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ABSTRACT 

Haematococcus pluvialis is a green microalga which can accumulate high amounts of 

storage lipids (mainly triacylglycerol, TAG) and high-value astaxanthin under various stress 

conditions. In wild-type H. pluvialis, approximately 95% of the astaxanthin molecules are stored 

in the form of astaxanthin acyl ester in lipid bodies. Diacylglycerol acyltransferase (DGAT) 

catalyzes the final step in the acyl-CoA-dependent biosynthesis of TAG, which appears to 

represent a bottleneck in oil accumulation in some microalgal species. Therefore, identification 

and characterization of HpDGATs in H. pluvialis is essential in increasing both lipid and 

astaxanthin productions. Additionally, as astaxanthin accumulation coincides with TAG 

biosynthesis in H. pluvialis and the biosynthesis of astaxanthin esters may catalyzed by DGAT-

like enzymes, the characterization of HpDGATs would also benefit the production of astaxanthin. 

In this project, the accumulation of storage lipid in H. pluvialis under high irritation stress was 

confirmed by the measurement of growth curves and lipid content. Eight candidate HpDGAT 

genes were identified from a transcriptome shotgun sequence database and their transcriptional 

expression levels were determined with qRT-PCR. The results showed that two type-2 DGATs 

(HpDGAT2s) had high expression levels under high irritation stress, suggesting their possible 

significance in TAG production. To further characterize the two HpDGAT2s, their coding 

sequences were expressed in Saccharomyces cerevisiae H1246, a quadruple mutant strain devoid 

of TAG synthesizing ability. Only HpDGAT2D could restore the TAG synthesizing ability of the 

yeast strain. Furthermore, in vitro enzymatic assays revealed that this recombinant HpDGAT2D 

had strong DGAT activity and displayed sigmoidal kinetics in response to increasing acyl-CoA 

concentration. Therefore, HpDGAT2D may have the potential to be used in improving oil 

production in H. pluvialis, other microalgae and higher plants via genetic engineering.  
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CHAPTER ONE: BACKGROUND AND RELEVANCE 

 
The global population is estimated to reach 10 billion by 2050 (Department of Economic 

and Social Affairs, 2010). The increase in human population would also increase the demand in 

food and energy, including vegetable oil which is being used as food, for biofuel production, and 

as oleochemical materials. Up to the present time, plants are the major supplier of vegetable oil. 

For example, canola is the major oilseed crop in Canada, with the market value of 26.7 billion 

(Canola Council of Canada, 2017). However, with the increasing demand of vegetable oil but 

limited agricultural land, new sources for vegetative oil production must be developed without 

increases in arable land usage (Ray et al., 2013). Microalga is a suitable source for production of 

vegetable oil, as well as other high-value bioproducts (Zhu et al., 2014, Hayes et al., 2017). The 

market value of microalgae is estimated to be over 75 million USD by the end of 2026 

(ReportLinker, 2018). Even though its value is lower than oilseed crops such as canola, the 

future of microalgae is foreseen to be very impressive (Hu et al., 2008, Du & Benning, 2016). 

Therefore, in order to use microalgae as an oil production source, it is critical to expand the 

knowledge on microalgae, with emphasis on its lipid biosynthesis pathway. 

In microalgae, fatty acids (FAs) are generally used for membrane lipid synthesis, 

membrane proliferation, and organelle formation under favourable conditions (Xu et al., 2016). 

Under stress conditions that would limit the growth of microalgae, large amounts of FAs are 

used to form storage triacylglycerol (TAG) as a stress response mechanism (Du & Benning, 

2016). The biosynthesis of TAG contains multiple steps catalyzed by different enzymes. 

Diacylglycerol acyltransferase (DGAT, EC 2.3.1.20) catalyzes the last committing step in 

converting diacylglycerol (DAG) to TAG and therefore is one of the most important enzymes in 

storage lipid biosynthesis (Chen & Smith, 2012, Xu et al., 2017). Therefore, the knowledge of 
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algal DGATs is important to further understanding microalgae lipid synthesis as well as 

providing candidate genes for genetic manipulation to increase TAG production in microalgae. 

Haematococcus pluvialis is a green unicellular microalga belongs to the Chlorophyceae 

family. The alga is known for its ability to produce astaxanthin, an antioxidant molecule, and 

FAs and lipid when the cell exerts stress (Zhekisheva et al., 2002a, Boussiba & Vonshak, 1991, 

Chen et al., 2015b). The astaxanthin produced is stored in lipid bodies and is directly related to 

the lipid accumulation (Liang et al., 2015a, Han, 2013). The amount of TAG accumulated in H. 

pluvialis under stress was significantly higher than that under normal growth conditions 

(Damiani et al., 2010), making H. pluvialis a potential candidate for oil production (Bharathiraja 

et al., 2017). However, although DGAT is an important enzyme in TAG biosynthesis in 

microalgae, the isolation and characterization of DGATs have rarely been reported in H. 

pluvialis.  

The overall objective of this study is to identify and characterize DGAT(s) from H. 

pluvialis. The working hypothesis is that DGATs play important roles in TAG biosynthesis in H. 

pluvialis, the DGAT genes can be isolated, and the DGAT enzymes can be characterized via in 

vitro assays.  

The sub-objectives are to: 

1) search for putative H. pluvialis DGAT (HpDGAT) genes, 

2) isolate the putative genes and investigates its expression profiles under different 

conditions, and  

3) test the in vitro activities of the HpDGAT enzymes. 
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CHAPTER TWO: LITERATURE REVIEWS 

 

2.1 Introduction 

 Vegetable oil has been widely used in many industries including food services, animal 

feed, and pharmaceuticals. The importance of vegetable oil is undeniable in the modern world, 

resulting in its high demand. Microalgal oil may be considered as an alternative vegetable oil 

source, as well as an alternative biofuel. This is due to microalgal oil’s similarity in chemical 

structure to biodiesel as well as its rapid growth cycles. Microalgal oil content is observed to 

increase during stress conditions, such as nitrogen (N) and sulfur deprivation. To use microalgal 

as an oil source, more in-depth studies in regard to the lipid oil biosynthesis, accumulation, and 

regulation is needed to be done. Based on the knowledge accumulated from plant lipid 

biosynthesis pathways, microalgae lipid biosynthesis pathway is investigated. In this chapter, the 

biosynthesis of FA and storage lipid of microalgae are the focus, with emphases put upon the 

TAG biosynthesis pathway; and DGAT, the enzyme responsible for this reaction. In almost all 

cases, DGATs present and expression have direct effects on the total lipid content as well as the 

FA profiles. Additionally, the detection of a novel DGAT like in H. pluvialis—a green microalga 

that is capable of producing high oil content during stress—allows for the opportunity to 

genetically modify and improve oil production in the algae. Different homologs of enzymes 

involved in the lipid biosynthesis pathway in plants and microalga are also discussed in this 

section.  
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2.2 Microalgal storage lipid: potential use in biofuel production and its accumulation in 

algal cells 

2.2.1 Vegetable oil and its application in biofuel production 

Vegetable oil is synthesized in almost every plant species and mainly accumulated in 

plant seeds (Bockisch, 1998). Vegetable oil is important in the modern civilized world with 

broad usage in human food, animal feed, and pharmaceuticals. In the human diet, vegetable oil is 

healthier than animal fat because it contains large amount of mono- and polyunsaturated FAs 

which can reduce the risk of obesity, coronary heart disease and hypertriglyceridemia for the 

consumer (Huth et al., 2015, Mattson & Grundy, 1985, Jansen et al., 2000).  

As one of the most energy rich renewable compounds available in nature, vegetable oil 

also presents a logical substitute for fossil fuel in search for sustainable energy sources (Du & 

Benning, 2016, Schobert, 2013, Durrett et al., 2008, Xia & Larock, 2010). The first use of 

vegetable oil as biofuel dated back to 1970s but was not popularized due to its uncompetitive 

price to fossil fuel (Songstad et al., 2011, Knothe, 2010). However, the emission of greenhouse 

gas such as carbon dioxide (CO2) from burning fossil fuel has been considered as the main cause 

of the global warming problem (Allen et al., 2009). The increase in energy demand also raises 

the questions about fossil fuel’s sustainability and renewability. Therefore, biofuels are presented 

with an opportunity to be a major candidate in accommodating global energy demands. It is 

estimated that biofuel may provide 30% of world’s demand energy by 2050 (Guo et al., 2015). 

Thus, the use of vegetable oil to generate biofuels drive the interests of many researchers.  

One of the benefits of using vegetable oil for biofuel production is that plants consume 

CO2 during photosynthesis and oil accumulation process, thus lowering the greenhouse effect 

generated from burning fossil fuels. To meet the production requirement in vegetable oil, 
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approaches include genetic manipulation—increased oil production within the seed for 

example—or increased growing area for more biomass production is considered and executed. 

However, at least 55% of the world’s agricultural land is needed for food crop by the year 2050 

(Wolf et al., 2003), which limits the lands for oil crop production (Carlsson et al., 2011). 

Growing oil crops will not provide enough vegetable oil to meet the global demand. Therefore, 

new sources for vegetable oil production, such as microalgae and other microorganisms, are 

needed to compensate for the increase in oil demands. 

Almost all vegetable oils are composed of various TAGs, the most commonly known 

class of glycerolipids (Donato et al., 2013) (Chen et al., 2015c). TAG consists of three FA chains 

(predominantly 16 or 18 carbons in length) esterified to a glycerol backbone (figure 1A). The FA 

chain length and saturation degree determine the TAG properties and effect on the biofuel 

produced. The FA chain is chemically similar to that of conventional diesel (figure 1G). 

However, vegetable oil does not function as efficient as conventional diesel due to its high 

viscosity (Knothe & Steidley, 2005). As a result, esterification of the FA with methanol resulting 

in fatty acid methyl esters (FAME), which has a viscosity range comparable to that of 

conventional diesel (Knothe et al., 2005), is needed in biofuel production. Moreover, mono-

unsaturated FA such as oleic acid (C18:1) or palmitoleic acids (C16:1Δ9) have the optimized 

carbon chain length and saturation degree needed for biofuels due to the balance between cold-

resistant and oxidative stability (Serdari et al., 1999, Durrett et al., 2008).  
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Figure 1: Basic structures of triacylglycerol and common fatty acids. A, TAG structures; B, 

Palmitic acid (C16:0); C, Stearic acid (C18:0); D, Palmitoleic acids (C16:1Δ9); E, Oleic acid 

(C18:1Δ9); F, Linoleic acid (C18:2 Δ9, 12); G, Conventional diesel structure. 

 

 

2.2.2 Microalgal oil: composition and production  

Microalgal oil emerges as a new potential substitute for vegetable oil in biofuel 

production. Microalgal oil is mainly TAG (>70%) with a FA profile similar to that in plant oils 

(Meng et al., 2009, Chisti, 2007). The major FA detected includes palmitic acid (C16:0), 

palmitoleic acid, oleic acid, linoleic acid (C18:2) and linolenic acid (C18:3) (Volkman et al., 

1989, Zhukova & Aizdaicher, 1995, Ahlgren et al., 1992). Microalgae also produces unusually 
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long chain polyunsaturated FAs (LC-PUFA) with the length varying from 14 to over 20 carbon 

chain (Zhukova & Aizdaicher, 1995, Griffiths et al., 2012). The presence of LC-PUFA will 

affect the oxidative stability of the produced biofuels (Chisti, 2007); however, this problem is 

solved by partial catalytic hydrogenation (Jang et al., 2005, Dijkstra, 2006). The similarity in the 

FA profile between plant and microalgae allow the same modification methods used to convert 

vegetable oil into biofuels.  

The oil production rate in microalgae is different from species to species and the growth 

condition plays a major role in regulating lipid production process (Dunstan et al., 1993). 

However, recent studies show that even a low oil content alga can produce comparable amounts 

of oil to soybean per biomass with significantly less land and resources used (Gouveia et al., 

2017). Microalgae cultivation has a relatively rapid growth rate, which allows much shorter 

harvesting time. Moreover, water used in algal culture can be from low quality-water sources 

such as wastewater, saltwater, or digestate (Chisti, 2007), which helps reduce the cost of algal 

cultivation. Also, microalgae can be grown under photoautotrophic, heterotrophic, and 

mixotrophic conditions which—together with the algal species—leads to different lipid 

productivity (Chen et al., 2011a). For example, Chlorella vulgaris produces the highest amount 

of lipids when grown in mixotrophic conditions while Chlorococcum species prefer to be grown 

in phototrophic conditions (Liang et al., 2009, Rodolfi et al., 2009).  

In general, microalgae tend to accumulate high amount of oil when the culture is 

subjected to stress conditions (Zhekisheva et al., 2002a, Boyle et al., 2012). The stress conditions 

range from nutrient deprivation, low N supply, strong light exposure and change in temperature, 

and their effects on algal lipid accumulation vary from species to species (Singh & Singh, 2015, 

Cheirsilp & Torpee, 2012). For instance, Chlorella zofingiensis TAG production was enhanced 
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significantly under high irradiation and limited N supply (Liu et al., 2016) while 

Nannochloropsis oculata has its lipid content doubled when grown under high temperature 

(Converti et al., 2009). Thus, studies on the optimal growth conditions for specific microalgae 

species will help increase its biomass and oil production. Moreover, studies about the lipid and 

FA biosynthesis pathway of microalgae will fuel the understanding of microalgae biochemistry 

and provide background information for genetic manipulation of microalgal species to increase 

their oil production. 

 

2.3 Fatty acid biosynthesis 

Microalgae accumulates high amounts of oil under stress and thus, is a potential 

candidate for oil production used in biofuel (Markou & Nerantzis, 2013, Hayes et al., 2017). The 

major component of microalgal oil is TAG. Strategies in increasing TAG content lead to increase 

in oil productivity in microalgae. To exploit different strategies or methods to increase TAG 

production, the biosynthesis of TAG in microalgae must first be understood. TAG is comprised 

of a glycerol backbone esterified to three FA chains (figure 1A). In plants, the biosynthesis of 

TAG is divided into two phases. The FAs are first synthesized in plastids, and then get 

transported across the cytosol into the endoplasmic reticulum (ER), where the newly synthesized 

FAs are further modified and incorporated into glycerol backbone forming TAG (Chen et al., 

2015c). In Chlamydomonas reinhardtii, a model organism used to study lipid biosynthesis in 

microalgae, FA is synthesized in chloroplasts (Hu et al., 2008).  

