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ABSTRACT 
 

In this thesis the metabolic engineering of plant oils was revisited, with particular focus on the 

efficient incorporation of medium-chain fatty acids (MCFAs) into plant oils. The thesis begins 

by investigating the de novo assembled transcriptome of the developing endosperm from 

Cocos nucifera (coconut palm) to identify and characterise genes involved in lipid synthesis. Of 

particular interest are those genes directly involved in either the determination of fatty acid 

composition or involved in achieving increased oil production. The high oil content and fatty 

acid composition of coconut endosperm advocates that many of the genes would elicit 

prospects for future engineering studies. Of particular interest are those genes, such as 

acyltransferases, that may exhibit explicit substrate preference for MCFAs, and hence may 

have an important role in the future development of plant oils with an enhanced MCFA 

content.  

The following chapter utilises current knowledge of lipid synthesis to attempt the construction 

of novel metabolic pathways that achieve both increased triacylglycerol (TAG) production and 

also demonstrate a significant level of incorporation of MCFAs into TAG. This was investigated 

through testing different thioesterases in combination with a variety of lipid assembly genes.  

In previous studies it was observed that a significant amount of MCFAs accumulate in 

membrane lipids, and thus suggests that the pathways did not mediate efficient TAG 

production. In this study, it was identified through the additional expression of the 

diacylglycerol acyltransferase (DGAT) from Elaeis guineensis (EgDGAT1) reduced the 

accumulation of MCFAs in membrane lipids, and also enabled the increased TAG production 

with an improved MCFA composition.  

The final chapter then attempts to replicate the transient model in the high biomass model 

crop of Nicotiana tabacum, through the transgenic expression of the metabolic pathways 

optimised for the production of TAG with tailored MCFA compositions. A total of seven 

constructs were used for the Agrobacterium-mediated transformation of N. tabacum, with the 

objective of producing oils that have enriched compositions of lauric, myristic or palmitic acids. 

Overall, this work presents a possible sustainable option for the production of MCFA-enriched 

oils that may assist in the satisfaction of increasing global demand of vegetable oil production, 

and hence may be utilised by the petroleum, industrial and food industries.  
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Chapter 1: Literature Review  

1.1. Plant Oil Production  

1.1.1. Oil Crops and Annual Production  
 
Plant triacylglycerols (TAGs), or commonly referred to as vegetable oils, are extracted by 

humans from the fruits or seeds of particular lipid-rich crops (OECD/FAO, 2015). Vegetable oils 

are both an important dietary component and also increasingly being utilised as an alternative 

to petrochemicals, both as a fuel source and a chemical feedstock (Anders S. Carlsson, 2009). 

Correlating with the decreased supply of fossil fuel resources and increased demand from the 

growing global populations, the demand for the production of vegetable oils is increasing. This 

increased demand for vegetable oils, as both a food and renewable fuel source, has been 

associated with various deleterious environmental and societal consequences, including a 

diversion of potential food crops into fuels as well as an increase in deforestation for the 

expanding cultivation of soybean and oil palm (Corley, 2009; Fitzherbert et al., 2008; Koh & 

Wilcove, 2009).  

Over recent years the global production of vegetable oils has experienced constant growth, 

with over 179 million metric tons being produced in 2014 (OECD/FAO, 2015). The vegetable oil 

production associated with the four major oilseed crops accounted for almost 80% of the total 

production (Figure 1). The oil palm is the highest yielding oilseed crop with a contribution to 

the vegetable oil market of 61.1 million metric tonnes (MMT), accounting for 34.1% of global 

contribution. In 2013, the three main producing countries for palm oil were Indonesia, 

Malaysia and Thailand, in decreasing order of contribution. Soybean was the next largest crop 

in terms of vegetable oil production, producing 42.7 MMT which accounted for 23.4% of global 

production. The top three producing countries of soybean were China, United States of 

America and Brazil, in decreasing order of production. The third largest oilseed crop was 

canola with a production of 24.7 MMT, which accounted for 13.8% of total vegetable oil 

production. The top producing crops were China, Germany and Canada, in decreasing order of 

contribution. Sunflower also made a significant contribution to the global vegetable oil market 

with 12.6 MMT produced, accounting for 7.0% of the market. Another important oil crop is 

Cocos nucifera (coconut palm) which was 1.8% of the global vegetable market, with 3.2 MMT 

produced. The main producers of coconut oil in descending order of production were the 

Philippines, Indonesia and India (FAO, 2015).  
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Figure 1: Pie chart presenting the breakdown of the contribution that each of the major and important oilseed 
crops had towards the total vegetable oil production in 2014. Each section represents the fraction of the 179 
million metric tonnes (MMT) total vegetable oil produced (FAO, 2015).  

 

1.1.2. Crude Oil Production 
 
Crude oil is defined as a mixture of hydrocarbons that exists in liquid phase in natural 

underground reservoirs and remains liquid at atmospheric pressure after passing through 

surface separating facilities (US EIA). It is the primary product that can be refined to produce 

an extensive array of petroleum based products, used in many commercial and industrial 

applications. Some of these products include heating oils, gasoline, diesel, jet fuels, lubricants, 

asphalt, ethane, propane, butane and many other products used for their energy or chemical 

content (US EIA).  

Due to continual growth of the global population there is a correlating increasing demand for 

food, fuel and industrial products (Asif & Muneer, 2007). The production of these commodities 

is limited by the steady depletion of global oil reserves and also due to increasing awareness of 

the environmental concerns associated with the use of fossil fuels. It has also been recognised 

that there is currently a gap in the available supply of fossil fuels that could effectively sustain 

the increasing population (Asif & Muneer, 2007; John M. Dyer, Stymne, Green, & Carlsson, 

2008; Wallis & Laurenson, 2004). With petroleum based products now widely viewed as being 

unsustainable, it has been proposed that vegetable oils may present a suitable alternative 

source of renewable products, which could support the fossil fuel industry.  
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1.1.3. Expansion of Oil Production Crops  
 
It has been projected that the global demand for vegetable oils will increase to approximately 

240 million MT in 2050 (Corley, 2009), approximately 30% more than what is currently being 

produced. This increased demand is correlated with a continually growing population, and 

hence an increased supply of vegetable oils is required to not only feed the population, but to 

also supply industry for the manufacturing of essential products.  

To meet the growing global demands for vegetable oils, with increased requirements for 

petrochemical feedstocks to be supported by oleochemical production, the development of 

new crops that can produce large quantities of oil in temperate climates has been proposed 

(Katayoon Dehesh, 2001; V. Eccleston, Cranmer, Voelker, & Ohlrogge, 1996; Reynolds et al., 

2015; Tjellstrom, Strawsine, Silva, Cahoon, & Ohlrogge, 2013; T. A. Voelker et al., 1992; Eva 

Wiberg, Edwards, Byrne, Stymne, & Dehesh, 2000). Currently oil palm has a significant 

contribution to the vegetable oil market, accounting for approximately 30% of both the world 

vegetable oil production and consumption (Carter, Finley, Fry, Jackson, & Willis, 2007; 

OECD/FAO, 2015). The positives associated with the use of oil palm for vegetable oil 

production include high yields (Corley, 2009) and being proposed as a sustainable alternative 

to petrochemicals (Barcelos et al., 2015; Carter et al., 2007; Corley, 2009; Fitzherbert et al., 

2008; Sheil et al., 2009), than compared to other oilseed crops. Although, there have also been 

some negative views associated with the palm oil industry, including deforestation for the 

expansion of agricultural land, and the correlating loss of natural habitats for many animals 

(Carter et al., 2007; Corley, 2009; Edem, 2002; Sheil et al., 2009).  

Methods to increasing global oil production have been proposed including the expansion of 

agricultural land, and increasing the yields of current oilseed crops through conventional 

breeding or genetic technology approaches (Barcelos et al., 2015; Bates, Stymne, & Ohlrogge, 

2013; Sébastien Baud & Lepiniec, 2010; Kempken & Jung, 2009; A. J. Kinney, 1997; Vanhercke, 

Petrie, & Singh, 2014). Initially the concept of increasing the total area of agricultural land used 

for vegetable oil production appears to be a reasonable prospect. Unfortunately, the 

expansion of land usage for vegetable oil production would be associated with various 

negative consequences. With the growing population, the increased occupancy of oilseed 

crops on suitable agricultural land may result in less available land for the production of other 

food crops, such as wheat (Gunstone, Harwood, & Dijkstra, 2007; Denis J. Murphy, 2007). The 

expansion of agricultural land through deforestation, such as the expansion of the oil palm 

industry in Malaysia, has been linked to the loss of natural habitats and hence threats to native 

flora and fauna (K. T. Tan, Lee, Mohamed, & Bhatia, 2009).  
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There are ongoing concerns regarding deforestation, global CO2 emissions and maintaining 

biodiversity (Basiron, 2007; Fitzherbert et al., 2008; Gibbs et al., 2010; Koh & Wilcove, 2009) in 

response to satisfying global demands of vegetable oil production. The increasing demand for 

increased production of vegetable oils, and the limited available agricultural land, raises the 

importance of a quest for alternative sources of vegetable oil production. The best approach to 

increasing global vegetable oil production, therefore may be achieved through using current 

knowledge associated with oil synthesis in plants and applying that knowledge to increase oil 

yields from current oilseed crops, or engineering new oil crops with tailored fatty acid 

compositions. The generation of a high biomass crop with increased TAG production in the 

vegetative tissues, such as the leaves, is one example of a novel alternative approach to 

increasing global vegetable oil that has been proposed (Anders S. Carlsson, 2009; T. Vanhercke 

et al., 2014; Thomas Vanhercke et al., 2014). 

 

1.1.4. Diversity of Plant Oil Function 
 
The vegetable oils produced from each crop are suitable for their own specific commercial or 

industrial applications. Vegetable oils (TAG) consist of a glycerol backbone with three esterified 

fatty acids (Figure 2). The fatty acids which comprise the vegetable oils, as well as their 

positional distribution on the TAG molecule, determines the functional attributes of the oil. 

Variations in the chain length, level of desaturation and the functionalisation of these fatty 

acids ultimately determines the physical properties of the oil, and hence its commercial and 

industrial utility (Anders S. Carlsson, 2009). Polyunsaturated fatty acids with specific double 

bond positions, specifically the ω-3 and ω-6 fatty acids (such as docosahexaenoic acid (DHA) 

and eicosapentaenoic acid (EPA)), are essential dietary nutrients that are required as 

precursors for a range of biological signalling molecules (Bradbury, 2011). The most 

predominant fatty acids produced by the common oilseed crops include palmitic (C16:0), 

stearic (C18:0), oleic (C18:1), linoleic (C18:2) and linolenic (C18:3) acids and consequently are 

the most utilised and consumed by humans (Anders S. Carlsson, 2009; J. Ohlrogge & Browse, 

1995). TAGs that are composed from these fatty acids are also increasingly being utilised in a 

range of industrial applications, for example the transesterification to generate “biodiesel” 

(typically fatty acid methyl esters; FAME) or alkali hydrolysis for the production of soaps 

(Durrett, Benning, & Ohlrogge, 2008; Erhan, Sharma, Liu, & Adhvaryu, 2008; Knothe, 2009; B. 

K. Sharma, Adhvaryu, Perez, & Erhan, 2005). Additionally, monounsaturated fatty acids, such 

as oleic acid can be cleaved and utilised for the production of precursors for polymer 

production (A. J. Kinney, 1997). Increasing the palmitic acid content of oilseeds is also of 

increasing interest with its application in both industrial and food applications, for example 
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improving the texture of margarines (Jones, Davies, & Voelker, 1995; A. J. Kinney, 1997; 

Knothe, 2009). The fatty acid profile of the common oil crops are summarised in Table 1.  

 

 

Figure 2: Graphical representation of the structures of triacylglycerol (TAG: A), common fatty acids found in major 
oilseed crops (B) and examples of unusual fatty acids  found in select plant species (C).  

 

Table 1: Fatty acid composition of oils from the major oilseed crops.  

Plant Species C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 

Brassica spp.  - - - - 4.1 2.7 60.3 19.8 10.9 
Elaeis guineensis (Edem, 2002) 

Palm oil 
 
- 

 
- 

 
0.2 

 
1.1 

 
44.0 

 
4.5 

 
39.2 

 
10.1 

 
0.4 

Palm kernel oil 3.3 3.5 47.8 16.3 8.5 2.5 15.4 2.4 - 

Soybean (Schäfer, 1997) - - - - 10.1 4.2 51.4 23.2 7.3 

Sunflower (Schäfer, 1997) - - - - 4.5 1.8 21.8 68.3 - 
Cocos nucifera (Laureles et al., 
2002) 7.8 6.6 50.9 19.3 7.3 2.8 4.4 0.9 - 

 

1.1.4.1. Unusual Fatty Acids in Industrial Applications  
 
There are many other types of fatty acids, often referred to as unusual fatty acids, which can 

be synthesised and accumulated within the seeds of certain species. Fatty acids with other 

chemical modifications, or functional groups, such as hydroxyl or epoxy groups, or unusual 

patterns of desaturation are not present in the oils from the major oilseed crops but have been 

identified as the major constituents of seed oils in some other plant species (Anders S. 

Carlsson, 2009; Gunstone et al., 2007). The major component of the seeds from Vernonia 

galamensis (ironweed) is vernolic acid (an epoxy fatty acid), which accounts for ≈75% of the oil 

fatty acid profile (Conacher, Gunstone, Hornby, & Padley, 1970; Thompson, Dierig, & Kleiman, 

1994). These oils have particular applications in the manufacture of plastics and protective 

coatings (Robert E. Perdue, Carlson, & Gilbert, 1986).  

Another unusual but industrially important fatty acid is ricinoleic acid (a hydroxylated fatty 

acid: C18:1-OH), the major component of seed oil from Ricinus communis (castor) accounting 
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for ≈90% of the fatty acid composition (M Bafor, Smith, Jonsson, Stobart, & Stymne, 1991). 

Another hydroxylated fatty acid utilised by industry is lesquerolic acid (C20:1-OH), comprising 

≈60% of the oil profile from seeds of Lesquerella fendleri (Broun & Somerville, 1997; Moon, 

Smith, & Kunst, 2001). The structure of hydroxylated fatty acids makes them amenable to 

many industrial process including pyrolysis, dehydration and interesterification. These fatty 

acids are particularly utilised in dyes and pigments for cosmetics, plastic and rubber 

manufacture, industrial lubricants, and break and hydraulic fluids (Isbell, Lowery, DeKeyser, 

Winchell, & Cermak, 2006; Kulkarni & Sawant, 2003; Yao, Hammond, Wang, Bhuyan, & 

Sundararajan, 2010). 

Tung oil, extracted from Vernicia fordii (Tung tree), is another source of unusual fatty acids 

that have important applications within industry (J. M. Dyer et al., 2002). The major fatty acid 

is α-eleostearic acid (a C18 conjugated triene fatty acid), which constitutes 76% of the oil 

profile (Goldblatt, Hopper, & Wood, 1957). Tung oil has many applications including being 

utilised as a drying agent for paints and varnishes, or as a waterproofing agent for paper, cloth 

and ceramic products. The α-eleostearic acid is also an important component in the 

manufacture of linoleum, oilcloth, inks, resins, artificial leather, lubricants and brake linings 

(Goldblatt et al., 1957; V. Sharma et al., 2011). Many other unusual fatty acids contain moieties 

which render them as attractive industrial precursors, although the plants which produce them 

often have attributes which are considered to be problematic for agricultural use (Anders S. 

Carlsson, 2009; Gunstone et al., 2007).  
 

1.1.4.2. Utilisation of Medium-Chain Fatty Acids in Industry  
 

Another group of unusual fatty acids that are an important component of global oil 

consumption is medium-chain fatty acids (MCFA), namely fatty acids in the range of 8-14 

carbons in length (H. Maelor Davies, 1993). MCFAs are an ideal source for biodiesel and also 

for a wide range of oleochemical feedstocks including pharmaceuticals, personal care 

products, lubricants and detergents (Arkcoll, 1988; Basiron & Weng, 2004; Denis J. Murphy, 

2007). C. nucifera (coconut palm) and E. guineensis (African oil palm: palm kernel oil) are the 

only two commercially relevant sources of laurate oils, containing a significant proportion of 

lauric acid (C12:0) (Arkcoll, 1988), and hence are important oil crops for the MCFA industry. 

The production of these crops is limited to tropical and subtropical climates (Arkcoll, 1988; 

Basiron, 2007; Basiron & Weng, 2004; Kumar, 2011; Laureles et al., 2002).  

Although other plants successfully accumulate high contents of other MCFAs, such as a variety 

of Cuphea species, they are not agronomically important or viable due to their low oil yields (S. 

A. Graham, Hirsinger, & Röbbelen, 1981; S. A. Graham & Knapp, 1989; Wolf, Graham, & 
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Kleiman, 1983). For example, C. hookeriana and C. lanceolata are capable of accumulating up 

to 50% of capric acid (C8:0) and 83% of caprylic acid (C10:0), respectively (S. A. Graham et al., 

1981; S. A. Graham & Knapp, 1989). However, due to the low yields from Cuphea spp., oil 

extracted from coconut palm is currently the primary source of capric and caprylic fatty acids 

to industry. These particular fatty acids have important applications in surface active agents, 

plasticisers, flavours, many personal care products and perfumes (Nagaraj, 2009).  

 

1.2. Vegetable Oil Production Pathways in Plants 
 
Oils produced in plant seeds can be utilised as a major source of calories for both human and 

animal nutrition, as feedstocks for the oleochemical industry, and can also serve as high energy 

biofuel. The biochemical pathways involved in the synthesis of oil are highly complex, and 

occur in multiple subcellular organelles. The synthesis of oil begins with fatty acid synthesis.  

 

1.2.1. Fatty Acid Synthesis 
 
The occurrence of fatty acid synthesis, the first step towards oil synthesis, is localised to the 

plastid, which are defined as double-membrane bound organelles within plant cells. The 

predominant supply of carbon for fatty acid synthesis is supplied by the glycolysis of hexose, 

triose or phosphoenol pyruvate (John L Harwood, 1988; Li-Beisson et al., 2010; Rawsthorne, 

2002). An alternative pathway for a more efficient carbon supply can be utilised by green 

seeds, which utilise light in order to supply nicotinamide adenine dinucleotide phosphate 

(NADPH) and adenosine triphosphate (ATP), hence bypassing the glycolysis pathway (Leung, 

Wu, & Leung, 2010). The chain length (up to C18) and the level of saturation of fatty acids are 

determined through the plastidial fatty acid synthesis pathway. The first committed step in this 

pathway is the activation of acetyl-Coenzyme A (CoA), in the presence of bicarbonate to 

malonyl-CoA via the activity of acetyl-CoA carboxylase (ACCase) (Rawsthorne, 2002). This 

activation involves a two-step ATP-dependent reaction, depicted in Figure 3. The first step is an 

ATP-dependent reaction involving the transfer of the carboxyl group derived from bicarbonate 

(HCO3
-) to biotin, which is catalysed by the biotin carboxylase activity of ACCase. The carbon 

dioxide (CO2) is then transferred from carboxy-biotin to acetyl-CoA in the second step to yield 

malonyl-CoA, mediated by the carboxyl transferase domain of ACCase (Li-Beisson et al., 2010).  
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Figure 3: The reactions involved in the acetyl-CoA carboxylase reaction to produce malonyl-CoA. Source: (Joaquín 
J Salas, Harwood, & Martínez-Force, 2013). ATP = adenosine triphosphate; HCO3

- = bicarbonate; BCCP = biotin 
carboxyl carrier protein; CO2 = carbon dioxide; ADP = adenosine diphosphate; CoA = Coenzyme A.  

 

The ACCase enzyme is a critical control point for the flux of carbon into the fatty acid synthesis 

pathway, and consequently is highly regulated. Malonyl-CoA is referred to as the acyl-chain 

extender as it’s required for the elongation of acyl chains during fatty acid synthesis. Before 

entering the fatty acid synthesis pathway, the malonyl group of malonyl-CoA produced by ACC 

has to be transferred from malonyl-CoA to malonyl-acyl carrier protein (ACP), which is 

catalysed by the malonyl-CoA: ACP malonyltransferase (MCMT) (Joaquín J Salas et al., 2013). 

The construction of fatty acids occurs on ACP through the fatty acid synthase (FAS) cycle (Bates 

et al., 2013; J. L. Harwood & Guschina, 2013; Li-Beisson et al., 2010; J. B. Ohlrogge & Jaworski, 

1997). Through each succession of the FAS cycle, four enzymatic reactions (Figure 4) are 

involved in the successive addition of 2 carbon units (Denis J Murphy, 2009). These four 

enzymatic reactions involved in the elongation of the acyl-chain include a repeating cycle of 

reduction (ketoacyl-ACP reductase, KAR), dehydration (hydroxyacyl-ACP dehydrase, HAD), 

another reduction (enoyl-ACP reductase, ENR) and a final condensation reaction that results in 

the elongation of the acyl-chain (John L. Harwood, 1996; Li-Beisson et al., 2010). The two 

carbon units required for each elongation reaction are supplied by malonyl-ACP. The final step 

in achieving elongation is the condensing reaction, which is catalysed by β-ketoacyl-synthase 

(KAS), resulting in the formation of a carbon-carbon bond with the release of one carbon 

dioxide molecule (Li-Beisson et al., 2010). There are three different isoforms of KAS involved in 

the elongation of fatty acids. The initial condensation reaction of acetyl-CoA with malonyl-ACP 

is catalysed by KASIII, resulting in 3-ketobutyrl-ACP, a four-carbon product. Succeeding 

condensation reactions, up to the formation of C16:0-ACP (palmitoyl-ACP) are catalysed by 

KASI. The final elongation step of the FAS cycle, the elongation of C16:0-ACP to C18:0-ACP 

(stearoyl-ACP), is catalysed by KASII (Sébastien Baud & Lepiniec, 2010).  
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Figure 4: Overview of the fatty acid synthase (FAS) cycle. ACCase = Acetyl-CoA Carboxylase; MCMT = malonyl-
CoA: ACP malonyltransferase; KAS = β-ketoacyl-synthase; KAR = ketoacyl-ACP reductase; HAD = hydroxyacyl-ACP 
dehydrase; ENR = enoyl-ACP reductase.  

The elongation of the fatty acid acyl chain can be terminated via the hydrolytic activity of 

thioesterases, to produce free fatty acids (FFA), illustrated in Figure 5. Two different classes of 

thioesterase enzymes have been characterised including fatty acid thioesterase class A (FATA) 

and fatty acid thioesterase class B (FATB) (J. J. Salas & Ohlrogge, 2002). The FATB acyl-ACP 

thioesterases are responsible for the hydrolysis of saturated fatty acids, primarily C16:0 which 

is commonly found in oil production crops (Anders S. Carlsson, 2009; J. Ohlrogge & Browse, 

1995). However, a variety of plants express FATB acyl-ACP thioesterases that are specific for 

saturated MCFAs. Examples of plants that accumulate a significant level of MCFA in their seed 

oils include C. nucifera (coconut palm), E. guineensis (oil palm), various Cuphea (cigar plant) 

species, Umbellularia californica (California bay laurel) and Cinnamomum camphora (camphor 

laurel), which are presented in Table 2.  
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Figure 5: Export of fatty acids via the activity of fatty acid thioesterases (FAT). Green arrows represent fatty acid 
thioesterase type B (FATB), which are specific for saturated fatty acids particularly medium chain fatty acids. 
Purple arrows represent fatty acid thioesterase type A (FATA), which is associated with the hydrolysis of C18 fatty 
acids, particularly C18:1. The free fatty acids are then activated to fatty acyl-CoAs, by the activity of Coenzyme A 
in the presence of adenosine triphosphate (ATP). FAS = fatty acid synthase; ACP = acyl-carrier protein; SAD = 
stearic acid desaturase; FAT = fatty acid thioesterase.  

 

Table 2: Fatty acid composition of oils from a variety of species that accumulate significant levels of MCFA. 

Plant Species C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 

Cuphea spp. (S. A. Graham et al., 
1981)          

C. hookeriana 50.2 25.4 3.6 1.0 7.1 0.7 4.3 4.6 - 

C. lanceolata 0.6 83.2 2.1 2.0 3.4 - 3.4 4.6 - 

C. palustris 19.7 1.4 2.0 63.7 6.7 - 3.0 2.9 - 

C. viscosissima 9.1 75.5 3.0 1.3 3.1 0.3 1.9 4.7 0.5 
Cinnamomum camphora 
(Litchfield, Miller, Harlow, & 
Reiser, 1967) 

0.5 63.0 34.5 0.7 0.1 - 1.0 0.2 - 

Elaeis guineensis (Edem, 2002) 
Palm oil 

 
- 

 
- 

 
0.2 

 
1.1 

 
44.0 

 
4.5 

 
39.2 

 
10.1 

 
0.4 

Palm kernel oil 3.3 3.5 47.8 16.3 8.5 2.5 15.4 2.4 - 
Cocos nucifera (Laureles et al., 
2002) 7.8 6.6 50.9 19.3 7.3 2.8 4.4 0.9 - 

Umbellularia californica 
(Hopkins, Chisholm, & Prince, 
1966) 

- 21 70 2 - - 5 2 - 

 

Whereas some C16:0-ACP is released from the FAS cycle, molecules that have been elongated 

to C18:0-ACP are efficiently desaturated by a plastidial ∆9 stearoyl-ACP desaturase (SAD) (Li-

Beisson et al., 2010; Qing Liu, Singh, & Green, 2002) to produce C18:1-ACP. This C18:1-ACP is 

then removed from the fatty acid synthesis pathway via the hydrolytic activity of FATA (J. B. 

Ohlrogge & Jaworski, 1997). Typically, the main products of plastidial fatty acid synthesis are 

C16:0 and C18:1 FFA and their relative proportions are determined by the variable expression 

levels of FATB, FATA, KASII and SAD (J. Huang et al., 2016).  
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1.2.2. Fatty Acid Export from Plastids  
 
Following fatty acid synthesis, and the production of FFA, the FFAs are exported from the 

plastid into the endoplasmic reticulum (ER). The FFAs are first converted back to acyl-CoA 

complexes by the action of acyl-CoA synthetase (ACS), which are part of the acyl-activating 

enzyme (AAE) superfamily (J. M. Shockey, Fulda, & Browse, 2003). From Arabidopsis thaliana 

44 genes have been identified as being either long-chain acyl-CoA synthetases (LACS) or 

medium-chain acyl-CoA synthetases (MACS), and hence are involved in the activation of FFA to 

acyl-CoA (Jay Shockey & Browse, 2011; J. M. Shockey et al., 2003). The acyl-CoAs are then 

transported into the ER, where they are subsequently used for further modification or 

assembly into glycerolipids.  

Until recently, transport mechanisms for the transfer of acyl-CoA from the plastid into the ER 

have remained unknown. A member of the ABC transporter family has been identified as being 

involved in the fatty acid transport process in the developing seeds of A. thaliana, termed as 

AtABCA9 (S. Kim et al., 2013). It was confirmed that AtABCA9 was localised to the ER and was 

specifically expressed in maturing seeds, further supporting its role in acyl-CoA transport. The 

importance of AtABCA9 in the role of acyl-CoA transport was investigated by studying the 

impacts on seed development associated with a mutation in AtABCA9. The mutation was 

correlated with many seed phenotypes including significantly reduced seed size, reduced 

supply of fatty acids into the acyl-CoA pool, and hence correlated with a significantly reduced 

TAG content. Conversely, the over-expression of AtABCA9 produced enlarged seeds with a 

significantly increased TAG content (S. Kim et al., 2013). All of these results elucidate the 

importance of AtABCA9 in facilitating the transfer of acyl-CoA into the ER, and hence 

promoting the assembly of acyl-CoAs into TAG (S. Kim et al., 2013). 

 

1.2.3. Acyl-Editing of Fatty Acids 
 
Once FFA have entered the ER further modifications, referred to as acyl-editing, of the fatty 

acids can occur. To allow acyl editing the newly synthesised fatty acids are esterified to 

phosphatidylcholine (PC) via the activity of acyl-CoA: lysophosphatidylcholine acyltransferase 

(LPCAT), which occurs at the plastid envelope. PC can also be produced through the conversion 

of de novo synthesised diacylglycerol (DAG) to PC via the activity of CDP-choline: diacylglycerol 

choline-phosphotransferase (CPT) (Li-Beisson et al., 2010) or phosphatidylcholine: 

diacylglycerol choline-phosphotransferase (PDCT) (Lu, Xin, Ren, Miquel, & Browse, 2009). The 

synthesis of PC through the activity of CPT leads to a net production of PC, whereas there is no 

net production of PC when synthesised via the activity of PDCT as this process involves the 
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transfer of the phosphocholine head-group from PC to DAG. Typically acyl editing involves the 

exchange of fatty acids between the acyl-CoA (PC deacylation) and PC (LPC reacylation) pools 

(Bates et al., 2012), without any net changes in PC synthesis or degradation. The membrane 

lipid PC has been identified as being an important intermediate in the flux of fatty acids, with 

the sn-2 position of PC being the major site of ER-localised fatty acid modification (Bates et al., 

2012; Lager et al., 2013).  

While esterified to PC fatty acids are subject to various types of modification reactions. 

Examples of these acyl-editing reactions are summarised in Table 3, with examples of plants 

where these fatty acids can be found in abundance. Although some of the modification 

reactions are unusual, elongation and desaturation reactions are typically common in most 

plants (Anders S. Carlsson, 2009; J. Ohlrogge & Browse, 1995). Through a series of elongation 

and desaturation reactions, although, it has been demonstrated that omega-3 long-chain 

polyunsaturated fatty acids (ω3 LC-PUFA) and ω6 LC-PUFA can be produced to significant 

levels in the seed oils of transgenic A. thaliana (J. R. Petrie et al., 2012).  

 

Table 3: Examples of fatty acid modification reactions and respective examples of plant seeds in which they are 
found in abundance.  

REACTION TYPE GENE RESPONSIBLE FATTY ACID 
PRODUCT FOUND 

ELONGATION Fatty acid elongase C18:1  C20:1 Common 
DESATURATION Stearoyl-ACP Δ9 desaturase C18:0  C18:1 Common 

HYDROXYLATION Δ12-oleate hydroxylase Ricinoleic acid Ricinus communis (M 
Bafor et al., 1991) 

CONJUGATION Conjugase α-eleostearic acid 

Momordica charantia, 
Vernicia fordii  
(Conacher et al., 1970; 
L. Liu, Hammond, & 
Nikolau, 1997) 

ACETYLENATION Δ12 acetylenase Crepenynic acid 

Crepis rubra  
(A. S. Carlsson, 
Thomaeus, Hamberg, 
& Stymne, 2004) 

WAX 
PRODUCTION Wax synthase Wax esters 

Simmondsia chinensis  
(Lardizabal et al., 
2000) 

 

Hydroxy fatty acids are a valuable resource for the manufacturing industry, particularly 

ricinoleic acid (C18:1-OH). Ricinoleic acid has a variety of applications including the 

manufacture of nylon, specialty lubricants, paints and cosmetics. The most renowned source 

of this fatty acid is Ricinus communis (castor bean), with a seed oil composed of 85-90% of 

C18:1-OH (M Bafor et al., 1991). The C18:1-OH is produced by the direct Δ12-hydroxylation of 
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oleic acid when it’s esterified to the sn-2 position of PC (M Bafor et al., 1991), through the 

activity of Δ12-oleate hydroxylase (van de Loo, Broun, Turner, & Somerville, 1995). The 

transgenic production of C18:1-OH has also been achieved in the seeds of A. thaliana through 

the overexpression of the hydroxylase (Smith, Moon, & Kunst, 2000). 

The presence of conjugated doubles in fatty acids increases their rate of oxidation, in 

comparison to polyunsaturated fatty acids that contain cis-double bonds (Philippaerts, 

Goossens, Jacobs, & Sels, 2011). It is this property that makes conjugated fatty acids 

particularly suitable as drying agents in many products such as paints, varnishes and inks 

(Philippaerts et al., 2011). The seed oils of Momordica charantia (bitter melon) and Vernicia 

fordii (Tung tree) are examples of seeds that contain significant levels of conjugated fatty acids, 

especially α-eleostearic acid which accounts for ≈65% of the seed oil composition in both 

species (Conacher et al., 1970). It has been demonstrated that linoleic acid esterified to PC 

serves as the precursor for α-eleostearic acid (L. Liu et al., 1997), where the conjugated double 

bonds are produced through modifications of the existing cis-double bond.  

Another unusual fatty acid that accumulates in high abundance in the seed oils of Crepis rubra 

(hawksbeard) is crepenynic acid, which accounts for ≈60% of the fatty acid composition (Haigh, 

Morris, & James, 1968). It was demonstrated that linoleic acid esterified to PC serves as the 

precursor for crepenynic acid, where the fatty acid is further desaturated via the activity of the 

Δ12 acetylenase (Minto & Blacklock, 2008; Nam & Kappock, 2007), and hence resulting in a 

triple bond. These fatty acids, if they can be produced both high in quantity and volume, could 

have potential applications in the manufacture of technical materials such as polymers, paints 

and lubricating fluids (Somerville & Bonetta, 2001). 

Simmondsia chinensis (jojoba) is unusual in that the majority of its storage lipids are wax 

esters, rather than TAGs. These wax esters account for ≈60% of the seeds dry weight and are 

typically esters composed of very long chain (C20, C22 and C24) monounsaturated fatty acids 

and fatty alcohols (Miwa, 1971). Wax production in jojoba requires an efficient fatty acid 

elongase system, which produces the substrates required for fatty acid alcohol synthesis. 

Following sufficient elongation the fatty acids are then converted to fatty acid alcohols, 

mediated via the activity of fatty acyl-CoA reductase (FAR), which are precursors for the 

synthesis of wax esters (Metz, Pollard, Anderson, Hayes, & Lassner, 2000). The final step in wax 

biosynthesis involves the transfer of an acyl chain from acyl-CoA to the fatty acid alcohol to 

produce the wax ester, which is mediated by a wax synthase (Lardizabal et al., 2000). The most 

dominant wax ester species found in jojoba oil is composed from a C20:1 acyl-CoA and a C22:1 

fatty acid alcohol (Lardizabal et al., 2000).  
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1.2.4. Triacylglycerol Assembly 

1.2.4.1. The Kennedy Pathway  
 
Once FFAs have been converted to acyl-CoA, de novo assembly of TAG can occur through a 

variety of pathways. One well described pathway of TAG assembly is the Kennedy pathway 

(Figure 6). This pathway was first characterised in plants over 50 years ago (Barron & Stumpf, 

1962), which is defined by four enzymatic steps. Although this pathway has been well 

described in both mammalian and plant models, the enzyme that initiates TAG assembly in 

plants, sn-1 glycerol-3-phosphate acyltransferase (GPAT), was not identified until recently. The 

function of GPATs in TAG assembly is defined as transferring the fatty acid to the glycerol-3-

phosphate (G3P) backbone through an esterification reaction to produce lysophosphatidic acid 

(LPA) (John L. Harwood, 1996). This reaction is the first step in the synthesis of various types of 

glycerolipids, including membrane lipids and TAG in all living organisms, and hence mediates 

an essential role in basic cellular metabolism. It was hypothesised that it may be the ER 

localised GPAT9 from A. thaliana (AtGPAT9) (S. K. Gidda, Shockey, Rothstein, Dyer, & Mullen, 

2009), as it shares homology with mammalian GPATs, particularly the mammalian GPAT3. This 

was recently confirmed with the demonstration that the AtGPAT9 was the sn-1 GPAT from A. 

thaliana (J. Shockey et al., 2016; Singer et al., 2016). The knockdown of AtGPAT9, achieved by 

mutation, resulted in a decrease in both the supply of LPA and the production of TAG. The 

knockout of the AtGPAT9 was determined to be lethal, and hence demonstrates its 

requirement for normal plant function (J. Shockey et al., 2016). 

 

Figure 6: Simplified schematic of the Kennedy pathway for triacylglycerol (TAG) synthesis. FAS = fatty acid 
synthase; FATA = fatty acid thioesterase type A; FATB = fatty acid thioesterase type B; GPAT = glycerol phosphate 
acyltransferase; LPAAT = lysophosphatidic acid acyltransferase; PAP = phosphatidic acid phosphatase; DGAT = 
diacylglycerol acyltransferase; LPA = lysophosphatidic acid; PA = phosphatidic acid; DAG = diacylglycerol; TAG = 
triacylglycerol. 
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The second step in TAG assembly involves lysophosphatidic acid acyltransferase (LPAAT), 

which esterifies the second fatty acid to the sn-2 position of the G3P backbone, converting LPA 

to phosphatidic acid (PA). Through both overexpression and mutation studies it has been 

demonstrated that an LPAAT is essential for embryo development, and hence a loss in LPAAT 

functionality leads to embryo lethality (H. U. Kim & Huang, 2004; B. Yu, Wakao, Fan, & 

Benning, 2004). Many LPAAT genes have been studied and characterised from a variety of 

plants including C. nucifera (D. S. Knutzon et al., 1995), Syragrus cocoides (palm) (Laurent & 

Huang, 1992), Limnanthes alba (meadowfoam) (Lassner, Levering, Davies, & Knutzon, 1995; 

Laurent & Huang, 1992), Cuphea spp. (Maureen Bafor & Stymne, 1992) and B. napus rapeseed 

(Bernerth & Frentzen, 1990). Most studies have focused on the characterisation following the 

preparation of microsomes, and hence the gene nucleotide sequences may not have been 

identified. Each of the LPAAT candidates studied have demonstrated different substrate 

specificities. The study of Cuphea LPAAT substrate specificities involved the preparation of 

microsomes from developing embryos for two different species including C. wrightii and C. 

procumbens. The prepared microsomes were then used for subsequent acyl-CoA feeding 

assays to determine which fatty acids were efficient utilised for the production of PA. The 

LPAAT from C. wrightii and C. procumbens demonstrated highest substrate specificity for 

C14:0-CoA  and C10:0-CoA, respectively (Maureen Bafor & Stymne, 1992). The LPAAT from 

meadowfoam was first characterised from microsome preparations (Laurent & Huang, 1992) 

and the cDNA was later isolated (Lassner et al., 1995). This LPAAT was identified as having high 

substrate specificity for erucic acid (C22:1-CoA) and its overexpression in B. napus resulted in 

the increased erucic acid content of transgenic rapeseed seed oils (Lassner et al., 1995). An 

LPAAT from palm has also been characterised from prepared microsomes, which was 

identified as exhibiting a substrate preference for C12:0-CoA (Laurent & Huang, 1992), 

although it’s cDNA sequence remains unknown. The LPAAT from coconut palm has also been 

associated with a strong substrate preference for C12:0 (H. Maelor Davies, Hawkins, & Nelsen, 

1995) and following the identification of its cDNA sequence (D. S. Knutzon et al., 1995), has 

been the subject of many transgenic studies. Importantly, it has also been demonstrated that 

through increasing the expression of glycerolipid acyltransferases, such as LPAAT, there is a 

greater flux of intermediates through the Kennedy pathway which results in an increased TAG 

content (Maisonneuve, Guyot, Delseny, & Roscoe, 2003). The differences in their substrate 

specificity highlights their importance in their contribution to the final fatty acid composition 

of plant lipids, especially membrane and storage lipids.  

Before the final acylation reaction can occur PA needs to be dephosphorylated, to produce 

DAG, which is catalysed by phosphatidic acid phosphatase (PAP). Although the PAP reaction 

has been known and characterised for decades, the genes involved have only recently been 
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characterised from humans (S. B. Hooks, Ragan, & Lynch, 1998) and yeast (Han, Wu, & 

Carman, 2006). However, in plants the PAP responsible for the majority of de novo DAG 

synthesis is yet to be identified. From A. thaliana 11 genes have been annotated as being 

potential PAPs (Eastmond et al., 2010).  

The final step of TAG assembly in the Kennedy pathway involves the esterification of a third 

fatty acid to the sn-3 position of G3P, converting DAG to TAG, which is catalysed by 

diacylglycerol acyltransferase (DGAT). In plants there are multiple DGAT enzymes that appear 

to have differential involvement in the oil producing tissues of different plants during TAG 

accumulation (Q. Liu, Siloto, Lehner, Stone, & Weselake, 2012). The genetic manipulation, 

including mutations and silencing, have demonstrated that DGAT1 is the enzyme responsible 

for the majority of TAG synthesis in A. thaliana (Katavic et al., 1995; Zou et al., 1999). Although 

the function of DGAT2 for A. thaliana remains uncertain, in other plants including Ricinus 

communis (castor) and Vernicia fordii (Tung tree), DGAT2 has greater expression levels than 

DGAT1 during seed maturation and also appears to be the main driver behind TAG production 

(Kroon, Wei, Simon, & Slabas, 2006; J. M. Shockey et al., 2006).The contribution that DGAT1 

has towards the final composition of plant oils has recently been studied through the 

investigations of their substrate specificities. Candidates of DGAT1 from B. napus were 

identified via sequence analysis. Through labelled acyl-CoA feeding assays, following 

microsome preparations, it was demonstrated that the rapeseed DGAT1 preferentially utilises 

C18:1 for incorporation into TAG (Aznar-Moreno et al., 2015). Following the identification of 

candidate DGAT1 sequences from E. guineensis (African oil palm) (Dussert et al., 2013), they 

were examined through a yeast assay which revealed that the EgDGAT1-1 exhibited substrate 

preference for MCFAs, particularly C12:0-CoA and C14:0-CoA (Aymé, Jolivet, Nicaud, & 

Chardot, 2015). Recently, a unique member of the DGAT1 family was identified and 

characterised from the seeds of Euonymus alatus (EaDAcT), which uses acetyl-CoA as the acyl 

donor for TAG assembly (Durrett et al., 2010). Therefore, it has been demonstrated that DGAT 

has important functions in both TAG content, but also contributes to the final fatty acid 

composition of the plant seed oils. Consequently, the distinct substrate specificities of the 

acyltransferases involved in TAG assembly need to be considered in the future endeavours of 

producing tailored plant oils that will meet nutritional or industrial needs (Frentzen, 1998).  
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1.2.4.2. Alternative Triacylglycerol Assembly Pathway  
 
Recently a more complex pathway for TAG assembly has been identified where the membrane 

lipid PC is a central intermediate for the supply of fatty acids and DAG as substrates for TAG 

synthesis. There are three mechanisms that have been described that involve the flux of FAs 

through PC for downstream TAG production. The first mechanism that illustrates the 

contribution of PC to TAG production is acyl editing (described section 1.2.3). The acyl editing 

cycle enables released fatty acids from the plastids to be incorporated into PC for modification, 

while also allowing such modified fatty acids to be released into the acyl-CoA pool for 

participation in the Kennedy pathway (Bates, Ohlrogge, & Pollard, 2007; Lager et al., 2013). 

Consequently, this process is an important factor in determining the overall TAG composition 

(Bates, Durrett, Ohlrogge, & Pollard, 2009).  

The second mechanism involving the PC pool is that PC-derived DAG can be utilised directly for 

TAG synthesis. The first step towards PC-derived DAG is the conversion of de novo synthesised 

DAG to PC via the activity of CPT or PDCT (described section 1.2.3). There are three enzymatic 

routes that can generate DAG from the PC pool. Firstly, DAG can be derived via the activity of 

PDCT, resulting in the removal of the phosphocholine head-group. The reverse activity of CPT 

for the production of PC-derived DAG has also been demonstrated (Slack, Roughan, Browse, & 

Gardiner, 1985). It has also been demonstrated that lipase mediated pathways utilising 

phospholipase C, phospholipase D (J. Lee, Welti, Schapaugh, & Trick, 2011) and PAP (Bates et 

al., 2012) may be involved in the removal of the phosphocholine head-group, hence 

contributing to the PC-derived DAG pool. This PC-derived DAG can then be utilised by either 

DGAT or phospholipid: diacylglycerol acyltransferase (PDAT) for TAG production.  

Finally, PC is involved in the direct transfer of a PC-derived fatty acids to DAG resulting in the 

formation of TAG, which is catalysed by PDAT (Dahlqvist et al., 2000). Consequently, both 

DGAT and PDAT are involved in the incorporation of the third fatty acid into the sn-3 position 

of TAG, although their relative activities in most plants remain unclear. Although DGAT and 

PDAT have overlapping functions, knockout studies have highlighted their metabolic 

importance in A. thaliana. The mutation of PDAT1 in A. thaliana has no effect on TAG 

accumulation (Mhaske, Beldjilali, Ohlrogge, & Pollard, 2005; Xu et al., 2012), whereas a 

mutation of DGAT1 decreases the total oil content by 20-30% (Katavic et al., 1995). These 

results highlighted that the knockout of PDAT can be fully recovered by DGAT, whereas a PDAT 

can only partially compensate for the knockout of DGAT. PDATs from A. thaliana and other 

plants have also been shown to be involved in maintaining membrane homeostasis, through 
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the removal of damaged or unusual fatty acid from the membrane and sequestering them into 

TAG (J. Fan, Yan, Roston, Shanklin, & Xu, 2014; Jilian Fan, Yan, Zhang, & Xu, 2013).  

 

1.2.5. Regulation of Fatty Acid Synthesis  
 
Transcripts of genes encoding plastidial enzymes involved in the fatty acid biosynthetic 

pathways have been shown to accumulate during seed maturation, and hence have been 

recognised as playing an important role in the regulation of not only fatty acid biosynthesis but 

also oil accumulation (Sébastien Baud & Lepiniec, 2010; S. Baud et al., 2007; Cernac & Benning, 

2004; Focks & Benning, 1998). The WRINKLED1 (WRI1) gene was found to encode a putative 

transcription factor from the APETALA2-ethylene responsive element-binding protein (AP2-

EREBP) family (Cernac & Benning, 2004) and was found to be an essential factor in the 

regulation of seed storage and metabolism in the seeds of A. thaliana. This was highlighted by 

the severely decreased oil content following a mutation in the WRI1 gene, which induced a 

wrinkled seed phenotype (Cernac & Benning, 2004; Focks & Benning, 1998). Conversely, it was 

demonstrated that through the overexpression of WRI1 the oil content can be significantly 

increased. It has also been identified that the expression of WRI1 is not only associated with 

the regulation of LEAFY COTYLEDON-2 (LEC2), but is also essential for the proper function of 

LEC2 (S. Baud et al., 2007).  

The LEAFY COTYLEDON (LEC) genes, particularly LEC1 and LEC2, are important regulators for 

embryonic development as they are required for normal development through both the 

morphogenesis and maturation phases (Harada, 2001; S. L. Stone et al., 2008). Mutations of 

the LEC genes was associated with an impaired embryogenic response (Gaj, Zhang, Harada, & 

Lemaux, 2005), highlighting their importance in proper function. Studies investigating the 

overexpression of LEC1 and LEC2 have highlighted they are both associated with globally 

increasing expression of both fatty acid biosynthetic genes and genes involved in TAG 

biosynthesis (H. U. Kim et al., 2015; Mu et al., 2008; Sandra L. Stone et al., 2001; Wójcikowska 

et al., 2013). With the overexpression of LEC2, driven by a senescent promoter, an increased 

accumulation of TAG was consequently demonstrated in the vegetative tissues of A. thaliana 

(H. U. Kim et al., 2015).  

The WRI1 and LEC transcription factors are currently the subject of considerable amounts of 

research due to the associated high-level control of entire metabolic pathways. Their 

overexpression has been of particular focus within the lipids community in attempt to increase 

the TAG contents of both seed and vegetative tissues (Andrianov et al., 2010; H. U. Kim et al., 

2014; Vanhercke et al., 2013; Yang et al., 2015).  
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1.2.6. β-oxidation: Degradation of Fatty Acids 
 
In plants, the fatty acid β-oxidation pathway breaks down fatty acids derived primarily from 

either membrane lipid turnover or the mobilization of triacylglycerol storage reserves, which 

occurs in the peroxisomes (I. A. Graham & Eastmond, 2002). Fatty acids that are released by 

the lipolysis of TAG or membrane lipids are transported across the single membrane of the 

peroxisome by an ATP binding cassette (ABC) transporter protein. In various studies, three 

different ABC transporter proteins have been identified to be involved the transport process in 

A. thaliana including PEROXISOMAL ABC TRANSPORTER 1 (PXA 1; (Zolman, Silva, & Bartel, 

2001)), PEROXISOME DEFICIENT 3 (PED3; (M. Hayashi et al., 2002)), and COMATOSE (CTS; 

(Footitt et al., 2002)). Two peroxisomal LACS enzymes have also been identified as being 

involved in the β-oxidation pathway, functioning as ABC transporters, and are essential for the 

uptake of long-chain fatty acids (Fulda, Schnurr, Abbadi, Heinz, & Browse, 2004). 

The esterification of fatty acids to acyl-CoAs by the LACS enzymes results in their activation for 

the breakdown via β-oxidation (Fulda et al., 2004). In each round of β-oxidation, acetyl-CoA 

(C2) is cleaved from the acyl-CoA (Cn) and the remaining acyl-CoA (Cn-2) re-enters the β-

oxidation pathway for further breakdown (Li-Beisson et al., 2010). The cleaved acetyl-CoA can 

also be utilised for assembly of new fatty acids. This core pathway requires three enzymes 

including acyl-CoA oxidase (ACX), multifunctional protein (MFP), and 3-ketoacyl-CoA thiolase 

(KAT) to catalyse oxidation, hydration and dehydrogenation, and thiolytic cleavage, 

respectively (Li-Beisson et al., 2010).  

The complete degradation of long-chain acyl-CoAs to C2 acetyl-CoA units requires the differing 

substrate specificities of the enzymes responsible for catalysing the first step of the β-

oxidation pathway, the ACX (Adham, Zolman, Millius, & Bartel, 2005; Poirier, Antonenkov, 

Glumoff, & Hiltunen, 2006). Six ACX genes have been identified in A. thaliana (I. A. Graham, 

2008), and of these ACX1 (C12:0 to C16:0), ACX2 (C14:0 to C20:0), ACX3 (C8:0 to C14:0) and 

ACX4 (C4:0 to C8:0) have been biochemically characterised (Eastmond et al., 2000; Froman, 

Edwards, Bursch, & Dehesh, 2000; H. Hayashi et al., 1999; M. A. Hooks, Kellas, & Graham, 

1999). It was demonstrated that the ACX genes exhibit unique substrate specificities, and 

hence all play an important role in the β-oxidation of fatty acids. During seed germination and 

early growth phases, it has been identified that the ACX genes are all upregulated, which 

correlates with the development periods involved with rapid breakdown of storage TAG 

(Rylott, Hooks, & Graham, 2001). It has also been recognised that β-oxidation may be an 

important factor in the accumulation of unusual fatty acids into the seed oils of transgenic 

plants. For example, it was observed that β-oxidation is induced in B. napus expressing 
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UcFATB1 plants, and hence laurate accumulation may be limited by its degradation (V. 

Eccleston et al., 1996; V. S. Eccleston & Ohlrogge, 1998; Toni A. Voelker, Hayes, Cranmer, 

Turner, & Davies, 1996). 

 

1.2.7. Fatty Acid Synthesis and Oil Production in Leaves  
 
In leaves the rate of fatty acid biosynthesis is associated with light dependent regulation. The 

light reactions of photosynthesis produce the ATP that is required for the activity of ACCase, 

and hence essential for activation of acetyl-CoA to malonyl-CoA (Rawsthorne, 2002). In leaves 

the rate of fatty acid biosynthesis is significantly lower in the dark. It was observed that when 

plants were moved to the dark, the chloroplast levels of malonyl-CoA and malonyl-ACP 

disappear and acetyl-ACP begins to increase. This observation highlighted that the activity of 

ACCase is the major factor associated with the photosynthetic regulation of fatty acid 

biosynthesis in leaves (J. B. Ohlrogge & Jaworski, 1997) (Post-Beittenmiller, Jaworski, & 

Ohlrogge, 1991).  

The rate of fatty acid biosynthesis is also limited by the supply of acetyl-CoA, as it’s required as 

a precursor in the synthesis of malonyl-CoA (J. B. Ohlrogge & Jaworski, 1997; Rawsthorne, 

2002). One possible route is through the ATP-citrate lyase (ACL) reaction, where ACL catalyses 

the conversion of citrate to acetyl-CoA (Rangasamy & Ratledge, 2000). It was therefore 

suggested that the activity of ACL may have a role in the regulation of fatty acid biosynthesis 

via controlling the rate at which acetyl-CoA is supplied for ACCase activity (J. B. Ohlrogge & 

Jaworski, 1997; Rangasamy & Ratledge, 2000). The over-expression of ACL in N. tabacum 

plastids resulted in a 16% increase of the total fatty acid content, and hence demonstrated 

that an increase supply of acetyl-CoA correlated with an increased rate of fatty acid 

biosynthesis (Rangasamy & Ratledge, 2000). 

The knowledge of fatty acid synthesis, oil production pathways and factors that regulate fatty 

acid synthesis can all be integrated in attempts for improving both the rates of fatty acid 

biosynthesis and TAG production in the leaves of plants. This concept was demonstrated in the 

leaves of N. tabacum, where following the combined expression of AtWRI1 + AtDGAT1 + 

SbOLEOSIN the leaves accumulated ≈17% TAG (Vanhercke et al., 2013).  
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1.3. Metabolic Engineering of Fatty Acid Pathways  
 
For centuries, the genetic manipulation of plants had been performed through the application 

of conventional plant breeding methods. The primary principle behind traditional breeding 

includes the identification and selection of plants with desirable traits, followed by their 

breeding for the next generation. For many generations this process is repeated, selecting for 

the superior traits while attempting to discard the undesired ones. Examples of desirable traits 

include higher yields, disease or pesticide resistances, colour or particular nutrient profiles. 

The timeline for developing an improved crop using these methods depends on the breeding 

method involved, and can vary from 7 to 17 generations when using vegetative reproduction 

or cross-fertilisation, respectively (Shimelis & Laing, 2012). This prolonged timeframe is due to 

the transfer of chromosomes, which encodes many genes, not just a single gene for the 

desired trait (Murray, 1991). Consequently, it can be reasoned that this process is not an ideal 

platform for the study of particular genes and their functions.  

Following the discovery of genetic recombination via means of transformation (Avery, 

MacLeod, & McCarty, 1944; Griffith, 1928), many methods have been developed for the 

transformation of plants. The method of transformation, introduction of foreign DNA into the 

target cell, is now a common method used for the study of expression and function of a 

particular gene of interest. These transformations can be performed in either a stable or 

transient platform. In both contexts the foreign DNA is composed of a promoter, the coding 

sequence (gene of interest) and terminator, which are essential for the expression of the gene 

of interest.  

 

1.3.1. Stable Transformation of Plants 
 
Compared to bacteria, plants are much more difficult to transform due to their semi-rigid 

polymer based cell walls and plasma membranes. It was discovered in the early 1970’s that 

plants could be cultured and regenerated from protoplasts (enzymatic removal of the cell wall) 

(Takebe, Labib, & Melchers, 1971). Following this discovery, transformation methods quickly 

followed. The stable transformation process for plants begins with the introduction of DNA 

into a single cell. The DNA transferred into the plant cells are integrated into the cells 

chromosomes, and hence become stable during cell proliferation (Matsumoto, Ito, Hosoi, 

Takahashi, & Machida, 1990). Consequently, stable transformations result in a heritable 

change in the target organism. Most transformation protocols involve the use of tissue culture 
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for the selection and regeneration of successfully transformed plants. These regenerated 

plants are then referred to as transgenics or genetically modified (GM).  

Single or multiple genes conferring a trait of interest, or agronomic importance, can be 

introduced into a variety of plant species via transformation methods, for which there have 

been numerous protocols developed. Two of the most commonly used and efficient stable 

transformation methods include particle bombardment and Agrobacterium-mediated 

(Agrobacterium tumefaciens) transformations.  

Transformation via particle bombardment, commonly referred to as the “gene-gun” method, 

involves the use of biolistics to deliver metal particles, either tungsten or gold, coated with 

foreign DNA (genes of interest) into the target tissue. This method was first developed and 

demonstrated through the transformation of Allium cepa (onion) epidermal cells (Klein, Wolf, 

Wu, & Sanford, 1987). It has been postulated that wounding via particle bombardment induces 

a wound response that consequently assists in the integration of foreign DNA through the 

host’s DNA repair machinery (Kohli, Leech, Vain, Laurie, & Christou, 1998). For application in 

stable transformations, regenerative tissues such as embryogenic or meristematic cells are 

used because of their active differentiation. Finer and McMullen (1991) proposed that the best 

target tissue for particle bombardment may be embryogenic cultures, as these cells should be 

competent in developing into embryos and plants. The application of particle bombardment 

has been successful in the production of commercially available GM cultivars for maize (Koziel 

et al., 1993), soybean (Padgette et al., 1995), cotton (Keller et al., 1997) and rice (Arencibia et 

al., 1998). Although there has been some success in the application of particle bombardment 

for stable transformations, this approach is often associated with low transformation 

efficiencies (Christou, Swain, Yang, & McCabe, 1989; McCabe, Swain, Martinell, & Christou, 

1988), and the integration of multiple copies of DNA (Hadi, McMullen, & Finer, 1996). 

