + + + + 
psb28 
(ycf79) + + + + - + + 

psbA + + + + + + + 
psbB + + + + + + + 
psbC + + + + + + + 
psbD + + + + + + + 
psbE + + + + + + + 
psbF + + + + + + + 
psbH + + + + + + + 
psbI + + + + + + + 
psbJ + + + + + + + 
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Table A-1 Chloroplast gene content comparison - continued 

Gene 
Name 

Guillardia 
theta 

Odontella 
sinensis P. tricornutum T. pseudonana Emiliania 

huxleyi 
Ectocarpus 
siliculosus N. gaditana 

psbK + + + + + + + 
psbL + + + + + + + 
psbN + + + + + + + 
psbT 
(ycf8) + + + + + + + 

psbV + + + + + + + 
psbW - - - - - + + 
psbX + + + + + + - 
psbY 

(ycf32) + + + + + + + 

psbZ 
(ycf9) + + + + + - + 

rbcL + + + + + + + 
rbcR 

(ycf30) + + + + + + - 

rbcS + + + + + + + 
rne + - - - - - - 
rpl1 + + + + - + + 
rpl11 + + + + - + + 
rpl12 + + + + - + + 
rpl13 + + + + - + + 
rpl14 + + + + + + + 
rpl16 + + + + + + + 
rpl18 + + + + - + + 
rpl19 + + + + + + + 
rpl2 + + + + + + + 
rpl20 + + + + + + + 
rpl21 + + + + + + + 
rpl22 + + + + + + + 
rpl23 + + + + + + + 
rpl24 + + + + - + - 
rpl27 + + + + + + + 
rpl29 + + + + - + - 
rpl3 + + + + + + + 
rpl31 + + + + + + + 
rpl32 + + + + - + + 
rpl33 + + + + + + + 
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Table A-1 Chloroplast gene content comparison - continued 

Gene 
Name 

Guillardia 
theta 

Odontella 
sinensis P. tricornutum T. pseudonana Emiliania 

huxleyi 
Ectocarpus 
siliculosus N. gaditana 

rpl34 + + + + + + + 
rpl35 + + + + - + + 
rpl36 + + + + + + + 
rpl4 + + + + - + + 
rpl5 + + + + + + + 
rpl6 + + + + + + + 

rpmC - - - - - + + 
rpoA + + + + + + + 
rpoB + + + + + + + 

rpoC1 + + + + + + + 
rpoC2 + + + + + + + 
rpoZ 

(ycf61) + - - - - - - 

rps10 + + + + + + + 
rps11 + + + + + + + 
rps12 + + + + + + + 
rps13 + + + + + + + 
rps14 + + + + + + + 
rps16 + + + + + + + 
rps17 + + + + + + + 
rps18 + + + + + + + 
rps19 + + + + + + + 
rps2 + + + + + + + 
rps20 + + + + - + + 
rps3 + + + + + + + 
rps4 + + + + + + + 
rps5 + + + + + + + 
rps6 + + + + + - + 
rps7 + + + + + + + 
rps8 + + + + + + + 
rps9 + + + + + + + 
secA + + + + + + + 
secG 

(ycf47) + + + + + + - 

secY + + + + + + + 
sufB 

(ycf24) + + + + + + + 
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Table A-1 Chloroplast gene content comparison - continued 

Gene 
Name 

Guillardia 
theta 

Odontella 
sinensis P. tricornutum T. pseudonana Emiliania 

huxleyi 
Ectocarpus 
siliculosus N. gaditana 

sufC 
(ycf16) + + + + - + + 

syfB - - + - -  - 
tatC 

(ycf43) + + + + +  + 

thiG - + + + + + + 
thiS 

(ycf40) - + + + + + + 

tsf + - + - - + - 
tufA + + + + + + + 

ycf12 + + + + + + + 
ycf19 + - - - + + + 
ycf20 + - - - + - - 
ycf27 + - - - + - - 
ycf29 + - - - - - - 
ycf3 + + + + + + + 
ycf33 + + + + - + - 
ycf34 - - - - - + + 
ycf35 + + + + + + - 
ycf36 + - - - - - - 
ycf37 + - - - - + - 
ycf39 + + + + + + - 
ycf4 + + + + + + + 
ycf41 - + + + - + - 
ycf42 - + + + - + - 
ycf45 - + + + + - - 
ycf46 + + + + + + + 
ycf54 - - - - - + + 
ycf55 - - - - + - - 
ycf59 - - - - - - + 
ycf60 - - - - + + - 
ycf65 + - - - + + - 
ycf66 - + + + - + + 
ycf80 + - - - + - - 
ycf88 - + + + - - - 
ycf89 - + + + - - - 
ycf90 - + + + - - - 
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Table A-2 N. gaditana gene clusters - continued 

GO-terma GO-term descritipionb Contigc 

N. gaditana 
modeld Gene model descriptione Gene #f 

GO:0003674 molecular function merged000156 
Nga06291 hydE (radical sam domain protein) 1 
Nga06282.1 hydG(biotin and thiamin synthesis associated) 2 
Nga02278.2 hydA (fe-only) 3 
Nga06289 hydF (small gtp-binding protein) 4 
GO:0006807 nitrogen compound metabolic process merged000381 
Nga02268 nitrate reductase 1 
Nga02267 ferredoxin-nitrite reductase 2 
Nga10006 nitrate high affinity transporter 3 
GO:0010467; 
GO:0016070 gene expression; RNA metabolic process merged000024 