As shown in Figure 2, acetyl CoA is the initial molecular for FA biosynthesis. In plants, 

the acetyl CoA comes from cytosolic glycolysis process of converting pyruvate to acetyl CoA 

(Schwender & Ohlrogge, 2002, Baud et al., 2007). In green microalgae, the process of acquiring 
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acetyl CoA happens in a similar manner (Andre et al., 2007, Li-Beisson et al., 2015). It is 

believed that the break down of pyruvate, which comes from the glycolysis process, is the main 

source of acetyl CoA in green algae (Hu et al., 2008). Once the acetyl CoA is obtained, the first 

committed step in the FAs biosynthesis pathway takes place. In short, acetyl CoA is first 

converted to malonyl-CoA with the help of acetyl CoA carboxylase (ACCase). Secondly, 

malonyl CoA:ACP transferase (MCAT) transfers malonyl from CoA to acyl carrier protein 

(ACP), forming malonyl-ACP. The resulting malonyl-ACP then enters the FA synthesis complex 

for the elongation of the acyl-chain to produce a FA product of the desired length (Li-Beisson et 

al., 2015). 

 

Figure 2: FA biosynthesis in microalgae in chloroplast. Adopted from (Li-Beisson et al., 2015, 

Zienkiewicz et al., 2016). PDH: Pyruvate dehydrogenase, ACCase: acetyl CoA carboxylase, 

MCAT: malonyl CoA:ACP transferase, FAT: Fatty acid thioesterase.  

 

ACCase is considered the most important enzyme in the FA synthesis pathway in plants 

and algae (Post-Beittenmiller et al., 1992, Huerlimann et al., 2015). It catalyzes the first 
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committed step in the pathway, thus playing a role in regulation of the carbon influx for the FA 

synthesis (Sasaki & Nagano, 2004). The enzyme consists of four identical subunits/domains, 

named biotin carboxylase (BC); biotin carboxyl carrier protein (BCCP); and two 

carboxyltransferases subunits (α-CT and β-CT) (Thelen & Ohlrogge, 2002). Each subunit is 

responsible for biotin carboxylation and the transfer of carboxyl groups to acetyl CoA. There are 

two form of ACCase, homomeric and heteromeric forms. The homomeric ACCase is a large 

cytosolic polypeptide (> 7200kDa) with different functional domains. It is predominantly present 

in animals, fungi and some plants (Fatland et al., 2005). On the other hand, the heteromeric 

ACCase comprises of four individual proteins that are easily dissociated. Heteromeric ACCase is 

also preferred in prokaryotes, algae, and plants (Huerlimann & Heimann, 2013).  

Since ACCase catalyzes the first step in FA biosynthesis, it is thought that overexpression 

of ACCase would increase the influx of carbon sources into the cycle, resulting in an increase in 

FA production. In plants, the overexpression of ACCase is shown to have positive affect on the 

FA composition and lipid content (Fukuda et al., 2013, Hunkeler et al., 2016). However, external 

factors such as light, pH, Mg2+ and adenosine triphosphate (ATP) concentration could negatively 

effect ACCase activities (Nakamura & Yamada, 1979, Nikolau & Hawke, 1984). Similar to 

plants, recent studies on Phaeodactylum tricornumtum—a diatom microalga—showed that 

overexpression of ACCase leads to increase in oil production (Zulu et al., 2018, Li et al., 2018). 

Furthermore, in C. reinhardtii, increase in ACCase expression have positive effect on the amount 

of neutral lipids due to the increase in carbon influx toward the acetyl CoA biosynthesis (Rengel 

et al., 2018). These findings about the activity of ACCase open new possibilities for genetic 

manipulation in order to increase lipid production in microalgae.  
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After malonyl ACP is synthesized, FA biosynthesis continues to occur in the FA synthase 

(FAS) complex. There are two types of FAS, FAS type I and type II. Type I FAS is found in 

animals and fungi; whereas type II FAS are present in plants, bacteria and microalga (Ryall et 

al., 2003). The different between the two types of FAS is that type I is a single multifunctional 

polypeptide, while type II is a dissociable unit with separate polypeptide encodes activity 

separately (Harwood, 1996). The components in FAS includes β-ketoacyl-ACP synthase, β-

ketoacyl-ACP reductase, β-hydroxyacyl dehydratase and enoyl-ACP reductase (Jaworski JG. et 

al., 1993, Chen et al., 2015c). Each component is responsible for each step in the elongation 

reaction of the acyl-chain. The first condensation reaction occurs between malonyl-ACP and 

acetyl CoA forming 3-ketobutyryl-ACP with the help of β-ketoacyl-ACP synthase. The next 

reduced reaction is catalyzed by β-ketoacyl-ACP reductase. The product hydroxybutyryl-ACP is 

dehydrated via β-hydroxyacyl dehydratase forming butenoyl-ACP. The butenoyl-ACP is further 

reduced by enoyl-ACP reductase result in butyryl-ACP. The latter elongation step uses another 

malonyl-ACP as a carbon donor forming 3-ketoacyl-ACP. The reaction continues through a new 

cycle until a product of desired length is achieved (Ohlrogge & Browse, 1995, Hu et al., 2008). 

During each cycle, CO2 and H2O are released as by-products; and the length of precursor FA is 

increased by two carbons. As a result, a saturated FA linked to ACP is formed. Unsaturated FA 

is produced by another class of enzyme named ACP desaturase. The enzyme introduces double 

bonds into the saturated FA forming an unsaturated FA chain. For example, stearoyl ACP 

desaturase (SAD) desaturates stearic acid (C18:0) to oleic acid (C18:1). In Chlorella 

zofingiensis, overexpression of SAD under stress conditions leads to an increase in the amount of 

oleic acid accumulated (Liu et al., 2012a). On the other hand, the inhibition of SAD expression 

in C. reinhardtii resulted in an increased amount of stearic acid (de Jaeger et al., 2017). Thus, the 
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expression level of SAD contributes to the variation in FA composition. Further understanding of 

the enzyme could aid in manipulating the FA composition of microalgae.  

The final step in FA biosynthesis is the termination of the elongation reaction. The acyl-

ACP is either get cleaved via fatty acyl-ACP thioesterase (FAT) to release free FA (FFA), or is 

used directly as a substrate for acyltransferases in downstream reactions (Ohlrogge & Browse, 

1995). There are two type of FATs: FATA and FATB. FATA prefers unsaturated FA as the 

substrate, while FATB prefers saturated FA (Jones et al., 1995). In microalgae, one thioesterase 

from P. tricornutum was successfully identified and was found to have no similarities to those 

that present in plants and bacteria (Gong et al., 2011). Another study showed that the expression 

of Dunaliella tertiolecta FAT in C. reinhardtii increased lipid production confirmed the cross-

species functionality of FATs (Tan & Lee, 2017, Blatti et al., 2012). A recent study on FAT from 

Cuphea hookeriana showed that FAT influences the output length of acyl-ACP via its activity, 

relative to β-ketoacyl-ACP synthase (Feng et al., 2018). Further study on FAT mechanism and 

interaction with β-ketoacyl-ACP synthase would provide a novel strategy in producing specific 

carbon length in acyl-chain.  

Afterward, the acyl chain needs to be exported out of the plastid to enter the acyl-CoA 

pool—a process which is catalyzed by fatty acid export 1 (FAX1), located in the inner envelop 

of chloroplast (Li et al., 2015a). In plants, FAX1 is responsible for C16 and C18 FA transport to 

the ER (Hurlock et al., 2014). The overexpression of FAX1 leads to an increased FA input which 

results in higher ER derived lipids. On the other hand, missing FAX1 leads to the decrease of the 

ER lipid content while plastid lipid increases (Li et al., 2015a). The exact mechanism of the 

export process in microalgae is still unknown (Zulu et al., 2018). However, it is assumed that the 

exported FAs are used by long-chain acyl-CoA synthetase (LACS), which converts acyl-ACP to 
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acyl-CoA esters (Bates et al., 2007, Li-Beisson et al., 2013, Judy et al., 2002). The acyl-CoA is 

then accumulated in the cytosol either by binding to acyl-CoA binding protein (Xiao & Chye, 

2011) or by the fatty elongation system (Cassagne et al., 1994). It is used directly as the acyl-

CoA source in the Kennedy pathway for acyl-CoA dependent TAG biosynthesis or partially used 

in plastid acyl lipid synthesis (Jessen et al., 2015).  

 

2.4 Storage lipid biosynthesis 

After the acyl-chain enters the acyl-CoA pool, the acyl-CoA can be utilized to form TAG 

in the ER. In order to produce TAG, DAG must first be assembled. There are at least two sources 

for DAG pool: the de novo synthesized DAG and phosphatidylcholine (PC) derived DAG. The 

newly synthesized DAG is then converted to TAG (figure 3).  

 The first reported pathway for TAG biosynthesis is the Kennedy pathway (the dashed 

section in blue in figure 3) which begins with the uptake of an acyl-CoA from the acyl-CoA pool 

as a substrate for the membrane bound sn-glycerol-3-phosphate acyltransferase (GPAT) enzyme 

(Weiss & Kennedy, 1956). The enzyme catalyzes an additional reaction where an acyl chain in 

acyl-CoA format replaces the hydroxyl group at the sn-1 position of glycerol-3-phosphate (G3P). 

The product formed is lysophosphatidic acid (LPA), which is then has its hydroxyl group at the 

sn-2 position replaced by another acyl group from the acyl-CoA pool, forming phosphatidic acid 

(PA). The reaction is catalyzed by lysophosphatidic acid acyltransferase (LPAAT). PA then has 

its phosphate group at the sn-3 position replaced by a hydroxyl group, resulting in DAG 

formation. From there, TAG biosynthesis from DAG pool can be done by using acyl-CoA from 

the acyl-CoA pool (acyl-CoA dependent) or from the PC pool (acyl-CoA independent). In the 

acyl-CoA dependent pathway, the last acyl-chain is transferred to the sn-3 position with the help 
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of DGAT. DGAT will be discussed more in depth in the latter section. On the other pathway, 

phospholipid:diacylglycerol acyltransferase (PDAT) uses acyl-chain from PC as an acyl donor. 

The end product is TAG which is then deposited into lipid droplets (LDs) (Chapman et al., 

2012). As shown in Figure 3, multiple enzymes catalyze reactions in TAG biosynthesis, which 

play important roles in the process. Some of the important enzymes are described below. 

 

 

Figure 3: TAG biosynthesis in microalgae. The figure is adapted from (Li-Beisson et al., 2015, 

Zienkiewicz et al., 2016). ACP: Acyl carrier protein, FFA: Free fatty acid, G3P: Glycerol-3-

phosphate, LPA: Lysophosphatidic acid, PA: Phosphatidic acid, DAG: Diacylglycerol, GPAT: 

glycerol-3-phosphate acyltransferase, LPAAT: lysophosphatidic acid acyltransferase, PAP: 

phosphatidic acid phosphatase, TAG: triacylglycerol, LACS: long-chain acyl-CoA synthetase, 

PDAT: phospholipid:diacylglycerol acyltransferase, PC: Phosphotidylcholine, LPC: 

lysophosphatidylcholine, LPCAT: lysophosphatidylcholine acyltransferase 
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2.4.1. Glycerol-3-phosphate acyltransferase (GPAT)  

The conversion of G3P to LPA is catalyzed by GPAT, which transfers the acyl group 

from the acyl-CoA pool or acyl-ACP into the sn-1 position of G3P to form LPA (Jayawardhane 

et al., 2018). GPATs can be grouped into three categories based on is subcellular localization: 

plastidial soluble GPAT, ER membrane bound GPAT and mitochondrial membrane bound 

GPAT (Jayawardhane et al., 2018). Plastidial GPATs exhibits important physiological functions 

in plants in regard to cold tolerance (Nishida & Murata, 1996). Heterologous expression of 

plastidial AtGPAT in tobacco enhances cold tolerance of the target plant (Murata et al., 1992). 

The increase in tolerance is likely due to the increase in unsaturated FAs fatty accumulation 

(Roughan, 1985), and those cold tolerance plants tend to have plastidial GPATs that have higher 

selectivity for unsaturated FAs such as 18:1-ACP (Jayawardhane et al., 2018). In addition, 

plastidial GPAT seems to also contribute to the total lipid content. Overexpression of safflower 

plastidial GPAT in Arabidopsis results in up to 21% increase in seed oil content even though the 

exact mechanism is yet to be determined (Jain et al., 2000). Recently, heterologous expression of 

Jatropha curcas plastidial GPAT1 in Arabidopsis showed over 13% increase in oil content 

compared to the control. However, statistical significant report has yet to be made (Misra et al., 

2017). Thus, more study on plastidial GPAT mechanism and its physiological functions would 

benefit the oil accumulation process.  

On the other hand, membrane bound GPATs are involved in both intracellular and 

extracellular acyl-lipids biosynthesis (Jayawardhane et al., 2018). There are ten membrane bound 

GPAT identified in Arabidopsis (Zheng et al., 2003, Gidda et al., 2009, Li et al., 2007), in which 

those ER bound GPAT are thought to involved in the Kennedy pathway (Chen et al., 2011b). To 

date, four Arabidopsis GPATs (AtGPAT4,5,6,8) have been identified and functionally 
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characterized to be involved in extracellular lipid biosynthesis (Zheng et al., 2003, Gidda et al., 

2009, Eccleston & Harwood, 1995) while AtGPAT9 was recently found to contribute to 

intracellular glycerolipid biosynthesis (Singer et al., 2016, Shockey et al., 2016). Specifically, 

GPAT4, 6, and 8 are responsible for cutin biosynthesis while GPAT5 and 7 are responsible for 

suberin (Chen et al., 2011b, Yang et al., 2012). In addition to the acylation activity, land plants 

AtGPAT4 and AtGPAT6 also possess a phosphatase domain that responsible for sn-2 

monoacylglycerol (2-MAG) biosynthesis that is not present in animals, and microalgae (Yang et 

al., 2010). The formation of sn-2 MAG acts as a precursor for surface lipid biosynthesis (Yang et 

al., 2010, Yang et al., 2012). The bifunctional activity of the enzyme is important in the 

adaptation and evolution of plants to grow in different environments (Waschburger et al., 2018). 

Last but not least, mitochondrial GPAT is found to have sn-2 acyltransferase activity but not 

phosphatase activity (Yang et al., 2012). Even though mitochondrial GPAT shows similar 

activity to those ER-bound GPAT (GPAT4-8), mutation of mitochondrial GPAT does not lead to 

changes in lipid content (Yang et al., 2012). However, mitochondrial GPAT mutants exhibited 

impaired male fertility in pollen leading to reduced seed yield (Zheng et al., 2003). Mature pollen 

constitutes of galactolipids, neutral esters, polar, and neutral lipids (Ischebeck, 2016), suggesting 

that mitochondrial GPAT plays an important role in regulating different classes of lipid 

accumulation in pollens (Zheng et al., 2003, Jayawardhane et al., 2018).  

