
ABSTRACT 
 

 

SRIRANGAN, SOUNDARYA. Molecular Characterization of Dunaliella spp. Growth and 

Primary Metabolism in Response to Environmental Changes. (Under the direction of Dr. 

Heike Winter-Sederoff.) 

 

 

There is a renewed interest in the use of microalgae as alternative, carbon neutral and 

sustainable energy resources due to the increasing energy demand, depleting supply of fossil 

fuels and the environmental concerns associated with global warming. Marine microalgae are 

a promising feedstock for biofuels, since they are devoid of major drawbacks associated with 

terrestrial crop plants such as requirement of land or fresh water resources for cultivation. 

The use of marine microalgae like Dunaliella spp. is advantageous, because they grow fast, 

accumulate high levels of triacylgycerides (TAGs; oil) with little need for fresh water and 

lack a rigid cell wall, which makes the TAG extraction process less expensive. For maximal 

productivity, fast growth and accumulation of high quantities of oil are the most desirable 

traits, because they provide in a short amount of time large quantities of biomass with high 

levels of oils. Cell division rates and TAG accumulation exhibit an inverse relationship in 

algae, because cell division rates are maximal under optimal growth conditions while TAG as 

carbon and energy storage components accumulate during growth limited conditions. TAGs 

are direct precursors for biofuel production, however, very little is known about the 

molecular mechanism behind TAG accumulation in microalgae.  

The research reported here focused on understanding the time-resolved physiological, 

metabolic and transcriptomic response of Dunaliella viridis dumsii to photoperiod, 

temperature and the integration of both environmental changes. We found that the rate of cell 

division in D. viridis increased under continuous light compared to light:dark cycles, while 



an increase in temperature from 25ºC to 35ºC did not significantly affect the cell division 

rate, but increased the TAG per cell several-fold under continuous light. The amount of 

saturated fatty acids in the TAG fraction was more responsive to an increase in temperature 

than to a change in the light regime. Transcriptome analysis showed that genes coding for 

fatty acid biosynthesis enzymes in response to elevated temperature are not transcriptionally 

regulated, while TAG biosynthesis under continuous light at elevated temperature is driven 

by transcriptional up-regulation of lipases involved in the recycling of fatty acids from 

membrane lipids. Starch metabolism was controlled via transcriptional regulation of its 

degradation enzymes and does not respond to temperature changes under light:dark cycles, 

but was sensitive to temperature under continuous light. 

Dunaliella possess useful traits for biofuel production, although, the high cost of 

controlled growth and harvesting have prevented the development of this technology at 

commercial level. Expression of high-value co-products like industrial enzymes could offset 

the high costs of algae cultivation associated with photobioreactors and harvesting, and make 

algae-derived biofuels commercially viable. To produce recombinant enzymes in Dunaliella, 

methods for stable transformation are required. This study contributed to the development of 

molecular tools for nuclear transformation of D. viridis dumsii for genetic engineering. We 

isolated and used the endogenous promoters and terminators of the ribulose bisphosphate 

carboxylase/oxygenase small subunit (rbcS) of D. viridis to drive the expression of the 

reporter gene encoding the ñEnhanced Green Fluorescent Proteinò (EGFP) and Bleomycin 

(ble) conferring resistance to antibiotic zeocin. Transformation was attempted by mechanical 

stress using glass beads and by electroporation. A novel method of embedding D. viridis cells 

in solid growth media while selecting with zeocin was developed to improve the efficiency of 



colony forming units after transformation. Our attempt to transform D. viridis with a 

heterologous Thioesterase A from the halophilic bacterium Chromohalobacter salexigens 

resulted in transgenic lines, but did not provide stable integration of the transgenes into the 

nuclear genome. 
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Chapter 1 

Literature Review 

Microalgae as potential feedstock for biofuels 

Over the past decade great interest has been shown in the development of clean, 

renewable and sustainable energy sources due to the depleting supply of petroleum-based 

fuels and the contribution of these fuels to the accumulation of carbon dioxide in the 

environment (1). Biodiesel produced from oil crops is a potential renewable and carbon 

neutral alternative to petroleum fuels. Although, biodiesel produced from oil crops will not 

satisfy the increasing energy demand and in addition few of the oil crops also serve as food 

crops and hence food versus fuel problem needs to be addressed (1). In addition, large 

cultivation areas will be needed for growth of the major oil crops for biodiesel production in 

order to satisfy only half the existing need of U.S. transportation fuels (Table 1.1) (2). 
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Table 1.1. Comparison of different sources of biodiesel feedstock (2).  

Crop 

Oil yield 

(L/ha) 

Land area 

needed (M ha)
a
 

Percent of existing 

US cropping area
a
 

Corn 172 1540 846 

Soybean 446 594 326 

Canola 1190 223 122 

Jatropha 1892 140 77 

Coconut 2689 99 54 

Oil palm 5950 45 24 

Microalgae
b
 136900 2 1.1 

Microalgae
c
 58700 4.5 2.5 

 

a
 For meeting 50% of all transport fuel needs of the United States. 

b
 70% oil (by wt) in biomass. 

c
 30% oil (by wt) in biomass. 

 

 

 

Microalgae have been proposed as the third and fourth generation biodiesel feedstock 

(3, 4), since they are devoid of major drawbacks associated with the terrestrial crop plants 

such as requirement of land or fresh water resources for cultivation. Only between 1-3% of 

the total United States cropping area would be needed for producing algal biomass, which 

could satisfy approximately 50% of the transportation fuel needs as per the current rate of 

consumption (Table 1.1) (2).  Microalgae are aquatic, photosynthetic organisms representing 

vast genetic diversity with ability to survive in a wide range of environmental habitats such 

as fresh water, brackish, marine and hyper-saline, varying range of light, temperature and pH 

and unique nutrient availabilities (5). With over 40,000 species already identified and with 

many more yet to be identified, algae are classified in three major groupings such as green 

algae (Chlorophyceae), diatoms (Bacillariophyceae) and red algae (Rhodophyceae) (1). 

Microalgae have simple growth requirements such as light, sugars, carbon dioxide, nitrogen, 
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phosphorous and potassium to produce lipids, proteins and carbohydrates in large amounts in 

short periods of time. These products can be processed into both biofuels and valuable co-

products and in addition the residual biomass after oil extraction can be recycled as feed or 

fertilizer for new algal growth (3, 6). Microalgae grow extremely rapid and double their 

biomass within 24 hours (2). Like vascular plants, microalgae use sunlight as their only 

energy source to produce oils, but the oil productivity of many microalgae greatly exceeds 

that of the best oil producing crops as shown in Table 1.1 (2). Oil production of certain 

microalgae can exceed 80% by weight of dry biomass (6, 7), whereas oil levels of 20-50% 

are quite common (Table 1.2) (2).  

 
 

 
Table 1.2. Oil content of microalgae (2). 

 Microalga 

Oil content (% dry 

wt) 

Botryococcus braunii 25-75 

Chlorella sp. 28-32 

Crypthecodinium cohnii 20 

Cylindrotheca sp. 16-37 

Dunaliella primolecta 23 

Isochrysis sp. >20 

Nannochloris sp. 20-35 

Nannochloropsis sp. 31-68 

Neochloris oleoabundans 35-54 

Nitzscha sp. 45-47 

Phaeodactylum tricornutum 20-30 

Schizochytrium sp. 50-77 

Tetraselmis sueica 15-23 
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In addition to the inherent oil potential, studies have shown further increase in oil 

accumulation in microalgae by varying their growth conditions (8-13). Apart from oil 

accumulation potential for biofuel production, microalgae also offers other advantages from 

environmental perspective. For example, a study has shown that the microalgal biomass 

production and utilization using carbon dioxide sequestered from flue gases has greater 

potential for the reduction of greenhouse gas emission (14). Also, algae can be grown by 

utilizing nutrients such as nitrogen and phosphorous from a variety of waste water resources, 

which results in a decreased cost of fertilizer needed for growing them to harvest oil and also 

provides the additional benefit of wastewater bio-remediation (1, 6). Lastly, cultivation of the 

algae can be done either in a photo-bioreactors where cells can be grown throughout the year 

or in an open pond system, with an annual biomass productivity on an area basis exceeding 

that of terrestrial plants by approximately tenfold (1). Hence these properties make 

microalgae as an ecological and economically feasible feedstock for biofuel production.  

 Despite its inherent potential as a biofuel energy resource, there are a few constraints 

to consider while using microalgae as a sustainable source of energy at a commercial scale. 

To mention a few, species selection must balance requirements for both biofuel production 

and value added co-products but at the same time not compromise the growth rate. Also, 

difficulties in large scale culturing techniques and optimization of growth determining factors 

for not only inducing more oil but also for obtaining desired fatty acid composition of oil 

needs to be addressed (3). Clearly, there is a need for the genetic manipulation of microalgae 
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in the future, since it is not feasible to concurrently achieve increased photosynthetic 

efficiency, enhanced biomass, increased oil potential and even more phenotypes in an 

individual strain of interest. In order to implement genetic engineering strategies to further 

improve the quality of the microalgal strain, there is a need for thorough understanding of the 

major genes and pathways regulating cell division and lipid accumulation in these 

microorganisms. 

 Lipids and lipid metabolism in algae 

Overview of lipids structure and function 

Lipids are naturally occurring organic compounds mainly composed of carbon and 

hydrogen. Lipids include both fats (solid form) and oils (liquid form), and are an essential 

constituents of all living cells. Unlike other energy sources like glucose, lipids are insoluble 

in water and can be extracted from cells only using nonpolar organic solvents such as 

chloroform. Lipids are extremely diverse in structure and constitute the products of major 

biosynthetic pathways in plants. The most abundant types of lipids in plant cells are derived 

from the fatty acid and the glycerolipid biosynthetic pathway (Figure 1.1) and those lipids 

contribute to the cell membranes which is ~5-10% by dry weight, and the other types of 

lipids are derived from the isoprenoid pathway (15). 
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 Glycerolipids are characterized by a glycerol backbone with one, two, or three fatty 

acyl groups attached, and can be divided into two large subclasses based on their specific 

function, such as storage oils or membrane lipids (16). Membrane lipids contain two fatty 

acyl groups and generally have a polar side-group at the sn-3 position of their glycerol 

backbone (Figure 1.1). These lipids are the essential building blocks for cell and organelle 

membranes. Storage lipids have three fatty acyl groups attached to the glycerol backbone, 

and these lipids are known as triacylglycerols (TAG; oil).  The lipid classes include neutral 

lipids (mainly TAGs), polar lipids (glycolipids and phospholipids), wax esters, sterols and 

hydrocarbons, as well as prenyl derivatives such as tocopherols, carotenoids, terpenes, 

quinones and chlorophylls (1).  

Lipid membranes serve as major barriers and help in delineating the cell and its 

compartments, and also form the sites for essential processes to occur, which includes the 

light harvesting and electron transport reactions of photosynthesis. The importance of 

membranes and membrane biogenesis to cell growth and division are well known. Animals 

use fats for energy storage whereas plants use them for both energy and carbon storage. In 

plants, lipids are the major form of carbon storage in the seeds especially in the form of 

triacylglycerol, constituting up to ~60% of the dry weight of seeds of many plant species 

(15). The stored triacylglycerol in plant seeds gets converted into carbohydrates during 

germination thereby releasing energy which will be used for the seed growth and 

development. Cuticular lipids produced by the epidermal cells coat the surface of plants, 
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preventing water loss due to transpiration and also protect plant against biotic and abiotic 

stresses. In addition, lipids also act as a signaling compound and mediate cytoskeleton 

rearrangements and membrane trafficking in plants (17).  

 

 

 

Figure 1.1 Structures of the major fatty acids and glycerolipids of plant cell membranes (15). The fatty 

acid and glycerolipid structures are arranged in approximate order of their abundance in plant leaves. The fatty 

acids are referred to by the number of carbon atoms (before the colon) and the number of double bonds (after 

the colon). 

 

 

Algal lipids  

In higher plants, the individual classes of lipids are synthesized and localized in a 

specific cell, tissue or organ, whereas many of these different types of lipids are synthesized 



 

 

 

 

 

8 

and stored in a single cell in algae (1). It is believed that the basic pathways of fatty acid and 

TAG biosynthesis in algae are directly analogous to those demonstrated in model seed plants 

such as Arabidopsis, based upon the sequence homology and some shared biochemical 

characteristics of a number of genes and/or enzymes isolated from algae and higher plants 

that are involved in lipid metabolism (1).  

In higher plants and algae, the non-phosphorous galactolipids and sulfolipids of the 

plastid membranes constitute a significant proportion of the total membrane lipids along with 

the phospholipids, whereas glycerophospholipids serve as major membrane lipids in 

mammalian, fungal and bacterial systems (18, 19). Furthermore, algae have a non-

phosphorous betaine lipid diacylglycerol-N,N,N-trimethylhomoserine (DGTS), which also 

contributes to the membrane lipids as in some bacterial species (20, 21). The main 

distinguishing feature of lipid metabolism found in the green alga Chlamydomonas from that 

of higher plants, is the lack of phosphatidylcholine (PC) in membrane lipids (22, 23), instead, 

DGTS replaces the role of PC (24). 

  Algae synthesize fatty acids mainly for esterification into membrane lipids, about 

~5-20% of their dry cell weight (DCW) under optimal growth conditions (1). The major 

membrane lipids are the glycosylglycerides such as monogalactodiacylglycerol (MGDG), 

digalactodiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG) which are 

enriched in the chloroplast, together with significant amounts of phosphoglycerides such as 

phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) which mainly reside in the 
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plasma membrane and many endoplasmic membrane systems (1, 16, 25). The majority of 

fatty acids constituting membrane lipids are polyunsaturated which are derived by the 

desaturation and elongation processes from the precursor fatty acids, palmitic (16:0) and 

oleic (18:1ɤ9) (26).  

Under unfavorable environmental growth conditions, however, many algae alter their 

lipid biosynthetic pathways towards the formation and accumulation of neutral lipids (20-

50% of DCW) mainly in the form of TAGs. The synthesized TAGs are assembled into oil 

bodies and stored in the cytosol, which primarily serve as a storage form of carbon and 

energy and also appear to be a protective mechanism by which algal cells cope with adverse 

environmental conditions (1). Specific growth conditions can induce accumulation of oil in 

microalgae, for example, nitrogen deprivation, salt or light stress, high CO2 concentration 

have all been shown to increase oil accumulation in different algal species (8, 9, 11, 27, 28). 

In the green alga, Dunaliella bardawil, in addition to the cytosolic lipid bodies, the formation 

and accumulation of lipid bodies under excess irradiation was also found to occur in the 

inner-thylakoid space of the chloroplast and are referred to as plastoglobuli (29). 

Fatty acids are the building blocks of TAG and other cellular lipids, however the 

information regarding the expression of genes involved in the fatty acid synthesis pathway in 

algae are not adequate (1). TAGs are useful precursors for conversion into biodiesel (30) and 

react with methanol in a reaction called transesterification to produce methyl esters of fatty 

acids (biodiesel) and glycerol as a co-product as shown in Figure 1.2 (2). Lack of substantial 
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information about the mechanism of TAG accumulation in microalgae is a major bottleneck 

for exploiting these microorganisms as a feedstock for biofuel. 

 

 

 

   Figure 1.2. Transesterification of oil to biodiesel (2). R1-3 are hydrocarbon groups.  

 

 

 

Chlamydomonas reinhardtii, a green algae, is widely used as a model organism for 

investigating the mechanism of TAG synthesis in microalgae, because of the availability of 

sequenced genome and genetic tools (31-34). It is important to understand that the lipid and 

oil accumulation potential in green algae were found to be species/strain-specific, rather than 

genus specific (35). Therefore, there is a need to examine lipid synthesis and accumulation in 

diverse microalgae, which has potential for novel insights into new mechanisms to enhance 

lipid production. Although, lack of genome sequence information and difficulties in genetic 

transformation for forward or reverse genetics studies limits the understanding of lipid 

accumulation in most of the oleaginous microalgae. Hence most of the candidate genes in 

algal lipid metabolism identified so far has been in Chlamydomonas, based on the putative 

orthologues of genes known to encode biosynthetic enzymes in lipid metabolic pathways 

from yeast, Arabidopsis or cyanobacteria. Those candidate genes were identified by 
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combined knowledge of in silico predictions and a detailed review of the experimentally 

verified pathways and their list is provided in Table 1.3 (36). 

 

 
Table 1.3. Assignment of candidate Chlamydomonas genes encoding enzymes of glycerolipid metabolism

 

(36). 
a
Assignment of candidate genes was based on putative yeast, Arabidopsis or cyanobacterial orthologues 

and prediction of subcellular localization as previously described (21, 33). Single isoform proteins predicted to 

be dually targeted to mitochondria and chloroplasts are italicized. Gene names are as previously published (21) 

and correspond to those of homologues from either yeast or Arabidopsis.  
b
Genes encoding experimentally 

confirmed enzymes: SQD1(37); BTA1(21); EPT1 (23); ECT1(23); FAD6a (38); FAD13 (39). 
c
Gene information 

obtained as described (32). 

Description Gene Accession # 

Plastid and Mitochondrial Pathways 

Acetyl-CoA carboxylase components 

Alpha-carboxyltransferase ACX1 EDP00637 

Beta-carboxyltransferase BCX1 EDO96563 

Biotin carboxylase BCR1 EDO97049 

Biotin carboxyl carrier protein 

BXP1 [BCC1] EDO98131 

BXP2 [BCC2] EDP09857 

Acyl carrier protein (ACP) 

ACP1 EDO98915 

ACP2 EDP09036 

Malonyl-CoA: ACP transacylase MCT1 EDP09600 

Type II fatty acid synthase components 

  

3-ketoacyl-ACP synthase 

KAS1 EDO97709 

KAS2 EDO98446 

KAS3 EDO96631 

3-ketoacyl-ACP reductase KAR1 EDP06155 

3-Hydroxyacl-ACP dehydratase HAD1 EDP03190 

Enoyl-ACP-reductase ENR1 EDO97343 

Glycerol-3-P: Acyl-ACP acyltransferase ATS1 EDP02129 

Lyso-phosphatidate: Acyl-ACP acyltransferase ATS2 XP_001699736.1 
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Table 1.3 Continued 

 
CDP-diacylglycerol synthetase CDS1 [PCT1] EDP04328 

Phosphatidylglycerolphosphate synthase 

PGP1 EDO97733 

PGP2 EDO98928 

Phosphatidylglycerolphosphate phosphatase 

 

no candidate 

Phosphatidate phosphatase 

 

no candidate 

 

UDP-sulfoquinovose synthase SQD1b EDO99781 

Sulfolipid synthase 

SQD2 EDP09400 

SQD3 EDO98898 

Sulfolipid 2' -O-acyltransferase 

 

no candidate 

Monogalactosyldiacylglycerol synthase MGD1 EDP09106 

Digalactosyldiacylglycerol synthase DGD1 EDP08851 

Acyl-ACP thioesterase FAT1 EDP08596 

Cytosolic Pathways 

Long-chain acyl-CoA synthetase 

LCS1 EDO96800 

LCS2 EDP08946 

Glycerol-3-P: Acyl-CoA acyltransferase GPAT9 XP_001696468.1 

Lyso-phosphatidate: Acyl-CoA acyltransferase 

 

no candidate 

Phosphatidate phosphatase 

PAP1 EDO97062 

PAP2 EDO99916 

 

PAH1 EDP05457 

CDP-diacylglycerol synthetase CDS2 [PCT2] EDP05553 

AdoMet synthetase SAS1 (METM) EDP08638 

Betaine lipid synthase BTA1b EDP07133 

CDP-ethanolamine: diacylglycerol ethanolamine 

phosphotransferase EPT1b EDP03425 

Serine decarboxylase SDC1 EDP09397 

Ethanolamine kinase EKI1 [ETK1] EDP01663 

CTP: Phosphoethanolamine cytidylyltransferase ECT1b EDP03532 
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Table 1.3 Continued 

 
Phosphatidylglycerolphosphate synthase PGP3 EDP06071 

Phosphatidylglycerolphosphate phosphatase 

 

no candidate 

Inositol-3-phosphate synthase INO1 EDP05930 

CDP-DAG: Inositol phosphotransferase PIS1 EDP06395 

Fatty acid desaturases 

Plastidic isoforms (as judged by ChloroP analysis) 

Stearoyl-ACP-ȹ9-desaturase FAB2 EDP04705 

Phosphatidylglycerol palmitate-ȹ3t-desaturase 

  Monogalactosyldiacylglycerol pamitate-ȹ7-desaturase FAD5 [FAD5A] EDP02613 

ɤ-6 desaturase 

FAD6ab [DES6] EDP03637 

FAD6b EDP01638 

ɤ-3 desaturase FAD7 EDP09401 

MGDG 16-carbon ȹ4-desaturase   no candidate 

Cytosolic isoforms 

Oleate desaturase 

FAD2a EDP04777 

FAD2b 

 Linoleate desaturase FAD3 

 ȹ5 Desaturase FAD13b EDP08027 

TRIGLYCERIDE SYNTHESIS  

Diacylglycerol acyltransferases type 1 (DGAT1) ARE1, ARE2 Cre01.g045900c 

Diacylglycerol acyltransferases type 2 (DGTT1) DGA1 EDO96893 

Diacylglycerol acyltransferases type 2 (DGTT2)  Cre02.g121200 c 

Diacylglycerol acyltransferases type 2 (DGTT3)  Cre06.g299050 c 

Diacylglycerol acyltransferases type 2 (DGTT4)  Cre03.g205050 c 

Diacylglycerol acyltransferases type 2 (DGTT5)  Cre02.g079050 c 

Phospholipid: Diacylglycerol acyltransferase LRO1 [LCA1] EDP07444 
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Fatty acid biosynthesis and desaturation in algae 

 In algae, the de novo synthesis of fatty acids in the chloroplast occurs via a system 

very similar to that of bacteria (40). A basic scheme for fatty acid biosynthesis is shown in 

Figure 1.3 (1). Candidate genes for enzymes in the fatty acid synthesis pathway identified 

from Chlamydomonas genome are listed in Table 1.3. 

The committed step in the de novo synthesis of fatty acids is the conversion of acetyl 

CoA to malonyl CoA, catalyzed by acetyl CoA carboxylase (ACCase) (41). In green algae, 

as shown in Arabidopsis seed oil biosynthesis, glycolysis-derived pyruvate from both the 

chloroplast and cytosol acts as the major photosynthate, which is converted into acetyl CoA 

for de novo fatty acid synthesis (42). Although, more than one pathway could contribute to 

the acetyl CoA pool in plants, since acetyl CoA is the central metabolite required for 

synthesis of isoprenoids and amino acids, in addition to the fatty acids synthesis pathway (41, 

43). Extensive experiments in plants using leaf tissue, indicated that acetyl CoA synthetase 

also contributes to the acetyl CoA pool by converting free acetate into acetyl CoA (44-46). 

The formation of malonyl CoA from acetyl CoA takes place in two steps and is catalyzed by 

a single enzyme complex ACCase (Figure 1.3). In the first step, which is ATP dependent, 

CO2 from (HCO3
-
) is transferred by the biotin carboxylase portion of ACCase to nitrogen of 

biotin prosthetic group attached to the Ů-amino group of a lysine residue. In the second step, 

catalyzed by carboxyltransferase, the activated CO2 is transferred from biotin to acetyl CoA 

to form malonyl CoA (15).  
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Figure 1.3. Fatty acid de novo synthesis pathway in chloroplasts adapted and modified from (15). Acetyl 

CoA enters the pathway as a substrate for acetyl CoA carboxylase (Reaction 1) as well as a substrate for the 

initial condensation reaction (Reaction 3). Reaction 2, which is catalyzed by malonyl CoA:ACP transferase and 

transfers malonyl from CoA to form malonyl ACP. ACP refers to Acyl Carrier Protein. Malonyl ACP is the 

carbon donor for subsequent elongation reactions. After subsequent condensations, the 3-ketoacyl ACP product 

is reduced (Reaction 4), dehydrated (Reaction 5) and reduced again (Reaction 6), by 3-ketoacyl ACP reductase, 

3-hydroxyacyl ACP dehydrase and enoyl ACP reductase, respectively.  

 

 

 

In plastid containing organisms, ACCases are present in the cytosol and the plastid 

and two different forms exist, the heteromeric (prokaryotic) and homomeric (eukaryotic) 

form (47). The presence of homomeric or heteromeric ACCase in algae is dependent on the 

origin of the plastid and the differences in the substrate binding regions of its subunits (47). 

In green algae (except prasinophyceae class) and red algae, the heteromeric form exists in the 
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plastid and in heterokontophyta and haptophyta, the homomeric form is found in the plastid 

(47). The plastidic isoform of ACCase is predominant in algae and is a tetrameric bacterial-

type enzyme consisting of four subunits: biotin carboxylase (BC), biotin carboxyl carrier 

protein (BCCP), Ŭ-carboxyltransferase (Ŭ-CT), and ɓ-carboxyltransferase (ɓ-CT) (48). The 

BCCP is found to have 2 isoforms and the other three subunits are single gene members in 

Arabidopsis thaliana (49). Putative Chlamydomonas genes that encode the components of 

plastidic ACCase are presented in Table 1.3. Similar to Arabidopsis, the BCCP subunit is 

predicted to have 2 isoform proteins, whereas the other three subunits are single isoform 

proteins and predicted to be dually targeted between plastid and mitochondria in 

Chlamydomonas (Table 1.3) (36). In higher plants, the ɓ-CT subunit is plastid encoded (50, 

51), whereas the remaining subunits are nuclear encoded. ACCase purified and kinetically 

characterized from two unicellular algae was similar to that of higher plants, and found to 

have a molecular mass of ~700 kDa with four identical biotin containing subunits, which are 

multi-functional peptides with domains responsible for both biotin carboxylation and 

subsequent transfer to acetyl CoA (52, 53).  

Plastidial ACCase is regarded as central in regulating the initiation of fatty acid 

biosynthesis and its activity is found to be controlled at multiple levels in higher plants (41). 

Regulation of ACCase was found to occur via reversible redox activation (54) or reversible 

protein phosphorylation (55) mediated by light in higher plants. In the diatom Cyclotella 

cryptica, the activity of ACCase increased ~2 and 4 fold, after 4 and 15 hours of silicon-



 

 

 

 

 

17 

deficient growth respectively, suggesting that the higher enzymatic activity may partially 

result from a covalent modification of the enzyme (56). However, the addition of protein 

synthesis inhibitors blocked the increased enzymatic activity of the ACCase, suggesting that 

the enhanced activity of ACCase could also be due to the increase in the rate of enzyme 

synthesis (56, 57). In addition, the increased expression of the plastidial ACCase gene acc1 

in diatoms Cyclotella cryptica and Navicula saprophila did not result in an increased fatty 

acid content, suggesting that the regulation of ACCase is controlled by feedback inhibition 

(58, 59). In oilseed plants, there is some evidence for feedback regulation of plastidic 

ACCase by 18:1-ACP (60). In tobacco, ACCase protein levels did not change during the 

feedback inhibition by exogenous addition of oleic acid in the form of oleoyl-tween (Tween-

18:1), indicates that the inhibition of fatty acid synthesis occurred through biochemical or 

posttranslational modification of ACCase (61). 

Malonyl CoA, the product of the carboxylation reaction serves as the central carbon 

donor for fatty acid synthesis (15). Transfer of malonate from malonyl CoA to ACP is 

catalyzed by malony-CoA:ACP transferase (MCT), and the putative homologue from 

Chlamydomonas (Table 1.3), was identified in a proteomic screen for thioredoxin interacting 

proteins (62). This proposed redox control of MCT, coupled with the presumed regulation of 

ACCase activity, could represent another layer of regulation in the fatty acid biosynthesis. 

Following the synthesis of malonyl-ACP by MCT, fatty acid synthesis in plastids continues 

by the action of a type II (bacterial) heteromultimeric FAS complex, located in the stroma of 
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chloroplast (40, 63). Candidate genes for the enzymes in FAS complex are identified in 

Chlamydomonas, and are listed in Table 1.3. The fatty acid synthase (FAS) which is 

comprised of the condensing enzymes 3-ketoacyl ACP synthase I (KAS I), 3-ketoacyl ACP 

synthase II (KAS II) and 3-ketoacyl ACP synthase III (KAS III) is involved in transfer of the 

malonyl moiety to acyl carrier protein (ACP) and also catalyzes the extension of the growing 

acyl chain with malonyl ACP (Figure 1.3). The 3-ketoacyl ACP product formed after 

condensation is reduced by the enzyme 3-ketoacyl ACP reductase, dehydrated by 

hydroxyacyl ACP dehydratase and then further reduced by the enzyme enoyl ACP reductase 

to form 16- or 18-carbon saturated fatty acyl ACPs (Figure 1.3) (1, 15).  

The elongation of fatty acids is terminated using acyl-ACP thioesterase which 

hydrolyzes the fatty acyl ACP and releases free fatty acids (1, 15). It has been shown that the 

protein-protein interactions between ACP and thioesterase are required to mediate the 

hydrolysis of fatty acids from fatty acyl-ACP in bacteria (64) and in plants (65). Similar 

interactions between Chlamydomonas reinhardtii ACP (CrACP) and endogenous 

thioesterase (CrTE) was found in the algal chloroplast using in silico and in vitro studies 

(66). In addition, overproduction of the endogenous thioesterase (CrTE) in vivo resulted in 

increased levels of short chain fatty acids in Chlamydomonas, although engineering plant 

thioesterases into the chloroplast of Chlamydomonas reinhardtii did not alter the fatty acid 

profile (66). The thioesterase substrate specificity can influence the lipid profile of an 

organism (67) and plant thioesterases have been engineered into a variety of plant species for 
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altering their oil content (65). The saturated fatty acids produced serve as substrate for a 

number of fatty acid desaturase enzymes. The 16- or 18-carbon, saturated or mono-

unsaturated fatty acids produced from the fatty acid biosynthesis pathway are used for lipid 

synthesis within the plastid (the prokaryotic pathway) and a major portion is exported into 

the cytosol by the plastidic acyltransferases for glycerolipid assembly at the endoplasmic 

reticulum (the eukaryotic pathway) as shown in Figure 1.4 (68). A detailed review of 

glycerolipid synthesis both in the plastid and endoplasmic reticulum will be discussed later in 

the chapter. The end products of chloroplast fatty acid synthesis are 16- or 18-carbon, 

saturated or mono-unsaturated fatty acids (15). However, the predominant fatty acids in 

Chlamydomonas lipids are poly-unsaturated (22). The fatty acid desaturases are the enzymes 

responsible for the production of these polyunsaturated acyl species, and a few of its plastidic 

and cytosolic isoforms are identified in Chlamydomonas by forward and reverse genetics 

(21). Several genes in the Chlamydomonas genome also encode proteins with similarity to 

characterized fatty acid desaturase enzymes from other plants, which includes stearoyl-ACP 

delta desaturase, the plastidic ɤ-3 desaturase and the extra-plastidic ɤ-6 and ɤ-3 desaturases 

(Table 1.3). A Chlamydomonas mutant (des6) defective in desaturation at the ɤ-6 position of 

fatty acids of MGDG, DGDG, SQDG and PG, was also found to have photosynthetic defects 

(69). Efforts to complement the wild-type DES6 gene restored the desaturase activity but not 

the photosynthetic defect (38). 
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Figure 1.4. The prokaryotic and eukaryotic pathways of glycerolipid synthesis in microalgae modified 

from (68). Abbreviation: ER, endoplasmic reticulum. Enzyme abbreviations: RuBisCO, Ribulose 1,5 

bisphosphte carboxylase oxygenase; ACCase, acetyl coA carboxylase; FAS complex, fatty acid synthase 

complex; FAT, Fatty-acyl ACP thioesterase; LACS, long chain acyl coA synthetase; GPAT, glycerol-3-

phosphate acyltransferase; LPAT, lysophosphatidic acid acyltransferases; PAH, phosphatidic acid phosphatase; 

DGAT, Diacylglycerol acyltransferases; PDAT, phospholipid:diacylglycerol transferase; PGD1, plastid 

galactoglycerolipid degradation 1. Compound abbreviations: 3-PG, 3-phosphoglycerate; Glyc3P, glycerol-3-

phosphate; PA, phosphatidic acid; DAG, diacylglycerol; PG, phosphatidylglycerol; MGDG, 

monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; 

LysoPA, lysophosphatidic acid; PE, phosphatidylethanolamine; PI, phosphatidylinositol; DGTS, diacylglycerol-

N,N,N-trimethylhomoserine and TAG, triacylglycerol.  

 

 

Fatty acid synthesis has also been demonstrated to occur in the mitochondria of 

plants, where the octanoate (medium chain fatty acid) gets converted to lipoic acid, the 

prosthetic group for major mitochondrial enzymes. It has been found that the majority of 
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enzymatic activities for plastidic fatty acid biosynthesis in Chlamydomonas were represented 

by single genes (21). Given that fatty acid synthesis takes place in both chloroplast and 

mitochondria, suggests that most of the fatty acid synthesis proteins may target between the 

two organelles in Chlamydomonas. These potentially dual-target proteins are italicized in 

Table 1.3 (36). 

Glycerolipid biosynthesis in algae  

Glycerolipids exist as glycerophospholipids and non-phosphorous glycerolipids in 

photosynthetic organisms. The majority of the plastid membranes are non-phosphorous 

glycerolipids and the extra-plastidic membranes are made up of glycerophospholipids. Due to 

the substantial burden of phosphate homeostasis in a plant cell, the abundant photosynthetic 

tissue of the plant is made up of non-phosphorous glycerolipids. The de novo synthesis of all 

glycerolipids involves the formation of phosphatidic acid (PA), from which phosphate is lost 

during the synthesis of the diacylglycerol (DAG) moiety. Both in plastid and endoplasmic 

reticulum (ER), DAG later serves as the substrate for the production of all other 

glycerolipids. The distribution of fatty acids between the sn-1 and sn-2 position of a 

glycerolipid is generally considered to reflect its biosynthetic origin (22), lipids in which the 

sn-2 position is occupied by C16 fatty acids are of plastidic origin, and those with C18 fatty 

acids in that position are of cytoplasmic origin. A basic pathway of glycerolipid biosynthesis 

is shown in Figure 1.4 and the Chlamydomonas orthologues of genes encoding the enzymes 

of glycerolipid synthesis are listed in Table 1.3.  
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Phosphatidic acid synthesis 

In the plastid (prokaryotic pathway), the fatty acyl-ACPs produced from the fatty acid 

synthesis pathway act as substrates for the plastidic enzymes glycerol-3-phosphate 

acyltransferases (GPAT) and lysophosphatidic acid acyltransferases (LPAT), to form the 

central glycerolipid precursor PA by reacting with  glycerol-3-phosphate (GLYC3P). The 

free fatty acids produced from the plastid via thioesterase get exported into the ER via the 

cytosol and are converted into fatty-acyl-CoAs by long chain acyl-CoA synthetase (LCAS). 

The acyl-CoA reacts with GLYC3P to form LysoPA by the action of cytosolic GPAT and the 

formed LysoPA gets converted into PA using cytosolic LPAT or GPAT. Two genes LCS1 

and LCS2 coding for cytosolic long chain acylCoA synthetase are found in the 

Chlamydomonas genome (Table 1.3). The enzymatic activities of GPAT and LPAT have not 

been studied directly in Chlamydomonas; however studies from other organisms explained 

the sn-1,2 acyl chain distribution that has been observed (22). Isolation of GPAT and LPAT 

from higher plants showed higher substrate affinities towards oleoyl-ACP (70) and 

palmitoyl-ACP (71) respectively. The Arabidopsis mutants defective in plastid GPAT 

(encoded by the gene ACT1/ATS1) resulted in loss of DAG synthesis in the plastid and also 

forced increased flux through the eukaryotic pathway of thylakoid lipid synthesis (72). Genes 

corresponding to GPAT and LPAT enzymes in the plastid has been identified in 

Chlamydomonas, although only extra-plastidic GPAT isoform was found in the cytosol but 

not the LPAT. This might be either owing to the incomplete sequence coverage in the 
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genome or due to the divergent protein in algae or broader substrate specificity of GPAT 

enabling the catalysis of both reactions (Table 1.3) (33).  

Diacylglycerol synthesis 

The PA produced in the plastid/ER gets dephosphorylated by the action of 

phosphatidic acid phosphatase (PAP) forming diacylglycerol, which later serves as substrate 

for galactolipid (MGDG and DGDG) and sulfolipids (SQDG) biosynthesis under optimal 

growth conditions and for neutral lipids (TAG) under stressful growth conditions. The DAG 

thus produced through the prokaryotic pathway using plastidic GPAT and LPAT will have 

sn-1/sn-2 position with molecular species preference of 18:1/16:0 and through the eukaryotic 

pathway using extra-plastidic GPAT with a preference of 18:1/18:0. Homologs of 

Arabidopsis PAP1 and PAP2 have been found in Chlamydomonas as cytosolic isoforms 

(Table 1.3), but the gene models needs to be functionally characterized. The transcript levels 

of PAP1 and PAP2 increased under nitrogen deprivation in Chlamydomonas, which explains 

their role in generating substrate for TAG synthesis under stress conditions (34). 

Phosphatidylglycerol synthesis 

PA also gets converted into cytidine-5ô-diphosphate-diacylglycerol (CDP-DAG) by 

the action of CDP-diacylglycerol synthetase. Both plastid and cytosolic isoforms of the 

enzyme CDP-diacylglycerol synthetase has been found in Chlamydomonas (Table 1.3). The 

formed CDP-DAG reacts with GLYC3P to synthesize phosphatidylglycerol (PG) using 
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phosphatidylglycerolphosphate synthase and/or phosphatidylglycerolphosphate phosphatase. 

PG plays an important role in the structure and function of the thylakoid membrane (73). 

Chlamydomonas mutants (mf-1 and mf-2) deficient in PG biosynthesis resulted in significant 

reduction in thylakoid stacking and impaired photosystem II function, and this defect was 

mainly due to the lack of 16:1
ȹ3t 

one of the thylakoid-specific molecular species of PG (74, 

75). A feeding experiment with 16:1
ȹ3t 

to mutant mf-2 resulted in the incorporation of the 

exogenous lipid into the thylakoid membrane and the photosynthetic defect got restored (74). 

This suggested that the absence of this lipid is atleast partially responsible for the 

photosystem II defects. Aside from the plastid, the PG biosynthesis is also found to take 

place in the mitochondria and ER. Three isoforms of phosphatidylglycerolphosphate 

synthase were found in Chlamydomonas (Table 1.3) and the candidates coding for 

phosphatidylglycerolphosphate phosphatase have not been found yet. Two of these isoforms 

are predicted with targeting sequence to the plastid and mitochondria (21). The other isoform 

is predicted to be cytosolic, although the candidate gene is not found in the EST database of 

Chlamydomonas. This correlated with the fact that the amount of PG contributing to the 

endomembrane system in the cytosol is lesser than that in the plastid and mitochondria (22).  

Phosphatidylserine, Phosphatidylethanolamine, Phosphatidylcholine and DGTS synthesis 

 Aminoglycerophospholipids are basic building blocks of the extraplastidic membrane 

in plants. Aminoglycerophospholipid metabolism in Chlamydomonas differs from that of 

seed plants, mainly due to the absence of the enzyme phosphatidylethanolamine N-
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methyltransferase (PEMT) which provides the pathway for methylation of 

phosphatidylethanolamine (PE) to form phosphatidylcholine (PC) (36). The activity of 

PEMT generates phosphocholine for conversion into CDP-choline followed by transfer of 

phosphocholine onto DAG, giving rise to PC. The apparent lack of the pathways for 

biosynthesis of PC in Chlamydomonas, correlates with the lack of PC from cellular 

membranes (22). The betaine lipid (DGTS) replaces the role of PC in Chlamydomonas (22, 

24, 76).  

 DGTS is a non-phosphorous glycerolipid, consisting of DAG bound in an ether 

linkage to a quaternary amine alcohol. These lipids are widely distributed in fresh and marine 

water algae, mosses, ferns and other non-vascular plants (20). The DGTS are similar in 

structure to PC and functionally replace PC in membranes of Chlamydomonas (77). Genes 

encoding for DGTS biosynthesis enzymes (btaA and btaB) were identified in the purple 

bacterium Rhodobacter sphaeroides (20) and the presence or absence of DGTS in an 

organism is found to be dependent on phosphorous availability (78). The btaA gene is 

proposed to encode an S-adenosylmethionine:DAG 3 amino-3-carboxylpropyl transferase 

leading to the formation of diacylglycerylhomoserine. The btaB gene encodes an S-

adenosylmethionine-dependent N-methyltransferase that converts diacylglycerylhomoserine 

in three consecutive methylation reactions into DGTS (79). In Chlamydomonas, BTA1 

appears to encode both activities needed for the synthesis of DGTS and is functionally 

characterized for its activity in Escherichia coli (21, 79) and the cytosolic isoform of BTA1 is 
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presented in Table 1.3. The Chlamydomonas BTA1 protein has two domains, one of which is 

homologous to R. sphaeroides btaA, and the other to btaB (20, 21). The regulation of DGTS 

biosynthesis is not yet investigated in Chlamydomonas, but knowing that their membrane 

composition is complex, this process is likely expected to be affected by multiple inputs.  

 Phosphatidylserine (PS) is the major precursor of phosphatidylethanolamine (PE) in 

yeast, bacteria, and plants, and its synthesis is mediated by the action of phosphatidylserine 

decarboxylase (PSD) (36). A mitochondrial PSD enzyme has been isolated and characterized 

from tomato (80). However, Chlamydomonas has been reported to lack PS as a component of 

its membranes (22) and also does not possess genes encoding for phosphatidylserine synthase 

and phospholipid base exchange enzymes (36). This suggests that PE biosynthesis is the 

function of a single pathway consisting of serine decarboxylase, which is a well-described 

enzyme in plants (81). Serine gets decarboxylated by the action of serine decarboxylase to 

produce ethanolamine which gets phosphorylated using ethanolamine kinase to produce 

phosphoethanolamine. The presence of putative serine decarboxylase and ethanolamine 

kinase is predicted to be found in Chlamydomonas by genome annotation (21). The 

phosphoethanolamine gets activated with cytidine-5ô-triphosphate (CTP) to form CDP-

ethanolamine using phosphoetanolamine:CTP cytidylytransferase and the transfer of the 

phosphoethanolamine moiety to DAG is done by the action of CDP-ethanolamine:DAG 

ethanolamine phosphotransferase resulting in biosynthesis of PE. The Chlamydomonas 

enzymes encoding for phosphoetanolamine:CTP cytidylytransferase and CDP-
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ethanolamine:DAG ethanolamine phosphotransferase has been biochemically characterized 

in E.coli (23, 76) and listed in Table 1.3.  

Phosphatidylinositol synthesis 

 Phosphatidylinositol (PI) and its phosphorylated forms play important roles in signal 

transduction processes and membrane anchoring of proteins in plants (82). In 

Chlamydomonas reinhardtii, the mechanism of PI formation has been investigated in cell 

extracts (83) and provided evidence for the presence of CDP-DAG:myo-inositol 3-

phophotidyltransferase and a manganese-dependent phosphatidylinositol:myo-ionsitol 

exchange reaction in the microsomal fraction but not in the plastid. Genes encoding proteins 

proposed to be involved in PI biosynthesis in Chlamydomonas are listed in Table 1.3.  