A. tumefaciens is a soil-borne plant pathogen that causes crown gall disease which is 

characterised by the formation of galls, typically on the plant stem and roots (Escobar & 

Dandekar, 2003). This pathogen has the ability to recognise distress signals from plants, 

typically during wounding, hence allowing the bacterium to invade the plant and insert DNA 

into the plants genome. The DNA integration properties of A. tumefaciens were first identified 

and described in 1974 (Larebeke et al., 1974), highlighting that the DNA transfer is associated 

with a tumour-inducing plasmid (Ti plasmid). The transferred DNA (T-DNA) encodes oncogenes 

and genes involved in opine biosynthesis, which are combinatorially involved in the formation 

of galls.  
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A. tumefaciens has evolved an intricate mechanism that enables the integration of bacterial 

DNA into the host plant’s chromosomal DNA. The transferred segment of the Ti plasmid, T-

DNA, is defined by 25-bp direct repeats known as border sequences (left and right border 

sequences). The transfer of T-DNA is mediated through the function of virulence (vir) genes 

(Hansen, Shillito, & Chilton, 1997). Virulence proteins, VirA and VirG, recognise phenolic 

compounds such as acetosyringone produced from wounded plant tissue and induce 

transcription of the vir genes. VirD1 and VirD2 proteins are responsible for the generation of a 

single-stranded copy of the T-DNA, referred to as the T-strand. VirD2 remains attached to the 

5’-end of the T-strand, acting as a carrier protein, and is also involved in the integration step 

into the plant’s chromosomal DNA (Gelvin, 2003).  

For applications in research, Agrobacterium strains are disarmed via the removal of the 

encoded T-DNA genes. This “disarming” process removes the oncogenic properties of 

Agrobacterium but does not impede its ability to transfer the T-DNA (Hellens, Mullineaux, & 

Klee, 2000). The Agrobacterium-mediated transformation method was developed by taking 

advantage of the bacterium’s natural mechanism, through infection via wounding. This was 

first demonstrated through the successful transformation of Nicotiana tabacum (tobacco) 

using stem tissue (Zambryski et al., 1983).  

Although the application of the Agrobacterium-mediated transformation is mostly limited to 

dicotyledons (Cleene & Ley, 1976), there are some significant advantages associated with this 

method. Firstly, the use of Agrobacterium-mediated transformation is associated with low 

copy numbers of gene integration, with 20-30% of the recovered transgenics identified as 

containing a single copy of the T-DNA (Hiei, Ohta, Komari, & Kumashiro, 1994; Ishida et al., 

1996). These studies also demonstrated that unexpected DNA fragments were identified in 

less than 5% of the transformants, highlighting stable DNA transfer from the Agrobacterium 

into the target plant tissue. Another advantage of this transformation system is that it enables 

the integration of large DNA fragments into the target plant. Binary bacterial artificial 

chromosome (BIBAC) and transformation-competent artificial chromosome (TAC) are specialty 

designed vectors that enable stable maintenance of large DNA fragments in both E. coli and 

Agrobacterium. Through the application of BIBAC it was demonstrated that fragments to the 

length of 150kb can be transferred to tobacco (Hamilton, Frary, Lewis, & Tanksley, 1996). 

Various modifications have been made to Agrobacterium-mediated transformation methods, 

including floral dipping and vacuum infiltration, which eliminate the need for the propagation 

of transgenics via tissue culture. The vacuum infiltration method involves the growth of A. 

thaliana until the flowering stage, uprooting of plants, the application of A. tumefaciens to the 

whole plant via vacuum infiltration, replanting and then the collection of seed. The collected 
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seed are then screened by germination on antibiotic selection media for the identification of 

positive transformed progeny (Bechtold & Bouchez, 1995). The primary limitation of this 

method is that is only been shown to be successful in the transformation of A. thaliana. 

However, the floral dipping transformation is extensively used in the transformation of A. 

thaliana. The floral dipping method eliminates the need for removing the plants from soil and 

infection via vacuum infiltration. When the A. thaliana plants have just started to flower (floral 

buds still closed), they are either sprayed with or dipped into the A. tumefaciens suspension 

(Chung, Chen, & Pan, 2000; Clough & Bent, 1998). Similar to the vacuum infiltration method, 

progeny are screened on antibiotic selection media to identify the positive transformants. 

 

1.3.2. Development of Transient Expression Studies  
 
The fundamental problem associated with stable transformations is the prolonged timeframe 

associated with the recovery of transgenics. As described above (section 1.3.1), most 

transformation methods depend on the tissue culture process for the selection and 

development of transgenic plants, which is often associated with a timeframe of weeks to 

months. It is this timeframe that led to the development of transient expression systems, 

which now have many applications. Transient expression systems are defined by short-term 

expression of the introduced DNA, often providing results within days (typically five days). 

There have been many methods developed for the transient expression of genes including in 

potato (Bhaskar, Venkateshwaran, Wu, Ané, & Jiang, 2009), tobacco (Sparkes, Runions, Kearns, 

& Hawes, 2006; Vanden Bossche, Demedts, Vanderhaeghen, & Goossens, 2013), A. thaliana, 

lettuce and tomato (Wroblewski, Tomczak, & Michelmore, 2005). The most commonly used 

method involves the Agrobacterium-mediated transient transformation of Nicotiana 

benthamiana leaves, where leaves are syringe-infiltrated with liquid Agrobacterium cultures 

(Fischer et al., 1999). These systems are often used to provide insights into what may be 

expected from stable transformations, although not perfectly reliable due to the short 

expression period. 

The transgene expression in Agrobacterium-mediated infiltration assays was enhanced 

through the use of the viral silencing-suppressor protein (VSP), p19, from the tomato bushy 

stunt virus (Voinnet, Rivas, Mestre, & Baulcombe, 2003). This protein interferes with the host’s 

endogenous transgene silencing pathway, hence allowing co-infiltrated transgenes to express 

at higher levels for extended periods of time. Other suppressant proteins were analysed for 

their ability to prevent post-transcriptional gene-silencing, including the helper-component 

protease (HcPro) from potato virus Y (PVY). It was demonstrated that p19 enabled both higher 
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expression levels of the transgenes and a prolonged expression period, when compared to 

HcPro (Voinnet et al., 2003). This leaf assay provided a platform for the rapid and efficient 

testing of gene expression constructs in non-transgenic plants. 

The VSP aspect of Agrobacterium-mediated infiltration assays was utilised to further develop 

the capability of the infiltration assay through developing a method that enables the study of 

relative gene expression, which was achieved by fusing green fluorescent protein (GFP) or β-

glucuronidase (GUS) cassettes into the binary expression vectors (Shah, Almaghrabi, & 

Bohlmann, 2013). In this study it was demonstrated that when either GFP or GUS was co-

infiltrated with p19 the level of expression could be directly quantified by the intensity of 

fluorescence. The boundaries of fluorescence also revealed that gene expression is localised to 

the boundaries of infiltration (Shah et al., 2013). 

The transient N. benthamiana leaf assay has been widely used for the application of gene over-

expression, providing rapid analysis of gene function, and thus also aiding in gene discovery. 

Through the co-expression of different chloroplast targeted fatty acyl reductases (FAR) and 

wax ester synthases (WS), it was demonstrated that wax esters of various compositions 

(particularly in the range of C12:0-OH to C18:0-OH) could be synthesised and accumulated 

within N. benthamiana leaf (Aslan et al., 2014). This work exemplified that N. benthamiana 

leaves can be used as a suitable platform for the production of new products. It was also 

demonstrated that N. benthamiana leaves are a suitable platform for the identification and 

characterisation of genes (Zhou, Shrestha, Yin, Petrie, & Singh, 2013). Using AtDGAT1 as a 

positive control for TAG assembly, it was possible to confirm the identity of a new function 

gene, AtDGAT2. Purified microsome preparations from the Agrobacterium-mediated infiltrated 

N. benthamiana leaves highlighted that AtDGAT2 exhibited the ability to convert DAG to TAG, 

and also substantially increase the total oil content. 

The expression of each gene within a vector is primarily controlled by a promoter. Although 

the most commonly used promoter in plant engineering is the 35S promoter, identified from 

the cauliflower mosaic virus (CaMV), the N. benthamiana leaf system provides a platform for 

identifying new promoters and testing gene expression when under the control of different 

promoters. Using quantitative GUS activity assays within the transient N. benthamiana leaf 

format, the “CI rep” promoter from cotton leaf curl Kokhran virus (CLCuKoV) was identified 

(Rasul, Asad, Zafar, & Mansoor, 2014). It was demonstrated that the “CI rep” promoter 

exhibited constitutive expression in both monocotyledons (Zea mays; maize) and dicotyledons 

(N. benthamiana). The GUS activity assays also highlighted that the “CI rep” promoter is a 

stronger driver of gene expression than the CaMV-35S promoter(Rasul et al., 2014). The use of 

seed-specific promoters for the validation of gene expression and function is often a time 
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consuming process, since the transgenic plants must be grown to maturity before the gene 

function can be analysed. However, recently it has been demonstrated that seed-specific 

promoters can be tested transiently in the N. benthamiana leaf assay. With the co-expression 

of the LEC2 transcription factor from A. thaliana it was possible to activate seed-specific 

promoters, such as the napin promoter from Brassica napus, in leaf (J. Petrie et al., 2010). 

The transient N. benthamiana leaf system has also recently been optimised for the application 

of gene silencing studies. In transient leaf assays that involve gene over-expression, the VSP 

p19 is typically involved. Another VSP identified from tomato yellow leaf curl virus, V2, has 

been analysed for its ability to support the over-expression of transgenes in the transient N. 

benthamiana leaf assay. Through visual observations of GFP expression, it was identified that 

V2 can enhance transgene expression at a similar efficiency to p19 (Naim et al., 2012). It has 

previously been demonstrated that V2 suppresses the silencing pathways of plants via 

interactions with suppressor of gene silencing 3 (SGS3) (Glick et al., 2008), which led to the 

hypothesis that V2 may permit the hairpin-RNA (hpRNA)-mediated silencing of targeted genes. 

This concept was tested using the transient N. benthamiana leaf assay, through hpRNA-

mediated silencing of GFP in the presence of either p19 or V2. This experiment demonstrated 

that with the expression of p19, GFP was still actively expressed. However, the co-infiltration 

of V2 successfully silenced the expression of GFP (Naim et al., 2012). Consequently, this result 

led to the development of the hpRNA-mediated silencing assays in the transient N. 

benthamiana leaf platform. This design was tested through hpRNA-mediated silencing of 

native FAD2 homologs (hpNbFAD2.1 and hpNbFAD2.2), with the co-expression of V2, which 

resulted in an increased accumulation of C18:1 and decrease of C18:2. This confirmed that 

both NbFAD2 homologs were effectively being silenced, and thus with the co-expression of V2, 

hpRNA-mediated gene silencing studies can be performed in the transient N. benthamiana leaf 

system (Naim et al., 2012). 

The enhanced leaf assay has also provided the platform for the development of assembling 

complex multi-gene pathways in planta from individual T-DNA expression vectors. 

Consequently, this can provide a rapid estimation of the new pathway, and how it may 

perform in the target stable plant. The N. benthamiana transient leaf expression system was 

adopted for the investigation of constructing a pathway for the production of LC-PUFAs (Craig 

C. Wood et al., 2009). This study involved the co-expression of five genes including ∆9-

elongase, ∆8-desaturase, ∆5-desaturase, ∆5-elongase and ∆4-desaturase. This combination of 

genes is involved in both the ω3-pathway (converting α-linolenic acid (ALA) to DHA) and the 

ω6-pathway (converting linoleic acid (LA) to docosapentaenoic acid (DPA)) of fatty acid 

synthesis (Section 1.2.3). It was hypothesised that if one of these genes was not being 
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efficiently expressed, due to low leaf cell transformation efficiency, it would result in a 

metabolic bottleneck effect and consequently the build-up of pathway intermediates. With the 

co-expression of the five LC-PUFA genes, it was demonstrated that significant amounts of ω3 

(7.1%) and ω6 (9.8%) fatty acids could be accumulated in leaves. With further optimisation of 

LC-PUFA production through the over-expression of AtDGAT1, the levels of LC-PUFA 

accumulation was significantly increased to 16.9% and 20.4% of ω3 and ω6 fatty acids, 

respectively (Craig C. Wood et al., 2009). This work was further developed by determining if 

this pathway could be applied to seed oils, through initial testing using the N. benthamiana 

transient leaf assay (J. Petrie et al., 2010). The promoter driving the five LC-PUFA genes was 

switched from the constitutive CaMV-35S to the seed-specific napin promoter from B. napus 

to imitate expression in seed tissues. The co-expression of AtLEC2 transcription factor enabled 

the expression of seed-specific promoter driven genes in the N. benthamiana leaves, and thus 

resulted in the accumulation of 13% (11.1% and 2.6% of ω3 and ω6 fatty acids, respectively) 

newly synthesised LC-PUFA (J. Petrie et al., 2010). Consequently, it can be concluded that the 

transient N. benthamiana leaf assay seems suitable for the exploration of new metabolic 

pathways. 

The N. benthamiana transient leaf expression system is an extremely versatile tool, ranging in 

applications from single gene studies and gene discovery to the construction and exploration 

of complex metabolic pathways. The main advantage of using the transient N. benthamiana 

platform is the rapid nature of the system, providing results within days, as opposed to months 

when compared to using stable transformations methods. Consequently, the transient method 

has been adopted as a “proof of concept” platform to test the functionality of a particular 

system before moving forward to stable transformations of the target crop. A prime example 

of this is the production of LC-PUFAs, which was first tested in N. benthamiana (J. Petrie et al., 

2010), before the pathway was moved into A. thaliana via stable transformations (J. R. Petrie 

et al., 2012).  
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1.4. Engineering of Medium-Chain Fatty Acid Producing Plants 

1.4.1. Industrial Importance of Medium-Chain Fatty Acids  
 
With the continued growth of the global population there is an increasing demand for food, 

fuel and industrial products (Asif & Muneer, 2007). The production of these commodities is 

limited by the steady depletion of global oil reserves, and hence it has been recognised that 

the currently available supply of fossil fuels may not be sufficient in supporting an increasing 

global population. There has also been increasing awareness of the environmental concerns 

associated with the use of fossil fuels, which has been recognised (Asif & Muneer, 2007; John 

M. Dyer et al., 2008; Wallis & Laurenson, 2004). It has been proposed that vegetable oils may 

present a suitable alternative source of renewable products, which could support the fossil 

fuel industry (Asif & Muneer, 2007). This has driven research to focus on investigating and 

developing new platforms for the production of vegetable oils.   

With the development of stable transformation protocols, many oilseed crops such as B. napus 

(canola) are amenable to genetic engineering strategies. This has enabled investigations into 

the metabolic engineering of plants with the targeted approach to modify the fatty acid 

biosynthesis and oil production pathways, with the objective of both modifying the fatty acid 

composition of the oils and increasing TAG production, respectively. Particular interest has 

been associated with modifying the composition of oil to contain an increased MCFA content 

as they have broad applications. These MCFAs are essential components in a wide range of 

industrial products including pharmaceuticals, many personal care products, lubricants, 

detergents surface active agents, plasticisers, flavours and perfumes (Arkcoll, 1988; Basiron & 

Weng, 2004; Denis J. Murphy, 2007; Nagaraj, 2009). 

Although the modification of oil compositions in traditional oilseed crops was an early target 

for the production of novel oils, recent discoveries have provided new insights and 

encouragement to revisit MCFA engineering. With the demonstration that high levels of oil can 

be achieved in the leaves of N. tabacum (T. Vanhercke et al., 2014; Vanhercke et al., 2013), it 

has provided a new platform for engineering new oils with the objective of increasing the 

MCFA content. An improved knowledge of fatty acid synthesis and TAG assembly may assist in 

pushing the MCFA content higher than previously achieved.  
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1.4.2. History of Medium-Chain Fatty Acid Work  

1.4.2.1. Identification of Medium-Chain Fatty Acid Specific Thioesterases  
 
Medium chain saturated fatty acids are abundantly produced in the seed oils of some plants, 

particularly California bay laurel tree (U. californica) (Hopkins et al., 1966), camphor laurel (C. 

camphor) (Litchfield et al., 1967), coconut (C. nucifera) (Laureles et al., 2002) and plants of the 

Cuphea genus (S. A. Graham et al., 1981; Litchfield et al., 1967; Wolf et al., 1983). It has long 

been known that thioesterases are involved in the determination of fatty acid length, and 

hence an important influential factor to the final fatty acid profile of oilseeds. The first 

medium-chain specific thioesterase was identified in the early 1990’s from immature 

cotyledons of the California bay laurel (H. M. Davies, Anderson, Fan, & Hawkins, 1991; Pollard, 

Anderson, Fan, Hawkins, & Davies, 1991), a plant that accumulates 70% MCFAs in its seed oil. 

This enzyme was isolated in an effort to better understand the mechanism behind the 

production and accumulation of high levels of MCFAs in their seed oils. Stable transformations 

of A. thaliana were performed with this newly isolated C12:0-ACP thioesterase, resulting in the 

transgenic seed containing 23.5% of lauric acid (Table 5) (T. A. Voelker et al., 1992). This result 

proved that the activity of acyl-ACP thioesterases play a significant role in the chain length 

determination during fatty acid biosynthesis, and thus the fatty acid profile of seed oils.  

Following the first MCFA transgenic study (T. A. Voelker et al., 1992), many studies have 

focused on the isolation and characterisation of acyl-ACP thioesterases from other plants that 

accumulate significant levels of MCFA in their seed oils, summarised in Table 17. The next 

thioesterase that was successfully isolated was from the camphor laurel tree (C. camphor), 

which belongs to the same family (Lauraceae) as the California bay laurel (Hu et al., 2011; L. 

Yuan, Voelker, & Hawkins, 1995). The camphor laurel was of interest because it accumulates 

predominantly C10:0 (56%) and C12:0 (38%) fatty acids in its seed oil. The isolated thioesterase 

(CcFatB1) was expressed in E. coli to determine substrate specificity, which revealed that the 

CcFatB1 was predominantly active on C14:0 substrates, with lower specificity for C12:0 and 

C16:0 fatty acids. This was an unexpected result as the activity of the isolated CcFatB1 does 

not correlate with the fatty acid composition of the camphor laurel’s seed oil. Consequently, it 

was also hypothesised that there may be another thioesterase present that was not isolated, 

that is responsible for the high levels of C10:0 and C12:0 fatty acid accumulation (L. Yuan et al., 

1995). However, to date this thioesterase has not yet been identified.  

Many acyl-ACP thioesterases have been isolated and characterised from species within the 

Cuphea genus. This genus has been of particular interest because of their seed oils are 

comprised of a variety of MCFA (S. A. Graham & Knapp, 1989; Wolf et al., 1983), ranging from 
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C8:0 to C14:0. Two novel thioesterases were identified from the developing seeds of Cuphea 

palustris, which were designated as CpFatB1 and CpFatB2 (K. Dehesh, Edwards, Hayes, 

Cranmer, & Fillatti, 1996). Analysis of mature seed oil from C. palustris, showed that the seeds 

are comprised of mostly C8:0 (20%) and C14:0 (64%) fatty acids. The substrate specificity of 

these enzymes was determined through the combination of an E. coli expression system and 

enzyme activity assays (K. Dehesh et al., 1996). It was determined that CpFatB1 had high 

specificity for C8:0 and C10:0 fatty acids, whereas CpFatB2 showed higher specificity for C14:0 

and C16:0 fatty acids. It was also identified that CpFatB1 had approximately a 10-fold lower 

activity than CpFatB2. Through the combined analyses of these assays it was determined that 

there was a link between enzyme activity, specificity and the TAG composition of the C. 

palustris seeds.  

At around the same time, a thioesterase was isolated from Cuphea hookeriana, a plant that 

which contains mostly C8:0 (50%) and C10:0 (25%) in its seed oil (S. A. Graham et al., 1981), 

from which two thioesterases have been identified and characterised. The first thioesterase, 

designated ChFatB1, was isolated from the maturing seeds of C. hookeriana (Jones et al., 

1995). The enzymatic specificity of ChFatB1 was determined through the application of the E. 

coli expression system, where crude extracts were tested for their acyl-ACP hydrolytic 

activities. The data illustrated that ChFatB1 had a strong preference for C16:0 substrates. 

Transcripts of ChFatB1 were also identified in the flowers, leaves and roots of C. hookeriana, 

implying that ChFatB1 is not involved in the synthesis of storage lipids (Jones et al., 1995). This 

also suggests that there is possibly another thioesterase that is involved in the biosynthesis of 

C8:0 and C10:0, for the subsequent assembly into seed oils. In the years following, a second 

thioesterase was identified from C. hookeriana which was designated ChFatB2 (Katayoon 

Dehesh, Jones, Knutzon, & Voelker, 1996). To uncover the specificity of this enzyme, the 

hydrolytic activity of transformed E. coli cultures was measured. It was identified that ChFatB2 

exhibits activity for C8:0 and C10:0 substrates with a greater preference for C10:0 (Katayoon 

Dehesh et al., 1996). Through the combination of these results, it could be reasoned that 

ChFatB2 plays an important role in the determination of the TAG composition of C. hookeriana 

seeds.  

Also from the Cuphea genus, two thioesterases were isolated from the embryos of immature 

seeds of Cuphea wrightii, designated CwFatB1 and CwFatB2 (J. Leonard, Slabaugh, & Knapp, 

1997). The seeds of C. wrightii are comprised of an oil profile of C10:0 (30%) and C12:0 (54%). 

To characterise the substrate specificity of these enzymes, A. thaliana was transformed with 

both candidates being driven by the seed-specific napin promoter, following unsuccessful 

attempts of characterisation through use of the E. coli expression assays. According to the 



 
47 

transgenic A. thaliana data, both of the C. wrightii thioesterases have broad specificities, with 

CwFatB1 showing activity with C12:0-C16:0 substrates and CwFatB2 exhibiting activity with 

C10:0-C16:0 substrates (J. Leonard et al., 1997). Unfortunately, the broad specificities 

associated with these CwFatB enzymes, does not explain the observed fatty acid profile of C. 

wrightii seed oils. Consequently, it’s possible that there is still a C10:0-C12:0 thioesterase that 

has not yet been identified.  

Thioesterases have also been identified from Cuphea lanceolata, whose seeds are comprised 

of an oil profile of C10:0 (83%) (M. Bafor, Jonsson, Stobart, & Stymne, 1990). Thioesterase 

activity specific for medium-chain acyl-ACP substrates in this species was first demonstrated 

(Dörmann, Spener, & Ohlrogge, 1993), following the purification from seed crude extracts. It 

was demonstrated that the purified thioesterase exhibited activity with a broad range of 

medium chain fatty acid substrates. The broad range activity may be explained by the crude 

extract preparation containing various isoforms of medium chain thioesterases (Dörmann et 

al., 1993). Further studies revealed that the activity of the condensing enzyme, KASIII, plays an 

important role in the synthesis of C10:0 for assembly into the seed oils of C. lanceolata (Brück, 

Brummel, Schuch, & Spener, 1996; R Schuch, Brummel, & Spener, 1993; Ricardo Schuch, 

Brummel, & Spener, 1994). Various isoforms of thioesterases were later isolated based on 

sequence homology (Töpfer & Martini, 1994), but remain to be examined for their respective 

substrate specificities.  

A medium-chain specific thioesterase has also been isolated from the maturing seeds of the 

American elm tree (Ulmus americana) (T. A. Voelker, Jones, Cranmer, Davies, & Knutzon, 

1997), assigned UaFatB1. Analysis of seeds from U. americana, showed that seed oils are 

comprised predominantly of C10:0 (≈60%) and traces (<5%) of C8:0, C12:0 and C14:0 fatty 

acids (Hellyer, Chandler, & Bosley, 1999). The fatty acid specificity of UaFatB1 was determined 

through the application of an E. coli expression study, where crude extracts were tested for 

their acyl-ACP hydrolytic activities. The data showed that UaFatB1 had a strong preference for 

C16:0 substrates, but was also active with C10:0, C14:0 and C18:0 fatty acid substrates (T. A. 

Voelker et al., 1997). The determined hydrolytic activity of UaFatB1 doesn’t correlate to the 

observed fatty acid profile of U. americana seeds, and hence does not significantly contribute 

to the seed oil composition. This suggests that there may be other thioesterases or regulatory 

factors involved, although they have not yet been identified.  

The coconut palm (C. nucifera) is well known for its ability to accumulate and store large 

amounts of oil. In physiochemical terms, coconut oil varies significantly from other vegetable 

oils as it is rich in saturated fatty acids (≈93%), with a high proportion of MCFA (≈85%). 

Specifically, the profile of coconut oil is 9% C8:0, 7% C10:0, ≈50% C12:0, ≈18% C14:0 and 8% 
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C16:0 fatty acids (Hellyer et al., 1999; Kumar, 2011). Three acyl-ACP thioesterase sequences 

were isolated from developing coconut endosperm and were designated CnFatB1, CnFatB2 

and CnFatB3 (Jing et al., 2011). The isolated thioesterases were expressed in E. coli for the 

determination of substrate specificity, by analysing the secreted fatty acids with GC-MS. It was 

identified that all three isolated thioesterases had different hydrolytic activity profiles. It was 

determined that the CnFatB1 exhibited higher activities with C8:0 and C14:0 substrates, 

CnFatB2 exhibited specificity for C14:0 and C16:0 fatty acids, and CnFatB3 showed higher 

activities for C8:0, C12:0 and C14:0 substrates (Jing et al., 2011). With the combined broad 

specificities of the isolated thioesterases, it appears that their expression could be responsible 

for defining the fatty acid profile of coconut oil.  

At the same time, three thioesterases were identified from another member of the Cuphea 

genus. These enzymes were isolated from the seeds of Cuphea viscosissima and were 

designated as CvFatB1, CvFatB2 and CvFatB3 (Jing et al., 2011). The seeds of C. viscosissima are 

comprised of an oil profile of 9.1% C8:0, 75.5% C10:0 and 3.0% C12:0 (S. A. Graham & Knapp, 

1989). The specificity of these thioesterases was examined through an E. coli expression study, 

which involved the analysis of secreted fatty acids via GC-MS. It was discovered that all three 

thioesterases have different substrate specificity profiles. It was revealed that CvFatB1 

exhibited substrate specificity for C8:0 and C10:0 fatty acids, CvFatB2 was identified to prefer 

C14:0 and C16:0 fatty acid substrates, while CvFatB3 exhibited high specificity for C14:0 (Jing 

et al., 2011). Based on the determined substrate specificities of the isolated thioesterases it 

would be expected that the CvFatB1 would be most highly expressed, and hence significantly 

contributes to the fatty acid composition of C. viscosissima seed oils.  

Recently, three candidate medium-chain specific thioesterases have been isolated from the 

endosperm of oil palm seeds (E. guineensis), which were designated as EgFatB1, EgFatB2 and 

EgFatB3 (Dussert et al., 2013). The endosperm oil (kernel oil) is comprised of primarily C12:0 

(≈50%) and C14:0 (≈16%). The substrate specificity of these candidates was examined using the 

transient N. benthamiana leaf expression assay. From the three FatB candidates isolated, 

EgFatB3 is the only one identified to encode a MCFA-specific thioesterase, showing preference 

for C12:0, C14:0 and C16:0 fatty acids (Dussert et al., 2013). However, this system doesn’t 

accurately characterise the relative hydrolytic activities for each preferred substrate, as other 

genes may be involved in the further elongation of cleaved fatty acids, as demonstrated by the 

KASIV earlier identified from C. wrightii (Katayoon Dehesh, Edwards, Fillatti, Slabaugh, & 

Byrne, 1998). It was also observed that EgFatB3 was highly transcribed within the endosperm 

tissue (Dussert et al., 2013). Consequently, through the combination of transient expression 
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data and in vivo transcription levels, it could be inferred that EgFatB3 plays an important role 

in the determination of endosperm fatty acid composition.  

 

Table 4: Summary table of isolated and characterised MCFA thioesterases 

Gene Source Gene(s) 
Identified Specificity Native FA Profile Reference 

Umbellularia 
californica UcFatB1 C12:0 C10:0 (27%); C12:0 (58%) (Pollard et al., 1991) 

Cinnamomum 
camphora CcFatB1 C14:0 C10:0 (49%); C12:0 (40%) (L. Yuan et al., 1995) 

Cuphea 
hookeriana 

ChFatB1 
ChFatB2 

C16:0 
C8:0 and C10:0 C8:0 (50%); C10:0 (25%) 

(Katayoon Dehesh et 
al., 1996; Jones et al., 

1995) 

Cuphea palustris CpFatB1 
CpFatB2 

C8:0 and C10:0 
C14:0 and C16:0 C8:0 (20%); C14:0 (64%) (K. Dehesh et al., 1996) 

Cuphea wrightii CwFatB1 
CwFatB2 

C12:0 → C16:0 
C10:0 → C16:0 C10:0 (30%); C12:0 (54%) (J. Leonard et al., 1997) 

Cuphea lanceolata ClFatB3 
ClFatB4 

C10:0 > C8:0 
C14:0 and C16:0 C10:0 (83%) 

(Töpfer & Martini, 
1994) 

(Martini, Schell, & 
Töpfer, 1995) 

Cuphea 
viscosissima 

CvFatB1 
CvFatB2 
CvFatB3 

C8:0 and C10:0 
C14:0 and C16:0 

C14:0 

C8:0 (9%); C10:0 (76%); 
C12:0 (3%); C14:0 (1%) 

(S. A. Graham & Knapp, 
1989) 

(Jing et al., 2011) 

Cocos nucifera 
CnFatB1 
CnFatB2 
CnFatB3 

C8:0 and C14:0 
C14:0 and C16:0 

C8:0, C12:0 and C14:0 

C8:0 (9%); C10:0 (7%); 
C12:0 (50%); C14:0 (18%) 

and C16:0 (8%) 
(Jing et al., 2011) 

Ulmus americana UaFatB1 C16:0 C10:0 (60%) (T. A. Voelker et al., 
1997) 

Elaeis guineensis EgFatB3 C12:0, C14:0 and 
C16:0 C12:0 (50%); C14:0 (16%) (Dussert et al., 2013) 

 

 

1.4.2.2. Identification of Medium-Chain Fatty Acid Specific Acyltransferases  
 
Another class of enzymes that has received significant attention in the study of MCFA 

biosynthesis pathways is the LPAAT, which is involved in the esterification of often unique fatty 

acid substrates of the sn-2 position of TAG. The characterisation of LPAAT is useful for the 

further investigation of plants fatty acid biosynthesis pathways. These plant mechanism 

studies can provide the means for the further enhancement or modification of the fatty acid 

composition of TAGs. Consequently, the selectivity of LPAAT during TAG synthesis can be taken 

advantage of to synthesise oils with high levels of specific fatty acids. The first study of a MCFA 

specific LPAAT was from the MCFA-producing plant C. lanceolata (M. Bafor et al., 1990). 

Further analysis of the oil had revealed that 97% of the sn-2 position of the TAG was occupied 

by C10:0. To better understand the assembly of the C. lanceolata seed oils microsome assays 

were performed to determine the contribution that the acyltransferases have towards the 

final fatty acid contribution. The microsome preparations were prepared from developing 
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cotyledons and analysed through the use of a spectrophotometric assay, following the 

incubation with various acyl-CoA substrates. It was determined that the LPAAT from C. 

lanceolata had specificity for C10:0, C18:1 and C12:0 fatty acid substrates, in decreasing order 

of hydrolytic activities (M. Bafor et al., 1990). Although the activity of this enzyme has been 

described, the gene sequence has not yet been isolated.  

The isolation of LPAAT sequences has been a difficult task, reflective of its limited references in 

the literature, with LPAATs being identified from only 10 species of green plants. Recent 

attempts to purify and identify LPAAT genes have been unsuccessful due to its association with 

membranes (Hares & Frentzen, 1991). In following years, a MCFA-specific LPAAT was 

successfully isolated from the endosperm of immature C. nucifera (D. S. Knutzon et al., 1995). 

The identity of the isolated LPAAT from coconut cDNA was verified through the application of 

an E. coli expression system. It was demonstrated that E. coli cells expressing the isolated 

coconut LPAAT candidate showed high activity for MCFA substrates (ranging from C10:0 to 

C14:0), with highest activity observed for C12:0. The enzyme activity profile observed was 

similar to that of the membrane fraction of immature coconut endosperm, which provided 

confirmation that the isolated coconut cDNA encoded a functional MCFA-specific LPAAT (D. S. 

Knutzon et al., 1995). This LPAAT consequently became the target of numerous plant oil 

engineering studies because of its ability to mediate the esterification of MCFA substrates to 

the sn-2 position of TAG, as demonstrated by transgenic expression in B. napus (Deborah S. 

Knutzon et al., 1999).  

A novel LPAAT candidate has also been identified from E. guineensis (African oil palm) through 

transcriptomic analysis (Dussert et al., 2013). Although predicted LPAAT sequences have been 

identified, no further characterisation studies have yet been performed to determine their 

substrate specificities. However, it can be predicted that due to high sequence homology with 

CnLPAAT, and being a close relative to coconut (both in the Cocoeae tribe), that oil palm 

LPAATs may have a similar substrate preference for medium-chain saturated fatty acids.  

More recently, transcriptomic analyses have enabled the identification of new LPAAT genes 

from both C. viscosissima and C. pulcherrima, with one and six LPAAT candidates identified, 

respectively. These genes have been used in combination with the expression of different 

FATB genes to improve the incorporation of MCFA into TAG, of transgenic Camelina sativa 

seeds (H. J. Kim et al., 2015). The transgenic expression of both CpuLPATB and CvLPAT2 were 

particularly interesting due to their both high and confined expression in the developing seeds 

of the respective seeds. Through analysis of the sn-2 position of developing transgenic seeds, it 

enabled the evaluation of LPAAT substrate specificity. This analysis revealed that CpuLPATB 

was able to use C14:0 acyl-CoAs for incorporation into the sn-2 position of TAG. Although 
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CvLPAT2 could also use C14:0, it exhibited a stronger preference for C10:0 acyl-CoAs (H. J. Kim 

et al., 2015). The co-expression of these LPAAT genes, and the future identification of other 

LPAAT candidates, will be critical for the development of tailored MCFA-enriched oils.  

In native plants, the incorporation of unusual fatty acids, such as MCFA, is almost exclusively 

confined in TAG and typically excluded from membrane lipids, most likely because they 

interfere with proper membrane functions and can often be deleterious to the plant cells 

(Millar, Smith, & Kunst, 2000). In transgenic plants, the presence of the unusual fatty acids in 

membrane lipids, typically PC, often occurs due to the absence of a specific DGAT with the 

capability of using the unusual fatty acids in the production of TAG. This build-up of unusual 

fatty acids in PC occurs due to the formation of a metabolic bottleneck in DAG (Eva Wiberg et 

al., 2000). The DAG species containing the unusual fatty acids are then rapidly converted to PC 

by the activities of diacylglycerol choline-phosphotransferase (CPT) or phosphatidylcholine: 

diacylglycerol choline-phosphotransferase (PDCT) (Bates & Browse, 2011; Bates & Browse, 

2012; Bates et al., 2012). Consequently, the identification and addition of a DGAT or PDAT with 

MCFA substrate specificity, to incorporate MCFA into TAG efficiently via either the Kennedy or 

PC-DAG pathways, respectively, may not only relieve metabolic bottlenecks but also increase 

the overall MCFA content of TAG.  

It has been well established that thioesterases are an important factor in the determination of 

the fatty acid composition of TAG (Bates et al., 2013; K. Dehesh et al., 1996; John L. Harwood, 

1996). This occurs due to the increased variety of acyl-CoAs that are available for TAG 

assembly. For the efficient utilisation of the increased variety within the acyl-CoA pool for TAG 

assembly acyltransferases capable of handling different acyl-CoAs, especially unusual fatty 

acids within transgenic plants, are essential. It is therefore the entwined relationship between 

thioesterases and acyltransferases that play an integral role in the determination of the TAG 

fatty acid composition.  

 

1.4.2.3. Recent Medium-Chain Fatty Acid Transgenic Results 
 
Metabolic engineering of the fatty acid composition of plant oils has been a research focus for 

recent decades because of their wide range of applications, ranging from the industrial 

relevant saturated MCFA (T. A. Voelker et al., 1992) to the nutritionally focused production of 

EPA and DHA (J. R. Petrie et al., 2012). Today, many oil seed crops such as B. napus (canola) are 

amenable to genetic engineering strategies, including the metabolic engineering of fatty acid 

biosynthesis and oil production pathways.  



 
52 

1.4.2.3.1. Transgenic Expression of Umbellularia californica Thioesterase 
 
One of the earliest examples of metabolic engineering for the modification of oils was the 

production of lauric acid in A. thaliana, through the transgenic over-expression of the acyl-ACP 

thioesterase isolated from U. californica (UcFatB1). Through the expression of a napin 

promoter driven UcFatB1, the seed oil content of A. thaliana was modified to contain ≈24% 

lauric acid, and also low levels of myristic acid (T. A. Voelker et al., 1992). This study 

highlighted that the fatty acid composition of seed oils could be modified via genetic 

engineering approaches. It was also demonstrated that the introduction of one enzyme can be 

sufficient in redirecting fatty acid synthesis, resulting in modified fatty acid profiles. A similar 

metabolic engineering approach was applied to the transformation of B. napus, where the 

focus was attempting to alter the fatty acid composition of leaf tissue (V. Eccleston et al., 

1996). This approach involved the genetic transformation of rapeseed with UcFatB1, driven by 

the constitutive CaMV 35S promoter. Both the seed and leaf tissues were analysed for enzyme 

activity of the introduced C12:0-ACP thioesterase. It was interesting to discover that both 

tissue types exhibited significantly increased levels of UcFatB1 enzyme activity, while changes 

in the fatty acid profile were only observed in the seeds, where lauric acid accounted for up to 

7% of total fatty acid composition. Although higher hydrolytic activities were observed for 

UcFatB1 in leaves than compared to seeds, it was predicted that C12:0 could not be efficiently 

utilised in lipid synthesis pathways in the leaf and consequently rapidly degraded through β-

oxidation (V. Eccleston et al., 1996).  

Around the same time, B. napus was also transformed with UcFatB1 being driven by the seed 

specific napin promoter (Toni A. Voelker et al., 1996), which initiates gene expression during 

seed maturation. Analysis of the transgenic rapeseed oilseeds showed accumulation of lauric 

acid up to a maximum of 56% of total fatty acids. The copy number of the introduced 

transgene was determined through southern blot analysis, and compared against lauric acid 

proportion of seed oils. It was revealed that increased levels of lauric acid accumulation 

correlated with increased copy numbers of the transgene. It is considered that LPAAT, involved 

in the second acylation reaction of TAG assembly, is the least flexible enzyme in the lipid 

assembly pathway with respect to its restricted substrate specificity. This was illustrated via 

the distributional analysis of TAG, which revealed that lauric acid was almost completely 

excluded from the sn-2 position of transgenic rapeseed TAGs (Toni A. Voelker et al., 1996). 

Despite the drastic modification of seed oil composition, through high levels of lauric acid 

accumulation, there was no impact on plant physiology or seed germination.  
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Further investigations were conducted to identify how transgenic plants respond to major 

changes in fatty acid metabolism, and hence determine some of the aspects that limit the 

accumulation of unusual fatty acids in seed oils. The investigations were performed on 

transgenic B. napus that had been transformed with UcFatB1, with expression driven by either 

the seed-specific promoter napin or constitutive promoter CaMV 35S (V. S. Eccleston & 

Ohlrogge, 1998). The rate of β-oxidation was measured to estimate the rate of fatty acid 

breakdown. It was discovered that lauroyl-CoA oxidase activity was greatly increased in the 

presence of UcFatB1 expression, and this oxidase activity increased proportionally to the 

increases in thioesterase activity. Oxidase activity was only observed for lauric acid, indicating 

that the β-oxidation pathway was intimately involved in regulating lauric acid accumulation, 

hence modifications in seed oil fatty acid profiles (V. S. Eccleston & Ohlrogge, 1998). 

Consequently, this study revealed that it will be necessary to consider the metabolic regulation 

of the β-oxidation pathway for the development and production of oils that contain a high 

purity of particular fatty acids.  

Following the isolation and characterisation of the LPAAT from C. nucifera (CnLPAAT) (D. S. 

Knutzon et al., 1995), further investigations into transgenic plants accumulating MCFA were 

performed. This study involved the co-expression of UcFatB1 and CnLPAAT, both driven by the 

napin promoter, to investigate whether the expression of CnLPAAT was capable of competing 

with endogenous LPAAT activity of transgenic B. napus (Deborah S. Knutzon et al., 1999). The 

overall fatty acid substrate fatty acid of transgenic B. napus was modified to have a 

significantly increased preference for lauric acid, compared to the canola wildtype. This 

substrate preference was reflected in the modified oilseed profile which contained up to 67% 

lauric acid, a significant increase from plants expressing only the UcFatB1 (59%). Further 

analysis of the canola seed oil revealed that lauric acid was preferentially being acylated to the 

sn-2 position of TAGs, with up to 75% of this position being occupied by lauric acid. This result 

highlighted that the transgenic expression of CnLPAAT is able to compete with endogenous 

LPAATs, and hence demonstrates that specialized LPAATs are required for the utilisation of 

unique fatty acid substrates. The analysis of seed oil also revealed the increased presence of 

trilaurin, where lauric acid is acylated to all three positions of the glycerol backbone (Deborah 

S. Knutzon et al., 1999). Conclusively, these results have demonstrated that the expression of 

CnLPAAT may be an essential factor in the metabolic engineering of seed oils containing MCFA.  
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1.4.2.3.2. Transgenic Expression of Cuphea spp. Thioesterases 
 
Plants of the Cuphea genus are well known for the production of a wide range of saturated 

medium chain fatty acids (S. A. Graham et al., 1981). Following the identification of a palmitic 

acid specific thioesterase from C. hookeriana (ChFatB1), its ability to modify the composition of 

seed oils was studied through the transformation of B. napus with ChFatB1 driven by the napin 

promoter, to induce seed specific expression. The transgenic over-expression of ChFatB1 in the 

seeds of canola resulted in an increased accumulation of palmitic acid from 6% in wildtype 

seeds to 34% of total fatty acids in the transgenic seeds, balanced by the reduction in C18:1 

accumulation (Jones et al., 1995). However, there was no increased production and 

accumulation of C8:0 and C10:0 fatty acids, suggesting that there is another thioesterase 

involved in the determination of the native seed oil profile of C. hookeriana. This information 

led to the investigation of identifying a second thioesterase, ChFatB2, which was identified as 

having the C8:0 and C10:0 substrate specificity responsible for determining the native seed oil 

fatty acid profile (Katayoon Dehesh et al., 1996). The ability of this thioesterase to modify seed 

oil profiles was investigated through the transformation of B. napus with ChFatB2 driven by 

the napin promoter. Although canola seeds don’t normally accumulate caprylic and capric fatty 

acids, with the expression of ChFatB2 the accumulation of C8:0 and C10:0 increased 

significantly to 11% and 27% of total fatty acids, respectively (Katayoon Dehesh et al., 1996).  

Thioesterases have also been identified from C. wrightii (Section 1.4.2.1), of which A. thaliana 

was transformed with both CwFatB1 and CwFatB2, with expression driven by the napin 

promoter. The transgenic expression of these thioesterases led to increased accumulation of 

MCFAs in the seeds of A. thaliana, with both thioesterases inducing significantly increased 

levels of C12:0, C14:0 and C16:0 fatty acids (Table 5) (J. Leonard et al., 1997). The expression of 

CwFatB2 also induced accumulation of C10:0 to ≈3% of the total fatty acid content. It was also 

discovered that higher transcript levels of the thioesterases, resulted in increased total MCFA 

content of A. thaliana seeds. Further improvements in MCFA accumulation were achieved 

through the co-expression of an isolated KAS enzyme, CwKasA1 (J. M. Leonard, Knapp, & 

Slabaugh, 1998). When CwKasA1 was co-expressed with either CwFatB1 or CwFatB2 a similar 

profile trend was observed, with the fatty acid profile of transgenic A. thaliana seeds being 

shifted towards shorter chain fatty acids. In both scenarios, dramatic increases were observed 

in C12:0 accumulation, associated with decreases in both C14:0 and C16:0 (J. M. Leonard et al., 

1998).  

Thioesterases that were identified from C. lanceolata were used in the Agrobacterium-

mediated transformation of A. thaliana, with expression driven by the napin promoter (Martini 
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et al., 1995; Poirier, Ventre, & Caldelari, 1999). The transgenic expression of these 

thioesterases led to increased MCFA content in the seed oils of A. thaliana. The expression of 

the ClFatB3 was associated with the accumulation of up to ≈19% C10:0 (Poirier et al., 1999). It 

was also observed that there was an increase in β-oxidation activity, with C10:0 being the 

predominant target of degradation. This suggested that C10:0 was inefficiently being 

incorporated into TAG. In another study, the transgenic expression of ClFatB4 resulted in a 

modified seed oil content containing 7% and 15% of C14:0 and C16:0, respectively (Martini et 

al., 1995). Based on these transgenic results, and the substrate specificity of these 

thioesterases (M. Bafor et al., 1990), it would be expected that the MCFA content of these 

transgenic seeds could be further increased following the co-expression of substrate specific 

acyltransferases.  

 

1.4.2.4. Further Medium-Chain Fatty Acid Accumulation Discoveries 

1.4.2.4.1. Targeting β-Oxidation  
 
Further studies have been performed to better understand the biochemistry of the 

accumulation of MCFAs in transgenic plants. The observed differences in lauric acid 

accumulation between seed and leaf could be explained by their differences in lipid 

metabolism. Fatty acids synthesised in the leaves are essentially directed into membrane 

lipids, of which fatty acid composition is important for maintaining function. The composition 

of seed oils is less strictly controlled, and hence can accommodate the accumulation of 

unusual fatty acids. It has long been proposed that one of the main factors responsible for 

limiting the extent of MCFA accumulation is the process of β-oxidation (V. Eccleston et al., 

1996). The breakdown of MCFAs is expected to be primarily a consequence of the absence of 

specific lipid handling mechanisms, such as acyltransferases. The presence of MCFA oxidase 

activity was first investigated in transgenic canola plants (V. S. Eccleston & Ohlrogge, 1998). 

Although high hydrolytic activities were observed for lauric acid in leaves, there was no 

detectable accumulation. A specific increase in lauroyl-CoA oxidase activity was revealed in 

plants that were expressing UcFatB1, indicating that lauric acid is being broken down.  

The first step of the β-oxidation pathway is catalysed by ACX, which can consequently be used 

as markers for the breakdown of particular fatty acid products. Similar to investigating the 

oxidase activities in transgenic canola (V. S. Eccleston & Ohlrogge, 1998), the oxidation levels 

of transgenic A. thaliana expressing UcFatB1 were studied. Similarly to canola, thioesterase 

expression was observed in various tissues, although lauric acid accumulation was restricted to 

seed oils (Mark A. Hooks, Fleming, Larson, & Graham, 1999). The transcript levels of ACX 
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genes, ACX1 and ACX2, were analysed to determine if the lack of accumulation could be 

explained by β-oxidation. Surprisingly, no significant differences in ACX transcript levels were 

observed between wildtype and transgenic plants. It was proposed that the transcript levels of 

ACX genes in the leaves of wildtype A. thaliana may be sufficient to handle increased levels of 

unusual fatty acids (Mark A. Hooks et al., 1999). However, the lack of lauric acid accumulation 

could also be explained by a later identified MCFA specific ACX, ACX3, identified from A. 

thaliana (Froman et al., 2000). The substrate specificity of ACX3 was determined to range from 

C8:0 to C14:0, with highest activity shown on lauric acid.  

 

1.4.2.4.2. Targeting β-Ketoacyl-Synthase Condensation Reactions  
 
It has been suspected that other enzymes are involved in the regulation and determination of 

the final fatty acid composition of seed oils, not just thioesterases. It was proposed that 

specific condensing enzymes, in particular KAS, may be involved in the biosynthesis of medium 

chain fatty acids. From C. hookeriana, a candidate KAS enzyme was isolated from cDNA and 

designated ChKASIV (Katayoon Dehesh et al., 1998). To determine the substrate specificity, B. 

napus was transformed with the ChKASIV alone or in combination with thioesterases 

demonstrating specificity for MCFAs, with gene expression being driven by the napin 

promoter. Transgenic canola plants that were expressing only the ChKASIV enzyme showed no 

modification in fatty acid composition. However, the co-expression of ChKASIV with ChFatB2 

revealed that the ratio of accumulated MCFA was being modified, when compared to 

transgenic canola expressing ChFatB2 alone. When the ChFatB2 was individually being 

expressed the seed oil contained approximately 3-5 times more C10:0 than C8:0. The analysis 

of seed oils highlighted that transgenic canola expressing both ChKASIV and ChFatB2, 

demonstrated an increased accumulation of C10:0 that correlated with the decreased 

accumulation of C8:0, with up to 20 times more C10:0 than C8:0. This result demonstrated that 

ChKASIV has an important function in converting C8:0 to C10:0 (Katayoon Dehesh et al., 1998). 

Similar results were observed with the expression of CpFatB1, when expressed alone 

compared to when co-expressed with the ChKASIV (Katayoon Dehesh et al., 1998). These 

results also confirmed that the isolated ChKASIV is a condensing enzyme that exhibits 

substrate specificity for MCFA. Further analysis also of the transgenic canola seed oils revealed 

that the co-expression of ChFatB2 and ChKASIV resulted in a 40% increase in MCFA 

accumulation (Katayoon Dehesh et al., 1998), compared to those plants expressing the 

ChFatB2 alone (Katayoon Dehesh et al., 1996).  
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KASIII is known to catalyse the first condensation reaction of the FAS cycle (Section 1.2.1), and 

hence is a regulator of total fatty acid production. The biosynthesis of fatty acids is partly 

controlled by the regulation of KASIII, which can be inhibited by specific acyl-ACPs. It has been 

demonstrated that the seed-specific KASIII from C. lanceolata is specifically inhibited by 

medium-chain acyl-ACPs (Abbadi, Brummel, & Spener, 2000), and hence limits the rate of fatty 

acid biosynthesis. Consequently, the knockout of KASIII has been considered an approach for 

increasing MCFA accumulation in transgenic plants. The disruption of the KASIII binding site 

was achieved through the deletion of a conserved tetrapeptide sequence of G290NTS293, which 

resulted in the loss of condensing activity. To determine the impact of KASIII on overall fatty 

acid synthesis in vitro acyl-ACP synthesis assays were performed, via the addition of the 

mutant KASIII to FAS extracts from C. lanceolata (Abbadi et al., 2000). It was demonstrated 

that the knockout of KASIII activity results in a 17% increase of total fatty acid synthesis 

products, and also a two-fold increase in the production of short-chain acyl-ACPs (C4:0 and 

C6:0), with respect to total fatty acid composition (Abbadi et al., 2000). Conclusively, the 

knockout of KASIII shows potential in metabolic engineering for plant oils through both 

increasing fatty acid content, and the modification of the oil fatty acid profile.  

The concept of inhibiting the condensing activity of KAS enzymes has also been targeted for 

the inhibition of acyl-ACP elongation, and hence involved in the enhancement of MCFA 

accumulation. This was achieved through the use of cerulenin, which has been shown to 

inhibit acyl-ACP elongation reactions of fatty acid biosynthesis, without inhibiting the initial 

condensation reactions (Kawaguchi, Tomoda, Nozoe, Omura, & Okuda, 1982). When extracts 

from developing Cuphea (both wrightii and viscosissima species) seeds were treated with 

cerulenin, fatty acid elongation was limited to C10:0-ACP products (Slabaugh, Leonard, & 

Knapp, 1998). From these results it was hypothesised that Cuphea spp. must express KAS 

enzymes that are resistant to cerulenin. Following further investigation, a cerulenin-resistant 

KAS enzyme was identified from the seeds of C. wrightii, denoted as CwKasA1 (Section 

1.4.2.3.2), which is involved in the condensation reactions that utilise short chain substrates 

(Slabaugh et al., 1998). This work was complemented by the transgenic expression of CwKasA1 

in A. thaliana (J. M. Leonard et al., 1998). When CwKasA1 was co-expressed with CwFatB1, a 

dramatic increase in lauric acid production was observed, with approximately a three-fold 

increase in C12:0 compared to CwFatB1 expression alone. Similarly, an increased accumulation 

of MCFAs was observed when CwKasA1 was co-expressed with CwFatB2, particularly with 

C10:0 and C12:0. In both scenarios, the decreased accumulation of C14:0 and C16:0 was 

observed (J. M. Leonard et al., 1998). Conclusively, the over-expression of CwKasA1 has been 

demonstrated to drive a shift in fatty acid accumulation towards MCFAs, and hence may be a 

useful tool for tailoring fatty acid profiles in metabolic engineering applications. 
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1.4.2.4.3. Targeting Plastidial Elongation Mechanisms 
 
Another concept for the limitations of MCFA accumulation in transgenic plants is that unusual 

fatty acids, released by thioesterases, are re-activated for further elongation. All elongation 

steps involve the condensation reaction of malonyl-ACP and an acyl-ACP chain, and hence FFAs 

must be activated to ACP before elongation can occur. The enzymes responsible for this 

concept had long been an unknown until the discovery of the acyl-activating enzyme (AAE) in 

A. thaliana (Koo, Fulda, Browse, & Ohlrogge, 2005). It was demonstrated that the activation of 

fatty acids to ACP occurs directly via the activity of a plastidial acyl-ACP synthetase. It was also 

uncovered that the gene AAE15 was responsible for most of the reactivation of MCFAs in A. 

thaliana leaves (Koo et al., 2005). This was further proven in an A. thaliana mutant line with 

disrupted AAE15 functionality, which demonstrated an 80% reduction in MCFA elongation 

compared to the wildtype.  

MCFA metabolic engineering studies were later performed in the A. thaliana AAE15/16 double 

mutant line, with the hypothesis that the re-activation of MCFAs for further plastidial fatty acid 

elongation will be less likely (Tjellstrom et al., 2013). Various MCFA thioesterases, from Cuphea 

and U. californica, were transformed into both the wildtype and double mutant backgrounds. 

With the increasing chain length of cleaved fatty acids, higher levels of MCFA accumulation 

were observed in the seed oils of both wildtype and mutant backgrounds, due to the substrate 

specificity of native A. thaliana lipid assembly enzymes. However, with decreasing fatty acid 

chain length, greater significant increases for MCFA accumulation were observed. The most 

significant difference was observed with the expression of CpuFatB3 (from Cuphea 

pulcherrima), increasing the accumulation of C8:0 from 4.8% (wildtype) to 9.2% (AAE mutant) 

(Tjellstrom et al., 2013). Therefore it can be reasoned that the silencing of AAE15/16 may be 

an important strategy for improving and optimising MCFA accumulation in future transgenic 

studies.  

 

1.4.2.4.4. Further Analysis of Medium-Chain Fatty Acid-Enriched Oils 
 
Typically the seed oils from most annual oil crops, such as canola (B. napus), accumulate high 

levels of C16 and C18 fatty acids. These fatty acids are also the main constituents of all 

membrane lipids. Although there are several plant species that produce seed oils which 

accumulate significant levels of unusual fatty acids, such as MCFA (S. A. Graham et al., 1981). 

In the native species, such unusual fatty acids exclusively accumulate in TAG and avoid 

incorporation into the polar membrane lipids, such as PC and PE (A. Kinney, 1993). These 

unusual fatty acids are typically excluded from the membrane lipids as they can interfere with 
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proper membrane function and can often be deleterious to plant cells (Millar et al., 2000). 

DAG has been recognised as an intermediate in the production of the major seed 

phospholipids, including PC and PE, and also in the synthesis of TAG (Larson, Edgell, Byrne, 

Dehesh, & Graham, 2002; Millar et al., 2000; J. A. Napier, Haslam, Beaudoin, & Cahoon, 2014). 

Therefore, the seeds that naturally accumulate high levels of MCFA, and other unusual fatty 

acids, must either contain mechanisms for the exclusive sequestering of such fatty acids into 

TAG and/or their efficient removal from membrane lipids (J. A. Napier et al., 2014).  

The developing seeds from a variety of transgenic canola plants with an increased MCFA 

content were further studied to investigate the distribution of the MCFA in different lipid 

species (E. Wiberg, Banas, & Stymne, 1997; Eva Wiberg et al., 2000), such as those with an 

increased lauric acid content in the seed oils (Deborah S. Knutzon et al., 1999). Although high 

levels of laurate accumulation in plant oils were achieved in the seeds of transgenic canola, at 

≈67%, there was a significant level of laurate being sequestered in PC, up to ≈26%, during seed 

development (E. Wiberg et al., 1997). In this transgenic canola work, de novo DAG containing 

laurate is ending up in PC as it is not being converted to TAG efficiently by the resident 

DGAT. It was demonstrated that the native canola LPCAT lacks the capability to handle MCFAs 

(D. Zhang et al., 2015) so the route to PC must be via either PDCT or CPT exchange (Bates & 

Browse, 2011; Bates & Browse, 2012; Bates et al., 2012). Consequently, this inefficient 

utilisation of laurate for TAG synthesis was also associated with a negatively correlated penalty 

in total oil yields (Deborah S. Knutzon et al., 1999). Therefore, in order to achieve both greater 

accumulation of unusual fatty acids while maintaining high oil yields in transgenic plants, the 

complete reconstruction of essential assembly pathways may be required.  
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Table 5: Summary table of MCFA metabolic engineering studies, focused on increasing the MCFA content of TAG in transgenic seeds.  