In contrast to plants, microalgal GPATs are predicted to be localized within plastids and 

mostly involved in TAG biosynthesis (Misra & Panda, 2013, Iskandarov et al., 2016). The recent 

identification of Lobosphaera incisa GPAT, opening the opportunity for heterologous 

overexpression of LiGPAT in C. reinhardtii. As the result, C. reinhardtii has its TAG content 

increased to almost 50% per dry weight compare to the control with an elevated amount of oleic 
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acid (C18:1) (Iskandarov et al., 2016). In other red microalgae, such as Cyanidioschyzon 

merolae, GPAT appears to catalyze the rate limiting step for TAG biosynthesis and is a potential 

target for genetic manipulation to improve TAG production (Fukuda et al., 2018). 

Overexpression of CmGPAT1 leads to drastic increase in TAG accumulation under normal 

growth condition without compromising normal cell growth (Fukuda et al., 2018). Additionally, 

overexpression of P. tricornutum GPAT also leads to a increase in lipid content by almost 

twofold with the FA profile showing a significant unsaturated FAs level compare to wild type 

(Niu et al., 2016, Balamurugan et al., 2017). Furthermore, site-directed mutagenesis of LiGPAT, 

changes Arg195 to His, thus causing an increase in the size of the phosphate binding pocket. 

This also increases the enzymatic activity of LiGPAT enzymatic which results in increased 

phospholipid accumulation in yeast (Ouyang et al., 2016). Overall, GPAT is a potential 

candidate for genetic manipulation to upregulate TAG biosynthesis in microalgae.  

 

2.4.2 Lysophosphatidate acyltransferase (LPAAT) 

The next acylation reaction in the Kennedy pathway is catalyzed by LPAAT. This 

enzyme is responsible for the addition of the second acyl-chain from acyl-CoA pool to LPA, 

forming PA. This enzyme is specific to the acylate LPA substrate at the sn-2 position. Most of 

LPAAT known are membrane-bound enzymes (Somerville & Browse, 1991). However, a recent 

study discovered that there is are soluble LPAAT in Arabidopsis thaliana (At4g24160) that has 

multiple activities, including LPAAT, triacylglycerol lipase, and phosphatidylcholine hydrolase 

(Ghosh et al., 2009). In Brassica napus, LPAAT prefers oleoyl-CoA (C18:1-CoA) as an acyl 

donor and its presence is essential for normal plant development (Chapman & Ohlrogge, 2012, 

Bourgis et al., 1999). Therefore, LPAAT exhibits higher substrate selectivity for unsaturated FAs 
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in plants. In C. reinhardtii, there are six annotated LPAAT identified and only one functional 

CrLPAAT1 showed a reference on using palmitoyl-CoA (C16:0-CoA) instead of C18:1-CoA 

(Yamaoka et al., 2016). The same study also showed the effect of overexpression of CrLPAAT1 

enhancing storage lipid accumulation. Besides the role in storage lipid biosynthesis, LPAAT 

catalyzes the formation of PA, which is the first precursor for membrane lipid biosynthesis 

(Yamaoka et al., 2016). The multifunctional activity of the enzyme and its preference for 

different acyl-chains suggest its essential role in phospholipid and neutral lipid biosynthesis 

processes. Further study for identification and characterization of LPAAT will help manipulate 

the oil yield as well as the FA composition in plants and algae. 

 

2.4.3 Phosphatidic acid phosphatase (PAP) 

PAP catalyzes the removal of the 3’-phosphate group in PA, converting it into 1,2-diacyl-

sn-glycerol (DAG). PA pool also provides the substrate for two other pathways: the phospholipid 

biosynthesis based on glycerolphosphate, and the biosynthesis pathway of 

phosphatidylethanolamine (PE) and PC (Jin & Jiang, 2015). PAP is found to regulate the PA 

level and is thus essential for DAG and membrane lipid biosynthesis (Eastmond et al., 2010, 

Craddock et al., 2015). In A. thaliana, there are two proteins with PAP activity identified (PAH1 

and PAH2). The loss of function in PAH1 and PAH2 is shown to have significant increase in 

phospholipid compare to wild type, causing proliferation in the endomembrane (Wang et al., 

2014a). PAP is found to be involved in the activation of cytidine 5’-triphosphate (CTP): 

phosphocholine cytidylyltransferase (CCT) (Craddock et al., 2015), which is an enzyme 

responsible for the rate limiting step in PC biosynthesis (Tasseva et al., 2004). In S. cerevisiae, 

PAP activity plays a pivotal role in the biosynthesis of TAG (Pascual et al., 2013). Its activity is 
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found to be dependent on the Mg2+ concentration (Han et al., 2007, Hardman et al., 2017). In C. 

reinhardtii, a newly identified CrPAP2 over-expression results in higher oil accumulation (Deng 

et al., 2013). Therefore, PAP activity is important in the manipulation of storage lipid 

biosynthesis along with DGAT (Comba et al., 2013, Han et al., 2007). DGAT will be discussed 

in the later section. 

 

2.4.4 Phospholipid:diacylglycerol acyltransferase (PDAT) 

In many species, the acyl-CoA dependent pathway is not the only way to produce TAG. 

One of the enzymes involved in the acyl-CoA independent pathway is PDAT. PDAT is present 

in yeast, plants, and microalgae (Pan et al., 2015b). PDAT catalyzes the transfer of acyl-chain 

from phospholipid to the sn-2 position of DAG instead of using acyl-chain from the acyl-CoA 

pool. In Arabidopsis, there are six PDAT homologs identified but only one PDAT1 involved in 

TAG production (Ståhl et al., 2004). However, the loss in PDAT activity does not significantly 

alter the amount of TAG accumulated in the event of active DGAT. Thus, the presence of PDAT 

in Arabidopsis seems to be a redundant strategy for TAG production. This enzyme is responsible 

for TAG production in the case of inactive DGAT1 (Mhaske et al., 2005, Zhang et al., 2009). 

Furthermore, PDAT is found to be involved in epoxy and hydroxy FA accumulation in seed oils 

(Li et al., 2010b), as well as the transfer of PUFA from PC to TAG (Fan et al., 2013, Furmanek 

et al., 2014). Further study of AtPDAT1 showed that the enzyme involved in diverting FA in the 

membrane lipid toward β-oxidation does so to maintain membrane lipid homeostasis (Fan et al., 

2014).  In C. reinhardtii, galactolipids such as monogalatosyldiacylglycerol (MGDG) and 

digalactosyldiacylglycerol (DGDG) are predominant in chloroplast membrane (Janero & 

Barrnett, 1981). CrPDAT is found to be responsible for the increase in TAG content when the 
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cell is under N starvation stress. The additional TAG produced is derived from chloroplast 

membrane galactolipids and is mediated by PDAT (Yoon et al., 2012). Overall, the presence of 

PDAT contributes to TAG biosynthesis and is significant in producing PUFA or unusual FAs 

(Xu et al., 2018a).  

 

2.4.5 Other enzymes involve in acyl-CoA independent TAG biosynthesis 

In addition to PDAT, there are other enzymes that catalyzes the biosynthesis of TAG via 

acyl-CoA independent pathways. Cholinephosphotransferase (CPT) is an enzyme that catalyzes 

the conversion of DAG into PC. The phosphocholine taken from cytidine diphosphate-choline 

(CDP) is transferred to DAG, leaving cytidine monophosphate-choline (CMP) as a byproduct 

[for a review, see (Chen et al., 2015c)]. CPT was first characterized in plants in 1971 (Devor & 

Mudd, 1971). Later, the enzyme was shown to have reversible activity in the CPT-catalyzed 

reaction in vitro (Slack et al., 1985). CPT-catalyzed reaction produces unsaturated DAG pool 

rich in 18:2 and 18:3 FAs (Slack et al., 1983) and thus, is a possible way to produce TAG with 

highly unsaturated FAs. However, the reaction is only thermodynamically favourable in PC 

formation direction (Chen et al., 2011b). Therefore, CPT is a key enzyme in PC synthesis rather 

than TAG synthesis.  

Phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT) is another 

enzyme that utilizes PUFAs or PC-modified FAs to synthesize TAG. PDCT specifically transfers 

the phosphocholine headgroup to the sn-3 position of DAG. PDCT is encoded by Reduced 

Oleate Desaturase 1 (ROD1) and is closely related to lipid phosphatase/ phosphotransferase 

protein in mammals (Lu et al., 2009). In Arabidopsis, inactivation of PDCT results in an 

unchanged quantity of TAG content but the amount of PUFAs is significantly reduced (Lu et al., 
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2009). PDCT is different from CPT in that it produces DAG pool with PC-modified FAs instead 

of PC as the end-product. The modified DAG pool is then further desaturated to produce PUFA-

enriched TAG. For instance, PDCT is required for transferring hydroxy FAs from PC to DAG in 

a transgenic Arabidopsis producing hydroxy FA, leading to the increase in accumulation of TAG 

with hydroxy FAs (Hu et al., 2012). Moreover, flax PDCT are able to channel monounsaturated 

FAs into PC for further desaturation, thus increasing C18-PUFA  production in metabolically 

engineered yeast as well as transgenic A. thaliana (Wickramarathna et al., 2015). In addition to 

PUFA, PDCT also contributes to the accumulation of unusual FAs in castor (Ricinus communis) 

(Hu et al., 2012). Thus, PDCT is important in PUFA-TAG biosynthesis by utilizing acyl-chain in 

PC.  

 

2.4.6 Acyl-editing process  

TAG contains various FA with different lengths, double bonds, and even special 

functional units (such as -OH). The modification of FAs after being de novo synthesized in 

plastids is called acyl-editing. The editing process is central around PC (Bates et al., 2013). The 

acyl-group in PC undergoes different reactions—like desaturation, conjugation, hydroxylation 

and epoxidation—with the help of fatty acid desaturase (FAD) like enzymes (Carlsson et al., 

2011). The modified acyl-chain can then be used in ER and chloroplast envelop biosynthesis via 

reverse reaction with the help of LPCAT and PLA (Wang et al., 2012). Another option for the 

modified acyl-chain is to convert back to join the DAG pool with the help of PDCT, 

phospholipase C (PLC), or phospholipase D (PLD) (Bates et al., 2013, Slack et al., 1985, Lu et 

al., 2009). One more option for the modified acyl-chain is to serve as a substrate for PDAT to 

produce TAG. As a result, the newly produced product will contain the modified acyl-chain.  
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Lysophosphatidylcholine acyltransferase (LPCAT) and phospholipase A (PLA) are the 

two main enzymes involved in the acyl-editing process. LPCAT catalyzes the transferring of acyl 

group from acyl-CoA pool to LPC (Chapman & Ohlrogge, 2012). The reverse reaction of adding 

a CoA group to PC to release the acyl group in PC is thermodynamically unfavorable and is 

coupled to DGAT to forward the reaction (Pan et al., 2015a). The PUFA-rich PC is one of the 

sources for PUFA in the acyl-CoA pool and the LPCAT present directly affects the PUFA 

content of TAG in Arabidopsis (Bates et al., 2012). The type of PUFAs that get incorporated into 

TAG is dependent on the substrate specificity of LPCAT (Arroyo-Caro et al., 2013). This 

process is thought to be analogous in algae where the acyl group in PC get modified prior to 

being incorporated into storage or membrane lipids (Sayanova et al., 2017). In addition, 

phospholipase A (PLA) modifies the acyl chain at the sn-2 position of PC which releases 

modified FAs—via hydrolysis—into the CoA pool for LACS to use as substrates (Bayon et al., 

2015). Overexpression of seed-specific patatin-related PLAs in A. thaliana leads to an increase 

in seed oil content without affecting seed yield (Li et al., 2013). Recent characterization of PLA 

in Arabidopsis reveals that the enzyme has highest specificity toward oleoyl FA (C18:1) and a 

headgroup specificity for PC (Chen et al., 2012b). On the other hand, a target knockout of PLA2 

in C. reinhardtii via CRISPR-Cas9 specifically decreases PLA2 expression, resulting in an 

increase in TAG accumulation during normal growth phase rather than induction phase (Shin et 

al., 2019). Further studies on the enzymes involved in acyl-editing process, such as LPCAT and 

PLA, would help raise more understanding about the process and provide background 

knowledge for genetic manipulation in the future.  
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2.5 Diacylglycerol acyltransferase (DGAT) 

The biosynthesis of TAG occurs mainly on the ER, but there have been reports that the 

reaction also occurs in the cytosol and in plant chloroplasts (Fan et al., 2011, Coleman & 

Mashek, 2011, Kaup et al., 2002). DGAT catalyzes the last reaction in the Kennedy pathway, 

which converts DAG into TAG in an acyl-CoA dependent manner. Specifically, DGAT adds 

acyl chain into the last sn-3 position of DAG via esterification reaction (figure 4). In plant 

developing seeds, increases in DGAT activity correspond to the oil accumulation phase and then 

decreases as the oil content reaches its plateau (Tzen et al., 1993, Weselake et al., 1993). Three 

non-homologous DGAT families have been identified and characterized, named DGAT1, 

DGAT2 and DGAT3. DGAT1 and DGAT2 are found embedded into lipid bilayer membrane 

while DGAT3 is a soluble form of DGAT enzyme (Xu et al., 2018a).  

 

 

Figure 4: TAG formation from DAG. TAG: Triacylglycerol, DAG: Diacylglycerol 
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 DGAT1 was first identified based on sequence homology to acyl-CoA: cholesterol 

acyltransferase 1 (ACAT1) in mice (Cases et al., 1998). The sequence was then used to identify 

other homologs in Arabidopsis and B. napus (Hobbs et al., 1999, Nykiforuk et al., 2002). The 

characterization of the DGAT1 reveals its effects on the TAG accumulation and FA profile in 

seed oil. Its function involved in conversion of DAG to TAG was first observed in Arabidopsis 

mutant AS11, in which the mutant line appears to have a low TAG to DAG ratio while the DAG 

to LPA and PA ratio remains the same (Zou et al., 1999). The mutant AS11 line is later 

characterized to have reduce DGAT activity, lower TAG content with the FA composition 

altered, and delayed seed development due to an addition mutation in the Tag1 region of 

chromosome II DNA (Katavic et al., 1995). Overexpression of DGAT1 in a seed-specific manner 

leads to an increase in seed oil content and average seed weight (Jako et al., 2001). To date, 

many DGAT1 homologs have been identified, isolated and characterized from plants, fungi, and 

animal (Turchetto-Zolet et al., 2011, Wang et al., 2014b, Pan et al., 2013, Zheng et al., 2017).  