Nga00538 small nuclear ribonucleoprotein associated protein b 1 
Nga00552 translesion dna polymerase-rev1 deoxycytidyl transferase 14 
Nga00540 ash1 ( or homeotic)-like 15 
Nga20782 50s ribosomal protein l9 17 
Nga00535 histone-lysine n-methyltransferase 19 
Nga00543 ef-1 guanine nucleotide exchange domain-containing 20 
Nga00558 ribosomal protein s16 21 
Nga00583 cg9383-pa 26 
Nga00593 polyribonucleotide nucleotidyltransferase 27 
Nga21110 polyribonucleotide nucleotidyltransferase 28 
Nga00596 rna helicase rnase 37 
Nga00595 dicer-like protein 2 38 
Nga20178 dicer-1 39 
Nga00568 cdc2-like protein kinase 43 
Nga00562 5 -3 exoribonuclease 2 63 
Nga00557 glycyl-trna synthetase 70 
Nga00581.01 dna polymerase v family 73 
Nga00566.01 protein bud31 homolog 74 
GO:0042967 acyl-carrier-protein biosynthetic process merged000123 
Nga02737 phospholipid:diacylglycerol acyltransferase 1 
Nga02743 serine palmitoyltransferase 9 
Nga02741 pyruvate dehydrogenase component x 10 
GO:0006807 nitrogen compound metabolic process merged000138 
Nga00713 guanine deaminase 1 
Nga00717 cytohesin-1 isoform 2 3 
Nga00702 serine threonine-protein kinase tousled-like 1 isoform 2 5 
GO:0008610 lipid biosynthetic process merged000154 
Nga00818 monogalactosyldiacylglycerol synthase 1 
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Table A-2 N. gaditana gene clusters - continued 

GO-terma GO-term descritipionb Contigc 

N. gaditana 
modeld Gene model descriptione Gene #f 

Nga00817 fatty acid desaturase 3 

GO:0046394 carboxylic acid biosynthetic process merged000212 
Nga05525 anthranilate synthase 1 
Nga05530 cystathionine beta-synthase 5 
Nga05522 dihydroxy-acid dehydratase 11 
GO:0006778 porphyrin metabolic process merged000288 
Nga03876 protoporphyrinogen oxidase 1 
Nga03879 protoporphyrinogen oxidase 2 
Nga03873 protoporphyrinogen oxidase 5 
GO:0006397 mRNA processing merged000340 
Nga20580 rrna processing protein rrp17 1 
Nga30171 u4 u6 small nuclear ribonucleoprotein prp3 2 
Nga30821 u4 u6 small nuclear ribonucleoprotein prp4 3 
Nga05511 prp4 pre-mrna processing factor 4 homolog 4 
Nga30351 u4 u6 small nuclear ribonucleoprotein prp4 6 
GO:0016070 RNA metabolic process merged000438 
Nga03294 tfiih subunit 1 
Nga30114 protein 2 
Nga03302 polyadenlyte binding protein 3 

Nga03296 b chain structure of the mlle domain of poly-binding protein 
in complex with the binding region of paip2 5 

GO:0006810 transport merged000462 
Nga31189 abc transporter 1 
Nga03486 abc atp-binding permease protein 3 
Nga03479 atp-binding cassette superfamily 6 
GO:0034641 cellular nitrogen compound metabolic process NODE_3127 
Nga03304 s-adenosylmethionine synthetase 1 
Nga03314 glutamyl-trna amidotransferase subunit a 2 
Nga03312 cytidine and deoxycytidylate deaminase family protein 3 
Nga03305 rna pseudouridylate synthase family protein 4 
Nga03303 carbamoyl-phosphate small subunit 5 
Nga03313 dihydropteroate synthase 6 
Nga03316 aspartate aminotransferase 10 
Nga03306 thymidylate synthase 11 
Nga03310 dihydrofolate reductase 12 
Nga03311 threonyl-trna synthetase 13 

GO:0006139 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process NODE_4378 

Nga30490 polymerase (dna directed) epsilon 2 (p59 subunit) 1 
Nga03669 uv-damaged dna-binding 2 
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Table A-2 N. gaditana gene clusters - continued 

GO-terma GO-term descritipionb Contigc 

N. gaditana 
modeld Gene model descriptione Gene #f 

Nga30761 gtp-binding protein 3 
Nga30709 dna damage-binding 4 
GO:0006139; 
GO:0006310 

nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process;  DNA recombination NODE_5200 

