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ABSTRACT OF THE DISSERTATION 

 

Development of microalgae tools and techniques: metabolic engineering of lipid profiles 

 

 

by 

 

William Shahid Ansari 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2015 

 

Professor Stephen P. Mayfield, Chair

 

   

 Microalgae are drawing increased attention from a variety of fields ranging from nutrition 

and health care to energy, and deservedly so. The potential of algae is almost unparalleled as a 

biomanufacturing platform.  Microalgae can be used to produce complex human antibodies to 

target cancerous cells, or as crops for the production of high quality food, or even as sources of 

lipids for conversion into biofuels.  They can grow to tremendous density in bioreactors, or be 

cultivated in open ponds where their yield per acre dominates that of higher plants.    



 

 xii 

 Research in microalgae needs to take it to the next step, to transform potential into reality 

and make production strains of microalgae into designer products that are custom tailored to suit 

the needs of the industry.  The diversity of microalgae is enormous, and as a result, it is unlikely 

that the strains we have identified today will be the same we see as ideal production strains 

tomorrow.  So in order to continue advancing the field, techniques for ideal cultivation, genetic 

modification, and metabolic engineering will need to be developed.  This thesis work seeks to do 

just that by covering cultivation technology, metabolic engineering of lipids, and genetic 

modification of potential production strains.  

From a molecular perspective, a broad review of the current state of lipid metabolic 

engineering in both microalgae and higher plants is provided, covering both the biofuel relevant 

molecules as well as nutritionally relevant omega-3 fatty acids. New techniques for rapid 

interrogation of protein, lipid, and dry weight content in microalgae under either indoor or outdoor 

cultivation techniques are also described herein.  These will enable more efficient harvesting and 

culturing techniques as well as more efficient use of fertilizers and nutrients in cultivation of 

microalgae.  Proof of concept for custom tailoring lipid profile is demonstrated in the manipulation 

of Chlamydomonas reinhardtii lipid metabolism for the production of very long chain 

polyunsaturated fatty acids, which also provides insights into how changes in lipid profile can have 

unexpected effects and yield new insights on lipid metabolism. Finally, attempts to characterize 

and transform a variety of potential production species are covered and reveal challenges to the 

transformation of new microalgae species.  Taken together, this work represents significant 

advances in the field with regard to both cultivation and transformation and metabolic engineering 

of microalgal species.  
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 As our society continues to grow, the stress placed on our environment increases as a result 

of our need to produce food and fuel to sustain the population.  Biotechnology provides a means of 

ameliorating the pressure on our feedstocks and a potential source for renewable fuels in the future.  

Critical to accomplishing both of these goals will be metabolic engineering of lipid profiles.  

 Lipids play important roles in human health and nutrition and also serve as sources of 

fungible fuels to replace our reliance on petroleum.  As oil stocks continue to decline, prices for 

fuel rise and the need for a renewable alternative grows stronger.  Because producing food requires 

the use of fossil fuels, the inevitable decline of petroleum availability will result in increases in the 

price of food.  Thus, the production of both food and energy are inextricably linked.  Without a 

means of generating a renewable source of energy and more efficient production of nutritive 

biomass for the world’s masses, our society is doomed to catastrophic failure.   

 Higher plants have long been studied and used as testing ground for the development of 

molecular biology, and numerous techniques and tools have been developed for transforming their 

genomes.  These genetic modifications have allowed scientists not only to study the fundamental 

biology of many plants but also to create directed changes in them, in order to create more 

productive plants or to alter their nutritional value.  More productive strains of common food crops 

such as corn, rice, and tomatoes will be important for improving agricultural efficiency in land use, 

which will become a problem as urban sprawl continues.   

 Single celled algae called microalgae present an interesting solution to the problems of 

overpopulation and energy shortage.  Microalgae are capable of incredibly high land use efficiency, 

with yields per acre much higher than traditional terrestrial crops.  Additionally, microalgae are an 

incredibly diverse group of organisms with the potential to produce many valuable lipids and 

nutrients which will be crucial in either a food setting or for use as fuel.  Although the field of 

microalgae genetic engineering is not as well developed as that of terrestrial plants, there is 

significant potential for transformative technology to be developed. 
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 Commercial interest in microalgae research has been scaled up recently as a result of the 

great potential for productivity and biomanufacturing shown by species of microalgae.  The most 

commonly studied and the most well characterized microalgae is Chlamydomonas reinhardtii, 

often referred to as “the green yeast”.  Although it is genetically tractable, there are still significant 

advances yet to be made in order to truly make Chlamydomonas or any other microalgae an 

industrially relevant producer.    

 Chapter 1 provides a broad overview of the state of metabolic engineering of lipid 

metabolism in higher plants as well as microalgae.  Genetic engineering and metabolic engineering 

are more advanced in higher plants and can serve as a template for which modifications can be 

successful when applied to microalgae.  Because of their ability to vastly outproduce terrestrial 

plants, microalgae are looked upon as food and fuel sources for the future.  As a result of their 

broad and diverse lipid metabolism, microalgae are potential sources of smaller chain fatty acids 

for use in fuel and for conversion into fungible fuels but are also investigated for their ability to 

produce the very long chain polyunsaturated fatty acids which play important roles in human health 

and nutrition.  Modifications that can boost productivity of lipids per gram of biomass will be very 

important to both applications because of the need to maximize nutrient utilization and efficiency 

of biomass conversion.  Importantly, these modifications are not solely discussed for the model 

organism Chlamydomonas, but also for a number of other microalgae which have been identified 

as genetically tractable or high value strains due to their robust growth or productivity.   