Monogalactodiacylglycerol, Digalactosyldiacylglycerol and Sulfoquinovosyldiacylglycerol 

synthesis 

 Monogalactosyldiacylglycerol (MGDG) is one of the most abundant membrane lipids 

which constitutes about 50% of the polar lipids of the thylakoid membrane in most organisms 

involving oxygenic photosynthesis (19). The enzyme responsible for MGDG synthesis in 

plants is MGDG synthase (MGDG1), characterized as a component of the chloroplast inner 

envelope membrane protein from spinach leaves (84, 85). MGDG synthase is a member of 

the glycosyltransferase superfamily which catalyzes the condensation of uridine-5ô-

diphosphate-galactose (UDP-gal) and DAG to produce a ɓ-galactosidic linkage (86, 87). 
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Arabidopsis and other plant genomes contain two paralogues of MGDG1 (denoted as MGD2 

and MGD3), and in addition there is a galactosyltransferase involved in the biosynthesis of 

oligogalactolipids (88). However, Chlamydomonas genome encodes homologue of only 

MGDG1 gene (Table 1.3) and hence galactolipid biosynthesis pathway is expected to be less 

complex in algae. In Arabidopsis, phosphate deprivation has been shown to up-regulate the 

expression of MGD2 and MGD3, concomitant with a loss of PC and accumulation of DGDG 

in extraplastidic membranes (19). This phenomenon is found to be an adaptation to 

phosphate limitation in higher plants, where the nonphosphorous lipid is substituting for a 

phospholipid, thus allowing reallocation of the limiting nutrient into more critical 

components such as nucleic acids. Given that Chlamydomonas does not have a need to 

replace PC with DGDG due to the presence of DGTS, the phosphate inducible pathway of 

DGDG biosynthesis might have been lost during evolution or it may simply have evolved 

only in flowering plants (21).  

 Digalactosyldiacylglycerol is the second most abundant lipid in the plastid which is 

derived from MGDG by addition of a second galactose moiety. DGDG is a bilayer forming 

lipid whereas MGDG is a non-bilayer forming lipid, and the bilayer to non-bilayer ratio is 

under tight control to maintain the structure and function of biological membranes (89). 

MGDG and DGDG are the predominant non-bilayer and bilayer forming lipids in 

photosynthetic membranes respectively and hence the enzymes involved in the formation of 

those galactolipids are expected to be under tight regulation in determining the stability of the 
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thylakoid membrane bilayer. In cyanobacteria, DGDG plays an important role in maintaining 

the structure and function of photosystem II by binding with extrinsic proteins required for 

stabilization of the oxygen-evolving complex (90). A forward genetic screen helped to isolate 

the Arabidopsis mutants defective in DGDG production and the genetic mapping of the 

mutant locus facilitated the identification of the DGDG synthase encoding gene (DGD1) 

(91). Biochemical characterization of Arabidopsis DGD1 protein was confirmed in E.coli 

and the DGD1 protein is characterized by a galactosyltransferase motif in its C-terminal 

domain implying that it uses UDP-gal as a substrate directly as demonstrated for the DGD1 

paralog DGD2 (92). In the Chlamydomonas genome, only one DGDG synthase gene has 

been identified (DGD1) (Table 1.3) as opposed to two DGD1 isoform encoding genes in the 

Arabidopsis genome. However, biochemical analysis of the encoded protein DGD1 is 

required to confirm its role in galactolipid synthesis in Chlamydomonas. Similar to MGD2 

and MGD3 gene phosphate starvation response, DGD2 was also found to be up-regulated in 

its expression. This correlates with the increased DGDG synthesis under phosphate starvation 

response as described in (19). 

 Sulfoquinovosyldiacylglycerol (SQDG) is a component of the thylakoid membrane 

and one of the most abundant sulfonate compounds in the biosphere (93). Genes involved in 

sulfolipids biosynthesis have been identified in bacteria (94, 95), and orthologues were 

subsequently identified in cyanobacteria (96), plants (97, 98) and Chlamydomonas (99). Two 

enzymes were found to catalyze the SQDG biosynthesis in these organisms. In Arabidopsis, 
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UDP-sulfoquinovose synthase (SQD1) catalyzes the production of the head group donor 

UDP-sulfoquinovose from UDP-glucose and sulfite (100, 101). In the second step, the 

sulfoquinovosyl head group is transferred from UDP-sulfoquinovose onto DAG by the action 

of the enzyme SQD2 (98). Recombinant expression of Arabidopsis SQD1 and SQD2 led to 

the formation of SQDG biosynthesis in E. coli and confirmed the requirement of these 

proteins for SQDG biosynthesis (98). Both SQD1 and SQD2 enzymes were found to be 

localized in plastid of Arabidopsis and the corresponding orthologues in Chlamydomonas 

genome are listed in Table 1.3. Studies have shown that importance of SQDG presence is 

organism-specific, since mutants defective in sulfolipids biosynthesis in Rhodobacter 

sphaeroides, Synechococcus, and Arabidopsis were photosynthetically active but did not 

grow well under phosphate limited conditions (98, 102, 103), whereas a mutant of 

Synechocystis PCC 6803 deficient in sqdB gene has a sulfolipid auxotrophic growth behavior 

(104). Chlamydomonas mutant hf-2 isolated during a genetic screen for a high fluorescence 

was also shown to be defective in SQDG biosynthesis (105). In addition, the mutant 

exhibited sensitivity towards the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethyurea (DCMU), 

a competitive inhibitor of the QB plastoquinone binding site of photosystem II. Null mutant 

(sqd1ȹ) defective in SQD1 gene using insertional mutagenesis in Chlamydomonas, had 

growth defects under phosphate limited conditions in addition to DCMU sensitivity (37). 

This suggest that SQDG is important for maintaining the stability of photosystem II in 

Chlamydomonas. SQDG is also found to be required for proper functioning of two of the 

components of the photosynthetic electron transport chain in Chlamydomonas (106, 107).  
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Triacylglycerol synthesis 

In algae, triacylglycerol (TAG) is synthesized de novo (acyl-CoA dependent 

conventional Kennedy pathway) using diacylglycerol acyltransferases (DGATs) in the ER or 

by recycling of fatty acids from the membrane lipid pool (acyl-CoA independent pathway) 

using phospholipid:diacylglycerol transferase (PDAT) in the plastid and/or ER (33). The 

identity of the fatty acids helps determine their origin and the mechanism of TAG synthesis 

under certain conditions in algae. There are two types of lipid bodies found in 

Chlamydomonas: extra-plastidic ones that are analogous to those found in seed plants 

associated with both the ER and outer membrane of the chloroplast envelope, and the 

plastidic ones that may accumulate to noticeable levels only in starchless mutants of 

Chlamydomonas (108). A de novo synthesis of TAG is also observed in chloroplast in the 

starchless mutants of Chlamydomonas and the lipid analysis confirmed that the positional 

distribution of TAG isolated from the nitrogen-starved starchless mutants was similar to that 

of TAG from the parental strain maintained under the same conditions. This suggests that the 

inactivation of starch biosynthesis in the starchless mutant did not result in a modification of 

the TAG biosynthetic pathway in this organism and confirmed that de novo synthesis of TAG 

can also take place in the plastid in green algae (109). In Dunaliella bardawil, in addition to 

the cytosolic lipid bodies, the formation and accumulation of lipid bodies under excess 

irradiation was also found to occur in the inner-thylakoid space of the chloroplast and are 

referred to as plastoglobuli (29). A detailed metabolite profiling and flux analyses are needed 
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to understand the route of carbon flow and this might be useful for engineering plastidic vs 

extra-plastidic TAG accumulation in algae.  

De novo TAG synthesis involves the sequential acylation of sn-1 and sn-2 positions 

of GLYC3P with acyl-CoA to yield PA. PA is hydrolyzed to form diacylglycerol (DAG) by 

the action of phosphatase. The transcript levels of PAP1 and PAP2 increased under nitrogen 

deprivation in Chlamydomonas, explaining its role in generating DAG as a substrate for TAG 

synthesis from PA under stress conditions (34). The cytosolic diacylglycerol acyltransferases 

(DGATôs) will acylate the sn-3 position of DAG to yield TAG. This pathways overlaps with 

the synthesis of membrane glycerolipids because PA and DAG are also precursors for the 

major membrane lipids. There are atleast six genes encoding DGATS in Chlamydomonas: 

one DGAT type 1 (DGAT1) and five DGAT type 2 (DGTT1 through DGTT5) (Table 1.3). 

Currently, the only algal DGTTs that have been characterized biochemically are two from O. 

tauri (110) and five from Chlamydomonas reinhardtii (32, 34, 111). RNA-Seq is used as a 

tool for discovering genes and regulators for TAG production in algae under conditions 

where cells are stressed to the point of growth inhibition but accumulate TAGs. Analysis of 

transcriptomic data of Chlamydomonas reinhardtii grown in the presence of acetate, revealed 

that four DGAT2 isoforms were expressed, of which only DGTT1 was found to be up-

regulated under nitrogen deficient conditions (34). However, the transcript abundance of 

DGTT1 was low and it could not be detected by northern blot even under low nitrogen 

conditions. In contrast, the other three isoforms (DGTT2, DGTT3, and DGTT4) were found 
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to be expressed at high levels under both nitrogen replete and deplete conditions (34). In 

another study where Chlamydomonas reinhardtii was grown as a photoautotroph, substantial 

up-regulation of DGTT1 was found in cells under nitrogen starvation, but at the same time 

also found up-regulation of DGTT3 and DGTT4 was observed (112). Only DGTT1 

transcripts of Chlamydomonas increased in common under each of the nutrient limitation 

conditions (-S, -P, -Zn and low Fe), although not to the same extent as during N starvation 

(32) and the increased transcript level under each condition correlated with the increased 

TAG. RNAi silencing of DGTT1 and DGTT5 in Chlamydomonas reinhardtii caused a 

decrease in lipid content of 16%-24% and 28%-37% respectively whereas the effects of 

silencing of DGTT2 and DGTT3 had no detectable change in the lipid content (113). This 

suggested that both DGTT1 and DGTT5 genes are critical for TAG biosynthesis in 

Chlamydomonas reinhardtii. Hence targeted over-expression of DGTT1 and DGTT5 genes in 

Chlamydomonas reinhardtii was performed and there was a significant increase in TAG 

content in the cells (113). Over-expression of DGATs (DGTT) in the diatom Phaeodactylum 

tricornutum also increased TAG levels by 35% (66).  

An alternative method of TAG synthesis is the transfer of an acyl group from the sn-2 

position of a membrane lipid to the sn-3 position of a DAG moiety using PDAT (33). PDAT 

was identified and characterized as an acyl-CoA independent transacylase enzyme. The 

Chlamydomonas genome encodes PDAT, orthologous to Arabidopsis PDAT1, indicating that 

de novo acylation as well as the trans-acylation pathways occur in algae (Table 3). In yeast, 



 

 

 

 

 

34 

Lro1P orthologous to PDAT in Chlamydomonas uses PC as a substrate whereas 

Chlamydomonas does not make this lipid and hence biochemical studies using feeding 

experiments are needed to understand the PDAT1 substrate specificity. PDAT1 transcript 

shows a small but reproducible increase in abundance under N starvation in Chlamydomonas, 

although the increase in expression of mRNA plateaus by 2 hours (32). Unlike DGTT1, the 

increase in transcript abundance of PDAT1 was detected only under N starvation but not 

under other nutrient deprivation conditions in Chlamydomonas, suggests that fatty acid 

recycling from membrane lipids into TAG is more relevant in a subset of stress conditions or 

that PDAT activity can also be controlled by post transcriptional regulation in other stress 

conditions (32). Insertional mutants, pdat1-1 and pdat1-2 accumulated 25% less TAG in 

comparison to the parental strain CC4425 in Chlamydomonas, which demonstrates the 

relevance of the trans-acylation pathway in algae (32). The biochemical activities of DGTT1 

and PDAT1 of Chlamydomonas were tested in a heterologous yeast expression system by 

complementing Saccharomyces cerevisiae mutant carrying a quadruple deletion in four 

acyltransferases (encoded by DGA1, LRO1, ARE1, ARE2) with codon optimized versions of 

Chlamydomonas DGTT1 and PDAT1. As a result of complementation, the strain restored its 

TAG synthesis ability (32). This suggests that both DGTT1 and PDAT1 contribute to TAG 

accumulation in Chlamydomonas. Although, in vivo feeding experiments and more 

biochemical characterization of the putative DGAT and PDAT genes are needed to know the 

catalytic activities and substrate specificities of encoded enzyme in green algae. 
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In Arabidopsis seeds, DGAT1 and PDAT1 are together responsible for TAG 

accumulation. Null mutants of dgat1 in Arabidopsis had ~20-40% decreased TAG content in 

seeds and RNAi silencing of PDAT1 in dgat1-1 mutant background or DGAT1 in pdat1-1 

mutant background respectively resulted in 70 to 80% decreased seed oil content and had 

disruptions in embryo development (114). The dgat1 pdat1 double mutants are not viable, 

while mutants with low TAG content or blocked in TAG utilization are viable or can be 

rescued by germination on sucrose, suggest that there are additional activities of the 

corresponding enzymes and/or TAG has a role beyond provision of energy and carbon 

skeletons (115). Similar to Chlamydomonas, Arabidopsis thaliana seedlings TAG content 

increased significantly under N starvation which correlated with a concomitant induction of 

DGAT1 (114). In Arabidopsis, ABSCISIC ACID INSENSITIVE (ABI4) mutants had 

decreased TAG accumulation and DGAT1 expression, which suggests that abscisic acid 

signaling is part of the TAG accumulation mechanism (115). In addition, loss of the 

WRINKLED1 (WRI1) transcription factor mutant impacts seed oil content in Arabidopsis by 

compromising glycolysis and thus embryos cannot efficiently convert sucrose into precursors 

for TAG biosynthesis (116).  

Similar to the WRI1 regulator in Arabidopsis, a complete search of the differentially 

expressed mRNAs encoding for proteins with DNA binding domains was done in 

Chlamydomonas under TAG accumulating conditions to identify the potential regulators 

(32). A transcript nitrogen response regulator 1 (NRR1) was of particular interest, because of 
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the magnitude of its regulation and co-expression with the DGTT1 mRNA. The NRR1 is 

predicted with a SQUAMOSA PROMOTER BINDING DOMAIN (SBP) at its N-terminus 

and this domain is conserved in algae and plants (32). In addition, the increase in abundance 

of NRR1 transcript is specific only for the N starvation response in Chlamydomonas but not 

for other TAG accumulating conditions (32). The nrr1 loss of function mutant resulted in 

50% reduction of the TAG accumulation ability in Chlamydomonas (32), suggesting that it 

has a significant role in the TAG synthesis mechanism in algae.  

Membrane lipids provide carbon skeletons for de novo TAG synthesis, although these 

pathways are not adequately described yet in higher plants, but likely require lipases and 

esterases. Previous studies have provided evidence for fatty acid recycling and this is 

consistent with increased expression of lipases in N-starved cells in Chlamydomonas (34, 

109, 117). Among 130 putative lipase encoding genes, 27% increased and 8.5% decreased in 

transcript levels by 2-fold or more following the N starvation in Chlamydomonas (34). 

Presumably the expression level of genes encoding lipases involved in TAG degradation 

should decrease, while the membrane lipid lipase encoding genes may be up-regulated in 

order to allow the conversion of membrane lipids to precursors for TAG synthesis or 

remodeling of the photosynthetic membrane in response to nutrient stress. Disruption of the 

galactoglycerolipid lipase-encoding gene (PGD1) in Chlamydomonas, resulted in reduced 

TAG content, altered TAG composition and reduced galactoglycerolipid turnover under N 

deprivation (118). In addition the mutants also showed a chlorotic phenotype after 5 to 9 days 
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of N starvation (118). Recombinant expression of the PGD1 protein in E. coli hydrolyzed 

MGDG into its lyso-lipid derivative thus confirming galactolipid as its substrate specificity. 

In vivo pulse chase labeling experiments identified galactoglycerolipids pools as a major 

source of fatty acids esterified in TAGs following N deprivation (118). In the diatom, 

Thalassiosira pseudonana, targeted knockdown of a lipid catabolism related multifunctional 

lipase/phospholipase/acyltransferase enzyme resulted in increased lipid yield without 

compromising cell division (119). In Dunaliella, fatty acids that are normally enriched in 

galactolipids that constitute the thylakoid membrane were found in TAGs under nitrogen 

starved conditions, suggesting the movement of fatty acids from membrane lipids to storage 

lipids (120). This suggests that re-modeling of membranes under stress conditions contributes 

precursors for TAG synthesis in algae.  

The lipases/esterases will hydrolyze the stored TAGs or phospholipids into free fatty 

acids. The released free fatty acids will enter the ɓ-oxidation pathway and gets converted into 

acetyl-CoA in the mitochondria, which eventually enters the TCA cycle for generation of co-

enzymes NADH and FADH2. Those co-enzymes are subsequently used in the electron 

transport chain to produce ATP, the energy currency of the cell. Blocking the fatty acid 

catabolism might also lead to increased TAG accumulation under stress conditions in algae. 

In Chlamydomonas, no appreciable changes in transcripts for genes encoding components of 

the mitochondrial respiratory pathway were noted following N starvation (34). The candidate 

genes for the peroxisomal ɓ-oxidation showed an overall decrease in their transcript levels 
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following N deprivation, with acyl-CoA oxidase (AOX) and 3-oxoacyl-CoA thiolase (ATO1) 

transcript abundance decreasing greater than 3-fold (34). The only exception was an enoyl-

CoA oxidase/isomerase candidate gene (ECH1), which showed increased transcript levels of 

greater than 2-fold. An apparent down-regulation of fatty acid oxidation correlates with the 

accumulation of TAGs under N starvation conditions (34).  

Wild-type Chlamydomonas grown in the presence of acetate, accumulates oil only 

when the carbon supply exceeded the capacity of starch synthesis (121). Whereas in 

starchless mutants BAFJ5, defective in the small subunit of a starch synthesizing enzyme 

ADP-glucose pyrophosphorylase (122), had significant increase in oil accumulation because 

the photosynthate was directly channeled towards oil accumulation. This suggests that carbon 

availability is a key factor controlling oil biosynthesis and carbon partitioning between starch 

and oil in heterotrophically grown cells of Chlamydomonas (121). Hence engineering 

starchless mutants might contribute to increased oil accumulation in algae. 

Finally, formation of oil bodies and sites of TAG accumulation depend on structural 

proteins called oleosins and up-regulation of OLEOSIN1 in co-ordination with DGAT1 was 

observed in nitrogen-deficiency seedlings of Arabidopsis (114). Hence proteomic studies 

might help in identification of novel proteins involved in synthesis and degradation of neutral 

lipids. Especially the lipases, esterases and hydrolases found in the lipid body proteome are 

excellent candidates for future functional analysis (117). Two proteomic studies of 

Chlamydomonas lipid droplets have been useful in confirming the expression of several 
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enzymes in lipid metabolism and also for identifying new algal-specific proteins like the 

major lipid droplet protein (MLDP), a proposed functional equivalent of plant oleosins (117, 

123). RNAi silencing of MLDP resulted in increased lipid droplet size but does not have any 

influence on affecting the TAG content or composition in Chlamydomonas (123). It is 

proposed that MLDP helps in preventing lipid droplet fusion, thereby increasing the 

accessibility of enzymes metabolizing TAGs. 

 Only substantial information regarding TAG biosynthesis in algae is currently 

available and there are still more to explore. Therefore a more detailed examination of the 

TAG synthesis pathway at the molecular and cellular level in algae is required for biofuel 

production. This study will contribute to a better understanding of TAG accumulation 

mechanisms in the marine microalga Dunaliella which will be an enormous resource for the 

biofuel research community in the future.   

The alga Dunaliella  

Unicellular green algae of the genus Dunaliella were studied since the early 19
th
 

century due to their potential to accumulate ɓ-carotene (124). In addition strains of 

Dunaliella salina and Dunaliella tertiolecta were widely used as model organisms for 

understanding osmoregulation and photosynthesis under extreme growth conditions (125).  

Dunaliella is originally grouped in the class of Chlorophyceae, the order of 

Volvocales, and the family of Polyblepharidacae (126). According to the National Center of 
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Biotechnology Information of the National Institute of Health, Dunaliella belong to the class 

of Chlorophyceae, the order Chlamydomonadales, and into the family of Dunaliellaceae. 

Currently, the order and the family to which Dunaliella belongs are under debate. The genus 

Dunaliella is comprised of 28 recognized species which are separated under 2 subgenera: 

Pascheria and Dunaliella (126). Dunaliella species are mostly radially symmetrical, 

sometimes bilaterally symmetrical, flattened, dorsoventrally curved or slightly asymmetrical. 

The cell shape varies from ellipsoidal, ovoid, cylindrical, and pyriform to almost spherical. 

Figure 1.5 shows a representative cell of Dunaliella viridis under bright-field (A) and cells 

stained using Nile red for detection of neutral lipid bodies under fluorescence (B). 
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Figure 1.5 Micrograph of Dunaliella viridis cells grown in 1M NaCl growth media under bright-field (A) 

and neutral lipids accumulated in cell stained with Nile red under fluorescence (B). Both flagella originate 

at the anterior end of the cell and the posterior region of the cell is occupied mostly by chloroplast. The cells do 

not have cell wall and the glycocalyx surrounding the cell is seen as a white ring around the cell. The scale bar 

represents 10 µm and the objective used was 40X (A). The green globules represent the neutral lipid bodies 

stained with nile red and imaged using a Zeiss LSM 710 confocal microscope (488 nm argon laser) (B). 
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Dunaliella cells lack a rigid cell wall made up of cellulose, a feature differentiating 

them from other unicellular green algae such as Chlamydomonas. However, Dunaliella cells 

do have an outer cell coat made up of ~ 150 kDa glycoproteins as described in (127). The 

vegetative cells of Dunaliella consist of two flagella originating from the anterior end and the 

posterior region is occupied mainly by a single chloroplast with one central pyrenoid (Figure 

1.5A) surrounded by the storage product starch. Pyrenoids are sub-cellular micro-

compartments found in chloroplasts of algae (128) and are associated with the carbon-

concentrating mechanism. The main function of the pyrenoid is to act as center for carbon 

dioxide fixation by generating and maintaining a carbon dioxide rich environment around the 

photosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). The role 

of pyrenoids in algae is analogous to carboxysomes in cyanobacteria. Immunofluorescence 

studies confirmed the localization of rubisco in pyrenoids of Dunaliella tertiolecta Butcher 

(129). Other typical organelles include anterior eye spots, an anterior nucleus with nucleolus, 

golgi bodies and vacuoles. The size and shape of the cell varies based on the varying 

environmental conditions and ranges between 2 to 28 µm in length and 1 to 15 µm in width 

(126). Many species of Dunaliella are widely distributed in brackish or marine waters, salt 

lakes and salterns across the world (126). Nitrogen and phosphate becomes major limiting 

nutrients for the Dunaliella species present in hypersaline environments (130). In addition to 

the survival of Dunaliella species among salt crystals, it is also tolerant to different light 

intensities, pH and temperatures. The vast genetic diversity among the species of Dunaliella 

might contribute to its tolerance under wide range of environmental conditions (130).  
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 The cells of Dunaliella species were observed to undergo asexual reproduction under 

low salinities, nitrogen depletion, cool temperatures and shorter day length by forming sub-

spherical, thick walled cysts referred to as aplanospores which later divide into two daughter 

cells (131). Isogamic sexual reproduction for Dunaliella salina was observed and described 

(132, 133). When cells of Dunaliella species undergo changes in growth conditions, 

induction of gametogenesis occurs producing isogametes which later fuse to form a zygote 

(132-134). The zygote later undergoes meiosis during germination to produce up to 16 

daughter cells. Conditions contributing to the sexual cell cycle in Dunaliella species have 

been so far observed at reduced salinities under constant illumination (132-134).  

 Dunaliella have many significant characteristics that make them well suited for 

biodiesel production. Firstly, Dunaliella are a marine algae and hence do not need much 

fresh water resources and at the same time they are not get easily contaminated if grown in 

open ponds for large scale cultivation (126). Successful mass culture of Dunaliella salina has 

been in practice already for ɓ-carotenoid production (124). Secondly, Dunaliella cells lack 

cell wall (127), and hence it is easy to extract lipids by osmotic lysis using little fresh water 

and as a result less energy will be spent on extraction processes. In addition, the lack of a 

cellulosic cell wall will certainly save some energy and carbon which the cells could divert 

for cell growth and lipid synthesis in turn. Thirdly, unlike other oil crops, it does not compete 

with arable land or require fresh water resources and hence the food versus fuel problem can 

be resolved using Dunaliella as a feedstock for biofuel. Lastly, certain species of Dunaliella 

do have 20-30% of their dry cell weight (DCW) as lipids (2), and studies have shown that 
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there is a greater potential to accumulate even more oil under induction in Dunaliella by 

varying the growth conditions (8, 11) and it also has shorter doubling time of ~24 hours 

which is advantageous to produce more biomass. The mitochondrial genome sequence of 

Dunaliella salina CCAP 19/18 was completed and found to be 28,331 base pairs predicted 

with 21 genes and 19 proteins. The sequence information could be accessed from Genbank 

using accession id GQ250045 (135). The nuclear genome of the Dunaliella salina CCAP 

19/18 strain is currently being determined and the preliminary information can be accessed 

via this link (www.ncbi.nlm.nih.gov/genomeprj). The two major hurdles that need to be 

addressed before using Dunaliella for biofuel production are as follows: firstly, genetic 

crosses could not be performed on a routine basis in order to determine linkage of mutations 

and/or to map mutations within the genome and secondly, a stable transformation system 

does not yet exist for Dunaliella. 

 There have been several studies to understand lipid production and composition in 

Dunaliella. It appears that different growth conditions have different effects on oil 

accumulation in Dunaliella and different species of Dunaliella respond differently to the 

same oil inducing growth condition. The lipid content in Dunaliella salina contributed about 

50% of its biomass, with non-polar lipids being the principal ones and consisting of about 

30% hydrocarbons (136). The effect of increasing medium salinity on lipid content in 

Dunaliella cells are ambiguous possibly reflecting unique characteristics of specific strains 

tested, with two studies reporting the decreases in lipid content (137, 138) and two other 

showing the opposite (8, 139).  The effect of increasing salt concentration from 0.5 M to 1M 

http://www.ncbi.nlm.nih.gov/genomeprj
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NaCl in growth media of Dunaliella tertiolecta resulted in increasing intracellular lipid from 

60% to 67% and TAG content from 40% to 56% respectively without compensating for cell 

division (8). It was confirmed that the increase in lipid content was due to the increased salt 

concentration but not due to the nitrate limitation in the growth media. Although, the cells 

when treated with 1.5M NaCl concentration in the media resulted in growth inhibition due to 

the increased salt concentration. However, when 0.5 M or 1M of NaCl was added to the cells 

during mid-log phase or the end of log-phase during cultivation with initial NaCl 

concentration of 1M resulted in further increase in intracellular lipid content (~70%), 

suggesting that the culture cultivation stage also plays an important role in inducing lipid 

accumulation (8). In Dunaliella salina, the effect of increasing the NaCl concentration from 

2.5% to 20% (w/v), resulted in decreasing lipid content (from 22.4 % to 13% of dry weight) 

with increasing salinity (137). 

Nitrogen limitation appears to have the opposite effects in contributing to lipid 

accumulation in Dunaliella compared to other microalgae. The lipid content in Dunaliella 

tertiolecta immediately after transferring to nitrogen-free media was 9.6 mg/L which 

increased to 23.2 mg/L on day 7, whereas Chlamydomonas applanta had significant increase 

in lipid content and had about 13.3 mg/L on day 0 and 92.8 mg/L on day 7 (140). In another 

study, nitrogen limitation resulted in drop in lipid content from 25% to 9% in cells of 

Dunaliella salina and from 23% to 14% in cells of Dunaliella primolecta respectively (138). 

However, the cells under nitrogen limitation had accumulated carbohydrates rather than 

lipids suggesting that the mechanism of nitrogen starvation is not the best trigger for 
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increasing oil accumulation in Dunaliella (138). In contrast, deprivation of nitrogen or iron 

or cobalt is shown to trigger rapid TAG accumulation in cells of Dunaliella tertiolecta (11). 

Other factors that might be important in triggering oil accumulation in Dunaliella are 

the CO2 concentration or light intensity. It has been shown that nitrogen limitation under 

atmospheric CO2 supply did not have influence on increasing the total lipid content per cell 

in Dunaliella viridis, whereas nitrogen limitation under 1% CO2 resulted in increasing the 

TAG content from 1% to 22% of total lipids in the cells (27). The lipid content and 

productivity in nitrogen-replete (20 mM) and nitrogen-deplete batch cultures (2mM) of 

Dunaliella salina under low light (200 µmol/m
2
.sec) and high light intensity (800 

µmol/m
2
.sec) was measured and the results indicated that the N-deplete and N-replete 

cultures contributed to 44% and 38% of biomass lipid content respectively (141). However, 

the total lipid content per liter culture was about three times higher in the N-replete cultures 

since N-deficiency greatly slowed down biomass growth and suggested that nitrogen 

limitation does not increase the lipid productivity in Dunaliella (141). The effect of 

increasing CO2 concentrations from 2% to 10% in growing cultures of Dunaliella salina, 

resulted in an increase in total lipid fatty acid content on dry weight basis from 27.5 mg/g to 

37mg/g (~30%) after one day and from 49 mg/g to 133 mg/g (~170%) after 7 days (28). 

Increase in light intensity from 35 µmol/m
2
.sec to 1500 µmol/m

2
.sec resulted in decrease in 

total lipids per cell of Dunaliella viridis from 1.81 pg to 0.77 pg while increasing the TAG 

content from 0.6 pg to 3.1 pg respectively (27). There was no significant change in the lipid 

content of Dunaliella salina cells when the light intensity increased from 200 µmol/m
2
.sec to  
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800 µmol/m
2
.sec in either nitrogen sufficient or nitrogen deficient cultures (141). 

 In our study, we screened several species of Dunaliella maintained in our lab and 

isolated an oleaginous strain of Dunaliella viridis which accumulated more oil by varying the 

photoperiod and temperature related growth conditions. A detailed transcriptomic and 

metabolic approach was undertaken to investigate the mechanism and key regulators of oil 

accumulation in this marine microalgae which will be discussed in Chapter 2 in detail.  

Development of transformation systems in algae 

 Despite the significant benefits of using algae as a source of renewable energy, the 

high cost of producing biofuel using the oil extracted from them has prevented the 

widespread success of this technology at a commercial level. Increasing the amount of oil 

produced per cell or expression of value added co-products along with oil will be an efficient 

method to offset the costs associated in using oil from algae. In addition, strategies such as 

generating starchless or low-starch mutants of algal strain or engineering strain for either 

over-expression of enzymes in fatty acid or TAG synthesis or knocking out the TAG 

degrading enzymes or improving photosynthetic efficiency can be addressed to improve oil 

accumulation. In order to achieve any of those strategies a reliable and stable genetic 

transformation system has to be established.  

Genetic engineering of microalgae is currently in its infancy because reliable nuclear 

transformation systems, such as those used in plants are only available for some species of 

microalgae (142). Nuclear transformation has proven successful in only a few species, 
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including the model green algae Chlamydomonas reinhardtii (143), the oleaginous diatom 

Phaeodactylum tricornutum (144), and the Nannochloropsis sp. (145) and the stable 

chloroplast transformation is established in Chlamydomonas reinhardtii (146) and the red 

alga Porphyridium UTEX 637 (147). The transformation methods in use include 

bombardment of algal cells with DNA-coated particles, agitation of algae with glass beads or 

silicate whiskers in the presence of DNA or electroporation or in rare cases Agrobacterium 

tumefaciens mediated nuclear transformation (148). Particle bombardment technique has 

good success especially with the plastid transformation in algae. However, the molecular tool 

boxes necessary for transformation of these species are very distinct (149), and therefore 

additional research is needed to develop proper techniques for transforming other algal 

species. Table 1.4 lists the eukaryotic microalgae which have been investigated with gene 

transformation (4) and Table 1.5 represents the previous attempts of successful genetic 

manipulation of genes involved in TAG biosynthesis in microalgae (68) which is an 

important focus of this study. 
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Table 1.4. Eukaryotic microalgae which have been transformed (4). 

Phylum Species Strain Organelle Gene Reference 

Chlorophyta 

Chlorella ellipsoidea  Nuclear NP-1 (150) 

Chlorella ellipsoidea CCAP211/1a Protoplast Luc (151) 

Chlorella kessleri 211-11h Nuclear Gus (152) 

Chlorella vulgaris  Nuclear Hpt, gus (153) 

Chlorella sorokiniana  Nuclear NR (154) 

Chlorella sorokiniana Chlorella 

vulgaris 

C-27 22521 Nuclear HGH (155) 

Chlorella saccharophila C-211-la Protoplast Gus (156) 

Chlamydomonas reinhardtii (Nit1-305) Nuclear NR (157) 

Chlamydomonas reinhardtii 137c (mt+) Chloroplast GFPct, 
GFPncb 

(158) 

Chlamydomonas reinhardtii Cw15 arg- Nuclear Crluc (159) 

Chlamydomonas reinhardtii Cw15 arg-A  mt- Nuclear Cgfp (160) 

Chlamydomonas reinhardtii Cw-15 Nuclear Nit (143) 

Chlamydomonas reinhardtii Nitl -305 Nuclear Nit (161) 

Chlamydomonas reinhardtii CC-124, CC-125 Nuclear UidA, gfp, hpt (162) 

Chlamydomonas reinhardtii J3 (mt-) Nuclear COX90, PSY, 

DCL1 

(163) 

Chlamydomonas reinhardtii CC3395,CC425 Nuclear ARG7 (164) 

Chlamydomonas reinhardtii CC-425 Nuclear MAA7, 

RBCS1l2 

(165) 

Chlamydomonas reinhardtii CW15-302,UV4 Nuclear PHOT (166) 

Dunaliella viridis  Nuclear DvNIA1 (167) 

Dunaliella salina  Nuclear Ble (168) 

Dunaliella salina  Nuclear Gus, bar (169) 

Dunaliella salina  Nuclear Cat (170) 

Haematococcus pluvialis  Nuclear LacZ (171) 

Nannochloropsis oculata  Plasmid Ypgh (172) 

Ulva lactuca  Protoplast Gus 119 (173) 

Volvox carteri HB11A Nuclear NitA (174) 

Rhodophyta 

Porphyra yezoensis  Nuclear Gus, gfp, 

RPB1, 

GAPDH 

(175) 

Gracilaria changii  Nuclear LacZ (176) 

Porphyra miniata  Protoplast Gus (177) 

Porphyridium sp  Chloroplast AHAS 

(W492S) 

(147) 

Cyanidioschyzon merolae 10D Nuclear URA5.3 (178) 

Phaeophyta 

Laminaria japonica F003, M007 Sporophyte LacZ (179) 

Laminaria japonica  Nuclear UidA, cat. 

lacZ 

(180) 
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Table 1.4 Continued 

 
Undaria pinnatifida  Nuclear LacZ (181) 

Bacillariophyceae 

Phaeodactylum tricornutum  Nuclear Sh ble, cat (144) 

Phaeodactylum tricornutum Bohlin Plastid Gfp (182) 

Phaeodactylum tricornutum Bohlin CCMP632 Nuclear Gus, dph1, 

cpf1 

(183) 

Cyclotella cryptica Navicula 

saprophila 

T13L NAVIC1 Nuclear NptII (184) 

Phaeodactylum tricornutum Bohlin 646 Chloroplast GtPGK, 
PtFBAC1, 

PtOEE1, 

PtFBAC, 
PtHLIP2,PtF

BPC4, PtFSA 

(185) 

Thalassiosira pseudonana CCMP1335 Nuclear Fcp, ble, nat1, 

NR 

(186) 

Cylindrotheca fusiformis  Nuclear CfNR (187) 

Phaeodactylum tricornutum  Nuclear Nat, sat-1, 

nptII uid, gfp 

(188) 

Phaeodactylum tricornutum  Nuclear Glut1 (189) 

Euglenids 

Euglena gracilis  Chloroplast AadA (190) 

Dinoflagellates 

Amphidinium sp. Symbiodinium 

microadriaticum 

 Nuclear NptII, hpt, gus (191) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 

 

 

51 

Table 1.5. Overexpression and heterologous expression of genes involved in TAG biosynthesis in 

microalgae (68). 
a
Enzyme abbreviations: ACCase, acetyl-CoA carboxylase; AAE, acyl-ACP esterase; DGAT, 

diacylglycerol acyltransferase; ȹ5 Elo, ȹ5-elongase; ȹ6 Elo, ȹ6-elongase; G3PDH, glycerol-3-phosphate-

dehydrogenase; GPAT, glycerol-3-phosphate acyltransferase; LPAT, lysophosphatidic acid acyltransferase; 

PAP, phosphatidic acid phosphatase. 

Microalga Overexpression/ 

Heterologous expression 

Observation References 

Cyclotella cryptica ACCase No effect (58) 

Navicula saprophila ACCase No effect (58) 

Phaeodactylum 
tricornutum 

AAE Changed fatty acid profile and twofold 
increase in cellular lipid content, 

possibly due to decrease in growth rate 

(59) 

Chlamydomonas 

reinhardtii 

AAE Changed fatty acid profile (66) 

Phaeodactylum 

tricornutum 

DGAT2 Increase in neutral lipid content of 35%, 

increase in EPA of 76.2% 

(192) 

Chlamydomonas 

reinhardtii 

DGAT2-1; DGAT2-5 Increase in neutral lipid content of 20% 

and 44%, respectively, relative to wild 
type 

(113) 

Chlamydomonas 

reinhardtii 

DGAT2-a,b,c No effect (113) 

Chlorella minutissima Yeast-derived G3PDH, 
GPAT, LPAT, PAP, 

DGAT 

Quintuple gene construct showed a 
twofold increase in TAG content 

(193) 

Phaeodactylum 
tricornutum 

ȹ5 Elo; ȹ6 Elo Changed fatty acid profile with an 
eightfold increase in DHA, DHA 

accumulation in TAG fraction 

(194) 

 

 

 

Apart from the transformation trials mentioned in Table 1.4, there is evidence for 

successful genetic manipulation of algae using RNA interference (RNAi) technology. RNAi 

is a biological process in which double-stranded RNA molecules inhibit gene expression 

typically by causing the destruction of specific mRNA molecules and it is a mode of post-

transcriptional gene silencing. RNAi silencing of a major lipid droplet protein (MLDP) in 

Chlamydomonas resulted in increased lipid droplet size but does not have any influence on 

the TAG content or composition (123). It is proposed that MLDP helps in preventing lipid 

droplet fusion, thereby increasing the accessibility of enzymes metabolizing TAGs. In 

another study, RNAi knock-down of three light harvesting complex proteins (LHCMB1, 2 

and 3) in Chlamydomonas, resulted in a mutant exhibiting a light green phenotype, reduced 
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expression levels of LHCBM1 (~20.6%), LHCBM2 (~81.2%) and LHCBM3 (~41.4%) 

compared to 100% control levels and had improved light to hydrogen and biomass 

conversion efficiencies (195). Successful silencing of a GUS reporter gene in transgenic lines 

of diatom Phaeodactylum tricornutum and silencing of endogenous phytochorme (DPH1) 

and cryptochrome (CPF1) genes in the same diatom have been shown (183). RNAi is a great 

reverse genetics tool for understanding the function of genes, however, RNAi mechanisms 

and their applications remains largely uncharacterized in most algae.  

Recently, the targeted genome modification tool, CRISPR-Cas was successfully used 

in bacteria (196-198), human cells (199), mice (200) and plants (201, 202). CRISPR 

(Clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-associated) type II 

prokaryotic adaptive immune system has emerged as a precise genome editing strategy with 

minor off-target effects detected (203). The system is based on the cas9 nuclease and an 

engineered single guide RNA (sgRNA) which guides cas9 to recognize and cleave the target 

DNA. Attempts for genome modification using CRISPR-Cas has not been studied yet in 

algae and the use of this technology to create algal transgenic lines with improved strain 

characteristics should be foreseen due to the benefits of targeted gene editing or replacement. 

We have designed an experiment to use CRISPR-Cas system for targeted mutagenesis of 

nitrate reductase gene in Dunaleilla viridis which will be discussed in detail in chapter 4.  

In order to develop the molecular tool box for genetic manipulation of microalgae, the 

following parameters are of primary importance for consideration. Firstly, the selection 
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marker (antibiotic resistance or reporter gene) must be correctly chosen. Especially if it is 

based on antibiotic selection, then the amount of antibiotic needed to kill all the wild type 

cells must be optimized and also the growth conditions in which the antibiotic works best 

must be analyzed by obtaining a death curve measurements. Other parameters include, the 

choice of regulatory elements to be used for transgene expression, the amount of cells to be 

used for transformation, type of plasmid in which the gene of interest is cloned, the amount 

of plasmid DNA containing the gene of interest to be used, the type of plasmid DNA used 

(linear or circular), the method of transformation, random integration or homologous 

recombination of transgene into host genome, transformation efficiency, stable or transient 

transgene expression achieved. Post transformation parameters to be evaluated include the 

transgene expression, copy number of transgene, position effect due to transgene insertion, 

phenotype of transformed cells, antibiotic marker removal techniques used, antibiotic 

selection pressure used for maintaining transformants. Finally, if the transgene integration is 

episomal, assessing the number of generations the transgene could be maintained in the host 

with and without selection pressure is important. 

Genetics and molecular tool kits for Dunaliella 

Choice of species 

Researchers have been working from the mid-1990s to establish transformation 

systems in Dunaliella. In contrast to many algae species that have thick and resistant cell 
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walls, halotolerant Dunaliella species are covered by glycocalyx proteins (127) and do not 

have cellulose and therefore theoretically cells of Dunaliella are easy objects for delivery of 

DNA in transformation experiments. Attempts to establish transformation in Dunaliella 

salina, Dunaliella tertiolecta, and Dunaliella viridis has been made so far. Due to the 

different morphologies (cell size) and physiologies (optimal salinities for growth and 

adaptation to wide range of habitats) associated with the species of Dunaliella, conditions 

established for successful transformation in one species will not necessarily be appropriate 

for others. Genetic diversity among the strain/species of Dunaliella is of primary 

consideration towards developing the molecular tool box for transformation. 

Methods of delivery of DNA into cells 

Three different methods have been reported to be successful for nuclear 

transformation of Dunaliella cells: glass beads (204, 205), electroporation (167, 170, 206) 

and micro-projectile bombardment or biolistic (169, 207). There are no published reports 

about the plastid or mitochondrial transformation systems in Dunaliella. 