Nga30978 deah (asp-glu-ala-his) box polypeptide 8-like 1 
Nga03202 dna mismatch repair protein msh2 3 
Nga03203 dna mismatch repair protein msh2 5 
Nga30317 dna mismatch repair protein msh2 10 
Nga30528 protein 13 
GO:0006810 transport NODE_521 
Nga01558 chromate transporter 1 
Nga01560 translocase of inner mitochondrial membrane 13 homolog 4 
Nga01563 lipid a export atp-binding permease protein msba 5 
Nga20851 at2g36910-like protein 6 
Nga20388 atp-binding sub-family b (mdr tap) member 10 7 
GO:0042967 acyl-carrier-protein biosynthetic process NODE_5292 
Nga04041 dihydrolipoamide acetyltransferase 1 
Nga04043 branched-chain alpha-keto acid dehydrogenase subunit e2 3 
Nga04040 branched-chain alpha-keto acid dehydrogenase subunit e2 6 
GO:0006260 DNA replication NODE_5379 
Nga30513 dna replication licensing factor mcm3 1 
Nga01778 dna replication licensing factor mcm3 5 
GO:0009081 branched chain family amino acid metabolic process NODE_5711 
Nga04063 dihydroxy-acid dehydratase 1 
Nga30327 dihydroxy-acid dehydratase 3 
Nga30644 methylmalonate-semialdehyde dehydrogenase 8 
GO:0006536 glutamate metabolic process NODE_5865 
Nga30142 glutamate--cysteine ligase catalytic subunit 1 
Nga30765 glutamate-cysteine catalytic subunit 2 
GO:0006732 coenzyme metabolic process NODE_653 
Nga02623.2 molybdenum cofactor synthesis 1 1 
Nga01769.1 5-oxoprolinase 2 
Nga01765.01 cystathionine gamma-lyase 6 
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Table A-3 Over-representation of amino acid metabolic GO-terms 

GO terma 
Over- or 
Under-

representedb 

p-valuec 
P. 

tricornutum 

p-valuec 
C. 

reinhardtii 
serine family amino acid metabolic process over 3.39E-23 3.37E-28 
isoleucine metabolic process over 2.81E-12 3.10E-16 
cellular amino acid metabolic process over 2.10E-11 8.37E-22 
valine metabolic process over 6.23E-10 3.86E-15 
cellular amino acid and derivative metabolic process over 3.47E-09 2.03E-17 
tyrosine metabolic process over 7.89E-09 4.25E-10 
leucine metabolic process over 5.65E-08 5.39E-12 
isoleucine catabolic process over 8.54E-08 1.19E-10 
aspartate family amino acid metabolic process over 4.62E-07 1.57E-10 
valine catabolic process over 5.92E-07 1.74E-09 
valine biosynthetic process over 7.25E-07 3.62E-08 
leucine catabolic process over 2.86E-06 1.33E-08 
tryptophan metabolic process over 2.86E-06 1.63E-08 
tyrosine biosynthetic process over 7.36E-06 2.42E-06 
isoleucine biosynthetic process over 7.36E-06 4.06E-07 
lysine catabolic process over 1.23E-05 1.12E-06 
aromatic amino acid family metabolic process over 2.90E-05 3.46E-07 
lysine metabolic process over 7.78E-05 1.99E-05 
L-phenylalanine metabolic process over 1.36E-04 1.43E-06 
cellular amino acid derivative metabolic process over 3.08E-04 1.43E-03 
aspartate metabolic process over 4.60E-04 5.07E-05 
branched chain family amino acid metabolic process over 5.22E-04 2.01E-08 
tryptophan biosynthetic process over 5.43E-04 7.31E-04 
leucine biosynthetic process over 5.43E-04 3.41E-05 
branched chain family amino acid catabolic process over 6.73E-04 2.98E-07 
L-serine metabolic process over 6.95E-04 8.19E-05 
threonine metabolic process over 8.29E-04 7.83E-07 
glycine metabolic process over 9.27E-04 5.07E-05 
aspartate family amino acid catabolic process over 2.13E-03 3.51E-06 
alanine metabolic process over 2.13E-03 1.86E-05 
aromatic amino acid family biosynthetic process, 
prephenate pathway over 1.73E-05 8.66E-07 

L-phenylalanine biosynthetic process over 7.36E-06 4.06E-07 
pyruvate family amino acid metabolic process over 2.13E-03 1.86E-05 
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Table A-3 Over-representation of amino acid metabolic GO-terms - continued 

GO terma 
Over- or 
Under-

representedb 

p-valuec 
P. 

tricornutum 

p-valuec 
C. 

reinhardtii 
amino acid binding under 2.65E-03 1.14E-03 
cysteine-type endopeptidase activity under 1.27E-03 3.59E-05 
serine-type peptidase activity under 1.79E-04 1.32E-03 
serine hydrolase activity under 1.79E-04 1.32E-03 
serine-type endopeptidase activity under 8.53E-04 5.59E-04 

 
a Expansions and reduction of Gene ontology term relating to amino acid metabolism. GO-term 
description listed. Green indicates overrepresentation in comparison with both P. tricornutum and C. 
reinhardtii, while red indicates under-representation. 
b Signifies whether the GO-term is over- or under-represented in comparison with P. tricornutum and C. 
reinhardtii. 
c Probability for over/under-representation in comparison with C. reinhardtii and P. tricornutum 
calculated by Fisher exact test. 
 