 Chapter 2 concerns the development of rapid diagnostic tools for microalgae cultivation. 

To date, most of the cultivation techniques for microalgae rely on educated guesses or alternatively 

laborious and slow techniques to assess the potential yields and ideal harvest times for algae 

cultures.  The goal of this research was to enable assessment of the primary products of microalgae 

cultivation in a rapid manner.  Algae are primarily cultivated for their lipids, protein, and total 

biomass so techniques which allowed these to be rapidly assessed were investigated.  These 
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techniques were developed for use in both laboratory strains and likely production strains of 

microalgae, and were tested in both small and large scale cultivation conditions.  Enabling rapid 

assessment of the productivity of algae cultures is important for optimal harvesting but also in order 

to reduce the use of nutrients such as nitrogen in the cultivation of microalgae.  Nitrogen, potassium 

and phosphorus are the key macro nutrients of fertilizer and currently require huge amounts of 

energy from petroleum sources to obtain.  By using advanced screening techniques, farmers can 

time their additions of nutrients to maximize utilization and crop yield and avoid using excess 

fertilizer as is the case with current agricultural practice.  Not only will this make microalgae 

farming more environmentally friendly, it will also serve to reduce the cost of production.  

Fluorescence based sample interrogation is an avenue of research that has yielded excellent results 

in molecular biology and now will begin to be utilized even in a non-laboratory setting to improve 

cultivation efficiency. 

 In Chapter 3, metabolic engineering of Chlamydomonas reinhardtii’s lipid metabolism is 

discussed. Using a strategy developed in higher plants, the lipid profile of Chlamydomonas was 

altered in order to increase the production of very long chain fatty acids.  Finding alternate robust 

sources of the omega-3 very long chain fatty acids will be critical to alleviate the pressure placed 

on global fish reserves.  Currently our primary source of omega-3 fatty acids comes from oceanic 

fish, which has led to dramatically dwindling populations due to overfishing.  Since microalgae 

such as diatoms are the ultimate source of omega-3 fatty acids in fish, it is logical to use them as 

our production source of omega-3 fats.  Additionally, the ability to manipulate lipid metabolism is 

the first step to addressing not only food shortages, but also in developing strains of microalgae for 

fuel production.  Although fuels would typically use shorter chain fatty acids as their ideal inputs, 

work that shows the ability to modify lipid profile and helps scientists understand the impacts of 

changes to lipid profile will advance the field as a whole.   
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 Chapter 4 discusses the microalgae Chlorella, a genus which contains several noteworthy 

species.  Chlorella are well known for their ability to grow to very high density and their 

exceptional overall productivity.  They are widely regarded as potential production strains of 

microalgae, although transformation of Chlorella has been difficult.  Many transformation 

techniques were attempted and new constructs developed which may prove useful to other 

researchers trying to develop reliable nuclear transformation of Chlorella. Additionally, the growth 

rate and productivity of a variety of species of Chlorella was determined and the genome of one 

species sequenced. Genomic sequencing and assembly has enabled production of new 

transformation constructs and will enable new insights into the evolutionary history of this 

remarkable genus.  Despite technical challenges and intractability, Chlorella remains a microalgae 

of great interest for the algae community and for industrial production. 

 The research described here provides a significant step forward in the field of algal lipid 

metabolic engineering, cultivation, and understanding of production strains. The ability to tailor 

lipid profile to suit the needs of industry will be critical for the advancement of microalgae as a 

viable prospect for both food and fuel.  Rapid screening and crop assessment techniques will be 

required to enhance the profitability and reduce the costs associated with algae cultivation and help 

build a thriving new sector of the economy.  Taken together, this work serves to help bolster the 

strength of the growing algae cultivation industry and to help it branch out into multiple markets. 
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Abstract 

A codon optimized gene encoding IgASE1, a ∆9 elongase from Isochrysis galbana with 

specificity for elongation of linoleic acid (C18:2n-6) and α-linolenic acid (C18:3n-3) was 

synthesized and cloned into a nuclear expression vector and transformed into Chlamydomonas 

reinhardtii.  After PCR screening and subsequent small scale GC-MS testing, several transformants 

were identified, one of which produced eicosadienoic (C20:2n-6) and eicosatrienoic acid (C20:3n-

3) at 4.2% and 1.2% of total fatty acids, respectively.  Tandem TLC/GC-MS analysis of nitrogen 

deplete and refed cultures revealed that the elongase produced C20 fatty acids in the 

phosphatidylethanolamine and triacylglycerol lipid pools.  Subsequent refeeding of nitrogen 

resulted in an increase in percentage of C20 lipids in TAG, indicating possible incompatibility with 

endogenous acyltransferases. 