Use of marker genes, plasmid DNA and regulatory elements 

Three major types of marker genes (antibiotic resistance, herbicide resistance and 

functional complementation) were used in attempts to transform cells of different Dunaliella 

species. A number of different antibiotics were tested for use in transformation systems of 

Dunaliella and found that the cells were resistant to most of the antibiotics such as 
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paromomycin, kanamycin, hygromycin B, geneticin, streptomycin, spectinomycin and 

chlorsulfuron but not zeocin and chloramphenicol (148, 169, 170, 208). The resistance of 

Dunaliella cells to higher concentration of antibiotics tested is mainly due to the presence of 

high salt in the growth media. Successful transient expression of antibiotic resistance 

encoding gene bleomycin (ble) has been shown in cells of Dunaliella salina (168) and 

Dunaliella tertiolecta (206) and an antibiotic resistance encoding gene chloramphenicol 

acetyltransferase (cat) has been shown in cells of Dunaliella salina (170) respectively. The 

transient expression of herbicide tolerance encoding gene phosphoinothricin acetyltransferase 

(bar) has been shown in Dunaliella salina (169). 60 µg/mL of chloramphenicol and 10 mg/L 

of zeocin were found to be optimal for inhibiting growth of wild type cells in liquid cultures 

of Dunaliella salina respectively (168, 170) and 20 µg/mL of herbicide basta is required to 

inhibit the growth of Dunaliella salina (169). The ɓ-glucuronidase (GUS) reporter gene 

system is commonly used for demonstrating the transient expression of foreign gene in cells 

of Dunaliella (169, 170). In contrast to the GUS system, the lacZ reporter gene system (ɓ-

galactosidase) and the EGFP system using a fluorescent protein were not an appropriate 

reporter systems for Dunaliella (169, 209). Mutants deficient in endogenous nitrate reductase 

(NIA1) gene were generated using chemical mutagenesis in Dunaliella viridis (167). The 

deficient mutants were unable to assimilate nitrate but were selected based on their tolerance 

to chlorate and the functional complementation of the plasmid pDVNR carrying the native 

NIA1 gene by electroporation into Dunaliella viridis was successful (167). Phenotypes 

assimilating nitrate were obtained which indicated the successful functional complementation 
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of the NIA1 gene. This mode of marker gene auxotrophic selection is widely used in model 

green alga Chlamydomonas (210) to introduce the transgene along with the NIA1 gene and 

restore the loss of nitrate assimilation function. Although, reversion of the nitrate assimilation 

phenotype was observed in Dunaliella viridis due to the episomal integration of the 

complemented NIA1 gene (167).  

The plasmid pSP124S carrying the Streptoalloteichus hindustanus gene conferring 

bleomycin (zeocin) antibiotic resistance for selection of transformants has been successfully 

used in the model green alga Chlamydomonas reinhardtii (211) and in several studies of 

transformation in Dunaliella (168, 204, 212). Other commonly used plasmids for Dunaliella 

transformation include, p35S-bar which confers resistance to herbicide basta (169), 

pUɋHBsAg-CAT for conferring resistance to chloramphenicol (170) and pDVNR for 

functional complementation of native nitrate reductase NIA1 gene of Dunaliella (167). Five 

different promoters (CaMV35S, ubiquitin, ubiquitin-ɋ, CaMV35S-ubiquitin and CaMV35S-

ubiquitin-ɋ) were tested to identify the one which drives the highest transgene expression in 

Dunaliella salina and it was found that ubiquitin with the tobacco mosaic virus translational 

enhancer (ubiquitin-ɋ) promoter yielded the highest ɓ-glucuronidase (GUS) activity (170). 

Transient expression of the ble gene conferring antibiotic resistance to zeocin was observed 

in cells of Dunaliella tertiolecta when ble gene was driven under the control of endogenous 

rubisco small subunit (rbcS1) promoter and terminator regions (206). Endogenous promoter 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was successfully used to drive bar 

gene and the N-terminal fragment of human canstatin (213). Western blot analysis confirmed 
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~18 kda protein corresponding to human canstatin, thus promoting the use of GAPDH 

promoter to express foreign proteins in Dunaliella (213). In another study, the actin gene 

promoter was used successfully to drive the expression of bar gene in Dunaliella salina 

(207). A novel salt regulated duplicated carbonic anhydrase 1 promoter driving the GUS 

expression in cells of Dunaliella salina was identified and the presence of a highly repeated 

GT sequence in the promoter was determined to be involved in the salt-inducible regulation 

(214).  

Transient versus stable transgene expression 

In Dunaliella salina, the GUS gene driven by ubiquitin-ɋ was tested in comparison 

to four other different promoters for transient expression (170). After 48 hours of 

transformation by electroporation, the cells of Dunaliella salina transformed with the GUS 

gene driven by the ubiquitin-ɋ promoter had a significant increase in GUS activity compared 

to CaMV35S promoter and other promoters tested in the study (170). In the same study, the 

ubiquitin-ɋ promoter has been used for the stable expression of hepatitis B surface antigen 

gene (HBsAg) in Dunaliella salina when transformed by electroporation (170). The plasmid 

pUɋHBsAg-CAT is used for the stable expression of HBsAg transgene and the CAT gene 

driven by the Simian virus 40 promoter in the same plasmid was used as an antibiotic 

selection marker (170). Stable integration of the HBsAg transgene into the Dunaliella salina 

genome was verified by PCR and southern blot for 60 generations when cells were 

maintained devoid of chloramphenicol. In addition, the western blot analysis confirmed a 24 
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kda protein corresponding to HBsAg protein (170). Transient expression of GUS after 48 

hours of transformation has been observed in cells of Dunaliella salina when bombarded 

with the CaMV35S promoter-GUS construct (169) and when transformed using 

electroporation with the ubiquitin-ɋ-GUS construct (170). Transient expression of marker 

genes (antibiotic, herbicide or GUS) has been verified by PCR and southern blot analysis in 

many other reports respectively (168, 169, 205, 206, 213, 214). 

Transformation efficiency 

In recent years various publications have reported the successful transformation of 

Dunaliella, although only a few studies reported the efficiency of transformation (169, 170, 

205). Approximately 0-2 colonies per 10 million cells of Dunaliella salina were obtained on 

agarose plates containing 10 µg/mL of zeocin antibiotic when electroporation was used as the 

transformation method (168). When the promoter ubiquitin-ɋ was used to drive a GUS 

construct, the frequency of transformation reported was 0.0019 GUS expressing cells per 

total cells checked and the frequency of transformation was significantly lower when tested 

with other promoters for driving GUS in the same study (170). When the plasmid 

pUɋHBsAg-CAT was transformed into cells of Dunaliella salina by electroporation, 

approximately 10-60 colonies/million cells transformed were observed in plates containing 

60 µg/mL chloramphenicol as antibiotic resistance respectively (170).  Out of which 14 

colonies tested positive for the presence of HBsAg gene using PCR at the DNA level (170). 

When the GUS construct was expressed using the CaMV35S promoter and the DNA was 
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introduced by particle bombardment into cells of Dunaliella salina, high frequency 

transformation efficiency of 0.00012 GUS expressing cells per total cells checked was 

observed at a rupture disc pressure of 450 psi and bombardment distance of 6 cm used (169). 

Transformation efficiency of cells of Dunaliella salina was significantly higher when glass 

beads were used as the mode of transformation in comparison to electroporation and particle 

bombardment as shown in (205). Glass beads yielded ~5.9% transformation rate and about 

100 transformants per µg of DNA as reported in (205). However, all the reported 

transformation efficiencies of Dunaliella were found to be lower than that reported in the 

model green alga Chlamydomonas (143). 

Therefore, developing a molecular tool box for Dunaliella is very important for any 

commercial purposes such as expressing recombinant proteins, vaccines or for biofuel 

production. Chapter 3 of this study describes the methods of optimizing the codon usage of 

heterologous genes before transforming into Dunaliella viridis. Chapter 4 of this study 

focuses on developing a molecular tool box for genetic manipulation of a Dunaliella viridis 

strain which has higher potential for oil accumulation.  

Expression of an extremophile enzyme in Dunaliella  

In fatty acid synthesis, the elongation of fatty acids are terminated using acyl-ACP 

thioesterases which hydrolyze the fatty acyl ACP and releases free fatty acids (1, 15). The 

thioesterase substrate specificity can influence the lipid profile of an organism (67). Plant 

thioesterases have been engineered into a variety of plant species and had effects in altering 
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their oil content (65). The degree of saturation and fatty acid profile has greater impact on 

affecting the properties of the fuel product (1). For biodiesel production, saturated medium 

chain fatty acids (C8-C14) are ideal since they have properties which mimic current diesel 

fuels (215). Recently, plant fatty acyl-ACP thioesterase B (FatB) genes were genetically 

engineered into diatoms (Phaeodactylum tricornutum) and cyanobacteria (Synechocystis sp. 

PCC6803) with the goal of creating superior biodiesel feedstock, but these efforts were met 

with limited success (59, 216).  

In order to make the fatty acid profile of oil extracted from Dunaliella match the 

biofuel characteristics, our study proposed to genetically engineer a Dunaliella viridis strain 

with the thioesterase A (tesA) gene isolated from a moderately halophilic bacteria 

Chromohalobacter salexigens based on the sequence homology to E. coli TesA protein. The 

idea of expressing the TesA protein from halophilic bacteria is because the enzyme produced 

will be stable and functional in Dunaliella salt rich growth media. Halophilic proteins can 

function in high salt concentrations because the hydrophobic and electrostatic interactions of 

amino acids for proper folding and maintaining stability are strengthened by the presence of 

salt (217). In addition, it has been postulated that the presence of more acidic residues in 

halophilic proteins may increase the protein flexibility by having a large number of nearby 

charges that repel each other, thus making it easier for the halophilic protein to change its 

conformation despite having a rigid hydrophobic core (217). The TesA protein is shown to 

be active over a wide range of conditions and has substrate specificity for fatty acid chains 

with 12 to 18 carbons in length (218). This substrate specificity is advantageous because 
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algal oils with lengths in this range are most amenable to direct conversion to transportation 

fuels (219). C. salexigens TesA when tested against the substrate p-nitrophenyl octanoate 

showed that the enzyme had its optimal activity at a temperature of 45ºC, pH of 8 and at 1M 

NaCl concentration (219). Another promising reason to choose TesA homolog from C. 

salexigens is the success seen in the production of saturated fatty acids (C12, C14 and C16) 

from cyanobacteria when a recombinant, leaderless version of E. coli TesA enzyme was used 

(216). Other groups also had shown success in overexpressing E.coli TesA for modifications 

to produce free fatty acids of chain length C12, C14 and C16 (220, 221).  

Based on the previous research, saturated fatty acid products of appropriate length are 

produced from over-expression of TesA in both cyanobacteria and E. coli (216, 220, 221).  

Additional research indicates that the modification of TesA via attachment of a C-terminal 

histidine tag results in a shift in substrate preference towards shorter carbon chain lengths 

(222) and therefore it is important to test this effect of tagging before transforming the C. 

salexigens tesA construct into Dunaliella. Given that saturated algal oils with carbon chain 

lengths of C12 to C14 are most amenable to jet fuel production, it is important to make sure 

that the TesA introduced into Dunaliella should be able to hydrolyze fatty acids of chain 

length desired for jet fuel application. Hence Chapter 4 of my study discusses the effect of 

expressing the recombinant TesA from C. salexigens in Dunaliella and to evaluate the 

transgenic Dunaliella for the fatty acid profile in the TAG fraction. 
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Contribution  

Dunaliella spp. is a marine microalga genera with great potential as a biofuel feedstock 

because they grow fast and can accumulate high levels of triacylgycerides. Previous studies 

from other groups have focused on understanding lipid accumulation in other green algae 

mainly under nutrient deprivation. My research focuses on understanding environmental 

regulation of cell division rates and oil accumulation in Dunaliella in response to 

photoperiod and temperature as specific factors as well as their interaction. The main reason I 

wanted to choose these factors for this research is because they are easily tunable when we 

wanted to grow these organisms in a photobioreactor and harvest for oil production.  

For this study, I initially screened several species of Dunaliella and identified that Dunaliella 

viridis dumsii accumulated more oil at elevated temperature and/or under continuous light. I 

designed and conducted a large scale metabolic and transcriptome analysis experiment to 

understand the mechanism of cell division and oil accumulation response under specific 

stress (photoperiod or temperature) and under combined stress (photoperiod and temperature) 

in Dunaliella viridis. I developed and tested protocols for efficient quantification of total 

chlorophyll, soluble protein, starch and total lipid in Dunaliella. I did analyze the 

transcriptome data to identify the genes and pathways responsible for fatty acid synthesis, 

starch and oil accumulation in Dunaliella. Our results indicate that continuous light increases 

the cell division rate and accumulation of oil and starch. Increases in oil content and changes 

in fatty acid composition showed stress specific effects that were additive when both stresses 
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were combined. This indicates separate signaling/regulatory pathways affecting oil 

accumulation in Dunaliella. Our transcriptome data analysis showed that membrane lipid 

recycling of fatty acids contributed to D. viridis oil accumulation mechanisms at higher 

temperature under continuous light and starch accumulation was caused by repression of its 

degradation under continuous light. Conserved motifs responsible for the posttranslational 

regulation of key starch metabolizing enzymes were absent in Dunaliella, suggesting 

transcriptional regulation as a key controlling factor. Overall, I participated in generating and 

interpretation of substantial amounts of data and was also involved in communicating those 

data to my peers. Finally, I contributed to the major writing of this manuscript.  

Our study provides fundamental data for understanding the environmental effects on cell 

cycle regulation and lipid metabolism in algae and for genetic engineering of algae for 

improved oil accumulation. In addition, our research will be a great asset for the biofuel 

research community to use algae for meeting increasing energy demand. 
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Abstract  

Eukaryotic marine microalgae like Dunaliella spp. have great potential as a feedstock 

for liquid transportation fuels because they grow fast and can accumulate high levels of 

triacylgycerides with little need for fresh water or land. Their growth rates vary between 

species and are dependent on environmental conditions. The cell cycle, starch and 

triacylglycerol accumulation are controlled by the diurnal light:dark cycle. Storage 

compounds like starch and triacylglycerol accumulate in the light when CO2 fixation rates 

exceed the need of assimilated carbon and energy for cell maintenance and division during 

the dark phase. To delineate environmental effects, we analyzed cell division rates, 

metabolism and transcriptional regulation in Dunaliella viridis in response to changes in light 

duration and growth temperatures.  Its rate of cell division was increased under continuous 

light conditions, while a shift in temperature from 25ºC to 35ºC did not significantly affect 

the cell division rate, but increased the triacylglycerol content per cell several-fold under 

continuous light. The amount of saturated fatty acids in triacylglycerol fraction was more 

responsive to an increase in temperature than to a change in the light regime. Detailed fatty 

acid profiles showed that Dunaliella viridis incorporated lauric acid (C12:0) into 

triacylglycerol after 24 hours under continuous light. Transcriptome analysis identified 

potential regulators involved in the light and temperature-induced lipid accumulation in 

Dunaliella viridis. 
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Keywords: Dunaliella viridis, light duration, temperature, cell division, starch, lipids, fatty 

acids, triacylglycerol, oil, transcriptome. 

Introduction  

Marine microalgae have been investigated for their great potential as feedstocks for 

renewable liquid transportation fuels because they could replace petroleum-derived fuels 

without competing for resources like land or fresh water required for food and feed 

production (1, 2). Dunaliella spp. grow in salt lakes and marine environments worldwide and 

have adapted to their specific environments (3, 4). Several Dunaliella spp. grow well under 

high levels of salt, which reduces culture contamination with other microorganisms or 

pathogens (5, 6). Dunaliella spp. grow in media containing an extremely wide range of NaCl 

concentrations from 0.05 M to 5.5 M NaCl (7). The ability of D. salina to produce high 

levels of carotenoids made it commercially viable as a nutritional supplement (8). In contrast 

to D. salina, D. viridis does not accumulate large amounts of ɓ-carotene, but produces 

oxygenated carotenoids (9). Dunaliella spp. lack a cell wall (4), which enables the extraction 

of oil droplets by osmotic shock in freshwater as one of the most inexpensive and 

environmental friendly ways to extract oil from algae cultures (10). Despite all these useful 

traits of Dunaliella for bioenergy production, production of algae oil for liquid transportation 

fuels is commercially not viable. Technoeconomic analysis identified algae oil content and 

growth rates as the two top cost modifiers of fuel production (11). We therefore focused our 
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research on the regulation of cell division rates and oil content in Dunaliella by 

environmental control. 

Photosynthetic organisms accumulate carbohydrates, sugars and/or triacylglycerides (TAGs) 

during the light period to store assimilated carbon and energy, which is then used for 

consumption during the night, or when environmental conditions limit their growth (12, 13). 

Cell division rates and TAG accumulation exhibit an inverse relationship because cell 

division rates are maximal under optimal growth conditions while TAG as carbon and energy 

storage components accumulate during conditions that limit cell division (14). Nitrogen 

deprivation, salt or light stress and high CO2 concentration have been shown to increase oil 

accumulation in different algal species (15-19). The response of different Dunaliella species 

or even strains to oil-inducing growth conditions varies greatly. Nitrogen deprivation can 

induce increases in lipid content in D. viridis and D. tertiolecta (15, 19) or can have no effect 

on lipid content of the cells of D. salina (20). 

Because regulation of oil accumulation and cell division are diurnally regulated in algae (21-

23), we studied the responses of Dunaliella spp. to changes in photoperiod as well as 

temperature, and the combination of both environmental effects. A shift from light:dark 

cycles to continuous light should eliminate the need of the cells to degrade their carbon and 

energy reserves during the dark period.  

The aim of this research was to characterize the time-resolved physiological, metabolic and 

transcriptomic response of Dunaliella viridis to photoperiod, growth temperature and the 

integration of changes in both environmental conditions. Our results show that changes in 
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photoperiod and temperature have both, specific and combined effects on gene expression 

and metabolism. While cell division is synchronized by the dark period, the cellular protein 

content only responds to temperature, not light period. Starch metabolism on the other hand 

is controlled via transcriptional regulation of its degradation enzymes and does not respond 

to temperature changes under light:dark cycles, but is sensitive to temperature under 

continuous light conditions. Accumulation of TAG has two distinct and independent 

components ï a photoperiod responsive component that increased oil content more than five-

fold, and a temperature-dependent component responsible for a doubling of oil content. 

These effects were independent, so that the combination of continuous light and elevated 

temperature led to a tenfold increase in oil content. Transcriptome analysis showed that fatty 

acid (FA) biosynthesis for increases in oil content under elevated temperature is not 

transcriptionally regulated, while TAG biosynthesis is driven by transcriptional up-regulation 

of lipases involved in the recycling of FAs from membrane lipids. 

Materials and methods  

Strain and growth conditions 

The Dunaliella spp. strains (Dunaliella viridis dumsii, D. salina LB200, D. tertiolecta 

LB999 and D. primolecta LB1000) used in this study were obtained from the Center for 

Applied Aquatic Ecology at North Carolina State University. The same growth media was 

used for all strains and was modified from (24) using 1M NaCl with the addition of 10 mM 
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Tris and pH 7.5. For semi-quantitative assessment of oil accumulation (Figure A.1), different 

species of Dunaliella were grown in 1 M NaCl growth media in 250 mL Erlenmeyer flasks 

for 142 hours under two different light conditions (12 hr light/ 12 hr dark cycle, LD; or 

continuous light, LL) and temperatures (25°C or 35°C). The cells were grown under cool 

white fluorescent lights (3340 lux) without shaking or provision of external air or CO2. For 

semi-quantitative assessment of oil accumulation, osmotic lysis was performed by adding 1 

mL of fresh water to a pellet containing 100 million cells in a sterile microcentrifuge tube 

and vortexed thoroughly. Nile red to a final concentration of 2.6 µM was added to the cell 

debris, vortexed and centrifuged at 13000 rpm for 5 minutes and the Nile red stained oil 

bodies were visualized under blue light. 

A more detailed metabolic and trascriptomic analysis of the responses to environmental 

changes was carried out for Dunaliella viridis dumsii. The inoculum was grown in 

Erlenmeyer flasks for 1 week under standard conditions of 12 hr light/ 12 hr dark cycle (cool 

white fluorescent lights, 3340 lux) at 25°C without shaking or provision of external air or 

CO2. The experimental design is presented in (Figure 2.1). D. viridis cultures (0.5 million 

cells/mL) in Erlenmeyer flasks were subjected to either a light:dark cycle (12 hr light/ 12 hr 

dark cycle (LD) or continuous light (LL)). In a first set of experiments, the cultures were kept 

for the entire course of the experiment at 25°C and in a second set of experiments; the 

temperature of the incubator was increased from 25°C to 35°C after 24 hrs from the start of 

the experiment. Flasks were not shaken or provided with external air or CO2 during the 

experiment. At time points (6, 16, 30, 40 and 54 hrs), 10 µL of cell culture was removed to 
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analyze cell density and diameter (TC10 Automatic Cell Counter, Bio-Rad), 20 mL for 

transcriptome analysis, 1 mL for TAG content examination by Nile Red staining and 

microscopy (Protocol A.1), 250 ɛL for total chlorophyll analysis, 2 mL for soluble protein 

analysis, 400 mL for total lipid and starch analysis. 

 

 

 

Figure 2.1. Schematic of experimental design. D. viridis cultures were grown either under 12 hrs light/ 12 hrs 

dark cycle (LD) or under continuous light (LL) at 25°C. The temperature was increased after 24 hrs to 35°C or 

kept at 25°C. The experiment was carried out in 3 biological replicates with three technical replicates for each 

biological repeat. 

 

 

 

Chlorophyll analysis  

Total chlorophyll was determined using a modified protocol as described by Arnon (25). 1 

mL of 100% ethanol was added to 250 ɛL of algae culture, vortexed, and incubated at room 

temperature for 10 minutes. Samples were vortexed again and pelleted (13000 rpm, 10 min) 
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and the supernatant containing the extracted chlorophyll was transferred to a fresh 

microcentrifuge tube. The chlorophyll content was measured as absorption at 652 nm against 

the growth media undergoing the same extraction steps as that of algae culture. The total 

chlorophyll amount (µg/mL) was calculated as A652/36 (36 = extinction coefficient). Total 

chlorophyll was measured from three biological replicates with three technical replicates 

each. 

Protein analysis  

Total soluble protein was extracted using a modified protocol as described by Barbarino and 

Lourenco (26). 2 mL of culture was pelleted (13000 rpm, 5 min), the supernatant removed 

and the pellet frozen in liquid nitrogen and stored at -80°C. 1 mL of deionized water was 

added to the frozen pellet, centrifuged (13000 rpm, 5 min, 4°C), and the supernatant, 

containing crude protein extract, was collected. The pellet was re-extracted with 1 mL of 0.1 

N NaOH with 0.5% ɓ-mercaptoethanol (v/v), incubated for 1 hour at room temperature with 

intermittent vortexing, and centrifuged (13000 rpm, 5 min, 4°C). The supernatants were 

pooled and stored at 4°C. Protein concentration was determined using the microplate 

procedure of the bicinchoninic acid (BCA) protein assay kit (Pierce Thermo Scientific, 

Catalog # 23235) following the manufacturerôs instructions. Briefly, about 150 µL of the 

reagent was mixed with 150 µL of the extracted protein sample and incubated at 37°C for 2 

hours followed by measurement of absorbance at 562 nm on a plate reader (Synergy HT 

multi-mode). The concentration of the extracted protein was determined against the standard 
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curve generated with bovine serum albumin (BSA) stock provided in the kit using 1X 

phosphate buffered saline (8 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 

7.4). Total soluble protein was measured from three biological replicates with three technical 

replicates each. 

Lipid Analysis 

Total lipid extraction  

Algae pellets (4000 rpm, 5 min) from 400 mL of culture were frozen in liquid nitrogen and 

placed at -80°C. Total lipids were extracted using a modified protocol as described by Bligh 

and Dyer (27). Frozen pellet was resuspended in 1 mL of water followed by extraction with 

3.75 mL of methanol:chloroform (2:1, v/v) and vortexed intermittently over the course of 75 

min. The suspension was pelleted (2000 rpm, 5 min), the supernatant was collected and the 

pellet resuspended in 1 mL of 1M NaCl and re-extracted with methanol:chloroform. The 

suspension was vortexed, pelleted, and the supernatants pooled. 2.5 mL of chloroform and 

2.5 mL of water were added, vortexed, and centrifuged (2000 rpm, 5 min). The chloroform 

phase was collected, dried under vacuum and then nitrogen, and stored at -20°C for lipid 

analysis. The pellet was stored at -20°C for starch analysis. Total lipid content was measured 

from three independent biological replicates. 
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Thin layer chromatography (TLC)  

The TLC protocol used for the separation of lipids was done using a modified protocol as 

described by Moellering et al. (28). The total lipids were resuspended in 

chloroform:methanol (2:1, v/v) to a final concentration of 10 mg/mL for lipid fractionation 

by TLC. Samples (1.5 mg per lane) were spotted and run along with a lane of standard mix 

(Diacylglycerol, tocopherol, linoleic acid and glyceryl trioleate, 1.6 mg/mL each, prepared 

fresh, 30 ɛL per lane) on silica gel adsorption plates (Whatman K5 150 Å) using petroleum 

ether:diethyl ether:glacial acetic acid (80:20:1) as the mobile phase. Plates were dried and 

then developed using iodine crystals. Fractions for free fatty acids (FFA), triacylglycerol 

(TAG), and diacylglycerol (DAG) were scraped off the plates and placed into separate tubes. 

Fatty acid methyl esters (FAMES) preparation  

FAMES were prepared from the different TLC lipid fractions using a modified protocol as 

described by Laurens et al. (29). 50 ɛg of tridecanoic acid (Sigma) was added as standard to 

each fraction. Transesterification was carried out by adding 0.2 mL of chloroform:methanol 

(2:1, v/v) and 0.3 mL of HCl/Methanol (5%, v/v) to each fraction, followed by incubation for 

1 hour at 85°C. 1ml of hexane was added to the samples and incubated at room temperature 

for 1 hour. The hexane phase was collected, dried under vacuum and then nitrogen, and 

stored at -20°C. 

GC/MS analysis 

The FAMES were resuspended in 200 Õl of hexane, and 1 ɛL of sample was injected 

(splitless mode) in a Hewlett Packard 5890 series II plus GC/MS (Hewlett Packard 5972 
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series mass selective detector, Hewlett Packard 7673 injector and Rtx-5 GC column). The 

Agilent Enhanced ChemStation G1701BA Version B.01.00 software for HP5890GC was 

used for spectral analysis (Wiley7Nist05.L library). 

Polar lipid analysis 

Polar lipid analysis was performed at the Kansas Lipidomics Research Center (KLRC). Total 

lipids were extracted from the 54 hours time point from three independent biological 

replicates under each condition, dried and sent for plant polar lipid analysis. The polar lipids 

species analyzed at KLRC were PG (phosphatidylglycerol), PA (phosphatidic acid), PE 

(phosphatidylethanolamine),  PI (phosphatidylinositol),  PS (phosphatidylserine),  PC 

(phosphatidylcholine),  Lyso-PE (lysophosphatidylethanolamine), Lyso-PC 

(lysophosphatidylcholine), Lyso-PG (lysophosphatidylglycerol), MGDG 

(monogalactosyldiacyl-glycerol), and DGDG (digalactosyldiacylglycerol). This protocol 

does not include diacylglycerol-N-trimethylhomoserine (DGTS) analysis. 

Starch analysis  

Starch was extracted from the pellet left over from the lipid extraction using a modified 

protocol as described by Winter (30). The pellet was resuspended in 2.8 mL of cold 

extraction buffer (3.5 mL methanol, 1.5 mL chloroform and 0.6 mL phosphate buffer (20 

mM KH2PO4, pH 7.0), 5 mM EGTA, 20 mM NaF), and thoroughly vortexed. After 

centrifugation (4000 rpm, 5 min), the organic phase was removed and the pellet was re-
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extracted with 2.8 mL of cold extraction buffer. The pellet was dried, solubilized in 2 mL of 

0.2 N KOH, and placed in a shaking water bath at 80°C for 4 hrs. The sample pH was 

adjusted to 4.5-5.0 with glacial acetic acid at room temperature, and placed in a sonicator 

bath for 10 min. 100 ɛL aliquots from the sonicated samples were mixed with 400 ɛL of 

starch digestion buffer (50 mM sodium acetate, pH 4.8, 33 nkat amylase, 33 nkat 

amyloglucosidase), incubated at 37°C for 16 hours for hydrolysis of starch to glucose. 

Samples were centrifuged (13000 rpm, 5 min) and the collected supernatant was used for the 

glucose assay. 50 ɛL of supernatant mixed with 950 ÕL of reaction buffer (50 mM imidazole, 

1.5 mM MgCl2 anhydrous, pH 6.9), 100 mM nicotinamide adenine dinucleotide phosphate 

(NADP), 200 mM adenosine triphosphate (ATP) and 50 nkat of glucose-6-phosphate 

dehydrogenase. Absorbance changes at 334 nm were determined before and after the 

addition of 50 nkat of hexokinase. The change in absorbance due to the reduction of NADP 

to NADPH was recorded and compared to a starch standard curve. Starch content was 

measured from three independent biological replicates. 

RNA extraction 

20 mL of cells were centrifuged (4000 rpm, 5 min) and RNA was extracted from the pellet 

using 1 mL of TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturerôs 

instructions. The quality and concentration of the RNA was assessed using an Agilent 

Bioanalyzer on an RNA Pico Chip and used for preparation of cDNA libraries for RNA-

Sequencing and analysis (Protocol A.2).  In order to confirm the results from the RNA-
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sequencing data, expression of specific genes were tested by qPCR (Protocol A.2) using 

gene-specific primers (Table A.9).  

Results 

Several Dunaliella spp. (D. viridis, D. salina LB200, D. tertiolecta LB999, D. primolecta 

LB1000) were screened for their growth and accumulation of oil in response to temperature 

and light changes (Figure A.1). The four different Dunaliella species showed different 

responses to those changes in light duration or temperature (Figure A.1). The screen showed 

that on a cellular basis, only D. salina and D. viridis produced significant amounts of oil as 

indicated by Nile red fluorescence under elevated temperature. D. tertiolecta had a slight 

amount of oil produced at 25°C under continuous light, but not at 35°C. D. primolecta 

showed no detectable oil accumulation under either condition. D. salina produced more 

biomass at 25°C compared to 35°C, while all other species showed the same or slightly more 

biomass production at elevated temperature (Figure A.1). This shows that the responses to 

environmental factors in Dunaliella are genotype specific. For a detailed metabolic and 

transcriptomic analysis of the regulation underlying this response, we selected Dunaliella 

viridis dumsii because it showed the highest oil increase under induction when grown under 

LL at elevated temperature in comparison to other strains. We designed a time-course 

experiment to analyze growth, metabolite contents and transcriptome changes to characterize 

the stress specific responses as well as responses to a combined stress in Dunaliella viridis 

dumsii (Figure 2.1).  
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Cell division and growth 

To assess the effect of light duration and temperature on cell growth we quantified cell 

numbers and cell diameters at each time point. Cells grown under LL divided faster than 

those grown under LD (Figure 2.2A). The number of cells tripled under LD and increased 4-

5 times under LL, but the difference in cell density was significant only after 54 hours. A 

separate experiment with higher temporal resolution under the same conditions, showed that 

cell division occurs during the dark period under LD regime while cells grown under LL 

showed a constant growth rate (Figure A.2). Higher temperature under LL did not have an 

apparent effect on cell division rates during the time of our experiment (Figure 2.2A); 

however, it had a significant effect on cell diameters (Figure 2.2B). The estimated volume of 

the cells, assuming that all cells have the shape of prolate spheroids, cells grown under LL at 

35°C was 135 fl compared to an average volume of 112 fl of cells grown at LL 25°C after 54 

hrs; a cell volume increase of ca. 21% (Figure 2.2B). Micrographs of representative cells 

from the cultures are shown in (Figure A.3).  
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Figure 2.2. Cell division rate and cell size increases under LL versus LD cycles. D. viridis cultures were 

grown either under LD (dashed lines) or LL (solid lines) at 25°C for the first 24 hours and then either remained 

at 25°C (blue lines) or the temperature was raised to 35°C (red lines). The temperature shift occurred after 24hrs 

(black arrow). Cell counts (A) and maximal cell diameters (B) were measured in three biological replicates with 

three technical replicates each. The error bars represent the standard deviation. Statistical significance was 

assessed by unpaired, two-tailed, Studentôs t-test. The
 
values with the same letters are not significantly different 

at 54 hrs (p<0.05). 
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Cellular chlorophyll and protein content is affected by temperature 

Higher temperature had opposite effects on chlorophyll (Figure 2.3A) and soluble protein 

(Figure 2.3B) contents: 30 hrs after the temperature shift (54hrs), cells grown at 35°C had 

more chlorophyll and less soluble protein compared to those grown at 25°C. The difference 

in the chlorophyll content was the most striking and happened very rapidly after the increase 

in temperature. At 54 hrs under LL, cells that were transitioned to 35°C had more than twice 

the amount of chlorophyll compared to cells grown at 25°C. Interestingly, cells grown at 

25°C had significantly more chlorophyll when grown under LD than LL. The photoperiod 

did not have any effect on soluble protein content in cells grown at 25°C, and only a minor, 

but significant effect in cells grown at 35°C. 
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Figure 2.3. Total chlorophyll (A) and protein (B) content in D. viridis in response to light duration and 

temperature. While chlorophyll content increases in response to elevated temperature, soluble protein content 

in those cells decreases. D. viridis cultures were grown either under LD (dashed lines) or LL (solid lines). All 

cultures were grown at 25°C for the first 24 hours and then either remained at 25°C (blue lines) or the 

temperature in the growth chamber was raised to 35°C (red lines). Temperature shift is indicated by the black 

arrow. Total chlorophyll content, soluble protein and cell counts were measured in three biological replicates 

with three technical replicates each. The data were normalized to 1 million cells. The error bars represent the 

standard deviation. Statistical significance was assessed by unpaired, two-tailed, Studentôs t-test. The
 
values 

with the same letters are not significantly different at 54 hrs (p<0.05). 
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Starch is more affected by light duration than temperature 

Starch, like TAGs serve as storage components for assimilated carbon and energy. In 

agreement with this function, starch content on a per cell basis was significantly higher under 

LL (Figure 2.4). After 54 hours, the starch content in the cells grown under LL was at least 

twice the amount measured in cells grown under LD at either temperature. There was no 

effect of temperature on the starch content in cells grown under LD. However, cells grown 

under LL showed some variation in starch accumulation in response to temperature. Cells 

grown at 25°C reached a maximum of accumulated starch between 24-48 hours, after which 

starch content decreased, while cells transferred to 35°C accumulated starch and contained 

about 40% more starch after 54hrs when grown at 35°C compared to 25°C under LL (Figure 

2.4). 
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Figure 2.4. Total starch in D. viridis cells in response to light duration and temperature.  D. viridis cultures 

were grown either LD (dashed lines) or LL (solid lines). All cultures were grown at 25°C for the first 24 hours 

and then either remained at 25°C (blue lines) or the temperature in the growth chamber was raised to 35°C (red 

lines). The temperature shift is indicated by the black arrow. The data were normalized to 1 million cells. The 

error bars represent the standard deviation from three independent biological replicates. Statistical significance 

was assessed by unpaired, two-tailed, Studentôs t-test. The
 
values with the same letters are not significantly 

different at 54 hrs (p<0.05). 
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Triacylglycerides content and its fatty acid composition respond to light duration and 

temperature 

Total lipids were extracted using chloroform:methanol solvent and fractionated by TLC 

(Figure A.4). Three fractions corresponding to DAGs, FFAs, and TAGs were separated, 

collected, and fatty acids of each fraction derivatized to FAMES and analyzed by GC/MS.  

The interaction of light duration and temperature had dramatic effects on TAG accumulation 

in cells as well as on the FA composition of those TAGs. A shift from LD to LL increased 

total TAG content per cell almost four-fold within the first 30 hrs at 25 °C (Figure 2.5A). 

When cells were kept at 25°C, there was no further increase in TAG content detected, 

whereas cells transferred to 35°C accumulated more TAG under both light conditions. The 

temperature-induced TAG accumulation doubled TAG content under LL within 24hrs and 

tripled it under LD (Figure 2.5A). This indicates that the mechanisms that led to TAG 

accumulation under continuous light and elevated temperature are independent but additive. 

The effects of the two factors (light, temperature) on TAG accumulation correlate with 

differences in their FA profiles. The temperature-induced increases in TAGs correlated with 

increases in saturated FA, while the change in photoperiod to LL resulted in TAGs with more 

highly unsaturated FA (Figure 2.5B). As seen for total TAG content, the increases in 

saturated FA in response to light duration and temperature increase are additive effects. 
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Figure 2.5. TAG content increases under LL (A) and more saturated FAs at 35°C in TAG content (B). D. 

viridis cultures were grown either under LD (dashed lines) or LL (solid lines). All cultures were grown at 25°C 

for the first 24 hours and then either remained at 25°C (blue lines) or the temperature in the growth chamber 

was raised to 35°C (red lines). The temperature shift is indicated by the black arrow. Total TAG content was 

calculated as the sum of the fatty acids from the TAG fraction. Total TAG content was normalized to 1 million 

cells. The error bars represent the standard deviation from three independent biological replicates. Statistical 

significance was assessed by unpaired, two-tailed, Studentôs t-test. The
 
values with the same letters are not 

significantly different at 54 hrs (p<0.05). 
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The majority of FAs in the TAG fraction were C18:1 (oleic acid), followed by C16:0 

(palmitic acid), C18:0 (stearic acid) and long-chain saturated FAs (C20:0). The TAG 

accumulation observed in cells grown under LL was mainly due to an increase in C18:1 

(Figure 2.6). After 30 hrs in LL at 25°C, the C18:1 content in TAGs was seven times higher 

compared to cells grown under LD. Lauric acid (C12:0) and Linoleic acid (C18:2) were only 

detectable in small quantities and only under LL. Changes in the TAG fatty acid profile in 

response to the temperature increase from 25°C to 35°C were mostly brought about by 

increases in the amounts of the saturated FA C16:0, C18:0 and the long-chain saturated FAs 

C20:0, C22:0, C24:0 and C26:0 (Figure 2.6). 
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Figure 2.6. Changes in specific fatty acids of the TAG fraction.  The error bars represent the standard 

deviation from three independent biological replicates. Statistical significance was assessed by unpaired, two-

tailed, Studentôs t-test. The
 
values with the same letters are not significantly different at 54 hrs (p<0.05). 
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Membrane lipids  

Membrane lipids are composed of polar lipids that are distinguished by their head group. For 

a more detailed analysis of specific membrane lipid classes, we analyzed total lipid samples 

from the endpoint of the time course (54 hrs). The largest fractions of polar lipids are MGDG 

and DGDG that are primarily found in the chloroplast and thylakoid membranes, and 

phospholipids (PL) found in all membranes (Table A.1). At 25°C, cells grown under LL had 

lower amounts of the chloroplast membrane lipids, MGDG and DGDG, while no significant 

changes were detected in the cellular levels of the other PL classes (PG, PC, PE and PI) 

(Figure 2.7). However, at 35°C the same transition from LD to LL significantly increased the 

amount of DGDG and PL but had no effect on MGDG. The cellular quantities of MGDG 

increased significantly with increased temperature. PL content was higher only at 35°C under 

LL, but did not change under any of the other growth conditions (Figure 2.7). This increase 

was due to an increase in all the major analyzed PL classes ïPG, PC, PE and PI (S5A 

Figure). PA was found in small quantities (Table A.1) and PS was not detected under any 

conditions. The majority of DGDG and MGDG showed a total FA chain length of C34 with 

a total of 3 to 7 double bonds (Figure A.6). This corresponds to a lipid composed of one C18 

and one C16 FA. The degree of saturation was higher in MGDGs compared to DGDGs. The 

temperature induced increase in MGDGs corresponds to decrease in its degree of FA 

saturation. The same trend can be observed in the DGDGs where at 35°C, the increase in 

total DGDG is mostly due to an increase in (34:3) and lower levels of (34:6), resulting in an 

overall lower degree of saturation at 35ºC (Figure A.6). 
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Figure 2.7. Major polar lipid classes responds to photoperiod and temperature changes at 54 hrs. The 

cellular content of the major polar lipid classes DGDG (grey bars), MGDG (black bars) and PL (striped bars) 

responded to changes in temperature and light duration. The error bars represent the standard deviation from 

three independent biological replicates. Statistical significance was assessed by unpaired, two-tailed, Studentôs 

t-test. The
 
values with the same letters are not significantly different at 54 hrs (p<0.05). 

 

 

 

Lyso-phospholipids and free fatty acids  

The cellular content of Lyso-phospholipids was strictly temperature dependent and showed 

no significant changes in response to light duration. Steady-state levels of Lyso-PG, Lyso-PC 

and Lyso-PE were 40%-50% lower at 35°C than at 25°C (Figure A5.B). FFA can originate 

from hydrolysis of TAGs or polar membrane lipids as well as during synthesis. During the 
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time-course of the experiment the FFA pool was mostly affected by the light interaction with 

temperature. The accumulation of FFA over time was different under the two light conditions 

at 25°C. At 25°C under LD, the FFA was highest at 40 hrs however, under LL, it was highest 

at 54 hrs (Figure A7.A). At 54 hours, cells grown under LL contained higher levels of FFA 

than cells grown under LD conditions. Under LL, higher temperature caused a 50% increase 

in FFAs, while no significant increase in response to temperature was observed under LD. 

Under all conditions, the FFA fraction was mainly (80-90%) composed of unsaturated FAs 

(Figure A7.B). 

Transcriptome analysis 

Differentially expressed transcripts in response to photoperiod and temperature changes 

 

We carried out RNAseq analysis for each time point and condition to identify changes in 

transcript abundances that correlate with the observed changes in physiology and metabolism 

(Protocol A.2). A data summary of transcripts obtained after analysis are available (Table 

A.2). Our sequence analysis annotated 11,701 transcripts from 9400 distinct genetic loci. All 

transcript count data are available at NCBI-GEO (GSE40997) and the list of differentially 

expressed transcripts under light and/or temperature effect are provided (Tables A.3ïA.6). 

While those sequence count data can be analyzed in different ways, we compared relative 

transcript abundances between the time points for photoperiod (LL over LD at 25°C) and 

temperature treatment (35°C over 25°C under LL) to identify transcripts responding to either 
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stress or both stresses (Figure 2.8). Out of the 9400 expressed transcripts, 1030 transcripts 

responded to light duration (Table A.4) and 373 transcripts to higher temperature (Table 

A.5). Overall, more transcripts showed differential responses to changes in the light regime 

compared to those responding to changes in temperature. Transcriptional responses were 

apparent within 6 hours after the temperature increase (Figure 2.8).  The longer the cells were 

subjected to high temperature, the higher was the number of transcripts differentially 

expressed in response to this factor, while the number of differentially expressed transcripts 

in response to LL decreased over time (Figure 2.8). 

 

 

 

 

Figure 2.8. Numbers of transcripts responding to change in light duration and/or temperature at 30, 40 

and 54 hours. The numbers indicate the number of loci differentially expressed either only in response to 

continuous light compared to light:dark cycles at 25°C (25°C-LL/LD) or only in response to increased 

temperature under continuous light (LL-35°C/25°C).  
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As expected, the most highly up-regulated transcripts under elevated temperature in LL were 

heat shock proteins (HSP20). Fructose-bisphosphate aldolase, cytochrome c oxidase subunit 

2 and chloroplast carotene biosynthesis related protein, showed at least 6-fold higher Reads 

Per Kilobase per Million mapped reads (RPKM) at 35°C than 25°C under LL (Table A.5). 

Although our time-course was not designed to describe diurnal transcript changes, a large 

number of differentially expressed transcripts involved in photosynthesis and most primary 

metabolic pathways followed a strong diurnal pattern under LD conditions that was lost 

under LL (Figure A.11A-P).  

Gene Ontology (GO) term enrichment analysis (Protocol A.2) showed that the most enriched 

functional categories with changes in response to light duration (LL/LD) were genes 

involved in CO2 assimilation, cell cycle progression, photosynthesis and chloroplast function. 