 Further analysis on Arabidopsis Tag1 mutation on both alleles did not cause a complete 

suppression on TAG biosynthesis, suggesting that there is another protein with similar activity to 

DGAT1 (Routaboul et al., 1999). Another DGAT protein, named DGAT2, was then identified in 

Umbelopsis ramanniana, an oleaginous fungus formerly known as Mortierella ramanniana. 

DGAT2 has no sequence similarity to DGAT1 or ACAT1/2 (Lardizabal et al., 2001, Liu et al., 

2012b). Based on the DGAT2 sequences found in U. ramanniana, several DGAT2 homologous 

genes in Caenorhabditis elegans, S. cerevisiae, Homo sapiens and mouse were later identified 

(Cases et al., 2001). Later on, AtDGAT2 was used as a putative sequence to identify and 

characterize DGAT2 from other plants such as tung tree, castor bean and flax (Xu et al., 2018b, 

Pan et al., 2013, Li et al., 2010a, Kroon et al., 2006). Further characterization of DGAT2 
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function resulted in unsuccessful recovery of TAG synthesis in H1246 mutant yeast (Zhang & 

Rock, 2009, Weselake et al., 2009). However, codon-optimized AtDGAT2 in H1246 yeast 

showed restored TAG biosynthesis (Aymé et al., 2014) suggested that H1246 yeast was not able 

to produce plant DGAT2 due to different codon preferences.     

 DGAT3 encodes a cytosolic soluble enzyme. The first time DGAT3 detected was in 

peanuts (Arachis hypogaea) (Saha et al., 2006). DGAT3 was then discovered to have DGAT 

activity and is involved in cytosolic TAG biosynthesis in A. thaliana (Hernández et al., 2012) 

and in oleaginous yeast Rhodotorula glutinis (Rani et al., 2013). In soybean seed, DGAT3 

transcript level was the most abundant compared to the other DGATs suggesting its involvement 

in TAG biosynthesis specifically to the species (Turchetto-Zolet et al., 2016). Studies of DGAT3 

were not as extensive as those of DGAT1 and DGAT2 but further investigation on the enzyme 

could potentially provide an alternate method to genetically manipulate oil production.  

 DGATs have also been identified in microalgal species and their physiological role are 

explored. For a better description, some of the representative studies about algal DGAT 

identification and characterization were combined in the next section.  

 

2.5.1 Physiological role of DGAT in TAG biosynthesis 

DGAT is considered a critical component in the TAG biosynthesis since it catalyzes the 

last step in the Kennedy pathway. It controls the amount of TAG formation (Harwood et al., 

2013) and thus, is important in the seed oil accumulation process. DGAT1 is highly expressed 

during embryo developments of seed oil crop (Weselake et al., 1993, Lu et al., 2003). Its 

expression and activity are directly correlated to the amount of oil produced during seed 

formation (Li et al., 2010b). In A. thaliana, DGAT1 activity and function directly effects the 
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amount of seed oil content. Inactivation of DGAT1 causes seed oil content to decrease by almost 

40% (McFie et al., 2010, Zhang et al., 2009). As mentioned, the inactivation of DGAT1 in 

Arabidopsis mutant AS11 leads to a decrease in seed oil levels (Katavic et al., 1995, Zou et al., 

1999) while activation of DGAT1 in maize leads to an increase in embryo oil content (Peizhong 

et al., 2008). These results suggest that DGAT1 plays a key role in oil accumulation in oil crop 

plants. On the other hand, DGAT2 have minor effects on TAG regulation in plants. The presence 

of AtDGAT2 does not interfere with TAG accumulation (Zhang et al., 2009).  

Compared to DGAT1 expression level, DGAT2 level is insignificant in A. thaliana and 

soybean (Li et al., 2010b). Instead, DGAT2 is involved in the production of unusual FAs such as 

eleostearic acid (18:3Δ9cis,11trans,13 trans) in tung tree (Shockey et al., 2006) and A. thalinana (Zhou 

et al., 2013) or ricinoleic acid (12-hydroxy-9-cis-octadecenoic acid) in castor bean seeds (Kroon 

et al., 2006). During the embryonic development stage, the expression level of DGAT1 is 

significantly lower than DGAT2 in plants that have PUFAs (Kroon et al., 2006, Pan et al., 2013).  

Besides being responsible for TAG production, DGAT expression also associate to others 

physiological roles. DGAT1 expression level effects the freezing tolerance in A. thaliana and 

Boechera stricta (Arisz et al., 2018). Additionally, DGAT1 mutation in A. thaliana leads to 

decreased cold tolerance (Tan et al., 2018) while an increase in DGAT1 expression in B. napus 

has a positive effect on seed oil content during drought (Weselake et al., 2008). On the other 

hand, DGAT2 plays a more important role in TAG biosynthesis in mammals and yeasts. The 

missing of DGAT2 in mice causes more severe affects than DGAT1 mutants. The effects include 

obesity and early death (Stone et al., 2004, Smith et al., 2000).  

In microalgae, DGATs have been sequenced and functionally characterized into different 

species including C. reinhardtii, Neochloris oleoabundans, Ostreococcus tauri, and 
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Phaeodactylum tricornutum (Chungjatupornchai & Watcharawipas, 2015, Cui et al., 2013, Hung 

et al., 2013, Gong et al., 2013). In P. tricornutum, a DGAT1 homologs with higher plant DGAT 

proteins was identified. PtDGAT1 expression was found to be increased during N starvation 

stress and its expression is correlated to the amount of TAG accumulated (Guihéneuf et al., 

2011). Recent identification of another DGAT1 from the microalga Chlorella ellipsoidea—

designated CeDGAT1—was found to be responsible for the increase in TAG accumulation when 

the microalga was under N starvation stress. CeDGAT1 transcript level was confirmed to be 

increased and its expression in H1246 successfully rescued TAG biosynthesis (Guo et al., 2017). 

This suggests the importance of DGAT1 involvement in TAG biosynthesis under stress 

conditions in microalgae. Unlike AtDGAT2, which is unable to restore TAG biosynthesis in 

H1246 yeast strain without codon-optimization (Zhang et al., 2009, Zhou et al., 2013), algae 

DGAT2 can restore TAG biosynthesis in H1246 yeast (Chungjatupornchai & Watcharawipas, 

2015, Chen & Smith, 2012). In Myrmecia incisa, multiple DGAT homologs (DGAT1 and 

DGAT2s) were found to have their expression levels correlated to the amount of TAG formed 

during N starvation stress (Chen et al., 2015a). The expression of DGAT2 homologs in C. 

reinhardtii, specifically CrDGAT2-1 and CrDGAT2-5, show the same trend where their 

expression levels increase during N starvation and consist with the amount of TAG accumulated 

(Xiao-Dong et al., 2012, La Russa et al., 2012). Similarly, NeoDGAT2 and PtDGAT2 expression 

recover TAG biosynthesis in H1246 mutant yeast strain (Gong et al., 2013, Chungjatupornchai & 

Watcharawipas, 2015). However, PtDGAT2B expression is not regulated by N starvation stress 

like PtDGAT1 but its expression level is upregulated before the stress onset (Gong et al., 2013). 

These results suggest that DGAT expression patterns and their effect on the TAG production 
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vary depend on species, environmental factors, and growth stages (Banerjee et al., 2017, Li et al., 

2014). 

A recent study shows that the expression of L. incisa DGAT1 is elevated when the 

microalga suffers from N deprivation and high light stress (Sitnik et al., 2017). LiDGAT1 also 

showed to prefer saturated FA (C16:0 and C18:0) over monounsaturated FA to use as a substrate 

to incorporate into TAG (Sitnik et al., 2017). Similar to LiDGAT1, PtDGAT1 also displays a 

preference for using saturated C16:0 and C18:0 FAs in TAG while PtDGAT2B prefers 

unsaturated C16 and C18 FAs (Cui et al., 2013, Gong et al., 2013). Chlorella vulgaris DGAT1 

on the other hand produces more monounsaturated FAs such as C18:1 followed by C16:0 along 

with C18:2 and C18:3 (Kirchner et al., 2016). In M. incisa, elevation of DGAT2A results in an 

increase in C16:0 and C18:0 components in TAG produced; however, the amount is not 

significantly different from the control level (Chen et al., 2015a). In each of the microalga 

strains, the substrate preference of DGAT1 and DGAT2 vary. Thus, a more in-depth 

characterization about each specific DGATs activity and their substrate specificity are needed to 

explore the enzyme further.  

One conclusion can be made is that both DGAT type 1 and 2 are responsible for TAG 

accumulation in microalgae but their regulation and substrate preferences are still needed to be 

investigated further. Another unknown factor to microalga DGAT is that microalga tends to 

contain multiple DGAT2s in contradict to only one DGAT1 (Chen & Smith, 2012, Gong et al., 

2013, Turchetto-Zolet et al., 2011). C. reinhardtii has five DGAT2s (named DGAT2A to E) 

(Hung et al., 2013); same goes for Volvox carteri f.nagariensis and P. tricornutum (Chen & 

Smith, 2012, Guihéneuf et al., 2011). In O. tauri, four DGAT2s and no DGAT1 were found 
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(Wagner et al., 2010). Thus, there is still a lot of ignorance surrounding the physiological role of 

DGATs in microalgae, providing opportunity for further investigation. 

 

2.5.2 DGAT regulation and structural feature 

 DGAT1 and DGAT2 are both known to be membrane bound proteins with multiple 

transmembrane domains (TMD) (Liu et al., 2012b). However, no three-dimensional structure for 

DGATs has been reported (Lopes et al., 2015) until recently, when a hydrophilic N-terminal 

domain structure of DGAT1 from B. napus, BnaDGAT1 was characterized (Caldo et al., 2017b). 

The N-terminal region in DGAT1 connects to an 8 to 10 TMD (Liu et al., 2012b). The structure 

consists of around 500 amino acid with the first exon encoding the N-terminal domain, 

corresponding to about 100 residual units (Greer et al., 2015, Liu et al., 2012b). The functional 

analysis of the N-terminal domain reveals the interaction with various acyl-CoA in a sigmoidal 

reference, suggesting a positive cooperative binding (Siloto et al., 2008, Weselake et al., 2006). 

It has also been reported that Zea mays DGAT1 also exhibits positive cooperativity (Roesler et 

al., 2016). Furthermore, crosslinking experiments on BnaDGAT1 shows that the N-terminal 

assembles dimers and tetramers; and is localized to the cytosolic side of the ER (Weselake et al., 

2006). Similar to BnaDGAT1, investigation on animal DGAT1 structures shows the capacity of 

N-terminal regions to self-oligomerization (McFie et al., 2010, Cheng et al., 2001). There are 

two separate segments in the N-terminal region: an intrinsic disordered region (IDR) with 

autoinhibitory functions and a folded segment containing an allosteric binding site (AS) (McFie 

et al., 2010, Caldo et al., 2017a). The removal of the IDR region leads to increased enzyme 

activity suggesting that the IDR region is responsible for the autoinhibitory of the enzyme (Caldo 

et al., 2017a, McFie et al., 2010). There is an α-helix connected to the IDR through a looped and 
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coiled structure. Within the loop structure, there is an allosteric site for activators and feedback 

inhibitors (Caldo et al., 2017b). Once acyl-CoA binds to the domain, a small change in the 

secondary structure occurs, causing heterogeneous confirmations change (Caldo et al., 2017b). 

As a result, the N-terminal domain of BnaDGAT1 is confirmed to have regulatory domain that 

can affect enzyme activity.  

 Beside the N-terminal regulatory domain, the TMD and the catalytic sites are major 

components of DGAT1 structure. The TMD consists of helical bundles which is embedded into 

the membrane (Kirchner et al., 2016). The circular dichroism profile of BnaDGAT1 shows a 

high α-helices profile which corresponds to the TMD (Caldo et al., 2017b). Similarly, in a 

putative microalgae DGAT1 that was recently identified, CvuDGAT1 was found to have only α-

helices without β-sheet detection (Kirchner et al., 2016). DGAT1 belongs to the membrane-

bound O-acyltransferase (MBOAT) family (Chang et al., 2011), which has highly conserved 

arginine and histidine residue (Stone et al., 2006). The conserved residues aid in the finding of 

enzyme active site. In mice, one of the active site is located near the C-terminal with a conserved 

histidine close by (McFie et al., 2010). In CvuDGAT1 structure, it was illustrated to have its 

active site located adjacent to the binding site of acyl-CoA, facing the ER lumen (Kirchner et al., 

2016). Furthermore, the DAG binding motif is also identified to be located directly below the 

active site in CvuDGAT1 (Kirchner et al., 2016, Rahman & Das, 2015). The conserved histidine 

residue is also found in other putative algal DGAT1s (Chen & Smith, 2012).  

 DGAT2 on the other hand belongs to the acyl-CoA:Monoacylglycerol acyltransferase 

family and is different from the DGAT1 structure (McFie et al., 2010). The structure of DGAT2 

is smaller and has less TMD compared to DGAT1. The structure of the DGAT2 of mice was 

found to have two TMD while S. cerevisiae DGAT2 has four TMD (Stone et al., 2006, Liu et al., 
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2011). The first few amino acids residues of DGAT2 is not required for catalysis although no 

detailed structural analysis has been reported. A motif was found in mouse DGAT2, 

FLXLXXXn, where n is a nonpolar amino acid, is thought to be involved as a binding site for 

neutral lipid. Changes made within the first two residues causes a decrease in DGAT activity 

(Stone et al., 2006). Another putative active site motif, HPHG, is shown to have a critical effect 

on the enzyme’s activity. Substitution of single residue leads to enzyme inactivation or decreased 

activity (Liu et al., 2011, Stone et al., 2006). There are other motifs found in DGAT2 such as 

YFP, RXGFX(K/R), GGXXE and VPXXXFG(E/Q) (Liu et al., 2012b). YFP motif is found to be 

essential to DGAT2 activity in yeast (Liu et al., 2011). Similar motifs were found in mouse 

DGAT2, however, changes to the motif does not affect the enzyme activity (McFie et al., 2011). 

In microalgae, sequence comparison between P. tricornutum DGAT1 and others species reveal 

the acyl-CoA binding motif, FA protein signature with tyrosine phosphorylation site, DAG 

binding site and putative ER retrieval motif in the C-terminal region (Guo et al., 2017). In C. 

vulgaris DGAT1, sequence analysis also shows the shared motif to other plants and microalga 

DGAT1, including the acyl-CoA binding domain, diacylglycerol substrates, and putative active 

sites (Kirchner et al., 2016). There are only two CrDGAT2 (CrDGAT2A and CrDGAT2B) and 

one PtDGAT2E have the full YFP motif. However, the poorly conserved motif does not affect 

the chemical properties of the enzyme compared to those with conserved motif (Chen & Smith, 

2012, Gong et al., 2013). The results suggest that plant and microalgae DGATs share highly 

conserved motif and can be exploited for further analysis. 