 

Introduction 

The omega-3 long chain polyunsaturated fatty acids (LC-PUFAs) play an important role 

in the maintenance of human health and development, as they aid in brain and eye development 

during growth and are required for the differentiation of dopaminergic neurons during adulthood.1, 

2  Strategies by which their accumulation can be increased or engineered are an area of research 

interest since the majority of the world suffers from some form of essential fatty acid deficiency.3 

Although omega-3 supplements are typically sourced from fish, microalgae are ultimately 

the source of the majority of omega-3 fatty acids found in our diets.  Overfishing is a major obstacle 

in the growth of the omega-3 supply, which has expanded rapidly into a more than $10 billion per 

year market.4  The next step in the growth of omega-3 supplements is to identify and engineer 

strains of algae that are extremely productive and capable of accumulating omega-3 fatty acids to 

high levels in order to alleviate the stress on global fish reserves.   
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Metabolic engineering has the potential to transform public health and alleviate the stress 

on fish stocks as a result of overfishing.  Important advances have been made in engineering higher 

plants to produce omega-3 fatty acids but these techniques have not yet been applied to algae, which 

have a much greater potential yield per land use.5 In Brassica napus, heterologous gene expression 

has been used in order to generate transgenic plants with eicosapentaenoic acid (EPA) at up to 26% 

of total leaf triacylglycerol (TAG).6  This paper successfully demonstrates the first step in the 

metabolic engineering of microalgae to produce omega-3 long chain fatty acids and follow up 

studies will build upon these results in order to establish a means of generating an ideal algae strain 

for phototrophic production of omega-3s.  Advancements in the field of metabolic engineering will 

allow not only the production of omega-3 fatty acids, but also enable custom tailoring of fatty acid 

profile in order to generate designer strains which can be used for the production of food or fuel 

products in the future.   

 

Materials and Methods   

Strains and cultivation conditions 

 The Chlamydomonas reinhardtii strain used in this work was CC1690, obtained from the 

Chlamydomonas Stock Center.  Unless otherwise noted, algae were grown under constant 

irradiance at 150 μmol photons m-2 s-1 and shaken at 120 rpm.  C. reinhardtii were grown in acetate 

enriched media using the standard TAP recipe described by Harris et al.7  Nitrogen starvation media 

(TAP –N) was prepared according to Harris et al. (cited above) and cultures with 5x106 cells mL-1 

were spun at 600x RCF for 10 minutes at room temperature.  Pellets were then washed twice with 

TAP –N and resuspended.  For nitrogen refeeding experiments, the nitrogen starved cultures were 

spun at 600x RCF for 10 minutes at room temperature and pellets were washed twice with TAP 

media and then resuspended.   
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Construct design and transformation 

The Isochrysis galbana ∆9 elongase gene (NCBI accession #ADD51571) was obtained 

from Life Technologies® and codon optimized to match the C. reinhardtii nuclear genome and 

cloned into expression vector pBR9.  The gene was PCR amplified using the forward primer 5’ 

CTC GAG ATG GCC ACC GAG GCC ACC 3’ and reverse primer 5’ GGA TCC CTA CAG GGC 

CTT GCC GCC 3’  These primers incorporate Xho1 and BamH1 restriction sites which were used 

for cloning into the pBR9 vector.   PCRs were performed in New England Biolabs® GC buffer 

with the following protocol: 98°C for 2 minutes, 98°C for 30 seconds, 63°C for 20 seconds, 72°C 

for 45 seconds, repeating all but the first step 35 times.   Electroporation was performed as described 

previously by Rasala et al..8 

 

Fluorescence Microscopy  

Fluorescence and bright-field images were captured using an Olympus IX70 inverted 

microscope with a Hamamatsu OrcaER C4742-95 charge-coupled-device camera and Simple PCI 

software version 6.1.  Log phase cells were collected and 10μL deposited onto cooled .7% agar 

pads on a six well plate. 

 

Western Blot 

 Western blots were performed as described by Cohen et al. 1998, using a rabbit anti-

mCherry primary antibody (Abcam, San Francisco, CA, USA) and an alkaline phosphatase-

conjugated goat antirabbit secondary antibody (Sigma, St Louis, MO, USA).9   

 

Colony PCR 

Pipette tips were used to obtain a small aliquot of each colony of algae grown on tris-

acetate-phosphate (TAP) plates containing Zeocin at 10μg/mL.  The tips were then placed in 



29 

 

 

separate wells of a PCR plate containing 15uL of 10X TE buffer and agitated to remove the algae 

from the pipette tip.  Lysates were created by boiling the algae at 100°C for 10 minutes, after which 

the algae was spun in a centrifuge at 1000x RCF for 3 minutes.  A 1μL sample of each colony 

lysate was used as a template for PCR under the same conditions as above.  

 

GCMS and Lipid Analysis 

Colonies were grown in TAP media under 150 μmol photons m-2 s-1 irradiance and prepared 

for GCMS analysis by spinning in a centrifuge at 2000x RCF.  Pellets were resuspended in 0.5 mL 

of 0.5M sulfuric acid in methanol in glass test tubes.  The methanolic acid samples were then 

incubated at 70 ˚C for one hour before extraction into 500uL hexane.  The hexane was collected 

and 1μL of sample run with splitless injection using nonadecanoic acid (C19:0) as an internal 

standard. Samples were separated on an Agilent 7890A gas chromatograph interfaced with an 

Agilent 5975C triple-axis mass detector using a 60m DB23 Agilent GCMS column using helium 

as carrier gas and a gradient of 110 ˚C to 200 ˚C at 15 ˚C/min, followed by 30 minutes at 200 ˚C.   

 

TLC 

Thin-layer chromatography was performed as described by Fan et. al. using the two stage 

process with development in acetone, toluene, and water (91:30:3, respectively) followed by 

hexane,diethyl ether, and acetic acid (70:30:1).10  Fatty acid groups were visualized by copper 

sulfate staining and then scratched into separate vials for transesterification and GCMS analysis as 

described above. 

 

RT-QPCR 

 RNA was prepared from log phase (5x106 cells mL-1) cultures grown under 150 μmol 

photons m-2 s-1 irradiance using PureLink Plant RNA reagent using the manufacturer’s protocol.  
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1μg of RNA was reverse transcribed using the Verso cDNA synthesis kit.  cDNA was diluted 1:2 

for RT-QPCR analysis using Power SYBR Green PCR Master Mix from Applied Biosystems.  Data 

were analyzed according to the ∆∆Ct method using RACK1 as the reference gene.  The figure 

shown plots transcript abundance normalized to the IG74 culture. 