At elevated temperature (35°C/25°C) the GO categories with over-representation of 

differentially expressed genes were chloroplast function, energy metabolism, carbohydrate 

metabolism, photosynthesis, respiratory chain, protein degradation, ion transport, membrane 

function, and stress response (Table 2.1). 
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Table 2.1. Categories enriched in differentially expressed genes under continuous light or high 

temperature. For each one of the two factors, the categories enriched are presented. The expected column 

presents the number of loci that were expected in a specific category based on the genes per GO and the number 

of differentially expressed genes. The count column presents the actual number of loci differentially expressed 

in that category. The third column shows the overrepresentation of a category calculated as the ratio of 

count/expected hits. *(protein degradation for temperature factor). 

 
                     Li ght               Temperature 

Category Expected Count 
Over-
represented Expected Count 

Over-
represented 

Chloroplast 40 162 4 3 9 3 

Energy 2 6 3 1 5 5 

Carbohydrate metabolism 12 39 3.3 0 2 Ð 

Photosynthesis 11 49 4.5 2 9 3.5 

Respiratory chain 12 45 3.8 0 6 Ð 

Protein metabolism*  13 18 1.4 3 10 3.3 

Cell cycle 7 37 5.3 

   
CO2 assimilation 0 2 Ð 

   
Movement 28 61 2.2 

   
Nucleic acid 321 452 1.4 

   
Nucleus 1 4 4 

   
Envelope 

   

1 4 4 

Ion transport 

   

2 12 6 

Membrane 
   

5 11 2.2 

Others 406 626 1.5 2 13 6.5 

 

 

 
Transcripts levels from the fatty acid biosynthesis pathway genes under elevated temperature  

Most of the transcripts encoding enzymes of the FA biosynthesis pathway were down-

regulated at 35ºC (Figure 2.9 and Table A.7A). In particular, the subunits from both the 

Acetyl-CoA Carboxylase (ACCase) and Fatty Acid Synthase (FAS) were down-regulated 

(Figure A.11E-G). Only transcripts for FAB2-2 (stearoyl-ACP D
9 
desaturase) and FAT (acyl-

ACP thioesterase) were up-regulated at high temperature). FAB2 is responsible for the 

desaturation of C18:0-ACP and we found two distinct transcripts (FAB2-1/1900 and FAB2-
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2/68) that encode this enzyme (Figure A.11I). The expression of FAB2-1 was not affected by 

temperature whereas the FAB2-2 was up-regulated. At 30 hours (6 hours after the 

temperature increase), there was no difference between the RPKM values of cells grown at 

25°C versus 35°C but at 40 hrs (16 hours after temperature increase), the transcript 

abundance at 35°C was 2.6 times higher than at 25°C (Log2fold of 1.4), and at 54 hrs its 

abundance was 2.8 times higher. These two transcripts are not expressed at the same level: 

FAB2-1 transcript abundance was 5-7 times higher than for FAB2-2 with RPKM values of 

171-178 and 25-37, respectively. The FAT gene, responsible for the release of the FA from 

the acyl-carrier protein, showed increased transcript abundance under higher temperature 

(Figure 2.9 and Table A.7A). 
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Figure 2.9. Effect of temperature on the transcript abundance of the fatty acid pathway genes. The blocks 

of three squares represent the log2FC(35°C/25°C) at 30, 40 and 54 hrs (6, 16 and 30 hrs after the temperature 

switch). CoA: coenzyme A; ACP, acyl carrier protein. Enzymes include: ACCase, acetyl-CoA carboxylase; a-

CT, alpha-carboxyltransferase subunit; b-CT, beta-carboxyltransferase subunit; BC, biotin carboxylase subunit; 

BCCP, biotin carboxyl carrier protein subunit; MCT, malonyl-CoA ACP transacylase;  FAS, fatty acid 

synthase; KAS, ketoacyl-ACP synthase; KAR, ketoacyl-ACP reductase; HAD, hydroxyacyl-ACP dehydrase, 

EAR, enoyl-ACP reductase; FAB2, stearoyl-ACP-D9-desaturase; FAT, acyl-ACP thioesterase. Expression data 

for the transcripts used in the pathway are provided in (Table A.7A). 

 

 

 
Transcript levels from the triacylglycerol pathway under elevated temperature  

TAGs are synthesized by the addition of a FA to the sn-3 position on the glycerol backbone 

of DAG. Those FAs can be newly synthesized or can be recycled from FAs present in 

membrane lipids (31). Because membrane lipids are subject to modifications such as 
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desaturation and elongation, the FAs added to DAGs to form TAGs have very different 

characteristics and properties if they are newly synthesized or recycled from membrane 

lipids. The transcripts encoding the first two enzymes from the TAG synthesis pathway, 

glycerol-3-phosphate acyltransferase (GPAT) and Lyso-phosphosphatidic acid 

acyltransferase (LPAT) that catalyze the formation of PA from glycerol-3-phosphate (G3P) 

were both down-regulated at 30, 40 and 54 hrs (Figure 2.10 and Figure A.11L). The 

transcript coding for phosphatidate phosphatase (PAH), responsible for the formation of 

DAG from PA, was first down-regulated at 30 hrs but then became increasingly up-regulated 

at 40 and 54 hrs (Figure 2.10 and Table A.7A).  Interestingly, similar to the FAB2 transcript, 

the transcript encoding for the enzyme that was up-regulated was also the transcript with the 

lowest overall abundance levels. Several transcripts coded for different isoforms of 

diacylglycerol acyltransferase (DGAT), responsible conversion of DAG to TAG in the 

Kennedy pathway (32). We found two transcripts corresponding to diacylglycerol 

acyltransferase type 1 (DGAT) and 5 transcript corresponding to diacylglycerol 

acyltransferase type 2 (DGTT). DGAT1 corresponds to transcript 6208 and was the only 

transcript up-regulated at both 40 and 54 hrs (Figure 2.10). The transcripts of PL synthesis 

genes showed different expression patterns. The two main membrane lipids in D. viridis are 

MGDG and DGDG (Table A.1). The transcript for monogalactosyldiacylglycerol synthase 1 

(MGD1) which synthesizes MGDG from DAG was down-regulated at all three time points 

while transcripts encoding the enzyme digalactosyldiacylglycerol synthase 1 (DGD1) that 

synthesizes DGDG from MGDG was up-regulated (Figure A.11J). Two enzymes involved in 
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channeling of FAs from the membrane lipids into TAG are phospholipid:diacylglycerol 

acyltransferase (PDAT1) and plastid galactoglycerolipid degradation1 (PGD1) (33, 34). 

Transcripts encoding those two enzymes showed opposite regulation: PDAT1 transcripts 

were down-regulated at all three time points while PDG1 transcripts were increased at all 

three time points (Table A.7A). Transcripts of other enzymes in this pathway involved in 

membrane lipid FA modification (elongation and desaturation) showed variable regulation 

patterns in response to elevated temperature: in general, transcript levels of desaturases were 

down-regulated and transcript levels of elongases were up-regulated (Figure A.11K). Several 

transcripts encoding for lipases that could be involved in the release of FAs from the 

membrane lipids for integration into TAG were up-regulated (Figure 2.10 and Figure 

A.11N). 
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Figure 2.10. Effect of temperature on the transcript abundance of the TAG pathway genes. Relative 

transcript abundance changes for the transcripts of the lipid biosynthesis pathway are provided in (Table A.7A). 

Compounds include: G-3-P, glycerol-3-phosphate; Lyso-PA, lyso-phosphatidic acid; PA, phosphatidic acid; 

PG, phosphatidylglycerol, SQDG, sulfoquinovosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol, 

DGDG, digalactosyldiacylglycel, DAG: diacylglycerol, TAG, triacylglycerol. Enzymes include: GPAT, 

glycerol-3-P acyltransferase; LPAT, lysophosphatidic acid acyltransferase; PAH, phosphatidate phosphatase; 

DGAT and DGTT, diacylglycerol acyltransferase; PCT, CDP-diacylglycerol synthase; PGP, 

phosphatidylglycerolphosphate synthase; SQD1, UDP-sulfoquinovose synthase; SGD2, sulfolipid synthase; 

MGD1, monogalactosyldiacylglycerol synthase; DGD1, digalactosyldiacyglycerol synthase; PGD1, plastid 

galactoglycerolipid degradation1; GGGT, galactolipid:galactolipid galactosyltransferase; PDAT1, 

phospholipid:diacylglycerol acyltransferase; MLDP, major lipid droplet protein; Kcs, b-ketoacyl-CoA synthase; 

CHAD, 3-hydroxyacyl-CoA dehydrogenase; TER, Trans-2-enoyl-CoA reductase; PCH, Palmitoyl-CoA 

hydrolase; FAD5, MGDG specific palmitate D-7 desaturase; FAD6, w-6 fatty acid desaturase; FAD7, w-3 fatty 

acid desaturase; LCIII, class 3 lipase, FAP, class 3 lipase, LIP, lipase; TAGL, triacylglycerol lipase.  
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Transcript levels of starch synthesis pathway genes under continuous light  

 

Transcript abundance changes associated with the synthesis and degradation enzymes of 

starch were higher in response to photoperiod duration than to temperature increase (Table 

A.7B and Figure A.11O,P). ADP-glucose pyrophosphorylase (AGPase) which catalyzes the 

conversion of glucose-1-phosphate (G1P) and ATP to generate ADP-glucose did not show 

any difference in the abundance of small subunit transcripts at 25°C under both LD and LL 

until 54 hours (Figure 2.11).  The transcripts encoding for the large subunit of AGPase under 

LL was up-regulated at 16, 30 and 40 hours, which may have caused the increased starch 

accumulation under LL (Figure 2.4). Transcripts for starch synthase (SS) which uses ADP-

glucose as a substrate to generate amylopectin followed a strong diurnal pattern of regulation 

under LD, but was increasingly down-regulated under LL. The transcripts encoding for the 

branching enzyme (BE) shows opposite regulation under both light conditions in comparison 

to SS. The debranching enzymes like isoamylase (ISA) and pullulanase hydrolyze 

amylopectin to release maltose and malto-oligosaccharides from starch and can also be 

involved in modifications of branch density and therefore crystallinity of the starch. 

Transcripts encoding for both the ISA and pullulanase followed diurnal pattern under LD 

cycle, with opposite pattern of regulation. Malto-oligosaccharides are hydrolyzed in the 

plastid by the disproportionating enzyme 1 (DPE1) into glucose and by starch phosphorylase 

into G1P. Transcripts encoding for DPE1 showed a strong diurnal regulation under LD, 

whereas under LL it was increasingly down-regulated. Transcripts of genes involved in 

starch degradation via hydrolysis such as oligo-1,6-glucosidase (O-1,6G) and alpha-amylase 
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(a-AMY) or by phosphorylation such as a-GWD (alpha-glucan water dikinase) and BAM 

(beta-amylase) were identified. Among these degradation enzymes, transcripts encoding a-

GWD, O-1,6G, and a-AMY followed a diurnal pattern of regulation under LD cycle with up-

regulation in light and down-regulation in dark.  Under LL, the transcripts encoding those 

degradation enzymes were up-regulated at 16 hrs and then increasingly down-regulated until 

54 hours (Figure 2.11). Under LD, BAM transcript was up-regulated in the dark and down-

regulated in the light. The maltose generated from BAM in plastids is exported into the 

cytosol through the maltose transporter 1 (MEX1) and hydrolyzed by disproportionating 

enzyme 2 (DPE2) into glucose. Transcripts for both of these proteins, MEX1 and DPE2, had 

a similar pattern of regulation under LD (Figure 2.11 and Figure A.11O). 
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Figure 2.11. Effect of light duration on the transcript levels of the starch pathway genes.  The chart 

represents the RPKM  pattern at 25°C under  LD (blue lines) and LL (red lines) at 6, 16, 30, 40 and 54 hours. 

Compounds include: Glucose-6P, Glucose-6-phosphate; Glucose-1P, Glucose-1-phosphate; ADP-glucose, 

Adenosine diphosphate-glucose. Starch synthesis enzymes include: PGM, phosphoglucomutase; AGPase, ADP-

glucose phosphorylase; SS, soluble starch synthase; GBSSI, granule bound starch synthase I; BE, 1,4-alpha-

glucan branching enzyme; ISA, isoamylase; Pullulanase and HXK, Hexokinase. Starch degradation enzymes 

include: Ŭ-GWD, alpha-glucan water dikinase; Ŭ-AMY,  alpha-amylase; O 1,6G, oligo-1,6-glucosidase; BAM, 

beta-amylase. Disproportionating enzymes include: DPE1 (plastid isoform) and DPE2 (Cytosolic isoform), a-

1,4 glucanotransferases. Transporter include: MEX1, Maltose transporter 1. Expression data for the transcripts 

used in the pathway are provided in (A.7B Table). 
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Expression profiles 

 

We performed a time-course analysis using the STEM program that allows the clustering of 

transcripts into expression profiles by their transcript abundance change patterns (Protocol 

A.2). Among all 9400 transcripts, 46% were assigned a profile in the LD time series but only 

28% were assigned a profile in the LL time series. We identified two significant expression 

profiles for transcripts under LD condition and six for transcripts under LL light (Figure 

A.9). The two significant LD expression profiles consist of transcripts up-regulated during 

the dark phase (expression profile #10, 23% of the transcripts) or transcripts down-regulated 

during the dark phase (expression profile #5, 12% of the transcripts). The two most 

prominent LL profiles are for transcripts whose expression slowly decreases over the course 

of the experiment (expression profile #2, 10% of the transcripts) or whose expression first 

increases and then decreases (expression profile #12, 4% of the genes) (Figure A.9B). In the 

LD time series, profile 10 was enriched with genes from the nucleic acid and energy 

categories whereas profile 5 was enriched with genes from the movement category (Figure 

A.9A). Profile #13 from the LL time series shows a steady increase in expression over the 

course of the experiment. Several categories are enriched in this profile: photosynthesis, 

nucleic acid, stress response and movement (Figure A.9B). 
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Discussion 

When we tested the most commonly described Dunaliella species for their responses to 

different environmental stresses including light duration and temperature, we found a wide 

spectrum of physiological and metabolic differences among those species. This is not very 

surprising, because of their large evolutionary distances and adaptation to different marine 

and salt lake habitats worldwide (4). We focused on a strain of Dunaliella viridis that was 

identified when we attempted to confirm the identity of cultures we received from another 

lab. Our strain, Dunaliella viridis dumsii, differs by three nucleotides in the ITS2 region from 

the closest established Dunaliella genotype, which necessitated the unique name of our 

strain. Sequence information of ITS2 region of Dunaliella viridis dumsii available at 

Genbank (KP057241). 

This D. viridis ecotype accumulates TAG under elevated temperature without a large drop in 

growth rate when grown under LL. To characterize the underlying mechanisms which enable 

these algae to accumulate storage components like TAGs at a fast growth rate, we analyzed 

the time-resolved metabolic and transcriptome responses to each environmental change 

separately as well as in combination. Interestingly, the accumulation of TAGs is increased by 

either stress independently, which results in an additive effect of TAG accumulation when 

both stresses are applied. We are discussing here the specific effects of either stress and the 

integration of both stresses. 
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Cell cycle regulation by photoperiod 

Exposure to continuous light (LL) had a significant effect on increasing the cell division rate 

compared to LD, while temperature changes had no significant effect (Figure 2.2A) during 

the time period of this experiment. The algae cells divided during the dark period (Figure 

A.2), but acquired an apparently constant cell division rate when grown under LL, indicating 

that cell division is not under circadian control but light responsive (diurnal). GO term 

enrichment analysis of differentially expressed genes shows the cell cycle category as 

enriched under LL (Table 2.1). The algal cell cycle has been found to be closely connected to 

photoperiod with cells being in the G1 phase during the light period and then advancing 

through S, G2, and M phases during the dark period. The diurnal pattern of cell growth in the 

light and cell division in the dark is thought to allow for maximum collection of energy (35). 

The synchrony of cell cycle progression in D. viridis can be seen from the transcript levels of 

canonical S and M phase-expressed genes, showing high abundances in the dark, but not in 

the light (Figure 2.12 and Table A.8). The diurnal pattern of expression of these genes fades 

into a continuous expression pattern under LL suggesting that the population of cells is no 

longer dividing synchronously. The loss of synchronous growth most likely stems from the 

lack of the dark induced pause in the cell cycle, which allows cells to resume cell cycle 

progression as soon as cell division is complete. The increased cell density under LL 

indicates that the time required for completion of a cell cycle is less than 24 hours under 

sufficient nutrient supply and that the cells have the ability to progress through the cell cycle 

constantly.  
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Figure 2.12. Cell cycle regulated genes show diurnal regulation under LD, but constant transcript levels 

in LL . Lines represent the changing pattern in transcription in RPKM values for each of the genes. Genes are: 

H2A, histone H2A; CYCA, A-type cyclin; CYCB1, B-type cyclin 1; CYCB2, B-type cyclin 2; cyclin dependent 

kinase B. 

 

 

 

While there was no significant effect of temperature on cell division rate, the cell size was 

affected by temperature only under LL. Cells grown at 35°C were significantly larger than 

25°C (Figure 2.2B and Figure A.3). The increased cell size in D. viridis correlates with a 

significant increase in PL as it would be expected from the need for more membrane in cells 

with larger surface (Figure 2.7).  

Photosynthesis under heat stress 

The most abundant polar lipids are DGDG and MGDG, which are exclusively found in the 

chloroplast envelope and thylakoid membranes (36). In our experiment, changes in cellular 

DGDG and MGDG quantities occurred in response to light duration and temperature (Figure 

2.7), and strongly correlated with the chlorophyll contents under the respective growth 

conditions (Figure 2.3A). In response to elevated temperature, cellular chlorophyll content 
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and MGDGs increased, suggesting that the photosynthetic machinery of D. viridis cells 

acclimate to heat stress when switched from 25°C to 35°C as a result of enhanced thermal 

stability. A similar response was observed in Chlamydomonas (37). The photosystem II 

complex is especially susceptible to heat (38-40). Most of the photosystem I and II subunit 

related genes at 35ºC had about 2-fold greater RPKM at 30 hrs in comparison to 25ºC under 

LL (Figure A.11C,D). Chlorophyll is coordinated in the membrane by the light-harvesting 

complex proteins (LHCP). Transcript levels of those major LHCPs were transiently increased 

3- to 4-fold within 6 hours after transfer of cells to elevated temperatures, but returned to 

similar levels as in cells grown at 25°C thereafter (Figure A.11B). 

Membrane lipid remodeling has been shown to be a mechanism in Arabidopsis and other 

vascular plants to modify the physical properties of membranes associated with temperature 

stress. Higher temperature increases membrane fluidity which can be countered by an 

increase in the degree of FA saturation to maximize hydrophobic interactions and thereby 

counteract the increase in fluidity under higher temperature. The increase in growth 

temperature of Arabidopsis resulted in a decrease in the trienoic FAs and an increase in 

C16:0 and C18:2 levels in the membrane lipid composition in leaves (41). Similar to 

Arabidopsis leaf cell membranes, a significant decrease in the saturation levels in membrane 

lipid composition were observed when Dunaliella cultures were transferred from 25°C to 

35°C under LL (Figure A.6). The changes in the FA composition of membrane lipids suggest 

the possibility of membrane remodeling in D. viridis under heat stress. Chlamydomonas 

mutants defective in ɤ-3 desaturase (homolog of FAD7 in plants) have a significant 
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reduction in trienoic membrane lipid FAs under short term heat stress contributing to 

increased photosynthetic thermotolerance compared to wild type (42). Similar to 

Chlamydomonas FAD7 mutants, we found that under heat stress there was a down-regulation 

of FAD7 in D. viridis (Figure 2.10). Increased levels of DGDG and/or the ratio of DGDG to 

MGDG play an important role in basal as well as acquired thermotolerance in Arabidopsis 

(43), which contributes to increased thylakoid membrane stability at elevated temperature 

(44). Arabidopsis mutants defective in DGD1, the key enzyme in the conversion of MGDG 

to DGDG, were sensitive to temperature stress due to their inability to increase their DGDG 

levels and DGDG:MGDG ratios in response to elevated temperature (43).  These 

Arabidopsis experiments were carried out with plants grown under a LD cycle. We found 

that in Dunaliella, this response to elevated temperature is dependent on the light period 

conditions. Under LD cycle a temperature increase resulted in an increase in steady-state 

levels of MGDG and a decrease in DGDG levels (Table A.1), suggesting a reduction or 

inhibition in the conversion of MGDGs to DGDGs. However, under LL, the elevated 

temperature increased the steady-state levels of both, DGDG and MGDG. These results show 

a strong interaction of light duration and temperature stress on the composition of chloroplast 

membrane lipids. It is noteworthy to mention that D. viridis possesses PC, the most common 

membrane lipid in plants (45), while Chlamydomonas does not (46). 

HSPs and carotenoids participating in the xanthophyll cycle have been shown to play a role 

in protecting the photosystem II complex against heat stress (37, 47-50). Our transcriptome 

analysis identified several HSP genes that were up-regulated in response to elevated 
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temperature (Table A.5). This is consistent with a proteomics analysis on Chlamydomonas 

grown at 42°C (51).  

Metabolic acclimation to continuous light 

Cells under LL at 25°C divided the fastest (Figure 2.2A) and did not shown an increase in 

their cellular chlorophyll content (Figure 2.3A) or polar lipid content (Figure 2.7) as they did 

when grown under a LD regime at 25°C. These algae cells (LL, 25°C) also had decreased 

levels of chloroplast membrane lipids (Table A.1), but increased amounts of the storage 

components starch (Figure 2.4) and TAGs (Figure 2.5A). The lower chlorophyll content 

might be due to irradiance stress as observed in D. salina, where cells grown under high-light 

exhibit lower chlorophyll levels than those grown under low-light (52). Cells acclimate to 

high levels of irradiance by reducing the chlorophyll antenna size of the photosystems as 

shown in D. tertiolecta (53), D. salina (54) and C. reinhardtii (55). Light harvesting 

chlorophyll antenna size varies according to variable amounts of LHC I and LHC II with the 

respective photosystems in D. salina (56-58). GO term analysis showed enrichment in 

transcripts of chloroplast and photosynthesis as top categories for light factor (Table 2.1). 

Additionally, several photosystem transcripts were the most differentially regulated in 

response to light duration (Table A.4 and Figure A.11B-D) which might explain the cells 

strategies to acclimate to LL. Chlamydomonas cells have been shown to have increase 

carbonic anhydrase (CA) activity when grown photo-autotrophically and exhibit higher 

affinity for inorganic carbon uptake (59). The most dramatic effect in response to LL at either 
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temperature (25°C or 35°C) was observed in the transcript abundance changes of specific 

carbonic anhydrase isoforms (Figure A.11A). When light absorption exceeds CO2-fixation 

rates, the excitation energy can cause photoinhibition. To adjust their photosynthesis to 

excess light energy (as under LL), the cells can either increase photoprotective mechanisms 

for non-photochemical quenching or increase their CO2 fixation rates. Based on our 

transcript data, Dunaliella cells use both strategies to compensate for LL exposure. It has 

been shown in Chlamydomonas that the major extracellular carbonic anhydrase (HLA5) is 

induced by light or low CO2 (60). Increasing the carbonic anhydrase as part of the carbon 

concentrating mechanism, enables the cell to productively use the excitation energy for the 

uptake of Ci against a concentration gradient, and for the fixation of CO2. The increase in cell 

number and storage components (starch and TAGs) requires a net increase in CO2 fixation in 

cells under LL exposure. Photoprotection by non-photochemical quenching is apparent from 

the differential expression of transcript 10594 encoding chloroplast carotene biosynthesis-

related (CBR) protein (Table A.4). Under LD conditions, expression varied from ~1500 

RPKM to no expression in the dark (~5-10 RPKM), while under LL, transcript abundance 

remained above 400 RPKM during the course of the experiment. CBR is a homolog of 

vascular plant ELIP proteins (early light-induced proteins), shown to bind zeaxanthin to form 

photoprotective complexes within the light-harvesting antennae for non-photochemical 

quenching (61). CBR proteins accumulate in D. salina cells under high light stress and are 

thought to be indicative of irradiance stress (61-63). The role of this protein may explain its  

up-regulation in response to LL stress.    
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       Cells grown under LL contained 25% less total membrane lipids compared to cells 

grown LD under 25°C at 54 hours (Table A.1). This decrease was due to the reduction of the 

chloroplast membrane lipids MGDG and DGDG (Figure 2.7), and strongly correlates with 

the low content of chlorophyll under LL at 25°C (Figure 2.3A). While the content of total 

membrane lipids decreased under LL at 25°C (Figure 2.7), TAG content increased 10-fold, 

accumulating oleic acid (C18:1) (Figure 2.5A). In Nannochloropsis, galactolipids (MGDG 

and DGDG) decrease and TAG increases, as irradiance level was shifted from low to high 

(53).  

Significant transcriptome analysis  

Several transcripts encoding for HSPs were up-regulated in response to heat stress (Table 

A.5). This is consistent with the results from a proteomics analysis of Chlamydomonas 

grown at 42°C (51). Protein degradation was one of the enriched categories in our GO term 

enrichment analysis for heat stress (Table 2.1). This is in agreement with our metabolic data, 

because the cells grown under 35°C had a sudden increase in protein content directly after 

the increase in temperature. This is possibly due to production of HSPs, while the decreased 

protein content under constant elevated temperature, and is possibly due to peptidase activity 

(Figure 2.3B and Table A.5). In several cases, we had more than one transcript encoding for 

the same enzyme (different isoforms). Interestingly, the transcripts that showed differential 

expression (up-regulation or down-regulation) were actually the transcripts with the lowest 
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relative abundance (low RPKMs) of the two isoforms. For example, FAB2 has one isoform 

which maintains steady state expression and the other isoform is expressed at low levels, but  

shows differential expression in response to high temperature (Table A.7A). This was also 

found in Chlamydomonas: the expression of DGTT1, one of the 5 type-2 DGAT from 

Chlamydomonas showed the highest fold change but had the lowest transcript abundance 

(31). This could be an important mechanism for the regulation of specific pathways.   

Mechanism of starch accumulation in response to photoperiod 

We identified enzymes from the transcriptome analysis to reconstruct the classical starch 

biosynthesis and degradation pathways (Figure 2.11) (64). Transcript abundances for several 

enzymes of the synthesis and degradation pathways were under strong diurnal control: SS, 

DPE1, Ŭ-AMY, O-1,6G, and Ŭ-GWD had lower transcript levels in the dark and higher levels 

in the light, while the BE, ISA, BAM, MEX, and the cytosolic DPE2 show the opposite 

cycling with high transcript levels in the dark and lower levels in the light (Figure A.11O,P). 

We did not see any changes in starch quantities during those time points under LD, but it is 

possible that these time points did not reflect times of maximum difference, but mid-points in 

accumulation and degradation and therefore fail to show diurnal changes.  

Starch is accumulated in leaves of vascular plants during the light period and degraded 

during the subsequent dark phase (12). Several light regulated enzymes have been shown to 

be under control of the circadian clock (65, 66). However, starch metabolism in algae has 

been shown to have some distinct differences compared to vascular plants. In 
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Chlamydomonas starch biosynthesis and degradation is controlled by a circadian rhythm, but 

the levels of starch content peaked in those cells during the dark phase and were lowest 

during the light period (67). The authors of that study hypothesize that the difference in 

starch accumulation is due to the difference in the cells developmental state. Regulation of 

starch accumulation in mature cells in source tissues may be under a different control 

mechanism than in fast dividing cells. However, these Chlamydomonas cells were grown 

heterotrophically on acetate, which might have a major impact on the regulation of carbon 

storage metabolism. In the green pico-algae, Ostreococcus tauri, starch accumulated similar 

to vascular plants during the light period and was degraded during the dark phase (68).  

The first rate-limiting step for starch biosynthesis is the formation of ADP-glucose by 

AGPase, a heterotetramer of 2 large and 2 small subunits (69). The activity of AGPase in 

vascular plants is regulated allosterically by triosephosphates and phosphate as well as via 

posttranslational redox modification. Reversible formation of intermolecular cysteine bridges 

between the two catalytic small subunits of AGPase is formed by a NADP-thioredoxin 

reductase C complex leading to changes in enzyme activity (69-71). Reversible redox 

activation has been shown for other enzymes in the starch biosynthesis or degradation 

pathways including ISA, Limit Dextrinase, SS, GWD, and the BE in Arabidopsis (72). This 

conserved mechanism of posttranslational regulation of enzyme activity in vascular plants is 

apparently lacking in green unicellular algae. AGPase activity in Ostreococcus tauri is not 

regulated by redox modification (73), and the conserved cysteine residues in AGPase, GWD, 

and ISA that are required for redox regulation are replaced by other amino acids in 
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Chlamydomonas, Ostreococcus and Micromonas (68). We analyzed the respective sequences 

from the four Dunaliella species described here, that were either sequenced in our lab or 

through the oneKP project (74-76). Sequence alignment of the transcriptome data for the 

identified cysteine motifs, which are responsible for the redox activation of their respective 

enzymes showed that D. viridis, D. tertiolecta, D. salina and D. primolecta enzymes do not 

contain the conserved cysteine residues and therefore are likely not regulated via redox 

modification (Figure A.10). Due to the lack of redox modification of key starch metabolic 

enzymes, the authors of the respective studies in Chlamydomonas and Ostreococcus 

concluded that the major regulatory mechanism is on the transcriptional level (67, 68). This 

hypothesis is the most likely scenario in Dunaliella species as well.  

While our sampling time points were not designed to capture full diurnal cycles, we did 

ensure that harvesting was carried out at the same intervals after transition to light (6 hrs) or 

after transition to dark (4 hrs). While the time points cannot represent diurnal changes, some 

transcripts show significant differences under LD that are not apparent when grown under 

LL. In D. viridis, overall starch only accumulated under LL, not under LD (Figure 2.4). The 

overall decreasing RPKM values for the transcripts of starch degradation enzymes under LL 

(Figure 2.11) support the fact that cells under LL at 25°C might accumulate starch by 

repressing degradation. Two distinct pathways for starch degradation, the hydrolytic and 

phosphorolytic routes, were observed in D. viridis (77). The hydrolytic enzymes, Ŭ-AMY 

and O 1,6G, catalyze the hydrolysis of starch to Ŭ-D-glucose. The released Ŭ-D-glucose can 

be exported to the cytosol and undergo glycolytic conversion to pyruvate, or be 
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phosphorylated by hexokinase (HXK) into glucose-6-phosphate for reentry into starch 

synthesis pathway (77) (Figure 2.11). The phosphorolytic pathway enzyme, Ŭ-GWD 

phosphorylates starch prior to degradation by BAM into maltose which is exported via the 

plastidial transporter MEX1 into the cytosol (78). The fact that the D. viridis cells 

accumulated starch when grown under LL implies that starch biosynthesis occurs during the 

light period. In order to accumulate, the rate of starch degradation must be lower than the rate 

of synthesis. This is not reflected in the changes in transcript levels of both degradation 

pathways ï phosphorolytic (Ŭ-GWD) and hydrolytic enzymes (Ŭ-AMY and O 1,6G) as well 

as DPE1 (Figure 2.11). Despite the loss of diurnal variation, transcript levels for the 

degrading enzymes were higher under LL compared to LD. 

Effects of light duration and temperature on de novo FA synthesis  

The three major lipid fractions (TAG, polar membrane lipids, FFA) accumulated when cells 

were grown at 35°C compared to 25°C under LL (Figures 2.5A and 2.7, Figure A.7). 

Because FAs are the building blocks of the different lipid fractions, an increase in total lipids 

requires an increase in FA synthesis or a decrease in their catabolic process (ɓ-Oxidation). 

We identified the transcripts coding for the enzymes of the FA synthesis pathway, the 

prokaryotic and eukaryotic lipid biosynthesis pathways, as well as those for lipid and fatty 

acid catabolism (Figure A.11E-N). ACCase is a key regulatory enzyme controlling the first 

committed step of plant FA synthesis (79). The transcript levels of the four ACCase subunits: 

Alpha-carboxyltransferase subunit (Ŭ-CT), Beta-carboxyltransferase subunit (ɓ-CT), Biotin 
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carboxylase subunit (BC) and Biotin carboxyl carrier protein subunit (BCCP) in D. viridis 

were under diurnal control with higher levels observed mostly down-regulated in response to 

heat (Figure 2.9 and Figure A.11G). A similar expression pattern was observed in 

Chlamydomonas under N-deprivation; although TAG accumulated, the transcript abundances 

of most of the genes in the de novo fatty acid synthesis pathway (ACCase subunits in 

particular) were down-regulated (80).  

Many biochemical pathways are controlled by a feedback mechanism where the end product 

inhibits the activity of the regulatory enzyme which is often the first committed step of the 

pathway. In oilseed plants, there is evidence for feedback regulation of plastidic ACCase by 

18:1- acyl-carrier protein (C18:1-ACP) (81). Additionally in tobacco, ACCase protein levels 

did not change during the feedback inhibition, indicating that inhibition of FA synthesis 

occurred through biochemical or posttranslational modification of ACCase (82). Based on 

our transcriptome data, the transcript abundance of the FAT that releases ACP from 16:0-

ACP, 18:0-ACP or 18:1-ACP to yield FFAs is up-regulated under high temperature 

conditions (Figure 2.9). We hypothesize that the increased FAT under higher temperature, 

would lead to the significant decrease in the pool of acyl-ACP in the plastid, thereby 

releasing the negative feedback regulation on ACCase. This may lead to increased flux 

through ACCase and explains the increased contribution of more FAs to total lipids under 

higher temperature. Overexpression of a thioesterase gene in Phaeodactylum tricornutum led 

to an increase in total FA content by 72% while the FA composition did not change (83). 

FAB2-2 also showed increased expression at higher temperature (Figure 2.9), which could  
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provide increased amounts of 18:1, a precursor of polyunsaturated FAs.  

Mechanism of TAG accumulation under heat stress and in response to light duration  

TAG biosynthesis through the acyl-CoA dependent (Kennedy) pathway 

TAG is the most important lipid for biofuel production (13). We observed a more than 15-

fold increase in cellular TAG content when the cells were grown at 35°C under LL (Figure 

2.5A). GPAT and LPAT which form PA are common to both the acyl-CoA dependent and 

acyl-CoA independent pathways. Transcript levels of both enzymes showed strong diurnal 

variation to LD but were expressed at a constant medium level during LL and were down-

regulated at 35°C (Figure 2.10 and Figure A.11L). DGATs, the main enzymes in the acyl-

CoA dependent TAG synthesis pathway (Figure 2.10), are responsible for TAG formation by 

addition of an acyl-CoA to the sn-3 position of the glycerol backbone. The majorities of algal 

species encode at least one type 1 DGAT (DGAT1) and encodes multiple type 2 DGATs 

(DGGT) (84). In Chlamydomonas, there are 5 type-2 DGATs: DGTT1-DGTT5 and DGTT1 

have been shown to be up-regulated in response to N-starvation as is DGAT1 (31, 80). We 

found two DGAT1 gene and 4 DGTT genes in D. viridis based on sequence similarity to 

Chlamydomonas proteins, which were differentially regulated at 35°C (Figure 2.10 and 

Figure A.11L). The two DGAT1 genes had opposite patterns of regulation. DGAT1 

(transcript 6208) was down-regulated 6 hours after the temperature switch to 35°C, but then 

was up-regulated at the higher temperature whereas DGAT1 (transcript 3780) was initially 

up-regulated after the temperature shift to 35°C and then down-regulated at 40 and 54 hrs 
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(Figure 2.10 and Table A.7A). One of the DGTT genes (transcript 9514) had slight up-

regulation with increasing time in response to higher temperature. In Chlorella vulgaris, 

DGAT had the largest increase in abundance of all analyzed proteins from the FA and TAG 

biosynthesis pathway under N-deprivation (85). We hypothesize that either the enzymes of 

the acyl-CoA dependent pathway for TAG synthesis are not transcriptionally regulated in D. 

viridis, or the pathway is not up-regulated under high temperature and thus the acyl-CoA 

dependent TAG synthesis pathway does not have a major role in TAG accumulation under 

high temperature. 

TAG biosynthesis through membrane lipid recycling of fatty acids 

When considering TAG synthesis through the acyl-CoA independent pathway (Figure 2.10), 

we need to consider the recycling of the chloroplast membrane lipids for TAG formation. At 

higher temperature, all enzymes involved in membrane lipid formation were up-regulated 

except for sulfoquinovosyldiacylglycerol (SQD1) and MGD1 (Figure 2.10). At 25°C, 

MGDG is the second most abundant chloroplast membrane lipid after DGDG, but upon 

growth at 35°C its content more than doubles and it becomes the most abundant membrane 

lipid (Figure 2.7). The accumulation of MGDG at 35°C and the down-regulation of the 

MGD1 gene suggest this process is either not transcriptionally regulated, but alternatively 

regulated, or an unknown enzyme/pathway for the biosynthesis of MGDG exists in D. 

viridis. In Arabidopsis, MGD1 is post-transcriptionally regulated by PA and PG (86). At 

35°C, increases in both PA and PG (Table A.1), suggest a possibility for the post-

transcriptional control of MGD1 activity in D. viridis. In Chlamydomonas, PDAT and PGD1 
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were found to be important in membrane lipid recycling for TAG accumulation (31, 34, 80).  

Under N-starvation in Chlamydomonas, PDAT1 is a protein found in purified lipid bodies 

(87), although its expression for TAG accumulation is not clear. PDAT1 was found to be up-

regulated under N-starvation (80). However it was also shown that if PDAT contributed 

appreciably to the TAG formation under favorable growth conditions, its contribution under 

N deprivation was minor (88). In D. viridis at 35°C, PDAT1 is down-regulated at all-time 

points suggesting that its contribution to recycling of membrane lipids for TAG accumulation 

is only minor unless the enzyme is not transcriptionally regulated (Figure 2.10). PGD1 was 

up-regulated at 35°C (Figure 2.10), which is similar to TAG accumulation in 

Chlamydomonas under N-deprivation (31, 34). Presumably, the mechanism of TAG 

accumulation by membrane lipid recycling using PDAT1 and PGD1 is similar for higher 

temperature in D. viridis and for N-deprivation in Chlamydomonas.  

In addition, lipases are thought to be involved in membrane lipid recycling. We found several 

lipases highly up-regulated at 35°C (Figure 2.10 and Figure A11.N), similar to lipases 

upregulated by N-starvation in other algae for TAG accumulation (31, 89). Another enzyme 

involved in membrane remodeling in Arabidopsis under freezing stress is galactolipid: 

galactolipid galactosyltransferase (GGGT), which uses MGDG as both a donor and acceptor 

molecule and forms DGDG and DAG (28). This enzyme was up-regulated in D. viridis at 

35°C (Figure 2.10). Based on our findings and insights from other research, we hypothesize 

that TAG accumulation in D. viridis under heat stress could be mainly due to the membrane 

lipid recycling of FAs. 
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In summary, environmental conditions enabled the production of high levels of oil during 

fast growth in D. viridis. The effects of eliminating the dark period in the growth cycle of D. 

viridis resulted in a loss of cell cycle synchronicity and faster growth rates. The accumulation 

of TAG and starch in D. viridis cells were apparently due to the lack of degradation that 

usually occurs during the dark period. Temperature changes did not have any effect on short-

term growth rates, but did lead to increases in chlorophyll, starch and lipid content likely due 

to higher photosynthesis rates under elevated temperature. The most interesting aspect was 

that the effects of light duration and temperature increase were independent but additive with 

respect to TAG accumulation. The higher temperature also increased the degree of saturation 

in the TAG fatty acids. Saturated fatty acids in the TAG fraction are advantageous, because it 

reduces the cost for hydrogenation during refining for fuel production. Transcriptome 

analysis indicated that TAG accumulation in D. viridis under heat stress could be mainly due 

to the membrane lipid recycling of FAs. 
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Research Center, King Abdullah University of Science and Technology, Thuwal, Saudi 

Arabia.  

Contribution  

Dunaliella has many significant characteristics that make them well suited for biodiesel 

production. Although, the high cost of producing biofuel using the oil extracted from 

Dunaliella has prevented the widespread success of this technology at a commercial level. In 

order to offset the costs associated with oil production, we planned to express extremophile 

enzymes in Dunaliella as value added co-products along with oil. For efficient expression of 

heterologous enzymes in Dunaliella, codon optimization of the gene corresponding to 

Dunaliellaôs genome codon usage is required. For this study, I determined the codon usage 

bias of nuclear and chloroplast genome of Dunaliella using bioinformatics tools and found 

that there was a difference in the preference of synonymous codons usage pattern between 

the nuclear and chloroplast genome. I compared the codon usage bias of highly expressing 

nuclear gene sequences from D. salina and D. viridis, and found that the synonymous codon 

usage bias of the nuclear genome was not species dependent in Dunaleilla. The codon usage 

bias of the nuclear genome generated in this study was used to optimize the coding sequences 

of the heterologous gene before transformation in Dunaliella. This part of my study will  

contribute to improve heterologous protein expression in Dunaliella, thereby increasing the 

commercial value of this organism at an industrial level. 
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Abstract 

Dunaliella spp. is a marine microalga genera with great potential as a biofuel 

feedstock because they grow fast and can accumulate high levels of triacylgycerides. In order 

to achieve efficient expression of heterologous proteins along with oil production in 

Dunaliella, codon optimization of the heterologous coding DNA sequences based on the host 

genome is important. In this study, a detailed analysis of synonymous codon usage bias of 

the nuclear and chloroplast genome of Dunaliella was determined using frequency of 

preferred codons metric. A comparison of nuclear codon usage bias between species of D. 

salina and D. viridis was performed using relative synonymous codon usage metric by 

analyzing the codon usage of highly expressing nuclear candidate genes. Our results 

indicated that the synonymous codon usage bias of the nuclear and chloroplast genomes of 

Dunaleilla completely matched with the codon bias of the model green algae 

Chlamydomonas. In addition, synonymous codon usage bias of the nuclear genomes in D. 

salina and D. viridis were similar and not species dependent. However, a strong difference in 

the codon usage pattern between the nuclear and chloroplast genome of D. salina was 

observed. We observed that the nuclear genome of Dunaliella had preferences for codons 

ending with guanine or cytosine whereas the chloroplast genome had preferences for codons 

ending with adenine or uracil. This reflected the codon usage diversity observed within 

genomes in Dunaliella. Codon usage analysis indicated the need for codon optimization of 

enhanced green fluorescent protein (egfp) and the Chromohalobacter salexigens thioesterase 



 

 

 

 

 

152 

A (tesA) genes but not for the bleomycin (ble) gene, based on the relative adaptiveness of 

codon usage values for efficient heterologous expression in D. viridis.  

Introduction  

A Codon is a sequence of three nucleotides that corresponds to a specific amino acid 

or stop signal during protein synthesis. Codon usage bias is the difference in the frequency of 

occurrence of synonymous codons coding for the same amino acid in the coding DNA. A 

clear preference in the usage of particular codons exists in many genomes (1-4). The 

mechanism that induces codon biases were not completely understood, although previous 

studies have attributed codon usage to translational selection, mutational bias and drift (5-8).  

In prokaryotes and unicellular eukaryotes such as yeast, the differences in the codon usage 

within a genome was thought to be caused by translational selection to optimize protein 

production (9). Sequence based analysis has shown that organisms with biased genomes have 

positive correlations between the most frequently occurring codons and their corresponding 

genomic tRNA pool (10-13). As a result, translational rates were faster, more accurate and 

translational selection was expected to be stronger in highly expressed genes. Direct 

molecular manipulation of the human coding sequences to utilize the most abundant tRNAs 

in the E. coli host genome has been shown to have effect on increasing the protein content 

(14, 15). Therefore translational selection played an important factor in shaping the codon 

usage of the genome (16). In multicellular eukaryotic organisms, codon optimization due to 
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translational selection was normally absent and codon usage preferences were mostly 

determined by the mutational biases in that particular genome (6, 8, 17).  