        Engineered Reaction     

Engineered Fatty Acid Transgenic Plant Target Tissue Max. Produced (%) Reaction  Gene Source Gene Regulation Reference 

Caprylic; capric B. napus Seed 11; 27 ChFatB2 C. hookeriana Up (Katayoon Dehesh et al., 
1996) 

Caprylic; capric B. napus Seed 40% (total) ChFatB2 + ChKASIV C. hookeriana Up (Katayoon Dehesh et al., 
1998) 

Capric A. thaliana Seed 9.2 CwFatB2 + CwKasA1 C. wrightii Up (J. M. Leonard et al., 1998) 

Capric A. thaliana Seed 19 ClFatB3 C. lanceolata Up (Poirier et al., 1999) 

Lauric A. thaliana Seed 23.5 UcFatB1 California bay Up (T. A. Voelker et al., 1992) 

Lauric B. napus Seed 7 UcFatB1 California bay Up (V. Eccleston et al., 1996) 

Lauric B. napus Seed 56 UcFatB1 California bay Up (Toni A. Voelker et al., 1996) 

Lauric B. napus Seed 59.6 UcFatB1 California bay Up (V. S. Eccleston & Ohlrogge, 
1998) 

Lauric  B. napus Seed 63 UcFatB1 + ChKASIV California bay, 
Cuphea Up (Katayoon Dehesh et al., 

1998) 

Lauric B. napus Seed 67 UcFatB1 + CnLPAAT California bay, 
coconut Up (Deborah S. Knutzon et al., 

1999) 

Lauric; myristic A. thaliana Seed 8.5; 22.6 
11.3; 15.5 

CwFatB1 
CwFatB2 C. wrightii Up (J. Leonard et al., 1997) 

Lauric; myristic A. thaliana Seed 23.4; 16.9 
23.6; 11.0 

CwFatB1 + CwKasA1 
CwFatB2 + CwKasA1 C. wrightii Up (J. M. Leonard et al., 1998; 

Slabaugh et al., 1998) 

Myristic; palmitic B. napus Seed 7; 15 ClFatB4 C. lanceolata Up (Martini et al., 1995; Töpfer, 
Martini, & Schell, 1995) 

Palmitic A. thaliana Seed 38.6 AtFatB1 A. thaliana Up (Dörmann, Voelker, & 
Ohlrogge, 2000) 

Palmitic B. napus Seed 34 ChFatB1 C. hookeriana Up (Jones et al., 1995) 
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1.5. Scope of Project 
 
Due to continued growth of the global population there is an increasing demand for food, fuel 

and industrial products (Asif & Muneer, 2007). The production of these commodities is limited 

by the steady depletion of global oil reserves, and hence it has been recognised that the 

currently available supply of fossil fuels may not be sufficient in supporting an increasing global 

population. There has also been increasing awareness of the environmental concerns 

associated with the use of fossil fuels (Asif & Muneer, 2007; John M. Dyer et al., 2008; Wallis & 

Laurenson, 2004). It has been proposed that vegetable oils may present a suitable alternative 

source of renewable products, which could support the fossil fuel industry (Asif & Muneer, 

2007). This has driven research to focus on investigating and developing new platforms for the 

production of vegetable oils.   

Over recent years the global production of vegetable oils has experienced constant growth, 

with over 179 million metric tons being produced in 2015 (OECD/FAO, 2015), with the four 

major oil production crops being oil palm, soybean, canola and sunflower accounting for ≈80 

of production. To satisfy the predicted demands it has been projected that the global 

production of vegetable oils will need to increase to approximately 240 million MT in 2050 

(Corley, 2009), approximately 50% more than what is currently being produced. A possible 

new platform for the production of vegetable oils has been demonstrated with the 

accumulation of high TAG content in the vegetative tissues of high biomass crops such as 

tobacco (Vanhercke et al., 2013), with sorghum or switchgrass being other candidate crops.  

An important component of global oil consumption is MCFAs, which are essential components 

in a  wide range of industrial products including pharmaceuticals, many personal care 

products, lubricants, detergents surface active agents, plasticisers, flavours and perfumes 

(Arkcoll, 1988; Basiron & Weng, 2004; Denis J. Murphy, 2007; Nagaraj, 2009). These MCFAs 

also have the potential to be used as a source of biodiesel (Arkcoll, 1988; Basiron & Weng, 

2004). Currently, the predominant crop sources of MCFA-enriched oils are coconut palm and 

oil palm (both palm oil and palm kernel oil) (Arkcoll, 1988). The production of these crops is 

limited to tropical and subtropical climates, which have negative associations with 

deforestation (Arkcoll, 1988; Basiron, 2007; Basiron & Weng, 2004; Kumar, 2011; Laureles et 

al., 2002). The development of new crops that can produce MCFA-enriched oils in temperate 

climates has been proposed (Katayoon Dehesh, 2001; V. Eccleston et al., 1996; Reynolds et al., 

2015; Tjellstrom et al., 2013; T. A. Voelker et al., 1992; Eva Wiberg et al., 2000).  
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The aim of this project was to build a better understanding of MCFA assembly pathways for 

improving the incorporation of MCFAs into the oils of transgenic plants. Importantly, it has 

been demonstrated that the N. benthamiana transient leaf assay can be used for the 

construction of new metabolic pathways (J. Petrie et al., 2010; Craig C. Wood et al., 2009). This 

system provides a platform for rapidly screening genes and pathways that may efficiently 

produce significant proportions of MCFAs in leaf. The knowledge gained in regards to both 

MCFA biosynthesis and assembly will then be integrated with a high-oil leaf platform in 

attempt to produce a novel alternative source of MCFA-rich plant oils, and hence reduce the 

need for land expansion for oil palm and other oil crops.  

In this thesis the metabolic engineering of plant oils was revisited, with particular focus on the 

efficient incorporation of MCFA into plant oils. The thesis begins by investigating the de novo 

assembled transcriptome of the developing endosperm from coconut to identify and 

characterise genes involved in lipid synthesis. The fatty acid composition of coconut advocates 

that many of the genes would exhibit explicit substrate preferences for MCFAs, and hence may 

have an important role in the future development of plant oils with an enhanced MCFA 

content. The following chapter utilises current knowledge of lipid synthesis to attempt the 

construction of novel metabolic pathways that achieve both increased TAG production and 

also demonstrate a significant level of incorporation of MCFA into TAG. This was investigated 

through the testing of different thioesterases in combination with a variety of lipid assembly 

genes.  

The final chapter then attempts to replicate the transient model in the high biomass model 

crop of N. tabacum, through the transgenic expression of the metabolic pathways optimised 

for the production of TAG with tailored MCFA compositions. A total of seven constructs were 

used for the Agrobacterium-mediated transformation of N. tabacum. This work presents a 

possible sustainable option for the production of MCFA-enriched oils that may assist in the 

satisfaction of increasing global demand of vegetable oil production, and hence may be utilised 

by the petroleum, industrial and food industries.  
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Chapter 2: Materials and Methods  

2.1. Plant Material:  
Coconut (C. nucifera) fruits were harvested at approximately 3 months old, from coconut palm 

trees in Parramatta Park, Cairns, Queensland, Australia. The harvested coconuts were 

transported to Canberra at 4°C. For optimal RNA integrity it was important that the coconut 

seed coat was not cracked, to ensure that there was no oxidative degradation.  

2.2. RNA Extractions:  
The fresh coconuts were cracked open using a hammer. The endosperm flesh was harvested 

immediately to prevent both the oxidation of the endosperm flesh and degradation of the 

RNA. Samples were then immediately frozen in liquid nitrogen. Samples were stored at -80°C 

before further processing, for long term preservation of RNA integrity. 

2.2.1. CETYL TRIMETHYLAMMONIUM BROMIDE (CTAB) 
EXTRACTION PROTOCOL  

For the rapid CTAB-based procedure, 900 µL of extraction buffer (2% CTAB, 2.5% PVP-40, 2M 

NaCl, 100 mM Tris-HCl pH 8.0, 25 mM EDTA pH 8.0 and 2% of β-mercaptoethanol added just 

before use) were heated at 65°C in a microcentrifuge tube. The sample (150 mg), powdered in 

liquid nitrogen using a mortar and pestle, was added to the extraction buffer and the tube was 

incubated at 65°C for 10 minutes. An equal volume of chloroform: isoamyl alcohol (24:1 v/v) 

was added and the tube was inverted vigorously and centrifuged at 11,000g for 10 minutes at 

4°C. The supernatant was recovered and a second extraction with chloroform: isoamyl alcohol 

was performed. The supernatant was transferred to new microcentrifuge tube and LiCl (3M 

final concentration) was added. The mixture was incubated on ice for 30 minutes and RNA was 

selectively pelleted after centrifugation at 21,000g for 20 minutes at 4°C. The pellet was 

resuspended in 500 µL of SSTE buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA pH 8.0, 1% SDS, 1 M 

NaCl) pre-heated at 65°C, an equal volume of chloroform: isoamyl alcohol was added and the 

mixture was centrifuged at 11,000g for 10 min at 4°C. The supernatant was transferred to new 

microcentrifuge tube and the RNA was precipitated overnight at -20°C with 0.7 volume of 

either 6M LiCl or cold isopropanol and then immediately centrifuged at 21,000g for 15 min at 

4°C. The pellet was washed with ethanol (70%), dried and resuspended in DEPC-water. The 

RNA yield and quality was then analysed with the NanoDrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, Australia). 
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2.2.2. HOT PHENOL EXTRACTION PROTOCOL  
RNA extraction was performed in equal parts extraction buffer (100mM Tris-HCl, 100mM 8M 

LiCl, 10mM 0.5M EDTA and 1% SDS) and acidified phenol, which was heated to 80°C before 

extraction. The sample (500 mg), powdered in liquid nitrogen using a mortar and pestle, was 

suspended in the extraction buffer. To the mixture, 500μL of chloroform was added and then 

incubated at room temperature for 10 minutes with rotary shaking. Following centrifugation at 

14,000 rpm for 15 minutes, the supernatant was transferred to a new microcentrifuge tube. To 

the supernatant, one third the volume of 8M LiCl was added and then the samples were 

allowed to precipitate at 4°C overnight. The samples were then centrifuged at 10,000 rpm for 

30 minutes at 4°C. The supernatant was then discarded and the RNA pellet was washed twice 

with 500μL of 2M LiCl via centrifugation at 10,000 rpm for five minutes at room temperature. 

The RNA pellet was then washed with 500 μL of 80% DEPC treated ethanol and centrifuged at 

10,000 rpm for five minutes at room temperature. The supernatant was discarded and the 

RNA pellet was allowed to air dry before resuspending in DEPC-water. The RNA yield and 

quality was then analysed with the NanoDrop. 

2.3. Degenerate Primer Design:  
Based on regions of high homology, determined following multiple sequence alignments for 

each gene target, degenerate primers were designed using the table of degenerate 

nucleotides (Table 6).  

Table 6: Summary of degenerate nucleotides and the correlating single letter notations for the design of 
degenerate primers.  

Single Letter Code Possible Nucleotides 
R  A + G 
Y  C + T 
M  A + C 
K  G + T 
W  A + T 
S  G + C 
H  A + T + C 
D  G + A + T 
B  G + T + C 
V  G + A + C 
N  A + T + G + C 

2.4. cDNA Synthesis:  
From extracted RNA samples first strand cDNA synthesis was performed using “SuperScript III 

Reverse Transcriptase” (Thermo Fisher Scientific, Australia). cDNA synthesis was performed 

according to the manufacturer’s instructions.  
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2.5. GeneRacer PCR:  
The “GeneRacer Kit” (Thermo Fisher Scientific, Australia) was used for the amplification of 

candidate gene transcripts from synthesised cDNA. With this kit, either 5’RACE or 3’RACE could 

be utilised for the amplification of transcripts. All GeneRacer PCR protocols were performed 

according to the manufacturer’s instructions.  

2.6. Coconut Endosperm Transcriptome Assembly:  
RNA samples (Chapter 2.2) were sent to Australian Genome Research Facility (AGRF: 

Melbourne, Australia) for sequencing using a single lane of Illumina HiSeq 2500 (access: 

https://data.csiro.au/dap/landingpage?pid=csiro:16431). 

Quality control (QC) and read filtering was performed using BioKanga (v3.8.4), discarding reads 

that overlapped less than 50% with any another read or contained ambiguous bases. Assembly 

was performed (with bioinformatics assistance from CSIRO; Dr. Darren Cullerne) using 

BIoKanga (v3.8.4) using default parameters, including an initial overlap of 150 bp with a final 

overlap of 35 bp (paired end: PE) and 25bp (single end: SE), with the complete parameter 

details provided in Appendix VI. Scaffolding was performed using BioKanga (v3.8.4) using 

default parameters with an insert length of 100 bp to 750 bp. 

The scaffolded de novo assembly was assessed using Core Eukaryotic Genes Mapping 

Approach (CEGMA; (Parra, Bradnam, & Korf, 2007; Parra, Bradnam, Ning, Keane, & Korf, 

2009)) and Benchmarking Universal Single-Copy Orthologs (BUSCO; (Simão, Waterhouse, 

Ioannidis, Kriventseva, & Zdobnov, 2015)). Back alignment was performed using BioKanga 

(v3.8.4) using 4% of read lengths as substitutions and 1% of read length as ambiguous bases.   

2.7. One-Step Reverse-Transcriptase (RT)-PCR:  
When a gene sequence was known (identified via transcriptomic analysis) direct amplification 

from RNA was performed using the kit “SuperScript III One-Step RT-PCR System with Platinum® 

Taq DNA Polymerase” (Thermo Fisher Scientific, Australia). One-Step RT-PCR was performed 

according to the manufacturer’s instructions.  

2.8. Agarose Gel Electrophoresis:  
Agarose gels were typically prepared as 1% agarose (Bioline, Australia) gels in TAE buffer, and 

run at 120V, using “Sub-Cell GT” electrophoresis systems (Bio-Rad laboratories, USA). Gel 

electrophoresis was performed for the analysis of PCR and restriction digest reactions, by 

running the 1kb plus ladder (Invitrogen, USA) for the determination of DNA product sizes. 

https://data.csiro.au/dap/landingpage?pid=csiro:16431
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Following electrophoresis, the agarose gels were analysed under ultraviolet (UV) light using 

the “Essential V4” gel documentation system (UVItec Cambridge, United Kingdom).   

2.9. Agarose Gel Extraction:  
Following agarose gel electrophoresis, the agarose gels were visualised using blue light as the 

excitation source (Dark Reader Transilluminator: Clare Chemical Research, USA) for the 

excision of DNA fragments of interest. The DNA fragments were then prepared for cloning via 

agarose gel extraction using the “QIAquick Gel Extraction Kit” (QIAGEN, Germany), according 

to the manufacturer’s instructions. 

2.10. Construct Design:  
All construct design was performed using Vector NTI software (Vector NTI Advance® 11.5.2, 

©2012 Invitrogen, Life Technologies). The parent vectors used for cloning were pJP3343, 

pYES2 and pORE04 which were typically used for N. benthamiana transient expression assays, 

Saccharomyces cerevisiae (yeast) expression platforms, and the assembly of constructs used 

for stable transformations of N. tabacum, respectively (Figure 7).  

 

Figure 7: Graphic representation of parent cloning vectors including pJP3343 (A), pYES2 (B) and pORE04 (C).  
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2.11. Cloning Reactions:   
All construct design was performed using Vector NTI software (Vector NTI Advance® 11.5.2, 

©2012 Invitrogen, Life Technologies).  

2.11.1. RESTRICTION DIGESTS  
Cloning of expression vectors was performed using restriction enzymes (New England Biolabs 

(NEB), USA) to cut both the sequence of interest and the destination vector to create 

compatible sites for the ligation and construction of final constructs. The restriction digest 

reactions were performed according to the manufacturer’s instructions, typically incubated at 

37°C for approximately 30 minutes. For the coconut genes of interest, either NotI or EcoRI 

sites were used for cloning, depending on the unique transcript sequence.  

2.11.2. TSAP TREATMENT  
In scenarios where only one restriction site is used for cloning, the parent vector was treated 

with thermostable alkaline phosphatase (TSAP: Promega, USA) to limit the re-ligation of the 

parent vector. The treatment with TSAP was performed according to the manufacturer’s 

instructions. Typically, 1 μL of TSAP was added to the restriction digest reaction and incubated 

at 37°C for approximately 15 minutes.  

2.11.3. LIGATION  
Digested DNA products were ligated together using T4 DNA ligase (Promega, USA) with 2x 

ligation buffer (Promega, USA) for rapid ligation, according to the manufacturer’s instructions.  

2.11.4. A-TAILING and pGEM-T CLONING 
Purified PCR products were subject to A-tailing using Taq polymerase and dATP, which created 

a poly-A tail at the end of the PCR product, which enabled cloning into pGEM-T (Promega, 

USA). Cloning into pGEM-T was performed according to the ligation protocol previously 

described. The ligation was then used as plasmid DNA for the transformation into DH5α as 

previously described. Colonies were screened by blue-white screening via the addition of 

Isopropyl β-D-1-thiogalactopyranoside (IPTG: Sigma, USA) and 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-gal: Sigma, USA) into the media before pouring the media into plates. 
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2.12. Escherichia coli and Agrobacterium tumefaciens 
Transformations:  

Transformations were performed using electrocompetent cells of DH5α (E. coli) and AGL1 

(Agrobacterium tumefaciens) using purified plasmid DNA. Transformations were performed 

using a MicroPulser (Bio-Rad, USA), with electroporation performed in 2mm cuvettes (Cell 

Projects, United Kingdom). Following transformations, cultures were incubated at 37°C for 

DH5α and 28°C for AGL1, shaking at 180rpm. Cultures were then spread onto prepared plates 

of appropriate selection, typically kanamycin, ampicillin or spectinomycin, at concentrations of 

100mg/L. Selection for AGL1 transformations also required rifampicin at 100 mg/L. 

2.13. Colony Screening via Polymerase Chain Reaction: 
Colony-PCR was performed for confirmation of successful cloning using Taq polymerase (NEB, 

USA), according to the manufacturer’s instructions. Each colony was first diluted in 10μL of 

sterile water, of which 1μL is used as plasmid DNA for the PCR. All PCR was performed using a 

Bio-Rad T100 ThermoCycler (Bio-Rad, USA). 

2.14. High-Fidelity Phusion-PCR:  
High-fidelity Phusion-PCR was performed when it was critical for accurate amplification of a 

DNA sequence, such as amplifying genes for cloning. The PCR was performed using the 

“Phusion” kit (NEB, USA), according to the manufacturer’s instructions.  

2.15. Plasmid Purification:  
Plasmid purifications for DH5α cultures were performed using the “QIAprep Spin Miniprep Kit” 

(QIAGEN, Germany). Miniprep was performed according to the manufacturer’s instructions. 

The yield of plasmid DNA from each miniprep was then determined using the NanoDrop.  

For AGL1 cultures, lysozyme was added to the P1 buffer at a concentration of 1mg/mL. The 

AGL1 pellets were then resuspended in double volume of P1 buffer and incubated at 37°C for 

15 minutes, prior to continuing the QIAprep Spin Miniprep protocol.  
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2.16. Nicotiana benthamiana Agrobacterium-Infiltrations:  
A. tumefaciens has developed an ability that enables the integration of bacterial DNA, defined 

by 25 bp sequence repeats known as left and right border sequences, into the host plant’s 

chromosomal DNA (Hansen et al., 1997).  By taking advantage of the bacterium’s natural 

mechanisms the Agrobacterium-mediated transformation methods were developed, which 

has enabled transient expression and rapid analysis of gene function.  

2.16.1. SYRINGE INFILTRATION  
N. benthamiana plants (LAB strain; (Waterhouse, 2016)) grown under the conditions of 24°C 

growth room with 16 hours of light, measured at 250μmol m-2 sec-1. The infiltrations were 

performed using five week old plants. Transient expression in N. benthamiana leaves was 

performed as previously described (Craig C. Wood et al., 2009), with some minor 

modifications. A. tumefaciens cultures containing the gene coding for the p19 viral suppressor 

protein and the chimeric gene(s) of interest were mixed such that the final OD600 of each 

culture was equal to 0.1 prior to infiltration. The bacterial pellets were resuspended in 

infiltration buffer (10 mM MES pH 5.7, 10 mM MgCl2 and 100 μM acetosyringone). The 

samples being compared were randomly located, with a p19 control infiltrated for each plant. 

The infiltrated areas of leaves, commonly 2-3 cm in diameter, were circled with a permanent 

marker. After infiltrations, the N. benthamiana plants were grown for a further five days 

before leaf discs were harvested, freeze-dried (Flexi-Dry MP: FTS Systems, USA), typically 

overnight before processing.  

2.16.2. VACUUM INFILTRATION  
N. benthamiana plants grown under the same conditions as above. Mass scale infiltration of N. 

benthamiana leaves was performed via vacuum infiltration (Figure 8), as previously described 

(Shamloul, Trusa, Mett, & Yusibov, 2014). Briefly, A. tumefaciens cultures containing the gene 

coding for the p19 viral suppressor protein and the chimeric gene(s) of interest were 

resuspended in induction medium such that the final OD600 of each culture was equal to 0.5 

prior to infiltrations. The surfactant silwet L-77 (Helena Chemical Company, USA) was added to 

the infiltration solution at a concentration of 0.01%, which acts a wetting agent to increase the 

infiltration efficiency. The leaves of each individual plant were loosely tied together to enable 

easy handling of plants during processing. The pots were then covered with aluminium foil 

before infiltration to prevent soil falling into the Agrobacterium infiltration solution. Infiltration 

was performed in a vacuum chamber, where the N. benthamiana leaves were submerged in 

the Agrobacterium suspension and vacuum (50-100 mbar) was applied for 2 minutes. 
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Following infiltrations, the N. benthamiana leaves were rinsed well with water, then allowed to 

grow for a further 5-7 days before leaves were harvested and freeze-dried (as described in 

Chapter 2.16.1).  

 

Figure 8: Performing vacuum infiltrations of Nicotiana benthamiana. Pots are first covered with foil and leaves 
are loosely tied together (A) to enable easy submersion into the A. tumefaciens infiltration solution during 
vacuum infiltration (B).  

 

2.17. Bligh and Dyer Total Lipid Extractions:  

2.17.1. NICOTIANA BENTHAMIANA LEAVES 
Total lipid extraction protocol was followed for the extraction of lipids from freeze-dried N. 

benthamiana leaves. Freeze dried leaf tissue samples were first weighed using an analytical 

balance (AE100: Mettler, Switzerland) and then ground to powder in a microcentrifuge tube 

containing a metallic ball using a Reicht tissue lyser (QIAGEN, Germany) for three minutes at 

20 frequency/s. Chloroform: methanol (2:1, v/v) was added and mixed for a further three 

minutes on the tissue lyser before the addition of 1:3 (v/v) of 0.1 M KCl. The sample was then 

mixed for a further three minutes before centrifugation (five minutes at 14,000 g), after which 

the lower lipid phase was collected. The remaining phase was washed once with chloroform, 

and the lower phase extracted and pooled with the earlier extract. Lipid phase solvent was 

then evaporated completely using N2 gas flow and the lipids resuspended in 2 μL chloroform 

per mg of the leaf original dry weight.  

2.17.2. COCOS NUCIFERA ENDOSPERM 
The extraction of lipids from coconut endosperm was performed through a similar process as 

described above, with minor modifications. The coconut endosperm flesh was first crushed 

using the Reicht tissue lyser with 27mm ball bearings. The lipid extraction process was then 

performed as described.  
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2.18. Thin Layer Chromatography (TLC):  

2.18.1. SINGLE PHASE TLC  
TAG and polar lipids were fractionated by TLC (Silica gel 60, MERCK) in a solvent system of 

hexane: diethyl-ether: acetic acid (70:30:1 v/v/v) and visualised by spraying primuline (Sigma, 

USA) 5 mg/100 ml acetone: water (80:20 v/v) and exposing plate under UV light at a 

wavelength of 254nm (“UV Cabinet 4”: CAMAG, Switzerland). All TLC analyses were performed 

in glass TLC developing tanks (Sigma, USA). TLC analysis was primarily used for the 

identification of TAG species from lipid extraction samples, enabling the determination of the 

total TAG content of each sample. The TAG fractions were scraped from the TLC plates and 

methylated according to the MeOH-HCl methylation protocol.  

2.18.2. DUAL PHASE TLC 
Total lipids were first fractionated by TLC in a solvent system of chloroform: methanol: acetic 

acid: water (68:22:6:4 v/v/v/v), which was run until the solvent front was approximately 

halfway through the plate. The lipids were then were further separated in a second solvent 

system of hexane: diethyl-ether: acetic acid (70:30:1 v/v/v), which was run until the solvent 

front had run through the entire length of the plate. The utilisation of the dual-phase TLC for 

the analysis of lipid extractions enables the total separation of the lipid classes.  

 

2.19. Transesterification of Lipids by Methylation:  

2.19.1. ACIDIFIED METHANOL (MeOH-HCl) METHYLATION 
Fatty acid methyl esters (FAMEs) of total lipids were produced by incubating the dry leaf 

sample or extracted lipid in 1 N methanolic-HCl (Supelco, Bellefonte, PA) at 80°C for 3 hours. 

Following the incubation phase, 500μL of 0.1M NaCl and 300μL of hexane were added to the 

sample, and mixed via shaking with a “Multi Tube Vortex Mixer” (Ratex Instruments, Australia) 

for 5 minutes. The hexane, containing FAMEs, fraction was then separated by centrifugation at 

1700g for 2 minutes. The hexane phase was then transferred to inserts for analysis via gas 

chromatography-flame ionisation detection (GC-FID).  
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2.19.2. SODIUM METHOXIDE (NaMeOx) METHYLATION 
The methylation solution was prepared fresh before use by dissolving 1% sodium methoxide 

(Sigma, USA) in methanol. FAMEs were produced by incubating the samples in 300μL of 

NaMeOx for 20 minutes at room temperature. Following the incubation phase, equal volumes 

of both hexane and water were added. The samples were then mixed by vortex, followed by 

centrifugation at 1700g for two minutes. The hexane phase, containing FAMEs, was then 

transferred to inserts for analysis via GC-FID.  

 

2.20. Gas Chromatography-Flame Ionisation Detection (GC-FID): 
FAMEs were analysed by an Agilent 7890A gas chromatograph coupled with flame ionisation 

detector (GC-FID, Agilent Technologies, Palo Alto, CA), on a BPX70 column (30 m, 0.25 mm 

inner diameter, 0.25 µm film thickness, SGE) essentially as described previously (Zhou, Green, 

& Singh, 2011), except the column temperature program. The column temperature was 

programmed as an initial temperature at 100oC holding for 3 minutes, ramping to 240°C at a 

rate of 7°C per minute and holding for 1 minute. NuChek GLC-426 was used as the external 

reference standard. Peaks were integrated with Agilent Technologies ChemStation software 

(Rev B.04.03 (16)). The integrated data was then exported into Microsoft Excel 2013 for 

quantitative analysis. For quantification of total fatty acids and TAG content, the response of 

the internal standard of triheptadecanoin (C17:0; NuChek) was used for the normalisation of 

the data. All data was then further analysed using RStudio (version 3.2.1) (R Core Team, 2016; 

H. Wickham, 2009, 2016; H. F. Wickham, R., 2015) for the generation of figures.   

2.21. Staining of Lipid Droplets: 
The oil bodies were stained with nile red (Sigma, USA) as previously described (Greenspan, 

Mayer, & Fowler, 1985). A stock solution of nile red of 1mg/mL was prepared in acetone, and 

stored -20°C. The working stain was prepared by a 1:100 dilution of the stock solution in 

phosphate-buffered saline (PBS). Freshly prepared sections of N. benthamiana leaves were 

stained for 10 minutes, and then washed 3 times in the PBS buffer. The stained sections were 

then mounted on microscope slides using water, for analysis via confocal microscopy.  
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2.22. Confocal Microscopy:  
Confocal laser scanning microscopy images were acquired using a “Leica TCS SP8 MP” (Leica 

microsystems, Australia) using water immersion 60x objective. Fluorophore emissions were 

collected sequentially. Yellow fluorescent protein (YFP) fluorescence was excited at 480 nm 

and was detected with the emission range filter set between 510-525 nm filter set. Nile Red 

was excited at 550 nm and was detected with the 610-640 nm filter set. The excitation and 

emission ranges were chosen in an attempt to try and separate YFP and Nile red fluorescence 

as much as possible.  

2.23. DGAT Assay in Saccharomyces Cerevisiae H1246:  
Saccharomyces cerevisiae strain H1246 is completely devoid of DGAT activity and lacks TAG 

and sterol esters as a result of knockout mutations in four genes (DGA1, LRO1, ARE1 and 

ARE2). The addition of free fatty acid (1 mM C18:1Δ9) to H1246 growth media is toxic in the 

absence of DGAT activity. Growth on such media can therefore be used as an indicator or 

selection for the presence of DGAT activity in this yeast strain. S. cerevisiae H1246 was 

transformed with the pYES2 construct (negative control), a construct encoding A. thaliana 

DGAT1 in pYES2 (positive control), or a construct encoding C. nucifera DGAT1 pYES2. 

Transformants were fed C18:1Δ9 free fatty acids. 

Yeast transformants were resuspended in sterile mQ water and diluted to OD600=1. Samples 

were further diluted in four consecutive dilutions, each at 1:10. From each dilution 5 μL was 

spotted on each of the plates (YPD and YPD+FFA). The plates were incubated for 5 days at 

28°C, before scoring growth. 

2.23.1. YEAST MEDIA DETAILS 
LIQUID MEDIA 

Synthetic defined minimal dropout medium lacking uracil (SD Medium-URA: MP Biomedicals, 

Australia). Media contains 0.2% yeast nitrogen base, 0.5% ammonium sulfate and 2% glucose. 

Media was sterilised by autoclaving at 121°C for 15 minutes.  

 

YEAST GROWTH MEDIA (YPD)  

Synthetic defined minimal dropout medium lacking uracil (SDA Medium-URA: MP Biomedicals, 

Australia). Media contains 0.2% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose and 

1.7% agar. The media was sterilised by autoclaving at 121°C for 15 minutes, then allowed to 

cool. Following the addition of 0.01% NP-40 (Sigma, USA), 40mL of agar media was poured into 

each plate. Plates were stored at 4°C until required.  
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FUNCTIONALITY MEDIA (YPD+FFA) 

The media was prepared similar to the standard growth media. Instead of glucose, the media 

contained 2% galactose and 1% raffinose. Before pouring plates, 1 mM C18:1Δ9 was also added 

to the media. Plates were stored at 4°C until required. 

2.24. Identification of Medium-Chain Fatty Acid Genes of 
Interest:  

Genes involved in the production of MCFAs were identified from literature, which included 

both thioesterase and acyltransferase candidates. The experimental characterisation of the 

genes were cross-referenced with the determined fatty acid composition of the seed oils from 

the respective species. The sequences used in this study are summarised in Table 7.  

Table 7: The sequences from previous literature that were used in this study. Identification code is the National 
Center for Biotechnology Information (NCBI) accession reference for the protein sequence.   

 Gene Class Source Identification Code Construct 
1 FATB Umbellularia californica Q41635 pJP3635 

2 FATB Cinnamomum camphora Q39473 pJP3626 

3 FATB Cuphea palustris AAC49179 pJP3634 

4 FATB Cuphea lanceolata CAB60830 pJP3633 

5 FATB Cuphea hookeriana AAC49269 pJP3632 

6 FATB Cuphea viscosissima AEM72522 pJP3631 

7 FATB Cocos nucifera 
AEM72519 
AEM72520 
AEM72521 

pJP3630 
pJP3629 
pJP3628 

8 LPAAT Arabidopsis thaliana NP_194787 pJP3625 

9 LPAAT C. nucifera Q42670 pJP3627 

10 DGAT A. thaliana CAB45373 pJP2078 

11 DGAT Elaeis guineensis (Dussert et al., 2013) 
pJP3647 
pJP3648 
pJP3649 

2.25. GeneArt Gene Synthesis:  
The identified genes of interest were sent to GeneArt (Regensburg, Germany) for synthesis. 

The gene open reading frames (ORFs) were codon optimised for their respective expression 

systems, either Nicotiana (N. benthamiana and N. tabacum) or yeast (Saccharomyces 

cerevisiae). EcoRI restriction sites were added to both the 5’ and 3’ ends of the ORF for 

simplified sub-cloning into expression vector constructs. Plasmids arrived as a lyophilized 

powder and were resuspended in sterile water before use. The chimeric DNA vectors, with 

gene expression driven by 35S for the expression in plant cells were made by inserting the 

entire coding region, contained within an EcoRI fragment, into 35S-pJP3343 at the EcoRI site, 

similar to the process described in Chapter 2.11. The constructs are summarised in Table 7. 
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2.26. Liquid-Chromatography Mass-Spectrometry (LC-MS): 
Lipids extracted from 1 mg dry leaf weight were dissolved in 0.2 mL butanol: methanol (1:1, 

v/v) and analysed by liquid chromatography-mass spectrometry (LC-MS), based on previously 

described methods (J. R. Petrie et al., 2012). Briefly, an Agilent 1290 series LC and 6490 triple 

quadrupole LC-MS with Jet Stream ionisation (Agilent, USA) was used for the analysis of lipid 

extractions. The phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) species were 

separated on a Poroshell 120 HILIC column (2.1 x 100 mm, 2.7 µm), over a gradient from 95% 

acetonitrile to 75% acetonitrile with 20 mM ammonium acetate. PC and LPC hydrogen adducts 

were quantified by the characteristic 184 m/z phosphatidyl head group ion under positive 

ionisation mode. The ammonium adducts of monogalactosyl diacylglycerol (MGDG), 

digalactosyl diacylglycerol (DGDG), diacylglycerol (DAG) and TAG lipid species were analysed by 

the neutral loss of singular fatty acids C12 to C18. Multiple reaction monitoring (MRM) lists were 

based on the following major fatty acids: 12:0, 14:0, 16:0, 16:3, 18:0, 18:1, 18:2, 18:3, using a 

collision energy of 28 V. Lipids were chromatographically separated using an Agilent Poroshell 

column (50 mm x 2.1 mm, 2.7 µm) and a binary gradient with a flow rate of 0.2 mL/min. The 

mobile phases were: A. 10 mM ammonium formate in H2O: acetonitrile: isopropanol (5:45:50, 

v/v); B. 10 mM ammonium formate in H2O: acetonitrile: isopropanol (5:20:75, v/v). Individual 

MRM TAG was identified based on ammoniated precursor ion and product ion from neutral 

loss. The LC-MS data was analysed using the MassHunter Workstation Software packages 

(Agilent Technologies, USA). Initial analysis was performed using the “Qualitative Software” 

(Version B.07.00) package to confirm each lipid species is being accurately identified. The data 

was then processed using the “Quantitative Software” (Version B.07.01, for QQQ) package to 

integrate the peak areas each of the lipid species identified. The peak area data was then 

processed using RStudio for the generation of figures as previously described in the GC-FID 

section (Chapter 2.20). For the conversion of integrated data (peak area) into quantified data 

(μg/mg or nmol/mg leaf), a standard curve was generated for each lipid species.  
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2.27. Soxhlet Oil Extraction:  
Solvent extractions were performed for the extraction of oil from freeze-dried leaf samples, 

using a conventional soxhlet distillation apparatus (Electrothermal Electromantle: Keison, 

United Kingdom). The extraction system was setup similar to previously described methods 

(Araujo et al., 2013). Dried leaf samples were crushed using a mortar and pestle and 

transferred to a paper holder (Whatman cellulose extraction thimbles: Sigma, USA) for solvent 

extraction. The lipids were selectively extracted into the solvent (petroleum spirit 40-60°C 

AnalaR NORMAPUR: VWR International, Australia) during percolation. Following approximately 

16 hours of solvent extraction, the round-bottom flask was removed, and the remaining 

solvent within the soxhlet system was transferred to the flask. The solvent was then vaporized 

using a rotary evaporator (Rotavapor: Buchi, Switzerland), with the water bath temperature 

set to 45°C and a vacuum pressure of 200mmHg was applied. The extracted oils were then 

transferred to test tubes using 5mL petroleum spirit. The oil samples were spun down using a 

vacuum centrifuge (MAXI-dry plus: Heto, Denmark) for the removal of petroleum spirit. The 

extracted oil samples were then transferred to clean 4mL glass vials and stored at -20°C.  

2.28. Leaf Sterilisation Protocols:  
Nicotiana tabacum (Wisconsin 38; W38) plants were grown in glasshouse under the conditions 

of constant 22°C with a 16 hour photoperiod. Leaves from 4-6 week old N. tabacum plants 

were used for AGL1 transformations. Two leaf sterilisation protocols were tested to identify 

the most efficient method for application with N. tabacum leaves.  

2.28.1. STERILISATION PROTCOL 1 
The N. tabacum leaves were harvested directly into sterile water. The leaves were briefly 

treated with 70% ethanol for ≈30 seconds, then transferred to a solution of 10% bleach (White 

King, Australia) prepared with sterile water, with the addition of Tween-20 (Sigma, USA) at 1 

drop per 50mL. The leaves were submerged in the bleach solution for 15 minutes, then rinsed 

three times with sterile water. The rinsed leaves were then dried on sterile filter paper before 

being used for transformations.  

2.28.2. STERILISATION PROTCOL 2 
The N. tabacum leaves were harvested directly into a solution of mild detergent (Morning 

Fresh, Australia) and submerged in the solution for ≈10 minutes. The remainder of the 

sterilisation protocol was then performed as per the sterilisation protocol 1 (70% ethanol 

followed by 10% bleach solution).  
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2.29. Tissue Culture Media Preparation:  
All tissue culture media was prepared using “Murashige & Skoog Basal Medium with Vitamins” 

(PhytoTechnology Laboratories, USA), similar to the manufacturer’s instructions. All prepared 

media was kept at room temperature for a maximum of four weeks. In all tissue culture 

medium, except for the liquid media, both cefotaxime (cefotaxime sodium: Hospira, Australia) 

and kanamycin (Kanamycin sulfate from Streptomyces kanamyceticus: Sigma, USA) were 

added after autoclaving at concentrations of 200mg/L and 130mg/L, respectively.  

2.29.1. TISSUE CULTURE MEDIA DETAILS  
LIQUID MEDIA  

The liquid media was prepared by dissolving 4.43g (full strength) of media powder in distilled 

water, with the addition of 1% sucrose (Univar, USA). The media was then calibrated to a pH of 

5.8, before autoclaving for sterilisation (heated to 121°C for 15 minutes). After autoclave, the 

media was stored at 4°C until required.  

 

RECOVERY MEDIA  

The recovery media was prepared by dissolving 2.21g (half strength) of media powder in 

distilled water, with the addition of 1% sucrose. The media was then calibrated to a pH of 5.8, 

before being sterilised by autoclave. After autoclave the media was allowed to cool to ≈50°C, 

then the antioxidants ascorbic acid (Sigma, USA) and L-cysteine (Sigma, USA) were added at 

concentrations of 15mg/L and 50mg/L, respectively. The media was then poured into sterile 

tissue culture petri dishes (Greiner Bio-One, Austria) and allowed to set for ≈1 hour.  

 

SHOOT INDUCTION MEDIA  

The shoot induction media was prepared similar to the recovery media (half strength MS, plus 

1% sucrose, pH of 5.8). After autoclave the media was allowed to cool to ≈50°C, then the 

hormones indole-3-acetic acid (IAA: Sigma, USA) and 6-Benzylaminopurine (BAP: Sigma, USA) 

were added at concentrations of 0.5mg/L and 1mg/L, respectively. The media was then poured 

into sterile petri dishes and allowed to set for ≈1 hour.  

 

ROOT INDUCTION MEDIA 

The root induction media was prepared similar to the shoot induction media (half strength MS, 

plus 1% sucrose, pH of 5.8). After autoclave the media was allowed to cool to ≈50°C, then the 

hormones IAA was added at a concentrations of 0.1mg/L. The media was then poured into 

sterile clear 285mL sundae cups (Chanrol, Australia) and allowed to set for ≈1 hour.  
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2.30. Nicotiana tabacum AGL1 Transformations:  
Agrobacterium-mediated transformation of N. tabacum was performed using leaves from 4-6 

week old plants. AGL1 cultures were grown at 28°C, with shaking at 200 rpm, for 2 days. The A. 

tumefaciens cultures are then diluted to an OD600 of approximately 0.5. The A. tumefaciens 

cultures were then spun down at 4000 rpm for five minutes. Immediately before the infection 

of leaves, the Agrobacterium pellets were resuspended in sterile liquid MS media. The 

infection of the tobacco leaves is mediated via wounding, using a steel leaf disc borer. The cut 

leaf discs were then submerged in the A. tumefaciens solution for approximately 15 minutes. 

Following infection, leaf discs were transferred to sterile filter paper to remove any excess A. 

tumefaciens solution, before transfer to MS recovery media. The leaf discs remained in the 

24°C growth room (16 hours light, 8 hours dark) for 2-3 days before subculture to half strength 

MS shooting selection media. The selection marker for constructs used in transformations was 

kanamycin, used at a concentration of 130 mg/L in media. Leaf discs were subcultured to fresh 

shooting selection media every two weeks. Following approximately 2-3 weeks callus appears 

to form on the perimeter of the leaf discs, at the site of infection, and shoots start to develop. 

After 6-8 weeks on shooting selection media, shoots may be well developed enough for the 

transfer to half strength MS rooting media. Shoots remain on the rooting media, until roots are 

well developed and established. Following the development of a strong root system, plants are 

then transferred to soil for development in the glasshouse.  

 

2.31. Confirmation of Transgenics via Phire PCR:  
Through using the “Phire Plant Direct PCR Kit” (Thermo Fisher Scientific, Australia), it enabled 

direct screening of transgenic tobacco plants generated through tissue culture. Small samples 

of leaf tissue were harvested using a small leaf punch (≈1mm diameter) and dropped into the 

PCR solution. Phire PCR was performed according to manufacturer’s instructions.  

 

2.32. Digital Droplet PCR (ddPCR):  
Transgenic plants were analysed for the presence of the constructs of interest to both confirm 

positive transformations, and determine the copy number of the transgenes introduced. 

Firstly, DNA was extracted from developing leaves which was then used as the template for 

copy number analysis via ddPCR.  
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2.32.1. DNA EXTRACTION 
From developing N. tabacum plants, two 15 mm leaf discs were taken and transferred into 

individual tubes of a 96-well deep-well microtiter plate, and then freeze-dried overnight. To 

each sample, a 3mm stainless steel ball bearing was added before crushing the samples using a 

Reicht tissue lyser for three minutes at a frequency of 28/s. To the leaf powder, 375μL 

extraction buffer (0.1M Tris-HCl, 0.05M EDTA, 1.25% SDS), and then incubated at 65°C for at 

least one hour. The extraction plates were allowed to cool to room temperature before the 

addition of 187μL cold 6M ammonium acetate, and then incubated at 4°C for 30 minutes. 

Following centrifugation at 3000 rpm for 30 minutes, 340μL of the supernatant was collected 

and transferred into a new plate containing 220μL isopropanol. Plates were incubated at room 

temperature for 5 minutes to allow DNA precipitation. After centrifugation the supernatant 

was decanted and the pellet was then washed with 320μL 70% ethanol. The ethanol was 

decanted after centrifugation and the DNA pellet was then resuspended in 225μL sterile water.  

2.32.2. COPY NUMBER ANALYSIS via ddPCR 
Copy number was determined by Digital Droplet PCR (Głowacka et al., 2016) using primers 

(Sigma, USA) and probes (Integrated DNA Technologies, Australia) specific for the NPTII 

selectable marker and N. tabacum NFL2 reference gene (Kelly, Bonnlander, & Meeks-Wagner, 

1995) (Accession #AH006599). BamHI and HindIII digested genomic DNA was added to 2x 

ddPCR mastermix at concentrations between 20 and 120 ng DNA per 20 µL PCR reaction. Final 

concentrations of TaqMan assay primers and probes in the reaction were 900 nM and 250 nM, 

respectively. Droplets were generated using a Droplet Generator QX100 (Bio-Rad, Australia) 

following the manufacturer’s instructions. Next, 40 µL of oil droplets were transferred to a 96 

well plate and loaded in a C1000 Thermal Cycler (Bio-Rad, Australia). The PCR program 

consisted of 95 °C for 10 min, 40 cycles of 94 °C for 30 s and 59 °C for 1 min, followed by 98 °C 

for 10 min, with a 2.5 °C/s ramping at each step. After amplification, plates were loaded into 

the QX200 Droplet Reader (Bio-Rad, Australia) for the detection of amplicons in individual 

droplets. Data analysis was then performed using the QuantaSoft™ Analysis Pro software 

(version 1.7.4.0917; Bio-Rad, Australia). The data was then processed using RStudio for the 

generation of figures.   
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Chapter 3: Cocos nucifera Gene Discovery 

3.1. Introduction  
 
Cocos nucifera (coconut), a member of the Arecaceae family, is an economically important 

woody palm that is widely grown in tropical and subtropical regions. The coconut palm is 

generally divided into two types based on morphological characteristics, which include the 

dwarf and tall coconut palms (Kumar, 2011). Typically the life-cycle ranges from 4-6 years or 8-

10 years for the dwarf and tall varieties, respectively. The coconut palm is well known for its 

ability to accumulate and store large amounts of oil, approximately 63% of the seed weight 

(Kumar, 2011; Laureles et al., 2002). Coconut palm accounts for 1.8% of the global vegetable 

market, with 3.2 MMT produced. The top three producers of coconut oil in descending order 

of production were the Philippines, Indonesia and India (FAO, 2015). In physiochemical terms, 

coconut oil varies significantly from other vegetable oils as it is rich in saturated fatty acids 

(≈93%), with a high proportion of MCFAs (≈85%), being predominantly lauric and myristic acid. 

Due to the major component being lauric acid, coconut oil falls into the category of lauric oils, 

of which the only two industrially important species are coconut and E. guineensis (oil palm), 

both being limited to growth in tropical and subtropical climates. Oils that are rich in lauric acid 

exhibit characteristics that are important for application within both the food and chemical 

industries, including increased oxidative stability, low melting points and their ability to 

produce stable emulsions (Arkcoll, 1988; Kumar, 2011). Currently, lauric oils have applications 

including soaps, detergents, textiles, paints and varnishes, cosmetics and pharmaceutical 

products. Coconut oil is also widely used within the food industry (Arkcoll, 1988; Kumar, 2011; 

Laureles et al., 2002). 

The unique composition of coconut oil raises interest in developing an understanding of how 

the coconut palm produces oil of a high saturated MCFA content, and if such an oil profile 

could be replicated in another species via biotechnology interventions. To date, this has seen 

limited success in a variety of species. In transgenic B. napus (canola) seeds, high lauric acid 

content has been achieved to a peak of ≈67% (V. S. Eccleston & Ohlrogge, 1998). However, 

during seed development the laurate content in PC increases, suggesting that there is a 

bottleneck in the efficient handling of lauric acid during oil synthesis. This concept has also 

been demonstrated in attempts for the accumulation of unusual fatty acids in the seed oils of 

A. thaliana (Bates & Browse, 2011). In the high-laurate lines, laurate levels in PC remained high 

(up to 26%) until the late stages of TAG deposition (E. Wiberg et al., 1997). The subsequent 

work from Knutzon (Deborah S. Knutzon et al., 1999) showed that the addition of CnLPAAT, 

although specific for the acylation of laurate to the sn-2 position of G3P, there was no 
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reduction in the flux of laurate into PC. Therefore, building a better understanding of the 

genetics and biochemistry of coconut palm may be important for improving the performance 

of MCFA accumulation in transgenic oils. The discovery of novel or important genes in the 

assembly of MCFA enriched oils may be an important step forward in achieving this. Currently, 

it is difficult to isolate and identify functional genes from coconut due to the limited genomic 

resources available.  

In prospect of improving the MCFA content of oils the identification of genes involved in TAG 

assembly were of particular interest, specifically acyltransferases capable of using MCFAs for 

incorporation. Although the LPAAT from coconut has previously been identified and 

characterised (Deborah S. Knutzon et al., 1999; D. S. Knutzon et al., 1995), other 

acyltransferase genes remain to be unknown. The AtGPAT9 was recently identified and was 

demonstrated to have functions in both initiating TAG assembly through the mediation of sn-1 

esterification and increasing TAG content (J. Shockey et al., 2016; Singer et al., 2016). The final 

step of TAG assembly through the Kennedy pathway involves the esterification of a third fatty 

acid to the sn-3 position of G3P, which is performed by DGAT. The DGAT has been shown to 

exhibit variations in substrate specificity (Aymé et al., 2015; Aznar-Moreno et al., 2015; Durrett 

et al., 2010; Dussert et al., 2013; Frentzen, 1998), and hence has a significant contribution 

towards the final fatty acid composition of plant oils. Another acyltransferase that contributes 

to TAG synthesis is PDAT, which mediates the TAG production through using DAG as the 

substrate and PC as the fatty acid donor (Dahlqvist et al., 2000). Thus the involvement of 

acyltransferases in both the efficient production of oil and the tailoring of fatty acid 

composition makes these important targets for the improvement of MCFA oils.  

In recent years, with the development of new technologies, transcriptome sequencing has 

become an efficient methodology for large scale gene discovery. Previously transcript 

sequencing was mostly dependent in the construction of clone libraries (Temple et al., 2009). 

The development of new sequencing technologies has enabled direct sequencing of cDNA 

fragments without the need for cloning. Compared with earlier sequencing methods by 

cloning, parallel sequencing of RNA (RNA-Seq) has a dramatically increased sequencing output, 

as well as the ability to measure transcript abundance within samples (Haas & Zody, 2010; 

Trapnell et al., 2010; Wang, Gerstein, & Snyder, 2009). RNA-Seq is performed based on next-

generation sequencing technology to generate millions of short cDNA reads. Two strategies 

can then be applied to construct transcripts using these short reads. The first strategy is an 

“align-then-assemble” approach (Trapnell et al., 2010). With this method, the transcript can be 

reconstructed by aligning the short reads to the genome. The second strategy is called 

“assemble-then-align”, which involves de novo assembly to construct transcripts. The 
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assembled transcripts are then aligned back to the genome to elucidate intron and exon 

structure and variations between alternatively spliced transcripts (Denoeud et al., 2008; 

Mortazavi, Williams, McCue, Schaeffer, & Wold, 2008). The de novo assembly approach can 

also be applied to construct transcriptomes for no-model organisms, those without genome 

sequences, requiring highly abundant short reads. RNA-Seq approaches are now considered 

the best approach for generating transcript models and also assess transcript abundance. 

Although some gene discovery work has recently been performed for coconut (H. Fan et al., 

2013; Ya-Yi Huang et al., 2014; Y. -. Y. Huang, Matzke, & Matzke, 2013; Liang et al., 2014; Nejat 

et al., 2015), there still appears to be a significant gap in knowledge associated with the oil 

production pathways associated with coconut palm. Previous studies have focused on 

identifying genes involved in yield, with transcriptomes built using material from leaves and 

mature fruits. In this chapter RNA-Seq approaches were used to build up a de novo transcript 

database from developing coconut endosperm. I will discuss how this transcriptome has been 

utilised to identify and isolate genes involved in the synthesis of lipids, particularly TAG. It is 

suspected that some of these genes may exhibit a strong substrate preference for MCFAs, and 

hence their discovery may be essential for the future development of vegetable oils with an 

enriched MCFA content. Of particular interest are thioesterases, acyltransferases and oleosins, 

which are involved in the processes of releasing fatty acids for assembly, the esterification of 

fatty acids into glycerolipids and the protection of oils from degradation, respectively. These 

candidate genes were assessed for function using transient N. benthamiana leaf assays.  

 

 

 

 

 

 

 

  



 
83 

3.2. Coconut Endosperm Transcriptome  
 
From a sample of the coconut endosperm, total lipid extraction was performed (Chapter 

2.17.2) to analyse the fatty acid composition in order to determine if the coconuts were 

harvested at the developmental stage of interest, before proceeding with RNA extractions. 

Confirmation of the correct developmental stage will provide confidence that the transcripts of 

interest are currently being expressed. The total lipids were analysed via thin layer 

chromatography (Figure 9) using a two phase system (Chapter 2.18.2). Analysis revealed that 

the white endosperm layer was composed entirely of TAG, and hence confirmed that the 

endosperm is a layer of oil deposition (K. Oo & Stumpf, 1979). The lipid fractions were then 

scraped off and were analysed by GC-FID (Chapter 2.20), following MeOH-HCl methylation 

(Chapter 2.19.1). The fatty acid composition of the endosperm was similar to the expected 

profile, typically referenced in the literature, as illustrated in Figure 9. Following the analysis of 

the coconut endosperm TAG composition it was hypothesised that the gene candidates of 

interest, those involved in the MCFA lipid synthesis pathways, are being highly expressed at 

this developmental stage.  

 

Figure 9: Analysis of coconut oil. Extracted coconut oil from developing Cocos nucifera endosperm was analysed 
by thin layer chromatography (TLC), A. The fatty acid composition of TAG was compared between commercial 
coconut oil and oil extracted from freshly harvested coconut endosperm, B.  

 

Following the confirmation of the developmental stage of interest via TAG composition 

analysis, RNA extractions were then performed on the stored endosperm samples, to begin 

the gene discovery process. A variety of RNA extraction methods were trialled for the 

extraction of high quality RNA from the coconut endosperm flesh, with the results summarised 

in Table 8. Typically, the CTAB extraction method coupled with the precipitation using 6M LiCl 

(Chapter 2.2.1) produced the most consistent results from the extraction methods tested, and 
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was subsequently used for all future RNA extractions. The precipitation using isopropanol also 

resulted in high yields of RNA, although not as clean compared to precipitation with 6M LiCl, 

based on the higher 260/230 scores, which suggested that there may be contamination from 

polysaccharides or proteins (Johnson et al., 2012).  

 

Table 8: Comparison of RNA extraction protocols and their performance with Cocos nucifera endosperm.  

Extraction Method Concentration (ng/μL) 260/280 260/230 

Hot Phenol  120.7 1.54 0.46 

CTAB – LiCl precipitation 350.4 2.11 1.89 

CTAB – Isopropanol precipitation 430.2 1.99 2.27 

 

Initially, gene discovery was performed using conventional methods through the process of 

cDNA synthesis, followed by high fidelity PCR using degenerate primers. The degenerate 

primers were designed (Chapter 2.3) based on high homology regions from multiple sequence 

alignments for each gene target. The primary gene targets of interest were those in the DGAT 

family, potentially both DGAT1 and DGAT2 candidates. A list of the designed degenerate 

primers used for gene discovery PCR are summarised in Table 9. Following cDNA synthesis, 

PCR was performed using the high fidelity Phusion polymerase in an attempt to amplify genes 

of interest, which was analysed via agarose gel electrophoresis. The initial attempts of gene 

discovery using degenerate primers were unsuccessful in the amplification of DNA products.  

 
Table 9: Summary of degenerate primer sequences used for gene discovery PCR from Cocos nucifera.   

 Degenerate Primer Name Sequence (5’-3’) Primer Length (bp) 

1 CnDGAT1-Rev1230 CGCGTTCCACCAATCTTTATAAAATTCACGATCGCCAAA 39 
2 CnDGAT1-Rev1590 ACGGTTCATCACATCATGATAATACAGCAGCA 32 
3 CnDGAT1.2-Rev940 TGATAGCACAGGGTCGGCGC 20 
4 CnDGAT2-Rev420 GGCAGCACGCTATGCGGTTCA 21 
5 CnDGAT1-Rev810 AATCGGGTSAAATTTMAYCGCACGCGCAAT 30 

 

The next attempt at amplifying genes of interest involved the use of the GeneRacer kit which 

was used to perform both 5’ and 3’ rapid amplification of cDNA ends (RACE). The approach 

undertaken was not to attempt the amplification of the full length transcript, but rather 

amplify it in two parts by performing RACE reactions using the degenerate primers as a central 

point of amplification, and hence construct the full length transcript by aligning all of the 

transcripts and identifying the consensus sequence. The protocol was performed according to 

the manufacturer’s instructions in order to attach the 5’ cap to the cDNA. This enabled the use 

of the provided 5’-GeneRacer primer in subsequent PCR. The 5’ RACE PCR was performed at 
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65°C, using the primers listed in Table 9, in an attempt to minimise the level of background 

amplification and hence maximise specificity. The PCR products were then analysed via 

agarose gel electrophoresis (Figure 10). 

 

Figure 10: Analysis of DNA products following 5’-rapid amplification of cDNA ends (5’RACE) reactions according to 
the GeneRacer protocol. PCR products were analysed via agarose gel electrophoresis using a 1% agarose gel. Lane 
1, 1kb plus DNA ladder (Invitrogen); Lane 2, negative control (no cDNA template).   

 

Products were excised using blue-light fluorescence (dark reader), and the amplified product 

of interest was then purified by gel purification protocol. These products were then cloned into 

pGEM-T easy. For each PCR product, three positive clones were selected for sequencing to 

ensure that a consensus sequence could be identified. The consensus sequence was then 

analysed using the online Transeq tool (The European Bioinformatics Institute), an online tool 

for the identification of open reading frames, to assist in the identification of candidate 

transcripts, which enabled the identification of partial open reading frames. These sequences 

were further analysed via the basic local alignment search tool (BLAST: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi), which confirmed that the partial sequences belong to 

the DGAT family. Following the identification of partial transcripts, the known sequences were 

then used as a template for the design of new primers, which were subsequently used for 

3’RACE using the GeneRacer kit. Unfortunately, amplification of DNA fragments via 3’RACE was 

unsuccessful.  