  

LCMS 

 50mL cultures were grown in TAP media under 150 μmol photons m-2 s-1 irradiance and 

prepared for LCMS analysis by spinning in a centrifuge at 2000x RCF.  100μL cell pellets were 

trypsin digested and iTRAQ labeled using instruments and according to the methods used by 

O’Brien et al.11 

 

Results 

Construct design and transformation 

Figure 1A shows the aerobic pathway of omega-3 fatty acid production starting from α-

linolenic acid and ending in the highly valued eicosapentaenoic acid (EPA, C20:5).  The traditional 

and more commonly used pathway takes the left branch and occurs via ∆6 desaturation and 

subsequent ∆6 elongation.  The less commonly found pathway shown in the right branch occurs in 

Isochrysis galbana via ∆9 elongation and includes a ∆8 desaturation.12   

The Isochrysis galbana native ∆9 elongase gene IgASE1 was codon optimized according 

to the nuclear codon bias of Chlamydomonas reinhardtii.13  The elongase was then subcloned into 

the pBR9 nuclear transformation vector utilizing the Hsp70 promoter and the RbcS promoter to 

drive strong transcription (Fig 1B).14  In order to select for high levels of protein accumulation, the 

elongase was placed downstream of the Ble gene coding for the Zeocin resistance protein.  The Ble 

protein acts as a 1:1 inhibitor of the drug Zeocin because it acts by binding Zeocin directly rather 

than enzymatically through cleavage.15  This allows selection of only the clones which accumulate 
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protein at high enough levels to ensure Zeocin inactivation, and may bias towards selection of 

insertions in highly transcribed regions of chromatin.   

In order to take full advantage of the Ble gene, the 2A peptide linker is used between the 

Ble gene and the elongase in the construct.  The 2A sequence is a special peptide from Foot and 

Mouth Disease Virus (FMDV) that allows for the production of two proteins from a single 

transcript by allowing the ribosome to skip a peptide bond during translation.16  This allows Ble 

and IgASE1 genes to be transcribed onto the same mRNA strand and links their expression directly.   

Colonies that grew on TAP Zeocin transformation plates were patched onto numbered 

Zeocin plates and colony PCR was performed to detect the presence of the elongase gene (Fig 1C).  

Gene positive colonies were then scaled up to 8mL and grown in TAP media for GCMS analysis 

to detect elongase enzymatic function.  After screening 500 gene positive transformants, eight 

colonies were found by GC-MS to produce both eicosadienoic acid (EDA, C20:2n-6) and 

eicosatrienoic acid (ETrA, C20:3n-3).   
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Figure 3.1 Construct Design and Transformation.  A. Aerobic omega 3 pathway illustrating the 

∆6 (left side) and ∆8 (right side) desaturase pathways to EPA.  B. Construct diagram: P - 

RbcS/Hsp70 promoter, sh-ble - Streptoalloteichus hindustanus Zeocin resistance gene, 2A – Foot 

and mouth disease virus 2A sequence, IgAse1 – Isochrysis galbana ∆9 elongase gene, 3’T – RbcS 

3’ UTR and terminator sequence   C. Colony PCR showing 1kb plus ladder (lane M), wild type 

(lane 1), gene positive transformant (lane 2), and positive control amplified from vector (lane 3).  

 

Constructs containing IgASE1 fused to both FLAG and mCherry were generated to produce 

tags on both N and C terminal domains of the elongase protein.  No functional elongase activity 

was detected in any microalgae transformed with these constructs.  mCherry tagged constructs were 

examined by fluorescence microscopy and western blotting, which revealed that the mCherry 

tagged elongase was not present in the plastid and was present in the soluble protein fraction (Supp 

Fig 1). 
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Figure 3.2 Fluorescence microscopy and western blot of mCherry:IG. A. Chlorophyll 

fluorescence (green) and mCherry fluorescence (red) of mCherry:IG fusion protein shown on top, 

mCherry:IG only below.  B. Western blot of three mCherry:IG transformants showing soluble 

protein fractions on the left and membrane fractions on the right. Predicted sizes: mCherry 26kDa, 

IgASE1 29kDa, mCherry:IG 55kDa. 

 

GC-MS 

After the initial screening, 50mL cultures were grown in triplicate for both wild type 

CC1690 and the transformant.  After 3 days of growth, GC-MS was performed on cell pellets of 

transformed and wild type CC1690 and the transformant IG16 showed accumulation of the lipids 

EDA and ETrA at 4.2 and 1.2% of total lipids, respectively (Fig 2A,B). 
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Figure 3.3 GC-MS. A. Wild type C. reinhardtii chromatogram after 72 hours growth in TAP.  B. 

Transformant IG16 chromatogram after 72 hours growth in TAP. Arrows indicate EDA (left arrow) 

and ETrA (right arrow) production in transformed strain IG16. 