 DGAT regulation can occur at different levels: transcriptional, translational, and post-

translational levels. In plants, AtDGAT1 was expressed at its highest in seeds and pollen, which 

correlates to the high amount of TAG produced in these organs (Lu et al., 2003, Zou et al., 
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1999). The amount of AtDGAT1 expression was lower in cells that were active in growth and 

division. This leads us to believe that DGAT1 aids in maintaining the DAG and acyl-CoA 

balance for membrane lipid biosynthesis; as well as producing TAG storage under unfavourable 

growth conditions (Lu et al., 2003). On the other hand, plant DGAT2 almost always expresses at 

a lower level compare to DGAT1 during seed development or TAG accumulation (Li et al., 

2010b). Except for those plants that accumulate unusual FA, DGAT2’s transcription level was 

found to be higher than that of DGAT1 (Kroon et al., 2006). As a result, plant DGAT1 is 

believed to involved in normal TAG accumulation process while DGAT2 is preferred to produce 

unusual FAs in seed oil (Li et al., 2010b)  

 There have been different transcription factors identified in plants, such as LEAFY 

COTYLEDON genes (LEC1, LEC2, LIL and FUS3), ABSCISIC ACID INSENSITIVE (ABI) and 

WRINKLED 1 (WR1) (Santos-Mendoza et al., 2008). ABI and WR1 exhibit direct effects on 

DGAT1 expression, specifically ABI4 and ABI5, which interacts with the AtDGAT1 promoter and 

activates it under N starvation, leading to an increase in TAG production (Yang et al., 2011, Kong 

et al., 2013). Although there has not been specific interactions identified, WR1 expression increases 

the expression of DGAT1, GPAT9, and LPAAT2 (Li et al., 2015b). A transcription factor, recently 

identified as MYB96, was shown to interact with ABI4 promoter, increasing ABI4 transcription 

which in turn increases DGAT1 expression (Lee et al., 2018). In microalgae, most of the 

transcriptional factors were reported for C. reinhardtii and Volvox carteri (Zhang et al., 2011, 

Pérez-Rodríguez et al., 2010). There are WR1 orthologs identified in Nannochloropsis oceanica 

and Nannochloropsis gaditana (Hu et al., 2014) however, the functional roles of those 

transcription factors are yet to be identified and confirmed through further experiments. 



 33 

 Another method of enzymatic regulation is via allosteric effectors and post-translational 

modifications. In allosteric effectors regulation, a small molecule or biomolecule binds to an 

allosteric site, which is different from the active site of the target enzyme; and changes the enzyme 

confirmation, affecting the enzyme activity. Acyl-CoA binds to the allosteric site at the N-terminal 

of DGAT1 affect the enzyme activity (Caldo et al., 2017b). Beside acyl-CoA, CoA also binds to 

the same allosteric site of BnaDGAT1 and acts as a feedback inhibitor (Caldo et al., 2018). There 

are others regulatory proteins that can activate DGAT1, including acyl-CoA binding protein and 

bovine serum albumin (Hobbs & Hills, 2000, Little et al., 1994, Yurchenko et al., 2014). However, 

the specific plant DGAT1 regulatory protein is not yet found. In microalgae, there has been no 

report on the characterization and functional analysis of specific effectors.  

 Another regulatory pathway for DGAT1 is through phosphorylation/dephosphorylation 

(Ghillebert et al., 2011). The enzyme responsible for the phosphorylation is kinases, which 

transfers a phosphate group from ATP to a hydroxyl group of serine, threonine, or tyrosine. The 

dephosphorylation process is catalyzed by phosphatases through hydrolysis. There is a sucrose 

nonfermenting 1 related kinase (SnRK1) phosphorylation site found in Tropaeolum majus DGAT1 

(Xu et al., 2008). The mutation in SnRK1 site in DGAT1 leads to an increase in TAG accumulation 

compared to unmodified enzymes suggesting that phosphorylation at the SnRK1 site would inhibit 

DGAT1 activity (Caldo et al., 2018). In microalgae, rapamycin (TOR) plays an important role in 

signaling pathways. It is a serine/threonine protein kinase that inhibits results in the increase in 

accumulation of cytoplasmic TAG (Imamura et al., 2015). DGAT plays an important role in 

storage lipid accumulation in both plant and microalgae, thus, more in depth studies focusing on 

mechanism and regulation of the enzyme would shed light on improving lipid biosynthesis.  
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Similar to plants, microalgal DGAT is also regulated at the transcriptional level. 

Overexpression of Nannochloropsis oleoabundans DGAT2 increases TAG accumulation and 

changes FA composition in this microalgae (Klaitong et al., 2017). When Nannochloropsis 

oceanica DGAT2 was expressed in Arabidopsis, it enhances TAG production in seeds and leaves 

(Zienkiewicz et al., 2017). Additionally, expression of BnDGAT2 in C. reinhardtii improves 

lipid accumulation (Ahmad et al., 2015) even though the efficiency is effected by various factors 

including temperature, membrane characteristic and DNA concentration (Kumar et al., 2004). 

Recently, an attempt to overexpress heterologous DGAT1 and DGAT2 in the green microalga 

Tetraselmis chui resulted in a drastic increase in oil content per dry weight (40% to almost 115% 

compare to wild type) (Úbeda-Mínguez et al., 2017). Similarly, putative DGAT1 and DGAT2 

from Myrmecia incisa were heterologously expressed in impaired TAG biosynthesis S. 

cerevisiae, resulting in TAG and lipid body formation (Chen et al., 2015a). The results show that 

DGATs play an important role in lipid accumulation in microalgae. In C. reinhardtii, multiple 

CrDGAT2s were identified. The overexpression of CrDGAT2-1 and CrDGAT2-5 led to increase 

in TAG accumulation in the microalga while CrDGAT2-2 and CrDGAT2-3 do not effect the lipid 

accumulation process (Deng et al., 2012). The result suggests that there is a functional 

redundancy between CrDGAT2-1 and -5, while more research is needed to be done to confirm 

CrDGAT2-2 and -3 functions. The transcript level of CrDGAT2s is affected by the change in 

environment. Specifically, under N and/or sulfur deprivation, the mRNA levels of CrDGATs are 

up-regulated which is consistent to the increase in TAG accumulation (Sato et al., 2014). Most of 

microalgae DGAT expression levels also appear to be triggered by environmental stress. The 

stress factors that was most used to study DGAT expression in microalgae are N starvation and 

high irradiation (Chen et al., 2015a, Gong et al., 2013, Griffiths et al., 2012, Sitnik et al., 2017).  
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Another method to manipulate microalgae DGAT1 is through protein engineering 

biotechnology. This technique relies heavily on the identification of protein sequences and 

various mutagenesis sites. An example is an amino acid (phenylalanine) insertion into maize 

DGAT1, which results in higher DGAT activity and thus, an increase oil content (Peizhong et 

al., 2008). Another example is the mutation of the phosphorylation site of SnRK1 in 

Tropaeonlum majus DGAT1, resulting in an increase in seed oil content in Arabidopsis due to 

the removal of the down-regulatory site (Xu et al., 2008). The improved DGAT variants can be 

used in microalgae to increase oil production. In fact, a truncated BnaDGAT1 with increased 

activity was found to be able to successfully enhance TAG production in green microalga 

(Ahmad et al., 2015).  

 

2.5.3 Biotechnological application of DGAT in oil production manipulation 

Different biotechnology approaches have been used to increase oil production in oilseeds, 

vegetative tissues, and microalgae to compensate for the increasing demand. One effective 

strategy is to increase carbon flow into TAG biosynthesis pathway. DGAT is known to be an 

important enzyme, catalyzing the last step in TAG formation in plant and thus, a potential 

candidate for biotechnological manipulation. Overexpression of DGAT1 has successfully 

increased TAG production in oil crops. The proof-of-concept study was carried in Arabidopsis, 

where the overexpression of DGAT1 led to increased oil content in seed (Jako et al., 2001). The 

increase in DGAT1 expression also resulted in increased seed oil accumulation in B. napus 

(Taylor et al., 2009). Following the successful utilization of DGAT1 overexpression in A. 

thaliana and B. napus, DGAT1 was used as a target for manipulating seed oil production in other 

crops such as Z. mays (Alameldin et al., 2017), Camelina sativa (Kim et al., 2016), and Jatropa 
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curcas (Maravi et al., 2016). In addition to the overexpression of plant DGAT1 in oilseed crops, 

the expression of a fungal DGAT2 under a seed-specific promoter could increase seed oil content 

in soybean (Lardizabal et al., 2008) and maize (Oakes et al., 2011).  

The increase in DGAT1 expression not only raises oil content in seeds but also in the 

vegetative tissues such as leaves or stems. Oil content in tobacco leaves and stems increases 

when DGAT1 is overexpressed (Bouvier-Navé et al., 2001, Wu et al., 2013). Like in seeds, the 

expression of multiple genes involved in TAG production enhances the TAG accumulation. For 

instance, the expression of DGAT1 in combination with acyl-CoA monoacylglycerol 

acyltransferase (MGAT), WRI and/or thioesterase could significantly increase oil content in 

leaves (Vanhercke et al., 2013, El Tahchy et al., 2016, Petrie et al., 2012) 

In general, plant DGAT1 prefers saturated FAs, while DGAT2 prefers unsaturated or 

unusual FAs (Li et al., 2010a, Shockey et al., 2006). Because different DGATs have different 

substrate preference, DGAT can also be used to increase the production of target FAs. For 

example, co-expression of AtDGAT1 or AtDGAT2 with epoxygenase resulting in an increase in 

epoxy FAs in maize (Li et al., 2010b, Li et al., 2010a). In another study, Arabidopsis hosting a 

castor DGAT2 and a castor fatty acid hydroxylase 12 (FAH12) accumulates more ricinoleic acid, 

the major FA in castor seeds, than the lines with only castor FAH12 overexpressed (Burgal et al., 

2008).  

Some crops can produce long chain polyunsaturated FAs (LC-PUFAs) such as linoleic 

acid (C18:2) and α-linolenic acid (C18:3), but not omega-3 LC-PUFAs such as eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA). Although efforts have been exerted to produce 

EPA and DHA in transgenic plants, the major source of omega-3 LC-PUFAs is fish oil. Fish, 

however, do not synthesize these LC-PUFA by themselves but acquire it from their diet such as 
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microalgae (Williams & Burdge, 2007). Some microalgal species can accumulate high amount of 

EPA and DHA which exist in lipids (Khozin-Goldberg, 2016). In addition to EPA and DHA, 

microalgae oil can also be used in feed, biofuel, and other applications (Goncalves et al., 2016). 

The microalga Nannochloropsis sp. is a major source for EPA production (Chua & Schenk, 

2017). Another green microalga capable of producing LC-PUFA is L. incisa. The increase in 

LiDGAT1 expression corresponds to the increase in TAG accumulation within the microalga 

under stress (Sitnik et al., 2017). Interestingly, different isoforms of DGAT2 exhibit different 

substrate specificity. LiDGAT1 favors saturated FA while PtDGAT2B favors monosaturated 

FAs (Gong et al., 2013, Sitnik et al., 2017). NoDGAT2A prefers saturated substrate FA; 

NoDGAT2D prefers monounsaturated FAs; and NoDGAT2C prefers polyunsaturated one (Xin 

et al., 2017). Chlorella DGAT1, on the other hand, utilizes monosaturated FAs as a major 

component for TAG (Guo et al., 2017, Kirchner et al., 2016). More research is needed on the 

biotechnological application of microalgae DGATs to fully understand and take advantage of the 

enzyme in lipid biosynthesis pathways.   

 

2.6 Haematococcus pluvialis 

 Haematococcus pluvialis is a green freshwater microalga that is well-known for its ability 

to produce astaxanthin. There are four types of cells in H. pluvialis life cycle, microzooids, 

macrozooids, non-motile palmella and hematocysts (Hazen, 1899). Microzooids, macrozooids 

and non-motile palmella are preferred as green vegetative phase while hematocysts is preferred 

as red cyst phase. H. pluvialis life cycle starts with a vegetative green phase, where the cell is 

motile and flagellated. The vegetative green phase occurs during normal growth where condition 

is favourable. Stressors such as nutrient deprivation, high salinity or nitrogen deprivation and 
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high irradiation (Collins et al., 2011), causes the green macrozooid cells to lose their flagella and 

become non-motile palmella (Boussiba & Vonshak, 1991). Continuation of stress causes the 

non-motile palmella transformation into red cyst cells, where the red color is due to the massive 

accumulation of astaxanthin under stress (Kamath et al., 2008). The cell wall becomes thick and 

rigid to resist the extreme environmental conditions. When H. pluvialis returns to normal growth 

condition, hematocyst generates new zoospores and start a new vegetative cycle (Lorenz & 

Cysewski, 2000, Shah et al., 2016) (figure 5).  

 

 

 

Figure 5: Schematic life cycle of Haematococcus pluvialis. Adapted from (Kobayashi et al., 

1997). 
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During the transformation to red cyst cells, H. pluvialis produces a large amount of 

carotenoids, especially astaxanthin (Boussiba & Vonshak, 1991). Astaxanthin is a keto-

carotenoid, an oxygen derivative of β-carotene (Figure 6). It has excellent antioxidant and anti-

inflammatory activity (Han, 2013). The large amount produced in H. pluvialis makes it the major 

commercial source of astaxanthin for food and feed industries, pharmaceuticals, nutraceuticals 

and cosmetics (Higuera-Ciapara et al., 2006, Guerin et al., 2003). In normal green H. pluvialis 

cells, lutein and β-carotene are the major carotenoids, while astaxanthin is the major carotenoid 

in red cyst cells (Lorenz & Cysewski, 2000). The increase in astaxanthin content was thought to 

help protect the cells against photo-oxidative damage caused by stress environment (Li et al., 

2008). Astaxanthin content in H. pluvialis can raise to 4% (or even higher in some species for 

commercial astaxanthin production) of its dry weight (Han, 2013, Collins et al., 2011). Beside 

astaxanthin, H. pluvialis also produces a mixture of β-carotene, lutein, canthaxanthin and other 

carotenoids (Boussiba, 2000). The astaxanthin in H. pluvialis present in different forms including 

free, mono and diester astaxanthin in which mono and diesters accounts for about 75% and 15% 

of total astaxanthin content, respectively (Miao et al., 2013). Studies have show a correlation 

between astaxanthin ester content and TAG accumulation in the green alga (Zhekisheva et al., 

2002b), suggesting that astaxanthin interact with lipid droplet for storage (Lemoine & Schoefs, 

2010, Chen et al., 2015b). 
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Figure 6: β-carotene and astaxanthin chemical structures. 