Due to the limited success in gene discovery achieved through the conventional methods, a 

transcriptomic approach was undertaken for the identification of genes involved in the 

metabolic processes of oil production. The RNA extracted from freshly harvested coconut 

endosperm was submitted to a commercial sequencing provider (Australian Genome Research 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Facility (AGRF), Melbourne, Australia) for RNA-Seq. The transcriptomic approach via RNA-Seq 

has the advantage of potentially uncovering low abundant transcripts (Haas & Zody, 2010; 

Trapnell et al., 2010; Wang et al., 2009). Illumina RNA-Seq technology (AGRF) was used to 

generate 473,728,278 short reads (236 864 139 pairs), containing a total of 1,166,183 

nucleotide bases. The quality control analysis of the raw reads using BioKanga next generation 

sequencing did not show any concerns with the data quality (Supplementary Figure 1). Due to 

the scarcity of reference sequences available in the NCBI and other databases, de novo 

assembly was performed to create a platform of sequence information for the discovery of 

novel functional genes from C. nucifera, with a complete list of parameters for the 

transcriptome assembly in Appendix VI. After filtering (Appendix VI.I), there were 271,312,922 

reads (135,656,461 pairs, mean length of 100 bp: Supplementary Figure 2), which contained no 

ambiguous bases. These filtered reads were used for the assembly of the de novo 

transcriptome using BioKanga v3.8.4 (parameters summarised in Appendix VI.II). The resulting 

assembly contained 838,319 contigs (total length: 278,262,217 bp). Scaffolding of the de novo 

assembly was constructed using BioKanga with a fragment length of 100-750 bp (parameters 

summarised in Appendix VI.III), with the final assembly containing 219,807 contigs (total 

length: 204,112,078 bp). Aligning reads using BioKanga (parameters summarised in Appendix 

VI.IV) and allowing up to four substitutions, showed 90,611,882 pairs of 100 bp that uniquely 

mapped back to the de novo transcriptome (45,572,443 sense, 45,039,439 antisense), at 

approximately 32.6x coverage. 

Analysis of the de novo assembly by CEGMA (Parra et al., 2007) showed that 96% (238) of the 

248 conserved eukaryotic transcripts completely matched the de novo transcriptome, with 

99.6% (247) of transcripts partially matching (Supplementary Table 1). Further analysis using 

plantae BUSCO reference (Simão et al., 2015) revealed that 93.8% of the plantae reference 

sequences were identified in the assembled transcriptome (Supplementary Table 2), either as 

complete or fragmented sequences. The combination of these analyses provided confidence 

that the assembled de novo transcriptome would be a useful tool for the discovery of 

functional genes of interest.  

Following the assembly and quality analysis of the de novo coconut endosperm transcriptome, 

the transcriptome was initially used as a BLAST platform for the identification and confirmation 

of previously discovered and characterised genes from coconut, including the thioesterases 

(Jing et al., 2011; Y. Yuan et al., 2013) and LPAAT (D. S. Knutzon et al., 1995). The identified 

transcripts from the assembled transcriptome were then back aligned against the published 

sequences. In all cases, there was high consensus with the previously identified genes and the 

same gene identified from the transcriptome (Table 10). Importantly, both the identification of 
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these sequences within the assembled transcriptome and their high sequence consensus, 

provided further confidence in the transcriptome being a powerful and reliable tool for the 

discovery of new genes of interest. With confidence in the assembled transcriptome it was 

then utilised for the discovery of candidate transcripts of interest through the subsequent 

BLAST of known and predicted gene sequences.  

 

Table 10: Back alignment results for confirmation of the Cocos nucifera (coconut) de novo transcriptome 
assembly.  

Gene Contig Identifier Sequence Homology (%) Transcript Coverage (%) 
CnFATB1 CocNuf_tx_scaff058344 96.5 100 
CnFATB2 CocNuf_tx_scaff159024 99.7 78.7 
CnFATB3 CocNuf_tx_scaff024566 99.8 100 
CnLPAAT CocNuf_tx_scaff071159 100 100 

 

 

3.3. Identification of Lipid Assembly Genes 

3.3.1. Identification of Acyltransferases 
 
Following the assembly of the coconut endosperm transcriptome, it was used as a BLAST 

platform to identify candidate transcripts of genes that are involved in lipid synthesis and 

assembly pathways. The BLAST template sequences used were either from identified A. 

thaliana homologs or from predicted gene candidates identified from a recently published 

transcriptome of E. guineensis (African oil palm) (Dussert et al., 2013), due to their 

phylogenetic relationship of both being members of the Arecaceae family. Of particular 

interest were acyltransferases as they are crucial to the final fatty acid composition of plant 

oils. Following BLAST analysis of the assembled coconut transcriptome many candidate 

sequences were identified. These candidate sequences were then analysed via the Transeq 

online tool, to identify the partial or complete open reading frames. The identified open 

reading frames were then used for analysis via multiple sequence alignment (Figure 11), with 

alignments performed using plant acyltransferases from the NCBI database. It was observed 

that each gene class forms individual clusters, with the candidate sequences located within 

their respective predicted cluster. The open reading frame sequences were then used as 

templates for primer design so that the genes could be amplified and cloned into pJP3343, a 

binary expression vector, for the testing of functionality through transient N. benthamiana 

infiltration studies.  
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Figure 11: Phylogenetic tree analysis of identified acyltransferase genes, with clusters forming for each 
acyltransferase family. Purple = GPAT9, Red = DGAT1, Blue = PDAT, Green = LPAAT, Orange = GPAT.  

 

3.3.2. Cloning and Characterisation of Cocos nucifera GPAT9  
 
Recently, the AtGPAT9 has been identified as both an essential element in TAG biosynthesis 

and responsible for the acylation of acyl-CoAs to the sn-1 position of the G3P backbone (J. 

Shockey et al., 2016). Consequently, the constructed C. nucifera (coconut) transcriptome 

(Coconut Endosperm Transcriptome) was used as a BLAST platform for the discovery of 

another candidate for GPAT9, suspecting that maybe it would perform better than the A. 

thaliana candidate in a MCFA pathway system. Using a predicted EgGPAT9 sequence (Dussert 
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et al., 2013) as the BLAST query, a good candidate for GPAT9 from coconut was identified 

(Table 11). Although only a partial sequence, it was aligned with the AtGPAT9 homolog to 

determine the homology between the two sequences, which revealed that these sequences 

were ≈76% identical (Figure 12). Due to the highly conserved nature of the GPAT9 gene, 

primers were designed based on the predicted EgGPAT9 sequence, since other gene classes 

have demonstrated high sequence homology.  

 

Table 11: Table summarising the top GPAT9 candidate identified from the assembled Cocos nucifera 
transcriptome.   

CANDIDATE BLAST TEMPLATE E-VALUE CONTIG IDENTIFIER UNIQUE LOCI HITS 

1 
EgGPAT3  

(Dussert et al., 
2013) 

0.0 CocNuf_scaff160453 19 

 

 

  1                                               50 
AtGPAT9      (1) MSSTAGRLVTSKSELDLDHPNIEDYLPSGSSINEPRGKLSLRDLLDISPT 
CnGPAT9partial  (1) ----MVGLRSSSSEMDLDRPNIEEYLTTDSIQESPK-KLHLRDLLDISPT 

  51                                            100 
AtGPAT9     (51) LTEAAGAIVDDSFTRCFKSNPPEPWNWNIYLFPLYCFGVVVRYCILFPLR 
CnGPAT9partial (46) LTEATGAIVDDSFTRCFKSNPPEPWNWNVYLFPLWCLGVIIRYGILFPLR 

  101                     150 
AtGPAT9    (101) CFTLAFGWIIFLSLFIPVNALLKGQDRLRKKIERVLVEMICSFFVASWTG 
CnGPAT9partial (96) VAILTAGWLVFFAAFIPVHFLLTAHNKWRRKIERKLVEMICSVFVASWTG 

  151                                            200 
AtGPAT9    (151) VVKYHGPRPSIRPKQVYVANHTSMIDFIVLEQMTAFAVIMQKHPGWVGLL 
CnGPAT9partial(146) VVKYHGPRPSMRPQQVFVANHTSMIDFIILEQMTAFAVIMQKHPGWVGFI 

  201                                            250 
AtGPAT9    (201) QSTILESVGCIWFNRSEAKDREIVAKKLRDHVQGADSNPLLIFPEGTCVN 
CnGPAT9partial(196) QKTILEGVGCIWFNRTESKDREVVARKLREHIHGADNNPLLIFPEGTCVN 

  251                                300 
AtGPAT9    (251) NNYTVMFKKGAFELDCTVCPIAIKYNKIFVDAFWNSRKQSFTMHLLQLMT 
CnGPAT9partial(246) NHYTVMFKKGAFELGCAVCPVAIKYNKIFVDAFWNSKKQSFTMHLFHLMT 

  301                                            350 
AtGPAT9    (301) SWAVVCEVWYLEPQTIRPGETGIEFAERVRDMISLRAGLKKVPWDGYLKY 
CnGPAT9partial(296) SWAVVCDVWYLEPQYIRPG------------------------------- 

  351                    376 
AtGPAT9    (351) SRPSPKHSERKQQSFAESILARLEEK 
CnGPAT9partial(315) -------------------------- 
Figure 12: Protein sequence alignment of AtGPAT9 (J. Shockey et al., 2016) and partial CnGPAT9 identified from 
transcriptome.  

 

Using the synthesised cDNA as template, Phusion PCR was performed to attempt the 

amplification of the full length CnGPAT9 sequence, predicted to be ≈1.1kb. The PCR products 

were separated on a 1% agarose gel via gel electrophoresis, and then visualised under UV light 

(Figure 13). The fragment of interest was then excised and prepared for cloning into pGEM-T 

for sequence verification and further cloning. Cultures were then setup for the identified 
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positive clones, so that plasmid DNA could be purified and then used for sequencing reactions. 

The sequencing results were processed through multiple sequence alignments including the 

predicted EgGPAT9 and partial CnGPAT9 sequences to model the template sequence. The 

open reading frame for the isolated candidate CnGPAT9 was identified from the consensus 

sequence (Figure 14), and was used for subsequent sequence alignment with the AtGPAT9 

homolog (Figure 15), revealing that the complete sequences are ≈78% identical. The protein 

sequence was analysed through BLAST, which confirmed the presence of the acyltransferase 

domain required for functionality.  

 

Figure 13: Analysis of DNA products following Phusion-PCR for CnGPAT9 gene candidates, via agarose gel 
electrophoresis using a 1% agarose gel. Lane 1 = 1kb plus ladder (Invitrogen). Lanes 2 and 3 = PCR products for 
CnGPAT9, with expected size of 1.1kb.  

 

 
ATGGTTGAGCTGCGGTCATCGAGCTCGGAGATGGATCTGGACCGCCCCAACATCGAGGAGTACCTCACCA
CGGACTCCATCCAAGAATCCCCCAAGAAGCTCCACCTGAGGGACTTGCTCGACATTTCTCCCACGCTGAC
GGAGGCCACCGGCGCCATCGTTGATGATTCCTTCACTCGCTGCTTTAAATCGAATCCTCCAGAGCCCTGG
AATTGGAATGTCTATTTATTTCCCTTATGGTGCTTGGGAGTGATTATTAGATATGGAATTCTTTTTCCCC
TAAGAGTTGCAATCTTGACAGCAGGTTGGCTAGTGTTCTTTGCAGCCTTCATTCCTGTACATTTCTTGTT
GACAGCACATAATAAGTGGAGGCGTAAAATAGAGAGGAAGTTGGTTGAGATGATATGCAGTGTCTTTGTT
GCTTCATGGACAGGGGTAGTCAAGTATCATGGGCCTCGTCCTAGCATGCGCCCTCAGCAGGTATTTGTTG
CCAACCACACTTCCATGATTGATTTCATCATACTAGAGCAGATGACAGCATTTGCTGTTATAATGCAAAA
GCATCCTGGATGGGTTGGATTTATTCAAAAGACCATATTGGAAGGTGTTGGTTGTATTTGGTTCAACCGT
ACAGAATCAAAGGATCGTGAAGTTGTGGCACGAAAGTTAAGAGAACATATTCATGGAGCTGACAACAACC
CTCTTCTGATATTTCCAGAAGGAACTTGTGTTAACAACCATTACACTGTCATGTTCAAGAAGGGTGCTTT
TGAACTTGGTTGTGCTGTTTGCCCGGTTGCAATAAAGTACAACAAAATTTTTGTGGATGCCTTCTGGAAC
AGTAAGAAGCAATCTTTTACAATGCATTTGTTTCACCTTATGACATCGTGGGCTGTTGTTTGCGATGTTT
GGTACCTGGAGCCTCAGTACATAAGACCTGGAGAGACGCCCATTGAATTTGCTGAAAGGGTTAGAGACAT
GATATCTGTTCGAGCTGGTCTCAAAAAGGTCCCGTGGGATGGATATTTGAAGTACTTCCGCCCCAGTCCT
AAGCTAACAGAGAGGAAGCAGCAGATCTTTGCGGAGTCGGTCTTGCAGAGGTTGGAGGAAAAATAA 
Figure 14: Full length nucleotide sequence for predicted GPAT9 isolated from the endosperm of Cocos nucifera 
(coconut); NCBI accession number: KX235871.  
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   1                                               50 
AtGPAT9   (1) MSSTAGRLVTSKSELDLDHPNIEDYLPSGSSINEPRGKLSLRDLLDISPT 
CnGPAT9   (1) ----MVGLRSSSSEMDLDRPNIEEYLTTDSIQESPK-KLHLRDLLDISPT 

   51                                            100 
AtGPAT9  (51) LTEAAGAIVDDSFTRCFKSNPPEPWNWNIYLFPLYCFGVVVRYCILFPLR 
CnGPAT9  (46) LTEATGAIVDDSFTRCFKSNPPEPWNWNVYLFPLWCLGVIIRYGILFPLR 

   101                      150 
AtGPAT9 (101) CFTLAFGWIIFLSLFIPVNALLKGQDRLRKKIERVLVEMICSFFVASWTG 
CnGPAT9  (96) VAILTAGWLVFFAAFIPVHFLLTAHNKWRRKIERKLVEMICSVFVASWTG 

   151                                            200 
AtGPAT9 (151) VVKYHGPRPSIRPKQVYVANHTSMIDFIVLEQMTAFAVIMQKHPGWVGLL 
CnGPAT9 (146) VVKYHGPRPSMRPQQVFVANHTSMIDFIILEQMTAFAVIMQKHPGWVGFI 
201                                               250 
AtGPAT9 (201) QSTILESVGCIWFNRSEAKDREIVAKKLRDHVQGADSNPLLIFPEGTCVN 
CnGPAT9 (196) QKTILEGVGCIWFNRTESKDREVVARKLREHIHGADNNPLLIFPEGTCVN 

   251                                            300 
AtGPAT9 (251) NNYTVMFKKGAFELDCTVCPIAIKYNKIFVDAFWNSRKQSFTMHLLQLMT 
CnGPAT9 (246) NHYTVMFKKGAFELGCAVCPVAIKYNKIFVDAFWNSKKQSFTMHLFHLMT 

   301                                            350 
AtGPAT9 (301) SWAVVCEVWYLEPQTIRPGETGIEFAERVRDMISLRAGLKKVPWDGYLKY 
CnGPAT9 (296) SWAVVCDVWYLEPQYIRPGETPIEFAERVRDMISVRAGLKKVPWDGYLKY 

   351             376 
AtGPAT9 (351) SRPSPKHSERKQQSFAESILARLEEK 
CnGPAT9 (315) FRPSPKLTERKQQIFAESVLQRLEEK 
Figure 15: Complete protein sequence alignment of AtGPAT9 (J. Shockey et al., 2016) and CnGPAT9 identified 
from transcriptome.  

 

Following identification of the full length sequence for a candidate CnGPAT9, it was cloned into 

pJP3343 for testing its functionality. Initially, the CnGPAT9 was checked for functionality using 

the transient N. benthamiana infiltration assay (Chapter 2.16.1), by testing its ability to 

increase TAG content, through comparison against the AtGPAT9 as a positive control. During 

the extraction of total lipids (Chapter 2.17.1), TAG 51:0 (tri-C17:0) was added as the internal 

standard for the quantification of the TAG content. To determine the TAG content, the lipid 

extractions (equivalent to 10mg dry weight) were processed via TLC (70:30:1), preparation of 

FAME, and analysis via GC-FID, as previously described. Following integrations of the GC-FID 

data, the effect of GPAT9 expression on the final TAG content was then determined (Figure 

16). From comparison with the p19 alone samples, it was determined that the expression of 

either AtGPAT9 (p=0.05) or CnGPAT9 (p=0.01) was sufficient in leading to significant increases 

in the TAG content in the leaf. However, there was no significant differences in the increased 

TAG effect between either GPAT9 candidate (p=0.18). Collectively, this data illustrates that the 

isolated candidate acyltransferase from coconut endosperm is a functional GPAT9.  
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Figure 16: The effect of GPAT9 expression on triacylglycerol (TAG) content, determined through application of the 
transient Nicotiana benthamiana leaf infiltration assay (n=3).  

 

3.3.3. Cloning and Characterisation of Cocos nucifera DGAT1  
 
The final committed step towards TAG production is mediated by DGAT, and plays an essential 

role in the determination of the final fatty acid composition of plant oils (Aymé et al., 2015; 

Aznar-Moreno et al., 2015; Durrett et al., 2010). Mutation and silencing studies in A. thaliana 

have also revealed that the expression of DGAT1 plays a significant role in TAG content 

(Katavic et al., 1995; Zou et al., 1999). Consequently, with the knowledge that DGAT1 is crucial 

for both efficient TAG production and profile determination, it was hypothesised that the 

DGAT1 genes from coconut may assist in the improvement of MCFA incorporation into plant 

oils. This hypothesis is supported by the high MCFA content observed in coconut oil, extracted 

from the endosperm of coconuts (Laureles et al., 2002), which is ≈80 MCFA.  

The CnDGAT1 candidates identified (Table 12) were used as sequence templates for the design 

of primers so that full length transcripts could be amplified and subsequently used in 

infiltration studies. The unique loci hits were used as a predictor of their importance in the role 

of TAG accumulation in the developing coconut endosperm. Following the design of primers, 

high-fidelity PCR was performed using Phusion-PCR to isolate the genes from extracted 

coconut endosperm RNA (Figure 17). Following gel purification, the amplified fragments were 

then cloned into pJP3343, binary expression vector, to enable both sequence confirmation and 

testing of gene functionality.  
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Table 12: Table summarising the top DGAT1 candidates identified from the assembled Cocos nucifera (coconut) 
transcriptome. 

CANDIDATE BLAST TEMPLATE E-VALUE CONTIG IDENTIFIER UNIQUE LOCI HITS 
1 EgDGAT1  

NCBI: 
XM_010926666 

0.0 CocNuf_scaff024827 194 
2 0.0 CocNuf_scaff085771 979 
3 0.0 CocNuf_scaff107905 803 

 

 

 

Figure 17: Analysis of DNA products following Phusion-PCR for CnDGAT1 gene candidates, via agarose gel 
electrophoresis using a 1% agarose gel. Lane 1 = 1kb plus ladder (Invitrogen). Lanes 2-6 = PCR products of 
different CnDGAT1 candidates, with predicted size of ≈1.5kb.  

 

Before testing function the candidates for functionality, the translated protein sequences were 

compared to the A. thaliana and oil palm homologs through multiple sequence alignments to 

compare sequence homology (Figure 18). The alignment revealed that the CnDGAT1 candidate 

sequences were 56-60% identical to the AtDGAT1 homolog. It was also identified that the 

CnDGAT1_V1 sequence was highly similar to the EgDGAT1_V1 sequence, with ≈90 homology. 

The translated protein sequences were analysed through BLAST, which confirmed the 

presence of the membrane-bound acyltransferase (MBOAT) domain, a characteristic feature of 

DGAT1 and is essential for functionality. 
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                  1                                                         60 
   AtDGAT1    (1) MAILDSAGVTTVTENGGGEFVDLDRLRRRKSRSDSSNGLLLSGSD------------NNS 
CnDGAT1_V1    (1) -MAVSKNPETLAPDQEPSKASDLRR------R--LASSAVPDSSSR-------------- 
EgDGAT1_V1    (1) -MAVSKNPETLAPDQEPSKESDLRRRPASSPSSTAASPAVPDSSSR-------------- 
CnDGAT1_V2    (1) -MAIPSDRETLERAPEPSPALDLQSSLRRRLQSTAAAVVVTDSSSKTSFTSVENLVTDSG 
CnDGAT1_V3    (1) -MAIPSDQETLEGAPEPSPGSDLHSSLRRRLHSAASAVVVQNSSSKTSLPRAEDLTTDSG 
                  61                                                       120 
   AtDGAT1   (49) PSDDVGAPADVRDRIDSVVNDDAQGTANLAGDNNGGGDNNGGGRGGGEGRGN-------A 
CnDGAT1_V1   (38) -----TSSSITESWTTALGEDSGAGAVRIGDPKDQIGEANDIGEKK-KACLGDRVGRDEV 
EgDGAT1_V1   (46) -----TSSSITGSWTTALDGDSGAGAVRIGDPKDRIGEANDIGEKK-KACSGE------V 
CnDGAT1_V2   (60) EDSGVDTSSDAHTRDRVVDGVDREEENKTVSVLNCKQYEDGGGRGEGQGTGGG------V 
CnDGAT1_V3   (60) EDSGVDTSSDADTRDRVVDGVDREEEKKAGSVLNGGQYDDGAGRAKGQEAGVG------V 
                  121                                                      180 
   AtDGAT1  (102) DATFTYRPSVPAHRRARESPLSSDAIFKQSHAGLFNLCVVVLIAVNSRLIIENLMKYGWL 
CnDGAT1_V1   (92) PVGFVDRPSAPVHVRAVESPLSSDTIFQQSHAGLFNLCVVVLIAVNSRLIIENLMKYGLL 
EgDGAT1_V1   (94) PVGFVDRPSAPVHVRVVESPLSSDTIFQQSHAGLLNLCVVVLIAVNSRLIIENLMKYGLL 
CnDGAT1_V2  (114) PAKFFYRASAPAHRKVKESPLSSDAIFKQSHAGLLNLCIVVLIAVNSRLIIENLMKYGLL 
CnDGAT1_V3  (114) PAKFLYRPSAPAHQKVKESPLSSDAIFKQSHAGLFNLCIVVLIAVNSRLIIENLMKYGLL 
                  181                                                      240 
   AtDGAT1  (162) IRTDFWFSSRSLRDWPLFMCCISLSIFPLAAFTVEKLVLQKYISEPVVIFLHIIITMTEV 
CnDGAT1_V1  (152) IGSGFFFSSRLLRDWPLLICSLTLPVFPLGAYMVEKLAYKKFISEPVVVSLHVILVIGTI 
EgDGAT1_V1  (154) IGSGFFFSSRLLRDWPLLICSLTLPVFPLGSYMVEKLAYKKFISEPVVVSLHVILIIATI 
CnDGAT1_V2  (174) IRAGYWFSSKSLRDWPLLMCCLTLPAFPLGAFMVEKLAQHKFISEPVVISLHVIITTAEI 
CnDGAT1_V3  (174) IRAGFWFSSKSLTDWPLLMCCLTLSAFPLGAFMVEKLAQHKFISEPLVISLHVIITTTEI 
                  241                                                      300 
   AtDGAT1  (222) LYPVYVTLRCDSAFLSGVTLMLLTCIVWLKLVSYAHTSYDIRSLANAADKAN-PEVSY-- 
CnDGAT1_V1  (212) MYPVFIILRCDSTVLSGLNLMLFASSICLKLVSYAHANYDLRSSSNSIDKGI--HKSQ-- 
EgDGAT1_V1  (214) MYPVFVILRCDSPILSGINLMLFVSSICLKLVSYAHANYDLRSSSNSIDKGI--HKSQ-- 
CnDGAT1_V2  (234) LYPVIVILRCDSAVLSGIALMLFASVVWLKLVSYAHTNYDMRKLSKSIDKED-MYSNCPE 
CnDGAT1_V3  (234) LYPVILILRCDSAVLSSIALMLFASVVWLKLVSYAHTNYDMRTLSRSIDKEEDMYSSCIE 
                  301                                                      360 
   AtDGAT1  (279) -----YVSLKSLAYFMVAPTLCYQPSYPRSACIRKGWVARQFAKLVIFTGFMGFIIEQYI 
CnDGAT1_V1  (268) -----GVSFKSLVYFIMAPTLCYQPSYPQTICIRKGWVICQLVKLVIFTGVMGFIIEQYI 
EgDGAT1_V1  (270) -----GVSFKSLVYFIMAPTLCYQPSYPRTTCIRKGWVICQLVKLVIFTGVMGFIIEQYI 
CnDGAT1_V2  (293) IGNLKGVSFKSLAYLMVAPTLCYQPNYPRTTCIRKGWVIRQLVKLVIFTGLVGFIIEQYI 
CnDGAT1_V3  (294) IDNMKGFSFKSLAYFMVAPTLCYQPSYPRTTCIRKGWVIRQLVKLVAFTGLMGFIIEQYI 
                  361                                                      420 
   AtDGAT1  (334) NPIVRNSKHPLKGDLLYAIERVLKLSVPNLYVWLCMFYCFFHLWLNILAELLCFGDREFY 
CnDGAT1_V1  (323) DPIIKNSQHPLKGNVLYAMERVLKLSIPTLYVWLCLFYCTFHLWLNILAELLHFGDREFY 
EgDGAT1_V1  (325) DPIIKNSQHPLKGNVLNAMERVLKLSIPTLYVWLCVFYCTFHLWLNILAELLCFGDREFY 
CnDGAT1_V2  (353) NPIVQNSQHPLKGNFLNAIERVLKLSVPTLYVWLCMFYCFFHLWLNILAELLCFGDREFY 
CnDGAT1_V3  (354) NPIVQNSQHPLKGNFLNAIERVLKLSVPTLYVWLCMFYCFFHLWLNILAELLRFGDRGFY 
                  421                                                      480 
   AtDGAT1  (394) KDWWNAKSVGDYWRMWNMPVHKWMVRHIYFPCLRSKIPKTLAIIIAFLVSAVFHELCIAV 
CnDGAT1_V1  (383) KDWWNAKTIEEYWRMWNMMK---------------------------------------- 
EgDGAT1_V1  (385) KDWWNAKTIEEYWRMWNMPVHKWMLRHVYLPCIRNGIPKGVAMVISFFISAIFHELCIGI 
CnDGAT1_V2  (413) KDWWNAKTIEEYWRMWNMPVHRWMIRHIYFPCIRNGFPKAVAILISFLLSAIFHEICVAV 
CnDGAT1_V3  (414) KDWWNAKTIEEVG----------------------------------------------- 
                  481                                                      540 
   AtDGAT1  (454) PCRLFKLWAFLGIMFQVPLVFITNYLQERF-GSTVGNMIFWFIFCIFGQPMCVLLYYHDL 
CnDGAT1_V1  (403) ------------------------------------------------------------ 
EgDGAT1_V1  (445) PCHIFKFWAFIGIMFQVPLVILTKYLQNKFKSAMVGNMIFWFFFSIYGQPMCVLLYYHDV 
CnDGAT1_V2  (473) PCHIFKFWAFIGIMFQIPLVTLTKYLQHKFRNSMVGNMIFWFFFSILGQPMCVLLYYHDV 
CnDGAT1_V3  (427) ------------------------------------------------------------ 
                  541 
   AtDGAT1  (513) MNRKGSMS 
CnDGAT1_V1  (403) -------- 
EgDGAT1_V1  (505) MNRKVGTE 
CnDGAT1_V2  (533) MNRKVRTE 
CnDGAT1_V3  (427) -------- 
 
Figure 18: Complete protein sequence alignment of AtDGAT1, EgDGAT1 and CnDGAT1 candidates identified from 
transcriptome.  

 

The DGAT function can be tested through transient expression studies for its ability to increase 

TAG production, using the N. benthamiana infiltration assay. To examine the functionality of 
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isolated DGATs, each candidate was co-infiltrated with AtWRI1 to amplify the fold changes in 

increasing the TAG content. The DGAT candidates were also compared against the AtDGAT1 as 

a positive control. Five days post infiltration, the leaves were harvested and freeze-dried 

overnight before further processing. Once the leaf samples had dried, the total lipids were 

extracted using the Bligh and Dyer extraction method. The extracted lipids were processed via 

TLC, with 10mg of each sample being loaded onto the plates for separation of the TAG fraction 

using a single phase solvent system (Chapter 2.18.1). The TAG fraction was visualised under 

ultraviolet (UV) light and was scraped off for methylation using acidified methanol. The total 

fatty acid content (TFA) was also investigated by direct methylation of the total lipid extract. 

Following methylation, the samples were analysed using GC-FID to determine both the fatty 

acid content and composition. The response of the TAG 51:0 internal standard was used to 

quantify both the TAG and TFA contents (Figure 19). It was observed that one of the isolated 

coconut DGAT1 candidates was functional (CnDGAT1_V1), based on the significantly increased 

TAG (p=0.0004) and TFA (p=0.03) contents compared to the p19 control samples. Although the 

AtDGAT1 outperformed the CnDGAT1_V1 in respect to TAG and TFA contents, it may be 

explained by the differences in substrate specificities, and hence the CnDGAT1_v1 may require 

an increased flux of MCFA in order to perform optimally.   

 

 

Figure 19: Examining Cocos nucifera DGAT1 candidates for functionality through the quantification of changes in 
the accumulation of triacylglycerols (TAG; red) and the total fatty acid (TFA; blue) content (n=4).   
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For each treatment the total fatty acid profile was also analysed (Figure 20). The changes in the 

fatty acid profile provided further confirmation that the CnDGAT1_V1 candidate was 

functional, with significant increases observed for both C16:0 (p=0.0008) and C18:1 (p=0.03) 

and also a significant decrease in the C18:3 content (p=0.005), which is consistent with the 

fatty acid profile changes observed in previous studies (Vanhercke et al., 2013).  

 

Figure 20: Analysis of the major fatty acids in the total fatty acid profile, associated with the testing different 
diacylglycerol acyltransferase (DGAT1) candidates (n=4).  

 

The DGAT1 candidate can also be tested for functionality through the alleviation of lethality of 

the Saccharomyces cerevisiae quadruple mutant (are1, are2, dga1, lro1) strain H1246 (Aymé, 

Baud, Dubreucq, Joffre, & Chardot, 2014). A functional DGAT will restore the capability of the 

mutant yeast strain to accumulate TAG, and hence restores growth. The CnDGAT1_V1 gene 

was cloned into the yeast expression vector pYES2, which was designated as pKR.B1 (pYES2-

CnDGAT1_V1). Following confirmation of successful cloning the vector was then transformed 

into the mutant yeast strain H1246 for complementation studies. The empty pYES2 vector was 

used as the negative control, with the DGAT1 from A. thaliana (AtDGAT1: NM_127503) used as 

the positive control. After five days incubating at 28°C on media complemented with oleic acid 

(C18:1), yeast growth was observed for pKR.B1 (Figure 21), and hence it could be confirmed 

that the CnDGAT1_V1 is a functional DGAT. It was also observed that the positive control 

(AtDGAT1) had a much faster growth rate compared to pKR.B1, which may be related to 

differences in the DGAT substrate specificities, or that the AtDGAT1 has a higher level of 
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activity than CnDGAT1_V1. The concept of AtDGAT1 exhibiting a higher activity than 

CnDGAT1_V1 is supported by the increased TAG content associated with AtDGAT1 expression 

that was observed in Figure 18.  

 

Figure 21: Complementation assay of Saccharomyces cerevisiae quadruple mutant strain H1246, investigating the 
functionality of DGAT1 through restore of function assay. Yeast cultures were plated (5μL) at 10-fold dilutions 
and incubated at 28°C for five days. Negative control, H1246::pYES2; Positive control, H1246::AtDGAT1; pKR.B1, 
H1246::CnDGAT1_V1. 
 

With the identification and confirmation of a functional DGAT1 from coconut, the next phase is 

to further characterise the DGAT1 in terms of its fatty acid substrate specificity. It would be 

expected that the CnDGAT1 would exhibit a preference for MCFAs based on the high MCFA 

content of the oil extracted from coconut endosperm (Arkcoll, 1988; Laureles et al., 2002; 

Padolina, Lucas, & Torres, 1987). However, this remains to be further pursued. This could be 

achieved through the preparation of microsomes from the transformed yeast mutant strain 

H1246 expressing the CnDGAT1, followed by subsequent radio-labelled feeding of DAG and 

different non-labelled acyl-CoAs to determine which fatty acids are efficiently utilised for TAG 

production (Aznar-Moreno et al., 2015; Q. Liu et al., 2012; Zhou et al., 2013).  

 

3.3.4. Identification and Cloning of Cocos nucifera PDAT 
 
TAG assembly can be achieved through the PC-DAG pathway, where the membrane lipid PC is 

a central intermediate for the supply of fatty acids and DAG as substrates for TAG synthesis, 

mediated through the activity of PDAT (Dahlqvist et al., 2000). Over-expression of PDAT has 

been demonstrated to increase TAG production (J. Fan et al., 2013; Ståhl et al., 2004; M. 

Zhang, Fan, Taylor, & Ohlrogge, 2009). Previously it has also been observed that the transgenic 

expression of thioesterases leads to accumulation of unusual fatty acids in PC (Deborah S. 

Knutzon et al., 1999; E. Wiberg et al., 1997; Eva Wiberg et al., 2000). It was therefore 
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hypothesised that a functional PDAT from coconut would be a good candidate for improving 

the MCFA content of TAG by utilising the MCFAs in PC for incorporation into TAG, and also 

increasing total TAG production.  

The CnPDAT candidate identified (Table 12) was used as a sequence template for the design of 

primers so that the full length transcript could be amplified and subsequently used in 

infiltration studies. Following the design of primers, high-fidelity PCR was performed using 

Phusion-PCR to isolate the gene from extracted coconut endosperm RNA (Figure 22). It was 

observed that the PCR for amplification of the CnPDAT was not highly specific, with various 

products being amplified. All of the fragments were excised using the dark reader for 

extraction and analysis. Following gel purification, the amplified fragments were then cloned 

into pGEM-T for sequence confirmation.  

Table 13: The top PDAT candidate identified from the assembled Cocos nucifera (coconut) transcriptome. 

CANDIDATE BLAST TEMPLATE E-VALUE CONTIG IDENTIFIER UNIQUE LOCI HITS 

1 AtPDAT  
NCBI: NM_121367 0.0 CocNuf_scaff054293 687 

 

 

Figure 22: Analysis of DNA products following Phusion-PCR for CnPDAT (lane 6; red arrow) gene candidates, via 
agarose gel electrophoresis using a 1% agarose gel. Lane 1 = 1kb plus ladder (Invitrogen). Lane 4 contains 
products of the predicted size for CnPDAT, at ≈2.1kb.  

 

The consensus sequences for each amplified product was determined from the sequencing 

results, which was then further analysed using the online Transeq tool for the identification of 

open reading frames. The open reading frames were then examined through multiple 

sequence alignment to determine similarity of the amplified gene products. The multiple 

sequence alignment was also performed with AtPDAT and the predicted EgPDAT sequences to 

act as templates for assembly (Figure 23). This sequence alignment revealed that all of the 

products were highly similar at both the 5’ and 3’ ends, but varied significantly through the 

middle of the proteins with variation in the length of deletions. It may be that the smaller 
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products are alternative splice variants of the CnPDAT_V1, which appears to be the full length 

transcript based on sequence homology with both the AtPDAT (≈75%) and EgPDAT (≈96%). 

The full length protein sequence was analysed through BLAST, which confirmed the presence 

of the abhydrolase domain, a characteristic feature of PDAT. The top result from the BLAST 

analysis was the AtPDAT.  

                 1                                                                        75 
   AtPDAT    (1) -----------------------MPLIHRKKPTEKPSTPPSEEVVHDEDS---------QKKPHESSKSHHKKSN 
   EgPDAT    (1) -----------------------MSMLRRRKPSEAEKKPPPPSQADDSSSSGAAAAPTEKEKEKDAAKAAAGGRE 
CnPDAT_V1    (1) MHPTRWELSHMVDLQAAANSLVIMSMLRRRKPSEAEKKPPAPSQSDSSTSSSGAAAAPTEKEKEKDAAAAAGGRE 
CnPDAT_V3    (1) MHPTRWELSHMVDLQAAANSLVIMSMLRRRKPSEAEKKPPAPSQSDSSTSSSGAAAAPTEKEKEKDAAAAAGGRE 
CnPDAT_V4    (1) MHPTRWELSHMVDLQAAANSLVIMSMLRRRKPSEAEKKPPAPSQSDSSTSSSGAAAAPTEKEKEKDAAAAAGGRE 
CnPDAT_V5    (1) MHPTRWELSHMVDLQAAANSLVIMSMLRRRKPSEAEKKPPAPSQSDSSTSSSGAAAAPTEKEKEKDAAAAAGGRE 
                 76                                                                      150 
   AtPDAT   (44) GGGKWSCIDSCCWFIGCVCVTWWFLLFLYNAMPASFPQYVTERITGPLPDPPGVKLKKEGLKAKHPVVFIPGIVT 
   EgPDAT   (53) RKVRWSCIDNCCWLIGCICSVWWFLLFLYNAMPASFPQYVTEAITGPLPDPPGVKLAKEGLTARHPVVFVPGIVT 
CnPDAT_V1   (76) RKVRWSCIDNCCWLIGCICSVWWFLLFLYNAMPASFPQYVTEAITGPLPDPPGVKLAKEGLTARHPVVFVPGIVT 
CnPDAT_V3   (76) RKVRWSCIDNCCWLIGCICSVWWFLLFLYNAMPASFPQYVTEAITGPLPDPPGVKLAKEGLTARHPVVFVPGIVT 
CnPDAT_V4   (76) RKVRWSCIDNCCWLIGCICSVWWFLLFLYNAMPASFPQYVTEAITGPLPDPPGVKLAKEGLTARHPVVFVPGIVT 
CnPDAT_V5   (76) RKVRWSCIDNCCWLIGCICSVWWFLLFLYNAMPASFPQYVTEAITGPLPDPPEVKLAKEGLTARHPVVFVPGIVT 
                 151                                                                     225 
   AtPDAT  (119) GGLELWEGKQCADGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPAGIRVRAVSGLVAADYFAPGYFVWAV 
   EgPDAT  (128) GGLELWEGHQCADGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPQGIRVRPVTGLVAADYFAPGYFVWAV 
CnPDAT_V1  (151) GGLELWEGHQCADGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPQGIRVRPVTGLVAADYFAPGYFVWAV 
CnPDAT_V3  (151) GGLELWEGHQCADGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPQGIRVRPVTGLVAADYFAPGYFVWAV 
CnPDAT_V4  (151) GGLELWEGHQCADGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPQGIRVRPVTGLVAADYFAPGYFVWAV 
CnPDAT_V5  (151) GGLELWEGHQCADGLFRKRLWGGTFGGVYKRPLCWVERMSLDNETGLDPQGIRVRPVTGLVAADYFAPGYFVWAV 
                 226                                                                     300 
   AtPDAT  (194) LIANLAHIGYEEKNMYMAAYDWRLSFQNTEVRDQTLSRMKSNIELMVSTNGGKKAVIVPHSMGVLYFLHFMKWVE 
   EgPDAT  (203) LIANLARIGYEEKTMYMAAYDWRLSFQNTEVRDQTLSRIKVNIELMVSTNGGKKVVVIPHSMGVLYFLHFMKWVE 
CnPDAT_V1  (226) LIANLARIGYEEKTMYMAAYDWRLSFQNTEVRDQTLSRIKVNIELMVSTNGGKKVVVIPHSMGVLYFLHFMKWVE 
CnPDAT_V3  (226) LIANLARIGYEE--------------------------------------------------------------- 
CnPDAT_V4  (226) LIANLARIGYEEKTMYMAAYDWRLSFQNTED-------------------------------------------- 
CnPDAT_V5  (226) LIANLARIGYEEKTMYMAAYDWRLSFQNTEVRDQTLSRIKVNIELMVSTNGGK---------------------- 
                 301                                                                     375 
   AtPDAT  (269) APAPLGGGGGPDWCAKYIKAVMNIGGPFLGVPKAVAGLFSAEAKDVAVARAIAPGFLDTDIFRLQTLQHVMRMTR 
   EgPDAT  (278) APAPMGGGGGPNWCARHIKAVMNIGGPFLGVPKAVTGLFSAEAKDVAVARAIAPGVLDSDLLGLQTLRHVMRMTR 
CnPDAT_V1  (301) APAPKGGGGGPNWCAKHIKAVMNIGGPFLGVPKAVTGLFSAEAKDVAVARAIAPGVLDSDLFGLQTLRHVMRMTR 
CnPDAT_V3  (238) --------------------------------------------------------------------------- 
CnPDAT_V4  (257) --------------------------------------------------------------------------- 
CnPDAT_V5  (279) --------------------------------------------------------------------------- 
                 376                                                                     450 
   AtPDAT  (344) TWDSTMSMLPKGGDTIWGGLDWSPEKGHTCCGKKQKNNETCGEAGENGVS--KKSPVNYGRMISFGKEVAEAAPS 
   EgPDAT  (353) TWDSTMSMIPKGGGTIWGGLDWSPEDGYVCNTKKQKNNDSHVSQDVNAQSDYQLHSVNYGRIISFGKEVSEKPSS 
CnPDAT_V1  (376) TWDSTMSMIPKGGDTIWGGLDWSPEEGYVCNTKKQKNNDSHVSQDVNAESDYQLHSANYGRIISFGKEVSETPLS 
CnPDAT_V3  (238) -----------------------PEEGYVCNTKKQKNNDSHVSQDVNAESDYQLHSANYGRIISFGKEVSETPLS 
CnPDAT_V4  (257) --------------------------------------------------------------------------- 
CnPDAT_V5  (279) --------------------------------------------------------------------------- 
                 451                                                                     525 
   AtPDAT  (417) EINNIDFRGAVKGQSIP--NHTCRDVWTEYHDMGIAGIKAIAEYKVYTAGEAIDLLHYVAPKMMARGAAHFSYGI 
   EgPDAT  (428) KIEQIDFRDAVKGNNVAHSNASCREIWTEYHELGWGGIKAVTDYKVYTASSILDLLHFVAPKMMQRGSAHFSYGI 
CnPDAT_V1  (451) KIERIDFRDAVKGNNFAHSNASCREIWTEYHELGWGGIKAVTDYKVYTASSVLDLLHFVAPKMTQRGSAHFSYGI 
CnPDAT_V3  (290) KIERIDFRDAVKGNNFAHSNASCREIWTEYHELGWGGIKAVTDYKVYTASSVLDLLHFVAPKMMQRGSAHFSYGI 
CnPDAT_V4  (257) ---------AVKGNNFAHSNASCREIWTEYHELGWGGIKAVTDYKVYTASSVLDLLHFVAPKMMQRGSAHFSYGI 
CnPDAT_V5  (279) -------KVVVIPHSMGVLYFLHFMKWVEAPAPKGGGGGPNWCAKHIKAVMNIGGPFLGVPKAVT-G--LFSAEA 
                 526                                                                     600 
   AtPDAT  (490) ADDLDDTKYQDPKYWSNPLETKLPNAPEMEIYSLYGVGIPTERAYVYKLNQSPDSCIPFQIFTSAHEEDEDSCLK 
   EgPDAT  (503) ADNLDDPAYEHYKYWSNPLETKLPNAPDMEIYSMYGVGIPTERAYVYKLAPSAECNIPFQIDTSAEGGQDGSCLK 
CnPDAT_V1  (526) ADNLDDPEYEHYKYWSNPLETKLPNAPDMEIYSMYGVGIPTERAYVYKLAPSAECNIPFQIDTSAEGGQDGSCLK 
CnPDAT_V3  (365) ADNLDDPKYEHYKYWSNPLETKLPNAPDMEIYSMYGVGIPTERAYVYKLAPSAECNIPFQIDTSAEGGQDGSCLK 
CnPDAT_V4  (323) ADNLDDPEYEHYKYWSNPLETKLPNAPDMEIYSMYGVGIPTERAYVYKLAPSAECNIPFQIDTSAEGGQDGSCLK 
CnPDAT_V5  (344) KDVA--VAR-------------LPNAPDMEIYSMYGVGIPTERAYVYKLAPSAECNIPFQIDTSAEGGQDGSCLK 
                 601                                                                     675 
   AtPDAT  (565) AGVYNVDGDETVPVLSAGYMCAKAWRGKTRFNPSGIKTYIREYNHSPPANLLEGRGTQSGAHVDIMGNFALIEDI 
   EgPDAT  (578) GGVYLVNGDETVPVLSAGYMCAKGWRGKTRFNPSGIKTYIREYDHAPPANLLEGRGTQSGAHVDIMGNFALIEDI 
CnPDAT_V1  (601) GGVYLANGDETVPVLSAGYMCAKGWRGKTRFNPSGIKTYVREYDHAPPTNLLEGRGTQSGAHVDIMGNFALIEDV 
CnPDAT_V3  (440) GGVYLANGDETVPVLSAGYMCAKGWRGKTRFNPSGIKTYVREYDHAPPTNLLEGRGTQSGAHVDIMGNFALIEDV 
CnPDAT_V4  (398) GGVYLANGDETVPALSAGYMCAKGWRGKTRFNPSGIKTYVREYDHAPPANLLEGRGTQSGAHVDIMGNFALIEDV 
CnPDAT_V5  (404) GGVYLANGDETVPVLSAGYMCAKGWRGKTRFNPSGIKTYVREYDHAPPTNLLEGRGTQSGAHVDIMGNFALIEDV 
                 676                          707 
   AtPDAT  (640) MRVAAGGNGSDIGHDQVHSGIFEWSERIDLKL 
   EgPDAT  (653) IRVAAGATGEDLGGDQVYSDIFKWSEKVKLRL 
CnPDAT_V1  (676) IRVAAGATGEDLGGDQVYSDIFKWSEKVKLRI 
CnPDAT_V3  (515) IRVAAGATGEDLGGDQVYSDIFKWSEKVKLRI 
CnPDAT_V4  (473) IRVAAGATGEDLGGDQVYSDIFKWSEKVKLRI 
CnPDAT_V5  (479) IRVAAGATGEDLGGDQVYSDIFKWSEKVKLRI 
Figure 23: Complete protein sequence alignment of AtPDAT, predicted EgPDAT and the CnPDAT candidate 
identified through both transcriptomic and Phusion-PCR methods.  
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Based on the results of analysing sequence homology and features, it provided confidence that 

the CnPDAT_V1 should encode a functional PDAT. Following sequence confirmation, the 

CnPDAT_V1 was then cloned into pJP3343 (pKR.A17-35S::CnPDAT), a binary expression vector, 

to enable testing of gene functionality. The PDAT function can be tested through a transient 

expression using the N. benthamiana infiltration assay. The functionality of the isolated PDAT, 

however, remains to be examined. With the high abundance of C18:3 in the fatty acid profile 

of the N. benthamiana leaves, it was reasoned that the major metabolic pathway in these 

leaves for TAG production is the PC-DAG pathway. It was therefore hypothesised that via the 

over-expression of a functional PDAT, the TAG content of the leaves will increase. 

 

3.4. Identification of Other Lipid Synthesis Related Genes 
from Cocos nucifera 

 
Although acyltransferases are an important factor in driving the efficient production of TAG 

and their substrate specificities contribute to determining the final fatty acid composition of 

plant oils, there are important genes which are involved in lipid synthesis and regulation.  

 

3.4.1. Cloning and Characterisation of Cocos nucifera OLEOSIN  
 
Oleosins have become an attractive target of metabolic engineering in the production of stable 

oils in transgenic plants, particularly for non-seed platforms for the production of oil (T. 

Vanhercke et al., 2014). They are able to stabilise oils as they completely cover the surface 

area of the oil bodies, and hence protect the oil body from lipases and consequently their 

degradation (Hsieh & Huang, 2004; Maurer et al., 2013). An oleosin molecule can be divided 

into three portions according to its amino acid sequence including a hydrophilic N-terminus, a 

central hydrophobic stretch of 72 residues and a hydrophilic C-terminus. The central 

hydrophobic stretch of 72 hydrophobic residues is the hallmark of an oleosin as no other 

protein contains such a long hydrophobic stretch. Another key feature of an oleosin protein is 

the formation of the “proline-knot” in the centre of the long hydrophobic region that forms via 

the interaction of three proline and one serine amino acid residues (Hsieh & Huang, 2004). 

Based on the high oil content of the seeds from the coconut palm, ≈66% oil (Arkcoll, 1988; 

Padolina et al., 1987), it was hypothesised that oleosins must be playing an integral role in the 

accumulation and maintenance of the oil.  

The CnOLEOSIN candidates identified from the assembled transcriptome (Table 14) were used 

as sequence templates for the design of primers so that full length transcripts could be 
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amplified and subsequently used in infiltration studies. The unique loci hits were used as a 

measure of transcript abundance, and hence their importance in the role of TAG accumulation 

in the developing coconut endosperm. Following the design of primers, high-fidelity PCR was 

performed using Phusion-PCR to isolate the genes from extracted coconut endosperm RNA 

(Figure 24). Following gel purification, the amplified fragments were then cloned into pGEM-T 

for sequence confirmation. The consensus sequences for each oleosin candidate was further 

analysed using the online Transeq tool to assist in the identification of open reading frames.  

 
Table 14: Table summarising the top OLEOSIN candidates identified from the assembled Cocos nucifera (coconut) 
transcriptome. 

CANDIDATE BLAST TEMPLATE E-VALUE CONTIG IDENTIFIER UNIQUE LOCI HITS 
1 

AtOLEOSIN 4  
NCBI: NM_113682 

5e-31 CocNuf_scaff122747 151 
2 2e-27 CocNuf_scaff054874 773 
3 8e-20 CocNuf_scaff180009 138 
4 8e-30 CocNuf_scaff196122 259 

 

 

Figure 24: Analysis of DNA products following Phusion-PCR for CnOLEOSIN gene candidates, via agarose gel 
electrophoresis using a 1% agarose gel. Lane 1 = 1kb plus ladder (Invitrogen). Lanes 1-4 represent different 
CnOLEOSIN candidate fragments, with predicted product sizes of 400-600 bp.   

 

The open reading frames were then examined through multiple sequence alignment to 

determine similarity with A. thaliana homologs to determine sequence homology (Figure 25). 

Further examination of the protein sequences revealed that only one of the amplified 

sequences contained the characteristic “proline-knot” that defines an oleosin (Hsieh & Huang, 

2004), CnOLEOSIN_V4. This candidate sequence was further analysed using online protein 

property analysis tools (Innovagen, 2015; Peptide2.0, 2016), which revealed that the sequence 

was ≈49.3% hydrophobic and contained a 75 amino acid central hydrophobic region (Figure 

26). The CnOLEOSIN_V4 protein had greatest similarity with AtOLEOSIN_#3 and AtOLEOSIN_#4 

with the sequences being 44.3% identical. Based on sequence homology and the peptide 
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characteristics identified it was predicted that the CnOLEOSIN_V4 should be a functional 

oleosin.  

Following sequence identification the CnOLEOSIN_V4 gene was then cloned into pDONR207, 

which was subsequently used for gateway cloning into a binary expression vector. The 

expression vector contained a yellow fluorescent protein (YFP) which fuses with the gene of 

interest following successful cloning. The final expression vector was pAM-35S::CnOLEOSIN-

YFP which was used in N. benthamiana infiltration studies to examine functionality.   

 

Figure 25: Complete protein sequence alignments of AtOLEOSIN sequences and the CnOLEOSIN candidates that 
were identified from the assembled Cocos nucifera (coconut) transcriptome. The red line represents the central 
hydrophobic region of the oleosin protein sequences, from amino acids 23-97 of CnOLEOSIN_V4. The black box 
highlights the amino acid residues involved in the formation of the proline-knot (from amino acids 56-67), located 
at the centre of the hydrophobic region (Innovagen, 2015; Peptide2.0, 2016).  
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Figure 26: Peptide analysis of hydrophilic and hydrophobic regions of the CnOLEOSIN_V4 protein sequence 
(Innovagen, 2015; Peptide2.0, 2016). Bars above centre line represent hydrophilic amino residues of the peptide 
sequence, whereas bars below the line are representative of hydrophobic residues.  

 

The aim was to demonstrate co-localisation of oil bodies (TAG) with the oleosin protein, in 

order to prove functionality of the CnOLEOSIN. Agrobacterium infiltration of CnOLEOSIN was 

therefore performed in combinations with AtWRI1 plus AtDGAT1 to increase TAG production 

in the leaves, and hence increasing the level of co-localisation of TAG and oleosin. Following 

four days of gene expression the leaves were harvested for the preparation of fresh leaf 

sections. The leaf sections were then stained with nile red as described previously in the 

methods, in preparation for analysis by confocal microscopy (Figure 27). 

 

Figure 27: Confocal microscopy for the identification of co-localised fluorescence of nile red stain (triacylglycerol: 
TAG) and yellow fluorescent protein (YFP). The YFP column also represents the co-infiltration of CnOLEOSIN. The 
infiltration of p19 alone was used as the negative control. The infiltration of AtWRI1 + AtDGAT1 was used as both 
a positive control for the staining of oil bodies, and a negative control for the fluorescence of YFP.  
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The co-localisation of nile red staining (TAG) and YFP (oleosin) could not be identified, which 

may have been a consequence of the overlap in both their excitation and emission ranges 

(Figure 28), and hence the functionality of the CnOLEOSIN candidate could not be confirmed in 

this study. Through analysis of the protein sequence it was determined that this particular 

candidate contains all the characteristic features of an oleosin, and hence it warrants further 

investigations in the future. There are a couple of different strategies that could be 

implemented to resolve the issue of cross-fluorescence. The best approach would involve 

creating separation in the excitation and emission ranges, which could be achieved by 

changing the fused fluorophore from YFP to cyan fluorescent protein (CFP) and selecting a 

neutral lipid stain within the red spectrum, such as BODIPY-TR, illustrated in Figure 29. Another 

strategy for the confirmation of CnOLEOSIN function would be through enabling increased TAG 

content in N. benthamiana assays. This result would reveal that CnOLEOSIN is effectively 

protecting TAG from breakdown by lipases.  

 

 

Figure 28: The excitation and emission ranges of Nile red and yellow fluorescent protein (YFP). Staining with Nile 
red results in the staining of both phospholipids (membranes) and triacylglycerol (TAG). Dotted lines represent 
the excitation spectrum; solid lines represent the emission range.   

 

 

Figure 29: The excitation and emission ranges of BODIPY-TR and cyan fluorescent protein (CFP). Suggested 
fluorophores that could be effectively used to confirm the functionality of CnOLEOSIN_V4. Dotted lines represent 
the excitation spectrum; solid lines represent the emission range.   
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3.4.2. Cloning and Characterisation of Cocos nucifera FATA 
 
Although MCFA is the main constituent of coconut oil, long chain fatty acids are also an 

important component representing ≈15% of the total fatty acid composition (Arkcoll, 1988; 

Dussert et al., 2013; Kumar, 2011; Laureles et al., 2002). The FATA therefore needs to be 

considered as playing an essential roles of fatty acid release and in the final determination of 

the composition of coconut oil, involved in the release of C18:0 and C18:1 from the FAS cycle, 

and hence making them available for assembly into TAG (Bates et al., 2013; J. J. Salas & 

Ohlrogge, 2002).  

The CnFATA candidates identified from the assembled transcriptome (Table 15) were used as 

sequence templates for the design of primers so that full length transcripts could be amplified 

and subsequently used in infiltration studies. The unique loci hits were used as a measure of 

transcript abundance, and hence their importance in the role of TAG accumulation in the 

developing coconut endosperm. Following the design of primers, high-fidelity PCR was 

performed using Phusion-PCR to isolate the genes from extracted coconut endosperm RNA 

(Figure 30). Following gel purification, the amplified fragments were then cloned into pGEM-T 

for sequence confirmation. The consensus sequences for each FATA candidate was further 

analysed using the online Transeq tool to assist in the identification of open reading frames.  

 

Table 15: Table summarising the top FATA candidates identified from the assembled Cocos nucifera (coconut) 
transcriptome. 

CANDIDATE BLAST TEMPLATE E-VALUE CONTIG IDENTIFIER UNIQUE LOCI HITS 
1 AtFATA1  

NCBI: NM_113415 
8e-136 CocNuf_scaff085828 1033 

2 1e-132 CocNuf_scaff163361 24 
 

 

Figure 30: Analysis of DNA products following Phusion-PCR for CnFATA gene candidates (lanes 3 and 4), with a 
predicted size of ≈1.1 kb, via agarose gel electrophoresis using a 1% agarose gel. Lane 1 = 1kb plus ladder 
(Invitrogen). 
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The open reading frames were then examined through multiple sequence alignment with the 

A. thaliana homolog to determine sequence similarity (Figure 31). The sequence similarity of 

AtFATA with the identified coconut candidates was identified as 65% and 50% for CnFATA_V1 

and CnFATA_V2, respectively. Further examination of the protein sequences revealed that 

both of the candidate sequences contained the acyl-ACP thioesterase domain, which provided 

further evidence that they may be functional FATA proteins.   