In order to determine the bias present within and between species, a number of metrics have 

been developed. The codon biases within the genome was determined by calculating the 

frequency of preferred codons (FOP) metric (10) and the synonymous codon usage order 

metric (18). In order to compare the codon biases between species, the relative synonymous 

codon usage (RSCU) and the codon adaptation index (CAI) were developed in which codon 

usage frequencies within highly expressed genes were specifically examined (4, 19, 20). 

Dunaliella spp. is a marine microalga genera with great potential as a biofuel feedstock 

because they grow fast and can accumulate high levels of triacylgycerides (21). Expressing 

value added co-products along with oil in Dunaleilla will offset the costs associated with the 

oil production. Codon optimization of the heterologous genes based on codon usage of the 

Dunaliella genome was required for efficient protein expression. To take full advantage of 

Dunaliella for biofuel development and/or for expressing co-products by genetic 

engineering, a knowledge of its codon usage bias is critical. Codon usage was one of the 

fundamental genetic features of Dunaliella which remained unknown due to the lack of 

genomic sequence information for many of its species. The objective of this study was to 

determine the codon usage bias in the nuclear and chloroplast genome of Dunaleilla. We 

analyzed the codon usage bias within nuclear and chloroplast genome of D. salina using 

sequences retrieved from genbank by the FOP method. Comparison of nuclear codon usage 

bias between D. salina and D. viridis was performed by the RSCU method using the highly 
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expressed genes retrieved from genbank and our transcriptome data set. The generated 

nuclear codon usage bias was used for the codon optimization of the heterologous genes for 

expression in Dunaleilla. This study will provide a comprehensive look at how codon usage 

has been shaped over evolutionary time within and between species of Dunaleilla and also 

with other green algae.  

Materials and methods 

Sequence data collection 

From Genbank 

 

Initially due to the lack of transcriptome data for Dunaliella, we collected the top hundred 

highly expressed nuclear genes from the Solanum lycopersicum microarray data. The 

microarray data was accessed using the probe set ID (Les.4345.2.Al_a_at) from 

www.affymetrix.com/estore. The highly expressed nuclear gene sequences obtained from 

Solanum lycopersicum (data not shown) were used to retrieve the homologs for those genes 

in D. salina CCAP 19/18. The homology search was performed using Basic Local Alignment 

Search Tool (BLASTn) available at National Center for Biotechnology Information (NCBI). 

The highly expressed genes obtained from D. salina CCAP 19/18 by homology search was 

used for calculating the codon usage bias of the nuclear genome. The mRNAs sequences 

from 64 chloroplast encoding genes of D. salina CCAP 19/18 were collected to calculate the 
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codon usage bias of the chloroplast genome. The codon usage table obtained using this data 

has been published (22).  

From transcriptome dataset 

We had the transcriptome information of D. viridis dumsii obtained from the sequencing 

effort as mentioned in chapter 2 and from the oneKP project (23-25). All loci sequences are 

available at NCBI-GEO (GSE40997). We collected the sequences of the loci representing 

highly expressing nuclear genes of D. viridis, when grown under standard conditions of 12 

hour light: 12 hour dark at 25ºC.  

Identification of open reading frame  

Sequences of those genes obtained either from genbank or transcriptome data were 

individually fed into the open reading frame finder tool publically available at NCBI 

(http://www.ncbi.nlm.nih.gov/projects/gorf). The longest open reading frame was determined 

for each sequence and the untranslated portions were manually removed and only the coding 

sequences of each gene were used for codon usage analysis. 

Construction of synonymous codon usage table 

The coding sequences in the FASTA format were given as input into the publically available 

CAIcal server (26) for determining the synonymous codon usage against the standard genetic 

code. The frequency usage of synonymous codons were tabulated for each gene and the total 
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frequency usage of each synonymous codons for all the genes tested were calculated using 

the FOP method (10). For each amino acid, the synonymous codon with the highest total 

frequency was attributed a value of one and designated as an aminoacid maximum. The other 

synonymous codons have a ratio depicting their relative use compared to the most frequently 

used codon using the RSCU method (4, 19, 20).  

Codon usage analysis of heterologous genes 

The bleomycin (ble) gene of Streptoalloteichus hindustanus which confers resistance to the 

antibiotic zeocin was obtained (Invitrogen, catalog # porf35-sh). The enhanced green 

fluorescent protein (egfp) gene of jellyfish Aequorea victoria engineered in the plasmid 

pEGFPN1 was obtained from the Dept. of Biotechnology, North Carolina State University. 

The thioesterase gene (tesA) of a halophilic bacteria Chromohalobacter salexigens 

engineered in the plasmid pEQ1 with substrate affinities to produce short chain fatty acids 

was obtained from Dr. Amy Grundenôs lab, Dept. of Plant and Microbial Biology, North 

Carolina State University. The coding sequences of ble, egfp and tesA (Figure 3.1) were 

given as input into the publically available graphical codon usage analyser tool (27), to 

determine the relative adaptiveness of each codon against the synonymous nuclear codon 

usage generated using D. viridis transcriptome data set.  
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Figure 3.1 Coding sequences of ble (A), egfp (B) and tesA (C) heterologous genes used for codon usage 

analysis. The start and stop codons were represented as bold. Underlined region denoted the DAPase cleavable 

N-terminal Histidine-Tag in (C). 

 

 

 



 

 

 

 

 

158 

Results  

Synonymous codon usage bias of highly expressed genes from the nuclear genome is not 

species dependent in Dunaliella 

The information of genes used in this study for codon usage analysis of Dunaleilla was 

obtained from genbank and the D. viridis transcriptome dataset and are provided (Table 3.1).  

 

 
Table 3.1. Information for the genes used for codon usage analysis in Dunaliella. (A) Represents coding 

sequences (CDS) of nuclear genes of Dunaliella salina obtained from NCBI by using highly expressed nuclear 

genes from S. lycopersicum microarray data. (B) Represents CDS of transcripts encoded by nuclear genome 

collected from D. viridis transcriptome data set. (C) Represents CDS of chloroplast genome encoding genes in 

Dunaliella salina obtained from NCBI.  

 

Gene ID
 
 Gene description (symbol) CDS length 

EF030487.1 Major light-harvesting chlorophyll a/b protein 3 (LhcII-3) mRNA 786 

AY739272.1 
Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 

(rbcS) mRNA 
573 

AF329673.2 Fructose-bisphosphate aldolase isoenzyme 1 mRNA 1137 

AY154388.1 Transferrin-like protein IDI-100 (idi-100) mRNA  2727 

GU002366.1 Phosphoglucomutase 1 (PGM1) mRNA 1815 

M23531.1 Major chlorophyll binding protein mRNA 822 

GQ923693.1 Phytoene desaturase (PDS) mRNA 1749 

EU447774.1 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 1131 

AY965258.1 Tidi mRNA, nuclear gene for chloroplast product 1053 

U62865.1 Calmodulin-like protein (DSCLP) mRNA 495 

 

 

 

 

 

 

A

. 



 

 

 

 

 

159 

Table 3.1 Continued  

 

Locus ID Description CDS Length 

11035 cf1 alpha subunit of ATP synthase 3975 

36 Major light-harvesting chlorophyll a b protein 1253 

6149 p700 apoprotein a1 of photosystem i 2754 

100 Ribulose- -bisphosphate carboxylase oxygenase small subunit 1967 

76 Chlorophyll a-b binding protein of lhcii 1718 

407 Fructose- -bisphosphate aldolase 1482 

85 Heat-shock inducible hsp70 2634 

206 Glyceraldehyde-3-phosphate dehydrogenase 2325 

912 Beta tubulin 1130 

568 Flavodoxin 1192 

434 Alpha tubulin 1 2520 

2256 Early light induced chloroplast precursor 1046 

144 phosphoglycerate kinase 1662 

19 Phosphoribulokinase 2164 

527 Sodium phosphate symporter 1571 

 

 

Gene ID
 
 Gene description (symbol ) CDS length 

11541818 Ribosomal protein L16  (rpL16) 414 

11541827 Ribosomal protein L14 (rpL14)  360 

11541830 Ribosomal protein L15 (rpL15)  546 

11541833 Ribosomal protein S8 (rpS8) 435 

11541842 Cytochrome b6/f complex subunit 4 (petD)  483 

11541844 Beta subunit of RNA polymerase (rpoC1)  5412 

11541730 Elongation factor Tu (tufa)  1257 

11541845 Cytochrome b6 (petB)  648 

11541734 Ribosomal protein S12 (rpS12) 390 

11541735 Photosystem I subunit IX (psaJ)  126 

11541736 ATPase IV subunit; ATP synthase CF0 A chain  (atpI)  720 

11541739 

Light-independent protochlorophyllide reductase iron-sulfer 

ATP-binding protein (chlL)  876 

11541743 ATP-dependent ClP protease proteolytic subunit (clpP)  1584 

11541745 Subunit VI of cytochrome b6/f complex (petL)  99 

11541746 Photoystem I iron-sulfur center; 9 kDa protein (psaC)  246 

11541748 Photosystem II protein D2 (psbD)  1059 

11541750 Ribosomal protein S4 (rpS4) 759 

B. 

  C. 
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Table 3.1.C Continued  

 

11541759 ATPase alpha subunit (atpA) 1515 

11541762 Heme-binding protein (cemA)  1785 

11541763 Ribosomal protein L23  (rpL23) 351 

11541764 Ribosomal protein L12  (rpL12) 828 

11541765 Ribosomal protein S19 (rpS19) 279 

11541766 ATP synthase CF1 beta subunit (atpB)    1443 

11541774 

Light-independent protochlorophyllide reductase subunit B 

(chlB)   1601 

11541782 ATPase III subunit; ATP synthase CF0 C chain (atpH)   249 

11541783 ATP synthase CF0 B subunit (atpF)   525 

11541786 Ribosomal protein S11 (rpS11) 393 

11541787 Photosystem I P700 chlorophyll a apoprotein A2 (psaB)  2208 

11541789 Cytochrome c biogenesis protein (ccsA)  1194 

11541790 Photosystem II reaction center Z protein (psbZ)  189 

11541791 M proteinof photosystem II (psbM)  114 

11541792 Ribosomal protein S14 (rpS14) 303 

11541793 Ribosomal protein S7 (rpS7)  507 

11541794 ATP synthase epsilon chain (atpE)   408 

11541795 RuBisCO (rbcL)   1428 

11541797 Hypothetical chloroplast RF3 (ycf3)   516 

11541798 Photosystem I assembly protein (ycf4)   663 

11541799 Ribosomal protein S9 (rpS9) 591 

11541800 Cytochrome b559 alpha subunit (psbE)   249 

11541803 

Photosystem II reaction center protein H; photsystem II 

phosphoprotein (psbH)   252 

11541804 Photosystem II protein N (psbN)   135 

11541806 

Photosystem II P680 chlorophyll A apoprotein; PSII 47 kDa 

protein (psbB)  1527 

11541808 Ribosomal protein S2 (rpS2) 2637 

11541809 Ribosomal protein S18 (rpS18) 423 

11541810 Photosystem II protein D1 (psbA)   1059 

11541820 Alpha subunit of RNA polymerase (rpoA)   1644 

11541825 

Light-independent protochlorophyllide reductase subunit N 

(chlN) 1578 

11541824 Beta subunit of RNA polymerase fragment 2 (rpoBb)   2775 

11541823 Beta subunit of RNA polymerase fragment 1 (rpoBa)  2751 

11541822 Photosystem II protein VI (psbF)  135 

11541826 Photosystem II protein L (psbL)  117 
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Table 3.1.C Continued  

 

11541828 Cytochrome b6/f complex subunit V (petG)  114 

11541829 Ribosomal protein S3 (rpS3) 2121 

11541832 Beta subunit of RNA polymerase (rpoC2)   8046 

11541812 Hypothetical chloroplast protein RF1 (Ycf1) 7179 

11541732 Ribosomal protein L36 (rpL36) 114 

11541727 Photosystem (psbJ)  129 

11541754 Ribosomal protein L 20 (rpL20)  339 

11541756 Photosystem II protein K (psbK)  141 

11541761 Photosystem II protein I (psbI)  114 

11541805 Photosystem II protein T (psbT)   351 

11541817 Hypothetical chloroplast RF12 (ycf12)  102 

11541793 Ribosomal protein S7 (rpS7)  507 

11541841 Photosystem I P700 chlorophyll a apoprotein A1 (psaA)  2256 

 

 

 

The synonymous codon usage bias generated using the representative highly expressed 

nuclear coding DNA sequences retrieved from genbank is provided (Table 3.2) and from the 

transcriptome dataset is provided (Table 3.3). The representative highly expressing nuclear 

gene candidates obtained from genbank were sequences derived from D. salina CCAP 19/18 

(Table 3.1) and from the transcriptome data set were sequences derived from D. viridis 

(Table 3.2). The synonymous codon usage bias generated using the coding DNA sequences 

of the chloroplast genome of D. salina CCAP 19/18 is provided (Table 3.4). A codon usage 

bias normalized to an amino acid maximum calculated from highly expressed nuclear genes 

obtained either from genbank or the transcriptome data set of D. viridis had identical 

synonymous codon usage for all amino acids except for serine (Table 3.5). The codon AGC 

coding for the amino acid serine has a codon bias normalized to an amino acid maximum 
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value of 1 when highly expressed nuclear genes from genbank was used for analysis, 

whereas the synonymous codon TCC coding for the same amino acid serine has a codon bias 

normalized to an amino acid maximum value of 1 when highly expressed nuclear genes from 

the D. viridis transcriptome data set was used (Table 3.5). However, the codon usage bias 

values did not have a bigger difference, since the codon AGC had a codon bias normalized to 

an amino acid maximum of 0.83 when codon usage bias was calculated using the highly 

expressed nuclear gene sequences from the D. viridis transcriptome data set and the 

synonymous codon TCC had a codon bias normalized to an amino acid maximum value of 

0.92 when the codon usage bias was calculated using the highly expressed nuclear gene 

sequences from genbank (Table 3.5). Therefore, either of the synonymous codons AGC or 

TCC could be chosen to code for serine during the codon optimization of the heterologous 

genes for nuclear expression in Dunaliella.  

Codon usage analysis results indicated that the synonymous codon usage bias for the nuclear 

genome was predicted to be the same irrespective of species of Dunaliella, atleast the 

statement seems true, when considered in the case of D. salina and D. viridis. However, one 

could validate if the codon usage bias for the nuclear genome is the same among species of 

Dunaliella, by including more species for comparison and also by using the same set of 

highly expressing genes for codon usage analysis across species. Codon usage analysis 

indicated the exclusive use of stop codon TAA by highly expressing genes of Dunaliella 

salina (Table 3.2), whereas there was equal usage of all three stop codons (TAA, TAG and 

TGA) in highly expressing genes of D. viridis (Table 3.3).



 

 

 

 

 

163 

Table 3.2. Frequency of synonymous codon usage analysis of genes of D. salina obtained from NCBI by using highly expressed nuclear genes from 

the S. lycopersicum microarray data. For more information on gene descriptions see Table 3.1.A. * denotes the usage of a particular stop codon. 
 

  Frequency of codons used   

Amino 

acids Codons EF030487.1 AY739272.1 AF329673.2 AY154388.1 GU002366.1 M23531.1 GQ923693.1 EU447774.1 AY965258.1 U62865.1 

Total 

frequency of 

codons  used by 

all genes 

Codon Bias 

normalized to an 

amino acid 

maximum  

Methionine 

(Start) ATG 5 6 13 15 19 5 22 11 9 9 114   

Alanine GCT 10 4 15 33 8 14 21 17 10 1 133 0.74 

Alanine GCC 17 12 20 17 42 13 24 27 5 3 180 1.00 

Alanine GCA 3 0 3 24 6 4 12 0 19 6 77 0.43 

Alanine GCG 0 4 4 12 7 1 5 2 5 5 45 0.25 

Valine GTT 2 0 0 12 4 1 1 7 2 1 30 0.18 

Valine GTC 4 2 2 5 7 7 13 10 4 4 58 0.35 

Valine GTA 0 0 1 8 4 1 1 1 1 1 18 0.11 

Valine GTG 10 14 20 34 21 3 26 28 7 4 167 1.00 

Leucine TTA 0 0 0 2 0 1 0 0 0 0 3 0.02 

Leucine TTG 2 1 0 13 5 1 6 1 7 6 42 0.21 

Leucine CTT 0 0 0 7 3 0 3 2 4 1 20 0.10 

Leucine CTC 0 1 0 11 11 2 7 1 4 2 39 0.20 

Leucine CTA 1 0 0 5 2 2 2 0 4 1 17 0.09 

Leucine CTG 21 7 34 21 21 21 33 24 15 3 200 1.00 

Isoleucine ATT 3 2 6 13 5 2 9 5 3 2 50 0.44 

Isoleucine ATC 9 6 10 15 28 7 19 9 7 3 113 1.00 

Isoleucine ATA 0 0 0 2 0 0 0 0 0 1 3 0.03 

Phenyl 

alanine TTT 2 2 0 21 12 2 9 2 5 6 61 0.52 

Phenyl 

alanine TTC 14 6 9 14 20 11 18 9 13 3 117 1.00 

Tryptophan TGG 4 4 5 9 5 3 11 5 6 0 52 1.00 

Proline CCT 5 2 12 13 10 6 6 2 11 4 71 0.69 

Proline CCC 14 11 9 4 16 10 17 11 9 2 103 1.00 

Proline CCA 2 1 1 5 5 2 7 1 15 0 39 0.38 

Proline CCG 0 2 0 4 0 1 2 0 2 0 11 0.11 

Aspartic 

acid GAT 3 0 5 41 7 7 16 8 3 5 95 0.63 

Aspartic 

acid GAC 10 7 9 37 30 9 13 16 8 12 151 1.00 

Glutamic 

acid GAA 0 0 0 32 5 2 2 1 6 3 51 0.27 

Glutamic 

acid GAG 12 6 27 25 23 16 36 12 14 19 190 1.00 

Glycine GGT 12 0 4 20 13 12 9 9 6 1 86 0.45 

Glycine GGC 16 7 27 24 40 19 18 20 15 5 191 1.00 

Glycine GGA 2 0 1 23 3 0 6 0 3 2 40 0.21 

Glycine GGG 0 0 0 21 5 0 2 0 7 3 38 0.20 

Serine TCT 3 3 5 8 4 2 5 6 4 1 41 0.53 

Serine TCC 5 5 11 8 15 5 9 7 7 0 72 0.92 
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Table 3.2 Continued 

  
Serine TCA 0 1 0 12 3 0 8 1 2 2 29 0.37 

Serine TCG 0 0 0 3 3 0 1 0 0 0 7 0.09 

Serine AGT 0 0 0 7 1 1 3 0 2 1 15 0.19 

Serine AGC 4 2 8 25 15 4 11 4 5 0 78 1.00 

Threonine ACT 2 0 5 25 5 1 9 6 7 2 62 0.53 

Threonine ACC 12 10 11 22 22 11 6 17 4 2 117 1.00 

Threonine ACA 1 1 1 15 2 2 8 2 6 3 41 0.35 

Threonine ACG 0 1 0 3 2 0 3 1 0 3 13 0.11 

Cysteine TGT 0 0 0 10 0 0 0 0 0 0 10 0.20 

Cysteine TGC 1 5 4 23 6 4 3 5 0 0 51 1.00 

Tyrosine TAT 1 1 0 15 4 2 4 1 2 1 31 0.37 

Tyrosine TAC 5 9 12 17 12 6 11 5 6 0 83 1.00 

Asparagine AAT  0 0 0 13 3 1 6 2 5 1 31 0.23 

Asparagine AAC 10 11 19 18 24 12 13 16 6 7 136 1.00 

Glutamine CAA 0 1 1 16 5 4 6 0 5 5 43 0.30 

Glutamine CAG 9 12 18 19 16 7 27 11 22 2 143 1.00 

Lysine AAA  0 1 0 14 3 1 2 1 3 1 26 0.13 

Lysine AAG 12 9 19 28 41 13 33 27 16 8 206 1.00 

Arginine CGT 2 0 3 7 2 3 3 6 3 2 31 0.37 

Arginine CGC 4 10 15 15 12 4 11 8 4 0 83 1.00 

Arginine CGA 0 0 0 4 2 0 3 0 2 1 12 0.14 

Arginine CGG 1 1 0 14 2 0 2 0 2 1 23 0.28 

Arginine AGA 0 0 0 5 0 0 2 0 1 2 10 0.12 

Arginine AGG 3 0 6 9 5 0 8 3 1 0 35 0.42 

Histidine CAT 0 0 0 3 1 0 2 1 2 1 10 0.24 

Histidine CAC 3 0 3 8 7 5 7 5 4 0 42 1.00 

STOP TAA   *  *    *  *  *  *  *        

STOP TAG       *            *      

STOP TGA *                        
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Table 3.3. Frequency of synonymous codon usage analysis of transcripts encoded by the nuclear genome collected from the D. viridis transcriptome. 

For more information on gene descriptions see Table 3.1.B. * denotes the usage of a particular stop codon. 
 

Amino 

acids 

Codo

ns 

Locus1

1035 

Locus

36 

Locus6

149 

Locus

76 

Locus

407 

Locus 

85 

Locus

912 

Locus

568 

Locus

434 

Locus

2256 

Locus

144 

Locus

19 

Locus

527 

Locus

100 

Locus

206 

 Total frequency of 

codons  used by all 

genes 

Codon Bias 

normalized to an 

amino acid 

maximum  

Methionine 

(Start) ATG 19 2 12 5 12 7 6 5 3 4 13 12 8 3 6 117 1.00 

Alanine GCT 13 0 24 5 6 18 0 8 4 3 9 2 8 4 3 107 0.61 

Alanine GCC 6 3 4 8 30 20 3 14 18 2 36 7 19 0 5 175 1  

Alanine GCA 7 4 5 8 0 5 2 3 10 9 3 2 1 3 10 72 0.41 

Alanine GCG 6 4 10 4 7 1 3 0 10 3 5 6 4 1 4 68 0.39 

Valine GTT 10 6 15 5 1 3 0 0 11 1 1 0 1 4 0 58 0.39 

Valine GTC 10 5 7 4 1 5 4 4 11 1 5 3 5 2 2 69 0.47 

Valine GTA 10 1 5 0 0 1 0 0 15 2 0 0 0 0 0 34 0.23 

Valine GTG 2 2 4 9 20 21 6 7 8 3 35 9 17 1 4 148 1.00 

Leucine TTA 26 1 11 2 0 0 1 0 1 0 0 0 0 0 0 42 0.24 

Leucine TTG 5 3 3 2 2 0 4 2 2 2 1 2 0 5 6 39 0.22 

Leucine CTT 14 5 27 7 0 3 0 0 15 0 0 0 1 1 0 73 0.41 

Leucine CTC 2 5 3 5 0 1 0 1 25 0 0 1 5 4 2 54 0.30 

Leucine CTA 12 1 7 3 0 2 0 0 1 0 1 0 0 1 0 28 0.16 

Leucine CTG 2 3 6 9 28 23 2 14 10 3 41 16 21 1 0 179 1.00 

Isoleucine ATT 20 1 19 3 1 5 0 4 1 2 0 4 7 2 0 69 0.56 

Isoleucine ATC 26 3 11 12 11 8 3 5 6 7 15 4 11 1 0 123 1.00 

Isoleucine ATA 8 0 4 2 0 0 0 0 1 1 0 1 0 0 0 17 0.14 

Phenyl 

alanine TTT 17 3 13 4 1 0 0 1 0 0 2 1 3 0 0 45 0.42 

Phenyl 

alanine TTC 20 1 16 8 5 17 5 3 1 2 13 4 10 0 3 108 1 

Tryptophan TGG 12 3 14 6 5 7 5 4 1 0 2 6 6 4 7 82 1 

Proline CCT 14 1 17 8 0 5 0 3 0 1 1 3 1 1 2 57 0.648 

Proline CCC 3 0 2 7 17 12 0 6 0 4 14 13 5 1 4 88 1 
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Table 3.3 Continued  

 

Proline CCA 9 1 5 4 1 5 1 1 3 6 0 5 3 5 6 55 0.625 

Proline CCG 2 0 3 2 0 2 4 0 1 1 0 1 0 1 0 17 0.193 

Aspartic 

acid GAT 20 1 19 6 1 9 0 5 15 0 4 1 6 0 1 88 0.688 

Aspartic 

acid GAC 15 4 12 10 12 16 2 11 6 1 21 10 5 1 2 128 1 

Glutamic 

acid GAA 30 8 18 7 0 3 0 0 12 1 0 0 1 2 0 82 0.562 

Glutamic 

acid GAG 8 4 9 12 23 23 3 15 1 1 28 5 8 3 3 146 1 

Glycine GGT 13 5 22 5 0 13 0 2 14 1 8 4 8 2 3 100 0.581 

Glycine GGC 7 6 5 10 27 11 1 14 23 2 32 8 16 6 4 172 1 

Glycine GGA 6 7 6 5 1 9 0 4 17 1 0 1 3 6 1 67 0.39 

Glycine GGG 5 10 4 4 0 4 5 0 12 1 0 0 1 5 6 57 0.331 

Serine TCT 6 0 19 4 2 5 0 0 0 4 1 4 7 2 2 56 0.596 

Serine TCC 5 2 7 4 15 14 2 6 4 3 20 5 3 2 2 94 1 

Serine TCA 10 0 7 5 0 0 4 1 1 3 1 3 1 2 10 48 0.511  

Serine TCG 8 0 5 0 0 1 4 0 1 1 0 1 1 1 3 26 0.277 

Serine AGT 7 3 10 3 0 0 0 0 4 1 0 3 0 6 1 38 0.404 

Serine AGC 4 5 3 10 5 4 7 5 8 6 2 10 4 3 2 78 0.83 

Threonine ACT 13 1 16 3 1 1 0 1 1 0 3 5 5 1 1 52 0.452 

Threonine ACC 6 5 2 1 17 15 1 10 9 3 21 11 8 1 5 115 1 

Threonine ACA 13 4 3 7 0 1 3 1 1 3 0 2 4 0 3 45 0.391 

Threonine ACG 10 1 6 3 0 0 3 0 5 0 1 4 2 1 2 38 0.33 

Cysteine TGT 9 1 6 5 0 5 0 0 0 1 0 0 1 0 2 30 0.517 

Cysteine TGC 2 5 4 7 6 7 4 4 1 2 3 3 4 3 3 58 1 

Tyrosine TAT 13 2 12 5 0 1 0 1 0 0 0 0 2 1 0 37 0.552 

Tyrosine TAC 12 2 6 2 13 4 2 8 0 0 4 1 11 2 0 67 1 

Asparagine AAT  24 6 13 3 0 0 0 0 0 1 0 0 1 1 0 49 0.48 

Asparagine AAC 11 4 8 6 15 7 0 8 0 1 19 9 13 2 0 103 1 
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Table 3.3 Continued  

 

Glutamine CAA 10 4 10 7 0 13 0 0 0 0 0 1 3 3 1 52 0.403 

Glutamine CAG 7 4 5 14 20 9 2 10 27 1 12 5 7 4 2 129 1 

Lysine AAA  55 3 37 4 0 0 0 1 1 1 0 0 0 0 0 102 0.554  

Lysine AAG 16 2 25 7 20 23 7 14 1 7 41 10 5 2 4 184 1 

Arginine CGT 9 2 27 0 1 10 0 2 0 1 4 0 1 0 3 60 0.652 

Arginine CGC 4 0 13 9 13 16 2 3 1 0 11 9 6 3 2 92 1 

Arginine CGA 5 0 6 5 0 8 1 0 0 2 0 1 0 2 2 32 0.348 

Arginine CGG 0 1 0 4 0 4 2 1 4 0 0 0 0 1 2 19 0.207 

Arginine AGA 34 3 11 0 0 2 1 0 7 1 0 6 0 3 2 70 0.761 

Arginine AGG 5 6 4 3 2 1 9 2 6 3 1 6 1 5 3 57 0.62 

Histidine CAT 12 5 10 4 0 7 0 0 8 2 0 2 2 1 1 54 0.73 

Histidine CAC 8 6 6 3 2 10 2 1 22 0 5 1 2 3 3 74 1 

Stop 

TAA           *  *      *    *  *    *      

TAG *  *  *            *    *              

TGA       *  *      *            *        
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Table 3.4. Frequency of synonymous codon usage analysis of chloroplast encoded genes of D. salina obtained from NCBI. For more information on 

gene descriptions see Table 3.1.C. * denotes the usage of a particular stop codon. 

Amino acids Codons Frequency of codons used 

    11541818 11541827 11541830 11541833 11541842 11541844 11541730 11541845 11541734 11541735 

Methionine (Start) ATG 3 4 8 5 5 30 14 11 2 1 

Alanine GCT 8 6 4 2 8 35 21 8 5 2 

Alanine GCC 0 0 0 0 0 17 0 1 0 0 

Alanine GCA 1 3 5 3 5 13 11 3 5 0 

Alanine GCG 2 0 0 0 1 8 0 0 2 0 

Valine GTT 5 7 4 3 6 36 21 16 4 3 

Valine GTC 0 1 0 0 0 6 0 0 0 0 

Valine GTA 3 3 5 3 9 20 18 7 7 0 

Valine GTG 0 1 2 0 0 3 0 0 0 0 

Leucine TTA 7 6 13 7 18 120 28 19 7 5 

Leucine TTG 0 0 1 0 0 16 0 0 0 0 

Leucine CTT 1 0 2 3 2 24 3 1 2 0 

Leucine CTC 0 0 0 0 0 5 0 0 0 0 

Leucine CTA 0 1 1 2 0 24 0 1 0 0 

Leucine CTG 0 0 0 1 0 3 0 1 0 0 

Isoleucine ATT 10 11 15 17 10 76 26 14 6 3 

Isoleucine ATC 1 2 1 1 2 12 3 1 0 0 

Isoleucine ATA 1 0 0 2 0 48 0 1 1 0 

Phenyl alanine TTT 5 4 6 3 5 70 6 4 0 5 

Phenyl alanine TTC 0 0 2 0 7 20 4 11 1 1 

Tryptophan TGG 3 0 0 1 3 13 1 6 0 1 

Proline CCT 2 2 4 2 8 39 9 6 2 1 
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Table 3.4 Continued 

 

Proline CCC 0 0 0 0 0 9 0 0 0 0 

Proline CCA 6 3 3 2 8 16 8 4 4 2 

Proline CCG 0 1 0 0 1 6 0 0 1 0 

Aspartic acid GAT 2 5 5 2 3 53 17 4 2 2 

Aspartic acid GAC 0 2 2 2 1 16 6 1 0 0 

Glutamic acid GAA 5 2 11 7 5 78 35 6 1 1 

Glutamic acid GAG 0 1 0 1 1 7 2 1 1 0 

Glycine GGT 9 5 10 9 8 37 34 18 8 2 

Glycine GGC 1 1 0 1 1 7 0 0 0 1 

Glycine GGA 4 2 4 1 4 22 3 1 1 0 

Glycine GGG 0 2 0 0 0 16 1 0 1 0 

Serine TCT 3 3 2 2 3 60 9 1 0 2 

Serine TCC 0 0 1 0 0 13 0 0 0 0 

Serine TCA 1 2 1 5 0 43 4 6 5 1 

Serine TCG 1 0 0 1 0 16 0 0 0 0 

Serine AGT 1 1 4 3 1 32 4 5 3 0 

Serine AGC 0 0 1 0 0 7 0 0 0 0 

Threonine ACT 4 3 1 7 4 30 8 6 6 0 

Threonine ACC 0 0 0 0 0 11 0 0 1 0 

Threonine ACA 4 2 7 4 5 41 25 10 3 4 

Threonine ACG 0 0 0 0 0 13 0 0 1 0 

Cysteine TGT 1 1 0 2 1 8 1 3 1 0 

Cysteine TGC 0 0 0 1 0 3 0 0 1 0 

Tyrosine TAT 5 0 3 3 2 72 8 2 4 1 
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Table 3.4 Continued  

 

Tyrosine TAC 0 0 2 0 3 14 2 8 0 0 

Asparagine AAT 1 9 5 6 3 129 5 0 1 1 

Asparagine AAC 1 1 1 0 4 33 8 2 2 0 

Glutamine CAA 3 1 13 3 2 78 10 5 6 0 

Glutamine CAG 0 0 1 0 0 3 0 1 0 0 

Lysine AAA  13 10 18 12 7 167 32 5 15 1 

Lysine AAG 0 0 0 1 0 16 0 0 0 0 

Arginine CGT 13 6 5 6 3 31 17 6 9 0 

Arginine CGC 1 1 2 0 0 7 1 0 0 0 

Arginine CGA 1 2 1 4 0 18 1 2 4 0 

Arginine CGG 0 0 0 0 0 3 0 0 0 0 

Arginine AGA 3 2 3 1 0 25 0 2 0 1 

Arginine AGG 0 0 0 0 0 0 0 0 1 0 

Histidine CAT 1 0 1 2 1 16 9 1 3 0 

Histidine CAC 1 0 1 1 0 9 3 4 0 0 

STOP TAA *  *  *  *  *  *  *  *  *  *  

STOP TAG                     

STOP TGA                     

Amino acids Codons Frequency of codons used 

    11541736 11541739 11541743 11541745 11541746 11541748 11541750 11541759 11541762 11541763 

Methionine 

(Start) ATG 
2 3 10 1 3 8 7 11 4 3 

Alanine GCT 12 7 13 1 4 23 6 25 8 2 

Alanine GCC 0 1 1 0 0 0 1 1 2 1 

Alanine GCA 7 11 14 0 2 13 2 17 7 2 
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Table 3.4 Continued  

 

Alanine GCG 0 0 2 0 1 2 1 1 1 0 

Valine GTT 7 8 9 0 3 6 7 18 16 2 

Valine GTC 0 0 1 0 0 0 0 0 3 1 

Valine GTA 13 13 4 2 5 16 10 18 13 3 

Valine GTG 1 1 1 0 0 1 0 1 3 1 

Leucine TTA 27 20 41 5 6 31 18 43 44 7 

Leucine TTG 0 1 0 0 0 0 0 0 11 0 

Leucine CTT 6 8 6 2 0 5 6 6 9 1 

Leucine CTC 0 0 0 0 0 0 0 0 1 0 

Leucine CTA 2 0 5 1 0 4 4 4 2 1 

Leucine CTG 1 1 0 0 0 0 1 0 0 0 

Isoleucine ATT 21 15 26 3 2 10 21 33 25 9 

Isoleucine ATC 1 2 5 2 0 4 0 3 4 0 

Isoleucine ATA 1 6 0 0 0 0 1 0 10 1 

Phenyl alanine TTT 7 10 17 1 1 7 6 7 43 4 

Phenyl alanine TTC 7 3 3 1 0 29 0 8 4 3 

Tryptophan TGG 4 1 7 0 1 14 0 0 3 0 

Proline CCT 9 8 9 0 3 6 8 5 13 4 

Proline CCC 0 0 0 0 0 0 1 0 3 1 

Proline CCA 4 5 7 0 1 8 3 17 11 1 

Proline CCG 0 2 4 0 0 0 1 0 3 0 

Aspartic acid GAT 5 19 27 0 3 6 3 16 16 5 

Aspartic acid GAC 2 3 4 0 2 5 2 4 4 0 

Glutamic acid GAA 11 20 38 0 3 15 8 33 36 4 
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 Table 3.4 Continued  

 

Glutamic acid GAG 2 0 1 0 1 1 0 2 6 0 

Glycine GGT 9 16 29 3 5 30 9 39 9 2 

Glycine GGC 2 2 0 0 0 1 0 0 0 0 

Glycine GGA 4 5 5 1 0 1 6 8 5 1 

Glycine GGG 2 2 2 0 0 0 0 0 1 0 

Serine TCT 6 3 19 0 1 3 5 12 19 3 

Serine TCC 0 0 0 0 0 0 0 0 3 0 

Serine TCA 3 10 20 1 1 11 2 18 21 3 

Serine TCG 1 1 5 0 0 0 0 0 9 1 

Serine AGT 2 4 13 1 2 4 2 6 8 0 

Serine AGC 1 0 3 0 1 0 0 0 2 0 

Threonine ACT 7 4 5 1 2 17 1 12 14 5 

Threonine ACC 0 0 0 0 0 0 0 0 3 1 

Threonine ACA 4 8 14 2 4 4 8 22 15 3 

Threonine ACG 3 1 4 0 0 0 0 1 2 2 

Cysteine TGT 0 8 3 0 8 4 3 3 1 0 

Cysteine TGC 0 0 0 0 1 0 0 0 0 0 

Tyrosine TAT 11 11 18 1 3 1 11 14 25 4 

Tyrosine TAC 0 2 5 1 0 8 1 7 0 0 

Asparagine AAT 7 8 24 0 1 0 15 6 32 10 

Asparagine AAC 4 3 6 0 0 15 2 10 11 0 

Glutamine CAA 5 4 28 0 2 11 9 23 26 7 

Glutamine CAG 0 0 3 0 0 1 2 0 3 0 

Lysine AAA  7 16 27 1 3 4 27 21 44 10 
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Table 3.4 Continued  

 

Lysine AAG 1 1 4 1 0 0 0 0 3 1 

Arginine CGT 2 5 17 0 3 14 20 24 10 4 

Arginine CGC 1 1 0 0 0 0 0 1 1 1 

Arginine CGA 0 3 3 0 1 1 2 2 3 0 

Arginine CGG 0 0 0 0 0 0 0 0 0 0 

Arginine AGA 0 2 8 0 1 0 6 0 7 1 

Arginine AGG 0 0 0 0 0 0 0 0 0 0 

Histidine CAT 3 3 4 0 1 3 4 1 11 0 

Histidine CAC 2 0 3 0 0 5 0 1 1 1 

STOP TAA *  *  *  *  *  *  *  

 

*  *  

STOP TAG               *      

STOP TGA                     

Amino acids Codons Frequency of codons used 

    11541764 11541765 11541766 11541774 11541782 11541783 11541786 11541787 11541789 11541790 

Methionine 

(Start) ATG 
2 5 12 15 3 2 2 11 8 1 

Alanine GCT 8 2 22 22 15 6 9 49 13 1 

Alanine GCC 3 0 5 2 0 1 1 1 1 2 

Alanine GCA 4 1 15 10 2 5 4 21 5 2 

Alanine GCG 0 0 0 2 1 0 0 2 1 0 

Valine GTT 6 1 19 21 5 8 3 23 9 5 

Valine GTC 0 0 0 2 0 1 1 0 0 0 

Valine GTA 7 2 26 14 1 6 5 16 10 8 

Valine GTG 1 2 0 3 1 0 0 2 0 1 

Leucine TTA 19 4 35 35 6 11 3 68 38 7 
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Table 3.4 Continued  

 

Leucine TTG 1 0 1 1 0 0 0 0 2 0 

Leucine CTT 2 0 10 2 3 3 1 13 7 2 

Leucine CTC 0 0 0 0 0 0 0 0 0 0 

Leucine CTA 2 1 2 3 1 2 0 4 8 0 

Leucine CTG 0 0 0 1 0 0 0 1 1 0 

Isoleucine ATT 19 7 23 30 4 10 8 34 23 2 

Isoleucine ATC 2 1 6 3 1 2 0 3 2 0 

Isoleucine ATA 1 2 0 6 0 1 2 0 10 0 

Phenyl alanine TTT 7 2 7 19 1 7 4 24 14 6 

Phenyl alanine TTC 0 0 11 4 3 2 0 28 5 1 

Tryptophan TGG 3 1 1 5 0 0 1 31 13 2 

Proline CCT 7 1 11 11 4 1 1 9 6 1 

Proline CCC 1 0 0 0 0 0 0 0 1 0 

Proline CCA 10 4 11 8 0 1 2 19 2 1 

Proline CCG 2 0 2 0 0 0 1 3 1 0 

Aspartic acid GAT 8 1 18 30 0 3 1 20 4 0 

Aspartic acid GAC 0 1 8 2 0 1 1 6 4 0 

Glutamic acid GAA 12 3 27 35 3 15 6 18 14 1 

Glutamic acid GAG 0 0 4 3 1 1 0 1 0 0 

Glycine GGT 20 5 36 21 12 6 2 55 16 5 

Glycine GGC 0 1 0 3 0 0 1 0 1 0 

Glycine GGA 8 1 4 4 0 2 8 11 10 1 

Glycine GGG 3 1 3 0 0 0 1 2 2 0 

Serine TCT 6 2 6 13 3 7 1 20 21 4 
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Table 3.4 Continued  

 

Serine TCC 1 0 1 0 0 0 0 0 1 0 

Serine TCA 6 3 11 12 0 2 5 22 9 1 

Serine TCG 1 0 1 2 0 0 0 0 3 0 

Serine AGT 4 1 7 10 1 4 2 8 13 0 

Serine AGC 0 0 1 0 0 0 1 3 2 1 

Threonine ACT 4 2 12 14 1 2 4 19 12 1 

Threonine ACC 0 0 0 0 0 0 0 0 2 0 

Threonine ACA 7 4 19 17 1 6 4 21 14 1 

Threonine ACG 2 0 2 2 0 0 0 1 1 0 

Cysteine TGT 2 1 1 9 0 0 2 3 3 0 

Cysteine TGC 0 0 0 0 0 0 1 0 1 0 

Tyrosine TAT 6 3 6 12 2 5 1 17 10 0 

Tyrosine TAC 0 0 6 3 0 0 0 11 2 0 

Asparagine AAT 12 3 14 23 0 14 3 10 24 3 

Asparagine AAC 5 0 8 3 2 2 2 17 9 0 

Glutamine CAA 5 0 19 21 2 9 3 33 9 1 

Amino acids Codons Frequency of codons used 

    11541764 11541765 11541766 11541774 11541782 11541783 11541786 11541787 11541789 11541790 

Methionine 

(Start) ATG 
2 5 12 15 3 2 2 11 8 1 

Alanine GCT 8 2 22 22 15 6 9 49 13 1 

Alanine GCC 3 0 5 2 0 1 1 1 1 2 

Alanine GCA 4 1 15 10 2 5 4 21 5 2 

Alanine GCG 0 0 0 2 1 0 0 2 1 0 

Valine GTT 6 1 19 21 5 8 3 23 9 5 
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Table 3.4 Continued  

 

Valine GTC 0 0 0 2 0 1 1 0 0 0 

Valine GTA 7 2 26 14 1 6 5 16 10 8 

Valine GTG 1 2 0 3 1 0 0 2 0 1 

Leucine TTA 19 4 35 35 6 11 3 68 38 7 

Leucine TTG 1 0 1 1 0 0 0 0 2 0 

Leucine CTT 2 0 10 2 3 3 1 13 7 2 

Leucine CTC 0 0 0 0 0 0 0 0 0 0 

Leucine CTA 2 1 2 3 1 2 0 4 8 0 

Leucine CTG 0 0 0 1 0 0 0 1 1 0 

Isoleucine ATT 19 7 23 30 4 10 8 34 23 2 

Isoleucine ATC 2 1 6 3 1 2 0 3 2 0 

Isoleucine ATA 1 2 0 6 0 1 2 0 10 0 

Phenyl alanine TTT 7 2 7 19 1 7 4 24 14 6 

Phenyl alanine TTC 0 0 11 4 3 2 0 28 5 1 

Tryptophan TGG 3 1 1 5 0 0 1 31 13 2 

Proline CCT 7 1 11 11 4 1 1 9 6 1 

Proline CCC 1 0 0 0 0 0 0 0 1 0 

Proline CCA 10 4 11 8 0 1 2 19 2 1 

Glutamine CAG 0 1 0 0 0 1 0 0 1 0 

Lysine AAA  15 12 18 32 1 11 14 14 15 1 

Lysine AAG 1 1 1 1 0 1 1 3 1 0 

Arginine CGT 20 4 17 20 2 7 7 15 5 0 

Arginine CGC 3 0 2 1 0 0 1 0 0 0 

Arginine CGA 3 1 3 3 0 1 1 1 1 0 
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Table 3.4 Continued  