 

 As secondary metabolites, carotenoids such as astaxanthin are biosynthesized via 

multiple steps (figure 7). In short, carotenoid biosynthesis starts from isopentenyl pyrophosphate 

(IPP). IPPs are then convert to geranylgeranyl pyrophosphate (GGPP) via isomerization 

reactions (Goodwin, 1980a). Then, a condensation reaction of two GGPP catalyzed by phytoene 

synthase (PSY) forms phytoene (Sandmann, 2002). Subsequently, desaturation of phytoene 

catalyzed by phytoene desaturase (PDS) followed by another isomerization reaction catalyzed by 

ζ-carotene isomerase (Z-ISO) or carotenoid isomerase (crtISO) forming lycopene (Paniagua-

Michel et al., 2012). The next step is the cyclization reaction of lycopene catalyzed by lycopene 

β-cyclase (LCYB) or ε-cyclase (LCYE) (Cui et al., 2011), which forms β-carotene and α-

carotene, respectively (Solovchenko, 2013). Different derivative products of β- and α-carotene, 

including astaxanthin, are produced afterward via specialized enzymatic reactions (Ladygin, 

2000). β-carotene ketolase (BKT) derives β-carotene into canthaxanthin then β-carotene 
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hydroxylase (CHYB) converts it to astaxanthin (Collins et al., 2011). HpPsy, HpLcyB, and 

HpChyB are the essential genes in carotenoid biosynthesis pathway. Under stress conditions, 

their transcripts are increased and thus facilitate the production of astaxanthin (Lao et al., 2017, 

He et al., 2018, Gwak et al., 2014). Additionally, the majority of astaxanthin storage is under 

mono- or diester forms, suggesting that there is an enzyme catalyzing the esterification reaction 

in astaxanthin accumulation.  

 

 

Figure 7: Simplified Astaxanthin biosynthesis pathway. Adapted from (Goodwin, 1980b). IPP: 

isopentenyl pyrophosphate, GGPP: geranylgeranyl pyrophosphate, PSY: phytoene synthase, 

PDS: phytoene desaturase, Z-ISO: ζ-carotene isomerase, crtISO: carotenoid isomerase, LCYB: 

lycopene β-cyclase, LCYE: ε-cyclase, BKT: β-carotene ketolase, CHYB: β-carotene 

hydroxylase.   
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The growth of microalgae, as well as the components synthesized in cells, are 

significantly affected by culture conditions and medium. Light intensity is an important 

parameter. High irradiation that exceeds the absorption capacity of the chloroplast would lead to 

photoinhibition (Han et al., 2000) and limit algae growth (Singh & Singh, 2015). In addition to 

light intensity, photoperiod also plays an detrimental role in productivity and photosynthesis 

efficiency in microalgae (Grobbelaar, 2009). The photoperiod effects different species 

differently. For example, Botryococcus braunii grows best under 24 hours of light period while 

Neochloris species grow best under 12 hours cycle of light and dark (Krzemińska et al., 2014). 

For H. pluvialis, the photoperiod of 12:12 hours of light and dark is the common choice for 

biomass accumulation (Saha et al., 2013). Another stressor to consider is temperature, which 

would lead to protein denaturation if it gets to high, thus affecting the biosynthesis pathway (Ras 

et al., 2013). The change in growth temperature results in an increase in protein and secondary 

carotenoid (astaxanthin) production while decrease in lipid and carbohydrate contents (Renaud et 

al., 2002). For H. pluvialis, the optimal temperature is between 23oC and 28oC, cell damage 

occurs when the maximum temperature reaches 33oC (Giannelli et al., 2015, Wan et al., 2014). 

Another factor that effect microalgal growth is the culture medium. Bold basal medium (BBM), 

BG-11 or OHM are the common medium used for culturing H. pluvialis (Shah et al., 2016). 

These media provide adequate amount of nitrogen (N) and carbon (C) for normal microalgal 

growth. Furthermore, the media also have its pH adjusted for optimal growth of the algae and 

astaxanthin accumulation, which is pH 7.0 for H. pluvialis (Sarada et al., 2002). Studies have 

found that high intensity light and N-deprivation trigger astaxanthin production in H. pluvialis 

with N-deprivation showed a higher efficiency (Fábregas et al., 2003). Therefore, the growth 

condition can be manipulated to induce astaxanthin in H. pluvialis.  
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Microalgae including H. pluvials and other species are known to produce a high amount 

of lipids under stressful conditions (Saha et al., 2013). In one study, the total lipid content of H. 

pluvialis was reported to reach about 35% of the dry weight under nitrogen deprivation and high 

irradiation stress (Damiani et al., 2010). Under stress condition, most of de novo fatty acid is 

assembled into TAG, thus raises its content under high light condition. The TAG production is 

regulated at the gene level, where the genes involve in fatty acid biosynthesis are highly induced 

(Gwak et al., 2014). In H. pluvialis, the major FA components are oleic acid (C18:1), palmitic 

acid (C16:0), stearic acid (C18:0), and linoleic acid (C18:2) (Zhekisheva et al., 2002b, Ma et al., 

2018). Moreover, PUFA content is approximately 50% of the total neutral lipid (Damiani et al., 

2010) (Zhekisheva et al., 2002b, Lei et al., 2012).  

The lipid accumulation and astaxanthin esters production happen simultaneously in H. 

pluvialis (Boussiba, 2000) and there is a positive correlation between the astaxanthin content and 

lipid accumulation (Liang et al., 2015b). Recent study found that astaxanthin accumulation is 

inhibited by DGAT1 and DGAT2 specific inhibitors (Chen et al., 2015b), suggesting that an 

enzyme with similar DGAT activity is involved in the astaxanthin biosynthesis or accumulation 

pathways. However, the enzyme involves in the process is yet to be identified. 

Since there is a connection between astaxanthin and lipid accumulation, strategies that 

increase TAG production in H. pluvialis would also improve the astaxanthin yield. Gene 

expression analysis showed that DGAT, PDAT, and LPAAT transcripts increase during 24 hour 

of high light stress in H. pluvialis (Gwak et al., 2014). However, DGAT in H. pluvialis is yet to 

be characterized (Ma et al., 2018). Based on the DGAT sequences of C. reinhardtii, one DGAT1 

and four DGAT2 homologs were found in H. pluvialis transcriptomic database (Chen & Smith, 

2012). Transcript expression analysis showed that under high irradiation stress, HpDGAT1 is 
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upregulated and is corresponded to the increase in FA content. On the other hand, the increase of 

HpDGAT2s corresponds to the astaxanthin ester content (Ma et al., 2018). The result is 

consistent with previous report that DGAT may catalyzes astaxanthin esterification reaction 

(Chen et al., 2015b). Therefore, further characterization of HpDGATs will provide more insight 

for genetic manipulation of TAG biosynthesis in H. pluvialis, which in turn will lead to improve 

in astaxanthin production. H. pluvialis UTEX 2505 is used in the current study to identify and 

characterize DGATs.   



 45 

CHAPTER THREE: IDENTIFICATION AND CHARACTERIZATION OF TYPE-2 

DIACYLGLYCEROL ACYLTRANSFERASES IN GREEN MICROALGA 

HAEMATOCOCCUS PLUVIALIS  

 
3.1 ABSTRACT 

Haematococcus pluvialis is a green microalga which accumulates considerable amounts 

of storage triacylglycerol (TAG) and antioxidant astaxanthin when faced with stress conditions. 

The exact mechanisms of the stress-induced TAG accumulation in H. pluvialis, however, remain 

largely to be explored. Diacylglycerol acyltransferase (DGAT) catalyzes the final and committed 

step of the acyl-CoA-dependent TAG biosynthesis in many plant and algal species. In this study, 

four putative DGAT2 were identified from H. pluvialis transcriptome database (HpDGAT2A, B, 

D and E) and their expression levels under normal and high-light (HL) stress conditions were 

analyzed. When algal cells were subjected to HL condition, the expression of HpDGAT2B and D 

were up-regulated, whereas the expression of HpDGAT2A and E decreased dramatically. To 

further characterize the putative HpDGAT2s, the putative cDNAs of HpDGAT2B, D, and E were 

isolated from H. pluvialis and transformed into S. cerevisiae strain H1246, a quadruple yeast 

mutant devoid of TAG synthesizing ability. Only HpDGAT2D could recover the TAG 

biosynthesis ability of the yeast mutant. Further in vitro enzyme assay using yeast microsomal 

fractions confirmed that the recombinant HpDGAT2D had a strong DGAT activity. HpDGAT2D 

displayed sigmoidal kinetics in response to the increasing acyl-CoA concentrations, suggesting 

that HpDGAT2D is allosterically modulated by its substrate. In conclusion, this study reports the 

first observation of the positive cooperativity of DGAT2, which may provide valuable 

information for engineering TAG biosynthesis in H. pluvialis and other oleaginous organisms.   
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3.2 INTRODUCTION 

Plant oil is the major energy storage compound in oilseeds, and has been widely used as 

food, feed, and renewable materials with diverse industrial applications, such as the production 

of biodiesel, cosmetics, lubricants and paints (Lin et al., 2018, Montero de Espinosa & Meier, 

2011). The growing demands for plant oils have consistently increased for the past five decades 

and is expected to continue rising due to the increasing population and reliance on plant oil-

derived compounds (Kojima et al., 2016, Chen et al., 2015c). Currently, there is a strong research 

interest in improving the oil production of the well-established oil crops as well as exploring 

novel sources for oil production, such as oleaginous microalgae. Indeed, microalga provides an 

important alternative source for industrial oil production due to its fast growth, simple cultivation 

conditions, high oil contents and value-added secondary metabolites (Bharathiraja et al., 2017). 

The oil production rate of microalgae has been suggested to be substantially higher than that of 

certain oil crops, such as soybean (Hu et al., 2008). 

Haematococcus pluvialis is a green microalga widely known for its ability to synthesize 

the highest amount of astaxanthin (up to 4% of its cell weight), which is a red-color carotenoid-

derived pigment with strong antioxidant ability and important commercial value (Chekanov et 

al., 2014, Lorenz & Cysewski, 2000). The accumulation of astaxanthin in H. pluvialis is also 

accompanied with a considerable increase in the oil content (Ambati et al., 2014, Zhekisheva et 

al., 2002b), and thus H. pluvialis also represents a potential microalgal source for oil production. 

H. pluvialis accumulates astaxanthin in the form of astaxanthin acyl ester and oil in the lipid 

bodies under stress conditions (Chen et al., 2015b). The accumulation of astaxanthin is also 

dependent on the accumulation of oil since the introduction of the specific inhibitors for oil 

biosynthetic enzymes in the algae culture leads to substantial decreases in both compounds 
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(Chen et al., 2015b). Although the exact mechanisms of the stress-induced oil and astaxanthin 

accumulation in H. pluvialis are not well-understood, the biosynthesis pathways of oil and 

astaxanthin may be linked with each other through the regulation of oil biosynthetic enzymes.  

TAG, which is composed of three FAs esterified to the glycerol backbone, is the major 

constituent of plant and microalgal oils. TAG is synthesized in the endoplasmic reticulum (ER) 

through acyl-CoA-dependent or independent pathways (Chen et al., 2015c). Diacylglycerol 

acyltransferase (DGAT; EC 2.3.1.20) catalyzes the final acylation of sn-1,2-diacylglycerol to 

form TAG, which is the last and only committed steps in acyl-CoA-dependent TAG formation 

(Chapman & Ohlrogge, 2012, Chen & Smith, 2012). DGAT-catalyzed reaction appears to 

represent a bottleneck in storage oil biosynthesis in some oilseed crops (Liu et al., 2012b). There 

are two major membrane-bound forms of DGAT in plants and microalgae, designated DGAT1 

and DGAT2, which share no sequence similarity (Turchetto-Zolet et al., 2016). DGAT1 appears 

to contribute primarily in TAG accumulation in many plants, whereas DGAT2 may have an 

important role in the formation of TAG containing unusual FAs, such as α-linolenic acid 

(C18:3Δ9cis,12cis,15cis) from flax (Linum usitatissimum) (Xu et al., 2018b), vernolic acid (cis-12-

epoxy-octadeca-cis-9-enoic acid) from ironweed (Vernonia galamensis) and ricinoleic acid (12-

hydroxy-octadeca-9-enoic acid) from castor (Ricinus communis) (Li et al., 2010b). There are 

multiple copies of DGAT2 genes but only one DGAT1 gene in various microalgal species (Chen 

& Smith, 2012, Gong et al., 2013, Turchetto-Zolet et al., 2016, Boyle et al., 2012), raising the 

possibility that DGAT2 may play an important roles in the oil biosynthesis in microalgae. 

In this study, we explored the potential functions of DGAT2 in the stress-induced oil 

accumulation in H. pluvialis. The putative HpDGAT2 genes were identified from H. pluvialis 

and their expression levels under HL stress condition were explored. Three cDNAs encoding 
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putative DGAT2 enzymes (HpDGAT2B, D and E) were further isolated from H. pluvialis and 

expressed in S. cerevisiae mutant H1246, which lacks TAG synthesizing ability. The functions of 

the encoded enzymes were evaluated using in vitro and in vivo analyses. Among the enzymes, 

HpDGAT2B was found to be able to recover TAG biosynthesis in the yeast mutant. Further in 

vitro enzyme characterization suggests that this enzyme displayed sigmoidal kinetics in response 

to increasing acyl-CoA concentration.   

 

3.3 MATERIALS AND METHODS 

3.3.1 H. pluvialis strain, culture conditions and algae collection 

H. pluvialis UTEX 2505 was purchased from the culture collection of algae at the 

University of Texas at Austin and cultured in a bold basal medium (BBM), which is an enriched 

medium with vitamin and trace metal solution to promote growth of green algae (Brown et al., 

1964). A total of 50 ml of algae culture were grew in 250 ml Erlenmeyer flask. The flasks were 

kept at room temperature with different light intensity used as a stressor. During normal growth, 

the light intensity was 50 µmol photons/m2/s with 12:12h light/dark cycle. Once the culture hit 

its maximum cell number (day 8 based on Figure S1), the cultures were subjected to the stress 

condition with the light intensity raised to 150 µmol photons/m2/s continuously. Algae cells were 

collected by centrifugation at 8000 rpm for 5 minutes at (RT or 4oC), followed by washing with 

double distilled water before storage in -80oC freezer prior other experiments. 