Table A-4 Chlorophyll (tetrapyrrole), carotenoid and sterol biosynthesis genes 

Enzyme Description EC number 
N. gaditana 

modela 
mRNA 

Supportb 
Gene 

Locationc 

Tetrapyrrole Synthesis 
   

  
GTS glutamyl-tRNA synthetase 6.1.1.17 Nga04989 Y N 

GTS glutamyl-tRNA synthetase 6.1.1.24 Nga02834 Y N 

GTR glutamyl-tRNA reductase 1.2.1.70 Nga02604 Y N 

GSA glutamate-1-semialdehyde aminotransferase / 
glutamate-1-semialdehyde 21-aminomutase 5.4.3.8 Nga30045 Y N 

ALAD 
(HemB) 

5-aminolevulinic acid dehydratase / 
porphobilinogen synthase 4.2.1.24 Nga00585 Y N 

PBGD 
(HemC) 

porphobilinogen deaminase / 
hydroxymethylbilane synthase 2.5.1.61 Nga03248 Y N 

UROS 
(HemD) uroporphyrinogen III synthase 4.2.1.75 Nga00807 Y N 

UROD uroporphyrinogen III decarboxylase 4.1.1.37 Nga04120 Y N 

UROD uroporphyrinogen III decarboxylase 4.1.1.37 Nga05706 Y N 
CPX1 
(HemF) coproporphyrinogen III oxidase 1.3.3.3 Nga05151 Y N 

CPX1 
(HemF) coproporphyrinogen III oxidase 1.3.3.3 Nga04278 

(partial) Y N 

PPX protoporphyrinogen IX oxidase 1.3.3.4 Nga03873 Y N 

ChlD protoporphyrin IX Mg-chelatase subunit D 6.6.1.1 Nga30773 Y N 

ChlI protoporphyrin IX MG-chelatase subuint I 6.6.1.1 Nga40092 N C 

ChlH1 protoporphyrin IX Mg-chelatase subunit H 6.6.1.1 Nga30995 Y N 

ChlH2 protoporphyrin IX Mg-chelatase subunit H 6.6.1.1 Nga06242 Y N 

PPMT 
(ChlM) Mg-protoporphyrin IX methyltransferase 2.1.1.11 Nga04808 Y N 
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Table A-4 Chlorophyll (tetrapyrrole), carotenoid and sterol biosynthesis genes - continued 

Enzyme Description EC number 
N. gaditana 

modela 
mRNA 

Supportb 
Gene 

Locationc 

AcsF 
(ycf59) 

Mg-protoporphyrin IX monomethyl ester 
(oxidative) cyclase 1.14.13.81 Nga40091 N C 

DVR divinyl protochlorophyllide a 8-vinyl-reductase 1.3.1.75 Nga05945 Y N 

POR light-dependent NADPH:protochlorophyllide 
oxidoreductase 1.3.1.33 Nga04959 Y N 

POR light-dependent NADPH:protochlorophyllide 
oxidoreductase 1.3.1.33 Nga00683 Y N 

ChlB light-independent:protochlorophyllide 
oxidoreductase subunit B 1.18.-.- Nga40089 N C 

ChlL light-independent:protochlorophyllide 
oxidoreductase subunit L 1.18.-.- Nga40044 Y C 

ChlN light-independent:protochlorophyllide 
oxidoreductase subunit N 1.18.-.- Nga40045 N C 

CHS 
(ChlG) chlorophyll synthase 2.5.1.62 Nga31097 Y N 

GGR 
(ChlP) geranylgeranyl reductase 1.3.1.- Nga04895 Y N 

UMT uroporphyrinogen III C-methyltransferase 2.1.1.107 Nga05160 Y N 

SirB sirohydrochlorin ferrochelatase 4.99.1.4 Nga00339 Y N 
FC 
(HemH) ferrochelatase 4.99.1.1 Nga00748 Y N 

Carotenoid Biosynthesis     

DXS 1-deoxy-D-xylulose-5-phosphate synthase 2.2.1.7 Nga02203 Y N 

DXR 
(IspC) 

1-deoxy-D-xylulose-5-phosphate 
reductoisomerase 1.1.1.267 Nga30771 Y N 

MCT 
(IspD) 

2-C-methyl-D-erythritol 4-phosphate 
cytidyltransferase 2.7.7.60 Nga06198 Y N 

CMK 
(IspE) 

4-(cytidine 5’-diphospho)-2-C-methyl-D-
erythritol kinase 2.7.1.148 Nga04584 Y N 

MDS 
(IspF) 

2-C-methyl-D-erythritol 24-cyclodiphosphate 
synthase 4.6.1.12 Nga02651 Y N 

HDS 
(IspG) 

4-hydroxy-3-methylbut-2-enyl diphosphate 
synthase 1.17.4.3 Nga30806 Y N 

HDR 
(IspH) 

4-hydroxy-3-methylbut-2-enyl diphosphate 
reductase 1.17.1.2 Nga05308 Y N 

IDI isopentenyl diphosphate:dimethylallyl 
diphosphate isomerase type I 5.3.3.2 Nga03838 Y N 

IDI isopentenyl diphosphate:dimethylallyl 
diphosphate isomerase type I 5.3.3.2 Nga10002 Y N 

GGPPS 
(CrtE) geranylgeranyl pyrophosphate synthase 2.5.1.29 Nga02636 Y N 

PSY1 
(CrtB) phytoene synthase 2.5.1.32 Nga02957 Y N 

PDS 
(CrtP) phytoene desaturase 1.14.99.- Nga05064 Y N 

ZDS 
(CrtQ) zeta-carotene desaturase 1.14.99.30 Nga07310 Y N 

CRTISO carotenoid isomerase  No Homolog - - 
LCYB 
(CrtL-b) lycopene β-cyclase 1.14.-.- Nga00640 Y N 

CYP97E cytochrome P450 enzyme related to CYP97A 
carotene β-hydroxylase  Nga30077 Y N 

CYP97F cytochrome P450 enzyme related to CYP97A 
carotene β-hydroxylase  Nga00100 Y N 
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Table A-4 Chlorophyll (tetrapyrrole), carotenoid and sterol biosynthesis genes - continued 