 

 

RT-QPCR and EDA/ETrA Production 

Four transformants were selected which showed a range of C20 production from .5% to 

3% of total fatty acids in order to assess the impact of transgene expression on the conversion of 

lipid substrates to products (Fig 3).  Cultures were grown in 50mL flasks in triplicate and RNA 

extracted and converted to cDNA on the same day as GCMS analysis was performed in order to 

closely link gene expression and lipid accumulation.  There was a ~750-fold change in transcript 

abundance from the lowest expressing transcript to the highest, while there was only a ~6-fold 

change in lipid substrate conversion to products. Comparing the two lowest expressing 

transformants, IG74 and IG210, shows that up to a 15 fold change in transcript level can have little 

to no effect on the conversion of C18 substrates into C20 products.  LCMS was performed to verify 

protein accumulation and revealed an ~8.7 fold increase in protein accumulation between IG210 

and IG16 (Supp Fig 2).  Elongase peptides were undetectable in the extremely low expression IG74 

colony.   
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Figure 3.4 Transcript and lipid abundance of selected transformants. Transcript abundance 

(left y-axis) normalized to IG74 transformant and relative abundance of C20 fatty acids EDA and 

ETrA (right y-axis) for four transformed strains shown on x-axis.  Error bars indicate mean ± 

standard error of the mean.  RT-PCR data are from three technical replicates of three biological 

replicates, lipid data are from three biological replicates. 

 

 

 

Figure 3.5 iTRAQ quantification of elongase protein accumulation. Signal intensity for iTRAQ 

labelled elongase peptides showing a comparison between wild type, IG16, IG39, and IG210. 
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Changes to Lipid Profile 

The proportionality of total lipids remained largely unaffected by the elongase, and its 

effects were mostly limited to its substrates C18:2 n-6 and C18:3 n-3 which were the groups 

elongated to EDA and ETrA, respectively (Fig 4).  The only unexpected and statistically significant 

change in lipid proportion came in the C18:1 n7 group, which nearly doubled in abundance in the 

transformant.  By comparing the relative percentages of the substrate fatty acids C18:2 and C18:3 

n3 to the products, we estimate that ~32% of the total C18:2 n6 was converted to EDA and ~8% of 

the C18:3 n3 pool was converted to ETrA.   

 

Figure 3.6 Wild-type and IG16 transformant lipid profile by GCMS. Percentage of total for 

the major lipids of C. reinhardtii comparing changes between wild type and IG16 from three 

biological replicates.  Asterisks indicate statistically significant changes from three biological 

replicates analyzed with a student’s t-test using p<.05. 
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TLC and Nitrogen Starvation 

Thin layer chromatography and copper sulfate exposure were used to separate and visualize 

lipid groups based on their polarity using the system developed by Fan et al.10  Groups of lipids 

were scraped off with a razor and transesterified to run separately by GCMS in order to identify 

which groups of lipids were affected by the expression of the elongase.  Under nitrogen replete 

growth conditions, the phosphatidylethanolamine (PE) fraction accumulated C20 fatty acids at 

1.2% of total PE.  Upon 72 hours of nitrogen starvation, this shifted to only .01% of PE lipids being 

C20 fatty acids while the TAG fraction contained 4.7% C20 fatty acids.  After 48 hours of nitrogen 

refeeding, levels of C20 increased in the ER to .12% C20 fatty acids and in TAG their proportion 

increased dramatically to 18.4% of lipids (Fig 5).  The conditions of the nitrogen starvation and 

refeeding experiment were decided upon in order to maximize the rapid production and 

mobilization of TAG according to the work by Siaut et al.17 

 

 

Figure 3.7 Localization of C20 after nitrogen deprivation and refeeding. Initial C20 fatty acid 

distribution in nitrogen replete conditions and changes in response to nitrogen deplete media for 72 

hours and refeeding for 48 hours.  N – nucleus, C – chloroplast, ER – Endoplasmic reticulum, TAG 

– Triacylglyceride.  

  

 

Discussion 

The IgASE1 gene has been successfully expressed in Chlamydomonas reinhardtii.  

Consistent with previous studies of this enzyme, it appears to be limited to linoleic acid and α-
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linolenic acid as substrates.12, 18  EDA and ETrA have been detected at up to 4.2 and 1.2% of total 

fatty acids and there have been no apparent impacts to morphology or growth of the transgenic 

microalgae.   

As metabolic engineering in microalgae moves forward, identifying limiting factors for 

high level conversion of substrates to products will be paramount.  In this work, there was only a 

1.6% success rate for the production of C20 fatty acids in gene positive transformed colonies.  

Along with the RT-PCR and LCMS data, this suggests that a crucial point of improvement for 

metabolic engineering of microalgae is still at the level of gene expression and mRNA stability.  In 

order to improve substrate conversion, more robust expression systems will be required. 

Producing C20 lipids in C. reinhardtii had the predicted effect of diminishing substrate 

pools as well as an unexpected effect on a non-substrate lipid.  Increases in the ratio of C18:1 n7 

may have been an indirect result of the decrease in abundance of the substrate lipids C18:2 n6 and 

C18:3 n3.  In higher plants feedback loops have been discovered which compensate for decreases 

in lipid species by increasing fatty acid synthesis, and uncovering the reason for an increase in the 

relative proportion of C18:1 n7 will be an area of further study.19  

The relatively lower conversion rate of C18:3 into ETrA may be due to its much lower 

prevalence in the phosphatidylethanolamine lipids of C. reinhardtii.20   Although this likely has 

skewed the conversion rate down, it is important to note that the diacylglycerol-N,N,N-

trimethylhomoserine (DGTS) lipids contain a high proportion of C18:3 n3 and show no 

accumulation of EDA or ETrA, indicating that the conversion efficiency is affected by the interplay 

of enzyme compatibility with the lipid group and availability of substrate lipids in the group.21   