 

3.3.2 Sequence analysis 

To identify putative DGAT-like sequences from H. pluvialis, DGAT1(At2g19450), 

DGAT2 (Cre03.g205050, Cre12.g557750, Cre06.g299050, and Cre09.g386912) and PES 



 49 

(Cre08.g365950, Cre01.g017100, and Cre12.g521650) homologs from Chlamydomonas 

reinhardtii and Arabidopsis thaliana were used as query to blast against the recently released 

Transcriptome Shotgun Assembly Sequence Database (accession number SRR1040551) of H. 

pluvialis (Table 1). The partial sequences known were utilized to design primers specifically to 

each of the candidate sequence using the NCBI primer design tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Multiple candidate sequence alignments 

from different species were done using MAFFT version 7 with strategy settings of L-INS-I 

(Katoh et al., 2017). The alignment was used to construct a Maximum likelihood tree using 

PhyML online software with Shimodaira-Hasegawa aLRT method (Guindon et al., 2010).  

 

3.3.3 Gene isolation, expression analysis and constructs preparation for yeast expression 

Algae cells were first cultured to its maximum cell number and then were induced in high 

light (HL) stress condition for 24 h, before the algae cells were collected. The total RNA was 

extracted from algae cells using the SpectrumTM Plant Total RNA Kit (Sigma Aldrich), and were 

then converted to cDNA using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher). The 

newly synthesized cDNA was used as templates for gene expression analysis and candidate gene 

identification.  

Quantitative RT-PCR was performed using StepOne™ Real-Time PCR System (Applied 

Biosystems) with the Platinum SYBR Green qPCR Master Mix (Invitrogen). In brief, 10 µl of 

SYBR master mix, 1 µl of the primer mix (forward and reverse primers), 0.5 µl of cDNA 

template and 8.5 ul of distilled water were added to each tube at a final volume of 20 µl. The 

cycle starts with 2 minutes of 95oC for enzyme activation, followed by 40 cycles of 95-55-72oC 

for 15-15-30s. A melt curve cycle is added at the end of the reactions. The reactions were run on 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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StepOne™ Real-Time PCR System (Applied Biosystems). Each reaction was run in triplicates. 

The values were represented under 2-ΔCt ± SD after normalized with the Ct values from 18S gene 

expression. 

For the isolation of individual HpDGAT2, specific primers were designed based on the 

available sequences (Table 2). Full-length PCR and Rapid Amplification of cDNAs End (RACE) 

were used to identify and isolate HpDGAT2s. Full-length PCR were performed on those 

candidates with predicted sequences available on both side of the open reading frames. For those 

incomplete gene sequences, RACE was performed to try to get the full sequence.  The isolated 

sequences were cloned into the pYES2.1/V5-His-TOPO vector (Thermo Fisher) and the integrity 

of each sequence was confirmed via sequencing.  

 

3.3.4 Heterologous expression of cDNAs encoding HpDGAT2 in yeast mutant H1246 

Yeast transformation was performed using the S.C EasyCompTM Transformation Kit 

(Invitrogen). Yeast transformants were grown in DOU-Raffinose (Drop-out Uracil medium with 

2% Raffinose) for cell growth accumulation. DOU-Induction (Drop-out Uracil medium with 2% 

galactose) medium was used to induce the candidate gene expression for cells collection. Yeast 

cultures were collected at 24, 48, 72 hours after grown in induction medium. The yeast samples 

were collected by centrifugation at 3000 rpm for 5 minutes then washed again with distilled 

water prior storage in -80oC. 

 

3.3.5 Analyses of algae and yeast lipids 

Total lipids were directed trans-methylated from 20 mg of lyophilized algae cells 

according to (Chen et al., 2007). In brief, 1 ml of toluene, 2 ml of 1% sulfuric acid in methanol 
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(v/v) and 100 ul of 1ug/ul of C17:0 TAG in hexane as internal control were added to the algae 

cells, mixed well before incubation at 80oC for one hour. The resulting FAMEs were then 

extracted twice with hexane, dried under nitrogen gas and resuspend in 1 mL of hexane before 

subjected to GC analysis. 

Yeast total lipids were extracted from 20 mg of lyophilized yeast cells as described 

previously (Pan et al., 2015a). For quantification, 100 ug of triheptadecanoin (C17:0 TAG) were 

added to samples as an internal standard. The extracted total lipids were isolated on thin layer 

chromatography (TLC) plates (SIL G25, 0.25mm, Macherey-Nagel, Germany) using the mobile 

phase of hexane/diethyl ether/ acetic acid (80:20:1, v/v). The plates were then visualized using 

primulin stain and the TAG bands were scraped and trans-methylated using 1ml of 3N 

methanolic HCl at 80oC for 1 h. The resulting FAMEs were extracted as described above and 

subjected to GC analysis. The GC analysis was performed with an Agilent GC 6890N (Agilent 

Technologies, Wilmington, DE, USA) as described previously (Chen et al., 2012a). 

 

3.3.6 Preparation of yeast microsomal fractions 

Microsomal fractions were isolated from recombinant yeast cells as described previously 

(Siloto & Weselake, 2009). Yeast cells were collected after 12 h induction by centrifugation at 

3000g for 5 minutes at 4oC and were resuspended in 1 mL of lysis buffer containing 20 mM Tris-

HCl pH7.9, 10 nM MgCl2, 1 mM EDTA, 5% v/v glycerol, 300 nM ammonium sulfate and 2 

mM DTT, followed by lysing through bead beating (Biospec, Bartlesville, OK). The cell lysate 

was first centrifuged at 10 000g at 4oC for 20 minutes to remove cell debris and then the 

supernatant was further centrifuged at 100,000g for 1 hour and 10 minutes to pellet the 

microsomal fractions. The microsomal fractions were recovered and resuspend in suspension 
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buffer containing 3 nM imidazole pH 7.4 with 125 mM sucrose and stored at -80oC. Bradford 

assay was done to determine the protein concentration in the microsomal fraction (Bradford, 

1976).   

 

3.3.7 Enzymatic activity analysis and enzyme kinetic assay 

The reaction mixture for each enzymatic reaction included 35 µL of the stock buffer 

(0.34 M Hepes-NaOH, pH 7.4, 5.5 mM MgCl2), 5 µL of ddH2O, 5 µL of DAG (4 mM sn-1,2-

diacylglycerol in 0.2% Tween 20), 5 µL of 180 µM of C-14 Oleoyl Coenzyme A (Oleoyl-1-14C), 

and 10 µL of microsomal proteins (10 µg). The reaction was run for 15 minutes and terminated 

by adding 10 µL of 10% SDS. 50 µL of the reaction mixture were spotted on TLC plates and 

developed in hexane/diethyl ether/ acetic acid (80:20:1, v/v). The radioactive 14C can be 

visualized and the TAG bands scrapped off into vials for the scintillation counter. The 

radioactive activity was counted and converted to specific activity. For enzyme kinetic assay, 

DGAT activity was examined at different oleoyl-CoA concentrations (from 0.1 to 15 µM). The 

concentrated radiolabeled oleoyl-CoA was diluted to different concentrations using Sodium 

Acetate solution (100mM, pH 5.0).  

 

3.3.8 Statistical analysis 

All the experiments were repeated at least three times (n = the number of independent 

experiments). Data are shown as means ± S.D. when n was ≥3 unless otherwise stated. Statistical 

analysis was performed using a one-way analysis of variance (ANOVA). Means were considered 

significantly different at p < 0.05.   
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3.4 RESULTS 

3.4.1 H. pluvialis accumulates substantial amounts of lipids under high-light stress 

To explore the response of H. pluvialis on HL stress, the algal growth and lipid 

accumulation was monitored. Under the control conditions, the cell number of H. pluvialis 

increased steadily and reached the maximum after 8 days of cultivation, and then dropped 

gradually due to the death of cells (Figure 8A). When HL stress was applied after 6 days to the 

culture under control condition, the cell number of H. pluvialis kept stable for 1 day and then 

decreased gradually (Figure 8A). The algal lipid accumulation under HL stress and control 

conditions was further analyzed. Algal cells were cultured at control condition for 8 days and 

then were subjected to HL stress. After 1 day of stress induction, H. pluvialis accumulated as 

much as 8.7% of total FAs (weight %) in cells, which was 3 times higher than that of the algae 

grown under the control conditions (Figure 8B). The FA composition of algal lipids was also 

affected by the HL stress (Figure 8C). Large decreases in the contents of linoleic acid 

(C18:2Δ9cis,12cis) and α-linolenic acid were observed in the lipids of algal cells under stress 

compared to the control group; whereas the content of oleic acid (C18:1Δ9cis) stayed unchanged.   

 

3.4.2 Gene sequence identification, isolation, and phylogenetic analysis 

Since substantial amounts of lipids were accumulated in H. pluvialis under HL stress 

condition, it is likely that H. pluvialis has its own mechanisms to regulate lipid accumulation in 

response to stress. As the enzyme catalyzing the terminal step in acyl-CoA-dependent TAG 

biosynthesis, DGAT appears to play a determinant role in controlling the flux of carbon into 

TAG. Thus, the putative DGAT enzymes in H. pluvialis were identified in order to explore the 

TAG biosynthesis mechanisms.  
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Figure 8: Growth plot and total lipids accumulation in H. pluvialis under high-light (HL) and 

control conditions. A. Growth plot of H. pluvialis under HL and control conditions. The growth 

curves were generated via cell counting method using a hemocytometer. B. H. pluvialis lipids 

accumulation under HL and control conditions. C. Algae FA composition under control and HL 

conditions. Algae cells were first cultured at control condition for 8 days to reach its maximum 

cell number and then were induced in high light stress condition for 1 day before the algae cells 

were collected for lipid extraction. For the control group, total lipids were extracted from algae 

cells after culture at control conditions for 9 days. Data represent means ± SD, n=3. Statistical 

analysis was done using ANOVA with p <0.05.  
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To identify the putative sequences encoding DGAT-like enzymes from H. pluvialis, the 

sequences of different DGAT1 and 2 homologs from closely related species including DGAT1 

from Arabidopsis thaliana AtDGAT1, DGAT2s and PHYTYL ESTER SYNTHASEs (PES) from 

Chlamydomonas reinhardtii (CrDGAT2A, B, D, and E, and CrPES like-1, 2, and 3) were used to 

query the Transcriptome Shotgun Assembly Sequence Database of H. pluvialis (SRR1040551) 

(Gwak et al., 2014). Eight putative cDNAs encoding DGAT-like enzymes, including four copies 

of DGAT2, three copies of PES and one copy of DGAT1 were identified from H. pluvialis (Table 

1). Based on their sequence homologies to AtDGAT1, CrDGAT2s and CrPESs, the putative 

DGAT-like sequences were named as HpPES1-3, HpDGAT2A, B, D and E, and HpDGAT1, 

respectively (Figure 9).  

 

 

Figure 9: Phylogenetic relationship among putative DGAT like enzymes from H. pluvialis. The 

sequences were aligned using MAFFT 7 with L-INS-I setting (Katoh et al., 2017). The alignment 

was used to construct a Maximum likelihood tree using PhyML online software with 

Shimodaira-Hasegawa aLRT method (Guindon et al., 2010).  
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3.4.3 HpDGAT2D and E displayed enhanced expression levels under high-light stress 

To explore the possible roles of the putative HpDGAT2 to the stress-induced lipid 

accumulation in H. pluvialis, the expression levels of the corresponding cDNAs under normal 

and HL stress conditions were analyzed using quantitative RT-PCR. The transcripts of 

HpDGAT2B were at most abundant levels than those of HpDGAT2A, D and E under the control 

conditions, whereas the expression of HpDGAT2D and E was enhanced to higher levels than that 

of HpDGAT2B under the stress conditions (Figure 10). HpDGAT2D had the largest fold change 

in expression levels between the control and stress conditions, leading to an up to 11-fold 

increase (Figure 10). The expression level of HpDGAT2E was also enhanced up to 4-fold under 

the stress induction. The expression of HpDGAT2B dropped to 9-fold under stress (Figure 10). 

These results suggest that HpDGAT2D and HpDGAT2E might have roles in regulation TAG 

biosynthesis under the HL stress condition. Although HpDGAT2A had a considerable level of 

transcripts under the control condition, its expression decreased dramatically to undetectable 

levels under stress (Figure 10), suggesting its minor role in the lipid accumulation of H. pluvialis 

under HL stress. The expression levels of the putative HpPES and HpDGAT1 were also analyzed 

(Figure 10). Only HpPES2 displayed substantially enhanced expression under stress whereas the 

transcripts of HpPES1, 3 and HpDGAT1 were at very low levels under both control and stress 

conditions. 

 

3.4.4 HpDGAT2D was able to recover TAG biosynthesis in yeast strain H1246 

To further verify the function the putative HpDGAT2 related to the stress-induced TAG 

accumulation, the cDNAs encoding HpDGAT2B, D, and E were isolated and expressed in S. 

cerevisiae mutant H1246 (MATα are1‐Δ::HIS3, are2‐Δ::LEU2, dga1‐Δ::KanMX4, Iro1‐
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Δ::TRP1). This yeast mutant strain contains four genes (dga1, lro1, are1, and are2) and is unable 

to synthesize TAG (Sandager et al., 2002).  

 

Figure 10: Expression levels of the putative HpDGAT2s in H. pluvialis under control and stress 

conditions. The expression levels were normalized to the house keeping 18S gene after 24 hours 

under high light condition. Statistical analysis was done using ANOVA with p <0.05. 

 

As shown in Figure 11A, only the introduction of an active DGAT would restore its TAG 

synthesis ability. Yeast producing HpDGAT2D resulted in a 7-fold increase in neutral lipid 

accumulation (reflected by the Nile red assay) than the lacZ control, whereas expression of either 

HpDGAT2B or HpDGAT2E in yeast had no effect on the neutral lipid accumulation. TAG was 

further isolated from each yeast transformant after 24 and 72 h induction and analyzed using gas 

chromatography/ mass spectrometry (GC/MS). Yeast producing HpDGAT2D consistently 

generated large amounts of TAG at 1.5% and 2.6% (dry weight) after 24 and 72 h induction, 

respectively. In contrast, no TAG was detected in HpDGAT2B, HpDGAT2E, and lacZ 
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transformed yeasts (Figure 11B). The FA composition of TAG isolated from yeast producing 

HpDGAT2D was also analyzed, which contains large amounts of unsaturated FAs (~80%, 16:1 

and 18:1) and small amounts of saturated FAs (~20%, 18:0 and 16:0) (Figure 11C). 