                 1                                                         60 
   AtFATA    (1) MLKLSCNVTDSKLQRSLLFFSHSYRSDPVNFIRRRIVSCSQTKKTGLVPLRAVVSADQGS 
CnFATA_V1    (1) -MLKGCAAAGPIRVREAGAVQCRRLGTAGGGRRLPTAASVRCSRSEVAPVTGLAAAPAAA 
CnFATA_V2    (1) --------------MPATQNRRMWQEVVGGGVGAMLPGGDGCGSGGADGGGGGWRRREGT 
                 61                                                       120 
   AtFATA   (61) VVQGLATLADQLRLGSLTEDGLSYKEKFVVRSYEVGSNKTATVETIANLLQEVGCNHAQS 
CnFATA_V1   (60) EGAGMG-LAESLRLGRLVEDGLSYKESFIVRCYEVGINKTATVETIANLLQEVGCNHAQS 
CnFATA_V2   (47) GGKAPS--WESCG-GRAVVQGELHREELRGGDQQDRHRRDYRQSPPGSWLQP-----CTE 
                 121                                                      180 
   AtFATA  (121) VGFSTDGFATTTTMRKLHLIWVTARMHIEIYKYPAWGDVVEIETWCQSEGRIGTRRDWIL 
CnFATA_V1  (119) VGFSTDGFATTPTMRKLRLIWVTSRMHIEIYKYPAWGDVVEIETWCQGEGRIGTRRDWII 
CnFATA_V2   (99) CWVFYRWVRTTPTMRKLRLIWVTSRMHIEIYKYPAWSDVVEIETWCQGEGKIGTRRDWIL 
                 181                                                      240 
   AtFATA  (181) KDSVTGEVTGRATSKWVMMNQDTRRLQKVSDDVRDEYLVFCPQEPRLAFPEENNRSLKKI 
CnFATA_V1  (179) KDLPTGEVIGRATSKWVMMNQDTRKLQRVSDEVREEYLVFCPRTPRLAFPEEDNGSVKKI 
CnFATA_V2  (159) KDLASGEVIGRATSKWVMMNQDTRRLQRVSDEVREEYLVFCPRTPRLAFPEEDNGSLKKI 
                 241                                                      300 
   AtFATA  (241) PKLEDPAQYSMIGLKPRRADLDMNQHVNNVTYIGWVLESIPQEIVDTHELQVITLDYRRE 
CnFATA_V1  (239) PKLQEPAEHSRLELVPRRADLDMNQHVNNVTYIGWVLESMPQEIIDTHELQTITLDYRRE 
CnFATA_V2  (219) PKLEDPAEYSRLGLVPRRADLDMNQHVNNVAYIGWVLESMPQEIIDTHELHTITLDYRRE 
                 301                                                      360 
   AtFATA  (301) CQQDDVVDSLT-TTTSEIGGTNGSATSGTQGHNDSQFLHLLRLSGDGQEINRGTTLWRKK 
CnFATA_V1  (299) CQHDDMVDSLTSLELSDDYSTNGSAIGKQHKKEHHHFLHFLRLSSTRLEINRGRTEWRKL 
CnFATA_V2  (279) CQHDDMVDSLTSPELADDDCTNGSATGKQHERARRPYLHFLRFSGTGLEINRGRTEWRKL 
                 361 
   AtFATA  (360) PSS 
CnFATA_V1  (359) VR- 
CnFATA_V2  (339) VR- 
 
Figure 31: Complete protein sequence alignment of AtFATA and the CnFATA candidates identified from the 
assembled Cocos nucifera transcriptome.  

 

Following sequence confirmation, the CnFATA_V1 and CnFATA_V2 candidates were then 

cloned into pJP3343 (pKR.A7 and pKR.A8, respectively), a binary expression vector, to test 

gene functionality. The FATA function was tested through a transient expression study for its 

ability to not only increase TAG production, but also modify the fatty acid composition of TAG 

using the N. benthamiana infiltration assay. The CnFATA candidates were co-infiltrated with 

AtWRI1 and AtDGAT1 to model an increased oil background. The A. thaliana homolog 

(AtFATA1: NM_113415) was used as the positive control for direct comparison and to enable 

analysis of functionality.  

Five days post infiltration the leaves were harvested and freeze-dried overnight before further 

processing. Once the leaf samples had dried, the total lipids were extracted using the Bligh and 

Dyer extraction method. The extracted lipids were processed via TLC, with 10mg of each 

sample being loaded onto the plates for separation of the TAG fraction using a single phase 
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solvent system (70:30:1). The TAG fraction was visualised under UV light and was scraped off 

for methylation using acidified methanol. Following methylation, the samples were analysed 

using GC-FID to determine both the TAG content and fatty acid composition. The response of 

the TAG 51:0 internal standard was used to quantify the TAG content (Figure 32). With the co-

expression of both CnFATA candidates a significant increase in TAG production was achieved 

(p<0.0005), although TAG production was significantly higher with the co-expression of 

CnFATA_V2 when compared to CnFATA_V1 (p=0.047). It was also determined that the TAG 

content following CnFATA_V2 expression was similar to the TAG content achieved with 

AtFATA1 co-expression (p=0.1).  

  

Figure 32: Examining coconut FATA candidates for functionality through the quantification of changes in the 
accumulation of triacylglycerols (TAG) content. The A. thaliana homolog was used as a positive control (n=4).  

 

For each treatment the fatty acid composition of TAG was also analysed (Figure 33). The 

changes in the fatty acid composition following expression of either CnFATA candidate were 

similar to that observed in the positive control with AtFATA1 over-expression. In all three 

scenarios, compared to the AtWRI1 + AtDGAT1 control, a significant increase was observed for 

both C16:0 and C18:0 (p≤0.005), as well as significant decreases in both C18:1 and C18:2 

(p≤0.005). Together these results confirm the functionality of both CnFATA candidates, 

although CnFATA_V2 outperforms CnFATA_V1 in terms of the ability to increase TAG 

production.  
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Figure 33: Analysis of the major fatty acids in the triacylglycerol (TAG) fatty acid composition, associated with the 
testing different fatty acid thioesterases (FATA) candidates. The A. thaliana homolog was used as a positive 
control (n=4). 
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3.5. Conclusion 
 
Currently, crop sources of MCFA-enriched oils is supplied predominantly by the production of 

coconut palm and oil palm (both palm oil and palm kernel oil) (Arkcoll, 1988). The production 

of lauric oil has been effected by the increasing population of aging plants, which have aged to 

the point of being unproductive (Basiron, 2007; Basiron & Weng, 2004; Carter et al., 2007). The 

large investment required and the long wait before the palms yield a return of profit is 

discouraging the establishment of new plantations (Arkcoll, 1988). In recent decades, the 

deforestation for the expansion of the oil palm industry has also been of major concern, with 

correlated concerns with increased global CO2 emissions and maintaining biodiversity (Basiron, 

2007; Fitzherbert et al., 2008; Gibbs et al., 2010; Koh & Wilcove, 2009; K. T. Tan et al., 2009). 

With the continued growth in the world population there will be a correlating increased 

demand for both food and industrial products derived from vegetable oils. Methods to 

increasing global oil production have previously been proposed including the expansion of 

agricultural land, and increasing the yields of current oilseed crops through conventional 

breeding or genetic technology approaches (Barcelos et al., 2015; Bates et al., 2013; Sébastien 

Baud & Lepiniec, 2010; Kempken & Jung, 2009; A. J. Kinney, 1997; Thomas Vanhercke et al., 

2014). The expansion of land usage for vegetable oil production would be associated with 

various negative consequences, such as having less available land for the production of other 

food crops, such as wheat (Gunstone et al., 2007; Denis J. Murphy, 2007). With these reasons 

considered, it provides motives for the transition of MCFA-enriched oils into new crops, 

whether that may be through traditional oilseed crops or the further development of the leaf 

oil production into high biomass crops. 

The de novo assembly of the transcriptome from the developing endosperm of C. nucifera 

(coconut palm) has enabled the ability to identify and study genes that are involved in the 

metabolic process of TAG production. The transcriptome has been successfully utilised for the 

identification of genes essential to both the assembly (GPAT9 and DGAT1) and protection 

(OLEOSIN) of TAG. Due to the requirement of these genes for the increased production of TAG, 

they are likely to be the targets of future metabolic engineering studies targeted towards 

increasing vegetable oil yields. The further understanding of how coconut palm achieves such 

high oil yields, at ≈66% of the seed weight (Arkcoll, 1988; Padolina et al., 1987), may be crucial 

to future directions of increasing global vegetable oil production. As it has been demonstrated 

in this chapter, the assembled transcriptome now provides a platform for further gene 

discovery.  
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Chapter 4: Production of Medium-Chain Fatty Acids in Plant Leaf 
Lipids 

4.1. Introduction 
 
Medium chain saturated fatty acids are naturally produced in abundance in the seed oils of 

some plants, particularly the California bay laurel tree (U. californica) (Hopkins et al., 1966), 

camphor laurel (C. camphor) (Litchfield et al., 1967), coconut palm (C. nucifera) (Balachandran, 

Arumughan, & Mathew, 1985), oil palm (E. guineensis) (K.-C. Oo, Teh, Khor, & Ong, 1985) and 

plants of the Cuphea genus (Wolf et al., 1983). Although the seeds of many plants have been 

identified as accumulating a significant proportion of MCFAs, not all of them achieve high 

production yields in the field. An example of this is the Cuphea species, which produce a wide 

range of MCFA-enriched oil profiles, but has demonstrated poor performance in the field with 

seed yields of only 0.9 tonnes per hectare (Arkcoll, 1988; S. A. Graham & Knapp, 1989). Many 

other difficulties have been encountered with attempts to develop Cuphea as a crop including 

seed dormancy, unsuccessful growth in temperate climates, fruit shattering, poor competition 

with weeds and contamination of the seed oils with chlorophyll (Arkcoll, 1988). Currently, crop 

sources of MCFA-enriched oils is supplied predominantly by the production of coconut palm 

and oil palm. However, the production of these plants is limited to tropical and subtropical 

climates, which has been a driving force in the development of new crops that can produce 

MCFA-enriched oils in temperate climates (Figure 34).  

 

Figure 34: Climate map of the globe, highlighting the different climate zones.  

 
Metabolic engineering of the fatty acid composition of plant oils has been a research focus for 

recent decades because of their wide range of applications, ranging from the industrial 

relevant saturated MCFA (T. A. Voelker et al., 1992) to the nutritionally focused production of 
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EPA and DHA (J. R. Petrie et al., 2012). The increased MCFA production is of particular interest 

due to established applications within both the food and chemical industries, including 

pharmaceuticals, personal care products, lubricants and detergents (Arkcoll, 1988; Basiron & 

Weng, 2004; Denis J. Murphy, 2007). Today, many oil seed crops such as B. napus (canola) are 

amenable to genetic engineering strategies, including targeted approaches to engineer the 

fatty acid biosynthesis and oil production pathways. Previous metabolic engineering attempts 

have focused on the production of MCFA oils in seed, through the targeted over-expression of 

MCFA specific genes. In particular, many studies have investigated routes for increasing the 

accumulation of lauric acid in the seed oils of B. napus. Although significant levels of MCFA 

have been shown to accumulation in the seed oils of transgenic plants (Katayoon Dehesh et al., 

1996; Deborah S. Knutzon et al., 1999), limitations in MCFA-enriched oils have also been 

identified. The first was the observation that the level of β-oxidation activity increases 

proportionally to the increases in thioesterase activity (V. S. Eccleston & Ohlrogge, 1998). The 

second finding was that during seed development a significant level of laurate accumulates in 

the membrane lipids, particularly PC with up to 26% (E. Wiberg et al., 1997). Both of these 

observations indicate that there may be limitations in the efficient handling of MCFA during oil 

synthesis in the seeds of B. napus.  

In recent years, oil synthesis in vegetative tissues has been demonstrated to be an alternative 

plant oil production platform. Leaf is a particularly interesting target due to large biomass that 

is generated by a variety of plants, including sorghum and maize. Over past decades, N. 

tabacum (tobacco) has become a model system for applications in tissue culture and genetic 

engineering studies (Ganapathi, Suprasanna, Rao, & Bapat, 2004). Through metabolic 

engineering approaches, seed-like levels of oil accumulation have been demonstrated in the 

leaves of tobacco via the coordinated expression of WRI1, DGAT1 and OLEOSIN for the 

upregulation of fatty acid biosynthesis pathways, driving oil synthesis and protection of the 

produced oil bodies, respectively (T. Vanhercke et al., 2014). Importantly, the development of 

the N. benthamiana transient leaf assay has provided a platform for studying the construction 

of new metabolic pathways in a short time frame (J. Petrie et al., 2010; Craig C. Wood et al., 

2009). Consequently, this platform could also be used for the rapid screening of genes and 

pathways that efficiently produce significant levels of MCFAs in leaf lipids.  

This chapter focuses on the development of a metabolic pathway that achieves both a high 

TAG content and also a significant level of incorporation of MCFAs into TAG. To achieve this, 

many thioesterases were initially tested for their ability to modify the fatty acid profile of the 

N. benthamiana leaves. The objective was to identify pathways that result in high levels of 

accumulation for lauric, myristic and / or palmitic fatty acids.  
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4.2. Identification of Genes of Interest 
 
It has long been known that thioesterases are involved in the determination of fatty acid 

length, and hence an important influential factor to the final fatty acid profile of oilseeds 

(Bates et al., 2013; John L Harwood, 1988; J. Napier, 2007; J. B. Ohlrogge & Jaworski, 1997), as 

reflected in the varying fatty acid composition of seed oils presented in Table 16. It was 

hypothesised that this knowledge could be taken and implemented in leaves. Previously 

isolated and characterised thioesterases with MCFA specificity were retrieved from the NCBI 

database and imported into Vector NTI for sequence analysis. Multiple sequence alignments 

were performed for the both the identification of highly conserved regions, and the 

development of a phylogenetic tree (Figure 35).  

 

 

Figure 35: Phylogenetic tree analysis of thioesterase protein sequences. The grey cluster represents the type A 
thioesterase class (FATA), with all others being type B thioesterases (FATB). The orange cluster highlights the 
Lauraceae (laurel) family. The blue cluster represents the Lythraceae family, specifically the Cuphea genera. The 
green cluster represents the Arecaceae family, specifically the Cocos genera. 
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Table 16: Fatty acid composition of oils from a variety of species.  

Plant Species C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 

Brassica spp.  - - - - 4.1 2.7 60.3 19.8 10.9 
Cuphea spp.  
(S. A. Graham et al., 1981)          

C. hookeriana 50.2 25.4 3.6 1.0 7.1 0.7 4.3 4.6 - 
C. lanceolata 0.6 83.2 2.1 2.0 3.4 - 3.4 4.6 - 
C. palustris 19.7 1.4 2.0 63.7 6.7 - 3.0 2.9 - 
C. viscosissima 9.1 75.5 3.0 1.3 3.1 0.3 1.9 4.7 0.5 

Cinnamomum camphora  
(Hu et al., 2011) 0.3 53.3 39.9 1.1 0.6 0.2 4.0 0.9 0.3 

Elaeis guineensis  
(Edem, 2002) 

Palm oil 

 
- 

 
- 

 
0.2 

 
1.1 

 
44.0 

 
4.5 

 
39.2 

 
10.1 

 
0.4 

Palm kernel oil 3.3 3.5 47.8 16.3 8.5 2.5 15.4 2.4 - 
Cocos nucifera  
(Laureles et al., 2002) 7.8 6.6 50.9 19.3 7.3 2.8 4.4 0.9 - 
Umbellularia californica 
(Hopkins et al., 1966) - 21.0 70.0 2.0 - - 5.0 2.0 - 

Ulmus americana  
(Litchfield et al., 1967) 9.6 69.7 3.6 1.8 3.9 0.9 5.4 4.3 0.7 

 

 

The thioesterase genes that were selected for experiments were primarily based on the seed 

oil fatty acid profiles from the respective native species and their previously determined fatty 

acid specificities (Jing et al., 2011), which are summarized in Table 17. The thioesterase 

sequences chosen were codon optimised for expression in N. tabacum and synthesised by 

GeneArt. The genes were then cloned into the expression vector pJP3343, which drives gene 

expression by a CaMV-35S promotor, via restriction digests with EcoRI. A model of the 

construct containing the thioesterase (FATB) of interest is depicted in Figure 36. Constructs 

were transformed into E. coli DH5α electro-competent cells, and positive clones were 

confirmed by both colony-PCR and restriction digests.  
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Table 17: Summary table of isolated and characterised MCFA thioesterases, selected for transient testing in 
Nicotiana benthamiana.  

PLANT SPECIES GENE SELECTED FA SPECIFICITY NATIVE SEED MCFA 
PROFILE 

Umbellularia 
californica 

UcFatB1  
(Pollard et al., 1991) C12:0 C10:0 (27%); C12:0 (58%) 

Cinnamomum 
camphora 

CcFatB1  
(L. Yuan et al., 1995) C14:0 C10:0 (49%); C12:0 (40%) 

Cuphea 
hookeriana 

ChFatB2  
(Katayoon Dehesh et 
al., 1996; Jones et al., 

1995) 

C8:0 and C10:0 C8:0 (50%); C10:0 (25%) 

Cuphea 
palustris 

CpFatB1  
(K. Dehesh et al., 

1996) 
C8:0 and C10:0 C8:0 (20%); C14:0 (64%) 

Cuphea 
lanceolata 

ClFatB3  
(Martini et al., 1995) C8:0 C8:0 (83%) 

Cuphea 
viscosissima 

CvFatB1  
(Jing et al., 2011) C8:0 and C10:0 C8:0 (9%); C10:0 (76%);  

C12:0 (3%); C14:0 (1%) 

Cocos nucifera 

CnFatB1 
CnFatB2 
CnFatB3  

(Jing et al., 2011) 

C8:0 and C14:0 
C14:0 and C16:0 

C8:0, C12:0 and C14:0 

C8:0 (9%); C10:0 (7%); 
C12:0 (50%); C14:0 (18%) 

and C16:0 (8%) 

 

 

Figure 36: Predicted model of expression construct for the constitutive expression of genes of interest (light blue), 
driven by the CaMV-35S promotor (maroon).  
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4.3. Method Development – Testing Methylation Protocols 
 
Typically the study and analysis of lipids involves the conversion of fatty acids to simple volatile 

derivatives, usually methyl esters (Leung et al., 2010). This is achieved through a reaction 

called transesterification, which is described as the reaction of lipids with an alcohol in the 

presence of catalyst to give the products of fatty acids methyl esters and glycerol (Figure 37). 

Before conducting any experiments, two different methylation protocols were compared for 

their ability to retain a high percentage of the MCFAs present in the sample. This is an 

important consideration because the conversion of fatty acids to fatty acid methyl esters 

increases their volatility (William W Christie, 1989), and hence increases the risk of sample 

losses.  

 

 

Figure 37: Diagrammatic representation of the transesterification process, where Rn represents different fatty 
acids.  

 

The two transesterification protocols tested are both categorized as methylation methods, as 

they both result in the production of fatty acid methyl esters (FAMEs). The methylation 

protocols compared were methanolic-hydrochloric acid (MeOH-HCl; Chapter 2.19.1) or sodium 

methoxide (NaMeOx; Chapter 2.19.2), which are described as acidic and basic methylation 

methods, respectively (W W Christie, 1982; Hoshi, Williams, & Kishimoto, 1973; Rozès, Garbay, 

Denayrolles, & Lonvaud-Funel, 1993; Vorbeck, Mattick, Lee, & Pederson, 1961). To test the 

performance of each protocol, 500μg of C8:0 free-fatty acid (FFA) and 20μg of C17:0 FFA were 

methylated using each protocol (n=5), and then analysed via GC-FID. Assuming that no C17:0 

was lost during the methylation and processing, the quantity of recovered C8:0 was calculated 

(Figure 38). Statistical analysis via student t-test showed that there was no significant 

difference in the recovery efficiencies of the tested methylation protocols (p=0.06). However, 

the performance of the MeOH-HCl methylation protocol appeared to be more reliable with 

replicates showing the least variability with 96.3±0.2% recovery rate compared to 95.6±0.7% 

when using NaMeOx methylation. Based on these results, the MeOH-HCl methylation protocol 

was implemented for all subsequent experiments.  
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Figure 38: Testing methylation protocols, by determining the recovery of methylated C8:0 (n=5). The protocols 
tested were methanolic-hydrochloric acid (MeOH-HCl) and sodium methoxide (NaMeOx).  
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4.4. Investigating the Modification of Leaf Fatty Acid Profile 
by Thioesterase Expression  

 
Following the construction of the FATB expression constructs, plasmid DNA for each construct 

was isolated from overnight cultures using the Qiagen miniprep kit. The purified plasmid DNA 

was then used for A. tumefaciens (AGL1 strain) transformations. The Agrobacterium-mediated 

transient transformation of N. benthamiana leaves, where the leaves are syringe-infiltrated 

with liquid Agrobacterium cultures (Fischer et al., 1999), has been utilised for a variety of 

studies including gene silencing (Naim et al., 2012), gene over-expression (Aslan et al., 2014) 

and the reconstruction of complex metabolic pathways (J. Petrie et al., 2010). Consequently, 

this method should be a good platform for testing the shift towards MCFA production and 

accumulation in leaf.  

Initially, seven thioesterases (FATB class) from organisms known to produce MCFAs were 

tested alone (along with the viral silencing suppressor gene, p19) using the N. benthamiana 

transient expression platform (Chapter 2.16.1) to determine if the overexpression of a single 

gene was sufficient in modifying the fatty acid profile of leaf. Analysis of the fatty acid profile 

via GC-FID revealed that the expression of FATB alone in leaf was sufficient in shifting the 

profile towards the production and accumulation of MCFA, with varying degrees of success 

(Table 18). The changes in the fatty acid profile correlates well with the previously 

characterised fatty acid substrate specificities, except for the Cuphea FATB candidates. It was 

predicted that with the expression of the Cuphea FATB’s would lead to the accumulation of 

C8:0 and C10:0 fatty acids, although they were not identified. The highest levels of 

accumulation of C12:0, C14:0 and C16:0 were 1.6±0.1%, 11.3±1.0% and 35.4±4.7% following 

the expression of UmbcaTE (U. californica), CincaTE (C. camphor) and CocnuTE1 (C. nucifera), 

respectively. This result indicated that the native N. benthamiana LPAAT was either not highly 

expressed in leaf or did not have high activity with C12:0, C14:0 and C16:0 substrates. It was 

hypothesised that the co-expression of a FATB with LPAAT would assist in the increased 

accumulation of MCFAs in plant leaf lipids, as previously seen in the modification of seed oils 

(Deborah S. Knutzon et al., 1999).  
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Table 18: Raw data investigating the effects of thioesterase expression on changes in leaf total fatty acid profile. 
All FATB genes were infiltrated with the viral suppressor protein, p19 (n=3). Results in the table represent the 
percentage of fatty acid as total of fatty acid methyl esters (FAME). Control represents wildtype N. benthamiana 
leaf. Highlighted data points (blue) represent the highest level of accumulation for each respective fatty acid. 

  C12:0 C14:0 C16:0 C16:3 C18:3 
Control  0.2±0 0.1±0 14.0±0.2 8.1±0.1 57.2±0 
p19 only  0.2±0 0.1±0 14.9±0.6 7.0±0.8 53.1±0.7  

     

CincaTE  0.4±0 11.3±1.0 21.9±0.7 5.0±0.2 38.5±1.0 
CocnuTE1  0.2±0 6.3±0.6 35.4±2.7 4.2±1.4 29.9±5.5 
CocnuTE2  0.2±0 7.1±0.3 31.9±2.2 4.7±0.5 32.9±2.8 
CocnuTE3  1.2±0.1 7.2±1.3 19.6±1.6 5.7±0.5 44.8±2.9 
CuplaTE  0.2±0 1.1±0.2 21.8±2.9 6.0±0.6 48.2±3.1 
CuphoTE 0.2±0 0.2±0 15.1±0.6 6.5±0.1 53.4±1.2 

CuppaTE 0.2±0 0.2±0 14.8±0.5 6.8±0.5 53.7±0.8 

CupviTE  0.2±0 0.6±0.1 17.3±1.3 6.4±0.4 52.9±2.1 
UmbcaTE  1.6±0.1 1.1±0.2 14.4±0.8 6.5±0.3 52.7±0.1 

 

 

4.5. The Impact of CnLPAAT on Medium-Chain Fatty Acid 
Lipid Assembly 

 
The transient performance of each FATB was tested again, this time with a co-expressed 

LPAAT, from either A. thaliana (AtLPAAT) or C. nucifera (CnLPAAT) (Table 19). For the 

previously identified best performing FATB’s for the accumulation of C12:0, C14:0 and C16:0 in 

leaf (UmbcaTE, CincaTE and CocnuTE1, respectively), the co-expression of CnLPAAT resulted in 

significant increases in MCFA accumulation when compared to both the FATB alone and FATB 

+ AtLPAAT combinations (p scores presented in Table 20). The highest levels of accumulation 

of C12:0, C14:0 and C16:0 were 3.3±0.5%, 14.9±1.6% and 40.2±2.8%, respectively. Some leaf 

chlorosis (not shown) was observed following CocnuTE1 infiltration, so CocnuTE2 was used for 

further experiments since it also resulted in high C16:0 accumulation (38.3 ± 1.1%). However, 

from the combination of FATB from the Cuphea species with either LPAAT, there was no 

significant increase in the accumulation of MCFA compared to the FATB alone treatment. This 

suggested that the LPAAT’s tested were not capable of handling fatty acids shorter than C12:0. 

The identification of an LPAAT that has high substrate specificity for C8:0 and C10:0 appears to 

be essential for being able to efficiently accumulate these fatty acids in leaf. Conclusively, 

including a substrate specific LPAAT is an essential requirement for the improvement of fatty 

acid handling, hence optimising changes in the total fatty acid profiles.   
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Table 19: Raw data investigating the effects of LPAAT co-expression on changes in leaf total fatty acid profile 
(n=3). Results in the table representing the percentage of fatty acid as total of fatty acid methyl esters (FAME). 
Control represents wildtype N. benthamiana leaf. Highlighted data points (blue) represent the highest level of 
accumulation for each respective fatty acid.  

  C12:0 C14:0 C16:0 16:3 C18:3n3 

P19 0.2±0 0.1±0 14.9±0.6 7.0±0.8 53.1±0.7 
P19+AtLPAAT 0.2±0 0.4±0.5 17.4±1.0 6.2±0.3 51.4±1.3 
P19+CnLPAAT 0.1±0.1 0.1±0 15.1±1.5 6.7±0.5 52.2±4.2 
P19+CincaTE 0.4±0 11.3±1.0 21.9±0.7 5.0±0.2 38.5±1.0 
P19+CincaTE+AtLPAAT  0.2±0 7.8±0.1 24.6±0.8 5.3±0.2 39.2±1.5 
P19+CincaTE+CnLPAAT 0.7±0.2 14.9±1.6 23.0±3.7 4.8±1.4 35.4±3.3 
P19+CocnuTE1 0.2±0 6.3±0.6 35.4±2.7 4.2±1.4 29.9±5.5 
P19+CocnuTE1+AtLPAAT  0.2±0 4.6±1.3 35.3±1.4 4.4±0.7 32.7±2.0 
P19+ CocnuTE1+CnLPAAT 0.2±0 5.4±0.9 40.2±2.8 3.3±0 27.8±1.1 
P19+ CocnuTE2 0.2±0 7.1±0.3 31.9±2.2 4.7±0.5 32.9±2.8 
P19+ CocnuTE2+AtLPAAT  0.2±0 6.1±0.4 32.5±1.8 4.7±0.1 34.1±0.6 
P19+ CocnuTE2+CnLPAAT 0.2±0 6.6±1.0 38.3±1.1 3.7±0.2 28.2±1.1 
P19+ CocnuTE3 1.2±0.1 7.2±1.3 19.6±1.6 5.7±0.5 44.8±2.9 
P19+ CocnuTE3+AtLPAAT  0.9±0.2 8.5±0.4 21.4±1.9 5.6±0.2 41.7±0.6 
P19+ CocnuTE3+CnLPAAT 2.0±0.3 10.9±1.0 24.4±1.8 4.9±0.5 37.7±0.9 
P19+CuphoTE 0.2±0 0.2±0 15.1±0.6 6.5±0.1 53.4±1.2 
P19+CuphoTE+AtLPAAT  0.2±0 0.2±0 15.6±0.1 6.5±0.2 53.1±1.3 
P19+CuphoTE+CnLPAAT 0.2±0 0.2±0 15.6±0.4 6.3±0.2 51.2±1.7 
P19+CuplaTE 0.2±0 1.1±0.2 21.8±2.9 6.0±0.6 48.2±3.1 
P19+CuplaTE+AtLPAAT  0.2±0 1.0±0.1 23.4±2.7 5.9±0.5 47.3±1.2 
P19+CuplaTE+CnLPAAT 2.0±0.3 1.6±0.3 22.2±0.6 6.0±0.3 46.9±2.0 
P19+CuppaTE 0.2±0 0.2±0 14.8±0.5 6.8±0.5 53.7±0.8 
P19+CuppaTE+AtLPAAT  0.2±0 0.2±0 15.9±0.6 6.7±0.2 53.4±1.0 
P19+CuppaTE+CnLPAAT 0.2±0 0.2±0 15.5±0.7 6.7±0.3 52.0±0.8 
P19+CupviTE 0.2±0 0.6±0.1 17.3±1.3 6.4±0.4 52.9±2.1 
P19+CupviTE+AtLPAAT  0.2±0 0.6±0 19.0±0.2 6.3±0.1 51.4±1.0 
P19+CupviTE+CnLPAAT 0.5±0 1.1±0 19.6±0.8 6.0±0.2 49.8±0.3 
P19+UmbcaTE 1.6±0.1 1.1±0.2 14.4±0.8 6.5±0.3 52.7±0.1 
P19+UmbcaTE+AtLPAAT  1.2±0.2 1.1±0.1 15.4±0.2 6.5±0.2 52.3±1.3 
P19+UmbcaTE+CnLPAAT 3.3±0.5 1.2±0.1 13.9±0.4 6.4±0.2 51.3±1.7 

 

Table 20: Results from performed Student’s t-test, determining the significant changes in MCFA accumulation in 
leaf following the co-expression of FATB with CnLPAAT, compared against the expression of the FATB alone, and 
the co-expression of FATB with AtLPAAT. Analysis of statistical significance revealed that the co-expression of 
CnLPAAT outperformed AtLPAAT in all FATB combinations, although it was also observed that LPAAT expression 
had significant effect on the accumulation of C16:0 in the presence of CocnuTE1. 

    Treatment 
  FATB FATB alone  FATB + AtLPAAT 

FA
TB

 +
 

Cn
LP

AA
T UmbcaTE 0.014 0.011 

CincaTE 0.023 0.008 

CocnuTE1 0.161 0.027 
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To further elucidate the contribution that the expression of CnLPAAT has towards the 

accumulation of assembly of MCFAs in N. benthamiana leaf lipids, transient infiltrations were 

repeated so that total lipids could be extracted and analysed. Following five days of gene 

expression, observations of the leaves revealed that the expression of CincaTE and CocnuTE2 

were associated with inducing negative phenotypes of chlorosis (Figure 39). Direct 

transesterification via MeOH-HCl methylation of the lipid extract was performed to determine 

any significant changes in the total fatty acid profile of the leaf (Figure 40). Significant increases 

in the accumulation of C12:0, C14:0 and C16:0 in total leaf lipids were observed following 

thioesterase expression (UmbcaTE, CincaTE and CocnuTE2 thioesterases, respectively) when 

combined with the co-expression of the WRINKLED1 transcription factor from A. thaliana 

(AtWRI1), when compared to the expression of the respective thioesterase alone (p≤0.005). 

For each respective thioesterase group, the additional expression of the CnLPAAT appeared to 

have no significant modification of the total fatty acid profile (p≥0.2). However, based on the 

previously determined substrate specificity of the CnLPAAT (H. Maelor Davies et al., 1995), it 

was suspected that there may be changes in the fatty acid composition of particular lipid 

classes.  

 

 

Figure 39: Investigating the effect of CnLPAAT expression on the accumulation and assembly of MCFA in plant leaf 
lipids. Treatment combinations and corresponding photos of N. benthamiana leaves, following 5 days of gene 
expression.  
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Figure 40: Investigating the additional effect that AtWRI1 and CnLPAAT on the fatty acid profile of N. benthamiana leaves, following the co-expression of thioesterases (n=3).  
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The lipid extractions were analysed further by liquid-chromatography mass-spectrometry (LC-

MS) to analyse the fatty acid profile of particular lipid classes, and determine if any significant 

modifications have occurred as a result of the additional expression of CnLPAAT. The 

membrane lipids lysophosphatidylcholine (LPC) and phosphatidylcholine (PC) were of 

particular interest, in attempts to uncover reasons for the occurrence of chlorosis. Analysis of 

the LPC lipid pool (Figure 41) revealed that following the expression of the C12:0, C14:0 and 

C16:0 thioesterases (UmbcaTE, CincaTE and CocnuTE2, respectively) significant increases 

(p≤0.02) were observed in the accumulation of LPC 12:0, LPC 14:0 and LPC16:0 species, 

respectively, when compared to the control (p19 infiltrated alone). However, following the 

additional co-expression of AtWRI1 and CnLPAAT there were no significant changes identified 

in the accumulation of MCFAs in LPC (p≥0.2), except for the combination associated with 

UmbcaTE expression which resulted in a further significant increase in LPC 12:0 (p<0.05). 

Investigations of the PC lipid pool (Figure 42) highlighted the production of MCFA containing 

PC species, following thioesterase expression. Typically there were no significant changes 

observed following the additional expression of AtWRI1, compared to the thioesterase alone, 

except for the increased production of PC 32:0 associated with CocnuTE2 expression 

(p=0.005). It was suspected that this increased accumulation was a result of the AtWRI1 

upregulating the native lipid handling pathways, leading to improved efficiency for C16:0 

incorporation. Following the addition of CnLPAAT to the system, significant increases were 

identified for PC species containing C12:0 and C14:0 fatty acids. Associated with the expression 

of the UmbcaTE, significant increases were observed for PC 24:0 (p=0.007), PC 26:0 (p=0.02) 

and PC 28:0 (p=0.02). A significant increase was also observed for the accumulation of PC 28:0 

(p=0.008) following the addition of CnLPAAT, associated with CincaTE expression. However, 

from the co-expression of CnLPAAT, other significant changes within the PC profile were not 

identified for species greater than or equal to PC 30:0 (p≥0.08). This is most likely explained by 

N. benthamiana being able to effectively use fatty acids ≥C16:0 as substrates for lipid 

assembly. The increased presence of MCFA in these lipid pools suggests that the expression of 

the CnLPAAT is an essential requirement for improving the accumulation of MCFA into plant 

leaf lipids, especially for the  through the enablement of esterification to the sn-2 position (H. 

Maelor Davies et al., 1995).  

Previously it has been demonstrated that through the co-expression of AtWRI1 and AtDGAT1 

in the transient N. benthamiana leaf expression system, the oil content of the leaves could be 

increased 100-fold (Vanhercke et al., 2013). Consequently, these results provided reason to 

investigate if this same combination could be combined with the co-expression of thioesterase 

and CnLPAAT to not only increase the accumulation of MCFA, but improve the assembly of 

MCFAs into oil. 
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Figure 41: Full dataset of lysophosphatidylcholine (LPC) species for infiltrated Nicotiana benthamiana leaf samples (n=3), investigating the effect of FATB expression on leaf membrane lipid 
composition. Results were grouped by thioesterase expression. Control refers to the infiltration of P19 and the correlating thioesterases. Each FATB was also tested in combination with the 
additional expression of WRINKLED1 from Arabidopsis thaliana (AtWRI1), or with the combined expression of AtWRI1 + Cocos nucifera lysophosphatidic acid acyltransferase (CnLPAAT). 



 
124 

 

Figure 42: Full dataset of phosphatidylcholine (PC) species for infiltrated Nicotiana benthamiana leaf samples (n=3), investigating the effect of FATB expression on leaf membrane lipid 
composition. Results were grouped by thioesterase expression. Control refers to the infiltration of P19 and the correlating thioesterases. Each FATB was also tested in combination with the 
additional expression of WRINKLED1 from Arabidopsis thaliana (AtWRI1), or with the combined expression of AtWRI1 + Cocos nucifera lysophosphatidic acid acyltransferase (CnLPAAT).  
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4.6. Improving Medium-Chain Fatty Acid Incorporation 
 
The best performing CnLPAAT plus C12:0-, C14:0- and C16:0-thioesterase combinations 

(UmbcaTE, CincaTE and CocnuTE2 thioesterases, respectively) were infiltrated in combination 

with AtWRI1, AtDGAT1 and a combination of AtWRI1 + AtDGAT1 (Table 21). The accumulation 

of the relevant MCFA (C12:0 for UmbcaTE, C14:0 for CincaTE and C16:0 for CocnuTE2) was in 

each instance significantly increased following the addition of AtWRI1 to the CnLPAAT + FATB 

combination (Table 22). C12:0 constituted 9.5 ± 0.9% of total leaf fatty acids in the UmbcaTE + 

CnLPAAT + AtWRI1 samples, C14:0 constituted 18.5 ± 2.6% in the CincaTE + CnLPAAT + AtWRI1 

samples and C16:0 constituted 38.3 ± 3.0% in the CocnuTE2 + CnLPAAT + AtWRI1 samples. The 

levels of C18:3Δ9,12,15 were negatively correlated with increasing MCFA levels, most notably in 

the CocnuTE2 + CnLPAAT + AtWRI1 treatment where the C18:3Δ9,12,15 amount nearly halved 

from 62.2 ± 1.4% to 32.5 ± 3.3%. However, there was no significant improvement observed in 

the accumulation of MCFAs following the co-expression of AtDGAT1 (p=0.2). This result is most 

likely attributed to the absence of MCFAs in the seeds of A. thaliana, which suggests that the 

AtDGAT1 lacks the capability of incorporating MCFAs into TAG (O'Neill, Gill, Hobbs, Morgan, & 

Bancroft, 2003). Consequently, the addition of a DGAT that exhibits MCFA specificity may be 

one approach to further improve the MCFA accumulation and the assembly of MCFAs into oils.  

 

Table 21: Raw data investigating the effects of thioesterase expression in a “high oil” background, under the co-
expression of AtWRI1 and AtDGAT1, on the changes in leaf total fatty acid profile (n=4). Results in the table 
representing the percentage of fatty acid as total of FAME. Control represents wildtype N. benthamiana leaf. 
Highlighted data points (blue) represent the highest level of accumulation for each respective fatty acid. 

 Treatment Combination C12:0 C14:0 C16:0 C16:3 C18:0 C18:1 C18:2 C18:3 

 P19 only  0.0±0.0 0.0±0.0 11.8±0.2 8.6±0.6 1.8±0.1 1.2±0.2 9.9±0.3 62.2±1.4 

  
        

U
m

bc
aT

E P19+UmbcaTE 0.5±0.6 0.4±0.4 11.6±0.7 8.5±0.5 1.8±0.2 0.5±0.3 8.0±1.0 65.1±0.9 

P19+UmbcaTE+CnLPAAT 2.9±0.8 1.0±0.3 11.2±0.8 7.8±0.4 1.8±0.1 0.8±0.2 8.6±0.3 61.5±1.1 

P19+UmbcaTE+CnLPAAT+DGAT1 3.3±0.6 1.2±0.0 11.1±0.4 7.7±0.5 1.8±0.1 0.9±0.2 9.4±0.2 60.7±0.7 

P19+UmbcaTE+CnLPAAT+WRI1 9.5±0.9 2.8±0.2 11.7±0.5 6.3±0.3 1.7±0.1 1.9±0.3 10.4±0.4 52.1±1.4 

P19+UmbcaTE+CnLPAAT+DGAT1+WRI1 8.8±0.4 2.8±0.3 11.9±0.9 6.4±0.3 1.8±0.1 2.0±0.3 11.2±0.5 51.1±0.6 

  
        

Ci
nc

aT
E 

P19+CincaTE 0.0±0.0 6.5±1.4 16.9±1.2 7.2±0.8 2.1±0.2 0.7±0.3 9.3±1.4 53.2±3.1 

P19+CincaTE+CnLPAAT 0.5±0.4 11.8±1.8 17.5±1.1 6.2±0.2 2.3±0.1 0.9±0.2 8.4±0.6 47.7±3.0 

P19+CincaTE+CnLPAAT+DGAT1 0.3±0.4 10.8±1.7 19.0±1.1 6.0±0.4 2.3±0.2 1.3±0.2 10.2±0.8 45.3±2.1 

P19+CincaTE+CnLPAAT+WRI1 1.6±0.3 18.5±2.6 23.5±1.5 4.4±0.4 2.3±0.1 1.9±0.1 8.1±0.4 35.1±3.7 

P19+CincaTE+CnLPAAT+DGAT1+WRI1 0.9±0.3 12.6±2.7 22.7±1.3 5.0±0.5 2.4±0.1 2.7±0.5 10.3±0.4 38.6±4.3 

  
        

Co
cn

uT
E2

 P19+CocnuTE2 0.0±0.0 6.2±0.6 27.2±4.2 6.0±0.7 2.7±0.4 0.8±0.2 7.8±0.6 43.7±5.1 

P19+CocnuTE2+CnLPAAT 0.0±0.0 8.9±1.2 31.3±3.9 5.2±0.6 2.7±0.2 0.7±0.5 6.9±0.3 39.2±4.9 

P19+CocnuTE2+CnLPAAT+DGAT1 0.0±0.0 5.5±1.7 30.7±2.3 5.4±0.2 2.9±0.2 1.1±0.2 8.6±0.3 40.9±3.1 

P19+CocnuTE2+CnLPAAT+WRI1 0.0±0.0 8.4±1.5 38.3±3.0 4.1±0.4 2.9±0.3 1.1±0.2 6.7±0.3 32.5±3.3 

P19+CocnuTE2+CnLPAAT+DGAT1+WRI1 0.9±1.1 6.5±3.0 36.0±4.9 4.3±0.9 3.2±0.2 1.5±0.3 8.1±0.7 33.6±7.0 
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Table 22: Results from performed student’s t-test, determining the significant changes in MCFA accumulation in 
leaf following the addition of AtWRI1, compared against the expression of the FATB + CnLPAAT. Analysis of 
statistical significance revealed that the co-expression of AtWRI1 resulted in a significant increase in the 
accumulation of MCFA in all FATB backgrounds.  

    Treatment 
  FATB FATB + CnLPAAT + AtWRI1 

FA
TB

 +
 

Cn
LP

AA
T UmbcaTE 0.00001 

CincaTE 0.00267 

CocnuTE2 0.01478 
 

Following five days of expression, observations of the leaves revealed negative phenotypes of 

chlorosis associated with various treatments (Figure 43). The incidence of chlorosis appeared 

to be correlated with high levels of MCFA accumulation in the plant leaf lipids. It was 

hypothesised that this occurrence is potentially due to the acyltransferases present, both 

native and over-expressed, being inefficient in the handling of MCFAs, and hence are not able 

to efficiently sequester the MCFAs in oil. To better understand the relationship between the 

distribution of MCFAs in the plant leaf lipids and chlorosis, the lipid extractions were analysed 

further by LC-MS.  

 

Figure 43: Investigating the accumulation assembly of MCFA in plant leaf lipids, in a high oil background 
(AtWRI1+AtDGAT1). Treatment combinations and corresponding photos of N. benthamiana leaves, following five 
days of gene expression.  

 
A substantial amount of MCFAs were found to accumulate in TAG (Figure 44). The major TAG 

species were C12:0-containing for the UmbcaTE samples, C14:0-containing for the CincaTE 

samples and C16:0-containing for the CocnuTE2 samples. For the UmbcaTE treatments, there 

was limited accumulation of low molecular weight TAG species (containing C12:0) until 

UmbcaTE expression was associated with the co-expression of CnLPAAT and AtWRI1 (UmbcaTE 

only = 0.1 ± 0.1 µg/mg; UmbcaTE + CnLPAAT = 0.6 ± 0.5 µg/mg; UmbcaTE + CnLPAAT + AtWRI1 
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= 11.8 ± 2.6 µg/mg), with an additive effect when also expressed with AtDGAT1 (UmbcaTE 

+CnLPAAT + AtWRI1 + AtDGAT1= 19.8 ± 8.3 µg/mg).  

 

Figure 44: Full dataset of triacylglycerol (TAG) species for infiltrated N. benthamiana leaf samples (n=4). The label 
“No-TE” represents the Nicotiana benthamiana control leaf that was infiltrated with p19 only. With the 
expression of each thioesterase, in combination with CnLPAAT, AtWRI1 and AtDGAT1, significant increases in 
total TAG levels were observed. The data has been normalized using the internal standard tri-C17:0 TAG (51:0) (y-
axis), being presented in units of 1µg/mg leaf dry weight. 

 
Following over-expression of the thioesterases, the accumulation of corresponding tri-MCFA 

TAG species was observed (Figure 45). However, these tri-MCFA species were only found to 

accumulate with the inclusion of CnLPAAT co-expression, with the MCFA being incorporated 

into the sn-2 position of TAG (Deborah S. Knutzon et al., 1999). This observation was 

particularly noted in the cases of tri-C12:0 (TAG 36:0) with UmbcaTE (TE only <0.1µg/mg; 
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UmbcaTE + CnLPAAT = 0.2 ± 0.2 µg/mg; UmbcaTE + CnLPAAT + AtWRI1 = 4.2 ± 1.0 µg/mg) and 

tri-C14:0 (TAG 42:0) with CincaTE (TE only = 1.1 ± 0.4 µg/mg; CincaTE + CnLPAAT, 7.2 ± 3.0 

µg/mg; CincaTE + CnLPAAT + AtWRI1 = 16.6 ± 4.6 µg/mg). It was also observed that the 

additional expression of AtWRI1 further increased the abundance of these tri-MCFA TAG 

species (p≤0.02). Similarly to the total FAME analysis, it was observed that there was no 

significant changes in the assembly of MCFA into TAG following the additional expression of 

AtDGAT1 (p≥0.1). However, it appeared that C16:0 acyl chains appear to be incorporated more 

easily into TAG species, with the production of tri-C16:0 (TAG 48:0) being observed with over-

expression of CocnuTE2 only (Control-p19 = 0.1 ± 0.01 µg/mg; CocnuTE2 alone = 5.1 ± 1.7 

µg/mg). This observation is most likely occurring through the expression of native 

acyltransferases, being able to efficiently handle the assembly of C16:0 into lipids.  

 

Figure 45:  Important TAG species illustrating the accumulation of MCFA in TAG (n=4). The label “No-TE” 
represents the N. benthamiana control leaf that was infiltrated with p19 only. Following the expression of 
appropriate thioesterases MCFA TAG species including tri-C12:0 (TAG 36:0), -C14:0 (TAG 42:0) and -C16:0 (TAG 
48:0), were observed.  
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Through further compositional investigations of TAG, the acyl chain composition revealed that 

a significant proportion of TAG contained the newly-produced MCFAs (Figure 46), with the 

most significant changes observed following the co-expression of FATB + CnLPAAT + AtWRI1 

(UmbcaTE + CnLPAAT + AtWRI1 = 29.6 ± 0.9% C12:0; CincaTE + CnLPAAT + AtWRI1 = 38.2 ± 

1.7% C14:0; CocnuTE2 + CnLPAAT + AtWRI1 = 55.8 ± 2.6% C16:0).  

 

Figure 46: Acyl chain composition of TAG was analysed via liquid-chromatography mass-spectrometry (LC-MS), 
for infiltrated N. benthamiana leaf samples (n=4). The label “No-TE” represents the N. benthamiana control leaf 
that was infiltrated with p19 only. The data is presented as the percentage composition of each acyl chain from 
total TAG (y-axis). High levels of MCFA (C12:0, C14:0 and C16:0) were shown to accumulate in TAG.  

 
Similar analysis was performed for the investigation of MCFA accumulation within the DAG 

class (Figure 47). With thioesterase expression alone, C12:0 and C14:0 species were 

predominantly found with C18:3 acyl chains (DAG 30:3 C12:0/C18:3, DAG 32:3 C14:0/C18:3), 
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associated with UmbcaTE and CincaTE expression, respectively. Co-expression of LPAAT with 

the C12:0 and C14:0 thioesterases significantly increased di-MCFA DAG species accumulation 

(p≤0.01). The production of DAG 24:0 (C12:0/C12:0) was not detected following the expression 

of UmbcaTE alone, while in the presence of the CnLPAAT it was detected at 0.4 ± 0.3% 

(expressed as percent of total DAG species). The total C12:0 content after UmbcaTE expression 

increased from 2.2 ± 0.2% to 4.9 ± 0.7% with the additional expression of CnLPAAT. A similar 

trend was observed with the expression of CincaTE, where DAG 28:0 (di-C14:0) was detected 

at 0.2 ± 0.1% with expression of CincaTE alone, with production increased to 4.0 ± 1.0% 

following CnLPAAT co-expression. The total C14:0 composition in treatments with CincaTE 

expression increased from 5.5 ± 1.0% (CincaTE alone) to 10.0 ± 2.0% with the addition of 

CnLPAAT. The expression of CocnuTE2 alone resulted in the production of di-MCFA DAG 32:0 

(C16:0/C16:0), suggesting that the lipid handling pathways in N. benthamiana leaf have lower 

specificity for chains shorter than C16:0. It was also observed that subsequent co-expression of 

the AtDGAT1 consistently decreased DAG species containing MCFAs indicating that further 

increases in MCFA accumulation may require a DGAT with preference for MCFA substrates.  

 

Figure 47: Full dataset of diacylglycerol (DAG) species for infiltrated N. benthamiana leaf samples (n=4). The label 
“No-TE” represents the N. benthamiana control leaf that was infiltrated with p19 only. Each row represents DAG 
species containing at least one of the corresponding acyl chains (labelled on right). The data is represented 
according to LC-MS response (y-axis).      
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The presence of MCFA in the polar lipid PC was also examined by LC-MS (Figure 48). All 

samples with thioesterase expression were found to contain C12:0, C14:0 or C16:0 in PC. The 

additional expression of AtWRI1 resulted in the increased accumulation of di-MCFA species in 

the PC pool, particularly associated with the expression of UmbcaTE (PC 24:0 (di-

C12:0) UmbcaTE + CnLPAAT = 5.3 ± 1.4%; UmbcaTE + CnLPAAT + AtWRI1 = 14.0 ± 2.2%) and 

CincaTE (PC 28:0 (di-C14:0) CincaTE + CnLPAAT = 14.6 ± 3.5%; CincaTE + CnLPAAT + AtWRI1 = 

17.9 ± 3.7%). Similar acyl chain assemblies were observed between DAG and PC lipid pools. 

However, there was a consistent greater percentage increase in the accumulation of MCFAs in 

PC species than in the DAG pool. The results were particularly striking with CocnuTE2 

expression with PC 32:0 representing between 15 to 30 % of the PC pool depending on the 

expression of lipid handling genes, with the highest level observed with the combined 

expression of CocnuTE2 + CnLPAAT + AtWRI1 (28 ± 7%). In contrast the DAG 32:0 (di-C16:0) 

accounted for only 4.2 ± 0.6 % of the total DAG pool when under the same expression 

conditions. Similar results were also observed following the investigation of treatments 

associated with the expression of UmbcaTE (UmbcaTE + CnLPAAT + AtWRI1: DAG 24:0 (di-

C12:0) = 1.1 ± 0.1%, PC 24:0 = 14 ± 2%), and CincaTE (CincaTE + CnLPAAT + AtWRI1: DAG 28:0 

(di-C14:0) = 4.4 ± 0.9, PC 28:0 17 ± 3%), where the PC species were more abundant than the 

corresponding DAG species of the same acyl chain assembly. It is suspected that the 

incorporation of MCFAs into PC species is contributing to the chlorosis phenotype observed, as 

the presence of MCFAs could be significantly altering membrane fluidity, similarly to the 

phenotype observed following monoacylglycerol acyltransferase (MGAT1) transient expression 

(Divi et al., 2014). This substantial accumulation of MCFAs in PC could be occurring via the fatty 

acids first being incorporated into de novo DAG, then converted to PC via the action of choline 

phosphotransferase (CPT) or phosphatidylcholine diacylglycerol phosphotransferase (PDCT) 

(Bates et al., 2013). Alternatively, it’s also possible that MCFAs are incorporated into PC via 

direct acylation of sn-1 LPC via the action of lysophosphatidylcholine acyltransferase (LPCAT) 

(Lager et al., 2013). The presence of di-C12:0 PC and di-C14:0 PC does suggest that the above 

two routes of MCFA incorporation into PC might be operating under the transient leaf assay 

settings.  
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Figure 48: Major phosphatidylcholine (PC) species in N. benthamiana control leaf (p19 only; top left) or leaf 
transiently expressing a thioesterase either alone or in combinations with Cocos nucifera LPAAT (CnLPAAT) + 
Arabidopsis thaliana WRI1 (AtWRI1) + A. thaliana DGAT1 (AtDGAT1) (n=4). The percentage of each PC species for 
each sample is shown on the y-axis. 

 

The plastidial galactolipids monogalactosyl diacylglycerol (MGDG) (Figure 49) and digalactosyl 

diacylglycerol (DGDG) (Figure 50) contained only low levels of C12:0 and C14:0 and reduced 

levels of C16:0 relative to the p19 control leaf. The major MGDG species in the wildtype 

samples (MGDG 34:6 C16:3/C18:3, and MGDG 36:6 C18:3/C18:3) all tended to be reduced by 

the expression of the transgenes. The C12:0-containing and C14:0-containing MGDG species 

were not detected in the control sample, with only p19 expression. The major C12:0-

containing MGDG species in the UmbcaTE samples was 30:3 indicating that C18:3 and C12:0 

were co-located on the monogalactosyl backbone. Although this demonstrates that MCFAs are 

being assembled into MGDG, the 30:3 species represented only 1.3 ± 0.3% of the total MGDG 

pool, associated with the co-expression of AtWRI1. The other main C12:0-containing MGDG 

species identified from UmbcaTE expression was 28:0 (<1%), with the second fatty acid being 

C16:0. The major C14:0-containing MGDG species in the CincaTE samples were 28:0 and 30:0, 

indicating that C14:0 was accumulation in MGDG as either di-C14:0 or co-located with C16:0. 
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In contrast, C16:0-containing MGDG species tended to be reduced in the CocnuTE2 samples, 

with the reduction greatest in the presence of the AtWRI1 + AtDGAT1 combination. The major 

DGDG species in the wildtype samples (DGDG 34:3 C16:0/C18:3 and DGDG 36:6 C18:3/C18:3) 

all tended to be reduced by the expression of the transgenes, with the greatest reduction 

observed in the presence of AtWRI1. Only trace levels of C12:0-containing DGDG species were 

observed in the UmbcaTE samples. The major C14:0-containing DGDG species observed in the 

CincaTE samples were 28:0 and 30:0, both of which were absent in the control. These species 

were also observed at elevated levels in the CocnuTE2 samples but only at trace levels in the 

UmbcaTE samples. The reduction in total galactolipids may be correlated with the chlorosis 

phenotype observed, since these lipid pools are essential to the efficiency of photosynthetic 

light reactions (Dörmann, 2001). Further investigations into sequestering MCFAs into TAG, in 

attempts to recover the negative chlorotic phenotype, are required. 

 

Figure 49: Full dataset of monogalactosyl diacylglycerol (MGDG) species for infiltrated N. benthamiana leaf 
samples (n=4). The label “No-TE” represents the N. benthamiana control leaf that was infiltrated with p19 only. 
The data is represented according to LC-MS response (y-axis).  
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Figure 50: Full dataset of digalactosyl diacylglycerol (DGDG) species for infiltrated N. benthamiana leaf samples 
(n=4). The label “No-TE” represents the N. benthamiana control leaf that was infiltrated with p19 only. The data 
is represented according to LC-MS response (y-axis).  

 

Earlier work described the constitutive expression of the U. californica lauroyl-ACP 

thioesterase in B. napus (V. Eccleston et al., 1996), the UmbcaTE gene that I have used in this 

study. This resulted in the accumulation of significant levels of C12:0 in seed oil but only trace 

levels in leaf despite high transcript abundance and lauroyl-ACP thioesterase activity. In this 

study similar results have been demonstrated, in that the accumulation of C12:0 was found to 

be very low (1.6% of total leaf fatty acids) after expression of UmbcaTE alone (Table 18). The 

co-expression of the CnLPAAT, reported to have a preference for MCFAs (H. Maelor Davies et 

al., 1995), with the thioesterases increased the accumulation of C12:0, C14:0 and C16:0, all of 

which are found in C. nucifera oil (Laureles et al., 2002). This result highlighted that the native 
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N. benthamiana LPAAT was either not highly expressed in leaf or did not have high activity 

with C12:0, C14:0 and C16:0 substrates.  

The co-expression of the AtWRI1 with the CnLPAAT and thioesterases had an additional 

positive effect on C12:0 and C14:0 accumulation in leaf tissue. However, the further addition 

of AtDGAT1 to the thioesterase + CnLPAAT + AtWRI1 combinations did not further increase 

MCFA accumulation. In fact, in most cases the addition of AtDGAT1 decreased MCFA 

accumulation, suggesting that this enzyme may not have good activity on MCFA substrates 

(Aymé et al., 2014). It is important to note that tri-C12:0, -C14:0 and -C16:0 TAG species were 

detected, indicating that the CnLPAAT and native N. benthamiana lipid assembly enzymes 

were able to utilise MCFA substrates to some extent. In contrast with the C12:0- and C14:0-

ACP thioesterases, it was consistently noted that the C16:0-ACP thioesterase samples were not 

as strongly affected by the co-expression of AtWRI1. 