It is interesting to note that both PE and DGTS would be expected to incorporate C20 

lipids, but this is not the case. Uncovering the reason EDA and ETrA are incorporated into PE and 

not DGTS will be an area of future focus, although the cause may be due to substrate specificity of 

the acyl-transferases expressed in the endoplasmic reticulum.  It is likely that the elongase is acting 
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not on the diacylglycerol precursor of both PE and DGTS but after lipids have been shunted toward 

PE production.22  Alternatively, it is possible that the elongase is incompatible with the DGTS lipid 

group itself and cannot interact directly with its acyl chains.  The lack of C20 integration into the 

majority of Chlamydomonas lipids may be the result of incompatibility with ER and plastid lipases 

and acyltransferases, which have been shown to alter and incorporate particular lipid species in a 

site specific manner.10, 23    

Nitrogen starvation revealed that C20 lipids are capable of being incorporated into TAG.  

On the other hand, the refed cultures’ subsequent increase in C20 proportion suggests that C20 

lipids may not be readily reincorporated into many of the lipid groups of C. reinhardtii.  Co-

expression of acyltransferases from LC-PUFA accumulating microalgae may be necessary in order 

to increase the incorporation of C20 lipids into endogenous lipid groups. 

To the authors’ knowledge, this work is the first successful demonstration of the use of 

metabolic engineering to produce C20 LC-PUFAs in Chlamydomonas reinhardtii.  As the world 

continues to grow so does the demand for high value food products and the need for fuels.  In order 

to meet either of these needs it will be necessary to develop a framework for metabolic engineering 

in high productivity organisms like microalgae to produce custom lipid profiles.  
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CHAPTER 4:  

MOLECULAR TOOLS FOR TRANSFORMATION AND CHARACTERIZATION OF 

CHLORELLA 
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Abstract 

 Molecular tools for transformation and gene expression in Chlorella species are required 

to turn this production strain of algae into a tool for biotechnology and industry.  Growth data and 

cell wall disruption assays were generated for a variety of species to identify top candidates for 

genome sequencing.  Genome sequencing was performed on the Chlorella vulgaris UTEX 259 

species and assembly resulted in a large amount of sequence data with which to build 

transformation constructs.  Several constructs were cloned which allowed testing of a variety of 

transformation conditions.  Although unsuccessful, these tools and techniques may prove fruitful 

to future researchers. 

 

Introduction 

 The genus Chlorella contains single celled species of microalgae that have emerged as 

leading candidates to become production strains of microalgae.1-3  They have long been used in 

Chinese aquaculture as a food source because they are a rich source of vitamins, minerals, 

polyunsaturated fats, and proteins.4 The productivity and hardiness of this genus of microalgae has 

been a cause of interest for researchers for many years.  Chlorella have high lipid content and have 

been looked at as a potential strain for the production of biofuels.3 Because of this, development of 

a transformation system is paramount to the future of this species as an industrial biotechnology 

organism.   

 Unlike other microalgae such as Chlamydomonas and Dunaliella, Chlorella are 

surrounded by a thick outer cell wall similar to higher plants.5 This wall has presumably led to 

much of the difficulty in achieving transformation of this genus of microalgae.6 Another major 

barrier to transformation is the lack of sequence data available from which to construct 

transformation vectors.  This work sought to characterize several species of Chlorella, identify the 

most promising species to have the genome sequenced, and then to construct transformation vectors 
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from the endogenous sequences of Chlorella and test various transformation protocols in the hopes 

of achieving stable transformation.   

 

Results and Discussion 

Strain selection 

 A collection of eight different isolates of Chlorella were obtained from the UTEX 

collection of algae. Five isolates of Chlorella vulgaris were examined as well as two isolates from 

Chlorella sorokiniana and one isolate from Chlorella kessleri. Growth assays were performed in 

HSM and TAP media in order to identify top strains and biomass productivity was assessed on a 

grams per liter basis (Fig 4.1 and Table 4.1, respectively). Because it was near the top in biomass 

productivity as well as easy to plate and culture in liquid, Chlorella vulgaris UTEX 259 was 

selected to move forward for genome sequencing. 
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Figure 4.1 Growth of various Chlorella species in TAP media.  Numbers on X-axis indicate 

days of growth post inoculation.  Cultures were inoculated at 1*10^5 cells/mL.  Cv- Chlorella 

vulgaris, Cs – Chlorella sorokiniana, Ck – Chlorella kessleri.  Numbers refer to UTEX collection 

designations, i.e. Cv 259 – Chlorella vulgaris UTEX 259 

 

Genome sequencing and assembly 

After assessing biomass and growth profile, Chlorella vulgaris UTEX 259 was selected 

for genome sequencing.  Using the Ion torrent sequencing platform and CLC assembly, the genome 

was sequenced and assembled.  The size of the genome appeared to be 33 million base pairs based 

on sequence data and matched read length averaged 201 base pairs.  The sequence was assembled 

into contigs averaging 3.2 kilobase pairs using the CLC assembly suite.  Contigs were then BLAST 

searched against a collection of highly expressed genes from other microalgae including 

Chlamydomonas reinhardtii and Scenedesmus dimorphus. Genes used for BLAST searching in 
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contigs were: alpha/beta/epsilon/gamma tubulin, light harvesting complex, actin, desaturases, 

photosystem 1 subunit D, photosystem 2 subunit O, 60s ribosomal subunit, and rubisco small 

subunit.  The BLAST-X tool allowed for comparison of genomic DNA from Chlorella vulgaris 

with protein sequence data from the aforementioned genes.  Matches for the genes were identified 

and classified based on their coverage and level of matching.  Importance was placed on identifying 

sequences which contained the beginning and end of the protein as the flanking sequences were the 

ultimate target of this portion of data analysis.   
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Table 4.1 Peak culture density and biomass production for Chlorella species.  Strains and 

growth media shown as well as the peak cell count and wet biomass in grams per liter for each 

culture and condition. Cv- Chlorella vulgaris, Cs – Chlorella sorokiniana, Ck – Chlorella kessleri.  