Enzyme Description EC number 
N. gaditana 

modela 
mRNA 

Supportb 
Gene 

Locationc 

ZEP zeaxanthin epoxidase 1.14.13.90 Nga01534 Y N 

VDE violaxanthin de-epoxidase 1.10.99.3 Nga02700 Y N 

NSY neoxanthin synthase 5.3.99.9 Nga10001 Y N 

Sterol Synthesis     
ACAT acetyl-CoA C-acetyltransferase 2.3.1.9 Nga20998 Y N 

ACAT acetyl-CoA C-acetyltransferase 2.3.1.9 Nga30830 Y N 

HMGS hydroxymethylglutaryl-CoA synthase 2.3.3.10 Nga06246 Y N 

HMGR hydroxymethylglutaryl-CoA reductase 1.1.1.34 No Homolog - - 

MVK mevalonate kinase 2.7.1.36 No Homolog - - 

PMK phosphomevalonate kinase 2.7.4.2 No Homolog - - 

MVD diphosphomevalonate decarboxylase 4.1.1.33 No Homolog - - 

GPPS geranyl-disphosphate synthase / 
dimethylallyltranstransferase 2.5.1.1 Nga02865 Y N 

GPPS geranyl-disphosphate synthase / 
dimethylallyltranstransferase 2.5.1.1 Nga01978 Y N 

FPPS farnesyl-diphosphate synthase 2.5.1.68 Nga02874 Y N 

IDI isopentenyl diphosphate:dimethylallyl 
diphosphate isomerase type I 5.3.3.2 Nga03838 Y N 

IDI isopentenyl diphosphate:dimethylallyl 
diphosphate isomerase type I 5.3.3.2 Nga10002 Y N 

SQE 
(SQP) squalene monoxygenase / squalene epoxidase 1.14.99.7 Nga01590 Y N 

CAS cycloartenol synthase 5.4.99.8 Nga30790 Y N 

CYP51 C14-demethylase (sterol 14-demethylase) 1.14.13.70 Nga03733.1 Y N 

FACKEL D14-sterol reductase 1.3.1.70 Nga00758 N N 

SMO Sterol methyl-oxidase (C4-methylsterol 
monoxygenase) 1.14.13.72 No Homolog - - 

HSD-D C4-decarboxylase (sterol-4-alpha-carboxylate 
3-dehydrogenase) 1.1.1.170 Nga06114 Y N 

SMT1 sterol-C24-methyl transferase (sterol 24-C-
methyltransferase) 2.1.1.41 Nga05943 Y N 

SMT1 sterol-C24-methyl transferase (sterol 24-C-
methyltransferase) 2.1.1.41 Nga02534 Y N 

HYD1 D8-D7-sterol-isomerase (cholestenol delta-
isomerase) 5.3.3.5 No Homolog - - 

DWF7 
(STE1) C5-desaturase (lathosterol oxidase) 1.14.21.6 Nga02795 Y N 

DWF5 D7-sterol reductase (7-dehydrocholesterol 
reductase) 1.3.1.21 Nga03254 Y N 
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Table A-4 Chlorophyll (tetrapyrrole), carotenoid and sterol biosynthesis genes - continued 

Enzyme Description EC number 
N. gaditana 

modela 
mRNA 

Supportb 
Gene 

Locationc 

DWF1 D24-sterol reductase (24-dehydrocholesterol 
reductase) 1.3.1.72 Nga03764 Y N 

DWF1 D24-sterol reductase (24-dehydrocholesterol 
reductase) 1.3.1.72 Nga05293 Y N 

CPI (CCI) cyclopropyl sterol isomerase (cycloeucalenol 
cycloisomerase) 5.5.1.9 Nga30196 Y N 

DET2 D5-sterol reductase 1.3.1.30 Nga00656 Y N 

 
a Candidate N. gaditana gene model encoding corresponding enzyme. 
b Indicates if given gene model has transcript support from RNAseq of a pool of conditions including: +/- 
nitrate, logarithmic phase, stationary phase, heat shocked culture (2h at 37ºC), cold treated culture (2h at 
4ºC), culture after 12h dark, +/- CO2.. 
c Indicates if the gene model is located in the nuclear genome (N) or chloroplast genome (C). 
 