These results highlight that through the over-expression of thioesterases in combination with 

CnLPAAT and AtWRI1, C12:0, C14:0 and C16:0 could be assembled into TAG. This was 

important since the production of industrially-relevant levels of leaf TAG have already been 

demonstrated in tobacco (T. Vanhercke et al., 2014). Importantly, the expression of CnLPAAT is 

essential for the assembly of tri-MCFA TAG species, particularly those of trilaurin (TAG 36:0) 

and trimyristin (TAG 42:0). This result offers a potential extension of the previous work by 

demonstrating that it is possible to tailor leaf oil profiles to produce industrially-relevant fatty 

acids in leaves with elevated energy content. Collectively, these results indicate that high oil-

containing plant leaves could be a good host for MCFA production. However, further work 

needs to be conducted in attempts to relieve the bottleneck of MCFA accumulation in PC, and 

assist in the recovery of the chlorosis phenotype observed. This could potentially be achieved 

through improvements in the sequestering of MCFA into TAG via the introduction of 

acyltransferases with MCFA substrate specificity.  
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4.7. Further Improvement of Medium-Chain Fatty Acid 
Assembly into Leaf Oils  

 
Historically the incorporation of MCFAs into lipids of transgenic plants has been limited by the 

efficient handling of the “unusual” fatty acids, resulting in the increased flux of such unusual 

fatty acids into PC lipid pools (Bates & Browse, 2011; E. Wiberg et al., 1997). The inefficient 

handling has also been attributed to the inhibition of fatty acid synthesis, hence decreased 

TAG levels (Deborah S. Knutzon et al., 1999). Following the proof of concept, that MCFAs could 

be accumulated and assembled into leaf lipids, it was realised that the current combination of 

genes may not successfully produce viable transgenic plants, based on the chlorosis observed 

from previous transient expression studies. Consequently, further work was targeted at 

potentially improving the efficiency of MCFA incorporation, and hence more efficient 

sequestering of the MCFAs in TAG. It was hypothesised that the improved storage of MCFAs in 

TAG should assist in the recovery of the negative phenotype, by reducing the level of 

incorporation of the MCFAs in membrane lipids.  

The publication of the E. guineensis (African oil palm) transcriptome (Dussert et al., 2013), 

revealed gene candidates that may be involved in lipid synthesis pathways. This data included 

sequences for three predicted DGAT’s, which were codon optimised for expression in N. 

tabacum. These DGAT1 candidates were then subcloned into the expression vector pJP3343, 

for initial testing via transient expression studies. Although these candidates have not yet been 

characterised in terms of their substrate specificity, the fatty acid profile of the oils from oil 

palm (palm oil and palm kernel oil: Table 16) suggested that these DGAT1 candidates may 

exhibit specificity for MCFA substrates. Initially, these EgDGAT1 candidates were infiltrated in 

combination with AtWRI1 and CnLPAAT, both with and without the co-expression of CincaTE, 

to determine their effects on the assembly of MCFA containing lipids, particularly TAG. 

Following five days of expression, observations of the leaves revealed that negative 

phenotypes of chlorosis were associated with various treatments (Figure 51). The incidence of 

chlorosis appeared to be correlated with the expression of the CincaTE, hence high levels of 

MCFA accumulation. Further analysis revealed that the chlorosis phenotype seemed to be 

alleviated following the addition of EgDGAT1.1, when compared with AtDGAT1. It was 

hypothesised that this improvement may be due to the improved capability of the EgDGAT1.1 

being able to efficiently utilise the increased flux of MCFAs for sequestering into TAG. To 

better understand the relationship of chlorosis with each gene combination, lipid extractions 

were performed. The internal standard of C17:0 TAG was added at a concentration of 2μg/mg 

leaf for quantitative analyses.  
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Figure 51: Investigating the accumulation and assembly of MCFA in plant leaf lipids, testing different DGAT1 
candidates. The label “TE” represents the expression of CincaTE. Treatment combinations and corresponding 
photos of N. benthamiana leaves, following 5 days of gene expression.  

 

To understand the relationship of chlorosis with the correlating gene combinations, total lipids 

were extracted and then analysed. Initially, the total fatty acid content (Figure 52; blue) was 

determined. In the absence of CincaTE expression the TFA content was similar following the 

addition of either AtDGAT1 or EgDGAT1.1 (p=0.23). However, following the introduction of the 

CincaTE the TFA content was significantly higher for treatments including EgDGAT1.1 than 

compared to AtDGAT1 (p=0.015). To determine the TAG content, the lipid classes were 

separated using the single phase TLC system. The TAG fractions were scraped and collected 

into 2mL glass vials for the preparation of FAME. Following analysis, the same correlation as 

seen with TFA was observed for TAG content (Figure 52; red). Although the TAG content was 

similar for AtWRI1+AtDGAT1 and AtWRI1+EgDGAT1.1 samples (p=0.45), the TAG content for 

samples expressing AtWRI1+EgDGAT1.1 were significantly increased following the addition of 

CincaTE, compared to  samples expressing AtDGAT1 (p=0.027). This result suggests that 

following CincaTE expression, in the presence of AtDGAT1 fatty acid synthesis is inhibited due 

to inefficient assembly of the MCFAs into glycerolipids. Conversely, there appears to be no 

inhibition of FAS following the addition of EgDGAT1.1 highlighted by increased TFA and TAG 

contents, implying improved handling efficiency for MCFAs. Although TAG content was shown 

to increase, further investigation of the TAG fatty acid composition revealed that there was no 

significant difference in the total accumulation of MCFAs into leaf oils (p=0.392), when 

comparing the profiles associated with AtDGAT1 versus EgDGAT1.1 (from here within now 

referred to as EgDGAT1 due to it being most efficient for MCFA assembly).  
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Figure 52: Total fatty acid (TFA; blue) and triacylglycerol (TAG; red) quantification of N. benthamiana leaf 
infiltration samples (n=3). CcTE represents the expression of FATB from Cinnamomum camphora.  

 

In native plants, the incorporation of unusual fatty acids is almost exclusively confined in TAG 

and typically excluded from membrane lipids, most likely because they interfere with proper 

membrane functions and can often be deleterious to the plant cells (Millar et al., 2000). 

Consequently, with the visual differences in chlorosis it was suspected that analysis of the 

phospholipids fatty acid composition would provide insight towards the improved phenotype, 

hence the reduced chlorotic effect. Total phospholipids were also fractionated by TLC, and 

prepared for analysis by the preparation of FAME. Subsequent analysis of the fatty acid 

composition of the phospholipids (Figure 53) revealed a significant reduction in the 

accumulation of MCFAs following the over-expression of the EgDGAT1 (p=0.008), suggesting 

that this reduced incorporation of MCFAs into membrane lipids assists in the improvement of 

the chlorosis phenotype. It was hypothesised that this decreased flux of MCFA accumulation in 

phospholipids also correlates with the increased TAG content as a consequence of an 

improvement in the incorporation efficiency of MCFAs. This is supported by the results of 

previous studies that have demonstrated that the inefficient utilisation of unusual fatty acids 

for the assembly of glycerolipids is correlated with the both their accumulation in membrane 

lipids (Deborah S. Knutzon et al., 1999) and the inhibition of fatty acid synthesis (Bates et al., 

2014).  
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Figure 53: Raw data investigating the effects of DGAT1 co-expression on fatty acid profile changes in the 
membrane lipids (phospholipids) of N. benthamiana leaves (n=3). Results in the table representing the 
percentage of fatty acid as total of fatty acid methyl esters (FAME).  

 

4.8. Improving the Production of Medium-Chain Fatty Acid 
Enriched Oils in Leaf 

 
In plants, the incorporation of unusual fatty acids (such as MCFAs) in membrane lipids is 

usually avoided, most likely because they interfere with proper membrane functions and can 

often be deleterious to the plant cells, and hence their accumulation is almost exclusively 

confined in TAG (Millar et al., 2000).The presence of the unusual fatty acids in membrane 

lipids, typically PC, often occurs due to the absence of a specific DGAT with the capability of 

using the unusual fatty acids in the production of TAG. Previously it has been shown that a 

significant proportion of MCFAs, in this instance lauric acid, accumulates in PC during the seed 

maturation of transgenic canola (E. Wiberg et al., 1997), simply due to the native DGAT’s not 

being capable of efficiently handling the increased flux of laurate. This build-up of unusual 

fatty acids in PC occurs due to the formation of a metabolic bottleneck in DAG. The DAG 

species containing the unusual fatty acids are then rapidly converted to PC by the activities of 

CPT or PDCT. Consequently, to limit accumulation of these unusual fatty acids in membrane 

lipids, and hence avoiding any deleterious consequences, it was hypothesised that the 



 
140 

construction of an efficient pathway for handling these unusual fatty acids via their 

sequestering into TAG may be the solution.  

Following the identification and confirmation of the functional CnGPAT9 (Chapter 4.2.2) the 

GPAT9 candidates were then used for subsequent studies that involved investigating their 

capability to use MCFA acyl-CoAs as substrates for TAG assembly. The GPAT9’s were tested 

through the sequential reconstruction of the Kennedy pathway, rebuilding the pathway for 

improving MCFA composition, with all infiltrations performed in the background of AtWRI1. 

After five days of gene expression, photos of the leaves (Figure 54) were taken before the 

infiltrated zones were harvested and processed for the extraction of total lipids.  

 
 

 

Figure 54: Photos of N. benthamiana transient study, investigating the reconstruction of the Kennedy pathway 
for efficient incorporation of medium-chain fatty acids.  

 

Following the preparation of FAME, both the fatty acid composition of TAG and the TAG 

content were determined by GC-FID (Figure 55 and Figure 56, respectively). With the co-

expression of UmbcaTE, the sequential addition of each acyltransferase resulted in both 

significantly increased accumulation of C12:0 in the TAG profile (p≤0.02), and a significantly 

increased total TAG content (p≤0.05). The highest level of C12:0 accumulation achieved was 

51.55±2.03%, following expression of UmbcaTE+AtWRI1+CnGPAT9+CnLPAAT+EgDGAT1, with a 

total TAG content of 2.37±0.73%. It was also observed that this combination was associated 

with the recovery of the chlorosis phenotype, predicted to be a result of efficient sequestering 

of laurate into TAG, and hence the exclusion from membrane lipids. Similar results were 

observed with the associated co-expression of the CincaTE. The highest level of accumulation 

of C14:0 was 40.25±1.20%, with the combination of CincaTE+AtWRI1+CnGPAT9+CnLPAAT, 

although there was no significant difference in the TAG content compared to the addition of 
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the CnGPAT9 only (p=0.08). However, the greatest TAG production was achieved following the 

further addition of the EgDGAT1, with a total TAG content of 2.79±0.19%. However, the fatty 

acid composition of TAG was altered following the additional expression of EgDGAT1, with 

both a significant reduction in C14:0 (p=0.015) and a significant increase in C16:0 (p=0.013) 

content. This shift in profile suggests that EgDGAT1 exhibits a stronger substrate preference 

for C16:0 compared to C14:0. Consistent with the UmbcaTE scenario, a significant 

improvement in the chlorotic phenotype was observed following the addition of the EgDGAT1. 

However, in the scenario of samples associated with the expression of CocnuTE2, the 

sequential addition of the acyltransferases had no significant contribution to either modifying 

the fatty acid profile of TAG, or increasing the total TAG content. It is suspected that this result 

is due to the native acyltransferases being able to efficiently handle the increased flux of C16:0 

acyl-CoA from the activity of CocnuTE2. However, the observed chlorotic phenotype suggests 

that efficient assembly of TAG isn’t occurring. Consequently, further investigations into the 

composition of other lipid classes, particularly the membrane lipids is essential in the 

understanding the occurrence of chlorosis.  

 

 

Figure 55: Fatty acid composition analysis of triacylglycerol (TAG), determined by the analysis of fatty acid methyl 
esters (FAME) via gas chromatography-flame ionisation detection (GC-FID) (n=3). Each thioesterase was 
infiltrated in combination with CnGPAT9 alone, CnGPAT9 + CnLPAAT or CnGPAT9 + CnLPAAT + EgDGAT1, with all 
treatments including expression of AtWRI1 (Arabidopsis thaliana WRINKLED1). CcTE = Cinnamomum camphora 
thioesterase; CnTE2 = Cocos nucifera thioesterase; UcTE = Umbellularia californica thioesterase; CnGPAT9 = C. 
nucifera glycerol-3-phosphate acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; 
EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase.  
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Figure 56: Quantified TAG content, determined by the analysis of fatty acid methyl esters (FAME) via gas 
chromatography-flame ionisation detection (GC-FID) (n=3). The results were grouped by thioesterase expression 
including from Cinnamomum camphora (CcTE), Cocos nucifera (CnTE2), or Umbellularia californica (UcTE). All 
treatments were also co-infiltrated with WRI1 from Arabidopsis thaliana (AtWRI1). CnGPAT9 = C. nucifera 
glycerol-3-phosphate acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = 
Elaeis guineensis diacylglycerol acyltransferase 1. 

 

Further investigations into the effects that the sequential addition of acyltransferases exhibit 

towards the utilisation of acyl-CoAs for the assembly of MCFA-enriched glycerolipids was 

performed using QQQ-LC-MS, to reveal any differences in MCFA assembly and distribution.  

The integrated analysis including DAG, PC and TAG reveals an extensive amount of information 

in respect to the assembly process of lipids (Figure 57). From the expression of CnGPAT9, in 

the background of UmbcaTE + AtWRI1, it was observed that CnGPAT9 appears to exhibit some 

substrate preference for C12:0, based on the presence of PC 30:3 (C12:0 plus C18:3). It is 

reasoned that the sn-2 position is most likely occupied by the C18:3, due to the absence of the 

CnLPAAT. The presence of some TAG 42:3 suggests that the native DGAT’s exhibit some 

capability of handling C12:0 for TAG assembly (12:0/18:3/12:0). Following the subsequent 

addition of CnLPAAT, a significant amount of PC 24:0 (di-C12:0) is now being produced, 

indicative that C12:0 is now being efficiently esterified to both the sn-1 and sn-2 positions of 

the G3P backbone. However, without a DGAT that exhibits strong substrate preference for 

C12:0, most of the produced laurate remains sequestered in membrane lipids. With the 

further addition of the EgDGAT1, previously shown to be capable of handling MCFA for lipid 

assembly (Chapter 4.6), a shift in laurate accumulation was observed. This shift involved the 

reduction of MCFA accumulation in PC, and a correlating increased production of MCFA-

enriched TAG. Most notably is the shift of PC 24:0 (without EgDGAT1) to the accumulation of 
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TAG 36:0 (tri-C12:0; with EgDGAT1), highlighting that laurate is now being efficiently 

incorporated into all three positions of the G3P backbone. Significant increases were also 

observed for other MCFA-enriched TAG species including TAG 38:0, TAG 40:0 and TAG 42:0. 

These results confirm that the expression of an appropriate DGAT1 is essential for the efficient 

incorporation of the unusual fatty acids of interest (in this scenario, C12:0) into TAG. 

Conclusively, these results also highlight that the expression of the EgDGAT1 effectively 

relieves the bottleneck of laurate accumulation in PC, and promotes efficient production of 

laurate-enriched TAG in plant leaf lipids.   

A similar pattern was also observed in the case study involving the over-expression of CincaTE 

(Figure 57). From the expression of CnGPAT9, in the background of CincaTE + AtWRI1, it was 

observed that CnGPAT9 appears to exhibit some substrate preference for C14:0, based on the 

accumulation of PC 28:0 (di-C14:0) and PC 30:0 (C14:0 plus C16:0). It appears that the native 

LPAAT genes are somewhat capable of handling C14:0 acyl-CoA for lipid assembly based on the 

presence of PC 28:0, indicating that C14:0 is being esterified to both the sn-1 and sn-2 

positions. Similarly, the native DGAT’s also appear to have some substrate preference for 

C14:0, based on the production of TAG 42:0 (tri-C14:0). However, following the subsequent 

addition of CnLPAAT to the system, increased handling efficiency of the C14:0 acyl-CoAs was 

observed, evident from the significantly increased abundance of PC 28:0, which indicates an 

increased efficiency of esterification to the sn-2 position of the G3P backbone. This increased 

accumulation of MCFAs is also correlated with a more severe chlorosis phenotype then 

compared to the CnGPAT9 alone, most likely attributed to the increased saturation of the 

membrane lipids. The further addition of the EgDGAT1 to the pathway resulted in almost the 

complete removal of MCFA accumulation in PC. This was associated with an increased 

production of MCFA-enriched TAG species, particularly TAG 40:0, TAG 42:0, TAG 44:0 and TAG 

46:0, all of which include the incorporation of C14:0. It is suspected that the EgDGAT1 exhibits 

a stronger preference for C16:0 than compared to C14:0, based on the higher abundance of 

TAG 44:0 (14:0/14:0/16:0) than TAG 42:0 (tri-C14:0). This is supported by the similar trend 

seen in the changes in total fatty acid profile, with increasing accumulation of C16:0 (Figure 

55). Consequently, to further enrich the oil profile towards C14:0, it would be necessary to 

include the expression of a DGAT1 that has increased substrate specificity for C14:0. 

Importantly, the relationship between decreased MCFA accumulation in PC and increased 

production of MCFA-enriched oils, results in a significant improvement in the observed 

chlorosis phenotype. Collectively, these results indicate that the expression of a substrate 

suitable DGAT1 is essential in the avoidance of bottleneck accumulation of MCFA in PC, and 

hence driving TAG production.  
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However, in the case study involving the over-expression of CocnuTE2 (Figure 57), the pattern 

was not as consistent as previously seen. From the expression of CnGPAT9, in the background 

of CocnuTE2 + AtWRI1, it was observed that CnGPAT9 appears to exhibit some substrate 

preference for C16:0, based on the accumulation of PC 32:0 (di-C16:0). Based on the fatty acid 

profile of N. benthamiana leaves, it is expected that the native LPAAT’s and DGAT’s exhibit 

substrate specificity for the incorporation of C16:0 acyl-CoAs into glycerolipids, evident from 

the increased production of C16:0-enriched TAG species, through simply over-expressing a 

thioesterase with C16:0 activity. Although the subsequent additions of the CnLPAAT and 

EgDGAT1 appeared to have no significant effect on the overall TAG composition, there was 

significant reductions in the total MCFA accumulation in PC lipids. Importantly, the addition of 

the EgDGAT1 was associated with a reduction in the degree of leaf chlorosis, although not 

completely recovered.  

Through the comparative analysis of the effect that the expression of CnGPAT9 has on the 

fatty acid profile of the PC lipids, it seems that the CnGPAT9 does not exhibit substrate 

specificities, but rather actively incorporates acyl-CoAs based on their availability. 

Consequently, the increased flux of C12:0 or C14:0 leads to their increased accumulation 

within PC lipids as a result of UmbcaTE or CincaTE expression, respectively. It can also be 

concluded that the expression of the CnGPAT9 is an important factor in increasing the total 

production of TAG in plant leaves.  
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Figure 57: Comparative analysis of phosphatidylcholine (PC) and triacylglycerol (TAG) lipid species, associated with the expression of thioesterases from either Cinnamomum camphora (CcTE), 
Cocos nucifera (CnTE2) or Umbellularia californica (UcTE) (n=3). “Control” refers to samples that were infiltrated with p19 only. All other samples were co-infiltrated with both p19 and 
WRINKLED1 from Arabidopsis thaliana (AtWRI1). CnGPAT9 = C. nucifera glycerol-3-phosphate acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis 
guineensis diacylglycerol acyltransferase.  
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Although high levels of laurate accumulation in plant oils have been previously demonstrated 

in the seeds of transgenic canola, at ≈67%, there was a significant level of laurate being 

sequestered in PC during seed development (E. Wiberg et al., 1997). This inefficient utilisation 

of laurate for TAG synthesis was also associated with a negatively correlated penalty in total oil 

yields (Deborah S. Knutzon et al., 1999). Similarly, with these results, with the co-expression of 

CnGPAT9 and CnLPAAT there is a metabolic bottleneck identified with the sequestering of 

MCFA in PC. It was hypothesised that the addition of a DGAT1 with substrate specificity for 

MCFA is essential to the relief of this bottleneck, and hence will promote synthesis of MCFA-

enriched TAG. The expression of the DGAT from E. guineensis (oil palm: EgDGAT1) proved that 

an appropriate DGAT is essential for the efficient assembly of TAG, through the relationship of 

decreased PC species and increased TAG species containing MCFA. This concept is illustrated in 

Figure 58. The addition of EgDGAT1 plays an important role in the assembly of TAG, 

particularly those containing C12:0 and C14:0, associated with expression of UmbcaTE and 

CincaTE, respectively. The increased amounts of tri-MCFA TAG species, compared to the 

samples expressing only the CnGPAT9 and CnLPAAT, highlights the importance of expressing 

an appropriate DGAT for efficient TAG assembly. Collectively, these results highlight an 

efficient assembly pathway for the incorporation of MCFA into plant oils, while efficiently 

avoiding accumulation in membrane lipids. It is hypothesised that through the relief of the 

metabolic bottleneck, that this complete pathway may also assist in promoting higher oil 

yields, in both the seed and leaf contexts.  

 

Figure 58: Conceptual schematic of reconstructed Kennedy pathway for improving synthesis of MCFA-enriched 
TAG. Without a substrate-specific DGAT, DAG is quickly converted to PC. Alternatively, with a substrate-specific 
DGAT, DAG is utilised for efficient TAG production.  
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Acyl chain composition of DAG and PC are similar, although response for DAG is lower than 

compared to PC. The di-MCFA DAG species increase in abundance following the co-expression 

of CnLPAAT. This suggests that without a MCFA specific DGAT, DAG is rapidly being converted 

to PC via the activities of CPT or PDCT. Following the additional expression of EgDGAT1 a 

correlating response was observed with decreases of MCFA-containing species of both PC and 

DAG, and an increased amount of MCFA-containing TAG species. This result demonstrated that 

EgDGAT1 is able to efficiently handle the MCFA towards sequestering in TAG. It also 

demonstrates an exclusion mechanism for excluding the accumulation of MCFA in membrane 

lipids, hence resulting in an improved chlorosis phenotype. Importantly, the relief of this 

chlorosis phenotype can be used as a model to predict that this gene combination may be 

suitable for application in high biomass crops for the production of MCFA-enriched oils in leaf.  

 

 

4.9. Further Modification of Oil Fatty Acid Profiles 
 
With the knowledge that thioesterases are essential factors in the fatty acid profile 

determination of plant seed oils (Cantu, 2010; H. Maelor Davies, 1993; J. J. Salas & Ohlrogge, 

2002; T. A. Voelker et al., 1992), it seems reasonable to suggest that further modifications of 

the fatty acid profile could be achieved through the combinatorial expression of different 

thioesterases. Following the proof of concept, that MCFA-enriched oils can be produced 

transiently in N. benthamiana leaves, this set a platform and a background for the 

investigation of further modifications of leaf fatty acid profiles. A shift in the MCFA content of 

the fatty acid profile will highlight the contribution that thioesterases have towards 

determining and modifying oil compositions in both the native species and transgenic plants, 

respectively. Historically, transgenic work has been associated with the introduction and over-

expression of single thioesterases (Katayoon Dehesh et al., 1996; Dörmann et al., 2000; V. 

Eccleston et al., 1996; V. S. Eccleston & Ohlrogge, 1998). Thus, this study aims to investigate 

the changes in the fatty acid profiles associated with various combinations of thioesterases, 

compared to the individual thioesterase.  

The previously identified thioesterases associated with the highest accumulation of C12:0, 

C14:0 and C16:0 in leaf (UmbcaTE, CincaTE and CocnuTE2, respectively), were tested in 

combinations with each other using the transient N. benthamiana infiltration system. The 

thioesterases were either infiltrated alone, in pairs or in trio, with all thioesterase 

combinations being tested with and without the high oil background, consisting of AtWRI1, 

CnLPAAT and EgDGAT1. Photos of the leaves were taken five days post infiltration. 
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Observations of the leaves (Figure 59) revealed that the chlorosis phenotype was typically 

associated with the expression of CocnuTE2. Following the extraction of total lipids, further 

analysis of the composition of the lipid pools was performed to both identify any significant 

shifts in profile, and to rationalise the occurrence of the negative phenotype observed.  

 

Figure 59: Investigating the effects of FATB co-expression on TAG composition. Treatment combinations and 
corresponding photos of N. benthamiana leaves, following 5 days of gene expression. 

 

In the first instance the total fatty acid profile was investigated via direct methylation of the 

lipid extraction and subsequent analysis by GC-FID. As predicted from and consistent with 

previous results, the highest levels of accumulation for C12:0, C14:0 and C16:0 corresponded 

to the expression of UmbcaTE, CincaTE and CocnuTE2, respectively. In treatments that 

included a combination of thioesterases, profile shifts were observed in the total fatty acid 

composition that reflected a blending of their respective individual profiles (Figure 60). Also, 

consistent with previous results, the MCFA content of leaf lipids is higher when in the modified 

high oil background consisting of the combination of AtWRI1+CnLPAAT+EgDGAT1, which 

suggests that this combination is required for handling of MCFA for the incorporation into 

lipids (p<0.05). The only exception to this model was associated with expression of CocnuTE2 

alone (p=0.21). However, it is expected that due to the occurrence of chlorosis, that there is 

still some accumulation of MCFA within the membrane lipids, and hence the handling of MCFA 

for TAG assembly is not yet completely efficient.  
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Figure 60: Total fatty acid (TFA) profile analysis investigating the changes in fatty acid profile of N. benthamiana 
leaves following the co-expression of different thioesterases (n=4). Triple refers to samples that contained all 
three FATB genes. The “wildtype” subset refers to the expression of FATB only. The “High Oil” refers to samples 
that were infiltrated with the background of AtWRI1 + CnLPAAT + EgDGAT1.  

 

To further understand the contribution of each thioesterase on the assembly of TAG, the TAG 

composition and fatty acid profile was analysed through LC-MS. Initially the TAG was 

characterised by its fatty acid profile (Figure 61), revealing a similar trend to that seen from the 

TFA analysis. The expression of UmbcaTE in the high oil background, C12:0 accounted for ≈48% 

of the TAG profile. However, significant decreases in the C12:0 content were observed, 

associated with significant increases in C14:0 and C16:0 following the addition of CincaTE and 

CocnuTE2, respectively. Conversely, a similar pattern can be seen in the scenario of CocnuTE2 

expression, where when expressed alone C16:0 represents ≈58% of the TAG profile. The 

content of C16:0 can be significantly decreased by the co-expression of another thioesterase, 

correlated with increased proportions of C12:0 and C14:0 following the co-expression of the 

UmbcaTE and CincaTE, respectively. When the thioesterases were co-expressed, the total 

MCFA content of the total fatty acid profile ≈75%, significantly increased from samples that 

only expressed a single thioesterase (p=0.0018). Interestingly, the coordinated expression of all 

three thioesterases produced a TAG profile that had significant increases in the proportions of 

C12:0 (24%), C14:0 (16%) and C16:0 (34%).  
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Figure 61: Investigating the effects of combined thioesterase expression on triacylglycerol (TAG) fatty acid composition. Results are presented as the percentage for each fatty acid, determined by 
GC-FID (n=4). The “Control” refers to the infiltration of p19 alone. The label “Thioesterase Only” refers to the expression of p19 with the respective thioesterase combination. AtWRI1 = 
Arabidopsis thaliana WRINKLED1; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase; CcTE = Cinnamomum camphora 
thioesterase; CnTE = Cocos nucifera thioesterase; UcTE = Umbellularia californica thioesterase. 
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The TAG profile can be further analysed through determining the abundance of individual TAG 

species (Figure 62), which reveals more information in respect to TAG assembly and the 

coordinated effects of the studied thioesterases on TAG composition. When UmbcaTE was 

expressed alone, the most abundant TAG species was TAG 36:0 (tri-laurate), with TAG 38:0, 

TAG 40:0, TAG 42:0, TAG42:1, TAG 42:2 and TAG 42:3 also being highly abundant. Following 

the co-expression of CincaTE and CocnuTE2 there were significant decreases in the abundance 

of TAG 36:0, TAG 38:0 and unsaturated TAG 42 species. Alternatively, significant increases 

were observed for TAG 42:0, TAG 44:0 and TAG 46:0. The increased abundance of larger TAG 

species can be justified by the increased pool of C14:0 and C16:0 acyl-CoAs available for 

incorporation into TAG, with the addition of CincaTE and CocnuTE2.  

When CincaTE was expressed alone, the most abundant TAG species was TAG 44:0, with TAG 

42:0, TAG 48:3, TAG 50:2 and TAG 50:3 being equally abundant. With the addition of 

UmbcaTE, increases were observed for the lower molecular weight TAG species particularly 

TAG 36:0, TAG 38:0 and TAG 40:0, due to the increased availability of C12:0 for use in TAG 

assembly. Alternatively, when combined with CocnuTE2 increases were observed for higher 

molecular weight TAG species principally with TAG 46:0, TAG 48:0 and TAG 50:3, indicative of 

increased availability of C16:0.  

When only the CocnuTE2 was expressed the most abundant TAG species were TAG 46:0, TAG 

48:0, TAG 50:2 and TAG 50:3. Similar to the CincaTE scenario, the co-expression with UmbcaTE 

led to an increase in the abundance of many lower molecular weight TAG species including 

TAG 36:0, TAG 38:0, TAG 40:0, TAG 42:0 and TAG 44:0. The addition of the CincaTE also led to 

changes in the TAG composition, primarily including TAG 40:0, TAG 42:0, TAG 44:0 and TAG 

46:0. From the combinatorial expression of all three thioesterases there was a broad range in 

the TAG composition, highlighting the increased availability of C12:0, C14:0 and C16:0 acyl-

CoAs for glycerolipids assembly.  

Collectively, these results demonstrate that the TAG profile can be significantly altered 

through the co-expression of thioesterases with different substrate specificities, where they 

work together to determine the final profile. It is concluded that this occurrence may be due to 

the increased variety of acyl-CoAs that are available for assembly into TAG, and hence 

demonstrating that thioesterases are an integral factor in the determination of the fatty acid 

composition of plant oils. This concept may be important for future metabolic engineering 

studies, where different combinations of thioesterases may be over-expressed to produce 

vegetable oils of tailored fatty acid profiles. 
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Figure 62: Following Nicotiana benthamiana infiltrations, the triacylglycerol (TAG) species profile was investigated via LC-MS. Panels are grouped by each thioesterase combination (n=4). The 
“Control” refers to the infiltration of p19 alone. The label “Thioesterase Only” refers to the expression of p19 with the respective thioesterase combination. AtWRI1 = Arabidopsis thaliana 
WRINKLED1; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase; CcTE = Cinnamomum camphora thioesterase; CnTE = Cocos 
nucifera thioesterase; UcTE = Umbellularia californica thioesterase.
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In an attempt to elucidate the reasons behind the occurrence of the chlorosis phenotype the 

fatty acid composition of the membrane lipid, PC, was analysed via LC-MS (Figure 63). In the 

absence of AtWRI1 and the lipid handling genes, acyltransferases, there appeared to be a 

sequestering of MCFA in PC, particularly associated with the individual or combined expression 

of CincaTE and CocnuTE2. The most prevalent PC species included PC 30:0, PC 32:0 and 

unsaturated PC 34 species. The abundance of MCFA-containing PC species was significantly 

reduced following the combined addition of AtWRI1+CnLPAAT+EgDGAT1, and hence improving 

the chlorotic phenotype. However, the chlorosis was still apparent with the co-expression of 

CincaTE+CocnuTE2, which appears to be associated with the presence of the saturated PC 

species, particularly the high abundance of PC 32:0. It is hypothesised that there are a number 

of pathways that could be investigated for improving the chlorosis phenotype. Two potential 

options include improving the efficiency of MCFA assembly into TAG through the expression of 

acyltransferases with improved substrate specificities, or pushing the MCFA into another form 

of stable storage lipids such as wax esters (Aslan et al., 2014).  

Previously it was observed that the addition of CnLPAAT in a laurate-producing system 

(UmbcaTE over-expression) results in an increased abundance of laurate in PC, and also was 

associated with reduction in oil production (Deborah S. Knutzon et al., 1999; Larson et al., 

2002). In this study it was demonstrated that the expression of an appropriate substrate 

specific DGAT (EgDGAT1) enables the efficient esterification of acyl-CoAs into TAG, hence 

promoting efficient TAG production. This result shows not only a recovery of previously 

observed decreased oil yields, but demonstrates an increased production of oil, particularly 

MCFA-enriched oils.  
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Figure 63: Full dataset of PC species identified by LC-MS, analysing the changes in membrane lipid (PC) composition of N. benthamiana leaves following the co-expression of different 
thioesterases (n=4). Triple refers to samples that contained all three FATB genes. The “wildtype” subset refers to the expression of FATB only. The “High Oil” refers to samples that were infiltrated 
with the background of AtWRI1 + CnLPAAT + EgDGAT1.  
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4.10. Large-Scale Transient Infiltration Study 
 
In an attempt to extract a large enough volume of MCFA-enriched oil for further 

characterisation, the N. benthamiana transient expression platform via syringe infiltration was 

up-scaled to vacuum infiltrations, which enabled whole plant infiltrations. Vacuum infiltrations 

were performed (Chapter 2.16.2), with two different gene combinations used to produce 

MCFA-enriched oils of interest (Table 23). For each treatment 20 N. benthamiana plants were 

infiltrated. Following seven days of gene expression, the whole leaves were harvested and 

freeze-dried for ≈3 days. Once the leaves were dried, the dry weights were recorded before 

processing via soxhlet oil extraction (Chapter 2.27).  

 

Table 23: Treatment combinations used for Agrobacterium-mediated vacuum infiltrations of Nicotiana 
benthamiana plants, for the production of leaf oils.  

Oil No. Treatment Combinations MCFA of Interest 
1 P19 + AtWRI1 + CnLPAAT + EgDGAT1 + UmbcaTE C12:0 
2 P19 + AtWRI1 + CnLPAAT + EgDGAT1 + UmbcaTE + CincaTE C12:0 and C14:0 

 

Following extraction, the leaf oils were stored at 4°C when not being used to limit oxidation. 

Upon removal of the oils from 4°C storage it was observed that the oils had solidified (Figure 

64). The oils were heated slowly to determine their respective melting points. It was observed 

that the leaf oil 1 and leaf oil 2 had melting points of ≈24°C and ≈16°C, respectively. To more 

accurately measure and characterise the behaviour of the oil samples throughout the melting 

process it would be ideal to analyse this using differential scanning calorimetry (DSC) (Nassu & 

Guaraldo Gonçalves, 1999; C. P. Tan & Man, 2002). 

 

Figure 64: The leaf oil samples following the removal from 4°C storage. The oil samples were inverted on the 
bench to illustrate their solidification. The gene combinations for the leaf oil samples were AtWRI1 + CnLPAAT + 
EgDGAT1 + UmbcaTE (1) and AtWRI1 + CnLPAAT + EgDGAT1 + UmbcaTE + CincaTE (2).  
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The oils were then analysed for their fatty acid composition. The samples were first processed 

by single phase TLC (70:30:1) to separate the TAG from the extracted pigments, such as 

chlorophyll. The TAG fractions were then scraped off and processed via methylation using the 

MeOH-HCl method. The prepared FAME samples were then analysed by GC-FID to determine 

the fatty acid composition. It was demonstrated that through the application of these gene 

combinations that oils of commercially and industrially important fatty acid compositions 

could be produced. The fatty acid composition of these leaf oils were compared against 

current essential sources of MCFA oils for industry, including those oils extracted from oil palm 

and coconut (Figure 65). It was observed that these oils were approaching similar oil profiles to 

the lauric oils of coconut and palm kernel.  

 

 

Figure 65: Fatty acid composition comparison of current global sources of MCFA oil (coconut, palm and palm 
kernel oils) against the MCFA oils extracted from infiltrated N. benthamiana leaves (leaf oils 1 and 2).  
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4.11. Inhibition of Fatty Acid Recycling  
 
Fatty acid recycling can also be a limiting factor in achieving high levels of MCFA accumulation 

in plant oils, which has historically been shown with the limited accumulation of MCFAs in the 

leaves of transgenic plants. The transgenic production of lauric-enriched seed oils has been 

achieved with B. napus (canola) being a prime example with the seed oils accumulating up to 

67% of laurate (Deborah S. Knutzon et al., 1999). These transgenic plants also exhibited a high 

expression level of the UmbcaTE transcript in their leaves, although there was no accumulation 

of laurate, indicating that either the acyl-CoA pool of C12:0 was efficiently being broken down 

by β-oxidation or recycled for further elongation. Both the β-oxidation (Larson et al., 2002; 

Poirier et al., 1999) and recycling (Tjellstrom et al., 2013) pathways have been demonstrated 

to be occurring in transgenic plants accumulating MCFAs.  

One important factor responsible for the recycling of unusual fatty acids is an enzyme that 

belongs to the acyl-activating enzyme (AAE) family of proteins (J. M. Shockey et al., 2003), 

known as the acyl-ACP synthetase. This enzyme is responsible for the reactivation of free fatty 

acids, which have been released from the fatty acid synthesis cycle by acyl-ACP thioesterases 

(Tjellstrom et al., 2013). The reactivated acyl-ACP can then be further modified for 

downstream assembly reactions into plant lipids. Recently, acyl-ACP synthetases have been 

identified from A. thaliana that have specificity for MCFA, and hence are involved in the 

reactivation of MCFA-FFA to MCFA-ACP (Koo et al., 2005), which are known as AAE15 and 

AAE16. Following the reactivation of MCFA-ACP, they are then picked up by the plastidial fatty 

acid synthesis cycle for further elongation. It has recently been demonstrated that the 

silencing of the genes encoding these enzymes, when co-expressed with MCFA specific 

thioesterases, results in the increased MCFA content of transgenic A. thaliana seed oils 

(Tjellstrom et al., 2013).  

Therefore, it was hypothesised that the use of a hairpin for the silencing of Nicotiana 

homologues would produce similar results in the leaf production of MCFA. The A. thaliana 

sequences for AAE15 (NCBI: At4g14070) and AAE16 (NBCI: At3g23790) were used as BLAST 

queries against the N. benthamiana genome (http://benthgenome.qut.edu.au/)(Waterhouse, 

2016), to identify the homolog sequences. Using the identified homolog sequences, sequence 

alignments were performed to identify the regions of high homology for the design of the RNAi 

construct. The construction of a hairpin vector that actively silences both AAE candidates 

should produce the best response for increasing MCFA content.  

Following the extraction of RNA from N. benthamiana leaves, and synthesis of cDNA from N. 

benthamiana, Phusion PCR was performed to isolate the 500bp fragment of interest from the 

http://benthgenome.qut.edu.au/
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AAE gene (Figure 67, A). The fragment was then cloned into pGEM-T easy for sequence 

confirmation. The assembled consensus sequence for the isolated PCR fragment was then 

aligned back against the predicted homolog for NbAAE15 for confirmation (Figure 66), showing 

96.2% sequence identity. The discrepancies in sequence identity could be due to the isolation 

of an AEE homolog with high sequence homology, or that there were a few misreads that have 

resulted from the assembly of the N. benthamiana genome. With the sequence of interest 

confirmed the RNAi construct was designed (Figure 67, B). The hairpin cassette was 

constructed by restriction digest reactions through the addition of the fragments in opposite 

orientations, into the donor vector of pKANNIBAL. This process required the PCR amplification 

of new restriction sites to the 5’ and 3’ ends of the PCR product. However, the pKANNIBAL 

backbone does not contain border regions, and hence is useful only as a cloning vector. 

Following the successful construction of the hairpin, it was then cloned into the destination 

vector of pORE04 so that the hairpin could then be used for use in transient studies, as the 

border regions mediate the transfer of the DNA of interest into the plant cells during 

infiltration (Matsumoto et al., 1990).  

251                                           300 
NbAAE15 ORF (250) ATTTGGCGGACTTCGGCAGAGAAATTTGGGGATCGTGTAGCAGTTGTGGA 
NbAAE seq    (84) AC---GCTCGAGTCGGCAGAGAAATTTGGGGATCGTGTAGCAGTTGTGGA 

301                                            350 
NbAAE15 ORF (300) CCCATATCATGATCCTCCTACAAGCATGACTTATAAACAGCTTTACCAGG 
NbAAE seq   (131) CCCATATCATGATCCTCCTACAAGCATGACTTATAAACAGCTTTATCAGG 

351                                            400 
NbAAE15 ORF (350) AGATTGTGGATTTCTCTGAAGGTTTGAGAGTTGTTGGGCTAAAGCCAAAT 
NbAAE seq   (181) AGATTGTGGATTTCTCTGAAGGTTTGAGAGTTGTTGGGCTAAAGCCAAAT 

401                                            450 
NbAAE15 ORF (400) GATAAGATTGCGCTCTTTGCTGATAATTCATGTCGATGGCTTGCTGCAGA 
NbAAE seq   (231) GAGAAGATTGCGCTCTTTGCTGATAATTCATGTCGATGGCTTGTTATAGA 

451                                            500 
NbAAE15 ORF (450) TCAAGGTATGATGGCGAGTGGGGCTATCAACATTGTGAGGGGTTCAAGGT 
NbAAE seq   (281) TCAAGGTACGATGGCGAGTGGGGCTATCAACGTTGTGAGGGGTTCAAGGT 

501                                            550 
NbAAE15 ORF (500) CATCAGTTCAAGAGCTATTGCAGTTATACAGCCACTCTGAAAGTGTCGCT 
NbAAE seq   (331) CATCAGTTCAAGAGCTATTGCAATTATACAGCCACTCTGAAAGTGTTGCT 

551                                            600 
NbAAE15 ORF (550) CTTGCTATTGACAATCCTGAGATGTACAATCGGATTGCAGACACCTTTGG 
NbAAE seq   (381) CTTGCCATTGACAATCCTGAGATGTACAACCGGATTGCAGACACCTTTGG 

601                                            650 
NbAAE15 ORF (600) TTCCCACGCAGCTGTACGATTTGCTATTTTACTTTGGGGCGAGAAATCAA 
NbAAE seq   (431) TTCCCACGCAGCTGTACGATTTGTTATTTTACTTTGGGGCGAGAAATCAA 

651                                            700 
NbAAE15 ORF (650) GCCTTGGAAGAGAAGCCATGCAGGGATATCCTGTATATACTTATAAGGAG 
NbAAE seq   (481) GCCTTGGAAGAGAAGCTGTACAGGGATATCCTGTATATACGTATAAGGAG 

701                                            750 
NbAAE15 ORF (700) ATTATAGAATTGGGTCACAAAAGTCGTGTGAATCTACTTGATTCTGAAGA 
NbAAE seq   (531) ATTATAGAATTGGGTTACAAGAGTCGTGTGGATCTACTTGATTCTGAAGA 

751            768 
NbAAE15 ORF (750) TGCCAGGAAACAGTATTC 
NbAAE seq   (581) TGCCAGGG----GTACCC 
 
Figure 66: Sequence alignment of the identified acyl-activating enzyme 15 from Nicotiana benthamiana genome 
(NbAAE15 ORF) against the consensus sequence from the amplified product.  
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Figure 67: Construction of the hairpin for silencing of the acyl-activating enzymes (hpNbAAE; pOIL329).  

 

With the concept that silencing AAE activity should increase the accumulation of MCFA (Figure 

68), the UmbcaTE was studied again with and without the co-infiltration of the hairpin. This 

concept was investigated using the N. benthamiana transient expression system. Following 

five days the leaves were harvested and processed for analysis by GC-FID. The samples were 

analysed in respect to changes in the TFA profile. Analysis of the FAME profile revealed that 

the additional expression of the hpNbAAE had no significant effect on the accumulation of 

MCFAs in the plant leaf lipids (p≥0.23) (Figure 69) However, the maximum data points for each 

treatment suggests that this pathway may sufficiently increase the MCFA content, as the 

addition of the hpNbAAE leads to a C12:0 content of ≈8.7% compared to only ≈5.9% without, 

in the background of AtWRI1, CnLPAAT and EgDGAT1. The accumulation of C8:0 and C10:0 in 

leaf lipids was undetected by GC-FID.  

 

 

Figure 68: The conceptual illustration that the silencing of acyl-ACP synthetases (AAE15 and AAE16) should 
increase the MCFA content in leaf lipids. (A) The pathway in the blue shaded area highlights the reactivation 
pathway of active acyl-ACP synthetases. (B) The silencing of the acyl-ACP synthetases inhibits the re-activation 
process, and hence enables an increased flux of MCFA-CoA to be available for assembly into lipids.  
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Figure 69: Total fatty acid profile investigating the effect of silencing acyl-ACP synthetases (AAE15 and AAE16) on 
the level of MCFA accumulation, in particular the accumulation of C12:0 associated with the co-expression of the 
UmbcaTE (n=3). Control refers to the expression of UmbcaTE only. 

 

Unfortunately, there was no significant differences in MCFA accumulation in plant leaf lipids 

identified from the transient infiltration study. To significantly improve the accumulation of 

MCFA in leaf lipids, it may require the introduction of other acyltransferases which exhibit 

increased substrate preference for the fatty acid of particular interest, and hence capable of 

handling the increased flux of acyl-CoA. The insignificant increase observed may also be due to 

the short expression window, and hence does not allow enough time to generate an effect. 

This result may also be explained by the co-infiltration of p19 and V2, since p19 terminates the 

activity of V2, and hence the V2-mediated gene silencing is interrupted. Consequently, it may 

be worthwhile investigating this concept further through using this hairpin in stable construct 

design, which will be used for the generation of transgenic plants. This would enable a larger 

expression window, and highlight if the reactivation of MCFA-FFA is a limiting factor of MCFA 

accumulation in plant leaf lipids. Recent work conducted in Synechocystis (cyanobacteria) 

(Kaczmarzyk, Hudson, & Fulda, 2016) confirms that the AAE15 from A. thaliana has high 

specificity for C10:0, C12:0 and C14:0 substrates, and hence their reactivation to acyl-ACP for 

elongation. Thus, it can be confirmed that this strategy should be a good approach for further 

increasing the MCFA content and purity of MCFA-enriched oils in plant leaves.  
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4.12. Conclusions 
 
In this chapter the knowledge of vegetable oil production in leaves was expanded. It was 

initially established that through the over-expression of a thioesterase the fatty acid profile 

could be significantly modified with the expression of UmbcaTE, CincaTE and CocnuTE2 leading 

to the increased accumulation of C12:0, C14:0 and C16:0, respectively. Further work revealed 

that in order to achieve significant levels of accumulation of MCFA into TAG, the assembly 

pathways need to be optimised for MCFA. Importantly, it was demonstrated that substrate 

specific acyltransferases, in this instance CnLPAAT and EgDGAT1, are crucial for the efficient 

incorporation of MCFA into TAG. In regards to agronomical viability the expression of an 

appropriate DGAT is critical as it not only promotes increased oil production, but also reduces 

the accumulation of MCFA in membrane lipids, and hence plays an important role in the 

avoidance of chlorosis in the leaves. This knowledge could be applicable to improving the 

accumulation of other unusual fatty acids into plant oils, such as epoxy (vernolic acid) and 

hydroxylated (ricinoleic acid) fatty acids.  

Following the identification of GPAT9 from the assembled coconut transcriptome, the gene 

was investigated for its ability to both initiate TAG production and improve the MCFA content 

of leaf oils. The concept for testing CnGPAT9 over-expression is that this mimics the TAG 

assembly in seeds, being the first committed step in TAG production. It was hypothesized that 

the reconstruction of a complete Kennedy pathway would achieve both increased TAG 

production, and hence increased incorporation of MCFAs. Following the co-expression of 

CnGPAT9, and the subsequent analysis of different lipid fractions, it was revealed that the 

inclusion of GPAT9 is essential for both incorporating MCFAs into leaf lipids and also increasing 

total TAG production. It was observed that the best TAG yields were achieved following the 

combined expression of CnGPAT9 + CnLPAAT + EgDGAT1 for the production of MCFA-enriched 

oils, and hence this provides an important platform for the future production of MCFA leaf oils.  

Following the identification of an efficient assembly pathway, further studies can be 

undertaken to further modify or improve the fatty acid composition of oils. One such example 

was the co-expression of different thioesterases to modify the oil profile. This work further 

highlighted the important role that thioesterases have in defining the fatty acid composition of 

plant oils. This concept may be important for future metabolic engineering studies, where 

different combinations of thioesterases may be over-expressed to produce vegetable oils of 

tailored fatty acid profiles.  

Another important concept to consider for achieving improved incorporation of MCFAs into 

leaf lipids is the turnover of fatty acids, either through the β-oxidation (Larson et al., 2002; 
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Poirier et al., 1999) and recycling (Tjellstrom et al., 2013) pathways. These pathways have 

previously been demonstrated to be involved in limiting the accumulation of MCFAs in 

transgenic plants. Therefore, it seems reasonable to target genes involved in the β-oxidation 

and fatty acid recycling pathways such as the targeted silencing of ACX3 and AAE, respectively, 

(Koo et al., 2005; J. M. Shockey et al., 2003). It was recently demonstrated that the silencing 

AtAEE15/16, when co-expressed with MCFA specific thioesterases, the MCFA composition of 

transgenic A. thaliana seed oils significantly increases (Tjellstrom et al., 2013). Therefore, it is 

hypothesised that the use of a hairpin for silencing homologues in the target high biomass crop 

may be critical in achieving similar results in the leaf production of MCFA-enriched oils.  

The fatty acid composition of plant oils analytically determine their commercial and industrial 

applications. For example, the demonstration that the extracted leaf oils are solid at 4°C 

presents evidence for their suitability for being used as industrial lubricants (Arkcoll, 1988; 

Basiron & Weng, 2004; Denis J. Murphy, 2007). Some of the important properties of oils 

including oxidative stability, iodine value and the DSC profile (melting point) are typically 

analysed (Erhan et al., 2008; Knothe, 2009; Nassu & Guaraldo Gonçalves, 1999; Singh & Singh, 

2010; C. P. Tan & Man, 2002). It is, therefore, important to characterise the properties of plant 

oils to understand their potential applications and suitability.  
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Chapter 5: Stable Production of Medium-Chain Fatty Acid Lipids  

5.1. Introduction  
 
Currently there are only two commercially and industrially available sources of lauric oils, 

including coconut palm and oil palm, in the forms of coconut oil and palm kernel oil, 

respectively. The production of these oils is limited due to their restricted environmental 

suitability, both of which are limited to growth in tropical and subtropical climates. Oils that 

are rich in MFCA exhibit characteristics that are important for applications within both the 

food and chemical industries, including increased oxidative stability, low melting points and 

their ability to produce stable emulsions (Arkcoll, 1988; Kumar, 2011). Currently, MCFA oils 

have applications including soaps, detergents, textiles, paints and varnishes, cosmetics and 

pharmaceutical products (Arkcoll, 1988; Kumar, 2011; Laureles et al., 2002). 

With the predicted continual growth of the global population there is a correlating increasing 

demand for food, fuel and industrial products (Asif & Muneer, 2007). For example, the global 

demand for vegetable oils has been projected to increase to approximately 240 million MT in 

2050 (Corley, 2009), approximately 30% more than what is currently being produced. With the 

increasing awareness of the depletion of global oil reserves, environmental concerns 

associated with the use of fossil fuels, and also that the use of petroleum based products is 

unsustainable (Asif & Muneer, 2007; John M. Dyer et al., 2008; Wallis & Laurenson, 2004), it 

has been proposed that vegetable oils may present a suitable alternative source of renewable 

products, which could support the fossil fuel industry.  

This chapter, therefore, discusses the development of a high biomass crop that produces a 

high level of TAG with varied compositions rich in MCFA. The goal of this chapter was to 

demonstrate the production of different MCFA oils in the high biomass crop model, N. 

tabacum. A total of seven constructs were used for the Agrobacterium-mediated 

transformation of N. tabacum, with approximately 15 events generated for each construct. 

These developments present a possible sustainable option for the production of MCFA-

enriched oils that may assist in the satisfaction of increasing global demand for vegetable oils 

for the petroleum, industrial and food industries.  
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5.2. Development of a High-Oil Nicotiana benthamiana 
Experimental Platform  

 
Recently, tobacco has been transformed to produce high levels of oil in its vegetative tissues, 

accumulating ≈17% TAG (Vanhercke et al., 2013). The same gene combination (pJP3502: 

AtWRI1 + AtDGAT1 + SbOLEOSIN) was used to transform a relative of tobacco, N. 

benthamiana. The “high-oil” N. benthamiana line was developed in order to provide a 

platform for future studies, including for use as a transient infiltration platform for the testing 

of new genes for their ability to further increase TAG production in vegetative tissues in a 

stable “high-oil” background, as opposed to using a highly variable transient platform which is 

currently used. Another reason for the development of the “high-oil” N. benthamiana line was 

that it could potentially be used as a parent line for future stable transformations. The 

Agrobacterium-mediated transformations were performed using tissue culture sterile plants. 

The plants were allowed to develop for ≈8 weeks so that the leaves were well developed 

before using them as the starting material for transformations.  

From tissue culture, 21 transgenic plants were generated and transplanted to soil, to allow 

complete development under glasshouse conditions (24°C days and 18°C nights, with a 16 

hour photoperiod). The leaves were harvested for analysis of the TAG content at the seed 

setting stage of development, where seed pods had become full expanded and started to dry 

out. It was previously shown that the TAG content is highest at this point of the development 

cycle (T. Vanhercke et al., 2014). Following analysis of the TAG content, it was revealed that 

only 50% of the plants were transgenics, with varying degrees of increased TAG content 

(Figure 70). Further analysis of the fatty acid profile of TAG (Figure 70) showed a similar trend 

to that previously observed (T. Vanhercke et al., 2014) with an increased proportion of C18:1 

and a respective decrease in C18:3, which correlates with the increased TAG content.  
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Figure 70: TAG analysis of T0 generation of pJP3502 transformed N. benthamiana. The fatty acid composition of 
TAG is represented on the left-hand y-axis, with the TAG content represented on the right-hand y-axis. For 
wildtype, TAG content and fatty acid composition represents the average of four individual plants.  

 

From the primary transgenics, three events were selected for subsequent investigations of the 

T1 generation, which included the T0 events #12, #14 and #16. For each event, 20 plants were 

sown out for study, with the objective of identifying a homozygous line. This generation was 

grown under glasshouse conditions of constant 22°C with a 16 hour photoperiod. Analysis of 

the TAG content was again performed at the seed setting stage of development, at the peak of 

TAG accumulation (Figure 71). The occurrence of high oil plants from each parent line was 

analysed to determine if any of the plants exhibit the Mendelian rule of inheritance for a single 

copy gene, being a ratio of 3:1 with positive and negative phenotypes, respectively (Bateson & 

Mendel, 2013; Biffen, 1905; Christou et al., 1989). The ratio of positive transformants was 

0.45, 0.55 and 0.8 for plants of parent lines #16, #14 and #12, respectively. Based on the 

Mendelian rule of inheritance, it was predicted that the one of the events from the parent #12 

may be homozygous in the next generation. Following the collection of seed, the three best 

performing individual events from each parent were chosen for further analysis in the T2 

generation.  
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Figure 71: Analysis of the TAG content of the T1 generation of pJP3502 transformed N. benthamiana. Control 
represents the average of five wildtype N. benthamiana plants.  

 

For the investigations of the T2 generation, 15 plants were sown out for each of the top three 

performing T1 plants from each parent. For each plant, both the TFA and TAG contents were 

investigated at approximately 8 weeks after sowing (Figure 72). Some plants did not recover 

from transplanting, and hence were not harvested. It was suspected that the parent lines of 

#14 and #16 had high copy number of T-DNAs inserted into the host, based on the low 

abundance of positive high oil transformants in the T2 generation. The prediction of the parent 

line #12 following the principle of Mendelian inheritance seems to fit with the occurrence of 

positive high TAG plants. The T2 lines, #12-16 and #12-20, appeared to still be segregating with 

a low prevalence of high TAG plants observed. The #12-09 line was considered now to be a 

homozygous line with all plants processed exhibiting significantly increased TAG content 

compared to the wildtype (p≤0.001). Consequently, the plants from this line were all grown to 

maturity for the collection of seed, which will be used for further analysis and confirmation of 

homozygosity. Of particular interest was the seed collected from the plant #12-09-08, which 

was determined to have the highest TAG content, and hence will be the most suitable for 

future downstream applications.  
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Figure 72: Analysis of both the triacylglycerol (TAG) and total fatty acid (TFA) contents of the T2 generation of 
pJP3502 transformed Nicotiana benthamiana. The wildtype (WT) data represents the average of five N. 
benthamiana plants.  

 
This line was further investigated for homozygosity through analysis of the transgene copy 

number, which was enabled through the utilisation of digital droplet PCR (ddPCR; Chapter 

2.32). The analysis of the transgene copy number in the developing leaves was performed 

following the extraction of DNA from developing leaves. The copy number variation was 

compared between the T2 parent (#12-09) and seven plants from the respective T3 population 

(Figure 73). The results confirmed that the developed “high-oil” N. benthamiana line was 

homozygous, based on the copy number of each target gene being ≈1.  

 

Figure 73: Analysis of copy number variation (CNV) in transgenic pJP3502-expressing Nicotiana benthamiana, 
targeting copy number of WRINKLED1 (AtWRI1) and diacylglycerol acyltransferase 1 (AtDGAT1) from Arabidopsis 
thaliana.  
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The “high-oil” N. benthamiana line was developed in order to provide a platform for future 

studies, particularly to be used as a transient infiltration platform for the testing of new genes. 

This newly developed experimental platform has the potential for testing new packaging 

proteins, such as oleosins or lipid-droplet associated proteins (LDAP) for their ability to protect 

TAG from lipase degradation (Satinder K. Gidda et al., 2016; Horn et al., 2013; Maurer et al., 

2013). It also provides a platform for testing new candidate transcription factors such as 

WRINKLED or LEC2 for their ability to further increase the TFA and TAG contents. The testing of 

new acyltransferases, desaturases and thioesterases could also be examined using this 

platform, with the objective being modification of the fatty acid profile of plant leaf lipids. The 

application of the “high-oil” N. benthamiana line (#12-09-08) as a new transient experimental 

platform was demonstrated via the infiltration of AtFATA candidates which resulted in a 

further increased TAG content in the leaves (El Tahchy, Reynolds, Petrie, Singh, & Vanhercke, 

2017)(Appendix VII.II).  