Numbers refer to UTEX collection designations, i.e. Cv 259 – Chlorella vulgaris UTEX 259 

Strain/Media Cell Count  (Cells/ml) Wet Biomass (g/L) 

Cv 265 tap 1.72*10^8 9.2 

Cv 2714 tap 1.18*10^8 6.4 

Cv 395 tap 1.51*10^8 10.4 

Cs 501 tap 1.62*10^8 8 

Cs 1230 tap 8.28*10^7 6.8 

Cv 259 tap 1.46*10^8 8.8 

Ck 229 tap 9.04*10^7 7 

Cv 265 hsm 3.42*10^7 2.8 

Cv 2714 hsm 7.85*10^7 3.2 

Cv 395 hsm 1.15*10^8 2.4 

Cs 501 hsm 5.81*10^7 2 

Cs 1230 hsm 7.44*10^7 4.8 

Cv 259 hsm 8.01*10^7 3.6 

Ck 229 hsm 3.10*10^7 3.8 

 

 

Construction of transformation vectors 

 Transformation vectors were designed using vectors built to transform other microalgae 

such as Chlamydomonas reinhardtii as a template.7  The sh-Ble gene and the aph7 genes were used 

as selectable markers providing resistance against Zeocin and Hygromycin, respectively.  The 

resistance genes were codon optimized for Chlamydomonas reinhardtii but were found to be 
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suitable for use in Chlorella vulgaris because the nuclear codon bias of Chlorella was not 

significantly different from that of Chlamydomonas.   

 Because flanking sequences were required to serve as promoter/UTR regions for 

transformation construct building, only genes which had matches in BLAST-X searches and had 

coverage of both 5’ and 3’ coding regions were used to build Chlorella transformation vectors.  The 

genes which matched with coverage of both 5’ and 3’ regions included: photosystem 1 subunit D, 

60s ribosomal subunit, and rubisco small subunit.  The majority of genes which were searched for 

in the Chlorella genome could not be matched with high enough confidence to determine the 

flanking regions.   

 After BLAST searching, flanking sequences were PCR amplified.  Sequences ranging from 

1500 base pairs upstream of the translation start site and 750 base pairs downstream of the 

translation stop site were chosen as flanking regions for vector construction.  The goal of 

amplifying a larger upstream flanking region was to leave room for the presence of a promoter as 

well as a 5’ UTR.  Flanking regions were placed upstream and downstream of resistance genes and 

cloned into the pBR9 vector for amplification in E. coli.   

 

Transformation attempts 

 Numerous strategies for transformation were employed, the majority of them based on 

techniques commonly used to transform other species of microalgae such as Chlamydomonas 

reinhradtii.  Electroporation was the primary route used in attempting to deliver DNA as it has 

been the most widely successful for transforming microalgae thus far.8  Alternate means of 

transformation included particle bombardment with gold nanoparticles and Agrobacterium 

tumefaciens mediated transformation.  A summary of transformation attempts and results is shown 

in Table 4.2.  Other transformation constructs were tried as well including the Cauliflower mosaic 

virus 35S promoter (CaMV 35S) and the AR1 C. reinhardtii nuclear promoter with both sh-Ble 
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and Aph7 as resistance genes because of their success in transforming Chlamydomonas.9  Although 

there were a wide variety of transformation attempts made, no successfully transformed colonies 

appeared on selection plates.   
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Table 4.2 Transformation conditions tested.  These transformation conditions were tried for all 

strains of Chlorella discussed above.   

Condition Volts per 

Cm 

Construct Result 

4mm Cuvette 

40mM TAP sucrose 

1500-

2500v/cm 

60s Hyg, 60s Ble, PsaD Hyg, PsaD 

Ble, Rbcs Hyg, Rbcs Ble, CaMV35s 

Negative 

4mm Cuvette 

40mM TAP sucrose 

Cellulase treated 

1500-

2500v/cm 

60s Hyg, 60sBle, Rbcs Hyg, Rbcs 

Ble, PsaD Hyg, PsaD Ble 

Negative 

2mm cuvette 

40mm TAP Sucrose 

2000-

14000v/cm 

60s Hyg, PsaD Hyg, Rbcs Hyg, 

Rbcs Ble, 60s Ble, PsaD Ble 

Negative 

2mm cuvette 

5M sorbitol 

50% glycerol 

2000-

14000v/cm 

60s Hyg, 60s Ble, PsaD Hyg, PsaD 

Ble, Rbcs Hyg, Rbcs Ble 

Negative 

1mm cuvette 

.5M sucrose 

HEPES buffer 

10000-

17500v/cm 

60s Hyg, 60s Ble, PsaD Ble, RbcS 

Ble, RbcS Hyg, PsaD Hyg 

Negative 

Agrobacterium NA Chlamy Hyg vector Negative 

Particle 

Bombardment 

550d Gold/1000d 

Gold, 1350 psi 

NA 60s Hyg, 60sBle, Rbcs Hyg, Rbcs 

Ble, PsaD Hyg, PsaD Ble 

Negative 
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Enzymatic cell wall digestion 