 
Table A-5 Lipid metabolic pathway genes 

Enzyme Description EC 
number 

N. gaditana 
modela 

Transcript 
supportb 

Fatty acid biosynthesis 
  

  
ACS acetyl-CoA synthetase 6.2.1.1 Nga30020 Y 

ACS acetyl-CoA synthetase 6.2.1.1 Nga02166 Y 

ACC acetyl-CoA carboxylase 6.4.1.2 Nga30028 Y 

ACC acetyl-CoA carboxylase 6.4.1.2 Nga30783 Y 

MAT malonyl-CoA:ACP-trans-acylase 2.3.1.39 Nga00899 Y 

KASIII 3-oxoacyl-ACP synthase III 2.3.1.180 Nga30106 Y 

KASII 3-oxoacyl-ACP synthase II 2.3.1.179 Nga02138 Y 

KASII 3-oxoacyl-ACP synthase II 2.3.1.179 Nga30755 Y 

KASII 3-oxoacyl-ACP synthase II 2.3.1.179 Nga04201.01 Y 

KASI/II fatty acid synthase 2.3.1.- Nga05827 Y 

KAR 3-oxoacyl-ACP reductase 1.1.1.100 Nga20022 Y 

KAR 3-oxoacyl-ACP reductase 1.1.1.100 Nga01542 Y 

HD 3-hydroxy acyl-CoA dehydratase 4.2.1.- Nga05985.01 Y 

ENR enoyl-ACP reductase I 1.3.1.9 Nga05091 Y 

ENR enoyl-ACP reductase I 1.3.1.9 Nga10004 Y 

KAR 3-oxoacyl-ACP reductase 1.1.1.100 Nga00602 Y 

KAR 3-oxoacyl-ACP reductase 1.1.1.100 Nga05627 Y 

FAT oleyl-ACP hydrolase 3.1.2.14 Nga01045.01 Y 

ELOVL elongation of very long chain fatty acids 2.3.1.- Nga03084 Y 

ELOVL elongation of very long chain fatty acids 2.3.1.- Nga00451 Y 

DESA acyl-ACP desaturase 1.14.19.2 Nga01458.01 Y 

DESC stearoyl-CoA desaturase 1.14.19.1 Nga00524 Y 

DES omega-6 fatty acid desaturase delta-12 1.14.19.- Nga02019 Y 

http://www.chem.qmul.ac.uk/iubmb/enzyme/EC6/4/1/2.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC6/4/1/2.html�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.39�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.-�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.-�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.179�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.179�
http://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.-�
http://www.genome.jp/dbget-bin/www_bget?ec:1.1.1.100�
http://www.genome.jp/dbget-bin/www_bget?ec:1.1.1.100�
http://www.genome.jp/dbget-bin/www_bget?ec:1.3.1.9�
http://www.genome.jp/dbget-bin/www_bget?ec:1.3.1.9�
http://www.genome.jp/dbget-bin/www_bget?ec:1.1.1.100�
http://www.genome.jp/dbget-bin/www_bget?ec:1.1.1.100�
http://www.genome.jp/dbget-bin/www_bget?ec:1.14.19.-�
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Table A-5 Lipid metabolic pathway genes -continued 

Enzyme Description EC 
number 

N. gaditana 
modela 

Transcript 
supportb 

DES omega-6 fatty acid desaturase delta-12 1.14.19.- Nga00817 Y 

DEGS sphingolipid delta-4 desaturase 1.14.-.- Nga06739.1 Y 

FAD7 glycerolipid omega-3 fatty acid desaturase 1.14.19.- Nga30138 Y 

  
   

  
TAG assembly 

  
  

G3PDH glycerol-3-phosphate dehydrogenase 1.1.1.8 Nga06665.1 Y 

G3PDH glycerol-3-phosphate dehydrogenase 1.1.1.8 Nga01869 Y 

G3PDH glycerol-3-phosphate dehydrogenase 1.1.1.8 Nga04914 Y 

G3PDH glycerol-3-phosphate dehydrogenase 1.1.1.8 Nga05226 Y 

G3PDH glycerol-3-phosphate dehydrogenase 1.1.1.8 Nga30015 Y 

GPAT glycerol-3-phosphate acyltransferase 2.3.1.15 Nga04759 Y 

GPAT glycerol-3-phosphate acyltransferase 2.3.1.15 Nga10005 Y 

GPAT glycerol-3-phosphate acyltransferase 2.3.1.15 Nga04850 Y 

LPAAT 1-acylglycerol-3-phosphate O-acyltransferase 2.3.1.51 Nga00059 Y 

LPAAT 1-acylglycerol-3-phosphate O-acyltransferase 2.3.1.51 Nga30581 Y 

LPAAT 1-acylglycerol-3-phosphate O-acyltransferase 2.3.1.51 Nga30809 Y 

LPAAT 1-acylglycerol-3-phosphate O-acyltransferase 2.3.1.51 Nga02265 Y 

LPAAT 1-acylglycerol-3-phosphate O-acyltransferase 2.3.1.51 Nga21122.1 Y 

PAP phosphatidic acid phosphatase 3.1.3.4 Nga21116 Y 

DAGK diacylglycerol kinase 2.7.1.107 Nga02796 Y 

DAGK diacylglycerol kinase 2.7.1.107 Nga05586.1 Y 

PDAT phospholipid:diacylglycerol acyltransferase 2.3.1.158 Nga02737 Y 

DGAT diacylglycerol acyltransferase 2.3.1.20 Nga10003 Y 

DGAT diacylglycerol acyltransferase 2.3.1.20 Nga30544 Y 

LPAT lysophosphatidylglycerol acyltransferase 2.3.1.- Nga05465 Y 

PKS5 polyketide synthase 5 
KO 
K12433 Nga00335 Y 

MGD monogalactosyldiacylglycerol synthase 2.4.1.46 Nga00818 Y 

SQD2 sulfoquinovosyltransferase 2.4.1.- Nga00561 Y 

SQD1 UDP-sulfoquinovose synthase 3.13.1.1 Nga02686 Y 

  
   

  
Lipid activation 

  
  