The other projected application of the established “high-oil” N. benthamiana line was that it 

could potentially be used as a parent line for future stable transformations, particularly for the 

stable production of MCFA leaf lipids. However, following transient investigations (Chapter 

4.8), it was observed that AtDGAT1 (present in the stable N. benthamiana line) would not be 

suitable for the efficient production of MCFA-enriched oils. Consequently, new constructs 

which contained EgDGAT1 were designed for the development of plants with both an 

increased leaf oil content and an enriched MCFA composition.   
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5.3. Agrobacterium-mediated Transformation of Nicotiana 
tabacum 

5.3.1. Optimisation of Leaf Sterilisation for N. tabacum 
 
A large number of constructs was scheduled for stable transformation and it was thought that 

using glasshouse grown material for transformations, rather than tissue culture-derived 

explants, would provide increased throughput because of easier material production. The 

major issue associated with using glasshouse grown plants as transformation explants is micro-

organism contamination on plant surfaces. To ensure that contamination was not going to be 

an issue during the tissue culture process, it was important to have a sterilisation protocol that 

removed all sources of contamination from the glasshouse grown plants. Before proceeding 

with the Agrobacterium-mediated transformation of tobacco, different leaf sterilisation 

protocols were tested.  

Tobacco plants were grown in the glasshouse on soil for approximately five weeks before the 

leaves were harvested for use as transformation starting material. Two leaf sterilisation 

protocols were examined (Chapter 2.28), in comparison to a non-sterile control in which the 

leaf explants were washed in distilled water only. Briefly, both sterilisation protocols included 

a 10 minute soak in 10% bleach with 0.1% Tween 20 following an initial wash treatment in 70% 

ethanol. In the second sterilisation protocol, the leaves were initially submerged in a 1% 

detergent solution before proceeding with the ethanol and bleach wash steps. Explants were 

then cut from the sterilisation treated tobacco leaves using a sharp 12mm diameter hole 

punch with a sterile rubber mat as the work platform. Leaf discs were dried briefly using sterile 

filter paper and transferred to MS plates. To analyse the sterilisation efficiency of the 

protocols, the plates were incubated in the 24°C growth room for approximately one week, 

following which the plates were observed for contamination (Figure 74). The control treatment 

(water wash only) resulted in a large amount of fungal and bacterial growth. A significant 

improvement in contamination control was achieved through the two-step sterilisation using 

bleach (B), although contamination still occurred. The addition of a mild detergent wash 

resulted in the complete removal of visible contamination. The detergent acts by reducing 

surface tension, and hence both enables and improves surface sterilisation of the tobacco 

leaves (Clemente, 2006; Ganapathi et al., 2004; Horsch, 1985; Hussain, Nazir, Ullah, & Qarshi, 

2012).  
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Figure 74: Identifying an efficient leaf sterilisation protocol, for application with Agrobacterium-mediated 
transformation of Nicotiana tabacum (tobacco). A: washed in water only (control); B: sterilised using 70% ethanol 
plus 10% bleach solution; C: sterilised using 1% detergent, 70% ethanol then 10% bleach solution.  

 

5.3.2. Maintaining Sterile Tissue Culture for N. tabacum 
 
Another critical component in the achievement and maintenance of sterile tissue culture is 

starting with sterile cultures before beginning the transformation process. Antibacterial 

agents, such as cefotaxime, are commonly used in tissue culture as a means of controlling 

contamination (Borrelli, Di Fonzo, & Lupotto, 1992; Danilova & Dolgikh, 2004; Grzebelus & 

Skop, 2014; T.-A. Yu, Yeh, & Yang, 2001). Cefotaxime has been demonstrated to be sufficient in 

the control of both gram-positive and gram-negative bacteria, exerting its bactericidal action 

through the inhibition of bacterial cell wall synthesis (LeFrock, Prince, & Left, 1982).  

The addition of cefotaxime into tissue culture media can also be used to check the sterility of 

Agrobacterium cultures. As A. tumefaciens is a gram-negative bacterium (Matthysse, Yarnall, & 

Young, 1996), its growth on tissue culture media is efficiently inhibited, and hence the tissue 

media plates provide an effective platform for testing the sterility of A. tumefaciens cultures 

before initiating the infection stage of the transformations. From the prepared glycerol stocks 

for each construct of interest, 100μL was streaked out on to prepared tissue culture plates and 

were then incubated overnight at 28°C. Following the overnight incubation, the plates were 

checked for any growth that would indicate non-bacterial contamination (Figure 75). With the 

identification of contamination in some cultures (such as pOIL306; Figure 75), new AGL1 

transformations were performed from purified plasmid DNA to prepare contamination-free 

glycerol stocks.   

With both the confirmation of the AGL1 glycerol stocks for the candidate constructs being 

contamination-free, and the identification of an efficient leaf sterilisation protocol, it enabled 

the proceeding with the Agrobacterium-mediated transformations of N. tabacum, for the 

production of tobacco plants that accumulate high levels of MCFA-enriched oils in their leaves. 
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Figure 75: Testing glycerol stocks of Agrobacterium tumefaciens (AGL1) cultures that are to be used for Nicotiana 
tabacum transformations. The glycerol stock of pJP3626 (left, single gene construct) was confirmed to be 
contamination-free with no growth observed. However, growth was observed from the glycerol stock of pOIL306 
(right, multigene construct), which was suspected to be yeast contamination.  

 

5.3.3. Stable Transformation of N. tabacum with Constructs Tailored for 
Medium-Chain Fatty Acid Production 

 
Agrobacterium-mediated transformation of sterilised tobacco leaves was performed for the 

generation of stable transgenic tobacco plants accumulating MCFA in leaf oil. Initially, the plan 

was to utilise the stable high oil N. benthamiana line (Chapter 5.2) as a super-transformation 

platform. However, based on the results of the N. benthamiana transient studies (Chapter 4) it 

was demonstrated that best performing DGAT1 for the incorporation of MCFAs into TAG was 

the EgDGAT1, not the AtDGAT1 which was used in the pJP3502 construct used to generate the 

high oil N. benthamiana line. Instead, the approach was to transform W38 tobacco with tailor 

designed constructs for the efficient production and accumulation of MCFA-enriched oils. 

The template gene combination for the multigene constructs consisted of AtWRI1 expression 

being driven by the ribulose-1,5-bisphosphate carboxylase (Rubisco) small subunit (SSU) 

promoter from A. thaliana (De Almeida et al., 1989) (SSU::AtWRI1), the CnLPAAT driven by the 

cryptic constitutive promoter from N. tabacum (enTCUP2::CnLPAAT) (Malik et al., 2002), 

35S::EgDGAT1 and different thioesterase candidates driven by the CaMV-35S promoter. To 

construct the expression vector, the first step was to amplify in new 5`-XmaI and 3`-AatII 

restriction sites to the 35S::EgDGAT1 cassette of pJP3647, for directional cloning into the 

destination vector of pORE04, named pOIL300. The next step involved the insertion of the 

CnLPAAT gene. Firstly, the CnLPAAT cassette from pJP3627 was amplified to contain new 5`-

FseI and 3`-AscI restriction sites, so that it could be cloned into pORE04 to change the 

promoter. The enTCUP2::CnLPAAT cassette was then directionally cloned into pOIL300 using 

5`-XbaI and 3`-SmaI restriction sites, to produce pOIL302. The third cassette, SSU::AtWRI1, was 

inserted via directional cloning using 5`-SacII and 3`-KasI restriction sites. The SSU::AtWRI1 
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cassette was excised from the donor construct (pJP3502) and inserted into the parent vector 

(pOIL302) to produce pOIL303. This construct was then used as the parent vector for the 

addition of 35S::FATB cassettes. The resulting multigene constructs contained either the 

UmbcaTE, CincaTE or CocnuTE2 (Table 24), with a graphical model of the multi-gene construct 

presented in Figure 76.  

 

Table 24: Summary table describing the gene combinations of the multigene constructions used for cloning and 
the Agrobacterium-mediated transformation of Nicotiana tabacum Winconsin-38 (W38).  

Final Construct Genes 
pOIL300 35S::EgDGAT1 
pOIL302 35S::EgDGAT1 + enTCUP2::CnLPAAT 
pOIL303 35S::EgDGAT1 + enTCUP2::CnLPAAT + SSU::AtWRI1 
pOIL305 35S::EgDGAT1 + enTCUP2::CnLPAAT + SSU::AtWRI1 + 35S::UmbcaTE 
pOIL306 35S::EgDGAT1 + enTCUP2::CnLPAAT + SSU::AtWRI1 + 35S::CincaTE 
pOIL307 35S::EgDGAT1 + enTCUP2::CnLPAAT + SSU::AtWRI1 + 35S::CocnuTE2 

pOIL330 35S::EgDGAT1 + enTCUP2::CnLPAAT + SSU::AtWRI1 + 35S::UmbcaTE 
+ 35S::CincaTE 

 

  

Figure 76: Graphic representation of the multigene (four gene) construct used for Agrobacterium-mediated stable 
transformations of N. tabacum, with the FATB (red) gene being interchangeable. This vector map represents the 
constructs of pOIL305, pOIL306 and pOIL307, with the gene combination of 35S::EgDGAT1 + enTCUP2::CnLPAAT + 
SSU::AtWRI1 + 35S::FATB.  

Transient experiments had also indicated that the co-expression of different thioesterases 

could lead to significant modifications of the fatty acid composition of TAG (Chapter 6.9). 
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Therefore, another multigene construct was designed for the co-expression of UmbcaTE and 

CincaTE thioesterases with AtWRI1, CnLPAAT and EgDGAT1. The 35S::CincaTE cassette was 

cloned into the parent vector of pOIL305 using the restriction site AatII, yielding the final 

construct pOIL330 (Figure 77). All of these multigene constructs were transformed into the 

AGL1 competent cells. Before performing tobacco transformations, plasmids were extracted 

from cultures to confirm both the stability and arrangement of each of the multigene 

constructs, via performing restriction digests with NotI and XbaI. The restriction digest 

patterns were checked against the same restriction digest using plasmid DNA isolated from 

DH5α (E. coli) cultures as the respective positive controls (Figure 78). Although the yields and 

cleanliness achieved by plasmid DNA purification from DH5α cultures was significantly better 

than compared to AGL1 cultures, the same digest patterns were observed, and hence 

confirming the stability of each construct in AGL1.  

 

 

Figure 77: Graphic representation of the multigene (five gene: pOIL330) construct used for Agrobacterium-
mediated stable transformations of N. tabacum, with the gene combination of 35S::EgDGAT1 + 
enTCUP2::CnLPAAT + SSU::AtWRI1 + 35S::UmbcaTE + 35S::CincaTE. 

 



 
174 

  

Figure 78: Confirmation of the successful construction of multigene constructs via restriction digests with NotI 
and XbaI. For each construct, DH5α-derived plasmid digests are on the left and AGL1-derived on the right. Lane 1 
= 1kb plus ladder (Invitrogen). The expected product sizes were: pOIL305 = 6790bp + 4894bp + 2737bp + 1734bp; 
pOIL306 = 6790bp + 4894bp + 2737bp + 1734bp; pOIL307 = 6790bp + 4894bp + 2737bp + 1445bp + 412bp; pOIL330 
= 6790bp + 4894bp + 2737bp + 1734bp + 449bp. 

 

Following confirmation of stability of the constructs in AGL1, Agrobacterium-mediated 

transformations of N. tabacum were performed (Chapter 2.30) with a total of seven constructs 

including the single thioesterase gene constructs (pJP3626, pJP3629 and pJP3635) and the 

assembled multigene constructs (pOIL305, pOIL306, pOIL307 and pOIL330), with the objective 

of identifying approximately 15 positive transformants for each construct. Once the shoots 

were well developed samples of leaf tissue were taken using a small leaf punch (≈1mm 

diameter) for direct PCR using the Phire Plant Direct PCR kit (Chapter 2.31), which enabled 

confirmation of the transfer of the Ti plasmid. The target of the screening PCR was the 

kanamycin resistance gene as this was the gene closest to the left border in each construct. 

During integration of the T-DNA into the plant, the 3` end (at the left border) is trimmed back 

by nucleolytic degradation, whereas the right border remains intact (L.-Y. Lee & Gelvin, 2008; 

Rossi, Hohn, & Tinland, 1996). Therefore, screening for the gene closest to the left border 

confirms transfer of the entire T-DNA. Following analysis via agarose gel electrophoresis 

(Figure 79), positive transformants were identified for each construct by the presence of the 

≈600 bp product.  
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Figure 79: Analysis of Phire-PCR for the screening of positive transformants of Nicotiana tabacum, via agarose gel 
electrophoresis using a 1% agarose gel. Positive control (plasmid template) is represented by the red arrow on 
each gel, with a product size of ≈600bp.   

 

5.4. Conclusions and Discussion 
 
Although the transgenic tobacco plants have not yet been analysed, predictions of the results 

can be made from a combination of both previous studies and the results of the transient N. 

benthamiana studies. It was predicted that following the single gene transformants, following 

expression of a thioesterase only would not be able to induce significant changes in the fatty 

acid composition of the plant leaf lipids through the pathways of degradation or recycling via 

β-oxidation or fatty acid reactivation, respectively (V. Eccleston et al., 1996; V. S. Eccleston & 

Ohlrogge, 1998; Tjellstrom et al., 2013). It was hypothesised based on the transient results that 

the transgenic expression of a tailored MCFA assembly pathway, with the multi-gene 

transformants, that the leaves of these transgenic plants will have an increased TAG content, 

with a significant proportion of the fatty acid composition being MCFA. The translation of 

transient results to stable transgenic plant performance has previously been demonstrated in 

the development of the high-oil N. tabacum, which accumulated up to 17% TAG at the seed 

setting stage of development (Thomas Vanhercke et al., 2014). It was postulated that if high oil 

can be achieved, than the profile modification of these oils should be a feasible outcome.  

There is also the possibility that the designed multi-gene constructs will not have the capability 

of mediating the production of MCFA-enriched oils in the N. tabacum leaves. This potential 

outcome has been highlighted in previous work that involved the investigation of laurate 

accumulation in the leaves of B. napus (Deborah S. Knutzon et al., 1999). Even though it was 

demonstrated that the transgenic seeds of canola accumulated high levels of MCFAs (67% 
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C12:0), they identified that even with the increased expression levels of UmbcaTE in the leaves 

that there was no accumulation of laurate. It has also been demonstrated that the both the β-

oxidation (Larson et al., 2002; Poirier et al., 1999) and fatty acid recycling (Tjellstrom et al., 

2013) pathways are highly active in transgenic plants which accumulate MCFAs. Consequently, 

it is reasonable to suspect that these pathways may be activated in the leaves of the generated 

transgenic N. tabacum plants, harbouring the MCFA constructs. The absence of MCFA 

accumulation in the tobacco leaves may therefore be a result from the increased activity of 

NtAAE15/16 and NtACX3 from the fatty acid recycling and β-oxidation pathways, respectively.   

The production of leaf lipids with an enriched MCFA composition may therefore require the 

over-expression or silencing of other genes. As previously discussed, it is predicted that the 

fatty acid recycling and β-oxidation pathways will play a critical role in the efficient 

incorporation of MCFAs into plant leaf oils. Consequently, targets that may need to be 

considered are the silencing of NtAAE15/16 and NtACX3 (Katayoon Dehesh, 2001; Froman et 

al., 2000; Tjellstrom et al., 2013), to enable the production of MCFA-enriched oils. Another 

candidate target to be considered is the over-expression of a GPAT9, which was transiently 

shown to both increase MCFA incorporation and increase TAG content (Chapter 4.8). The over-

expression of GPAT9 may also enable the incorporation of MCFAs into leaf lipids before they 

are broken down by the leaf’s β-oxidation and recycling mechanisms.  
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Chapter 6: Discussion 

6.1. Future Directions for Boosting Medium-Chain Fatty 
Acid Content of Leaf Oils 

 
Following the identification of a pathway that is capable of efficiently utilising MCFA for the 

incorporation into oils, it has therefore created a platform that can be utilised for further 

modifications of pathways related to lipid assembly in attempts to further increase the MCFA 

content of plant oils. As demonstrated, the assembly process is a critical point in the 

determination of the fatty acid composition of TAG, and hence it becomes a good target for 

profile modification. Through the application of RNA interference (RNAi) by hairpin-mediated 

silencing (hpRNA) it would be possible to silence the endogenous acyltransferases (Qing Liu et 

al., 2002). This would inhibit the selection for long-chain and unsaturated fatty acids and a 

correlating push towards the highly selective incorporation of MCFAs into TAG.  

Another approach to increasing the MCFA content of plant oils that could be considered is 

changing the flux of fatty acids, conceptually by decreasing the availability of other fatty acids 

and thus a correlated increase in the availability of MCFAs for TAG assembly. This concept 

could potentially be achieved by various approaches. One approach to reducing the 

competition of fatty acids for assembly is to silence the expression of native thioesterases, 

particularly the FATA class as they are involved in the release of long-chain and unsaturated 

fatty acids (J. J. Salas & Ohlrogge, 2002). In parallel to this the desaturases could also be a 

target of silencing. Through the silencing of desaturases it would be expected to reduce the 

level of unsaturated and polyunsaturated fatty acids resulting in an oil profile that is 

dominantly saturated fatty acids (Sun, Hammerlindl, Forseille, Zhang, & Smith, 2014). The 

coupling of both these approaches has the potential to make significant differences in the final 

composition of plant oils, particularly increasing the MCFA content.  

The understanding of the condensation enzymes involved in the fatty acid synthesis pathway, 

KAS, could also be applied to further increase the MCFA content of plant oils. Both KASI and 

KASII are both potential candidates for targeting as they are involved in the elongation up to 

the production of C16:0-ACP, and the final elongation of C16:0-ACP to C18:0-ACP, respectively 

(Sébastien Baud & Lepiniec, 2010). It would therefore be predicted that the most significant 

increase in the MCFA content would be achieved through a dual approach consisting of both 

the over-expression of KASI to increase the production of MCFA-ACP, and also the silencing of 

KASII to limit the conversion of C16:0-ACP to C18:0-ACP. This concept has been examined in 
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previous studies, where it was demonstrated that the over-expression of ChKASIV led to an 

increased content of C10:0 (Katayoon Dehesh et al., 1998).  

Another important concept to consider is the turnover of fatty acids that are not used for lipid 

assembly, either through the β-oxidation (Larson et al., 2002; Poirier et al., 1999) and recycling 

(Tjellstrom et al., 2013) pathways. These pathways have previously been demonstrated to be 

involved in limiting the accumulation of MCFAs in transgenic plants, particularly in the leaves. 

Although the transgenic production of lauric-enriched oils has been achieved in B. napus 

(canola) with the seed oils accumulating up to 67% of laurate (Deborah S. Knutzon et al., 

1999), there was no accumulation of laurate in the leaves of these transgenic plants despite 

the fact that the UmbcaTE gene was being highly expressed. This indicated that either the acyl-

CoA pool of C12:0 was efficiently being broken down by β-oxidation or recycled for further 

elongation. Therefore, it seems reasonable to target genes involved in the β-oxidation and 

fatty acid recycling pathways such as the targeted silencing of ACX3 and AAE, respectively, 

(Koo et al., 2005; J. M. Shockey et al., 2003) to improve the MCFA content of plant oils. It was 

recently demonstrated that the silencing AtAEE15/16, when co-expressed with MCFA specific 

thioesterases, the MCFA content increases in transgenic A. thaliana seed oils (Tjellstrom et al., 

2013). Therefore, it was hypothesised that the use of a hairpin for the silencing of Nicotiana 

homologues would produce similar results in the leaf production of MCFA.  

 

6.1.1. Investigation of the Assembly Pathways for Medium-Chain Fatty Acids  
 
Although the use of N. benthamiana transient studies has enabled the identification of a 

pathway that mediates the efficient utilisation of MCFA for the incorporation into plant oils, 

these assays only provide an end-point analyses. One approach to improve the understanding 

of lipid assembly is to perform lipase assays and investigate the positional distribution of MCFA 

in TAG (Bates et al., 2009; Eastmond, 2006; J. Fan et al., 2014). With the rapid testing of gene 

combinations with using the transient assay, many different acyltransferases can be tested in a 

high-throughput manner. The TAG assembly, following different acyltransferase expression, 

could then be directly compared by the lipase assays, and hence enabling direct comparison of 

the performance of each acyltransferase in respect to their ability to utilise different MCFAs 

efficiently. Different LPAAT candidates could be examined for their capacity to incorporate 

MCFAs by analysing the sn-2 position of TAG, and hence would enable the identification of the 

best performing LPAAT for each fatty acid. The lipase assays could also be utilised for the 

comparison of different DGAT candidates and their ability to mediate the esterification of 

MCFAs into TAG through an increased proportion of the MCFAs in the sn-1, 3 fraction.  
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Another approach to both analyse and further improve the understanding of the pathways of 

lipid assembly for MCFAs is to investigate the assembly through acyl-CoA feeding studies 

(Dahlqvist et al., 2000; Durrett et al., 2010; Laurent & Huang, 1992). The construction of a 

better understanding of the assembly of MCFA enriched oils could provide further insights into 

potential metabolic bottlenecks. The feeding studies are performed using prepared 

microsomes, which could be prepared from infiltrated N. benthamiana leaves. In the presence 

of the prepared microsomes both G3P and labelled acyl-CoAs are fed so that lipid assembly 

can occur. The lipids can then be analysed by LC-MS to determine where the fed labelled acyl-

CoAs accumulate. Further analysis can then reveal any bottlenecks of where the fatty acids of 

interest are accumulating. These identified bottlenecks would then become new targets for 

future studies of improving MCFA incorporation into TAG.  

 

6.2. Performance of Newly-Synthesised Medium-Chain 
Fatty Acid Enriched Leaf Oils  

 
Following the identification of an efficient pathway for the production of MCFA-enriched plant 

oils the next step is to transform this pathway into plants, to examine the production of these 

oils in the context of a stable expression platform. With the successful production of a new 

crop plant that produces a large volume of the MCFA rich oils would then enable the 

extraction of the oil for detailed characterisation of the oil. The characterisation of the oil, 

including both its fatty acid composition and properties, will assist in the determination of its 

possible applications within industry.  

The fatty acid profile of oils is critical in defining what applications the oils are suitable for. The 

characterisation of the oil in terms of fatty acid composition can be achieved by different 

methods including GC-FID, LC-MS and lipase assays to fully characterise the fatty acid 

composition, the profile of TAG species and the positional distribution of the fatty acids within 

the glycerol backbone, respectively (John M. Dyer et al., 2008; Knothe, 2009; C. C. Wood, 

2014). The fatty acid composition also plays an important role in determining the oils physical 

properties. 

Important consideration also needs to be taken for the physical properties of oils to define 

suitable applications. For example, important properties that need to be considered for 

lubricants include pour point, flash point, viscosity and oxidative stability (J. Salimon, Abdullah, 

& Salih, 2012; Jumat Salimon, Abdullah, Yusop, & Salih, 2014). The iodine value of oils is an 

important property that needs to be measured to determine the oils suitability to be used as a 

fuel (Hae Jin Kim et al., 2015; Knothe, 2009; Marina, Che Man, Nazimah, & Amin, 2009; 
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Padolina et al., 1987; Singh & Singh, 2010). Other properties that can be measured that 

influence their applications in industry include cloud point, saponification value, peroxide 

value, density and dielectric strength (Brühl, 1997; Garba, Gimba, & Emmanuel, 2013). It is, 

therefore, the chemical and physical characterisation of oils that defines their applications, 

whether that may be associated with food or industrial applications.  

 

6.3. Major Conclusions and Their Potential Applications to 
the Wider Lipid Research Community  

 
Although high levels of laurate accumulation in plant oils have been previously demonstrated 

in the seeds of transgenic canola, at ≈67% (Deborah S. Knutzon et al., 1999), historically the 

accumulation of MCFAs in the leaves of transgenic plants has been unsuccessful. The 

accumulation of lauric acid in the membrane lipid, PC, of transgenic plants has also been 

identified as a problem associated with the inefficient utilisation of laurate (Bates & Browse, 

2011; E. Wiberg et al., 1997; Eva Wiberg et al., 2000). Similar to previous studies, in this study, 

with the co-expression of FATB + CnLPAAT a metabolic bottleneck in the formation of TAG was 

observed with high levels of MCFA accumulation in PC. In this study, the identification of a 

pathway that efficiently utilises MCFA, particularly C12:0 and C14:0, for the incorporation into 

TAG was identified. The essential requirement of these pathways was the addition of the 

EgDGAT1 into the assembly pathway, resulting in the correlated decreased accumulation in PC 

and the increased sequestering of MCFAs in TAG. The availability of the assembled 

transcriptome from developing coconut endosperm enabled identification of the CnGPAT9, 

which contributed to further improvement of MCFA content of leaf lipids. The highest TAG 

compositions achieved for C12:0 and C14:0 were ≈51.6% and ≈40.3%, respectively. These high 

MCFA contents were achieved with the gene combinations of 

UmbcaTE+AtWRI1+CnGPAT9+CnLPAAT+EgDGAT1 and CincaTE+AtWRI1+CnGPAT9+CnLPAAT, 

respectively. The coconut transcriptome may also hold further insights into developing a 

better understanding of both lipid biochemistry and the efficient production and accumulation 

of MCFA oils.  

It was hypothesised that the concept of this pathway may be adaptable to improving the 

accumulation of other unusual fatty acids in the seed oils of transgenic plants. Through the 

identification of substrate specific acyltransferases for unusual fatty acids, such as vernolic acid 

or ricinoleic acid, it should be possible to create pathways for their efficient accumulation.  

Through relieving the metabolic bottleneck this complete pathway may be adopted to assist in 

promoting higher oil yields, in both the seed and leaf contexts. It was therefore reasoned that 
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this pathway may be utilised as an expression platform in seed oil crops. For example, the 

metabolic engineering of Carthamus tinctorius (Safflower) may be a good template for the 

modification of seed oil composition, with transformation methods already established 

(Belide, Hac, Singh, Green, & Wood, 2011). Safflower is currently a minor oilseed crop in 

Australia with it only occupying about 1% of total agricultural land (Jochinke et al., 2008). The 

fatty acid composition of safflower being relatively simple, ≈75% C18:2 (Matthaus, Ozcan, & Al 

Juhaimi, 2015), makes it highly amenable to genetic engineering. The composition of safflower 

oil could be altered towards MCFAs through the coordinated silencing of desaturases, and 

over-expression of both FATB and suitable acyltransferases. The concept of MCFA oils in 

safflower could first be examined transiently in the N. benthamiana assay by testing if the host 

acyltransferases have capability of incorporating MCFAs into TAG. If the safflower 

acyltransferases demonstrate the ability of using MCFAs for TAG production, it would 

therefore reduce the level of genetic engineering required to achieve a high MCFA seed oil.  

In summary, this study has described a pathway for the efficient utilisation of unusual fatty 

acids, specifically MCFA, for the production of plant oils. The identification of this pathway has 

established a platform for the future directions of improving the incorporation of unusual fatty 

acids into oils, which could be adopted into modification of seed oils or potentially as leaf oils 

produced from high biomass crops. Crops with a high biomass that could be amenable to 

platforms of increased oil production include Miscanthus, sweet sorghum and maize (Atkinson, 

2009; McKendry, 2002; Rooney, Blumenthal, Bean, & Mullet, 2007; C. C. Wood, 2014). 

Although there is great potential for increasing global oil production through genetic 

engineering approaches, the negative view of genetically modified crops may continue to 

discourage progress (Marris, 2001).  

  



 
182 

APPENDICES 

Appendix I: List of Abbreviations  

 
Million metric tonnes = MMT 

Deoxyribonucleic acid = DNA 

Ribonucleic acid = RNA 

Transferred DNA = T-DNA 

Docosahexaenoic acid = DHA 

Eicosapentaenoic acid = EPA  

α-linolenic acid = ALA  

Linoleic acid = LA  

Docosapentaenoic acid = DPA  

Fatty acid methyl esters = FAME 

Medium-chain fatty acid = MCFA 

Poly-unsaturated fatty acid = PUFA  

Nicotinamide adenine dinucleotide phosphate 
= NADPH  

Adenosine triphosphate = ATP  

Adenosine diphosphate = ADP 

Carbon dioxide = CO2  

Biotin carboxyl carrier protein = BCCP 

Bicarbonate = HCO3
- 

Acyl-carrier protein = ACP 

Free fatty acid = FFA  

Endoplasmic reticulum = ER 

Triacylglycerol = TAG 

Phosphatidylcholine = PC  

Lysophosphatidylcholine = LPC  

Phosphatidylethanolamine = PE 

Omega-3 long-chain polyunsaturated fatty 
acid = ω3 LC-PUFA  

Omega-6 long-chain polyunsaturated fatty 
acid = ω6 LC-PUFA 

Glycerol-3-phosphate = G3P 

Lysophosphatidic acid = LPA  

Diacylglycerol = DAG  

Tumour-inducing plasmid = Ti plasmid  

Virulence = vir  

Viral silencing-suppressor protein = VSP  

Green fluorescent protein = GFP  

β-glucuronidase = GUS  

Cauliflower mosaic virus = CaMV  

Hairpin-RNA = hpRNA   

sn = stereospecific numbering (Appendix V) 

Thin layer chromatography = TLC  

Gas chromatography-flame ionisation 
detection = GC-FID  

Liquid chromatography-mass spectrometry = 
LC-MS 

Differential scanning calorimetry = DSC 
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Appendix II: List of Plants  
Arabidopsis thaliana = A. thaliana = 
Arabidopsis = At  

Cocos nucifera = C. nucifera = Cn  

Elaeis guineensis = E. guineensis = Eg 

Umbellularia californica = U. californica = Uc  

Cuphea hookeriana = C. hookeriana = Ch 

Cuphea lanceolata = C. lanceolata = Cl 

Cuphea wrightii = C. wrightii = Cw 

Cinnamomum camphora = C. camphora = Cc 

Ulmus americana = U. americana = Ua 

Nicotiana tabacum = N. tabacum = tobacco = Nt 

Nicotiana benthamiana = N. benthamiana = Nb

 

Appendix III: List of Genes  
Acetyl-CoA carboxylase = ACCase 

Coenzyme-A = CoA 

Malonyl-CoA:ACP malonyltransferase = MCMT 

Fatty acid synthase = FAS 

Ketoacyl-ACP reductase = KAR  

Hydroxyacyl-ACP dehydrase = HAD  

Enoyl-ACP reductase = ENR 

β-ketoacyl-synthase = KAS 

Fatty acid thioesterase = FAT 

∆9 stearoyl-ACP desaturase = SAD  

Acyl-CoA synthetase = ACS  

Acyl-activating enzyme = AAE  

Long-chain acyl-CoA synthetase = LACS 

Medium-chain acyl-CoA synthetase = MACS 

ATP binding cassette = ABC  

Lysophosphatidylcholine acyltransferase = 
LPCAT 

CDP-choline: diacylglycerol choline-
phosphotransferase = CPT   

Phosphatidylcholine: diacylglycerol choline-
phosphotransferase = PDCT  

Glycerol-3-phosphate acyltransferase = GPAT 

Lysophosphatidic acid acyltransferase = LPAAT 

Phosphatidic acid phosphatase = PAP  

Diacylglycerol acyltransferase = DGAT  

Phospholipid: diacylglycerol acyltransferase = 
PDAT  

WRINKLED1 = WRI1  

APETALA2-ethylene responsive element-
binding protein = AP2-EREBP  

LEAFY COTYLEDON = LEC  

PEROXISOMAL ABC TRANSPORTER 1 = PXA 1  

PEROXISOME DEFICIENT 3 = PED3  

COMATOSE = CTS  

Acyl-CoA oxidase = ACX  

Multifunctional protein = MFP  

3-ketoacyl-CoA thiolase = KAT  

Fatty acyl reductases = FAR  

Wax ester synthase = WS 
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Appendix IV: Conventions of Fatty Acid Notation  
 
Where trivial or IUPAC systemic names are not used, the structure of fatty acids or acyl chains may 

be described through the chain length in carbon atoms followed by the degree of unsaturation, with 

these values separated by a colon. For example, x:y-CoA represents an acyl chain of x carbon atoms 

in length, y double bonds and is esterified to coenzyme A. As the location of double bonds using this 

annotation is ambiguous, these are typically assumed to be the most biologically prevalent 

regioisomers unless the location of the double bonds are stipulated. As cis substitution at double 

bonds dominates in fatty acids of biological origin, this configuration is assumed at each double bond 

unless otherwise indicated. 

 

Appendix V: Conventions of Glycerolipid Stereoisomer Nomenclature  
 
Derivatives of the prochiral molecule glycerol are chiral when the two primary hydroxyl groups are 

asymmetrically substituted. The convention for glycerolipid positional description proposed by 

Hirschmann was followed, as depicted in Figure 80 (Hirschmann, 1960). The prefix sn, an 

abbreviation of stereospecific numbering, indicates the numbering of glycerol substituents 

accordingly.  

 

Figure 80: Stereospecific numbering of the glycerol molecule according to Hirschmann (Hirschmann, 1960). 
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Appendix VI: Complete List of Parameters used for the Assembly of the Cocos 
nucifera (coconut) Transcriptome of Developing Endosperm  

 

Appendix VI.I: BIoKanga (v3.8.4) – Filter Parameters 
 
Min mean Phred threshold score for processing acceptance: 0 
Iterative overlap processing passes: 1 
Filter out duplicate sequences: 'Yes' 
Strand assembly: 'independent' 
Accept input sequences if percentage of indeterminate bases (Ns) no more than: 0 
Trim 5' input sequences by: 0 
Trim 3' input sequences by: 0 
Accept input sequences (after any trim) if at least this length: 70 
Minimum sequence overlap: 50% 
Non-overlapping flank must be at least this length: 1bp 
Independently dedupe paired ends: No 
 

Appendix VI.II: BIoKanga (v3.8.4) – Assembly Parameters 
 
End trimming by: 0bp 
Accept input sequences, after any trimming, which are at least: 70bp 
PE to SE end trimming by: 10bp 
Allow SE conversion into PE: 'No' 
Process sequences as strand specific: No 
Process sequences as always single end: No 
Initial minimal SE overlap required to merge SEs: 150 
Final minimal SE overlap required to merge SEs: 25 
Initial minimal sum of PE end overlaps required to merge PEs: 150 
Final minimal sum of PE end overlaps required to merge PEs: 35 
Minimal overlap of PE1 onto PE2 required to merge as SE: 20 
Limit number of de Novo assembly processing passes to: 50 
No intermediate assemblies output to file 
Allow max induced substitutions per 100bp overlapping sequence fragments: 1 
Allow max induced substitutions end 12bp of overlaps: 0 
Threshold reduction steps: 5 
Remaining steps before excessive PE end length checking: 2 
5' PE1 is: 'Sense' and 3' PE2 is: 'Antisense' 
 

Appendix VI.III: BIoKanga (v3.8.4) - Scaffold Parameters 
 
Minimum PE read length: 70 
Allow max induced substitutions per 100bp overlapping sequence fragments: 0 
Allow max induced substitutions end 12bp of overlaps: 0 
Minimum PE insert size: 100 
Maximum PE insert size: 750 
Minimum reported scaffolded sequence length: 300 
5' PE1 is: 'Sense' and 3' PE2 is: 'Antisense' 
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Appendix VI.IV: BIoKanga (v3.8.4) - Alignment Parameters 
 
Processing mode is: 'Standard alignment sensitivity' 
Processing in standard base space mode 
Alignments are to: either Watson ‘+’ or Crick '-' strands 
No PCR differential amplification artefact reduction 
Trim 5' ends raw reads by: 0 
Trim 3' ends raw reads by: 0 
Maximum aligner induced substitutions: 4 subs per 100bp of actual read length 
Minimum Hamming edit distance: 1 
Maximum number, percentage of length if read length > 100, of indeterminate 'N's: 1 
Minimum 5' and 3' flank exacts: 0 
Raw read quality scores are: 'Ignore' 
Output format is: 'CSV match loci only' 
Input PE1 raw reads files (1): '_/8a_C7JF7ANXX_GTCCGC_L003_filtered.R1.fasta' 
Process for: 'Paired end reads with both ends uniquely aligned within the targeted genome treating 
orphans as SE' 
Input PE2 raw reads files (1): '_/8a_C7JF7ANXX_GTCCGC_L003_filtered.R2.fasta' 
Accept as paired if observed insert size is between 100 and 750 
Accept as paired if 5' and 3' are same strand: 'No' 
Experimental: Output PE insert length distributions for each transcript or contig: 'No' 
Experimental: Process PEs for spanning of circularised fragments: 'No' 
Output paired end sequence length distribution to file: 'none specified' 
Input target sequence(s) suffix array file: 'CocNuf_tx_scaffold_100_750.sfx' 
Output results file: 'CocNuf_tx_scaffold_100_750_align.csv' 
Output none-aligned reads to fasta file: 'none specified' 
Output reads with multiple alignments to fasta file: 'none specified' 
Output aligner induced substitution distributions to file: 'none specified' 
Loci base constraints file: 'none specified' 
Contaminant sequences file: 'none specified' 
Process multiple alignment reads by: 'slough all reads which match to multiple loci' 
Offset read start sites when processing site octamer preference: -4 
Allow microInDels of up to this inclusive length: 0 
Maximum RNA-Seq splice junction separation distance: 0 
Minimum read coverage at loci before processing for SNP: No SNP processing 
Q-Value controlling FDR (Benjamini-Hochberg) SNP prediction: No SNP processing 
Min percentage non-ref bases at putative SNP loci: No SNP processing 
Only accept reads which uniquely match a single loci  
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Appendix VII: Published Work  
 

Appendix VII.I: Metabolic engineering of medium-chain fatty acid biosynthesis in 
Nicotiana benthamiana plant leaf lipids 
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Various research groups are investigating the production of oil in non-seed biomass such

as leaves. Recently, high levels of oil accumulation have been achieved in plant biomass

using a combination of biotechnological approaches which also resulted in significant

changes to the fatty acid composition of the leaf oil. In this study, we were interested

to determine whether medium-chain fatty acids (MCFA) could be accumulated in leaf

oil. MCFA are an ideal feedstock for biodiesel and a range of oleochemical products

including lubricants, coatings, and detergents. In this study, we explore the synthesis,

accumulation, and glycerolipid head-group distribution of MCFA in leaves of Nicotiana

benthamiana after transient transgenic expression of C12:0-, C14:0-, and C16:0-ACP

thioesterase genes. We demonstrate that the production of these MCFA in leaf is

increased by the co-expression of the WRINKLED1 (WRI1) transcription factor, with the

lysophosphatidic acid acyltransferase (LPAAT) from Cocos nucifera being required for

the assembly of tri-MCFA TAG species. We also demonstrate that the newly-produced

MCFA are incorporated into the triacylglycerol of leaves in which WRI1 + diacylglycerol

acyltransferase1 (DGAT1) genes are co-expressed for increased oil accumulation.

Keywords: plant biomass, triacylglycerol, WRINKLED, Nicotiana, medium chain, fatty acid

Introduction

Vegetable oils, in the form of triacylglycerol (TAG), are an important global commodity with over
150 million tonnes being produced every year (FAO, 2003), which has remained relatively constant
over recent years. Vegetable oils are an essential resource for various industries including, human
and animal nutrition, the chemical industry and renewable energy. Due to demand for these plant
oils, it is predicted that by 2020 worldwide production of vegetable oil is required to increase by
30% (Thoenes, 2011). This increase in production is likely to come in part from increases in arable
land at the expense of endangered habitats.

The use of petroleum is widely accepted as being unsustainable. Therefore, it is neces-
sary to develop alternative and sustainable resources to supplement or replace the extensive
use of petroleum. In an attempt to expand global vegetative oil production, which cur-
rently relies on oilseeds and palm oil, various laboratories are now investigating the
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production of oil in non-seed biomass such as leaves. A variety
of metabolic engineering approaches have resulted in increased
biomass oil (Vanhercke et al., 2014b; Wood, 2014) including
reducing TAG and fatty acid turnover (Slocombe et al., 2009),
ectopic expression of transcription factors that regulate processes
of seed development and maturation (Santos Mendoza et al.,
2005), down-regulation of metabolic pathways that compete for
available carbon (Sanjaya et al., 2011), and the over-expression
of acetyl-CoA carboxyalse (ACCase) (Klaus et al., 2004). Fur-
thermore, disruption of SUGAR-DEPENDANT1 (SDP1) in Ara-
bidopsis thaliana, a lipase related pathway, also resulted in
increased TAG accumulation in non-seed tissues (Kelly et al.,
2013). Recently, much higher levels of oil accumulation in plant
biomass was achieved using a combination of biotechnological
approaches (Vanhercke et al., 2014a). This accumulation to 15%
TAG in Nicotiana tabacum leaves was achieved by the coor-
dinated transgenic expression of the WRINKLED1 transcrip-
tion factor (WRI1), diacylglycerol acyltransferase (DGAT1) and
oleosin genes. This breakthrough in leaf oil accumulation was
ascribed to the synergistic increase in both fatty acid synthesis
and oil synthesis (via WRI1 and DGAT1, respectively) (Vanher-
cke et al., 2013) and the formation of stabilized oil bodies (via
oleosin). Not only was oil accumulated in leaves, the composi-
tion of the leaf oil was dramatically altered, including a reduction
in α-linolenic acid in favor of oleic acid.

An important component of global oil consumption is
medium-chain fatty acids (MCFA), namely fatty acids with less
than 18 carbons, including those with 12, 14, and 16 carbons in
length. These MCFA are ideal sources of biodiesel and also for a
range of oleochemical feedstocks including, coatings, and deter-
gents. The biochemical pathways for the production of MCFA
have largely been elucidated. In plants, de novo fatty acid biosyn-
thesis occurs in the plastid stroma, with the plastidial elongation
of acyl chains being terminated by the activity of acyl-acyl carrier
protein (acyl-ACP) thioesterases (Tjellstrom et al., 2013). These
enzymes are therefore considered to be major determinants of
fatty acid chain lengths, and hence the overall fatty acid pro-
file of plants. However, it has been demonstrated that acyl-ACP
synthetases can reactivate released fatty acids, hence allowing fur-
ther elongation (Koo et al., 2005). Acyl-ACP thioesterases are
typically classed as being either FatA or FatB, which are respon-
sible for the release of oleic acid (C18:119), stearic acid (C18:0),
palmitic acid (C16:0) and the MCFA, which in this study prin-
cipally refers to lauric acid (C12:0), myristic acid (C14:0), and
palmitic acid (C16:0) (Dörmann et al., 2000). Following export
from the plastid, these fatty acids can be esterified to a glyc-
erophosphate backbone via the Kennedy pathway in the endo-
plasmic reticulum to form TAG. Plant biotechnologists have
investigated the accumulation of C12:0 and C14:0 in seed and
leaf tissues of transgenic Brassica napus by the transgenic con-
stitutive expression of a C12:0-ACP thioesterase from Califor-
nia Bay Laurel (Umbellularia californica) (Eccleston et al., 1996).
This study demonstrated that significant levels of C12:0 could be
accumulated in mature B. napus seeds. However, very low lev-
els of C12:0 were observed in leaf tissue, despite high levels of
C12:0-ACP thioesterase expression and in vitro activity. Simi-
lar results were obtained when the same gene was transformed
in A. thaliana (Voelker et al., 1992). This research was extended

by the co-expression of the Cocos nucifera lysophosphatidic acid
acyltransferase (LPAAT) and thioesterase which resulted in an
increased accumulation of total C12:0 as well as an increased
fraction of trilaurin in the seeds of B. napus (Knutzon et al., 1999).
Therefore, it can be observed that the expression of thioesterases
and acyltransferases, enzymes involved in the biosynthesis of
fatty acids and TAG, can be used to increase the accumulation of
specific fatty acids, and hence tailor the overall fatty acid profile
of plants.

Here, we explored whether MFCA production is compatible
with high oil production in leafy biomass. We used a combina-
tional expression platform to combine WRI1 and DGAT1 with
various thioesterases and oil assembly enzymes to produceMCFA
in leaf oil. A variety of thioesterases were found to drive the
production of 12-, 14-, and 16-carbon MCFA in the leaves of
Nicotiana benthamiana. The co-expression of AtWRI1 in par-
ticular increased the levels of leaf oil containing MCFA. Further
improvements in MCFA accumulation of WRI1-dependent leaf
oils was attained by using the CnLPAAT. High resolution LC/MS
techniques were used to trace the accumulation of MCFA from
their site of synthesis to their eventual deposition into oil. The
biochemical pathways for the accumulation of MCFA in biomass
oils and implications of production in stably-transformed crops
are discussed.

Materials and Methods

Construct Assembly
Thioesterase protein sequences were used to synthesize codon
optimized gene coding sequences (Geneart, Regensburg, Ger-
many) for Cinnamomum camphora C14:0-ACP thioesterase
[referred to as “Cinca-TE,” Q39473.1, (Yuan et al., 1995)],
Cuphea lanceolata acyl-ACP thioesterase type B [Cupla-TE,
CAB60830.1 (Töpfer et al., 1995)], Umbellularia californica
C12:0-ACP thioesterase [Umbca-TE, Q41635.1, (Voelker et al.,
1992)], Cocos nucifera acyl-ACP thioesterase FatB1 (Cocnu-
TE1, AEM72519.1), Cocos nucifera acyl-ACP thioesterase
FatB2 (Cocnu-TE2, AEM72520.1), Cocos nucifera acyl-ACP
thioesterase FatB3 (Cocnu-TE3, AEM72521.1), and Cuphea
viscosissima FatB1 (Cupvi-TE, AEM72522.1) all described by
Jing et al. (2011). The C. nucifera LPAAT [CnLPAAT, Q42670.1,
(Knutzon et al., 1995)] was also synthesized. Each gene was then
cloned into the EcoRI site of a binary vector, pJP3343, which
already contained a 35S promoter with duplicated enhancer
region (Vanhercke et al., 2013). AtWRI1 and AtDGAT1
expression vectors were produced as previously described by
Vanhercke et al. (2013). Agrobacterium tumefaciens strain AGL1
was transformed with each of the constructs.

N. benthamiana Transient Assay
Transient expression in N. benthamiana leaves was performed
as previously described (Wood et al., 2009), with some minor
modifications. A. tumefaciens strain AGL1 harboring each binary
vector (p19 viral suppressor protein and the chimeric gene of
interest) was grown at 28◦C in LB broth supplemented with
the appropriate antibiotics. Cultures were centrifuged and gently
resuspended in two volumes of infiltration buffer (5mM 4–
morpholineethanesulfonic acid (MES), 5mM MgSO4, pH 5.7,
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100µM acetosyringone) and grown for a further 3 h. The opti-
cal densities of each culture were measured and adjusted to a
final OD600 equal to 0.1 prior to infiltrations. The final mix-
ture of AGL1 cells was infiltrated via syringe into the underside
of leaves of 5 week old N. benthamiana plants (Voinnet et al.,
2003). Infiltrated areas of leaves, commonly ∼3 cm in diame-
ter, were circled by a permanent marker. Infiltration experiments
were conducted in quadruplicate using different leaves of sim-
ilar age. The samples being compared were randomly located,
with a p19 control infiltrated for each plant. After infiltrations,
the N. benthamiana plants were grown for a further 5 days
before leaf discs were cut from the infiltrated areas (included
the injection zone), freeze-dried, weighed and stored at −80◦C.
Each analyzed sample consisted of discs from four independent
infiltrations.

Total Lipid Extraction and Fatty Acid Profile
Analysis
Total lipids were extracted from freeze-dried N. benthamiana
leaves. Freeze dried leaf tissue was ground to powder in a micro-
centrifuge tube containing a metallic ball using Reicht tissue lyser
(Qiagen) for 3min. at 20 frequency/s. Chloroform:methanol
(2:1, v:v) was added and mixed for a further 3min. on the tissue
lyser before the addition of 1:3 (v:v) of 0.1M KCl. The sample
was then mixed for a further 3min. before centrifugation (5min.
at 14,000 g), after which the lower lipid phase was collected.
The remaining phase was washed once with chloroform, and the
lower phase extracted and pooled with the earlier extract. Lipid
phase solvent was then evaporated completely using N2 gas flow

and the lipids resuspended in 5µL chloroform permg of original
dry leaf weight.

Fatty acid methyl esters (FAMEs) of total lipids were produced
by incubating extracted lipid in 1 N methanolic-HCl (Supelco,
Bellefonte, PA) at 80◦C for 3 h. FAMEs were analyzed by an
Agilent 7890A gas chromatograph coupled with flame ioniza-
tion detector (GC-FID, Agilent Technologies, Palo Alto, CA), on
a BPX70 column (30m, 0.25mm inner diameter, 0.25µm film
thickness, SGE) essentially as described previously (Zhou et al.,
2011), except the column temperature program. The column
temperature was programmed as an initial temperature at 100◦C
holding for 3min, ramping to 240◦C at rate of 7◦C/min and hold-
ing for 1min. NuChek GLC-426 was used as the external refer-
ence standard. Peaks were integrated with Agilent Technologies
ChemStation software [Rev B.04.03 (16)].

LC-MS Analysis
Lipids extracted from 1mg dry leaf weight were dissolved
in 0.2mL butanol:methanol (1:1, v/v) and analyzed by liquid
chromatography-mass spectrometry (LC-MS), based on previ-
ously described methods (Petrie et al., 2012). Briefly, an Agilent
1290 series LC and 6490 triple quadrupole LC-MSwith Jet Stream
ionization. The phosphatidylcholine (PC) and lysophosphatidyl-
choline (LPC) species were separated on a Poroshell 120 HILIC
column (100 × 2.1mm, 2.7µm), over a gradient from 95% ace-
tonitrile to 75% acetonitrile with 20mM ammonium acetate. PC
and LPC hydrogen adducts were quantified by the characteristic
184 m/z phosphatidyl head group ion under positive ionization
mode. The ammonium adducts of monogalactosyl diacylglycerol

TABLE 1 | Leaf total fatty acid methyl ester (FAME) profiles (weight %) of Nicotiana benthamiana leaf infiltrated with various thioesterases (TE) and the

Cocos nucifera lysophosphatidic acid acyltransferase (LPAAT).

C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C16:3 C18:3

S
in
g
le
-g

e
n
e
te
s
ts

Control 0.2±0 0.1±0 14.0±0.2 2.0±0.3 0.2± 0.1 8.3± 1.8 8.1± 0.1 57.2±0

p19 only 0.2±0 0.1±0 14.9±0.6 2.8±0.4 1.0± 0.5 11.1± 0.4 7.0± 0.8 53.1±0.7

Cinca-TE 0.4±0 11.3±1.0 21.9±0.7 3.0±0.5 0.9± 0.3 11.1± 0.8 5.0± 0.2 38.5±1.0

Cocnu-TE1 0.2±0 6.3±0.6 35.4±4.7 4.0±0.8 1.5± 0.7 8.0± 0.7 4.2± 1.4 29.9±5.5

Cocnu-TE2 0.2±0 7.1±0.3 31.9±2.2 4.3±0.2 1.2± 0.2 8.2± 1.1 4.7± 0.5 32.9±2.8

Cocnu-TE3 1.2±0.1 7.2±1.3 19.6±1.6 3.1±0.6 0.7± 0.5 9.5± 0.3 5.7± 0.5 44.8±2.9

Cupla-TE 0.2±0 1.1±0.2 21.8±2.9 3.2±0.5 0.8± 0.3 9.7± 0.2 6.0± 0.6 48.2±3.1

Cupvi-TE 0.2±0 0.6±0.1 17.3±1.3 3.2±0.2 0.8± 0.3 8.8± 0.4 6.4± 0.4 52.9±2.1

Umbca-TE 1.6±0.1 1.1±0.2 14.4±0.8 2.9±0.4 0.8± 0.1 9.1± 0.0 6.5± 0.3 52.7±0.1

Cocnu-LPAAT 0.1±0.1 0.1±0 15.1±1.5 2.8±0.6 1.0± 0.2 12.9± 0.2 6.7± 0.5 52.2±4.2

+
C
o
c
n
u
-L
P
A
A
T

Cinca-TE 0.7±0.2 14.9±1.6 23.0±3.7 2.9±0.4 1.4± 0.3 9.8± 0.3 4.8± 1.4 35.4±3.3

Cocnu-TE1 0.2±0 5.4±0.9 40.2±2.8 4.5±0.1 1.6± 0.3 8.5± 0.9 3.3± 0 27.8±1.1

Cocnu-TE2 0.2±0 6.6±1.0 38.3±1.1 4.8±0.2 1.4± 0.1 7.3± 0.6 3.7± 0.2 28.2±1.1

Cocnu-TE3 2.0±0.3 10.9±1.0 24.4±1.8 3.1±0.4 0.7± 0.3 8.7± 0.3 4.9± 0.5 37.7±0.9

Cupla-TE 0.5±0.1 1.6±0.3 22.2±0.6 2.9±0.3 0.6± 0.3 10.4± 0.3 6.0± 0.3 46.9±2.0

Cupvi-TE 0.5±0 1.1±0 19.6±0.8 2.9±0.5 0.7± 0.4 10.8± 0.4 6.0± 0.2 49.8±0.3

Umbca-TE 3.3±0.5 1.2±0.1 13.9±0.4 2.8±0.4 0.5± 0.3 9.9± 0.9 6.4± 0.2 51.3±1.7

“Control” denotes uninfiltrated N. benthamiana leaf whereas “p19 only” contains the viral suppressor gene alone. p19 was included in all samples, errors are standard deviation of

triplicate infiltrations, “C16:3” is C16:317,10,13 and “C18:3” is C18:319,12,15. Gene identities are defined in the manuscript.
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(MGDG), digalactosyl diacylglycerol (DGDG), diacylglycerol
(DAG) and TAG lipid species were analyzed by the neutral loss
of singular fatty acids C12 to C18. Multiple reaction monitoring
(MRM) lists were based on the following major fatty acids: C12:0,
C14:0, C16:0, C16:3, C18:0, C18:1, C18:2, C18:3, using a collision
energy of 28V. Lipids were chromatographically separated using

FIGURE 1 | Total fatty acid methyl ester (FAME) profiles (weight %)

illustrating the effect of WRI1+DGAT1-mediated high oil background

on MCFA production in Nicotiana benthamiana leaf (n = 4). This subset

of the data highlights the accumulation of MCFA (complete dataset can be

found in Supplementary Table 1). Highest MCFA production was observed

after the addition of Arath-WRI1 and in the absence of Arath-DGAT1.

Umbca-TE is Umbellularia californica C12:0-ACP thioesterase; Cinca-TE is

Cinnamomum camphora C14:0-ACP thioesterase; Cocnu-TE2 is Cocos

nucifera acyl-ACP thioesterase FatB2.

an Agilent Poroshell column (50mm × 2.1mm, 2.7µm) and
a binary gradient with a flow rate of 0.2mL/min. The mobile
phases were: A. 10mM ammonium formate in H2O:acetonitrile:
isopropanol (5:45:50, v/v); B. 10mM ammonium formate in
H2O:acetonitril: isopropanol (5:20:75, v/v). Individual MRM
TAG was identified based on ammoniated precursor ion and
product ion from neutral loss.

Results

A Survey of Thioesterase Activity in the
Production of MCFA in Leaves
Seven thioesterases from organisms known to produce MCFAs
were infiltrated along with the silencing suppressor gene (p19)
to determine whether MCFA could be produced in N. benthami-
ana leaf tissue. Leaf spots were harvested and freeze-dried after
5 days, after which the total fatty acid profiles were determined
by GC (Table 1). Control leaf was found to contain trace or
non-detectable levels of C12:0 and C14:0, whereas C16:0 was
present at 14.9± 0.6% in total leaf lipids. C12:0 accumulation was
observed at low levels with expression of Cocnu-TE3 (1.2± 0.1%)
and Umbca-TE (1.6 ± 0.1%). Expression of all the thioesterases
tested resulted in the accumulation of C14:0 in N. benthamiana
leaf with Cinca-TE giving the greatest response of 11.3 ± 1.0%.
Similarly, all of the thioesterases resulted in increased C16:0 accu-
mulation with the exception of Umbca-TE. The greatest C16:0
accumulation was observed with Cocnu-TE1 expression (35.4 ±
4.7%).

The Co-Expression of the Coconut LPAAT
Increases MCFA Production in Leaf
The C. nucifera LPAAT (CnLPAAT) had previously been shown
to increase MCFA incorporation on the sn-2 position of TAG
(Knutzon et al., 1999). This gene was co-infiltrated with the
thioesterases described above. The co-infiltration of CnLPAAT
and Umbca-TE increased the accumulation of C12:0 to 3.3 ±

0.5% and C14:0 was found to accumulate to 14.9 ± 1.6% in the
Cinca-TE + CnLPAAT sample (Table 1). The highest C16:0 lev-
els were observed after co-expression of Cocnu-TE1 and CnL-
PAAT (40.2 ± 2.8%). Some leaf chlorosis was observed follow-
ing Cocnu-TE1 infiltration, so Cocnu-TE2 was used for further
experiments since it also resulted in high C16:0 accumulation
(38.3± 1.1%).

MCFA Production in Combination with AtWRI1
and AtDGAT1, a High Oil Leaf Background
We were interested in whether the accumulation of MCFA that
we observed after expression of thioesterases with CnLPAAT
would also be observed in leaves which were co-expressing
AtWRI1 and AtDGAT1, a combination that was previously
found to result in a 100-fold accumulation of oil in transient
N. benthamiana leaf expression tests (Vanhercke et al., 2013).