 

Arginine CGG 0 0 0 0 0 0 0 0 0 0 

Arginine AGA 5 0 2 2 0 2 5 1 2 0 

Arginine AGG 0 0 0 0 0 0 0 0 0 0 

Histidine CAT 7 2 1 15 0 3 3 25 5 0 

Histidine CAC 2 3 3 1 0 0 1 16 0 0 

STOP TAA *  *  *  *  *  *  *  *  *  *  

STOP TAG                     

STOP TGA                     

Amino acids Codons Frequency of codons used 

    11541791 11541792 11541793 11541794 11541795 11541797 11541798 11541799 11541800 11541803 

Methionine 
(Start) ATG 

1 6 4 4 11 4 3 4 1 2 

Alanine GCT 2 2 7 5 26 11 3 6 4 4 

Alanine GCC 1 0 1 0 0 1 2 0 0 0 

Alanine GCA 1 1 4 8 12 6 2 6 2 2 

Alanine GCG 0 1 0 1 5 1 1 1 0 0 

Valine GTT 1 2 12 5 14 1 1 6 3 5 

Valine GTC 0 0 0 0 0 0 1 0 0 0 

Valine GTA 1 3 1 5 20 2 3 4 3 1 

Valine GTG 0 0 0 0 1 0 0 1 0 0 

Leucine TTA 4 12 12 8 31 7 15 11 6 9 

Leucine TTG 0 0 1 0 0 0 2 0 0 0 

Leucine CTT 1 2 3 2 8 2 6 1 1 3 

Leucine CTC 0 0 0 0 0 0 0 0 0 0 

Leucine CTA 1 0 1 1 1 4 3 1 0 2 
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Table 3.4 Continued  

 

Leucine CTG 0 0 0 0 0 0 2 0 0 0 

Isoleucine ATT 6 3 9 7 15 12 14 14 6 6 

Isoleucine ATC 0 0 2 2 4 0 2 0 0 0 

Isoleucine ATA 0 0 2 0 0 1 5 2 0 0 

Phenyl alanine TTT 2 2 1 5 5 4 14 5 5 2 

Phenyl alanine TTC 0 0 0 1 15 1 5 2 1 0 

Tryptophan TGG 0 1 1 2 8 3 6 0 2 2 

Proline CCT 0 0 6 3 6 3 5 1 3 2 

Proline CCC 0 0 0 0 1 0 0 0 0 0 

Proline CCA 1 2 4 2 14 2 3 2 3 2 

Proline CCG 0 1 0 0 0 0 1 2 0 0 

Aspartic acid GAT 0 0 3 4 12 5 6 4 3 1 

Aspartic acid GAC 0 1 1 1 14 1 0 1 2 0 

Glutamic acid GAA 3 5 8 12 26 12 11 13 4 4 

Glutamic acid GAG 0 0 1 1 5 2 2 1 0 0 

Glycine GGT 0 4 5 7 44 8 7 10 1 3 

Glycine GGC 0 1 0 0 0 0 2 2 1 0 

Glycine GGA 1 0 2 0 5 3 11 4 2 4 

Glycine GGG 0 0 1 1 1 0 1 0 0 0 

Serine TCT 4 2 1 4 2 3 6 2 0 1 

Serine TCC 0 0 0 0 0 0 0 0 0 1 

Serine TCA 0 2 3 2 12 4 1 9 3 3 

Serine TCG 0 0 1 0 0 0 1 0 0 0 

Serine AGT 0 3 2 0 1 3 5 4 4 3 
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Table 3.4 Continued  

 

Serine AGC 0 0 0 0 2 0 0 2 0 1 

Threonine ACT 2 2 3 4 17 3 3 4 3 4 

Threonine ACC 0 0 0 0 1 0 0 0 0 0 

Threonine ACA 1 0 6 4 12 6 5 5 2 4 

Threonine ACG 0 0 0 0 1 0 2 0 0 1 

Cysteine TGT 0 1 1 0 11 0 1 2 0 0 

Cysteine TGC 0 0 0 0 0 0 0 0 0 0 

Tyrosine TAT 0 2 5 0 4 14 8 4 3 1 

Tyrosine TAC 1 1 1 0 14 1 0 1 0 0 

Asparagine AAT 1 3 11 10 1 9 12 13 2 2 

Asparagine AAC 0 0 0 2 14 2 2 2 0 2 

Glutamine CAA 1 4 5 6 12 10 5 9 3 2 

Glutamine CAG 0 1 1 0 0 1 1 1 0 0 

Lysine AAA  1 10 18 11 23 5 18 19 3 3 

Lysine AAG 0 4 1 0 0 0 1 1 0 0 

Arginine CGT 0 8 7 4 27 5 5 6 5 1 

Arginine CGC 0 1 1 0 0 0 0 0 0 0 

Arginine CGA 0 0 2 0 0 2 1 2 0 0 

Arginine CGG 0 0 0 0 0 0 0 0 0 0 

Arginine AGA 0 3 4 0 2 4 4 3 0 0 

Arginine AGG 0 0 0 0 0 0 0 0 0 0 

Histidine CAT 0 3 3 1 4 3 0 1 0 0 

Histidine CAC 0 1 0 0 11 0 0 2 1 0 

STOP TAA *  *  *  *  *  *  *  *  *  *  
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Table 3.4 Continued  

 

STOP TAG                     

STOP TGA                     

Amino acids Codons Frequency of codons used 

    11541804 11541806 11541808 11541809 11541810 11541820 11541825 11541824 11541823 11541822 

Methionine 

(Start) ATG 1 9 16 2 12 8 12 20 18 2 

Alanine GCT 2 24 25 5 23 8 18 13 24 4 

Alanine GCC 0 2 1 0 1 3 4 5 4 0 

Alanine GCA 0 14 25 2 8 8 11 8 13 3 

Alanine GCG 0 0 0 0 1 2 5 8 6 0 

Valine GTT 2 21 24 2 13 14 16 22 24 2 

Valine GTC 0 0 0 1 0 1 1 5 2 0 

Valine GTA 0 17 21 3 12 12 10 14 13 1 

Valine GTG 0 1 1 0 0 1 1 6 0 0 

Leucine TTA 3 34 63 14 28 31 35 58 50 2 

Leucine TTG 1 0 1 0 0 5 1 6 9 0 

Leucine CTT 1 11 14 0 1 7 7 10 6 0 

Leucine CTC 0 0 0 0 0 0 0 0 2 0 

Leucine CTA 0 2 6 0 0 4 7 7 7 0 

Leucine CTG 0 0 0 0 0 1 0 1 3 0 

Isoleucine ATT 0 23 67 10 1 15 29 40 47 5 

Isoleucine ATC 0 3 11 1 28 6 7 2 4 1 

Isoleucine ATA 0 0 6 0 0 14 5 19 19 0 
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Table 3.4 Continued  

 

Phenyl alanine TTT 6 17 26 4 5 26 17 38 31 3 

Phenyl alanine TTC 2 26 5 0 20 3 7 5 4 1 

Tryptophan TGG 1 18 5 0 10 3 6 5 7 1 

Proline CCT 3 9 9 3 5 8 12 17 18 1 

Proline CCC 0 0 0 0 0 5 0 4 3 0 

Proline CCA 0 16 16 6 10 8 11 15 13 1 

Proline CCG 1 1 3 0 0 3 4 6 4 0 

Aspartic acid GAT 2 14 26 1 5 19 13 37 34 0 

Aspartic acid GAC 0 9 5 0 2 5 5 5 8 0 

Glutamic acid GAA 4 22 33 3 14 24 32 43 46 1 

Glutamic acid GAG 0 0 1 0 5 7 5 7 10 0 

Glycine GGT 1 50 21 8 31 11 19 26 35 1 

Glycine GGC 0 0 2 1 0 4 1 7 3 0 

Glycine GGA 1 7 12 0 0 11 5 18 15 0 

Glycine GGG 0 2 1 0 0 2 3 3 3 0 

Serine TCT 0 10 23 4 8 28 15 36 19 0 

Serine TCC 0 0 0 0 0 3 2 9 7 0 

Serine TCA 2 16 22 3 17 24 9 19 23 1 

Serine TCG 0 2 4 1 0 2 3 12 15 0 

Serine AGT 3 9 10 3 0 12 9 15 15 0 

Serine AGC 0 1 3 0 1 4 1 5 1 0 

Threonine ACT 0 11 24 3 15 13 17 24 20 3 
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Table 3.4 Continued  

 

Threonine ACC 1 0 0 0 0 3 1 5 10 0 

Threonine ACA 1 15 31 7 3 14 15 17 25 3 

Threonine ACG 0 0 3 0 0 3 3 5 8 0 

Cysteine TGT 0 2 9 1 5 1 11 7 3 0 

Cysteine TGC 0 0 1 0 0 3 1 1 0 0 

Tyrosine TAT 2 9 21 3 0 19 12 29 26 1 

Tyrosine TAC 0 5 4 1 14 4 1 2 8 0 

Asparagine AAT 0 4 45 5 3 34 22 47 45 0 

Asparagine AAC 0 5 12 1 21 12 8 14 12 0 

Glutamine CAA 0 14 44 8 6 13 18 39 38 2 

Glutamine CAG 0 0 1 0 0 4 2 6 3 0 

Lysine AAA  1 15 113 17 1 49 31 82 78 1 

Lysine AAG 0 1 2 1 0 2 3 10 12 0 

Arginine CGT 0 20 32 8 13 5 19 25 23 2 

Arginine CGC 0 0 6 1 1 2 3 7 4 0 

Arginine CGA 0 2 5 2 0 3 2 6 5 0 

Arginine CGG 0 0 0 0 0 0 0 0 1 0 

Arginine AGA 2 1 11 4 0 6 4 9 16 1 

Arginine AGG 0 0 0 0 0 1 0 1 1 0 

Histidine CAT 1 5 5 1 2 3 4 9 12 0 

Histidine CAC 0 9 1 0 8 1 0 3 1 1 

STOP TAA *  *  

 

*  *  *  *  *  *  *  

STOP TAG 

  
*  
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Table 3.4 Continued  

 

STOP TGA                     

 Amino acids Codons Frequency of codons used 

    11541826 11541828 11541829 11541832 11541812 11541732 11541727 11541754 11541756 11541761 

Methionine (Start) ATG 
1 1 9 35 34 2 1 2 2 1 

Alanine GCT 2 2 15 44 41 0 1 6 4 0 

Alanine GCC 0 0 1 13 7 0 0 0 0 0 

Alanine GCA 0 1 10 20 30 0 0 1 2 0 

Alanine GCG 0 0 2 7 7 0 0 2 0 0 

Valine GTT 3 3 24 61 48 3 3 3 6 3 

Valine GTC 0 0 1 5 5 0 0 0 0 0 

Valine GTA 1 2 9 27 34 2 1 1 1 1 

Valine GTG 0 0 4 10 1 0 0 0 0 0 

Leucine TTA 5 7 56 173 181 0 5 8 5 5 

Leucine TTG 0 0 5 19 14 0 0 3 0 0 

Leucine CTT 1 0 5 41 45 0 2 2 1 0 

Leucine CTC 0 0 0 2 0 0 0 0 0 0 

Leucine CTA 1 0 5 12 19 0 0 0 0 0 

Leucine CTG 0 0 1 4 4 0 0 0 0 0 

Isoleucine ATT 2 1 40 108 95 2 3 4 5 1 

Isoleucine ATC 0 1 6 17 12 1 1 0 0 1 

Isoleucine ATA 0 0 4 56 37 0 0 2 0 0 

Phenyl alanine TTT 1 1 19 161 103 0 1 4 4 2 
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Table 3.4 Continued 

 

Phenyl alanine TTC 2 1 11 28 20 0 1 1 0 4 

Tryptophan TGG 1 0 4 17 33 0 1 1 1 0 

Proline CCT 0 1 8 50 62 1 1 1 3 1 

Proline CCC 0 0 0 7 2 0 0 0 0 0 

Proline CCA 2 1 7 36 29 0 0 0 2 1 

Proline CCG 0 0 1 6 10 0 0 0 0 0 

Aspartic acid GAT 0 1 20 98 78 0 0 1 1 1 

Aspartic acid GAC 0 0 3 18 13 1 0 0 0 1 

Glutamic acid GAA 1 1 32 93 99 0 0 3 1 0 

Glutamic acid GAG 0 0 0 11 6 0 0 0 0 0 

Glycine GGT 0 1 21 71 47 2 5 3 0 2 

Glycine GGC 0 0 2 14 5 0 0 0 0 0 

Glycine GGA 1 3 7 35 24 0 3 1 0 2 

Glycine GGG 0 0 1 8 6 0 1 0 0 0 

Serine TCT 1 0 29 113 91 2 3 3 0 1 

Serine TCC 0 0 0 13 7 0 0 0 0 0 

Serine TCA 1 1 17 65 75 1 1 3 2 1 

Serine TCG 0 0 2 25 10 0 0 1 0 0 

Serine AGT 2 1 14 55 44 0 0 1 1 0 

Serine AGC 0 0 4 4 8 0 0 0 0 0 

Threonine ACT 0 1 17 71 81 1 2 2 0 2 

Threonine ACC 0 0 3 13 7 0 0 0 0 0 

Threonine ACA 0 1 13 62 74 0 1 2 0 1 

Threonine ACG 0 0 3 13 5 0 0 0 0 0 
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Table 3.4 Continued  

 

Cysteine TGT 0 0 3 23 3 3 0 1 0 0 

Cysteine TGC 0 0 0 1 0 0 0 0 0 0 

Tyrosine TAT 1 1 13 86 82 0 1 6 1 1 

Tyrosine TAC 1 1 5 10 3 0 1 1 0 0 

Asparagine AAT 2 0 33 228 183 0 0 8 1 2 

Asparagine AAC 2 0 17 37 28 1 1 0 0 0 

Glutamine CAA 1 1 42 124 114 2 1 6 1 0 

Glutamine CAG 0 0 3 19 7 0 0 0 0 0 

Lysine AAA  1 0 90 234 215 7 0 10 1 2 

Lysine AAG 0 0 4 28 9 0 0 2 0 0 

Arginine CGT 1 1 33 40 100 3 1 12 0 1 

Arginine CGC 0 0 5 4 11 1 0 1 0 0 

Arginine CGA 0 0 9 27 17 1 0 0 0 0 

Arginine CGG 0 0 0 1 0 0 0 0 0 0 

Arginine AGA 1 1 6 28 39 0 0 3 1 0 

Arginine AGG 0 0 0 4 0 0 0 0 0 0 

Histidine CAT 0 0 8 37 26 1 0 1 0 0 

Histidine CAC 0 0 0 9 2 0 0 0 0 0 

STOP TAA *  *  *  *  *  *  *  

 

*  *  

STOP TAG 
       

*  

  
STOP TGA                     
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Table 3.4 Continued  

 

 Frequency of codons used  

Amino acids Codons 11541805 11541817 11541793 11541841 

Total frequency of codons used 

by all genes 

Codon Bias normalized to an 

amino acid maximum 

    1 1 4 15 430 1.00 

Alanine GCT 1 1 7 45 695 1.00 

Alanine GCC 0 1 1 1 85 0.12 

Alanine GCA 1 2 4 22 405 0.58 

Alanine GCG 0 0 0 3 79 0.11 

Valine GTT 1 5 12 22 644 1.00 

Valine GTC 0 0 0 0 38 0.06 

Valine GTA 0 2 1 21 489 0.76 

Valine GTG 0 0 0 1 52 0.08 

Leucine TTA 4 4 12 68 1623 1.00 

Leucine TTG 0 0 1 0 101 0.06 

Leucine CTT 0 3 3 9 315 0.19 

Leucine CTC 0 0 0 0 10 0.01 

Leucine CTA 0 2 1 3 162 0.10 

Leucine CTG 0 0 0 0 27 0.02 

Isoleucine ATT 3 1 9 43 1132 1.00 

Isoleucine ATC 2 0 2 9 182 0.16 

Isoleucine ATA 0 0 2 0 268 0.24 

Phenyl 

alanine TTT 3 1 1 16 829 1.00 

Phenyl 

alanine TTC 2 0 0 34 346 0.42 

Tryptophan TGG 0 0 1 28 282 1.00 

Proline CCT 1 0 6 15 441 1.00 

Proline CCC 0 0 0 0 38 0.09 

Proline CCA 1 1 4 14 389 0.88 

Proline CCG 0 0 0 1 70 0.16 

Aspartic acid GAT 0 0 3 21 675 1.00 
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Table 3.4 Continued  

 
Aspartic acid GAC 0 0 1 8 176 0.26 

Glutamic 

acid GAA 1 0 8 16 998 1.00 

Glutamic 
acid GAG 1 0 1 2 100 0.10 

Glycine GGT 1 2 5 59 932 1.00 

Glycine GGC 0 0 0 0 68 0.07 

Glycine GGA 1 0 2 9 312 0.33 

Glycine GGG 0 1 1 3 75 0.08 

Serine TCT 1 1 1 18 662 1.00 

Serine TCC 0 0 0 0 61 0.09 

Serine TCA 0 0 3 19 582 0.88 

Serine TCG 0 0 1 2 123 0.19 

Serine AGT 0 1 2 16 376 0.57 

-Serine AGC 0 0 0 1 60 0.09 

Threonine ACT 1 1 3 19 571 0.92 

Threonine ACC 0 0 0 0 62 0.10 

Threonine ACA 0 0 6 21 620 1.00 

Threonine ACG 1 0 0 0 81 0.13 

Cysteine TGT 0 0 1 4 161 1.00 

Cysteine TGC 0 0 0 0 15 0.09 

Tyrosine TAT 0 0 5 8 621 1.00 

Tyrosine TAC 1 0 1 12 163 0.26 

Asparagine AAT 0 1 11 12 1105 1.00 

Asparagine AAC 0 0 0 18 354 0.32 

Glutamine CAA 0 0 5 27 880 1.00 

Glutamine CAG 0 1 1 1 70 0.08 

Lysine AAA  1 0 18 19 1651 1.00 

Lysine AAG 0 0 1 2 121 0.07 

Arginine CGT 1 1 7 17 706 1.00 

Arginine CGC 0 0 1 1 72 0.10 

Arginine CGA 0 0 2 2 149 0.21 

Arginine CGG 0 0 0 0 5 0.01 
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Table 3.4 Continued  

 
Arginine AGA 1 0 4 2 239 0.34 

Arginine AGG 0 0 0 0 8 0.01 

Histidine CAT 0 0 3 16 273 1.00 

Histidine CAC 0 0 0 26 131 0.48 

STOP TAA *            

STOP TAG             

STOP TGA             
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Table 3.5. Comparison of codon usage bias in Dunaliella. For each amino acid, the most frequently used 

codon was attributed a value of 1 (shown as bold) and the other codons represents a ratio depicting their relative 

use compared to the most frequently used codon. 

Amino 

acids Codons 

Codon bias normalized to 

an amino acid maximum 

data (Values derived from 

Table 3.2) 

Codon bias normalized to an 

amino acid maximum data 

(Values derived from Table 

3.3) 

Codon bias normalized to 

an amino acid maximum 

data (Values derived 

from Table 3.4) 

Methionine 

(Start) ATG 
1.0 1.0 1.0 

Alanine GCT 0.7 0.6 1.0 

Alanine GCC 1.0 1.0 0.1 

Alanine GCA 0.4 0.4 0.6 

Alanine GCG 0.3 0.4 0.1 

Valine GTT 0.2 0.4 1.0 

Valine GTC 0.3 0.5 0.1 

Valine GTA 0.1 0.2 0.8 

Valine GTG 1.0 1.0 0.1 

Leucine TTA 0.0 0.2 1.0 

Leucine TTG 0.2 0.2 0.1 

Leucine CTT 0.1 0.4 0.2 

Leucine CTC 0.2 0.3 0.0 

Leucine CTA 0.1 0.2 0.1 

Leucine CTG 1.0 1.0 0.0 

Isoleucine ATT 0.4 0.6 1.0 

Isoleucine ATC 1.0 1.0 0.2 

Isoleucine ATA 0.0 0.1 0.2 

Phenyl 

alanine TTT 
0.5 0.4 1.0 

Phenyl 
alanine TTC 

1.0 1.0 0.4 

Tryptophan TGG 1.0 1.0 1.0 

Proline CCT 0.7 0.6 1.0 

Proline CCC 1.0 1.0 0.1 

Proline CCA 0.4 0.6 0.9 

Proline CCG 0.1 0.2 0.2 

Aspartic 

acid GAT 
0.6 0.7 1.0 

Aspartic 

acid GAC 
1.0 1.0 0.3 

Glutamic 

acid GAA 
0.3 0.6 1.0 
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Table 3.5 Continued  

 
Glutamic 

acid GAG 
1.0 1.0 0.1 

Glycine GGT 0.5 0.6 1.0 

Glycine GGC 1.0 1.0 0.1 

Glycine GGA 0.2 0.4 0.3 

Glycine GGG 0.2 0.3 0.1 

Serine TCT 0.5 0.6 1.0 

Serine TCC 0.9 1.0 0.1 

Serine TCA 0.4 0.5 0.9 

Serine TCG 0.1 0.3 0.2 

Serine AGT 0.2 0.4 0.6 

Serine AGC 1.0 0.8 0.1 

Threonine ACT 0.5 0.5 0.9 

Threonine ACC 1.0 1.0 0.1 

Threonine ACA 0.4 0.4 1.0 

Threonine ACG 0.1 0.3 0.1 

Cysteine TGT 0.2 0.5 1.0 

Cysteine TGC 1.0 1.0 0.1 

Tyrosine TAT 0.4 0.6 1.0 

Tyrosine TAC 1.0 1.0 0.3 

Asparagine AAT 0.2 0.5 1.0 

Asparagine AAC 1.0 1.0 0.3 

Glutamine CAA 0.3 0.4 1.0 

Glutamine CAG 1.0 1.0 0.1 

Lysine AAA  0.1 0.6 1.0 

Lysine AAG 1.0 1.0 0.1 

Arginine CGT 0.4 0.7 1.0 

Arginine CGC 1.0 1.0 0.1 

Arginine CGA 0.1 0.3 0.2 

Arginine CGG 0.3 0.2 0.0 

Arginine AGA 0.1 0.8 0.3 

Arginine AGG 0.4 0.6 0.0 

Histidine CAT 0.2 0.7 1.0 

Histidine CAC 1.0 1.0 0.5 
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Diverse codon usage pattern within nuclear and chloroplast genome of Dunaliella 

The nuclear versus chloroplast genome did not share similarity in the synonymous codon 

usage in Dunaliella (Table 3.5). None of the amino acids had the identical usage of 

synonymous codon between the nuclear and the chloroplast genome. Although, the nuclear 

and chloroplast gene sequences used for codon usage bias comparison between the nuclear 

and chloroplast genome was derived from only one species namely D. salina (Table 3.1A, 

C). We do not have the chloroplast gene information from D. viridis transcriptome data set, 

because the sample kit used for cDNA library preparation for RNA-sequencing allowed the 

selection of mRNAôs with poly-A tail, which therefore eliminated the possibility of capturing 

the chloroplast mRNAôs. To confirm the existence of difference in the codon usage pattern 

within the nuclear and chloroplast genome of Dunaliella, increasing the sample size analyzed 

is required. The nuclear and chloroplast genome of D. salina had the uniformity of 

exclusively using TAA as stop codon (Table 3.2 and Table 3.4). Our results indicated that the 

nuclear and chloroplast codon usage of Dunaliella genome had similarity with that of 

Chlamydomonas (28). Chlamydomonas nuclear gene codons had preference of ending with 

guanine or cytosine and the chloroplast gene codons had preference of ending with adenine 

or uracil (28) and we observed the same scenario in the codon usage of Dunaliella as well.  
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Codon optimization prediction for efficient transgene expression in Dunaliella  

The output obtained from the graphical codon usage analyser tool for the codon usage 

analysis of the heterologous gene sequences using the synonymous nuclear codon usage of 

D. viridis (Table 3.5) are provided (Figure 3.2). The reason for optimizing the heterologous 

gene sequences based on the synonymous nuclear codon usage of D. viridis, is because the 

molecular tool kits for transformation are developed for that species. 
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Figure 3.2 Codon usage analysis output of ble (A), egfp (B) and tesA (C) heterologous genes against 

synonymous codon usage table generated using D. viridis transcriptome (Table 3.5). Sequences used for 

analysis are provided in Figure 3.1. The x-axis represents the codon sequences present in the open reading 

frame of coding DNA tested. The y-axis represents the relative adaptiveness of each codon being used. Black 

bars, grey bars and red bars represents relative adaptiveness of 100%, Ò 20%, Ò 10% codon usage respectively. 
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The codon usage analysis of ble gene against the D. viridis nuclear codon usage (Table 3.5), 

indicated that the relative adaptiveness of codon in the coding DNA sequences were all 

greater than 10% (Figure 3.2.A). Initially, our priority was to optimize only the codons with 

relative adaptiveness lesser than or equal to 10%. Therefore there was no need for optimizing 

the ble gene sequences as per the D. viridis nuclear codon usage before transformation.  

The codon usage analysis of egfp gene against the D. viridis nuclear codon usage (Table 3.5), 

indicated that there was need for optimization of only one codon at position 23 which is GTA 

coding for the amino acid valine. The synonymous codon GTA had a relative adaptiveness of 

codon usage value lesser than 10% (Figure 3.2.B). As per the nuclear codon usage generated 

from D. viridis transcriptome data set, synonymous codon GTA coding for amino acid valine 

had a codon bias normalized to amino acid maximum value of 0.2, whereas the synonymous 

codon GTG coding for the same amino acid valine had a codon bias normalized to amino 

acid maximum value of 1 (Table 3.5). Hence optimization of synonymous codon GTA at 
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position 23 to codon GTG will be favorable for efficient expression of EGFP in D. viridis. 

Although, if that particular codon was optimized, then there will be no chance to detect if the 

successful expression of EGFP in D. viridis was solely based on this change. In order to test 

if there is a real need for codon optimization of heterologous genes in D. viridis, egfp will be 

transformed without any codon optimization.  

The codon usage analysis of tesA indicated that there was need for optimization of only one 

codon at position 87 which was CTA coding for the amino acid leucine. This particular 

codon had a relative adaptiveness of codon usage value lesser than 10% (Figure 3.2.C). As 

per the nuclear codon usage generated from D. viridis transcriptome data set, codon CTA 

coding for amino acid valine had a codon bias normalized to an amino acid maximum value 

of 0.2, whereas the synonymous codon CTG coding for the same amino acid valine had a 

codon bias normalized to an amino acid maximum value of 1 (Table 3.5). Hence 

optimization of codon CTA at position 87 of coding sequence to codon CTG was done to 

detect if there is an efficient expression of TesA in D. viridis. Figure 3.3 shows the pairwise 

alignment of tesA coding DNA sequences before and after codon optimization using 

ClustalW 2.1. The box highlights the codon position which has been optimized to CTG from 

CTA in the tesA sequence.  
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Figure 3.3 Pairwise sequence alignment of tesA coding sequence using ClustalW 2.1 before and after 

codon optimization. The box highlights the need for change in codon sequence coding for the amino acid 

leucine from CTA to CTG for efficient TesA expression in D. viridis.  
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Discussion 

The synonymous codon usage bias of nuclear and chloroplast genome of Dunaleilla (Table 

3.5) completely matched with the codon bias of the model green algae Chlamydomonas (28). 

However, it is important to mention that not all green algae share the same codon usage bias, 

bacause the codon usage pattern of Botryococcus braunii was shown to be different from 

Chlamydomonas reinhardtii and Chlorella vulgaris (29). Especially, the codon usage 

frequencies for UUA (leucine), AAA (lysine) and AGA (arginine) were about 10 times lower 

in C. reinhardtii and C. vulgaris than in B. braunii and suggested that heterologous gene 

expression among those organisms were not promising (29).  

Our data concluded that the synonymous codon usage bias of the nuclear genome was not 

species dependent in Dunaliella (Table 3.5). However, in this study we used sequence 

information only from D. salina and D. viridis for comparison and hence further validation is 

required by including more species. The lack of genomic sequence information limits our 

progress towards understanding of the codon usage bias in algae. The model green alga, C. 

reinhardtii, was the only organism with available genome sequence information and 

developed molecular tools for genetic analysis (30-33). In this study, sequence resources for 

codon usage analysis were limited to the chloroplast genome of D. salina CCAP 19/18 (34) 

and transcriptome data of D. viridis. Diversity in the codon usage pattern between the nuclear 

and chloroplast genome of D. salina was observed (Table 3.5). The fact that the codons from 

chloroplast encoding genes ending with adenine or uracil and from nuclear encoding genes 
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ending with guanine or cytosine might have attributed to this diversity (Table 3.2 and Table 

3.4). Similar to this, codon usage analysis of nuclear and chloroplast genomes of the green 

alga Chlamydomonas revealed that nuclear encoded proteins preferred codons ending with 

cytosine or guanine and chloroplast encoded proteins preferred codons ending with adenine 

or uracil (28). The similarity in codon usage bias of nuclear and chloroplast genomes 

between Dunaliella and Chlamydomonas revealed that the method of codon usage analysis 

adopted in this study was reliable. The differences in the preferences of stop codons between 

species of Dunaliella should be highlighted in this context. The nuclear genome of D. salina 

preferred exclusive use of the stop codon TAA (Table 3.2), whereas D. viridis preferred 

equal usage of all the stop codons (Table 3.3).  

From the graphical codon usage analysis output, it was understood that the coding sequences 

of the heterologous genes egfp and tesA needed codon optimization, whereas ble does not 

need one under the consideration that the codons with relative adaptiveness less than or equal 

to 10 was considered as rare codons and therefore they were not optimal for expression in 

Dunaliella (Figure 3.2). However, changes to optimal codons as suggested for ble from CTA 

to CTG at position 87 and for egfp from GTA to GTG at position 23 may or may not have an 

influence on the protein expression of those genes in Dunaliella. This is because in addition 

to optimizing the codons of the heterologous genes based on the host genome codon usage 

bias, there are other factors beyond codon bias that need to be considered for successful 

expression of the heterologous protein. 
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The main factor which affected the codon usage of a given organism was the dominance of 

guanines (G) and cytosines (C) (35). The GC content has to be calculated exclusively from 

the coding sequences rather than the entire transcript sequences which contained the 

untranslated sequences, thereby providing a more accurate reflection of the codon usage of 

any organisms. Many genomes of microalgal species including C. reinhardtii and C. vulgaris 

have very rich GC content and severely biased codon usage which often led to difficulties in 

heterologous protein expression (36-41). The GC content of the D. salina organelle DNA 

was 34.4% (mitochondrial DNA) and 32.1% (plastid DNA) which was undistinguished from 

those eukaryotes with primary plastids. Although, they were the most GC poor or AT 

(Adenine-Thymine) rich organelle DNAs observed within the Chlamydomonadales, which 

was significant because the Chlamydomonodales was found to be one of the few lineages out 

of all eukaryotes know to contain species with GC rich mitochondrial genomes (34). The 

preference of codons ending with adenine or uracil in the chloroplast genome of D. salina 

(Table 3.5) correlated with the fact that the plastid genome was AT rich as described by 

Smith et al. 2010 (34). The difference in the genome nucleotide composition of Dunaleilla 

from that of Chlamydomonas may have occurred during evolution. The characteristic of 

Dunaliellaôs genome being AT rich might overcome the effect of GC content and codon 

usage bias on the expression of heterologous proteins during plastid transformation. The 

preference of nuclear genome codons ending with G or C suggested the presence of high GC 

content in the nuclear genome of Dunaliella (Table 3.5). Unfortunately, the lack of nuclear 

genome sequence information for Dunaliella salina limited our understanding of the effect of 
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nucleotide composition and codon usage on expression of heterologous proteins based on its 

nuclear genome. Further analysis using whole genome sequencing data will help to 

understand how the gene length and gene expression pattern (42), and GC content (35, 43) 

have an effect on codon usage in Dunaliella.   

Other factors which needs to be considered during codon optimization included RNA 

secondary structure and stability (44-46), tRNA abundance (10-13), protein structure (47), 

hydrophobicity and aromaticity of the encoded proteins (48, 49). Recent studies have shown 

that the usage of particular synonymous codons had impact on protein folding or misfolding 

(50-52). The nucleotide sequences close to the N-terminal region of the protein appear 

particularly sensitive, both to the presence of rare codons (53, 54) and to the identities of 

codons immediately adjacent to the initiation AUG (55, 56). It was likely that codon usage 

and tRNA abundance have coevolved, and especially the selection pressure for this co-

evolution was stronger for highly expressed genes than for genes expressed at low levels 

(12). It was also important to understand that coding sequences containing only optimal 

codons led to starvation of tRNA and resulted in an imbalanced tRNA pool, skewed codon 

usage pattern and translational error (57). In addition, with no flexibility in codon selection, it 

was not possible to avoid repetitive elements and secondary structures in the gene and 

mRNA that might inhibit ribosome processing through mRNA stem-loops (58). Gene 

sequences with repetitive elements are difficult to synthesize and also affect the stability of 

the gene.  
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A collection of bioinformatics tools are available to predict the effect of optimized codons on 

those factors discussed above before trying to express those heterologous proteins in the host 

genome. Improvements in the speed and cost of gene synthesis will help to completely 

redesign the entire gene sequences to maximize the chances of high protein expression. Also, 

site-directed mutagenesis PCR techniques (59) can be used to create changes in the position 

desired and to resynthesize the entire gene without modifying the amino acid sequence of the 

encoded protein.  

 

 

 

  



 

 

 

 

 

208 

REFERENCES 

 

1. Bennetzen JL, Hall BD. Codon selection in yeast. J Biol Chem. 1982 Mar 25;257(6):3026-

31. 

2. Matassi G, Montero LM, Salinas J, Bernardi G. The isochore organization and the 

compositional distribution of homologous coding sequences in the nuclear genome of plants. 

Nucleic Acids Res. 1989 Jul 11;17(13):5273-90. 

3. Urrutia AO, Hurst LD. Codon usage bias covaries with expression breadth and the rate of 

synonymous evolution in humans, but this is not evidence for selection. Genetics. 2001 

Nov;159(3):1191-9. 

4. Sharp PM, Bailes E, Grocock RJ, Peden JF, Sockett RE. Variation in the strength of 

selected codon usage bias among bacteria. Nucleic Acids Res. 2005 Feb 23;33(4):1141-53. 

5. Bulmer M. The selection-mutation-drift theory of synonymous codon usage. Genetics. 

1991 Nov;129(3):897-907. 

6. Palidwor GA, Perkins TJ, Xia X. A general model of codon bias due to GC mutational 

bias. PLoS One. 2010;5(10):e13431. 

7. Supek F, Skunca N, Repar J, Vlahovicek K, Smuc T. Translational selection is ubiquitous 

in prokaryotes. PLoS genetics. 2010;6(6):e1001004. 

8. Shah P, Gilchrist MA. Explaining complex codon usage patterns with selection for 

translational efficiency, mutation bias, and genetic drift. Proc Natl Acad Sci U S A. 2011 Jun 

21;108(25):10231-6. 

9. Barozai MYK, Kakar AG, Din M. The relationship between codon usage bias and salt 

resistant genes in Arabidopsis thaliana and Oryza sativa. Pure Appl Biol. 2012;1(2):48-51. 

10. Ikemura T. Correlation between the abundance of Escherichia coli transfer RNAs and the 

occurrence of the respective codons in its protein genes: A proposal for a synonymous codon 

choice that is optimal for the E. coli translational system. J Mol Biol. 1981;151(3):389-409. 

11. Ikemura T. Codon usage and tRNA content in unicellular and multicellular organisms. 

Mol Biol Evol. 1985 Jan;2(1):13-34. 



 

 

 

 

 

209 

12. Bulmer M. Coevolution of codon usage and transfer RNA abundance. Nature. 

1987;325(6106):728-30. 

13. Kanaya S, Yamada Y, Kudo Y, Ikemura T. Studies of codon usage and tRNA genes of 18 

unicellular organisms and quantification of Bacillus subtilis tRNAs: Gene expression level 

and species-specific diversity of codon usage based on multivariate analysis. Gene. 

1999;238(1):143-55. 

14. Burgess-Brown NA, Sharma S, Sobott F, Loenarz C, Oppermann U, Gileadi O. Codon 

optimization can improve expression of human genes in Escherichia coli: A multi-gene 

study. Protein Expr Purif . 2008;59(1):94-102. 

15. Maertens B, Spriestersbach A, von Groll U, Roth U, Kubicek J, Gerrits M, Graf M, Liss 

M, Daubert D, Wagner R. Gene optimization mechanisms: A multi gene study reveals a high 

success rate of full length human proteins expressed in Escherichia coli. Protein Science. 

2010;19(7):1312-26. 

16. Hilterbrand A, Saelens J, Putonti C. CBDB: The codon bias database. BMC 

Bioinformatics. 2012 Apr 26;13:62,2105-13-62. 

17. Francino MP, Ochman H. Isochores result from mutation not selection. Nature. 

1999;400(6739):30-1. 

18. McLachlan AD, Staden R, Boswell DR. A method for measuring the non-random bias of 

a codon usage table. Nucleic Acids Res. 1984 Dec 21;12(24):9567-75. 

19. Sharp PM, Tuohy TM, Mosurski KR. Codon usage in yeast: Cluster analysis clearly 

differentiates highly and lowly expressed genes. Nucleic Acids Res. 1986 Jul 

11;14(13):5125-43. 

20. Sharp PM, Li WH. The codon adaptation index-a measure of directional synonymous 

codon usage bias, and its potential applications. Nucleic Acids Res. 1987 Feb 11;15(3):1281-

95. 

21. Ben-Amotz, A, Polle, J, Rao, D. The Alga Dunaliella: Biodiversity, Physiology, 

Genomics, and Biotechnology. Enfield, New Hampshire, USA: Science Publishers; 2009. 

22. Wang W, Allen E, Campos AA, Cade RK, Dean L, Dvora M, Immer JG, Mixson S, 

Srirangan S, Sauer M, Schreck S, Sun K, Thapaliya N, Wilson C, Burkholder J, Grunden 

AM, Lamb HH, Sederoff H, Stikeleather LF, Roberts WL. ASI: Dunaliella marine 



 

 

 

 

 

210 

microalgae to drop-in replacement liquid transportation fuel. Environmental Progress & 

Sustainable Energy. 2013;32(4):916-25. 

23. Johnson MT, Carpenter EJ, Tian Z, Bruskiewich R, Burris JN, Carrigan CT, Chase MW, 

Clarke ND, Covshoff S, Depamphilis CW, Edger PP, Goh F, Graham S, Greiner S, Hibberd 

JM, Jordon-Thaden I, Kutchan TM, Leebens-Mack J, Melkonian M, Miles N, Myburg H, 

Patterson J, Pires JC, Ralph P, Rolf M, Sage RF, Soltis D, Soltis P, Stevenson D, Stewart 

CN,Jr, Surek B, Thomsen CJ, Villarreal JC, Wu X, Zhang Y, Deyholos MK, Wong GK. 

Evaluating methods for isolating total RNA and predicting the success of sequencing 

phylogenetically diverse plant transcriptomes. PLoS One. 2012;7(11):e50226. 

24. Matasci N, Hung L, Yan Z, Carpenter EJ, Wickett NJ, Mirarab S, Nguyen N, Warnow T, 

Ayyampalayam S, Barker M. Data access for the 1,000 plants (1KP) project. GigaScience. 

2014;3(1):17. 

25. Wickett NJ, Mirarab S, Nguyen N, Warnow T, Carpenter E, Matasci N, Ayyampalayam 

S, Barker MS, Burleigh JG, Gitzendanner MA, Ruhfel BR, Wafula E, Der JP, Graham SW, 

Mathews S, Melkonian M, Soltis DE, Soltis PS, Miles NW, Rothfels CJ, Pokorny L, Shaw 

AJ, DeGironimo L, Stevenson DW, Surek B, Villarreal JC, Roure B, Philippe H, 

dePamphilis CW, Chen T, Deyholos MK, Baucom RS, Kutchan TM, Augustin MM, Wang J, 

Zhang Y, Tian Z, Yan Z, Wu X, Sun X, Wong GK, Leebens-Mack J. Phylotranscriptomic 

analysis of the origin and early diversification of land plants. Proc Natl Acad Sci U S A. 

2014 Nov 11;111(45):E4859-68. 

26. Puigbo P, Bravo IG, Garcia-Vallve S. CAIcal: A combined set of tools to assess codon 

usage adaptation. Biology Direct. 2008 Sep 16;3  

27. Fuhrmann M, Hausherr A, Ferbitz L, Schodl T, Heitzer M, Hegemann P. Monitoring 

dynamic expression of nuclear genes in Chlamydomonas reinhardtii by using a synthetic 

luciferase reporter gene. Plant Mol Biol. 2004 Aug;55(6):869-81. 

28. Campbell WH, Gowri G. Codon usage in higher plants, green algae, and cyanobacteria. 

Plant physiology. 1990 Jan;92(1):1-11.  

29. Ioki M, Baba M, Nakajima N, Shiraiwa Y, Watanabe MM. Codon usage of Botryococcus 

braunii (Trebouxiophyceae, Chlorophyta): Implications for genetic engineering applications. 

Phycologia. 2013;52(4):352-6. 

30. Harris EH. The Chlamydomonas sourcebook: introduction to Chlamydomonas and its 

laboratory use. 2nd ed. Oxford, United Kingdom: Academic Press; 2009. 



 

 

 

 

 

211 

31. Miller R, Wu G, Deshpande RR, Vieler A, Gartner K, Li X, Moellering ER, Zauner S, 

Cornish AJ, Liu B, Bullard B, Sears BB, Kuo MH, Hegg EL, Shachar-Hill Y, Shiu SH, 

Benning C. Changes in transcript abundance in Chlamydomonas reinhardtii following 

nitrogen deprivation predict diversion of metabolism. Plant Physiology. 2010 

Dec;154(4):1737-52.  

32. Merchant SS, Kropat J, Liu BS, Shaw J, Warakanont J. TAG, you're it! Chlamydomonas 

as a reference organism for understanding algal triacylglycerol accumulation. Current 

Opinion in Biotechnology. 2012 Jun;23(3):352-63.  

33. Boyle NR, Page MD, Liu B, Blaby IK, Casero D, Kropat J, Cokus SJ, Hong-Hermesdorf 

A, Shaw J, Karpowicz SJ, Gallaher SD, Johnson S, Benning C, Pellegrini M, Grossman A, 

Merchant SS. Three acyltransferases and nitrogen-responsive regulator are implicated in 

nitrogen starvation-induced triacylglycerol accumulation in Chlamydomonas. Journal of 

Biological Chemistry. 2012 May 4;287(19):15811-25.  