TAGL TAG-lipase 3.1.1.3 Nga30958 Y 

TAGL TAG-lipase 3.1.1.3 Nga30749 Y 

AASDH acyl-CoA synthetase 6.2.1.- Nga03422 Y 

AASDH acyl-CoA synthase 6.2.1.- Nga05597 Y 

ACSL long-chain acyl-CoA synthetase 6.2.1.3 Nga30170 Y 

ACSL long-chain acyl-CoA synthetase 6.2.1.3 Nga03113 Y 

ACSL long-chain acyl-CoA synthetase 6.2.1.3 Nga00675 Y 

ACSL long-chain acyl-CoA synthetase 6.2.1.3 Nga30631 Y 

http://www.genome.jp/dbget-bin/www_bget?ec:1.14.19.-�
http://www.genome.jp/dbget-bin/www_bget?ec:1.14.19.-�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/1/1/8.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/1/1/8.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/1/1/8.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/1/1/8.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/1/1/8.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/3/1/15.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/3/1/15.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/3/1/15.html�
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/1/3/4.html�
http://enzyme.expasy.org/EC/3.13.1.1�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
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Table A-5 Lipid metabolic pathway genes -continued 

Enzyme Description EC 
number 

N. gaditana 
modela 

Transcript 
supportb 

ACSL long-chain acyl-CoA ligase 6.2.1.3 Nga00919 Y 

ACSL long-chain acyl-CoA ligase 6.2.1.3 Nga02299 Y 

FADD9 long-chain acyl-CoA ligase 6.2.1.- Nga00006 Y 

ACSL long-chain acyl-CoA ligase 6.2.1.3 Nga30568 Y 

HADH 3-hydroxyacyl-CoA dehydrogenase 1.1.1.35  Nga00482.01 Y 

HADH 3-hydroxyacyl-CoA dehydrogenase 1.1.1.35  Nga02679 Y 

HADH 3-hydroxyacyl-CoA dehydrogenase 1.1.1.35  Nga06144.1 Y 

LCD long-chain hydroxyacyl-CoA dehydrogenase 1.1.1.211 Nga03480 Y 

ACADS short-chain acyl-CoA dehydrogenase 1.3.8.1 Nga31130 Y 

ACADSB short-branched-chain acyl-CoA dehydrogenase 1.3.99.12 Nga05705 Y 

ACDH Acyl-CoA dehydrogenase 1.3.99.3 Nga04204.01 Y 

ACOX acyl-CoA oxidase 1.3.3.6 Nga03053 Y 

PTER peroxisomal trans-2-enoyl-CoA reductase 1.3.1.38 Nga06128 Y 

AOX alternative oxidase 1.-.-.- Nga03545 Y 

AOX alternative oxidase 1.-.-.- Nga30837 Y 

AOX alternative oxidase 1.-.-.- Nga03289 Y 

ACOX acyl-CoA oxidase 1.3.3.6 Nga04370.1 Y 

ACOX acyl-CoA oxidase 1.3.3.6 Nga30819 Y 

ECH enyol-CoA hydratase 4.2.1.17 Nga01761.01 Y 

ECH enyol-CoA hydratase 4.2.1.17 Nga00171 Y 

ECH enyol-CoA hydratase 4.2.1.17 Nga20152 Y 

ECH enyol-CoA hydratase 4.2.1.17 Nga06135 Y 

KCT1 beta-ketoacyl-CoA thiolase 2.3.1.16 Nga01710 Y 

KCT2 beta-ketoacyl-CoA thiolase 2.3.1.16 Nga04504.01 Y 

KCT3 beta-ketoacyl-CoA thiolase 2.3.1.16 Nga30830 Y 

ACAT acetyl-CoA acetyltransferase 2.3.1.9 Nga20998 Y 

KCT3 beta-ketoacyl-CoA thiolase 2.3.1.16 Nga30830 Y 

FATP2 solute carrier family (fatty acid transporter) 6.2.1.- Nga06551 Y 

DECR2 peroxisomal 2,4-dienoyl-CoA reductase 1.3.1.34 Nga05502.01 Y 

PNPLA patatin-like phospholipase 3.1.1.- Nga03028.01 Y 
 
a Candidate N. gaditana gene model encoding corresponding enzyme. 
b Indicates if given gene model has transcript support from RNAseq of a pool of conditions including: +/- 
nitrate, logarithmic phase, stationary phase, heat shocked culture (2h at 37ºC), cold treated culture (2h at 
4ºC), culture after 12h dark, +/- CO2. 
  

http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.-�
http://www.genome.jp/dbget-bin/www_bget?ec:6.2.1.3�
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Table A-6 Lipid metabolic gene comparison 

  N. gaditana E. siliculosus P. tricornutum C. merolae C. reinhardtii 
Total # of genesa,b        9,052      16,256       10,402      5,331        15,143 

Fatty acid biosynthesisc 
   

  
ACC 2 5 1 1 1 
MAT 1 1 1 1 2 
KASIII 1 1 1 0 1 
KASI/II 4 6 4 2 3 
KAR 4 5 2 4 4 
HD 1 1 1 1 1 
ENR 2 2 2 1 1 
Totald 15 21 12 10 13 

TAG assemblyc 
     G3PDH 5 1 2 3 6 

GPAT 3 2 1 0 0 
LPAAT 5 5 4 6 1 
PAP 1 1 1 0 2 
DAGK 2 2 1 1 2 
PDAT 1 0 1 0 1 
DGAT 2 2 2 1 1 
Totald 19 13 12 11 13 

Lipid degradationc 
    TAGL 2 1 2 1 1 

AASDH 2 0 0 0 1 
ACSL 7 6 5 4 4 
FADD9 1 0 0 0 0 
HADH 3 2 3 2 2 
LCD 1 1 1 0 0 
ACADS 1 1 5 1 3 
ACADSB 1 0 0 0 0 
ACDH 1 1 1 0 0 
ACOX 3 0 1 1 3 
AOX 3 2 2 3 5 
ECH 4 8 8 3 3 
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Table A-6 Lipid metabolic gene comparison - continued 