 The rigid cell wall of Chlorella appeared to be preventing the ingress of DNA during 

transformation.  After consulting literature, a selection of cocktails of enzymes which were used in 

order to assess the cell wall components of various species of Chlorella was identified.10  By using 

enzymes from the paper and developing a screen to test their efficacy (Figure 4.2), we were able to 

strip some of the components from the cell walls of Chlorella.  The assay relies upon the plasma 

membrane being exposed in cells stripped of their walls which results in the increase in 

fluorescence of a lipophilic dye in solution.  This rapid test can be used for evaluating potential 

production strains of microalgae in the future in order to gain insight into the composition of their 

cell walls or to try to prepare them for transformation.  The assay proved successful in that the cells 

with the highest fluorescence signal in the media had their cell walls visibly disturbed when 

examined under visible light microscopy.  Unfortunately, when combined with transformation 

attempts, no colonies were attained by this method.  

  



52 

 

 

 

Figure 4.2 Cell wall digestion assay.  Example of treated Chlorella vulgaris UTEX 259 cells 

shown.  L – lysozyme treatment, all – lysozyme, B-glucoronidase, chitinase, chitosanase, pectinase, 

sulfatase.  

 

Materials and Methods 

Strains and growth conditions 

Samples of C. vulgaris UTEX 259, 265, 395, 2714 and C. sorokiniana UTEX 2714 and C. 

keslleri UTEX 2229 were obtained from the Culture Collection of Algae at the University of Texas 

at Austin. C. sorokiniana CS-01 was provided by the Burkart lab at University of California at San 

Diego. All algae strains were inoculated in 50mL flasks of Sueoka's high-salt medium (HSM) or 

Tris-acetate-phosphate (TAP) media and grown at 25 °C under continuous illumination at 
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160 μmol m−2 s−1. Cultures were shaken at 250 rpm for under continuous illumination 

(160 μmol m−2 s−1) at 25 °C.  Wet biomass for growth assays was assayed by spinning cells at 

10,000 RCF and aspirating the supernatant twice, then using subtractive weighing to determine the 

grams of wet biomass. 

 

Genome sequencing and assembly 

 Genomic DNA was prepared from C. vulgaris UTEX 259 using phenol-chloroform 

extraction and then treated with RNAse.  Samples were sent for Ion Torrent sequencing and 

sequencing reads were assembled using CLC assembly.  Scaffolds were searched for hits using the 

NCBI website’s BLAST-x tool to identify matches.  

 

Transformation vectors and transformations   

Vectors were PCR amplified from C. vulgaris UTEX 259 to obtain flanking sequences for 

cloning into the pBR9 Chlamydomonas reinhardtii transformation vector backbone.  Unless noted 

otherwise in Table 4.2, all transformation conditions were performed as described previously for 

Chlamydomonas reinhardtii.   

 

Enzymatic Treatment 

 Cells were incubated with enzyme cocktails as indicated in TAP media with .5M sucrose 

for periods of 1, 6, and 12 hours.  A sample of enzymatically treated cells was inoculated on drug 

free plates for each set of conditions and incubation times to ensure that the cells were still viable 

after enzymatic treatment. 
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Conclusion 

 The genus Chlorella is full of microalgae with remarkable capacity for robust growth and 

hardiness, making them a true species of interest for industrial biotechnology.  The transformation 

protocols and vectors produced herein were unable to yield fruitful results, but they may inform the 

successes of other researchers to come.  As sequence data becomes more available, new vectors 

may be built which enable transformation of Chlorella and will open up a new avenue of 

biotechnological research and real world value as a biomanufacturing platform.  A rapid assay to 

detect cell wall disruption by enzymatic digestion should also help researchers bioprospecting a 

variety of species of microalgae as a means of roughly assessing their cell wall composition as well 

as potentially aiding in transformation of new species. 
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Microalgae can truly become a transformative force in the economy, and a major source of 

environmentally friendly food and fuels due to their rapid growth, high biomass productivity per 

acre, and ability to be used as protein and lipid factories.  Tools to enable more optimal cultivation, 

metabolic engineering of lipid profiles, and techniques to enable transformation of newly identified 

species will be paramount to the future of this research. 

 The research described herein will have some immediate effects on the state of the 

microalgae industry.  In chapter 2, the development of rapid assays for growth monitoring as well 

as lipid and protein assessments will enable farmers to save money and to use less nutrients and 

maximize their yields, making microalgae cultivation more effective and more affordable in a 

commercial setting.  In the laboratory, work from chapter 3 will provide a template for the 

modification of lipid metabolism in both Chlamydomonas and whatever species of microalgae 

become model organisms in the future.  The questions created by transformation of lipid profile in 

C. reinhardtii will lead to more research into the nature of lipid compatibility with endogenous 

acyltransferases and likely will also cause researchers to question the nature of TAG 

reincorporation after nutrient refeeding.  The work performed in chapter 4 should help researchers 

seeking to transform new species of microalgae by providing a roadmap for them to follow, and a 

new assay to use in the assessment of cell wall components.   

 As a result of this research, tools for both commercial algae cultivation and biotechnology 

research have been improved.  Ease of cultivation will enable more people to try algae farming and 

as a result awareness and research will follow.  There is no route forward for our society without 

some form of fungible alternative fuel and some form of low environmental impact nutrient source.  

The steps to metabolically engineer lipid profile demonstrated here can be adapted and altered for 

the production of both biofuels and nutrient rich foods for the future.  With these tools, the future 

of microalgae biotechnology is certainly brightened.  