34. Smith DR, Lee RW, Cushman JC, Magnuson JK, Tran D, Polle JE. The Dunaliella salina 

organelle genomes: Large sequences, inflated with intronic and intergenic DNA. BMC Plant 

Biology. 2010.  

35. Plotkin JB, Kudla G. Synonymous but not the same: The causes and consequences of 

codon bias. Nature Reviews: Genetics. 2011 Jan 2011;12(1):32-42. 

36. Cerutti H, Johnson AM, Gillham NW, Boynton JE. A eubacterial gene conferring 

spectinomycin resistance on Chlamydomonas reinhardtii: Integration into the nuclear 

genome and gene expression. Genetics. 1997 Jan;145(1):97-110. 

37. Fuhrmann M, Oertel W, Hegemann P. A synthetic gene coding for the green fluorescent 

protein (GFP) is a versatile reporter in Chlamydomonas reinhardtii. Plant J. 1999 

Aug;19(3):353-61. 

38. Sizova I, Fuhrmann M, Hegemann P. A. Streptomyces rimosus aphVIII gene coding for a 

new type phosphotransferase provides stable antibiotic resistance to Chlamydomonas 

reinhardtii. Gene. 2001;277(1):221-9. 

39. Heitzer M, Eckert A, Fuhrmann M, Griesbeck C. Influence of codon bias on the 

expression of foreign genes in microalgae: Transgenic Microalgae as Green Cell Factories. 

Springer; 2007 p. 46-53. 

40. Potvin G, Zhang Z. Strategies for high-level recombinant protein expression in transgenic 

microalgae: A review. Biotechnol Adv. 2010;28(6):910-8. 



 

 

 

 

 

212 

41. Tsuji Y, Suzuki I, Shiraiwa Y. Enzymological evidence for the function of a plastid-

located pyruvate carboxylase in the haptophyte alga Emiliania huxleyi: A novel pathway for 

the production of C4 compounds. Plant Cell Physiol. 2012 Jun;53(6):1043-52. 

42. Duret L, Mouchiroud D. Expression pattern and, surprisingly, gene length shape codon 

usage in Caenorhabditis, Drosophila, and Arabidopsis. Proc Natl Acad Sci U S A. 1999 Apr 

13;96(8):4482-7. 

43. Comeron JM, Kreitman M, Aguade M. Natural selection on synonymous sites is 

correlated with gene length and recombination in Drosophila. Genetics. 1999 

Jan;151(1):239-49. 

44. Hartl DL, Moriyama EN, Sawyer SA. Selection intensity for codon bias. Genetics. 1994 

Sep;138(1):227-34. 

45. Chen Y, Carlini DB, Baines JF, Parsch J, Braverman JM, Tanda S, Stephan W. RNA 

secondary structure and compensatory evolution. Genes Genet Syst. 1999;74(6):271-86. 

46. Carlini DB, Chen Y, Stephan W. The relationship between third-codon position 

nucleotide content, codon bias, mRNA secondary structure and gene expression in the 

drosophilid alcohol dehydrogenase genes Adh and Adhr. Genetics. 2001 Oct;159(2):623-33. 

47. Oresic M, Dehn MH, Korenblum DH, Shalloway DH. Tracing specific synonymous 

codonïsecondary structure correlations through evolution. J Mol Evol. 2003;56(4):473-84. 

48. Romero H, Zavala A, Musto H. Codon usage in Chlamydia trachomatis is the result of 

strand-specific mutational biases and a complex pattern of selective forces. Nucleic Acids 

Res. 2000 May 15;28(10):2084-90. 

49. Rispe C, Delmotte F, van Ham RC, Moya A. Mutational and selective pressures on codon 

and amino acid usage in Buchnera, endosymbiotic bacteria of aphids. Genome Res. 2004 

Jan;14(1):44-53. 

50. Ivanov IG, Saraffova AA, Abouhaidar MG. Unusual effect of clusters of rare arginine 

(AGG) codons on the expression of human interferon Ŭ1 gene in Escherichia coli. Int J 

Biochem Cell Biol. 1997;29(4):659-66. 

51. Tsai C, Sauna ZE, Kimchi-Sarfaty C, Ambudkar SV, Gottesman MM, Nussinov R. 

Synonymous mutations and ribosome stalling can lead to altered folding pathways and 

distinct minima. J Mol Biol. 2008;383(2):281-91. 



 

 

 

 

 

213 

52. Marin M. Folding at the rhythm of the rare codon beat. Biotechnology journal. 

2008;3(8):1047-57. 

53. Hoekema A, Kastelein RA, Vasser M, de Boer HA. Codon replacement in the PGK1 

gene of Saccharomyces cerevisiae: Experimental approach to study the role of biased codon 

usage in gene expression. Mol Cell Biol. 1987 Aug;7(8):2914-24. 

54. Deana A, Ehrlich R, Reiss C. Silent mutations in the Escherichia coli ompA leader 

peptide region strongly affect transcription and translation in vivo. Nucleic Acids Res. 1998 

Oct 15;26(20):4778-82. 

55. Sato T, Terabe M, Watanabe H, Gojobori T, Hori-Takemoto C, Miura K. Codon and base 

biases after the initiation codon of the open reading frames in the Escherichia coli genome 

and their influence on the translation efficiency. J Biochem. 2001 Jun;129(6):851-60. 

56. Stenstrom CM, Isaksson LA. Influences on translation initiation and early elongation by 

the messenger RNA region flanking the initiation codon at the 3ǋ side. Gene. 2002;288(1):1-

8. 

57. Wilson RK, Roe BA. Presence of the hypermodified nucleotide N6-(delta 2-isopentenyl)-

2-methylthioadenosine prevents codon misreading by Escherichia coli phenylalanyl-transfer 

RNA. Proc Natl Acad Sci U S A. 1989 Jan;86(2):409-13. 

58. Griswold KE, Mahmood NA, Iverson BL, Georgiou G. Effects of codon usage versus 

putative 5ǋ-mRNA structure on the expression of Fusarium solani cutinase in the Escherichia 

coli cytoplasm. Protein Expr Purif. 2003;27(1):134-42. 

59. Kink JA, Maley ME, Ling K, Kanabrocki JA, Kung C. Efficient expression of the 

Paramecium calmodulin gene in Escherichia coli after four TAAȤtoȤCAA changes through a 

series of polymerase chain reactions. J Protozool. 1991;38(5):441-7. 

  

 

 

 

  



 

 

 

 

 

214 

Chapter 4 

Development of molecular tools for nuclear transformation in the 

marine microalgae Dunaliella viridis 

Soundarya Srirangan
1
, Marie-Laure Sauer

1,2
, Heike Sederoff

1 

1
Department of Plant and Microbial Biology, North Carolina State University, Raleigh, USA 

27695, 
2
Bayer Crop Science, Durham, NC. 

  



 

 

 

 

 

215 

Abstract 

Molecular tools for nuclear transformation of the unicellular marine green alga, 

Dunaliella viridis dumsii, have been developed. Endogenous promoters and terminators of 

the ribulose bisphosphate carboxylase/oxygenase small subunit (rbcS) gene were isolated 

from D. viridis and used to drive the expression of the reporter gene egfp (enhanced green 

fluorescent protein) and the ble (bleomycin) gene conferring resistance to the antibiotic 

zeocin. Transformation was attempted by mechanical stress using glass beads and by 

electroporation. 200 mg/L of zeocin kill ed the wild-type cells of D. viridis in both solid and 

liquid growth media at 1M NaCl. Low voltage (600 V) and high capacitance (50 µF) 

electroporation and an agitation interval of 15 seconds for glass bead transformation were 

optimal for both egfp and ble uptake and expression in D. viridis. A novel method of 

embedding D. viridis cells in solid growth media while selecting with zeocin was developed 

to improve the efficiency of colony forming units after transformation. Transformation 

efficiencies of ~110 and ~67 colony forming units (cfu) per million cells were achieved for 

ble at low voltage and high capacitance electroporation and with an agitation interval of 15 

seconds using glass beads respectively. Transient expression of EGFP was detected after 86 

hours of transformation by glass beads and electroporation using a confocal scanning 

microscope. PCR amplification using the genomic DNA of zeocin resistant colonies followed 

by sequencing confirmed the presence of the ble gene. Southern blot analysis of seven 

transformants indicated the episomal integration of the ble gene. The transformed colonies 
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lost their episomal plasmid DNA with ble during sub-culturing due to the absence of zeocin 

selection pressure. About thirty zeocin resistant colonies were obtained when cells of D. 

viridis had been transformed using glass beads with a plasmid carrying the ble gene and the 

Chromohalobacter salexigens Thioesterase A (tesA) gene independently driven by the 

endogenous promoter and terminator of rbcS. However, none of the thirty zeocin resistant 

lines maintained their ble during subsequent cultivation in both solid and liquid media under 

100 and 75 mg/L of zeocin. Isolation of the full length rbcS gene of D. viridis by PCR and 

subsequent sequencing resulted in the identification of rbcS transit peptide sequences used 

for targeting the N-terminal tagged TesA extremophilic protein into the chloroplast. Targeted 

mutagenesis to knock out the nitrate reductase gene of D. viridis using CRISPR/Cas has been 

developed and transformed into cells using glass beads. A screening procedure based on 

chlorate resistance to identify the nitrate reductase defective mutants has been developed for 

D. viridis. Under ñno nitrogenò conditions, chlorate acts as an analog of nitrate and the cells 

take up chlorate (KClO3), reduce it to toxic chlorite (KClO2
-
) and then die. When growth 

media containing 5 mM KNO3 was treated with KClO3 (2.5, 5 and 10 mM), nitrate acted as a 

competitive inhibitor of chlorate irrespective of the KClO3 concentration tested. Chlorate was 

found to act as a competitive inhibitor of nitrate when the concentration of KNO3 had been 

reduced to 2.5 mM or lower in the growth media. Transformation using CRISPR/Cas for 

genetic engineering of D. viridis was not successful most likely due to the use of endogenous 

RNA polymerase III promoters to transcribe the target guide RNA. Efforts to achieve stable 
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transformation, improve transformation efficiency and establish CRISPR/Cas for genome 

editing in D. viridis will be the focus of future experiments. 

Introduction  

Dunaliella is a genus of halotolerant unicellular green algae, in the phylum 

Chlorophyta, order Volvocales and the family Polyblepharidaceae (1, 2). Dunaliella species 

lack a rigid cell wall (3), but can grow in media containing an extremely wide range of NaCl 

concentrations from 0.05 M to 5.5 M (1), which helps in the reduction of culture 

contamination with other microorganisms (4, 5). Dunaliella cells adapt to the varying salinity 

by regulating their intracellular concentration of glycerol (1, 6). Dunaliella species have been 

mass cultured for the commercial production of carotenoids and glycerol (5, 7-9). Dunaliella 

species have great potential as a feedstock for liquid transportation fuels because they grow 

fast and can accumulate high levels of triacylgycerides (10-12) with litt le need for fresh 

water or land. The absence of a cell wall in Dunaliella enables the extraction of oil droplets 

by osmotic shock in freshwater as one of the most inexpensive and environmental friendly 

ways to extract oil from algae cultures. Despite all these desirable traits of Dunaliella, there 

is no reliable method for stable genetic transformation and metabolic engineering. The high 

cost of producing biofuel using the oil extracted from Dunaliella has prevented the 

development of this technology at a commercial level. In microalgae, cell division rates and 

TAG accumulation exhibit an inverse relationship, because cell division rates are maximal 

under optimal growth conditions while TAG accumulates during conditions that limit cell 
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division (13). Increasing the amount of oil produced per cell or expression of value added co-

products along with oil, will offset the costs associated with the production of oil from 

Dunaliella. Therefore, there is a need to develop the molecular tool box for establishing 

genetic transformation in Dunaliella. Due to the different cell sizes and physiology (optimal 

salinities for growth and adaptation to wide range of habitats) associated with the species of 

Dunaliella, conditions for transformation in one species may not work for others. Genetic 

diversity among the strain/species of Dunaliella is a significant consideration towards 

developing the molecular tool box for transformation. 

An availability of a reliable transformation method, selection protocol and appropriate 

promoters are important for the development of a transformation system. The main constraint 

researchers have faced working towards Dunaliella transformation was that the cells of D. 

salina were resistant to most commonly used antibiotics such as kanamycin, hygromycin and 

spectinomycin even at a concentration of 1200 mg/L (14). Few studies have shown the 

transient or stable expression of a foreign gene in Dunaliella, although, in most cases the 

cells lost their transgene during cultivation. A stable transformation of the heterologous gene 

hepatitis B surface antigen under the control of maize ubiquitin promoter fused to 5ô leader 

sequence of tobacco mosaic virus was successful in D. salina using electroporation (15). 

Transient and stable transformation of D. tertiolecta by electroporation with the bleomycin 

(ble) antibiotic resistance under the control of endogenous rbcS1 promoter and terminator 

regions was reported (16). In another study, D. salina was transformed with ble by 

electroporation under the control of the rbcS2 promoter from Chlamydomonas reinhardtii 
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and colonies resistance to 10 mg/L of zeocin were obtained and maintained for six months. 

However, 90% of the cells lost their resistance during sub-culturing at a zeocin concentration 

of 5 mg/L (17). A comparison of different transformation methods such as glass beads, 

electroporation and particle bombardment for transformation of herbicide tolerance bialaphos 

resistance (bar) in D. salina was performed and the transformation efficiency using glass 

beads was higher than other methods and was ~100 transformants/µg of DNA (18). Particle 

bombardment was successful in the transformation and transient expression of ɓ- 

glucuronidase (GUS) under the control of the CaMV35S promoter in D. salina (14). In 

previous transformation trials of Dunaliella, the gene transfer techniques had low 

transformation frequency and unstable transgene expression. However, in a recent study, 

Agrobacterium mediated transformation was successful for stable integration of a transgene 

in D. bardawil (19). The authors expressed Green Fluorescent Protein (GFP), GUS and 

hygromycin phosphotransferase (hpt) in D. bardawil. Transformed colonies were selected 

using a hygromycin at 100 mg/L at a low NaCl concentration of 0.2 M (19). The transformed 

lines were sub-cultured without hygromycin and retained their resistance even after 18 

months. The Southern blot analysis showed successful integration of the hpt gene (19). 

Reducing the NaCl concentration from 1.0 M to 0.2 M in the growth media enabled co-

cultivation of Agrobacterium with the cells of D. bardawil (19). Agrobacterium mediated 

transformation for stable transformation has also been reported for other green algae C. 

reinhardtii (20), Chlorella vulgaris (21) and Haematococcus pluvialis (22) respectively. 
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The first part of this study focused on establishing a stable genetic transformation system for 

a Dunaliella viridis, because it showed higher oil accumulation due to changes in 

environmental growth conditions than other species tested (See Chapter 2). We used glass 

beads and electroporation methods with different parameters with each method to find an 

efficient transformation parameter for D. viridis. The endogenous rbcS promoter and 

terminator from D. viridis were isolated and used to drive the expression of the heterologous 

EGFP and ble. Sensitivity of D. viridis cells to a range of zeocin concentrations tested both in 

solid and liquid growth media was determined. A novel method of embedding D. viridis cells 

in agar M solid growth media while selecting with zeocin was developed to improve the 

frequency of colony forming units after transformation. 

In the second part of this study, we proposed to genetically engineer the D. viridis with tesA 

isolated from the moderately halophilic bacteria C. salexigens using glass beads to make the 

fatty acid profile of oil extracted from D. viridis improve the biofuel characteristics. In fatty 

acid synthesis, the elongation of fatty acids is terminated by acyl-acyl carrier protein (ACP) 

thioesterases, which hydrolyze the fatty acyl-ACP and release free fatty acids (23, 24). The 

thioesterase substrate specificity can influence the lipid profile (25). Plant thioesterases have 

been engineered in a variety of plant species and altered their oil content (26). The degree of 

saturation and fatty acid profile have a great impact on the properties of the fuel produced 

(23). For biodiesel production, saturated medium chain fatty acids (C8-C14) are ideal 

because they mimic diesel fuels (27). Recently, plant fatty acyl-ACP thioesterase B (FatB) 

was genetically engineered in a diatom (Phaeodactylum tricornutum) and a cyanobacteria 
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(Synechocystis sp. PCC6803) to create superior biodiesel feedstocks, but these efforts were 

met with limited success (28, 29). We were interested to express the TesA protein from a 

halophilic bacterium, because the enzyme produced will be stable and functional in high salt 

growth media. Halophilic proteins can function in high salt because the hydrophobic and 

electrostatic interactions of the amino acids for proper folding and stability are strengthened 

by the presence of salt (30). To investigate the expression of TesA protein in D. viridis, the 

endogenous promoter and terminator of rbcS and the CaMV35S promoter with NOS 

terminator were independently used to drive the transcription of the tesA. A transit peptide 

sequence from rbcS of D. viridis was isolated and used to target the N-terminal histidine 

tagged TesA protein into the chloroplast. The transformants positive for tesA were selected 

based on the zeocin resistance.  

The third part of this study focused on establishing the CRISPR/Cas genome editing system 

in D. viridis. CRISPR/Cas, the targeted genome modification tool, was successful in bacteria 

(31-33), human cells (34), mice (35) and plants (36, 37) for gene knock out or replacement. 

CRISPR (Clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-

associated) type II prokaryotic adaptive immune system has emerged as a precise genome 

editing strategy with minor off-target effects (38). The system is based on the cas9 nuclease 

and an engineered single guide RNA (gRNA), which guides cas9 to recognize and cleave a 

target DNA by double strand break and repair using non-homologous end joining or 

homology-directed repair mechanisms (39). The repair often leads to small deletions or 

insertions of nucleotides in the coding region of the gene, which shifts the codon reading 
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frame and thus generate knock outs. In this study, guide RNA targets were designed to create 

deletion simultaneously in the molybdopterin binding domain and in the dimer interface 

regions of the nitrate reductase gene (Figure 4.2). Nitrate reductase is the first enzyme of the 

nitrate assimilation pathway which catalyzes the reduction of nitrate to nitrite and is 

subjected to tight regulation at the level of enzyme synthesis, activity and degradation in 

green algae (40, 41). In Dunaliella, nitrate reductase (NIA1) is a single copy gene and its 

activity has been shown to be positively regulated by nitrate and light and negatively 

regulated by ammonium ions (42, 43). Using NIA1 as a selectable marker, nuclear genetic 

transformation using functional complementation has been established in Chlamydomonas 

(44), Volvox (45), and D. viridis (43). This is the first report to investigate if the CRISPR/Cas 

system could be used for targeted mutagenesis of NIA1 in D. viridis. We used the 

endogenous promoter and terminator of rbcS to drive the expression of codon optimized 

Cas9 from Streptococcus pyogenes fused with the nuclear localization signal from Simian 

Virus 40 at its 3ô end (39). The gRNA targets were independently driven by U6, a RNA 

polymerase III promoter (39). We transformed the plasmid carrying the regulatory elements 

with Cas9 and the gRNAs using glass beads into D. viridis.  

Here we report success with both glass beads and electroporation for EGFP and ble 

expression using the endogenous promoter and terminator of rbcS in D. viridis. Low voltage 

under high capacitance electroporation and an agitation interval of 15 seconds using glass 

beads were optimal. Zeocin at 200 mg/L was sufficient to kill wild-type cells of D. viridis. 

Episomal integration of ble was detected and the transformed lines lost resistance to zeocin 
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during subsequent cultivation. We had success with the development of screening procedure 

for selection of nitrate reductase defective mutants in D. viridis based on chlorate tolerance. 

However, our trials to establish a CRISPR/Cas system for targeted mutagenesis of nitrate 

reductase in D. viridis was not successful and we suspect that the use of RNA polymerase III 

promoters from Arabidopsis might not drive the transcription of the gRNA used. Efforts to 

obtain stable transformation and establish the CRISPR/Cas system as proof of concept for 

genome editing in D. viridis will be continued in future work. 

Materials and Methods 

Strain, media and growth conditions 

The D. viridis dumsii strain used in this study was obtained from the Center for Applied 

Aquatic Ecology at North Carolina State University. Growth media A was modified from 

(46) using 1M NaCl, with the addition of 10 mM Tris and pH 7.5. Growth media A was used 

for cultivation of inoculum and transformation cultures. In addition to growth media A, for 

cell cultivation during CRISPR/Cas transformation experiments, growth media such as B, C 

and no nitrogen were used (Table 4.1). The other growth media had compositions identical to 

growth media A except there were changes in the type of nitrogen sources used and the 

presence or absence of KClO3  (Sigma, catalog # 255572) (Table 4.1).  
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Table 4.1. List of media used for cell cultivation. 

Medium  A B C No Nitrogen (no N)  

Nitrogen 

sources  

5 mM 

KNO3 

5 mM 

NaNO2 

5 mM NaNO2 + 

15 mM KClO3 - 

 

 

 

The inoculum was grown in Erlenmeyer flasks for 1 week under standard conditions of a 12 

hr light/ 12 hr dark cycle (cool fluorescent lights, 3340 lux) at 25°C without shaking or 

provision of external air or CO2. Cultures for transformation were started by diluting the 

inoculum (1:10) using the growth media A and allowed to grow under the standard 

conditions for ~ 24 hours and harvested by centrifugation (2000 rpm for 5 min) during the 

light period (~8 hours after transition from dark to light). The cell pellets were resuspended 

in growth media A to reach a final cell density of 2 x 10
7
 cells mL

-1
 before transformation. 

For CRISPR/Cas transformation, the cell pellets were washed with no nitrogen (no N) media 

and resuspended using growth media B to reach a final cell density of 2 x 10
7
 cells mL

-1
 

before transformation. For embedding, 0.8% agar M semi-solid growth media was prepared 

by adding 8 g of agar M to 200 ml of deionized water, autoclaved, and mixed with 1000 mL 

equivalent of liquid growth media prepared in 800 mL and held at 65°C. The 0.8% agar M 

growth media remained at 65°C until use. 

Antibiotic sensitivity test for growth of D. viridis  

Five day old cell cultures in growth media A were pelleted by centrifugation (2000 rpm, 5 

mins). The pellets were mixed in 4 mL of 0.8% agar M growth media A at room temperature 
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to reach the final cell density of 10
7
 cells/mL and 2 x 10

7
 cells/mL. The cells at each cell 

density were subjected to different concentrations (100-1000 mg/L) of zeocin (Life 

technologies, catalog # R25001). The cells were poured into sterile 12 well plates (Genesee 

Scientific, Catalog # 25-101) while embedding. Control cells were embedded using the same 

procedure except for the addition of zeocin. The cells were incubated under continuous light 

at 21°C for 2 weeks. The progress of cell death due to the effect of zeocin was observed 

directly by eye for a change in color of embedded cells from green to pale white. Also, the 

cells were viewed under the microscope (Axiovert 35, Zeiss) using a 20 X objective to 

observe chloroplast disintegration due to the effect of zeocin.  

In another experiment, the cell pellets were resuspended in 4 mL of liquid growth media A to 

reach the final cell density of 10
7
 cells/mL and 2 x 10

7
 cells/mL. The cell suspension was 

transferred into the sterile 12 well plates. The cell suspension under each cell density was 

subjected to different concentrations (5-500 mg/L) of zeocin. Control cells were resuspended 

only with media and no zeocin was added. The cells were incubated under continuous light at 

21°C for 2 weeks. Cell densities were measured for zeocin treated and for control cells using 

the TC10 Automatic Cell Counter (Bio-Rad). After 2 weeks, 200 µL of cells were collected 

from the control and zeocin treated wells and were inoculated into 1 mL of fresh liquid 

growth media A without zeocin. The cells were placed under continuous light at 21ºC for 30 

days and monitored to determine if reverted to normal.  
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Plasmid construction 

Promoter and terminator isolation of rbcS 

From our D. viridis transcriptome dataset available at the National Center of Biotechnology 

Information (NCBI)-GEO (GSE40997), locus 100 transcript-3/4 was determined to have 

shared sequence similarity to the rbcS protein using tBlastn. Genomic DNA was isolated 

using modified protocol as described by Doyle et al. 1987 (47). Using genomic DNA of D. 

viridis, the promoter region of the rbcS was amplified with the PCR primers PrbcSF1 and 

PrbcSR1 and the terminator region of the rbcS was amplified with the PCR primers TrbcSF1 

and TrbcSR1 (Table 4.2). PCR amplification was done using the Phusion High fidelity PCR 

kit (New England Biolabs, Catalog # E0553S). Subsequent PCR amplification in this study 

was also done using the same kit except for mentioned. The PCR cycling condition 1 was 

followed for both promoter and terminator amplification (Table 4.3). The PCR product size 

of 728 bp and 780 bp was expected for promoter and terminator regions of rbcS of D. viridis 

respectively. All PCR products in this study were separated on agarose gels (1%) stained 

with GelRed and gel purified using the QIAquick gel extraction kit (Qiagen, Catalog # 

28706). The amplified fragments corresponding to the promoter and terminator regions were 

cloned into the pGEM-T plasmid and transformed into the JM109 strain of E.coli using the 

pGEM-T cloning kit (VWR, Catalog # PR-A3600) and sequenced. The pGEM-T plasmid 

with the cloned promoter and terminator of rbcS were abbreviated as pPrbcS and pTrbcS. 
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Table 4.2. List of PCR primers used. 

Primer 

name Sequence 

PrbcSF1 5ôCTGCCCTGTAATGTGGGC3ô 

PrbcSR1 5ôCCACACATCATCTGGTTGG3ô 

TrbcSF1 5ôTGGCCTTCGACAACAAGAGG3ô 

TrbcSR1 5ôCTAGCTTTCTGACTCTGTT CCC 3ô 

PrbcSF2 5ôCTGCCCTGTAATGTGGGCAAAATGCAAAAGATTC3ô 

ble-

PrbcSR2 

5ôGAACGGCACTGGTCAACTTGGCC 

ATTGTGTTGAGTGTGTGTTTGGGGTCGGGTGCAAAG3ô 

bleF1-

PrbcS 

5ôCTTTGCACCCGACCCCAAACACACACTCAACACAATGG 

CCAAGTTGACCAGTGCCGTTC3ô 

TrbcS-

bleR1 5ôCATGAGGGCTCCCACTG CCAGCAACTCAGTCCTGCTCCTCGGCCACGAAG3ô 

ble-

TrbcSF2 5ôCTTCGTGGCCGAGGAGCAGGACTGAGTTGCTGGCAGTGGGAGCCC TCATG3ô 

TrbcSR2 5ôCTAGCTTTCTGACTCTGTTCCCCTTCAGTGAAG3ô 

egfp-

PrbcSR2 5ôCAGCTCCTCGCCCTTGCTCACCATTGTGTTGA GTGTGTGTTTGGGGTCGGGTGCAAAG3ô 

egfpF1-

PrbcS 5ôCTTTGCACCCGACCCCAAACACACACTCAACACAATGGTGAGCAAGGGCGAGGAGCTG3ô 

TrbcS-

egfpR1 5ôCATGAGGGCTC CCACTGCCAGCAACTTACTTGTACAGCTCGTCCATGCCGAGAG3ô 

egfp-

TrbcSF2  5ôCTCTCGGCATGGACGAGCTGTACAAGTAAGTTGCTGGCAGTGGGAGCCCTCATG3ô 

rbcSF1 5ôCACAATGGCCGCTCTCATCG3ô 

rbcSR1 5ôTTAGTAGCCGCCCACAGA GC3ô 

 

 

 
Table 4.3. PCR cycling conditions used. 

Condition 1 

98ºC for 30 seconds, 35 cycles of 98ºC for 10 seconds, 64ºC for 30 seconds 

and 72ºC for 30 seconds, and a final extension at 72ºC for 10 minutes. 

Condition 2 

98ºC for 30 seconds, 40 cycles of 98ºC for 10 seconds, 58ºC for 30 seconds 

and 72ºC for 30 seconds, and a final extension at 72ºC for 10 minutes 

Condition 3 

95ºC for 4 minutes, 40 cycles of 95ºC for 15 seconds, 60ºC for 30 seconds 

and 68ºC for 1 minute, and a final extension at 68ºC for 7 minutes.  

 

 

 

PrbcS-ble-TrbcS cassette development 

Overlap extension PCR was performed to assemble individual fragments of the 

transformation cassette (Figure B.1) as described by Heckman et al. 2007 (48). The overlap 
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PCR primers used for the cassette assembly were: PrbcSF2, ble-PrbcSR2, bleF1-PrbcS, 

TrbcS-bleR1, ble-TrbcSF2 and TrbcSR2 (Table 4.2). The plasmids pPrbcS, pORF35-Sh-ble 

(Invitrogen, Catalog # porf35-sh) and pTrbcS were used as template and the cycling 

condition 2 (Table 4.3) was followed while overlap PCR amplifications were performed. The 

overlap extension PCR product of the cassette PrbcS-ble-TrbcS was cloned into the pGEM-T 

plasmid and transformed into the JM109 strain of E.coli and sequenced. The plasmid with the 

cassette PrbcS-ble-TrbcS was linearized with the restriction enzymes SpeI (New England 

Biolabs, Catalog # R0133S) and SacII (New England Biolabs, Catalog # R0157S), and 

abbreviated as pPrbcS-ble (Figure 4.1A). 
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Figure 4.1 Schematic of plasmids used in transformation (A) pPrbcS-ble, (B) pPrbcS-egfp, (C) p35S-tesA, 

(D) pPrbcS-tesA and (E) pPrbcS-Cas9. Plasmid element abbreviations used: DvPrbcS, D. viridis promoter 

ribulose bisphosphate carboxylase/oxygenase small subunit; ble, bleomycin; DvTrbcS, D. viridis Terminator 

rbcS; egfp, enhanced green fluorescent protein; 2X35SP, Dual Cauliflower Mosaic Virus promoter; TPrbcS, 

Transit Peptide rbcS; tesA, Thioesterase A; NOS-T, Nopaline Synthase Terminator; Cas9, Clustered Regularly 

Interspaced Palindromic Repeats associated protein 9; AtU6P, A. thaliana U6 promoter; gRNA, guide RNA. The 

sequence information of the plasmids were provided (Figures B.1-B.5 and Figure B.8). 

 

 

 
PrbcS-egfp-TrbcS cassette development 

Overlap extension PCR was performed to assemble individual fragments of the 

transformation cassette (Figure B.2). The overlap PCR primers used for the cassette assembly 

were: PrbcSF2, egfp-PrbcSR2, egfpF1-PrbcS, TrbcS-egfpR1, egfp-TrbcSF2 and TrbcSR2 

(Table 4.2). The plasmids pPrbcS, pEGFP-N1 (Dept. of Biotechnology, NCSU) and pTrbcS 

were used as template and the cycling condition 2 (Table 4.3) was followed while overlap 

PCR amplifications were performed. The overlap extension PCR product of the cassette 
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PrbcS-egfp-TrbcS was cloned into the pGEM-T plasmid and transformed into the JM109 

strain of E.coli and sequenced. The plasmid with the cassette PrbcS-egfp-TrbcS was 

linearized with the same restriction enzymes used while pPrbcS-ble was digested and 

abbreviated as pPrbcS-egfp (Figure 4.1B). 

PrbcS-ble-TrbcS-2x35SP-TPrbcS-tesA-NOS-T cassette synthesis 

The sequences from individual elements of the cassette (Figure B.4) were assembled together 

using Vector NTI software (Life technologies). The sequence information for the 2x35SP 

with 5ô UTR of the Tobacco Etch Virus translational enhancer was kindly provided by Dr. 

Kamy Singer. The sequence of the C. salexigens codon optimized tesA with N-terminal 

histidine-tag was obtained from Dr. Amy Grunden (Dept. of Plant and Microbial Biology, 

North Carolina State University). The nopaline synthase terminator (NOS-T) sequence was 

accessed from NCBI (Genbank ID: AJ007624.1). The transit peptide (TP) of rbcS was 

isolated from the genomic DNA of D. viridis and used to import the TesA protein into the 

chloroplast. The full length rbcS was amplified with the PCR primers: rbcSF1 and rbcSR1 

(Table 4.2). The PCR cycling condition 1 was followed (Table 4.3). The amplified fragment 

corresponding to band size of 2000 bp was cloned into the pGEM-T plasmid and transformed 

into the JM109 strain of E.coli and sequenced (Figure B.4). The TP sequence of rbcS from D. 

viridis was identified by comparing the full length of the rbcS sequence isolated from D. 

viridis to the rbcS sequence of D. tertiolecta obtained from (49). The entire cassette (Figure 

B.4) was synthesized by Genscript (NJ, USA) and cloned into the pUC57 plasmid at BamHI 

restriction site. The plasmid was transformed into the DH5Ŭ strain of E.coli and sequenced. 
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The plasmid was linearized with the restriction enzyme BamHI (New England Biolabs, 

Catalog # R0136S) and abbreviated as p35S-tesA (Figure 4.1C). 

PrbcS-ble-TrbcS- PrbcS-TPrbcS-tesA-TrbcS cassette synthesis 

The sequences from individual elements of the cassette (Figure B.5) were assembled together 

using Vector NTI software (Life technologies). The entire cassette (Figure B.5) was 

synthesized by Genscript and cloned into the pUC57 plasmid at BamHI restriction site. The 

plasmid was transformed into the DH5Ŭ strain of E.coli and sequenced. The plasmid was 

linearized with the restriction enzyme BamHI and abbreviated as pPrbcS-tesA (Figure 4.1D). 

PrbcS-Cas9-NLS-TrbcS-PU6-gRNA1-gRNA scaffold-polyT-PU6-gRNA2-gRNA scaffold- polyT 

cassette development 

The Cas9 sequence of Streptococcus pyogenes was accessed from NCBI with the Accession 

ID: 3572134. The Cas9 coding sequence of S. pyogenes was analyzed using the graphical 

codon usage analyser tool (50) and the output was provided (Figure B.6). The codons were 

optimized in the Cas9 coding sequence as per D. viridis nuclear genome codon usage as 

described in chapter 3. The Simian virus 40 (SV40) nuclear localization signal (NLS) 

sequence was accessed from (39) and used to import the Cas9 protein into the nucleus. The 

SV40 NLS sequence was analyzed for codon usage (Figure B.7) and no optimization was 

required as per D. viridis nuclear genome codon usage. The SV40 NLS sequence was placed 

in-frame and downstream at the 3ô end of the cas9 codon optimized sequence. The regulatory 

elements PrbcS and TrbcS was placed upstream and downstream of the codon optimized 

Cas9 with SV40 NLS. The A. thaliana U6-26 gene promoter sequence accessed from (39) 
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was used to determine if the gRNAs could be transcribed. The gRNA1 and gRNA2 target 

sequences were selected from the locus 1095 transcript 3/3 of D. viridis transcriptome data 

which shared sequence similarity to the nitrate reductase protein of C. reinhardtii. The gRNA 

scaffold with poly-T sequence for transcription termination was accessed from (39) and 

placed at the 3ô end of both gRNA1 and gRNA2 target sequences. The sequences of individual 

elements of the cassette (Figure B.8) were assembled together using Vector NTI software. 

The entire cassette (Figure B.8) was synthesized by Genscript and cloned into the pUC57 

plasmid at BamHI and EcoRI restriction sites. The plasmid was transformed into the DH5Ŭ 

strain of E. coli and sequenced. The plasmid was linearized with the restriction enzymes 

BamHI and EcoRI (New England Biolabs, Catalog # R0101S) and abbreviated as pPrbcS-

Cas9 (Figure 4.1E). 

 

 

 

 

Figure 4.2 Functional domains of the nitrate reductase gene from D. viridis (43). MO-MPT, molybdenum-

molybdopterin binding domain; FAD, Flavin Adenine Dinucleotide; NADH, Nicotinamide Adenine 

Dinucleotide.  

 

 

 

Transformation by electroporation  

The plasmids pPrbcS-egfp (Figure 4.1B) and pPrbcS-ble (Figure 4.1A) were transformed into 

D. viridis using the modified electroporation protocol as described by Jia et al. 2012 (51). 
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200 µL of D. viridis cell suspension (2 x 10
7
 cells mL

-1
) and 10 µg of plasmid DNA (5µg of 

linear and 5 µg of circular DNA) were combined into a sterile pre-chilled 0.4 cm cuvette 

(Gene Pulser, Bio-Rad, Catalog # 165-2081) and placed on ice for 10 minutes. 

Electroporation was carried out using the PC module of gene pulser Xcell
TM 

(Bio-Rad, 

Catalog# 165-2660). To test the effects of voltage and capacitance combination on the 

transformation efficiency, a high voltage (1000V) and low capacitance (10 µF) at constant 

resistance (400 ɋ), a medium voltage (800 V) and medium capacitance (25 µF) at constant 

resistance (400 ɋ) and a low voltage (600V) and high capacitance (50 µF) at constant 

resistance (400 ɋ) respectively was applied. As a negative transformation control and to test 

the survival rate after electroporation, 200 µL of D. viridis cell suspension culture was 

subjected to the electroporation procedures without the plasmid DNA. After electroporation, 

the cuvettes were placed back on ice for 10 minutes. The cells were then transferred from the 

cuvette to sterile 12-well-plates, containing 4 mL of fresh growth media A in each well for 

sub-culturing, and then immediately placed in the dark for 12 hours at 25°C followed by a 

recovery phase of 72 hours in a 12 hr light/ 12 hr dark cycle at 25°C. The cells transformed 

with the egfp gene after recovery were screened using the confocal scanning procedure as 

described. The cells transformed with ble gene were selected for resistance to zeocin after 

recovery as described. 
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EGFP fluorescence detection 

1 ml of culture from the D. viridis cells transformed with the plasmid pPrbcS-egfp (Figure 

4.1B) both by electroporation and glass beads were pelleted (5000 rpm, 2 mins) in a 

microcentrifuge. About 960 ɛL of supernatant was removed and the cells were gently 

resuspended in the leftover supernatant. For observation under the microscope, the cells were 

embedded in low-gelling-temperature agarose (type VII agarose, Sigma A4018) by mixing 4 

ɛL of cells with 4 ɛL of melted 1.3% agarose prepared using the growth media A. The 

negative transformation control culture was processed using the same method as described 

for experimental cultures before microscopic observation. EGFP-fluorescence was observed 

in the cells using a Zeiss LSM 710 confocal microscope. EGFP was detected with an 

excitation of 488 nm argon laser and images were captured in three emission channels. EGFP 

fluorescence, plastid autofluorescence, and bright field were detected with 485-515 nm, 588-

696 nm, and DIC filters, respectively. The pinhole size was set to 68 ɛm on the LD C-

Apochromat 40x/1.1 W Korr M27 water-immersion objective. 

Selection of zeocin resistant cells 

For selection of zeocin resistant phenotypes, the cells after recovery (~ 4 mL) were 

embedded in 10 mL of 0.8% agar M growth media A and 200 µg/mL of zeocin at room 

temperature and transferred into petriplates (VWR, catalog # 25384-324). The embedded 

cells were placed under continuous light at 21°C for 30 days. The negative transformation 
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control was embedded using the same procedure as the experimental cells with and without 

the zeocin. After 30 days, the plates were moved to 12 hr light/ 12 hr dark cycle at 25°C and 

monitored for the development of zeocin resistant colonies.  

Transformation using glass beads 

The plasmids pPrbcS-egfp (Figure 4.1B) and pPrbcS-ble (Figure 4.1A) were transformed into 

D. viridis using the modified glass beads protocol as described by Feng et al. 2009 (18). A 

stock solution containing 20% (w/v) PEG (Relative molecular weight: 8000; Sigma (Catalog 

# P5413)) was prepared using 1M NaCl and added to cell suspension (2 x 10
7
 cells mL

-1
) to a 

final concentration of 5% PEG for pretreatment immediately before transformation. To a 

sterile microcentrifuge tube containing 0.3 g of glass beads (0.5 mm diameter; Bio Spec 

Products, Catalog # 11079105), 700 µL of pretreated D. viridis cell suspension, 10 µg of 

plasmid DNA (5µg of linear and 5 µg of circular DNA), and 100 µL of 4% PEG (w/v) 

prepared using 1M NaCl were added. Subsequently, the tubes were gently inverted and 

agitated at 2400 RPM (~40 Hz) in a vortex mixer genie 2T (Scientific Industries, Inc.) for 15 

seconds. As a negative transformation control and to test the survival rate after mechanical 

stress due to glass beads, 700 µL of D. viridis cell suspension culture was subjected to the 

glass beads transformation procedures without the plasmid DNA. The cells were recovered in 

the same procedure as described under transformation using electroporation. The cells 

transformed with the egfp gene after recovery were screened using the confocal scanning 

procedure as described. The cells transformed with ble gene were selected for resistance to 
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zeocin after recovery as described. We tested agitation times of 10, 15 and 25 secs in the 

transformation protocol to evaluate their effect on the transformation efficiency.  

PCR Analysis of ble in transformants 

Genomic DNA from zeocin resistant lines and transformation control cells of D. viridis 

maintained on 0.8% agar M growth media A in the absence of zeocin was extracted using a 

instagene
TM 

matrix (Bio-Rad, Catalog # 732-6030). Briefly, a single colony was picked using 

a sterile pipette tip and transferred to a sterile microcentrifuge tube containing 50 µL of 

instagene
TM 

matrix. The cells with the matrix were resuspended and incubated at 100ºC for 

10 minutes followed by cooling at 4ºC for 10 minutes. The cells were vortexed at medium 

speed followed by centrifugation at 13000 rpm for 1 minute at 4ºC. 1 µl of the supernatant 

containing the isolated genomic DNA was used for a 20 µL PCR reaction volume. PCR 

amplification of ble gene from isolated genomic DNA was performed using the Taq DNA 

polymerase PCR kit (New England BioLabs, Catalog # M0273L) with the primer pairs: 

bleF1-PrbcS and TrbcS-bleR1 (Table 4.2). The plasmid pPrbcS-ble (Figure 4.1A) was 

included as a positive control. The PCR cycling condition 3 was followed for ble 

amplification (Table 4.3). The band corresponding to the expected PCR product of 434 bp 

was cut and purified from the gel using QIAquick gel extraction kit and confirmed by 

sequencing.  
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Southern blot analysis  

For the Southern blot analysis, the colonies that tested positive for the presence of the ble by 

PCR and the transformation control colonies were transferred from 0.8% agar M solid 

growth media A to 50 mL liquid growth media A for sub-culturing without zeocin. Five day 

old cell cultures were harvested by centrifugation (2000 rpm for 5 mins) and genomic DNA 

was isolated using a modified protocol as described by Doyle et al. 1987 (47). Digoxygenein 

(DIG) labeled experimental probes to hybridize and detect the presence of ble was PCR 

amplified from the plasmid pPrbcS-ble (Figure 4.1A) using the PCR DIG probe synthesis kit 

(Roche, Catalog # 11636090910) with the following primers bleF1-PrbcS and TrbcS-bleR1 

(Table 4.2) and the cycling condition 3 (Table 4.3). Approximately 25 µg of genomic DNA 

from zeocin resistant lines and the transformation control were digested with NcoI (New 

England Biolabs, catalog # R0193S) at 37ºC overnight. Digested fragments of DNA were 

separated on a 0.8% agarose gel, transferred to positively charged nylon membranes (GE 

healthcare life sciences; Catalog# RPN119B), and hybridized at 56ºC with DIG-labeled ble 

gene fragments. The DIG labeled ble probe was detected using the DIG chemiluminescent 

protocol with substrate CDP-Star, ready to use (Roche, Catalog # 12041677001) as described 

by Roche and exposed on X-ray film.  
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Transformation of the extremophile C. salexigens tesA gene 

The plasmids p35S-tesA (Figure 4.1C) and pPrbcS-tesA (Figure 4.1D) were independently 

transformed into the cells of D. viridis using glass beads transformation protocol as described 

in this study with an agitation interval of 15 secs. To test the effect of form of plasmid DNA, 

on transformation efficiency of the tesA gene, 10 µg of linear DNA and 10 µg of circular 

DNA were used independently per transformation trial. The transformation trial was carried 

out with two technical replicates each for the experimental and negative transformation 

control. The cells transformed with tesA gene were selected for resistance to zeocin after 

recovery as described in this study. 