  N. gaditana E. siliculosus P. tricornutum C. merolae C. reinhardtii 
Total # of genesa,b        9,052      16,256       10,402      5,331        15,143 

KCT1 1 1 1 0 1 
KCT2 1 1 1 0 0 
KCT3 2 1 1 0 0 
ACAT 1 0 1 2 1 
Totald 34 25 32 17 24 
Total in all 
categoriese 68 59 56 38 50 

 
a Comparison of the number of copies of lipid metabolic genes that are homologous between N. gaditana, 
brown algae (E. siliculosus), diatoms (P. tricornutum), red algae (C. merolae) and green algae (C. 
reinhardtii). 
b Total number of genes in this organism. 
c Category of lipid metabolic genes, sorted by fatty acid biosynthesis, TAG assembly and lipid 
degradation. 
d Total number of genes that are listed in specified category of the lipid metabolism. 
e Total number of genes in all listed categories of lipid metabolic pathways. 
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APPENDIX C CONTENTS OF SUPPLEMENTARY FILES 

 

Material from Nannochloropsis gaditana genome 
project 
 

These files contain amino acid and nucleotide 
sequence data from the Nannochloropsis gaditana 
genome sequencing project. 

Nga_assembly_v1.1.fasta Fasta text file containing the N. gaditana genome 
assembly. 

Nga_pooled_RNA_assembly_grtr200.fasta Fasta text file containing the assembly of the 
pooled RNAseq data for N. gaditana. 

Nga_protein_v1.fasta Fasta text file containing the proteins sequences 
from the gene models (v 1.0) annotated in the 
nuclear, chloroplast, and mitochondrial genomes. 

Nga_transcript.1_v1.1.fasta Fasta text file containing the nucleotide sequences 
of the transcripts from the gene models (v 1.0) 
annotated in the nuclear, chloroplast, and 
mitochondrial genomes. 

Nga_StramenopilePhotoCut_363.fasta Fasta text file of the protein sequence of the 363 
gene models found in the Stramenopile 
photosynthesis cut genes. 

Table C-1 StramenopilePhotoCut genes.docx Word document table of the Stramenopile 
photosynthesis cut genes, conserved domains found 
within these proteins, which algal group these 
genes were found in, and if they were found in the 
GreenCut2. 

Table C-2 Transcriptional regulation of metabolic 
pathways under nitrogen deprivation.docx 

Word document table of the top differentially 
regulated genes (up and down) in the N. gaditana 
genome under nitrogen deprivation. Included is the 
fold regulation, the description of the gene, and any 
conserved domains found within gene model.  

Synthetic gene sequences and annotations These files contain the sequence and annotations 
for synthetic DNA constructs that were designed 
and synthesized. 

Isa1_promoter_swap_syn_rbc_hsp_2013.02.04.gb GenBank file of the synthetic gene created for 
swapping out the wildtype promoter in the 
Chlamydomonas ISA1 gene for the rubisco heat-
shock promoters. 

pNgaKO_CAT_OMP_HR.gb GenBank file of the synthetic construct created for 
N. gaditana homologous recombination. This 
sequence includes the chloramphenicol resistance 
gene and homologous recombination regions for 
the OMP reductase (URA3). 

Excel Visual Basic Spreadsheets These files contain Visual Basic files that were 
used for data processing. 

01.22.2010 DataAnalysisMacro.RJ.xls Excel file (2003) used for the first step in FAME 
processing. Gets data from ChemStation. 
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RobertsMacros_07.04.2011_Tom v1.38.xlsm Excel file (2007) used for the second step in FAME 
processing. Calculates standard curves and sample 
concentrations. 

Cell_Size_Count_Macro_RJ.2010.05.03.xlsm Excel file (2007) imports Z2 cell count data, 
processes, and calculates cellular volume. 

Truncator 2010.05.03 v2.2.xls Excel file (2003) launches a GUI that allows for 
removal of cell debris or clumps from cell count 
data. 

reBINNER_2010.12.06.xlsm Excel file (2007) will rebin cell count in to constant 
width bin sizes to allow for display of unbiased cell 
sizes.  

PlateReader_DATA_transformer 2010.5.5 
v1.0.xlsm 

Excel file (2007) that will take data from the 
Synergy plate reader and then transform that data 
from 96 well format to multiple columns. 

At_Difference_add_avg_std_ref_2013.11.19.txt Text file with code that can be added to Excel 
PERSONAL workbook. Contains "at difference" 
do various tasks code such as average, draw lines, 
relist data, or eliminate blanks. 

ErrorBAR_Adder_2013.11.19.txt Text file with code that can be added to Excel 
PERSONAL workbook. This will allow the user to 
easily add error bars to graphs in Excel and also to 
alter series names and chart titles. 

Copyright permissions from publishers PDF file of permissions granted from publishers of 
copyrighted material that is included in this thesis. 

Coauthor permissions to included coauthored 
publications in thesis 
 

PDF file of email requests to and responses from 
coauthors to included coauthored material in thesis. 
Responses from 13 coauthors. 
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