 

 

Figure 11: Effects of HpDGAT2s on lipid contents of yeast strain H1246. A. Neutral lipid 

content of yeast producing HpDGAT2s after 24 and 72 hr induction. Neutral lipid contents were 

measured by Nile red assay. B. TAG content of yeast producing HpDGAT2s after 24 and 72 h 

induction. C. Fatty acid composition of TAG isolated from yeast producing HpDGAT2D after 72 

h induction. Data represent mean ± SD, n=3. Statistical analysis was done using ANOVA with p 

<0.05. 
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3.4.5 HpDGAT2D encoded an active DGAT and displayed sigmoidal kinetics in response to 

increasing acyl-CoA concentration 

Since only HpDGAT2D was able to restore TAG accumulation in yeast mutant H1246, 

we further analyzed the in vitro DGAT activity of HpDGAT2s using yeast microsomal fractions. 

Consistent with the in vivo results, HpDGAT2D was found to possess strong DGAT activity, 

whereas no detectable DGAT activity can be observed from the yeast microsomal fractions 

containing HpDGAT2B, 2E or LacZ (data not shown) (Figure 12A). To kinetically characterize 

HpDGAT2D, the microsomal enzyme activity of recombinant HpDGAT2D was accessed over a 

range of oleoyl-CoA concentrations (Figure 12B). The DGAT activity increased dramatically, 

with increases in oleoyl-CoA concentration, ranging from 0.1 to 7.5 µM. It then remained stable 

with further increases in oleoyl-CoA concentration. The initial reaction velocity data of 

HpDGAT2D were fitted to the Michaelis-Menten or allosteric sigmoidal equation, and the 

sigmoidal kinetics (Hill coefficient = 1.7) was the preferred model for HpDGAT2D (Figure 

12B), suggesting HpDGAT2D interacted with oleoyl-CoA in a positively cooperative manner. 

The apparent kinetic parameters were calculated using the allosteric sigmoidal equation and the 

apparent Vmax and Km values were 133 pmol TAG/min/mg protein and 1.3 µM, respectively.  
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Figure 12: In vitro microsomal DGAT activity of HpDGAT2D. A. Microsomal DGAT activity 

of HpDGAT2D. B. HpDGAT2D displayed sigmoidal kinetics in response to increasing oleoyl-

CoA concentrations. Data were fitted to a nonlinear regression using allosteric sigmoidal 

equation (R2 = 0.95). Plots were generated with GraphPad Prism. Data represent means ± S.D. (n 

= 3). Statistical analysis was done using ANOVA with p <0.05. 
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3.5 DISCUSSION 

H. pluvialis is a green microalga with important industrial value. It accumulates the 

highest amount of strong antioxidant astaxanthin in nature and is the major source for 

astaxanthin production. Under stress conditions, H. pluvialis also produces a substantial amount 

of oil along with astaxanthin and thus, has great potential as an alternative source for industrial 

oil production (Spolaore et al., 2006). Although the exact mechanisms of stress-induced oil and 

astaxanthin (mainly in the form of acyl ester) accumulation in H. pluvialis are largely unknown, 

their accumulation were found to be co-regulated by oil biosynthetic enzymes (Chen et al., 

2015b). Thus, understanding the stress-induced lipid biosynthetic pathways is pivotal for the 

improvement in the production of both oil and astaxanthin in H. pluvialis. DGAT catalyzes the 

terminal steps in acyl-CoA-dependent TAG production, which appears to play a determinant role 

in TAG biosynthesis. Unlike most terrestrial plants containing more DGAT1 than DGAT2, 

multiple copies of DGAT2 and one copy of DGAT1 have been identified in various microalgal 

species, suggesting that DGAT2 may play important roles in the microalgal lipid accumulation 

especially in response to stresses. In the current study, we aim to identify the DGAT2 genes 

involved in stress-induced lipid biosynthesis in green algae H. pluvialis and functionally 

characterize the encoded enzymes using a yeast system. 

In H. pluvialis, four HpDGAT2 isoforms were identified based on that information on the 

Transcriptome Shotgun Assembly Sequence Database of H. pluvialis (Figure 9). According to 

their homologies to CrDGAT2s, the putative HpDGAT2 were designated as HpDGAT2A, B, D, 

and E (Figure 9). The other putative sequences were not successfully isolated with RACE, this 

may due to the incorrect sequence assembly in the Transcriptome Shotgun Assembly Sequence 

Database. Since the HL stress induced lipid accumulation in H. pluvialis up to 3 folds compare to 
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the lipid content in the algae cells under the normal condition (Figure 8B), it is likely that the 

expression of the HpDGAT2 was induced by the HL stress and thus, was responsible for the 

enhanced oil production. Further expression analyses of the putative HpDGAT2 under HL and 

normal conditions revealed that HpDGAT2D and E were found to have enhanced expression 

levels under the HL stress relative to those of normal conditions, whereas decreases in the 

expression levels of HpDGAT2A and C were observed (Figure 10). These results suggest that 

HpDGAT2D and E rather than HpDGAT2A and B might be involved in the stress-induced lipid 

biosynthesis in H. pluvialis, thus contributed to the enhanced TAG accumulation. Considering 

the large expression level of HpDGAT2B under control condition, it may play an important role 

in the oil accumulation of algae in normal growth.  

The cDNAs encoding HpDGAT2B, D and E were further isolated from H. pluvialis and 

transformed into yeast mutant H1246 for functional characterization. Only HpDGAT2D rather 

than HpDGAT2B and E were able to restore the TAG biosynthesis ability of yeast mutant H1246 

(Figure 11B). Consistently, yeast microsomal fractions containing HpDGAT2D was found to 

display strong DGAT activity (Figure 12A). These results suggest that HpDGAT2D indeed 

encoded an active DGAT, which may contribute to the HL stress induced TAG formation in H. 

pluvialis. The FA composition of TAG extracted from yeast producing HpDGAT2D indicated 

that HpDGAT2D appears to have preferences towards acyl moieties containing unsaturated FAs, 

especially C18:1 rather than saturated FAs, which is consistent with the FA composition in algae 

lipids (Figure 8C). Interestingly, HpDGAT2D was found to display sigmoidal kinetics in 

response to acyl-CoA (Figure 12B), suggesting the enzyme was allosterically regulated by acyl-

CoA (Caldo et al., 2017b). Previously, DGAT1 from different species have been found to display 

sigmoidal kinetics towards increasing acyl-CoA concentration (Roesler et al., 2016; Caldo et al., 
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2017; Xu et al., 2017). Our finding confirmed the first time that sigmoidal regulation is also 

present in DGAT2.  

In conclusion, three HpDGAT2 homologs including HpDGAT2B, D and E were identified 

in H. pluvialis. The expression levels of HpDGAT2D and HpDGAT2E increased tremendously 

under the HL stress condition whereas the expression of HpDGAT2B decreased. HpDGAT2D 

but not HpDGAT2E was further found to be able to recover TAG accumulation in H1246 yeast. 

In vitro enzyme characterization confirmed that HpDGAT2D had strong DGAT activity and was 

allosterically modulated by its substrate acyl-CoA. Together, our results provide valuable 

information for engineering TAG biosynthesis in H. pluvialis.   
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS 

 
 Microalga can produce high amounts of lipid content under stress conditions. The 

conditions that triggers oil production in microalga varies from the lack of nutrients, N 

deficiency, or high irradiation. Oil content of microalgal cells are comparable or even higher than 

many oil-crop seeds. Thus, microalgae are emerging as a new candidate for storage lipid 

production in conjunction with seed oil. H. pluvialis is a green microalga that has the capacity to 

produce large amount of oil and high-value astaxanthin. Unlike the well-studied lipid 

biosynthesis pathway of plants, the lipid biosynthesis of H. pluvialis has not been well 

investigated. DGAT is the most important enzyme, as it catalyzes the TAG formation reaction in 

many plants and microalga species. Thus, it is necessary to identify and characterize DGATs in 

H. pluvialis. Additionally, since astaxanthin accumulation coincides with TAG biosynthesis in 

H. pluvialis, characterization of HpDGATs would also benefit the production of astaxanthin.  

 Three DGAT2 homologs, named HpDGAT2B, HpDGAT2D and HpDGAT2E, were 

identified from a transcriptome shotgun sequence database and confirmed with PCR in this 

study. Gene expression analysis revealed the up-regulation of HpDGAT2D and HpDGAT2E 

under high irradiation stress and lipid analysis showed the steadily increase of lipids content 

from 2.3% to 8.7% (per dry cell weight) in 3 days. The results suggested that the increase of 

HpDGAT2D and HpDGAT2E in expression plays a role in the increase of lipid content of H. 

pluvialis. Only HpDGAT2D was able to recover TAG biosynthesis in the H1246 yeast mutant. 

Further in vitro testing showed that HpDGAT2D was the only one with DGAT activity with 

oleoyl-acyl CoA as the substrate and the enzyme displayed sigmoidal kinetics toward increasing 

oleoyl-acyl CoA concentration. There have been reports on DGAT1 sigmoidal kinetic regulation 
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in different species but not DGAT2. To the best of my knowledge, this is the first report of 

sigmoidal kinetic pattern being reported in algal DGAT2. 

Based on the current results, more experiments can be done to characterize HpDGATs 

and lipid biosynthesis in H. pluvialis in the future. Transcriptome Shotgun Assembly Sequence 

database was searched to identify potential candidate DGATs in H. pluvialis in this study. 

However, not all the predicted sequences were successfully cloned via PCR. One of the 

explanations is that the lipid biosynthesis is a very intricate pathway—the candidates may be 

induced by different factors (such as nutrients, alkalinity, or N deprivation). The stressor used in 

this project is effective enough to induce the expression of the three HpDGAT2s, but not as 

effective on the rest of the candidates. Thus, the transcriptional expression of those DGAT2 

genes were undetected. In order to identify more of the candidates, different stressors can be 

used to trigger the expression more effectively in the future. In addition, the quality of the 

Transcriptome Shotgun Assembly Sequence database also has substantial influence on the 

success of identifying candidate DGAT genes. Many readings in this database are quite short 

(e.g. 100 bp). In the future, the generation of a high-quality RNA-sequencing database or 

genome database of H. pluvialis would be valuable to the study of lipid biosynthesis in this 

microalga. 

The activity of HpDGAT2D was characterized in this project. Thus, HpDGAT2D is a 

potential candidate for genetic manipulation in order to improve the oil production in H. 

pluvialis. In future studies, amino acid mutagenesis can be done on HpDGAT2D sequence to 

improve its activity. Additionally, HpDGAT2D substrate specificity can also be tested using 

different fatty acyl-CoA as substrate donors. The results will be a useful resource for genetic 

manipulation to increase oil production in H. pluvialis. Moreover, since H. pluvialis is known to 
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produce substantial amount of astaxanthin under high irritation condition, HpDGAT2D might be 

involved in astaxanthin biosynthesis and storage pathways. Thus, it is interesting to test for 

HpDGAT2D activity towards different acyl acceptors, especially astaxanthin.  

HpDGAT2E was found to have increase expression level under stress. However, TAG 

could not be detected in the yeast H1246 strain hosting this protein and no DGAT activity was 

detected in the in vitro enzymatic assay. Thus, HpDGAT2E may be responsible for other stress-

response pathways, but not the lipid biosynthesis pathway. HpDGAT2E may be involved in 

astaxanthin biosynthesis via astaxanthin, but not DAG, as the acyl receptor. Similar to the 

proposed further study about HpDGAT2D, it would be valuable to characterize the function of 

HpDGAT2E.  

In addition, the current study focused on the in vitro characterization of HpDGAT2s. To 

further characterize their functions, the genes can be overexpressed and knocked-out in H. 

pluvialis to study their biological functions in lipid and carotenoid biosynthesis, as well as 

microalgal development. 
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Supplemental Information 

Supplemental Table 1: Putative DGAT2 homologs from H. pluvialis  

# Names Hit ID Similarity 

1 HpPES1 SRR1040551.20913 PES like 1 (80%) 

2 HpPES2 SRR1040551.27084 PES like 2 (70%) 

3 HpPES3 SRR1040551.26833  PES like 3 (70%) 

4 HpDGAT2A SRR1040551.29510 CrDGAT2A (70%) 

5 HpDGAT2B SRR1040551.15574 CrDGAT2B (73%) 

6 HpDGAT2D SRR1040551.19876  CrDGAT2D (71%) 

7 HpDGAT2E SRR1040551.6808 CrDGAT2E (71%) 

8 HpDGAT1 SRR1040551.9015 AtDGAT1 (66%) 
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Supplemental Table 2: Primers for the identification of the putative HpDGAT2s 

Names Primer sequence (5’ – 3’)  

HpDGAT2B – F 

HpDGAT2B – R 

ATGGCTGGTGATACTGCGTCA 

TCACTGTACAAACTCCAGGCTCT 

HpDGAT2D – F  

HpDGAT2D – R 

AAGATGGGCGTTAAAAAGCCAG 

TCACTCGATGCTCAGCGG 

HpDGAT2E – F  

HpDGAT2E – R 

GAAATGGGTGTCGCAACGAAT 

TCACTGGATCTCCAGGGGCTT 
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Supplemental Table 3: qRT-PCR primers sequences for all the candidate sequences.  

Names Sequence (5’ – 3’) Names Sequence (5’ – 3’) 

P1 – F1 ACCAATCCTGAGCCTCAACC P1 – R1 AGCAGGTACTCGATGCCAGA 

P2 – F1 GGGGGAACTGCTCGTGTATC P2 – R1 CAACAAGAAACTAGCGGGCG 

P3 – F1 TGCCCCTCATGCTGTACCTA P3 – R1 ATTTGCTGAAAGCTGGAGCG 

P4 – F1 TGAGTCGGCAGCTGATGG P4 – R1 GTATCGCCAGGCGGACAAA 

P5 – F1 ACCAATCCGCAGCTTGAAGT P5 – R1 GCTGGCTTCAGTCAGGAAGT 

P6 – F1  CGTTCTGCAAACTGTGGGTG P6 – R1 AGAAGGTCTGGCACAAGGTG 

P7 – F1 TTGGTGATGGCTGAGTTCCC P7 – R1 CCGCCAGCGAGAAGATGTTA 

P8 – F1 CACGGGAAGAGTTCAGCACA P8 – R1 GCGCTACCTCCTTGTTGAGT 

18S – F TGCCTAGTAAGCGCGAGTCA 18S – R CCCACCGCTAAAGTCAATCC 
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