Stability analysis of zeocin resistant lines 

For stability analysis of the ble gene, the zeocin resistant embedded colonies of D. viridis 

were individually transferred either to a 0.8% agar M growth media A with 100 mg/L of 

zeocin or into 1 mL of liquid growth media A with 75 mg/L of zeocin. The cells were placed 

under 12 hr light/ 12 hr dark cycle at 25°C and monitored for their resistance to zeocin. 
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Targeted mutagenesis to knock out the nitrate reductase gene of D. viridis using 

CRISPR/Cas 

Chlorate sensitivity test on cells of D. viridis provided with different nitrogen sources 

Five day old cell cultures in growth media A were pelleted by centrifugation (2000 rpm, 5 

mins). The pellets were resuspended either in growth media A, B or no N. The cells under 

each growth media type were subjected to four different concentrations of KClO3 (0, 2.5, 5 

and 10 mM) and placed under 12 hr light/ 12 hr dark cycle at 25°C. In a separate experiment, 

cell pellets were resuspended in growth media A containing four different concentrations of 

KNO3 (0.05, 0.5, 1 and 2.5 mM). The cells under different KNO3 concentrations were treated 

with a constant KClO3 concentration (2.5 mM) and placed under 12 hr light/ 12 hr dark cycle 

at 25°C. The cells were monitored qualitatively to detect the effect of chlorate toxicity.  

Transformation protocol  

The plasmid pPrbcS-Cas9 (Figure 4.1E) was transformed into the cells of D. viridis using 

glass beads transformation protocol as described in this study with an agitation interval of 15 

secs. To test the effect of form of plasmid DNA, on transformation efficiency of Cas9 gene, 

10 µg of linear DNA and 10 µg of circular DNA were used independently per transformation 

trial. The transformation trial was carried out with two technical replicates each for the 

experimental and negative transformation control. After transformation, the cells were 

recovered as per the procedure described in this study. 
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Screening for D. viridis nitrate reductase defective mutants  

Nitrate reductase defective mutants of D. viridis were screened using a modified protocol as 

described by (43). The transformed and the negative transformation control cells after 

recovery were pelleted by centrifugation (2000 rpm, 5 mins). The pellets from the 

transformed cells were washed with no N growth media and then incubated in no N growth 

media containing 60 mM KClO3. The pellets from one of the negative transformation control 

were washed and incubated with only no N growth media. This control was included to 

determine that the effect of nitrogen starvation did not kill the cells. The pellets from the 

other negative transformation control were washed with noN growth media and also 

incubated in noN growth media containing 60 mM KClO3. This control was included to 

determine that the cells were dead due to the chlorate toxicity. The cells under incubation 

were all placed under continuous light for 12 hours at 21°C. After incubation, both the 

transformed and the control cells were pelleted by centrifugation (2000 rpm, 5 mins). The 

pellets were washed with noN growth media and then embedded with 14 mL of 0.8% agar M 

growth media C at room temperature. The embedded cells were placed under continuous 

light at 21°C and allowed for selection. 
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Results 

Sensitivity of D. viridis to zeocin 

200 mg/L of zeocin was found to be effective in killing the wild-type D. viridis cells at 1 M 

NaCl concentration in solid (Figure 4.3) and liquid media (Figure 4.4) by day 14. The effect 

of zeocin on cell death response was higher when the cell density tested was 10
7 

cells/mL 

than 2 x 10
7 

cells/mL (Figure 4.3). 100 mg/L of zeocin was not found to be effective in 

killing the cells even at 10
7 
cells/mL (Figure 4.3). This was confirmed by observing the cells 

under the microscope, because few cells were motile and alive. In addition, the cells treated 

with 100 mg/L of zeocin when inoculated in fresh liquid growth media A reverted its growth 

in the absence of zeocin after 30 days (Figure B.9). The fact that control cells were healthier 

on day 14 indicates that the cells were not starved of nutrients (Figure 4.3).  

In liquid media, the cells when treated with zeocin from 5 mg/L through 20 mg/L kept 

growing at both cell densities tested, but slightly slower than the control cells (Figure 4.4). 

This explained that the cells were resistant to zeocin concentrations equal to or less than 20 

mg/L. The cells when treated with zeocin from 40 mg/L through 500 mg/L did not grow but 

were not completely dead (Figure 4.4). The cells treated with zeocin from 5 mg/L through 

100 mg/L when inoculated in fresh liquid growth media A were found to revert their growth 

in the absence of zeocin after 30 days (Figure B.10). The cells treated with zeocin from 200 

mg/L through 500 mg/L were not reverting their growth (Figure B.10). This confirmed that 

200 mg/L of zeocin was sufficient to kill the cells of D. viridis. 
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 Final cell concentration in each well:  

10
7
 cells/mL 

Final cell concentration in each well:  

2 ×10
7
  cells/mL 

Day 1 

  
Day 7 

  
Day 14 

  
 

Figure 4.3. Zeocin sensitivity test for growth of D. viridis in 0.8% agar M growth media A. Cell pellets 

were mixed with 4 mL of 0.8% agar M growth media A and were treated with zeocin concentrations from100 

through 1000 mg/L. Control cells were embedded using the same media without zeocin. 200 mg/L of zeocin 

was effective in killing the wild-type cells on day 14 under both cell densities tested.  
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Figure 4.4. Zeocin sensitivity test on growth of D. viridis in liquid growth media . The X-axis represents 

time in hours when cell densities were measured and the Y-axis represents cell density measured using a TC10 

automatic cell counter (Bio-Rad). Cell pellets were resuspended in 4 mL of liquid growth media A and were 

treated with zeocin concentrations from 100 through 1000 mg/L. Final concentration of cells tested: 10
7
 

cells/mL (A) and 2 ×10
7
 cells/mL (B) Control cells were resuspended using the same media without zeocin. 

200-500 mg/L of zeocin were effective in killing the wild-type cells under both cell densities tested. 
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Low voltage and high capacitance combination was optimal for electroporation 

transformation 

Transformation of D. viridis by electroporation was tested using three different conditions as 

described in the materials and methods. It was found that low voltage (600 V) and high 

capacitance (50 µF) was optimal for gene transformation by electroporation. EGFP 

expression was detected under all the parameters of electroporation, although the number of 

cells expressing EGFP was comparatively higher under low voltage and high capacitance 

than other conditions. A representative image of D. viridis cells expressing EGFP 

fluorescence after 86 hours of transformation using a low voltage and high capacitance 

combination was shown using filters of wavelength 485-510 nm (Figure 4.5). When a filter 

wavelength between 588-696 nm was used, only plastid autofluorescence was detected and 

the EGFP fluorescence was absent as expected. In the overlay, a clear differentiation between 

EGFP fluorescence and plastid autofluorescence was observed (Figure 4.5). The negative 

transformation control did not show any EGFP fluorescence as expected (Figure 4.5). 
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Figure 4.5. EGFP fluorescence scanning using microscopy in D. viridis transformed with no plasmid DNA 

(A) and cells transformed with plasmid pPrbcS-egfp (B) by electroporation.  Microscopic observation was 

conducted on cells after 86 hours of transformation by embedding in agarose using a Zeiss LSM 710 confocal 

microscope (488 nm argon laser). EGFP fluorescence, plastid autofluorescence, and bright field were detected 

with 485-510 nm, 588-696 nm, and DIC filters, respectively. 

 

 

 

The transformation efficiency of ble under low voltage and high capacitance was ~110 cfu 

per million cells and was higher than the transformation efficiency obtained under medium 

voltage and medium capacitance and high voltage and low capacitance which was ~51 and 

~10 cfu per million cells respectively (Table 4.4). A representative plate image showing the 

zeocin resistant colonies transformed with ble by electroporation and glass beads was 

provided (Figure 4.6). The negative transformation control when not treated with zeocin was 

green and did not show signs of nutrient deprivation even after 30 days (Figure 4.6). The 

negative transformation control when treated with 200 mg/L of zeocin had no cell growth as 
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expected (Figure 4.6). The zeocin resistant colonies were observed in plates after 45 days of 

transformation and were found to be embedded inside the 0.8% agar M growth media A 

(Figure 4.6). 

 

 

 
Table 4.4. Transformation efficiency of D. viridis transformed by electroporation and glass beads. Cells 

transformed with plasmid pPrbcS-ble by electroporation or glass beads were embedded in 0.8% agar M growth 

media A with 200 mg/L of zeocin. The colony forming units (cfu) resistant to zeocin were counted in each plate 

and the transformation efficiency was calculated as the ratio of the cfu per million cells.  

 

 

  

Transformation 

method 
Condition 

Colony Forming Units 

(cfu) 

Transformation 

efficiency (cfu/million 

cells) 

Electroporation Low voltage, High 

capacitance 

440 ~110 

Electroporation Medium voltage, medium 

capacitance 

205 ~51 

Electroporation High voltage, Low 

capacitance 

39 ~10 

Glass beads 10 secs shaking time 0 ~0 

Glass beads 15 secs shaking time 1075 ~67 

Glass beads 25 secs shaking time 830 ~52 
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 Glass beads Electroporation 

Negative 
transformation 
control treated 
with no zeocin  

 
 

Negative 
transformation 
control treated 
with 200 mg/L  

of zeocin 

 

 

Cells 
transformed 

with pPrbcS-ble 
treated with 
200 mg/L  of 

zeocin 
 

 

 
 

Figure 4.6. Representative image of plates showing colonies of D. viridis resistant to zeocin. Cells 

transformed with plasmid pPrbcS-ble by electroporation and glass beads were selected by embedding in 0.8% 

agar M growth media A with zeocin concentration of 200 mg/L. The negative transformation control cells 

treated with 200 mg/L of zeocin were all dead. 
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Intermediate agitation timing was the optimal for glass beads transformation 

Transformation by glass beads was tested using three different conditions in D. viridis as 

described in the materials and methods. It was found that a medium agitation interval of 15 

secs was the optimal for transformation by glass beads in D. viridis. EGFP expression was 

detected under all the agitation intervals used, although the number of cells expressing EGFP 

was comparatively higher under agitation interval of 15 secs than other agitation intervals 

tested. The transformation efficiency of ble under agitation interval of 15 secs was ~67 cfu 

per million cells and was slightly higher than the transformation efficiency under 25 secs 

which was ~52 cfu per million cells (Table 4.4). Cells transformed with ble under agitation 

interval of 10 seconds did not produce any colonies resistant to zeocin.  

PCR and Southern blot analysis of transformants 

Thirty zeocin resistant colonies were selected from plates transformed with plasmid pPrbcS-

ble (Figure 4.1A) by electroporation and glass beads for PCR screening. A representative 

PCR gel image showing the successful amplification of ble from transformed lines was 

provided (Figure 4.7). A PCR product of ~434 bp was obtained in the colonies transformed 

with the ble gene (Figure 4.7). Lanes 1-3 represented ble transformants obtained by 

electroporation and lanes 4-7 represented ble transformants obtained by glass beads and all 

the transformants tested (1-7) were positive. The negative transformation control was not 

showing any PCR product and the plasmid DNA positive control (Figure 4.1A) showed a 
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promising PCR product of 434 bp as expected (Figure 4.7). The PCR product from few 

transformant lines were gel purified and sent for sequencing. The sequencing results were 

positive and showed 100% sequence similarity with the ble gene coding sequence (data not 

shown). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. PCR analysis to detect the presence of the ble in D. viridis. Genomic DNA was extracted from 

the colonies resistant to zeocin and from the negative transformation control and used for PCR screening. Lanes 

1-7 were transformants analyzed, Lane M was the gene ruler 100 bp plus DNA ladder used, Lane WT was the 

negative transformation control and lane P was the plasmid DNA positive control (Figure 4.1A). The marker 

size in base pairs (bp) was indicated at right.  

 

 

 

For Southern blot analysis, the colonies tested positive for the presence of ble by PCR were 

sub-cultured in liquid growth media A and genomic DNA was isolated. The NcoI digestion 

of genomic DNA from transformants and the negative transformation control was successful 

(Figure 4.8A). The blot showed that the hybridization procedure followed was successful 

since the DIG labeled ble probe was able to bind to the PC and PL positive controls and 

produced a strong signal (Figure 4.8B). Due to the difference in the secondary structure of 
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PC and PL, the hybridization of ble probe with the plasmid DNA produced signal at different 

distance with respect to the well in the gel (Figure 4.8B). Clearly there was no signal for DIG 

labeled ble probe hybridization in lanes 1-4 representing the transformants. The lane 

representing the negative transformation control did not produce any signal as expected 

(Figure 4.8B). Although, some non-specific bands with low background were observed from 

both the transformants and wild-type in the blot at the same position (Figure 4.8B). 
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Figure 4.8. Southern blot analysis to detect the integration of the ble in genomic DNA of D. viridis. Zeocin 

resistant colonies and the negative transformation control were transferred to fresh liquid growth media A 

without zeocin for genomic DNA was isolation. (A). 25 µg of genomic DNA was digested with NcoI and 

electrophoretically separated on a 0.8% agarose gel. Lanes 1-4 were transformants analyzed, Lane WT was the 

negative transformation control, Lane PC and PL was the plasmid circular and linear DNA positive control and 

Lane M was the gene ruler 1 Kb plus DNA ladder (B). DNA bands from gel were transferred to a blot, 

hybridized with a DIG labeled probe (434 bp). Arrows represented the successful detection of the DIG labeled 

ble probe in plasmid DNA positive control (Figure 4.1A). The marker sizes were indicated at left in base pairs 

(bp) in (A). 
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Transformation  of the extremophile tesA gene in D. viridis 

The plasmids p35S-tesA (Figure 4.1C) and pPrbcS-tesA (Figure 4.1D) were transformed into 

D. viridis using glass beads. The cells transformed with circular plasmid pPrbcS-tesA gave 

~30 zeocin resistant colonies in one of the technical replicates after 45 days of selection 

under 200 mg/L of zeocin. The linearized plasmid pPrbcS-tesA (Figure 4.1D) did not 

produce any zeocin resistant colonies. The transformation control cells grown without zeocin 

were green and did not show signs of nutrient deprivation even after 30 days in culture. All 

cells were dead in the negative transformation control with 200 mg/L of zeocin as expected. 

The cells transformed with both the linear and circular form of plasmid p35S-tesA (Figure 

4.1C), did not produce any colonies.  

Stability analysis of ble resistant lines  

About ten zeocin resistant colonies obtained after transformation with the circular plasmid 

pPrbcS-tesA were transferred into a freshly made 0.8% agar M growth medium A containing 

100 mg/L of zeocin. These initially zeocin-resistant colonies died after subculturing in 100 

mg/L of zeocin. The remaining 20 zeocin-resistant colonies were inoculated into liquid 

growth media A containing 75 mg/L of zeocin. These cultures were unable to survive even 

under 75 mg/L of zeocin. The results indicated that the transformants lost their plasmid 

carrying the ble gene during subsequent cultivation both on solid and liquid growth media. 
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Chlorate as an analog of nitrate under no nitrogen conditions in Dunaliella 

Cell cultures in growth media containing 5 mM KNO3 under different concentrations of 

KClO3 were not affected by chlorite toxicity and were growing similar to control cells grown 

under 5 mM KNO3 with no KClO3 (Figure 4.9). However, when the KNO3 concentration in 

growth media was equal to or lower than 2.5 mM cells were dead due to chlorite toxicity 

(Figure 4.10). Cells in growth media containing no nitrogen under different concentrations of 

KClO3 were all dead due to chlorite toxicity (Figure 4.9). The control cells in no nitrogen 

growth media and with no KClO3 were alive, indicating that nitrogen deprivation was not the 

cause of cell death. Cells in growth media containing 5 mM NaNO2 under different 

concentrations of KClO3 were not affected by chlorite toxicity and were growing similar to 

control cells grown under 5 mM NaNO2 with no KClO3 (Figure 4.9).  
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Figure 4.9. Chlorate sensitivity test on D. viridis under different nitrogen sources. Cells of D. viridis were 

subjected to four different concentrations of KClO3 (0, 2.5, 5 and 10 mM) under different nitrogen sources 

(KNO3, no N and NaNO2) containing growth media. Qualitative monitoring of cell growth was performed for 

120 hours. Different nitrogen sources were indicated in the left and the increasing concentration gradient of 

KClO3 was indicated at the top. 
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Figure 4.10. Chlorate sensitivity on D. viridis under varying concentrations of nitrate on day 1 (A) and on 

day 7 (B). Cells of D. viridis under different KNO3 concentrations containing growth media (2.5, 1, 0.5 and 

0.05 mM) were treated with constant KClO3 concentration of 2.5 mM. Qualitative monitoring of cell growth 

was performed for 7 days. Chlorate acts as an analog of nitrate when cells were grown in growth media 

containing less than or equal to 2.5 mM KNO3. 

 

 

 

Transformation of CRISPR/Cas construct to knock out nitrate reductase in D. viridis  

The plasmid pPrbcS-cas9 (Figure 4.1E) was transformed into D. viridis to knock out the 

nitrate reductase gene by targeting simultaneous deletion in the molybdopterin binding 

domain and the dimer interface region of the gene (Figure 4.2) using CRISPR/Cas. It was 

found that the cells transformed with either the linear or circular plasmid pPrbcS-cas9 did not 

produce any colonies. During selection, the transformed cells were incubated under no N 

containing growth media and with 60 mM KClO3. This should have resulted in killing all the 

wild type cells but not the nitrate reductase defective lines. It was found that the nitrate 

reductase defective colonies were not formed until 30 days. However, the experimental 

controls behaved as expected which indicated that the selection procedure used was working. 

A. 

B. 
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The negative transformation control cells incubated under no N and no KClO3 were alive. 

This indicated that the cells were not affected from incubation under nitrogen starvation 

media. The other negative transformation control under no N but in the presence of 60 mM 

KClO3 incubation showed no cell growth. This indicated that the D. viridis cells had the 

ability to uptake chlorate under the no N condition and converted it into chlorite ions. The 

chlorite ions were toxic to the cells and caused cell death. 

Discussion 

Antibiotic sensitivity on cell growth of Dunaliella  

From our previous research efforts, we determined the antibiotic concentration required for 

killing the wild-type cells of Dunaliella spp. for application in nuclear or chloroplast 

transformation selection studies. The information provided in Table 4.5 was kindly provided 

by Dr. Marie-Laure Sauer, a former member of our lab.   
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Table 4.5. Antibiotic sensitivity test summary on representative species of Dunaliella grown in 2M NaCl 

growth media. Cells with identical cell density were tested under various concentration of antibiotic. The 

values in each cell represent the final concentration of antibiotic needed to kill the wild-type cells of Dunaliella. 

Not effective means that the cells were resistant to the maximum concentration of antibiotic tested.  

Selection agent D. viridis D. salina LB200 

NUCLEAR TRANSFORMATION  

Chloramphenicol 800 mg/L 400 mg/L 

Hygromycin Not effective even at 1000 

mg/L 

Not effective even at 1000 

mg/L 

Kanamycin Not effective even at 1000 

mg/L 

Not effective even at 1000 

mg/L 

Zeocin 200 mg/L 

(not 100%) 

80 mg/L 

Phleomycin Not effective even at 20 mg/L 10 mg/L 

Paromomycin Not effective even at 1000 

mg/L 
Not effective even at 1000 

mg/L 
Phosphinothricin (BASTA) Not effective even at 1000 

mg/L 
Not effective even at 1000 

mg/L 
CHLOROPLAST TRANSFORMATION  

Spectinomycin 1000 mg/L 

(not 100%) 

Not effective even at 1000 

mg/L 

Erythromycin 2 mg/L 10 mg/L 

 

 

 

In this study, it was determined that a zeocin concentration of 200 mg/L was found to be 

effective in killing the cells of D. viridis under 1M NaCl concentration (Figures 4.1 and 4.2). 

From our efforts to understand the effect of antibiotic sensitivity on cells of Dunaliella, it has 

been concluded that the cells were resistant to most of the antibiotics tested (Table 4.5). Even 

if cells were sensitive to an antibiotic, the concentration of antibiotic used was of higher 

concentration (Table 4.5). The D. viridis cells were tested for antibiotic sensitivity at 2 M 

NaCl concentration, which might have had an impact on the efficiency of the antibiotics 
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(Table 4.5). Previous studies had shown that commonly used antibiotics such as 

streptomycin, kanamycin, hygromycin, spectinomycin and geneticin were unable to inhibit 

growth of D. salina at a concentration of 1200 mg/L and the cells were sensitive to 

chloramphenicol and zeocin at a concentration of 400 mg/L and 100 mg/L respectively (14). 

From these results, it was concluded that either the amount of NaCl concentration present in 

the media was reducing the efficiency of the antibiotics (52) or the cells were not having the 

transporters to uptake the respective antibiotics. Labeling the wild-type cells of C. reinhardtii 

with L-[methyl-
14

C] phosphoinothricin, demonstrated the resistance of the cell to 

phosphoinothricin due to the lack of phosphoinothricin transport into the cells (53).  

Dunaliella is a halotolerant green alga which can grow in environments with varied salinities 

from 0.05 to 5.5 M NaCl concentration (1). For example, growth was found to be optimal at 

1M NaCl in cells of D. bardawil (19) and D. tertiolecta (11) whereas cells of D. salina had 

optimal growth at 2 M NaCl containing media (8). The inverse relationship between the 

NaCl concentration and hygromycin resistance was observed in the cells of D. bardawil (19). 

It was found that lowering the NaCl concentration from 1 M to 0.2 M resulted in killing all 

the wild-type cells of D. bardawil at a lower hygromycin concentration of 100 mg/L. 

Therefore, an experiment to determine the effect of varying NaCl concentration on the 

antibiotic sensitivity of D. viridis should be included as a future work in this study. In 

addition, it is important to consider if the reduction of the NaCl concentration in the growth 

media had an impact on the cell division of D. viridis. In that scenario, gradual reduction of 

the NaCl concentration should be done so that the cells get adapted to changes in salinity. 



 

 

 

 

 

259 

Comparison of glass beads and electroporation for nuclear transformation of D. viridis 

In this study, the transformation efficiency of egfp was relatively higher with an agitation 

interval of 15 secs and under low voltage and high capacitance (Table 4.4). Mechanical force 

transformation using glass beads worked better than electroporation in D. viridis for EGFP 

expression. However, this conclusion should be verified by increasing the sample size next 

time, because this study had only one sample for each condition tested. In addition, the 

number of cells expressing EGFP per total number of cells observed should be determined in 

the future to calculate the transformation rate efficiency. EGFP expression detected was 

transient in cells of D. viridis, since there was a loss of EGFP expression observed after 60 

days of subsequent cultivation (Figure 4.5). The egfp used was originally isolated from 

jellyfish Aequorea victoria and codon optimization of this gene was not performed before 

transformation in D. viridis. From the discussion in chapter 3, it was predicted that the 

change in codon at position 23 from GTA to GTG of egfp coding sequence would be better 

to increase the expression of EGFP in D. viridis. Interestingly, it was found that the 

expression of EGFP was successful without any codon optimization, indicating that the 

codon usage of Dunaliella was not that stringent in heterologous protein expression. 

In the case of ble transformation of D. viridis, it was found that transformation efficiency was 

greater under low voltage and high capacitance using electroporation and under 15 secs 

agitation interval using glass beads (Table 4.4). Electroporation achieved ~ 1.6 fold greater 

transformation efficiency of ble than glass beads in D. viridis. However, this conclusion 
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should be verified by increasing the sample size next time since this study had only one 

sample for each condition tested.  

Electroporation resulted in higher transformation efficiency of ble than glass beads in cells of 

D. viridis. However, it is important to consider survival factor of the number of cells after 

each method of transformation used. It has been shown in D. salina, that the number of cells 

survived after transformation of the GUS using electroporation was ~58% and using glass 

beads was ~90% (18). The survival rate of cells of D. viridis should be calculated in future 

after transformation using electroporation and glass beads in this study.  

Episomal integration of ble in D. viridis 

PCR analysis from zeocin resistant transformed lines confirmed the successful amplification 

of ble (Figure 4.7). However, Southern blot analysis failed to detect the integration of ble in 

the nuclear chromosomes of all the transformed lines analyzed (Figure 4.8). The DIG labeled 

ble probe was not able to hybridize the ble, indicating the episomal localization of the 

plasmid pPrbcS-ble (Figure 4.1A) in the transformed lines (Figure 4.8). Hybridization of the 

DIG labeled ble probe with both the linear and circular plasmid DNA positive controls 

confirmed that the Southern blot hybridization protocol used was working and the ble probe 

amplified by PCR DIG labeling was successful (Figure 4.8). These results show that the 

colonies retained their episomal plasmid DNA during the detection of ble by PCR. However, 

when the same colonies were sub-cultured for isolation of genomic DNA in Southern blot 

analysis, the cells lost their episomal DNA during the subsequent cultivation. This was 
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mainly due to the lack of selection pressure due to sub-culturing in the absence of zeocin. 

This clearly indicates that the transgene was not stably integrated in the nuclear genome of D. 

viridis. This trend was observed in all the transformed lines analyzed irrespective of the 

transformation method used (Figure 4.8).  

The lack of stable integration of the gene is not uncommon in Dunaliella, since another study 

also addressed the same problem when cells of D. salina were transformed with ble by 

electroporation (17). The authors confirmed that the plasmid DNA carrying the ble gene was 

found to be episomal by southern blot analysis. The cells were able to pass the episomal 

DNA carrying the transgene during the mitotic cell division, although, the progeny cells were 

able to retain their resistance to zeocin only for 6 months (17). 

Stability analysis of ble transformants in D. viridis  

Thirty zeocin resistant colonies were obtained after transformation of the cells of D. vir idis 

with the plasmid pPrbcS-tesA (Figure 4.1D). None of those colonies were able to maintain 

their resistance to zeocin during subsequent cultivation either in solid or liquid media. The 

concentration of the zeocin used in solid and liquid media during subsequent cultivation of 

the transformed lines was reduced to 50% and 62.5% when compared to the zeocin 

concentration used while initial embedding. This ensured that the strength of the zeocin used 

during subsequent cultivation was not the reason behind killing the transformed lines in this 

study. The transformed cells may have more moisture while initial embedding, but when the 

cells were transferred onto the surface of the solid media, there are chances that the cells 
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might lyse once the agar gets dried. However, the lack of moisture may not be the reason for 

not being able to maintain the zeocin transformed lines in liquid media. The cell wall-less 

strains of C. reinhardtii had considerable lower plating efficiencies than those that synthesize 

a wall (54).  It was reported that the wall-less strains of Chlamydomonas when spread onto 

the surface of solid media, get flattened and lysed as the surface dried (54). The authors of 

the study predicted that the cell death might be due to the loss of moisture around the cells 

(54). Hence, the authors of the study tested plating the cells in different supporting media 

such as sodium alginate, mineral oil, soft agar, starches of various grains and various water 

soluble or insoluble polymers respectively (54). It was found that by embedding the cells in a 

suspension of corn starch resulted in the increased plating efficiency of strains CC3395 and 

CC425 respectively. This might be the reason that the cell-wall lacking D. viridis grew better 

when embedded but not during direct transfer onto the solid surface. The alternatives for agar 

M could also be considered for preparation of solid media in this study. For example, phytal 

(Sigma) showed improved plating efficiency of D. salina cells after transformation by 

electroporation (17).  

Evidence for transient and stable nuclear expression in algae 

Both glass beads and electroporation have been used for successful transient and stable 

integration of the transgene into the nuclear genome of some of the green algae which are 

discussed below. 



 

 

 

 

 

263 

Chlamydomonas 

 

Stable transformation of a nitrate reductase defective strain (nit1-305) of C. reinhardtii with a 

plasmid containing the structural gene for nitrate reductase was performed using glass beads 

(55). The efficiency of transformation of endogenous nitrate reductase gene observed was 

~1000 transformants/µg of DNA (55). Successful stable integration of the hygromycin 

phosphotransferase (hpt) was obtained in cells of CW-15 mutant of C. reinhardtii by 

electroporation (56). The transformation efficiency of hpt gene driven by Simian virus 40 

promoter was ~1000 transformants/million recipient cells (56). The cells were able to 

maintain the hpt gene without the hygromycin selective media for over 350 generations (56).  

High efficiency nuclear transformation has been shown in C. reinhardtii CC3395 and CC425 

strains when transformed with plasmid containing ARG7 gene by electroporation (54). 

Transformation efficiency obtained was 200000 transformants per µg of DNA which was 

reported to be two orders of magnitude higher than the glass beads transformation protocol 

used to transform exogenous DNA into C. reinhardtii (54, 55). Stable integration of the 

ARG7 gene into the nuclear genome of the transformants was verified using southern blot 

analysis which made this protocol more reliable for nuclear transformation systems in algae 

(54). 

Nannochloropsis 

 

Previous research efforts to genetically transform N. oculata was successful, although the 

loss of transgene after 1.5 months of cultivation indicated the absence of stable integration of 

the transgene into the genome (57, 58). In N. gaditana CCMP526, transformation of ble 
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using endogenous ɓ-tubulin promoter by electroporation resulted in a transformation 

efficiency of 12.5 × 10
-6 

colonies/cell (59). Southern blot analysis after 4-5 months of cell 

growth confirmed the presence of integrated ble into the nuclear genome (59). 

Dunaliella 

 

From the existing literature, it was found that stable integration of the transgene was not 

achieved in most of the nuclear transformation trials in Dunaliella spp. Transformation 

efficiency of GUS in D. salina was significantly higher when glass beads was used for 

transformation than electroporation or particle bombardment (18). Transient expression of 

GUS gene driven by the CaMV35S promoter and NOS terminator was detected until 48 

hours after transformation and the expression was completely lost after 5 days (18). 

Transformation efficiency of GUS gene was calculated as the ratio of blue cells per total 

number of cells tested and found to be ~5.9% when glass beads was used and ~2% and ~1% 

when electroporation and particle bombardment were used respectively (18). The integration 

of the bar gene in D. salina was not verified by standard Southern blot analysis protocol and 

hence it was not clear if the transgene was maintained in the episomal plasmid DNA or 

integrated into the nuclear genome (18). 

In D. salina, maize ubiquitin-ɋ promoter (ɋ refers to 5ô leader sequence of tobacco mosaic 

virus) was tested in comparison to four other different promoters (CaMV35S, ubiquitin, 

ubiquitin-ɋ, CaMV35S-ubiquitin and CaMV35S-ubiquitin-ɋ) for transient expression of 

GUS using electroporation (15). After 48 hours of transformation, the cells of D. salina 

transformed with GUS driven by ubiquitin-ɋ promoter had a significant increase in GUS 
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activity compared to other promoters tested (15). In the same study, stable integration of the 

HBsAg transgene and the chloramphenicol acetyltransferase (CAT) was reported (15). 

Approximately 10-60 colonies/10
6
 cells transformed were found to be resistant to 

chloramphenicol (15). Stable integration of the transgene HBsAg into D. salina nuclear 

genome was verified by PCR and Southern blot in cells maintained devoid of 

chloramphenicol for 60 generations (15). In addition, the western blot analysis confirmed a 

24 kDa protein corresponding to HBsAg protein (15). In another study using electroporation 

to transform D. salina, endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

promoter was used to drive the expression of bar and the N-terminal fragment of human 

canstatin (Can-N) (51). The efficiency of transformation of bar was ~100 transformants/µg 

of DNA (51). Western blot analysis using the mouse anti-hexahistidine monoclonal antibody 

detected the presence of Can-N recombinant protein as inclusion body in D. salina 

corresponding to 18 kDa (51). However, the Southern blot analysis reported by the authors 

was not convincing to determine if the integration of the transgene was into nuclear genome 

(51). The main problems with the nuclear transformation of Dunaliella discussed from the 

representative studies above were unable to achieve stable transformation and the 

transformation efficiencies reported in Dunaliella were found to be lower than that reported 

in model green alga Chlamydomonas (54, 55). Transformation efficiency using glass beads 

could be improved in this study by addition of carrier DNA (~50 µg) and/or lowering the 

PEG concentration to (3 or 4%) while attempting glass beads transformation. The main 
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reason for the addition of carrier DNA during transformation was to act as competitive 

inhibitor of nucleases and protect the exogenous DNA from degradation.  

Agrobacterium as an alternative for nuclear transformation of D. viridis  

Stable integration of the transgene using Agrobacterium mediated transformation was 

successful in D. bardawil (19), C. reinhardtii (20), C. vulgaris (21) and H. pluvialis (22). The 

D. bardawil cells were adapted to low salt TRIS Acetate Phosphate medium (TAP), which 

had been successfully used during transformation of C. reinhardtii (20) and H. pluvialis (22). 

It was found that reducing the NaCl concentration in the TAP growth media to 0.2 M 

allowed growth of both D. bardawil and A. tumefaciens during co-cultivation. In addition, 

reduction in NaCl concentration also facilitated the subsequent selection of transformants 

using lower concentration of hygromycin (19). The binary vector pCAMBIA 1304 

containing the hpt driven by the CaMV35S promoter, and the fused green fluorescent protein 

(GFP) with ɓ-glucuronidase (uidA) under the control of CaMV35S promoter was 

transformed into D. bardawil using the modified transformation procedure as described (22). 

Successful expression of GUS, GFP and hpt in the hygromycin resistant culture of D. 

bardawil was detected using X-gluc as substrate and western blotting using GFP antibodies 

(19). Southern blot analysis confirmed the stable integration of the hpt in three transformed 

lines. The transformed lines were maintained without hygromycin even after 18 months (19). 

The addition of acetosyringone (100 and 200 µM) during co-cultivation was not shown to 

have any effect on increasing the transformation efficiency in D. bardawil (19). The 
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Agrobacterium mediated transformation frequency of D. bardawil was ~41.0 colony forming 

units per 10
6 

cells (19). The transformation frequency using Agrobacterium was not higher 

than those reported for other methods in Dunaliella using glass beads (60) and 

electroporation (15) which resulted in a transformation frequency of ~83 colony forming 

units per 10
6 
cells and ~150 colony forming units per 10

6 
cells respectively.  

High frequency stable transformation of the nuclear genome mediated by Agrobacterium was 

reported to be 50-fold higher than the glass beads method in Chlamydomonas (20). 

Agrobacterium mediated transformation has advantages over glass beads and electroporation 

in Chlamydomonas, because it can be performed on intact wild-type cells and removal of the 

cell wall using gamete autolysin prior to transformation was not essential (20). 

Agrobacterium mediated stable transformation has been successful in green alga H. pluvialis 

and the transformation efficiency based on the hygromycin resistant phenotype was found to 

be ~109 colony forming unit per 10
6 

cells (22). Addition of acetosyringone (100 and 250 

µM) did not have effect on increasing transformation efficiency in this algae. Hygromycin 

resistant phenotype was retained even after maintaining transformed colonies on hygromycin 

free media for as long as 2.5 years (22). In this study, future efforts to transform D. viridis 

using Agrobacterium mediated transformation will be conducted since it seemed to be more 

efficient for achieving stable integration of transgene.  
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Factors influencing the success of CRISPR/Cas system for targeted mutagenesis in D. 

viridis 

In photosynthetic eukaryotes, nitrate reductase is an enzyme catalyzing the NADPH 

dependent reduction of nitrate to nitrite, the first step in the nitrate assimilation pathway (61). 

Two distinct structural genes for nitrate reductase, NIA1 and NIA2, have been identified in 

Arabidopsis (62). Nitrate reductase is shown to be a single gene in D. viridis (43). Nitrate 

reductase has also shown to be involved in the reduction of chlorate to the toxic chlorite (63). 

Nitrate and chlorate were both found to be the substrates for the nitrate reductase enzyme and 

each acts as a competitive inhibitor of the reduction of the other (63-65). In this study, the 

results indicated that nitrate acts as a competitive inhibitor of chlorate when the cells were 

provided with growth media containing 5 mM KNO3 as a nitrogen source (Figure 4.9). 

However, when the concentration of KNO3 was lowered to 2.5 mM or less in the growth 

media, chlorate acted as a competitive inhibitor of nitrate (Figure 4.10). In the absence of any 

nitrogen source in the growth media, the cells of D. viridis took up chlorate as an analog of 

nitrate. The nitrate reductase enzyme activity was induced by the presence of chlorate and the 

cells reduced chlorate into toxic chlorite ions and were killed (Figure 4.9). In Arabidopsis, it 

has been shown that chl1 resistant mutants were defective in the uptake of chlorate (66) or 

found to have reduced levels of nitrate reductase enzyme activity (67). It has been shown that 

nitrate reductase transcript levels in the cells of D. tertiolecta induced under nitrite was only 

40% of the level in comparison to the induction by nitrate (42). In contrast, it has been shown 

that the presence of nitrite completely repressed the nitrate reductase transcript in 
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Chlamydomonas (68, 69). In this study, cells in growth media containing 5 mM NaNO2 under 

different concentrations of KClO3 were not affected by chlorite toxicity (Figure 4.9). This 

indicates that nitrite does not act as an inducer of the nitrate reductase in cells of D. viridis 

similar to Chlamydomonas (68, 69). Nitrate reductase transcript levels were shown to be 

positively regulated in the presence of nitrate and light, and negatively regulated in the 

presence of ammonium ions in D. tertiolecta (42).  

Mutants defective in endogenous nitrate reductase (NIA1) gene were generated using 

chemical mutagenesis in D. viridis (43). The defective mutants were unable to assimilate 

nitrate but were selected based on their tolerance to 60 mM chlorate (43). Phenotypes 

assimilating nitrate were obtained after the successful functional complementation of the 

NIA1 gene by electroporation (43). However, reversion of nitrate assimilation phenotype was 

observed in D. viridis due to the episomal integration of the complemented NIA1 gene (43). 

This mode of auxotrophic selection using NIA1 as marker gene is widely used in model green 

alga Chlamydomonas (70).  

In this study, it was found that the cells transformed with either the linear or circular plasmid 

pPrbcS-cas9 did not produce any colonies. As mentioned under the results, all the 

transformation controls gave expected results. Therefore, the issue might be associated with 

the elements used in the construct and not the screening procedure. The codon optimized 

cas9 coding sequence and the NLS was driven by the D. viridis endogenous PrbcS and TrbcS 

regulatory elements. We reported that PrbcS and TrbcS was successfully used for the 

transcription of heterologous genes ble and egfp in this study. The gRNA1 and gRNA2 
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sequences were designed with high stringency and shared 100% homology with the target in 

the genomic DNA. So, the main concern that we foresee in this study was the use of A. 

thaliana U6-26 gene RNA polymerase III promoter to drive the transcription of the gRNA1 

and gRNA2. There might be high diversity between the endogenous RNA polymerase III 

promoter of D. viridis and the U6-26 promoter of A. thaliana. This could have led to the 

failure of gRNA1 and gRNA2 transcription in D. viridis. Isolating and using the RNA 

Polymerase III promoter from D. viridis in the place of the U6-26 promoter of A. thaliana 

should be included as focus of future work. Unfortunately, we do not have the entire genomic 

sequence information available for Dunaliella yet and hence this might not be currently 

possible.  

Future work 

There are a few challenges associated with establishing successful stable integration of 

transgenes in D. viridis. Some of the future efforts will include: 1) Investigating the effect of 

varying NaCl concentrations on the sensitivity of zeocin on cell growth of D viridis, 2) Using 

Agrobacterium mediated transformation for stable integration of the transgene in D. viridis, 

3) Addition of carrier DNA and/or lowering the PEG final concentration used during glass 

beads transformation will be attempted to determine if transformation frequency increases in 

cells of D. viridis, 4) Attempts to find RNA polymerase III promoters or equivalent 

promoters which transcribes the non-coding RNA in D. viridis for establishing genome 

editing by the CRISPR/Cas system. 
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Appendix A ï Chapter 2 supplement Data 

 

Figure A.1 Oil accumulation in different Dunaliella species. Cells were grown for 142 hours under two 

different light conditions (12:12 photoperiod, LD; continuous light, LL) and temperature (25°C or 35°C) 

conditions. Osmotic lysis was performed on 100 million cells and oil accumulation assessed semi-quantitatively 

by Nile Red stained oil under blue light. 

 

 Figure A.2 Cell division in D. viridis grown under 12:12 LD cycle occurs at night. D. viridis cultures were 

grown under 12h light:dark cycles (LD; dashed lines) or continuous light (LL; solid lines) at 25°C. Cell counts 

were measured in three biological replicates with three technical replicates each at the different time points of 

the experiment and also 1 hour before and 1 hour after the light was turned on in the chamber. Statistical 

significance was assessed by unpaired, two-tailed, Studentôs t-test. The values with different letters are 

significantly different at 54 hrs (p<0.01). 
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Figure A.3 Neutral lip ids accumulation monitoring in D. viridis by Nile red staining and microscopy. D. 

viridis cultures were grown either under continuous light (LL) or 12h light:dark cycles (LD). All cultures were 

grown at 25°C for the first 24 hours and then either remained at 25°C or the temperature was raised to 35°C. 

Microscopic observation was conducted on cells stained with Nile Red and embedded in agarose using a Zeiss 

LSM 710 confocal microscope (488 nm argon laser). Green represents localization of Nile red and purple 

represents autofluorescence from chlorophyll. Fluorescence micrographs have been overlapped with 

corresponding DIC images of the cells. 
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 Figure A.4 Separation of total lipids by thin layer chromatography - representative plate. Total lipids 

from 3 different samples were spotted (1.5 mg/lane) and separated with a petroleum ether:diethyl ether:glacial 

acetic acid (80:20:1) mobile phase. A standard mix was run along with the samples on each plate (48 ɛg of each 

standard per lane). Iodine crystals were used to develop the plate. Three fractions: TAG, FFA, DAG (different 

fractions outlined in grey on the plate) were scraped off the plate and further processed for FAMES preparation. 
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 Figure A.5 Major Phospholipid (A) and Lyso-phospholipid (B) classes respond to temperature and 

photoperiod changes at 54 hrs. Significant increases were only identified at 35ºC under LL in the 

phospholipids: phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

phosphatidylinositols (PI). Significant changes in lysophospholipids were only detected in response to 

temperature changes with lower levels of lyso-phospholipids at elevated temperature. The error bars represent 

the standard deviation from three independent biological replicates. Statistical significance was assessed by 

unpaired, two-tailed, Studentôs t-test. The values with different letters are significantly different at 54 hrs 

(p<0.05). 
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Figure A.6 Fatty acid composition of galactosyldiacylglycerols and phosphadityllglycerol at 54hrs show 

distinct responses to temperature and light period changes. The molecular species of the polar lipid fraction 

monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and phosphadityllglycerol (PG) 

responded to changes in temperature and light duration. MGDG (A) had a different distribution of fatty acids 

compared to DGDG (B) and PG (C). All lipid classes showed an increase in the degree of saturation in response 

to 35°C (red bars) than at 25°C (blue bars). At 35°C, this response was higher under LD (striped bars) and LL 

(solid bars) conditions in MGDG, but only in LL for DGDG and PG. The uncertainty in the number of double 

bonds of molecular species are indicated by ?. The error bars represent the standard deviation from three 

independent biological replicates.  














































































































































