The best performing CnLPAAT plus C12:0-, C14:0-, and
C16:0-thioesterase combinations (Umbca-TE, Cinca-TE and
Cocnu-TE2 thioesterases, respectively) were infiltrated in com-
bination with AtWRI1, AtDGAT1 and a combination of AtWRI1
+AtDGAT1 (Figure 1). The accumulation of the relevant MCFA
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(C12:0 for Umbca-TE, C14:0 for Cinca-TE, and C16:0 for Cocnu-
TE2) was in each instance most affected by the addition of
AtWRI1 to the CnLPAAT + TE combination: C12:0 constituted
9.5 ± 0.9% of total leaf fatty acids in the Umbca-TE + CnL-
PAAT + AtWRI1 samples, C14:0 constituted 18.5 ± 2.6% in the
Cinca-TE + CnLPAAT + AtWRI1 samples and C16:0 consti-
tuted 38.3 ± 3.0% in the Cocnu-TE2 + CnLPAAT + AtWRI1
samples. No significant improvement was observed in the accu-
mulation of MCFA following the co-expression of AtDGAT1.

Levels of C18:319,12,15 were negatively correlated with MCFA
levels (Supplementary Table 1), most notably in the Cocnu-TE2
+ CnLPAAT+ AtWRI1 sample where the C18:319,12,15 amount
nearly halved from 62.2± 1.4 to 32.5± 3.3%.

Lipid Species Analysis by LC-MS
LC-MS was used to gain a better understanding of MCFA accu-
mulation and whether the newly-produced MCFA were accumu-
lating in the neutral, polar or plastidial lipids.

FIGURE 2 | Full dataset of triacylglycerol (TAG) species for infiltrated

Nicotiana benthamiana leaf samples (n = 4). The label “No-TE”

represents the N. benthamiana control leaf that was infiltrated with p19 only.

With the expression of each thioesterase, in combination with CnLPAAT,

AtWRI1 and AtDGAT1, significant increases in total TAG levels were

observed. The data has been normalized using the internal standard

tri-C17:0 TAG (51:0) (y-axis), being presented in units of 1µg/mg leaf dry

weight.
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MCFA was found to accumulate in TAG (Figure 2). The
major TAG species were C12:0-containing for the Umbca-TE
samples, C14:0-containing for the Cinca-TE samples and C16:0-
containing for the Cocnu-TE2 samples. For the Umbca-TE,
there was limited accumulation of low molecular weight TAG
species (containing C12:0) until coexpressed with CnLPAAT and
AtWRI (Umbca-TE only = 0.1 ± 0.1µg/mg; Umbca-TE +

CnLPAAT = 0.6 ± 0.5µg/mg; Umbca-TE + CnLPAAT +

AtWRI1 = 11.8 ± 2.6µg/mg), with an additive effect when
also expressed with AtDGAT1 (Umbca-TE + CnLPAAT +

AtWRI1 + AtDGAT1 = 19.8 ± 8.3µg/mg). Following the over-
expression of thioesterases, the accumulation of correspond-
ing tri-MCFA TAG species was observed (Figure 3). These
tri-MCFA species were only found to accumulate upon the co-
expression of the CnLPAAT, with the MCFA being incorpo-
rated into the sn-2 position of TAG (Knutzon et al., 1999).
This observation was particularly noted in the cases of tri-C12:0
(TAG 36:0) with Umbca-TE (TE only <0.1µg/mg; Umbca-TE

+ CnLPAAT= 0.2 ± 0.2µg/mg; Umbca-TE + CnLPAAT +

AtWRI1 = 4.2 ± 1.0µg/mg) and tri-C14:0 (TAG 42:0) with
Cinca-TE (TE only = 1.1 ± 0.4µg/mg; Cinca-TE + CnLPAAT,
7.2 ± 3.0µg/mg; Cinca-TE + CnLPAAT + AtWRI1 = 16.6 ±

4.6µg/mg). It was also observed that the addition of AtWRI1
further increased the abundance of these tri-MCFA TAG species.
However, it appeared that C16:0 acyl chains appear to be incor-
porated more easily into TAG species, with the production of
tri-C16:0 (TAG 48:0) being observed with over-expression of
Cocnu-TE2 only (Control-p19 = 0.1 ± 0.01µg/mg; Cocnu-
TE2 alone = 5.1 ± 1.7µg/mg), most likely through the expres-
sion of native acyltransferases. Through investigation of the
acyl chain composition of TAG it was observed that a signifi-
cant proportion of TAG contained the newly-produced MCFA
(Figure 4) (Umbca-TE + CnLPAAT + AtWRI1 = 29.6 ± 0.9%
C12:0; Cinca-TE + CnLPAAT + AtWRI1 = 38.2 ± 1.7%
C14:0; Cocnu-TE2 + CnLPAAT + AtWRI1 = 55.8 ± 2.6%
C16:0).

FIGURE 3 | Important TAG species illustrating the accumulation of

MCFA in TAG (n = 4). The label “No-TE” represents the Nicotiana

benthamiana control leaf that was infiltrated with p19 only. Following the

expression of appropriate thioesterases MCFA TAG species including

tri-C12:0 (TAG 36:0), -C14:0 (TAG 42:0) and -C16:0 (TAG 48:0), were

observed.
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Similar analysis was performed for the DAG class (Figure 5).
With thioesterase expression alone, C12:0 and C14:0 species
were predominantly found with C18:3 acyl chains (DAG 30:3
C12:0/C18:3, DAG 32:3 C14:0/C18:3). Co-expression of LPAAT
with the C12:0 and C14:0 thioesterases significantly increased
di-MCFA DAG species accumulation. DAG 24:0 (C12:0/C12:0)
was not detected after expression of Umbca-TE alone, while
in the presence of the LPAAT it was detected at 0.4 ± 0.3%

(expressed as percent of total DAG species). Total acyl C12:0 after
Umbca-TE expression increased from 2.2 ± 0.2 to 4.9 ± 0.7%
with the addition of LPAAT. DAG 28:0 (C14:0/C14:0) was
detected at 0.2 ± 0.1% with expression of Cinca-TE and 4.0
± 1.0% with LPAAT co-expression. Total C14:0 acyl chain in
Cinca-TE expression increased from 5.5 ± 1.0 to 10.0 ± 2.0%
with the addition of LPAAT. The expression of Cocnu-TE2 alone
resulted in the production of di-MCFA DAG 32:0 (C16:0/C16:0),

FIGURE 4 | Acyl chain composition of TAG was analyzed via

liquid-chromatography mass-spectrometry (LCMS), for

infiltrated Nicotiana benthamiana leaf samples (n = 4). The

label “No-TE” represents the N. benthamiana control leaf that

was infiltrated with p19 only. The data is presented as the

percentage composition of each acyl chain from total TAG

(y-axis). High levels of MCFA (C12:0, C14:0, and C16:0) were

shown to accumulate in TAG.
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suggesting that lipid handling pathways in N. benthamiana
leaf have lower specificity for chains shorter than C16:0. Co-
expression of the AtDGAT1 consistently decreased DAG species
withMCFA indicating that further increases in MCFA accumula-
tion may require a DGAT with preference for MCFA substrates.

The presence ofMCFA in the polar lipid PCwas also examined
(Figure 6). All samples with thioesterase expression were found
to contain C12:0, C14:0, or C16:0 in PC. The addition of AtWRI1
resulted in the increased accumulation of di-MCFA species in the
PC pool, particularly with the expression of Umbca-TE (PC 24:0
(di-C12:0) Umbca-TE + CnLPAAT = 5.3 ± 1.4%; Umbca-TE
+ CnLPAAT + AtWRI = 14.0 ± 2.2%) and Cinca-TE (PC 28:0
(di-C14:0) Cinca-TE + CnLPAAT = 14.6 ± 3.5%; Cinca-TE +

CnLPAAT + AtWRI = 17.9 ± 3.7%). Similar acyl chain assem-
bly was observed between DAG and PC lipid pools. However,
there was a consistent greater percentage increase in the accu-
mulation of MCFA PC species than in the DAG pool. The results
were particularly striking with Cocnu-TE2 expression with PC
32:0 representing between 15 and 30% of the PC pool depending
on the expression of lipid handling genes, with the highest levels

observed with the expression of Cocnu-TE2 + LPAAT + WRI1
(28± 7%). In contrast the DAG 32:0 (di-C16:0) was 2.2± 0.1% of
the total DAG pool when expressed with Cocnu-TE2 alone. Sim-
ilar results were also observed with investigations involving the
expression of Umbca-TE (Umbca-TE + LPAAT + AtWRI, DAG
24:0 (di-C12:0)= 1.1± 0.1%, PC 24:0= 14± 2%), and Cinca-TE
(Cinca-TE+ LPAAT+AtWRI DAG 28:0 (di-C14:0)= 4.4± 0.9,
PC 28:0 17± 3%).

The plastidial galactolipids monogalactosyl diacylglycerol
(MGDG) (Figure 7) and digalactosyl diacylglycerol (DGDG)
(Figure 8) contained only low levels of C12:0 and C14:0 and
reduced levels of C16:0 relative to the p19 control leaf. The
major C12:0-containing MGDG species in the Umbca-TE sam-
ples was 30:3 indicating that C18:3 and C12:0 were co-located
on the monogalactosyl backbone. Although this demonstrates
that MCFAs are being assembled into MGDG, the 30:3 species
represents only 1.3± 0.3% of the total MGDG pool, with the co-
expression of AtWRI1. The other main C12:0-containingMGDG
species was 28:0, indicating that the second fatty acid was C16:0.
The major C14:0-containing MGDG species in the Cinca-TE

FIGURE 5 | Full dataset of diaclyglycerol (DAG) species for infiltrated

Nicotiana benthamiana leaf samples (n = 4). The label “No-TE”

represents the N. benthamiana control leaf that was infiltrated with p19 only.

Each row represents DAG species containing at least one of the

corresponding acyl chains (labeled on right). The data is represented

according to LC-MS response (y-axis).
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FIGURE 6 | Major phosphatidylcholine (PC) species in Nicotiana

benthamiana control leaf (top left) or leaf transiently

expressing a thioesterase either alone or in combination with

the Cocos nucifera LPAAT + Arabidopsis thaliana WRI1 +

A. thaliana DGAT1 (n = 4). The label “No-TE” represents the

N. benthamiana control leaf that was infiltrated with p19 only. The

percentage of each PC species for each sample is shown on the

y-axis.

samples were 28:0 and 30:0, indicating that a significant propor-
tion of the C14:0 in MGDG was either di-C14:0 or co-located
with C16:0. The C12:0-containing and C14:0-containing MGDG
species were not detected in the p19 control sample. In con-
trast, C16:0-containing MGDG species tended to be reduced
in the Cocnu-TE2 samples. The major MGDG species in the
wildtype samples (MGDG 34:6 C16:3/C18:3, and MGDG 36:6
C18:3/C18:3) all tended to be reduced by the expression of the
transgenes. This reduction was greatest in the presence of the
WRI+DGAT combination. Only trace levels of C12:0-containing
DGDG species were observed in the Umbca-TE samples. The
major C14:0-containing DGDG species observed in the Cinca-
TE samples were 28:0 and 30:0, both of which were absent in
the control. These species were also observed at elevated levels
in the Cocnu-TE2 samples but only at trace levels in the Umbca-
TE samples. The major DGDG species in the wildtype samples
(DGDG 34:3 C16:0/C18:3 and DGDG 36:6 C18:3/C18:3) all

tended to be reduced by the expression of the transgenes. This
reduction was greatest in the presence of AtWRI.

Wewere also interested in the correlation between the propor-
tions of plastidial galactolipids and TAG (Figure 9). The control
samples (p19 only, red circles in Figure 9) show that galactolipids
are typically much more abundant than TAG (p19 only total
TAG, 8.0 ± 2.4µg/mg dry weight; total galactolipid, 36.6 ±

3.7µg/mg dry weight) (Supplementary Table 2). In the case of
the U. californica lauroyl-ACP thioesterase, this is not greatly
changed by the co-expression of CnLPAAT+Umbca-TE (red vs.
blue squares) (8.4 ± 1.9µg/mg dry weight) or the further addi-
tion of AtDGAT1 (green square) (13.0 ± 3.7µg/mg dry weight).
The relative proportion of TAG is, however, seen to increase
with the further addition of AtWRI1 (purple square, orange
square) (with CnLPAAT+AtWRI1, 40.8± 8.0µg/mg dry weight;
with CnLPAAT + AtWRI1 + AtDGAT1, 56.3 ± 3.2µg/mg
dry weight). This is in contrast with both the results observed
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FIGURE 7 | Full dataset of monogalactosyl diaclyglycerol (MGDG) species for infiltrated Nicotiana benthamiana leaf samples (n = 4). The label “No-TE”

represents the N. benthamiana control leaf that was infiltrated with p19 only. The data is represented according to LC-MS response (y-axis).

for the C. camphora C14:0-ACP and C. nucifera C16:0-ACP
thioesterases in which the co-expression of CnLPAAT + Cinca-
TE (blue diamond) or Cocnu-TE2 (blue triangle) increased the
relative proportion of TAG to galactolipids even without the
addition of the AtWRI1 or AtDGAT1. TAG was found to be
most abundant relative to galactolipids after the co-expression
of AtWRI1 + CnLPAAT + Cinca-TE (111.9 ± 23.4µg/mg dry
weight) or Cocnu-TE2 (96.4 ± 10.4µg/mg dry weight). Com-
plete data for the correlation between TAG and galactolipids is
found in Supplementary Table 2.

Discussion

Earlier work described the constitutive expression in B. napus
of the U. californica lauroyl-ACP thioesterase (Eccleston et al.,
1996), the Umbca-TE gene used in this study. This resulted in
the accumulation of significant levels of C12:0 in seed oil but
only trace levels in leaf despite high transcript abundance and
lauroyl-ACP thioesterase activity. In contrast, C12:0 synthesis
was observed during in vitro feeding of [1-14C] acetate to iso-
lated leaf plastids from these transgenic events. Our study showed
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FIGURE 8 | Full dataset of digalactosyl diaclyglycerol (DGDG) species for infiltrated Nicotiana benthamiana leaf samples (n = 4). The label “No-TE”

represents the N. benthamiana control leaf that was infiltrated with p19 only. The data is represented according to LC-MS response (y-axis).

similar results in that accumulation of C12:0 was found to be very
low (1.6% of total leaf fatty acids) after expression of Umbca-TE
alone (Table 1). The co-expression of the CnLPAAT, reported to
have a preference for MCFA (Davies et al., 1995), with the indi-
vidual thioesterases increased the accumulation of C12:0, C14:0,
and C16:0, all of which are found in C. nucifera oil (Laureles
et al., 2002). This result indicated that the native N. benthamiana
LPAAT was either not highly expressed in leaf or did not have
high specificity for C12:0, C14:0, and C16:0 substrates.

The co-expression of the AtWRI1 with the CnLPAAT and
thioesterases had an additional positive effect on C12:0 and C14:0
accumulation in leaf tissue. The further addition of AtDGAT1
to the thioesterase + CnLPAAT + AtWRI1 combinations did
not further increase MCFA accumulation. In fact, in most
cases the addition of AtDGAT1 decreased MCFA accumulation,
suggesting that this enzymemay not have good activity onMCFA
substrates (Aymé et al., 2014). However, it is important to note
that tri-C12:0, -C14:0, and -C16:0 TAG species were detected,
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FIGURE 9 | Correlation between normalized levels of TAG (x-axis) and

galactolipids (y-axis), from Nicotiana benthamiana leaf infiltration

samples. The blue line represents the linear model, with 95% confidence.

Each data point represents the mean value (n = 4) for each treatment. The

shape of each data point is representative of the thioesterase used. The color

of each data point represents the corresponding gene combinations.

indicating that the CnLPAAT and native N. benthamiana lipid
assembly enzymes were able to utilize MCFA substrates to some
extent. In contrast with the C12:0- and C14:0-ACP thioesterases,
it was consistently noted that the C16:0-ACP thioesterase sam-
ples were not as strongly affected by the co-expression of At
WRI1. The strongest WRI1-effect was observed with the C12:0-
ACP thioesterase, with the C14:0-ACP thioesterase having an
intermediate response to the addition of AtWRI1. We speculate
that this could be due to relatively rapid KASI-mediated con-
densation of C4:0 to C14:0 in the plastid with C12:0 being rela-
tively inaccessible to a C12:0-ACP thioesterase for cleavage from
ACP.

Lipid species analysis by LC-MSwas also informative although
it is important to understand that the transient nature of the assay
means that results are not necessarily representative of stably
transformed plants. The apparent reductions in levels of plas-
tidial lipids MGDG and DGDG could have been due to increased
export of fatty acids from the plastid before they could be incor-
porated into plastidial glycerolipids by the nativeN. benthamiana
plastidial GPAT. The presence of MCFA inMGDG indicated that
the plastidial GPAT was capable of accessing MCFA-ACP that
remained in the plastid as substrate. Alternatively, the increased
extra-plastidial MCFA could have been imported back into the

plastid from the ER following thioesterase export. It is worth-
while noting the substantial accumulation of MCFA in PC which
could be occurring via the fatty acids first being incorporated into
de novo DAG, which is then converted to PC via the action of
choline phosphotransferase (CPT) or phosphatidylcholine dia-
cylglycerol phosphotransferase (PDCT) (Bates et al., 2013). It is
also possible that MCFA could be incorporated in PC via direct
acylation of sn-1 LPC via the action of lysophosphatidylcholine
acyltransferase (LPCAT) (Lager et al., 2013). The presence of di-
C12:0 PC and di-C14:0 PC does suggest that the above two routes
of MCFA incorporation into PC might be operating under the
transient leaf assay settings.

It remains to be seen how stable transgenic plants incorporat-
ing MCFA in PC fare, as the presence of MCFA could alter mem-
brane fluidity significantly. Some chlorosis was observed in infil-
trated leaves during the transient assay, similar to the phenotype
observed following monoacylglycerol acyltransferase (MGAT1)
transient expression (Divi et al., 2014), possibly as a result of
MCFA accumulation in PC. The reduction in total galactolipids,
MGDG (Figure 7) and DGDG (Figure 8) was also interesting
since these lipid pools are essential to the efficiency of photo-
synthetic light reactions (Dörmann, 2013). Further investigations
into sequestering MCFA into TAG are required. It is also possible
that in a stable setting MCFA might be actively edited out of PC
by the very active unusual fatty acyl editing mechanisms present
in plant cells and sequestered in TAG (Millar et al., 2000; Lager
et al., 2013).

Eccleston et al. (1996) hypothesized that the lack of MCFA
accumulation observed in B. napus leaf was due to the break-
down of the unusual fatty acids by β-oxidation, a concept sup-
ported by an observed increase in isocitrate lyase activity. IfWRI1
expression does not adequately down-regulate such breakdown
pathways in a leaf context it is possible that the co-expression of
WRI1 simply increased fatty acid synthesis with a correspond-
ing increase in plastidial export by the transgenic thioesterases.
It was interesting to observe the inverse relationship between
TAG and galactolipids which occurred after co-expression of
the A. thaliana acyltransferases with the U. californica lauroyl-
ACP thioesterase and CnLPAAT, or even in their absence in the
case of the C. camphora C14:0-ACP and C. nucifera C16:0-ACP
thioesterases.

Much of the C12:0, C14:0, and C16:0 were found to
accumulate in TAG. This was important since the produc-
tion of industrially-relevant levels of leaf TAG have already
been demonstrated in tobacco (Vanhercke et al., 2014a). Our
study offers a potential extension of this result by demon-
strating that it is possible to tailor leaf oil profiles to produce
industrially-relevant fatty acids in leaves with elevated energy
content.

Conclusion

The experiments performed used the rapid N. benthamiana
assay to demonstrate the activity of a series of thioesterases
in leaf tissue. The study demonstrated that the over-expression
of AtWRI1and CnLPAAT along with the thioesterases signifi-
cantly increased the accumulation of C12:0 and C14:0 in leaf.
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Importantly, newly-produced fatty acids were effectively incor-
porated into leaf TAG. Collectively, these results indicate that
high oil-containing plant leaves could be a good host for MCFA
production.
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Increasing the oil content of leafy biomass is emerging as a sustainable

source of vegetable oil to meet global demand. Transient gene expression in

leaf provides a reproducible platform to study the effect of transgenes on

lipid biosynthesis. We first generated a transgenic Nicotiana benthamiana

line containing high levels of triacylglycerol in the leaf tissue (31.4% by

dry weight) by stably expressing WRI1, DGAT1 and OLEOSIN. We then

used this line as a platform to test the effect of three Arabidopsis thaliana

thioesterases (FATA1, FATA2 and FATB). Further increases in leaf oil

content were observed with biochemical and lipid assays revealing an

increase in the export of fatty acids from the chloroplast and a modification

in the oil profile.

Keywords: diacylglycerol; leaf oil; lipid biosynthesis; Nicotiana

benthamiana; thioesterase; triacylglycerol

Genetically engineered oil crops offer the potential to

deliver new and improved crop varieties with increased

oil contents and modified oil profiles, not only for

food use but also as oleochemicals and biofuel feed-

stocks [1]. One novel strategy for the production of

oils through agricultural production is to elevate oil

content in tissues where oil does not normally accumu-

late, for example, leaves and stems [2]. This is particu-

larly attractive because of the large amounts of

biomass that these tissues typically represent. Over the

last 10 years, a range of transgenic strategies that

increase leaf oil contents have been reported, including

single gene approaches as well as synergistic, multigene

pathways [3]. These approaches include the upregula-

tion of lipid biosynthesis by overexpressing seed tran-

scription factors (LEC2, WRI1), upregulation of oil

accumulation pathways (DGAT) and reducing catabo-

lism of oil [2].

Acyl-ACP thioesterases (FATs) mediate the release

of fatty acids (FAs) for transport from their site of

synthesis within the chloroplast to the cytoplasm and

endoplasmic reticulum (ER) [4]. Acyl-ACP thioes-

terases are classified into two general families termed

FATA and FATB [5,6]. FATAs generally act on acyl

chains of 18 carbons in length, saturated or unsatu-

rated, while FATBs release acyl chains of 16 carbons

in lengths [7]. FATA orthologues possess similar sub-

strate specificities among different species, with high

activity upon 18 : 1D9-ACP substrate [8,9]. FATB

enzymes are further classified into two subclasses:

FATB1, with preference towards saturated acyl-ACPs,

especially 16 : 0-ACP, and FATB2 with preference

towards short/medium-chain saturated acyl-ACPs [10].

Therefore, acyl-ACP thioesterases are key enzymes in

determining which FAs are exported to the cytosol

and subsequently incorporated into glycerolipids

Abbreviations

DAG, diacylglycerol; DAS, days after sowing; DW, dry weight; ER, endoplasmic reticulum; FAME, fatty acid methyl esters; FAT, fatty acid

thioesterase; PC, phosphatidylcholine; TAG, triacylglycerol; TLC, thin-layer chromatography; WE, wax esters; WT, wild-type.
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synthesized in the ER, including triacylglycerol (TAG)

[11].

The overexpression of specific acyl-ACP thioes-

terases has previously been demonstrated to effectively

modify oil profile in transgenic plants [6]. As one

example, the overexpression of FATB1 from the Cali-

fornia Bay laurel tree in oilseed rape increased the lau-

rate levels in the seed oil of this crop from negligible

levels to over 50% of the total FAs [11]. Interest in

the use of acyl-ACP thioesterases in lipid biotechnol-

ogy has led to a very active research on their different

forms coming from a variety of sources, especially in

oil seeds [12–15].
Transient expression in Nicotiana benthamiana infil-

trated leaf has been widely used as a reliable plat-

form to test various gene candidates for plant oil

production and other plant products [16]. Recently,

transient expression of fatty acyl-reductases and wax

esters (WE) synthases in N. benthamiana was effective

in producing significant amount of WE [16]. This

platform was also used to alter the leaf oil profile to

produce industrially relevant FAs in leaves, such as

medium-chain FAs [17]. We have previously reported

a synergistic effect upon the transient coexpression of

WRI1 and DGAT1 in N. benthamiana leaves which

resulted in 22-fold increase in TAG [18]. This synergy

was later followed by the addition of OLEOSIN in

stably transformed Nicotiana tabacum which provided

an improvement in oil content of transgenic leaves.

This strategy has been summarized as ‘push’, ‘pull’

and ‘protect’ [5], and resulted in a maximum accumu-

lation of 15% oil on a dry weight (DW) basis in

mature leaves.

One possible way to further increase the lipid yield

in such transgenic plants could be increasing FA

export from the plastids by the coexpression of a

specific acyl-ACP thioesterase [6]. However, increasing

the acyl flux in such high oil transgenic plants could

interfere with membrane lipids leading to severe physi-

ological phenotypes. Therefore, leaf transient assays

represent a very useful alternative to the stable trans-

formation by facilitating the rapid analysis of the

resulting phenotype in a high oil background.

In this study, we tested the additive effect of tran-

siently coexpressing thioesterases with the WRI/DGAT

synergy in wild-type (WT) N. benthamiana. We then

generated a stable transgenic event expressing WRI1,

DGAT1 and OLEOSIN to use as high oil platform for

leaf-based transient assays. We subsequently used this

new platform to test the transient overexpression of

three Arabidopsis thaliana thioesterases (FATA1,

FATA2 and FATB). This resulted in an increase in

TAG levels in the plant leaf, further corroborated by

biochemical studies including radiolabelled pulse chase

experiment.

Materials and methods

Nicotiana benthamiana stable transformation

Agrobacterium tumefaciens-mediated transformation of

N. benthamiana with the binary vector pJP3502 was essen-

tially carried out as described by [19,20]. Shoots were devel-

oped on selective ½ MS agar supplemented with 1%

sucrose to reduce any abnormal phenotypic effects from

the expression of the WRI1 gene [21]. Plants were grown in

a plant growth cabinet with � 1000 lmol photons m�2�s�1

of light intensity for 16 h light and 8 h dark periods. Fol-

lowing segregation, T2 seeds of the selected line (AT001)

were identified as homozygous according to increased oil

content in leaf tissue and to digital PCR analyses as

described by [22]. T3 (AT001) homozygous plants were then

used for transient experiments.

Genes and expression vectors

The A. thaliana FATA1 and FATA2 genes were amplified

from silique cDNA using primers containing EcoRI and

PstI sites and subsequently cloned into pJP3343 down-

stream of the 35S promoter using the same restriction sites

[18]. The resulting expression vectors were designated

pOIL079 and pOIL080 respectively. The gene coding for

the A. thaliana FATB thioesterase was amplified using pri-

mers containing NotI and SacI flanking sites and cloned

into the corresponding restriction sites of pJP3343, result-

ing in pOIL081.

Transient expression in N. benthamiana

Transient expression in N. benthamiana leaves was per-

formed as described [23] with some minor modifications.

A. tumefaciens cultures containing the gene coding for the

p19 viral suppressor protein and the chimeric gene(s) of

interest were mixed such that the final OD600 of each cul-

ture was equal to 0.125 prior to infiltration [18]. For lipid

analyses, a total of nine leaves from three plants were infil-

trated with the different gene combinations. Samples being

compared were randomly located on the same leaf. After

infiltrations, N. benthamiana plants were grown for a fur-

ther 5 days before leaf discs were harvested, pooled across

the three leaves from the same plant, freeze-dried, weighed

and stored at �80° C.

Lipid analysis

Total lipids were extracted from leaf tissues using chloro-

form : methanol : 0.1 M KCl (2 : 1 : 1 v : v : v). Freeze-
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dried leaf tissues were first homogenized in chloro-

form : methanol in a microcentrifuge tube containing a

metallic ball using a Reicht tissue lyser (Qiagen, Hilden,

Germany) for 3 min at 20 frequency�s�1. After mixing

homogenate at 448 9 g (Vibramax 10; Heidolph, Schwa-

bach, Germany) for 10 min, KCl was added and mixed for

a further 5 min. Finally, the mixture was centrifuged for

5 min at 10 000 9 g and the lower lipid phase collected.

The remaining phase was washed once with CHCl3 and

lipid phase pooled with the earlier extract. Solvent of lipid

phase was evaporated completely using N2 flow and a

known volume of CHCl3 was added for per mg leaf DW.

TAG were fractionated by TLC (silica gel 60; MERCK,

Darmstadt, Germany) in hexane : diethylether : acetic acid

(70 : 30 : 1 v : v : v) and visualized by spraying primuline

[Sigma, Taufkirchen, Germany 5 mg/100 mL acetone : wa-

ter (80 : 20 v : v)] and exposing plate under UV. Fatty acid

methyl esters (FAME) of TAG were produced by incubat-

ing corresponding bands in 1 N methanolic–HCl (Supelco,

Bellefonte, PA, USA) at 80° C for 2 h together with known

amount of heptadecanoin (Nu-Chek PREP, Inc., Water-

ville, MN, USA) as an internal standard to quantify TAG.

To quantify total FAs in total lipids, known amount of

Triheptadecanoin (Nu-Chek PREP, Inc.) was used as an

internal standard. FAME were analysed by GC-FID

(7890A GC; Agilent Technologies, Palo Alto, CA, USA)

equipped with a 30 m BPX70 column (0.25 mm inner

diameter, 0.25 mm film thickness, SGE, Austin, Tx, USA)

as described previously [18]. Peaks were integrated with

Agilent Technologies CHEMSTATION software (Rev B.04.03,

Agilent Technologies, Inc., Wilmington, DE, USA).

In vitro [14C] acetate feeding and pulse chase

assays

Following infiltration, leaf discs were floated in potassium

phosphate buffer (0.1 M pH 7.2) containing [14C] acetate

(56 mci�mmol�1 from American Radiolabeled Chemicals,

St. Louis, MO, USA) as a substrate at a concentration of

0.4 mM. The assays were carried out for 15 min at room tem-

perature with gentle mixing. Another batch was pulsed with

[14C] acetate for 10 min and chased for 20 and 30 min after

washing three times with buffer. At each time point, three

leaf discs were pooled randomly across the two leaves. After

incubation, the reaction was stopped by adding 300 lL chlo-

roform : methanol (2 : 1 v : v). Total lipids were then

extracted as described by [24]. Lipid samples were loaded on

a TLC plate (20 9 20 cm, silica gel 60; Merck) and devel-

oped in hexane : diethyl ether : acetic acid (90 : 7.5 : 1

v : v : v). The TLC plate was exposed to phosphor imaging

screens overnight and analysed by a Fujifilm FLA-5000

phosphorimager. Radiolabelled lipid spots were measured

using a Beckman-Coulter Ready Safe liquid scintillation

cocktail and Beckman-Coulter LS 6500 Multipurpose Scin-

tillation Counter.

Results

Characterization of thioesterase activity in

transient expression assays

We first characterized the biochemical activity of

the three A. thaliana thioesterases by coinfiltration of

N. benthamiana WT leaves with 35S::WRI1 and 35S::

DGAT1 expression vectors (Fig. 1). The oil content in

transient leaf assays was measured, confirming that the

WRI1 and DGAT1 synergy was increasing the oil con-

tent. The transient overexpression of FATA2 in combi-

nation with WRI1 and DGAT1 led to a further 2.5-fold

increase in TAG relative to p19 + WRI1 + DGAT1

control, or a 50-fold increase relative to p19 alone

(Fig. 1A). FATA1 transient expression increased TAG

by twofold compared to p19 + WRI1 + DGAT1, and

40-fold increase compared to p19 alone. FATB tran-

sient expression improved TAG accumulation by 1.6-

fold relative to p19 + WRI1 + DGAT1, and 32-fold

increase relative to p19 control.

Thioesterase coexpression was also found to result in

modified leaf FA profile (Fig. 1B). FATA1 was found

to increase the C16:0 and C18:0 percentage at the

expense of saturated FAs. FATA2 also increased the

proportion of C18:0 but did not have as great an effect

on C16:0. In contrast, FATB was more specific for chan-

nelling C16:0 into leaf oils, with little activity observed

for C18:0. FATA1, FATA2 and FATB all reduced

C18:1 levels. Overall, C16:0 percentage increased from

28.4% in p19 + WRI1 + DGAT1 to 43.8% with the

addition of FATA1, to 34.4% with the addition of

FATA2 and to 46.3% with the addition of FATB.

Effect of transient thioesterase expression in a

high oil background

Thioesterase genes were also tested in a homozygous

high oil N. benthamiana (AT001) plant stably express-

ing WRI1, DGAT1 and OLEOSIN genes (Fig. 2).

Thirty plants from T2 transgenic AT001 seeds were

grown in a random design alongside WT controls. At

young vegetative stage, 53 days after sowing (DAS),

we observed 8.7% TAG DW in transgenic leaves com-

pared to 0.03% TAG DW in WT (Fig. 2). In WT,

TAG levels did not exceed 0.03% DW. In the trans-

genic line, TAG levels increased from 11.2 to 21.3%

DW during flowering stages. It then increased progres-

sively reaching a maximum level of 31.4% TAG DW

at late seed development stage. At senescence, TAG

percentage seemed to decrease to 19.6% DW.

The analysis of the TAG FA profile showed an

overall decrease in C18:3n3 and an increase in C18:1
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when compared to WT (Fig. 2). The FA profile shift

from polyunsaturated FA to monounsaturated FA

upon WRI1 and DGAT1 coexpression has already

been reported in N. benthamiana [22]. These results are

in coherence with the earlier findings with WRI1 and

DGAT1 coexpression.

In order to test the effect of thioesterases overex-

pression in high oil background, leaves of young

homozygous plants were infiltrated with p19, FATA1,

FATA2 and FATB expression vectors at 49 DAS.

Leaves at this stage typically had an oil level of 3.1%

TAG DW (Fig. 3). Five days after thioesterase infiltra-

tion, leaves were harvested and analysed for TAG con-

tent and also used in radiolabel feeding assays. Similar

to the WT results mentioned above, FATA2 overex-

pression in AT001 N. benthamiana showed a

C14:0 C16:0 C16:1 C16:3 C18:0 C18:1 C18:1d
11 C18:2 C18:3n

3 C20:0 C20:1 C22:0 C24:0

WT - p19 0.2 25.3 0.4 1.7 4.8 3.1 0.5 16.5 43.1 1.2 2.5 0.7 0.0
WT - p19+WRI+DGAT 0.2 28.4 0.3 0.2 8.7 13.8 0.6 27.7 16.1 2.1 0.2 1.0 0.7
WT - p19+WRI+DGAT+FATA1 0.1 43.8 0.2 0.5 15.9 5.5 0.2 17.1 13.1 2.7 0.0 0.7 0.2
WT - p19+WRI+DGAT+FATA2 0.1 34.4 0.3 0.4 21.5 6.7 0.2 20.9 11.1 3.2 0.0 0.8 0.2
WT - p19+WRI+DGAT+FATB 0.1 46.0 0.1 0.3 7.1 8.6 0.4 20.9 13.3 2.0 0.1 0.8 0.3
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Fig. 1. Thioesterase transient expression

in WT Nicotiana benthamiana leaves. (A)

TAG accumulation as a DW percentage.

(B) TAG FA profile. Error bars denote

standard deviation with n = 9.

Fig. 2. TAG accumulation and FA profile in transgenic Nicotiana benthamiana overexpressing WRI1, DGAT1 and OLEOSIN transgenes and

in WT control leaves at different plant development stages. Error bars represent standard deviation (n = 11).
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significant TAG increase up to 4.4% TAG DW when

compared to the p19 control (3.1% TAG DW; Fig. 3).

FATA1 further increased TAG content up to 3.9%

TAG DW. However, FATB transient expression

showed no significant effect on TAG accumulation

(3.1% TAG DW) in AT001 infiltrated leaves (Fig. 3).

The FA profile shift was not as pronounced in the

high oil background as compared to the WT transient

assay (data not shown). The additional effect of

thioesterase expression on the FA profile may not have

been observed due to the short expression window of

the transient assay hence needs further investigation in

a stable context.

[14C] Acetate pulse chase experiment

[14C] Acetate was added in a 10 min pulse to floating

leaf discs of AT001 leaves, infiltrated prior with p19

plus FATA1, FATA2 or FATB. This pulse was fol-

lowed by a 20 min chase (Fig. 4). Lipid extracts were

prepared at each time point followed by separation of

labelled lipid classes on TLC (Fig. 4A).

Quantification of the labelled reaction products

showed no additional transient effect of FATA1, FATA2

and FATB overexpression on diacylglycerol (DAG)

levels in AT001 transgenic leaves. In line with the earlier

GC results, increases in radiolabelled TAG were

observed in AT001 leaves transiently expressing FATA1

(602 DPM), FATA2 (762 DPM) and FATB (559 DPM)

compared to p19 control (283 DPM; Fig. 4B).

Discussion

Reprogramming vegetative tissue to produce increased

amounts of TAG represents a potential way of sub-

stantially increasing the global supply of renewable

liquid fuel energy, especially if this could be achieved

in high-biomass crops [2,25]. Vanhercke et al. (2013)

demonstrated that coexpression of A. thaliana WRI1

and DGAT1 using N. benthamiana transient leaf

expression system, increased TAG levels by 22-fold,

and the FA profile of leaf tissue shifted from polyun-

saturated FAs to monounsaturated FAs. More

recently, Vanhercke et al. (2014) [20] combined the

expression of WRI1, DGAT1 and OLEOSIN to engi-

neer N. tabacum leaves capable of producing more

than 15% TAG DW content without severe effects on

plant development. In addition, the combined expres-

sion of WRI1, DGAT1 and OLEOSIN in N. tabacum

resulted in the production of leaf TAG more enriched

in C18:1 at the expense of C18:3n3 [20]. In our study,

TAG levels reached 31.4% DW during seed setting in

N. benthamiana. Similar to that reported in

N. tabacum [20], high TAG levels (19.6% DW) were

detected in dry brown leaves at senescence. The higher

levels in TAG in N. benthamiana species compared to

the previously reported N. tabacum levels could be the

result of higher temperature and light conditions. This

present study was performed in confined growth cabi-

nets to replicate summer-like conditions with

� 1000 lmol photons m�2�s�1 of light intensity for

16 h light and 8 h dark periods while the earlier

tobacco study was performed under glasshouse condi-

tions [20]. Recent studies have shown that heat stress

can lead to increased accumulation of TAG in

A. thaliana vegetative tissue [26,27]. Higashi et al.

(2015) [26] reported complementary transcriptomic

data which indicated that the expression of genes

encoding most of the Kennedy pathway enzymes

increased during heat stress.

TAG biosynthesis can be divided into two parts in

which the first part can be categorized as FA produc-

tion inside plastids (‘push’) and the second part as

TAG assembly in the ER (‘pull’) [28]. The hydrolysis

of FAs exiting the chloroplast represents one of the

limiting factors for TAG synthesis. As a result,

improvements in FA flux at this step represent one

possible method by which TAG accumulation could

be further increased [29]. Thioesterase expression could

also potentially have an additive effect when combined

with WRI1 and DGAT1 expression to increase TAG

in vegetative tissues. First, we demonstrated this con-

cept with a series of transient thioesterase coexpression

experiments with WRI1 and DGAT1 in WT N. ben-

thamiana leaves. An additive effect on TAG levels was

observed in transient assays with up to 2.5-fold

increase relative to p19 + WRI1 + DGAT1 control.

Second, we used a combination of WRI1, DGAT1 and

OLEOSIN to stably transform N. benthamiana,
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providing a high oil matrix in a plant that is well sui-

ted for rapid assemblies of metabolic pathways [30]. In

this study, the overexpression of thioesterase increased

the flux of FAs exiting the chloroplast, visible as

higher incorporation of radiolabel in TAG in the 14C-

acetate pulse chase experiment. The overexpression of

thioesterases is therefore likely improving the meta-

bolic link with the WRI1-mediated ‘push’ and

DGAT1-driven ‘pull’ strategies [18].

Overexpression of specific thioesterases has been

demonstrated to be effective for modifying the profile

of bioengineered oil [6]. The specificity of the acyl-

ACP thioesterases is important in defining the FA pro-

file, and thus, these enzymes are relevant targets to

manipulate the FA composition of seed oils [10]. The

composition of FAs exported from the plastid in

different plants, or different tissues within a plant, is

dependent on the relative activities of the acyl-ACP

thioesterases and acyl-ACP desaturases [31,32] to pro-

duce various saturated and monounsaturated FAs [33].

Arabidopsis FATB1 overexpression has been reported

to increase the accumulation of palmitate in the Ara-

bidopsis seeds [34].

These and other results indicate that acyl-ACP

thioesterases can be key enzymes to produce specialty

bioengineered oils not only in seed but also in leaf tis-

sue as well, provided acyl-ACP thioesterases displaying

high activities towards the target FAs are available [6].

Here, the overexpression of thioesterases resulted in a

modification of the FA profile and improved the fluxes

of FAs into oils. Once in the extra-plastidic acyl-CoA

pool, FAs are utilized for glycerolipid assembly via
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acyl-editing or the Kennedy pathway [35,36]. In addi-

tion, it is known that the de novo synthesis of FAs,

through the Kennedy pathway can assemble oil rich in

saturated and monounsaturated FAs [37]. It has also

been suggested that the shift towards C18:1 and the

decrease in C18:3n3 in total FAs could be the cause of

the limited availability of the ER desaturases responsi-

ble for polyunsaturated FA formation [38]. The modi-

fication of the FA profile with thioesterase

overexpression resulted in predominantly saturated

FAs that are readily accessible to the Kennedy path-

way and do not require passage through membrane

lipid such as phosphatidylcholine (PC). However, fur-

ther quantitative analysis of PC production need to be

investigated. We also observed no increase in radiola-

bel accumulation in DAG after overexpression of

thioesterases. This indicates that the increased flow

FAs are able to pass from DAG to TAG very effi-

ciently in N. benthamiana. This is probably due to

additional pull capacity created by the overexpression

of DGAT1 [18]. Finally, the overexpression of thioes-

terases in N. benthamiana WT and AT001 leaves did

not affect the leaf morphology (Fig. S1). Thioesterases

could then be used in combination with WRI1,

DGAT1 and OLEOSIN to stably transform a high-

biomass crop to produce high oil yields.

In conclusion, we demonstrated high levels of TAG

during the seed setting stage of a bioengineered leafy

biomass. We were able to generate a very useful,

reproducible and prominent leaf system producing a

homogenous oil content that can be used for further

lipid biosynthesis studies. Furthermore, by overex-

pressing FATA2, FATA1 or FATB genes, we were able

to further enhance the oil content. Our results also

highlight a modification of the FA profile and an

increase in the acyl flux towards TAG assembly.
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Summary
Medium-chain fatty acids (MCFA, C6-14 fatty acids) are an ideal feedstock for biodiesel and

broader oleochemicals. In recent decades, several studies have used transgenic engineering to

produce MCFA in seeds oils, although these modifications result in unbalance membrane lipid

profiles that impair oil yields and agronomic performance. Given the ability to engineer nonseed

organs to produce oils, we have previously demonstrated that MCFA profiles can be produced in

leaves, but this also results in unbalanced membrane lipid profiles and undesirable chlorosis and

cell death. Here we demonstrate that the introduction of a diacylglycerol acyltransferase from oil

palm, EgDGAT1, was necessary to channel nascent MCFA directly into leaf oils and therefore

bypassing MCFA residing in membrane lipids. This pathway resulted in increased flux towards

MCFA rich leaf oils, reduced MCFA in leaf membrane lipids and, crucially, the alleviation of

chlorosis. Deep sequencing of African oil palm (Elaeis guineensis) and coconut palm (Cocos

nucifera) generated candidate genes of interest, which were then tested for their ability to

improve oil accumulation. Thioesterases were explored for the production of lauric acid (C12:0)

and myristic (C14:0). The thioesterases from Umbellularia californica and Cinnamomum

camphora produced a total of 52% C12:0 and 40% C14:0, respectively, in transient leaf assays.

This study demonstrated that the introduction of a complete acyl-CoA-dependent pathway for

the synthesis of MFCA-rich oils avoided disturbing membrane homoeostasis and cell death

phenotypes. This study outlines a transgenic strategy for the engineering of biomass crops with

high levels of MCFA rich leaf oils.

Introduction

Over recent years, the global production of vegetable oils has

experienced constant growth, with over 179 million metric tons

(MMT) being produced in 2015 (OECD/FAO, 2015), with the four

major oil production crops being oil palm, soya bean, canola and

sunflower. An important component of global oil consumption is

medium-chain fatty acids (MCFA), here defined as fatty acids in

the range of 6–14 carbons in length. In addition, their application

within the food industry MCFAs is an ideal source for biodiesel

and also for a wide range of oleochemical feedstocks including

pharmaceuticals, personal care products, lubricants and deter-

gents (Arkcoll, 1988; Basiron and Weng, 2004). Currently, the

predominant crop sources of MCFA-enriched oils are coconut

palm and oil palm (both palm oil and palm kernel oil) (Arkcoll,

1988). The production of these crops is limited to tropical and

subtropical climates (Arkcoll, 1988; Basiron, 2007; Basiron and

Weng, 2004; Kumar, 2011; Laureles et al., 2002). It has been

projected that the global demand for vegetable oils will increase

to approximately 240 MMT in 2050 (Corley, 2009), approximately

50% more than what is currently being produced. The develop-

ment of new crops that can produce MCFA-enriched oils in

temperate climates has been proposed (Dehesh, 2001; Eccleston

et al., 1996; Reynolds et al., 2015; Tjellstrom et al., 2013;

Voelker et al., 1992; Wiberg et al., 2000) as a way to meet the

growing global demand for MCFA in oleochemical production,

pharmaceutical applications and personal care products.

Many studies have investigated the modification of seed oils to

contain increased MCFA content, predominantly focused on the

engineering of lauric acid (C12:0) (Eccleston and Ohlrogge, 1998;

Knutzon et al., 1999; Voelker et al., 1992). In oilseeds, the

engineered pathway begins with the overexpression of a special-

ized thioesterase (FATB) that prematurely truncates the standard

fatty acid elongation cycle within the plastid allowing export into

the cytoplasm. The MCFA in the cytoplasm is available for

incorporation into triacylglycerols (TAG) via the endogenous

oilseed pathways, with the acyl-CoA-dependent reactions of the

Kennedy pathway (glycerol-3-phosphate acyltransferase (GPAT),
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lysophosphatidic acid acyltransferase (LPAAT) and diacylglycerol

acyltransferase (DGAT)) being the preferred route to avoid

incorporation onto the membrane bound lipid head groups, such

as phosphatidylcholine (PC). Previous studies have investigated

the incorporation of MCFA into seed oils following the coordi-

nated over-expression of FATB and LPAAT (Figure 1a), achieving

up to 67% of seed oil (Knutzon et al., 1999). More recently,

transcriptomic analyses have enabled the identification of new

FATB and LPAAT genes from many Cuphea species, which have

been used to both modify the fatty acid profiles and improve the

incorporation of MCFA into the TAG, respectively, of transgenic

Camelina sativa seeds (Kim et al., 2015a,b).

Evidence, although, has found that endogenous TAG synthesis

pathways in developing oilseeds are not ideal for incorporating

MCFA into TAG (Wiberg et al., 1997, 2000) and that newly

synthesized MCFA become incorporated into membrane bound

lipids, which impedes lipid flux, agronomic performance and can

even result in cell death through chlorosis (Bates et al., 2014;

Voelker et al., 1996). Therefore, it would seem that although

MCFA can be produced in plant cells, there is a poor pathway for

incorporation into seed TAG. It has also been recognized that the

accumulation of unusual fatty acids in PC appears to be a

bottleneck for their enriched incorporation into TAG (Bates and

Browse, 2011; Reynolds et al., 2015). In the example of

engineering ricinoleic acid into oilseeds, it has been demonstrated

that the endogenous pathways need to be removed in conjunc-

tion with the ectopic expression of the specialized pathway

counterpart (Adhikari et al., 2016; Bates and Browse, 2011;

Burgal et al., 2008; Chen et al., 2016; van Erp et al., 2011,

2015).

Recent work has demonstrated that engineering high oil

levels in plant biomass is a realistic proposition (Vanhercke et al.,

2013, 2014a,b) with the accumulation of significant levels of

TAG in Nicotiana tabacum leaves (up to 15%) being attained by

the coordinated transgenic expression of genes normally

involved in oil production in seeds (Vanhercke et al., 2014b).

Such approaches have uncovered a synergism involving an

increase the production of fatty acids in the plastid (WRINKLED1

(WRI1)), improving the assembly of fatty acids into leaf oils

(DGAT) and slowing the catabolism of these oils (OLEOSIN, OLE1

(Fan et al., 2013; Winichayakul et al., 2013)); and sugar-

dependent-1, SDP1 (Fan et al., 2014; Kelly et al., 2013; Kim

et al., 2014; Vanhercke et al., 2014a). Although the production

of TAG in biomass offers a new source of common vegetable

oils, these new expression platforms could also be adapted to

produce high levels of novel fatty acids, such as MCFA (Reynolds

et al., 2015; Wood, 2014). Our first steps in this direction

involved the overexpression of thioesterases from Umbellularia

californica, Cinnamomum camphora and Cocos nucifera which

resulted in the production of MCFA in leaf tissues (Reynolds

et al., 2015). However, these metabolic pathways also resulted

in high levels of MCFA in PC resulting in severe chlorosis and

cell death (Bates et al., 2014; Wiberg et al., 2000), similar to

conclusions drawn from oilseed engineering. The incorporation

of MCFA into the membrane lipids of vegetative tissues is hence

particularly problematic.

In this report, we extend the MCFA metabolic pathway by

combining a series of previously published gene ensembles with

three different DGAT1-like genes isolated from the kernel of

Elaeis guineensis (African oil palm). We also identified a

functional GPAT9 from C. nucifera that was included in the

metabolic pathway for improving the incorporation of MCFA into

seed oils (Figure 1b). In this study, we demonstrate an improve-

ment in MCFA utilization, which results in more efficient

sequestering of MCFA in TAG, while also effectively limiting

the accumulation of MCFA in membrane lipids. This nonseed

approach also allows metabolic engineers to avoid some of the

bottlenecks associated with oilseed engineering where the more

common fatty acids are rapidly and specifically incorporated into

seed oils.

Figure 1 Graphical summary of the simplified TAG assembly pathway depicting the genes that have previously been used in combination for the increased

production of oils (a). The oil sample represents the oil extracted from Nicotiana tabacum leaves with increased oil content (Vanhercke et al., 2014a,b),

comprised of common fatty acids. The same gene families have been targets for the enrichment of the medium-chain fatty acid (MCFA) content of oil in

both previous studies (*) and in this study, denoted by MCFA (b). The oil sample (right) represents the oil extracted from vacuum infiltrated Nicotiana

benthamiana leaves with an increased MCFA content as highlighted by the gas chromatography trace. The extracted MCFA oil remained solid until 21°C.

WRI1 = WRINKLED1; FAS = fatty acid synthase; FAT = fatty acid thioesterase; GPAT = glycerol-3-phosphate acyltransferase; LPAAT = lysophosphatidic

acid acyltransferase; DGAT = diacylglycerol acyltransferase; TAG = triacylglycerol.
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Results

Identification of functional GPAT9 from Cocos nucifera
(coconut)

AtGPAT9 has recently been identified as being responsible for the

acylation of acyl-CoAs to the sn-1 position of the glycerol-3-

phosphate (G3P) backbone, which also demonstrated the ability

to increase TAG production (Shockey et al., 2016; Singer et al.,

2016). Based on the fatty acid composition of oil extracted from

C. nucifera (coconut), it was hypothesized that a GPAT9 from

coconut may assist in boosting the MCFA content of transgenic

oils. A homologous gene was identified by BLAST searching an

assembled coconut endosperm transcriptome. Following isolation

and sequencing of the full-length transcript of interest, the open

reading frame for the predicted CnGPAT9 was identified. The

open reading frame was used for subsequent sequence align-

ment with the AtGPAT9 homolog, revealing that the sequences

are �78% identical (Figure S1). Following multiple sequence

alignment with other annotated GPAT sequences (Figure S2), it

was confirmed that the isolated CnGPAT9 transcript clustered

with other identified and predicted GPAT9 sequences.

Following identification of the full-length sequence, the can-

didate CnGPAT9 was cloned into pJP3343 for testing function-

ality. Initially, the CnGPAT9 was tested for functionality using the

transient N. benthamiana infiltration assay, by testing its ability to

increase TAG content, through comparison against the AtGPAT9

as a positive control. Total lipids were extracted and analysed to

determine the effect of GPAT9 expression on TAG content

(Figure 2). From comparison with the p19 alone samples

(0.1 � 0.0%), it was determined that the expression of either

AtGPAT9 (P = 0.05) and CnGPAT9 (P = 0.01) was sufficient in

leading to significant increases in the TAG content in the leaf

being 0.5 � 0.2% and 0.7 � 0.1%, respectively. However, there

was no significant differences in the increased TAG effect

between either GPAT9 candidates (P = 0.18). Collectively, these

data illustrated that the isolated candidate sequence from

coconut was a functional GPAT9.

DGAT1 from oil palm promotes production of MCFA-
enriched oils

It has been previously demonstrated that MCFA-containing oils

could be produced in the leaves of N. benthamiana (Reynolds

et al., 2015). Chlorosis was observed in some gene combinations

following the high proportion of MCFA accumulating in the

membrane lipids, especially PC. It was therefore hypothesized

that the introduction of a DGAT capable of utilizing MCFA for

esterification into TAG may increase the MCFA content while

alleviating the chlorosis phenotype, while also increasing TAG

production.

The publication of the Elaeis guineensis (African oil palm)

transcriptome (Dussert et al., 2013) revealed gene candidates

that may be involved in lipid synthesis pathways. These data

included sequences for three predicted DGAT1s, which were

codon optimized for expression in N. tabacum and synthesized by

GeneArt. Although these candidates had not yet been charac-

terized in terms of their substrate specificity, the fatty acid profile

of the oils from oil palm (palm oil and palm kernel oil) (Edem,

2002) suggested that these DGAT1 candidates may exhibit

specificity for MCFA substrates. These EgDGAT1 candidates were

infiltrated in combination with AtWRI1 (Arabidopsis thaliana

WRINKLED1) and CnLPAAT, both with and without the co-

expression of CcTE (thioesterase from Cinnamomum camphora),

to determine their ability to both mediate TAG production and

the incorporation of MCFA into TAG. Following 5 days of

expression, observations of the leaves revealed that the negative

chlorosis phenotype was associated with several gene combina-

tions (Figure S3), but correlated with the expression of the CcTE

in particular. Further analysis revealed that the chlorosis pheno-

type was alleviated by the addition of EgDGAT1.1 (a gene which

is expressed in the palm kernel) when compared with AtDGAT1.

It was hypothesized that the phenotypic improvement was due to

the improved capacity of the EgDGAT1.1 to sequester elevated

levels of MCFA into TAG. Analysis of the predicted EgDGAT1

genes via multiple alignments of the translated proteins (Fig-

ure S4) revealed that both the EgDGAT1.2 and EgDGAT1.3

isoforms may be nonfunctional due to the absence of highly

conserved C- and N-terminal motifs (Cao, 2011), which are

responsible for the catalytic and regulatory activities of the

DGAT1 enzyme, respectively (Liu et al., 2012; Xu et al., 2008).

Total lipids were extracted and analysed to better understand

the relationship between chlorosis and particular gene combina-

tions. The total fatty acid profile (Figure 3; blue) revealed that in

the absence of CcTE expression, the TFA content was similar

following the addition of either AtDGAT1 or EgDGAT1.1

(P = 0.23). Following the introduction of the CcTE, the TFA

content was significantly higher for treatments including EgD-

GAT1.1 than compared to AtDGAT1 (P = 0.015). The same

correlation was observed for TAG content (Figure 3; red).

Although the TAG content was similar for AtWRI1 + AtDGAT1

and AtWRI1 + EgDGAT1.1 samples (P = 0.45), following the

addition of CcTE the TAG content was significantly increased for

samples expressing EgDGAT1.1, compared to samples expressing

the AtDGAT1 (P = 0.027). This result suggested that following

Figure 2 Testing the effect of glycerol-3-phosphate acyltransferase 9

(GPAT9) expression on triacylglycerol (TAG) content, comparing genes

from Arabidopsis thaliana (AtGPAT9) and Cocos nucifera (CnGPAT9),

determined by application of the transient Nicotiana benthamiana leaf

expression assay (n = 4).
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CcTE expression, in the presence of AtDGAT1, fatty acid synthesis

(FAS) was inhibited due to inefficient assembly of the MCFA into

glycerolipids. Conversely, there appeared to be no inhibition of

FAS following the addition of EgDGAT1.1 (here within referred to

as EgDGAT1) highlighted by increases in both the TFA and TAG

content, implying improved incorporation efficiency for MCFAs.

The fatty acid composition of the phospholipid fraction was also

analysed (Figure 4). Total phospholipids were fractionated by TLC

andpreparedforanalysisbythepreparationofFAME.Analysisof the

fatty acid composition of the phospholipids revealed a significant

reduction in the accumulation of MCFA, particularly C14:0 and

C16:0, following the over-expression of the EgDGAT1 (P = 0.008),

than compared to the expression of AtDGAT1. This suggested that

the reducedaccumulationofMCFA intomembrane lipidsassisted in

the improvement of the chlorosis phenotype.

The reconfiguration of a Kennedy pathway for efficient
MCFA accumulation

Following confirmation of the CnGPAT9, the GPAT9 was used for

subsequent studies that involved investigating its capability to use

MCFA acyl-CoAs as substrates for TAG assembly. The CnGPAT9

was tested through the sequential reconfiguration of the

Kennedy pathway, rebuilding the pathway for improving MCFA

composition, with all infiltrations performed using AtWRI1 to

elevate fatty acid synthesis. After 5 days of gene expression,

photographs of the leaves (Figure S5) were taken before the

infiltrated zones were harvested and processed for the extraction

of total lipids as previously described (Wood et al., 2009).

Both the fatty acid composition of TAG and the TAG content

were determined by GC-FID (Figures 5 and 6, respectively). With

the co-expression of UcTE, the sequential addition of each

acyltransferase resulted in both significantly increased total TAG

content (P ≤ 0.05), and a significantly increased accumulation of

C12:0 in the TAG profile (P ≤ 0.02). The highest level of C12:0

accumulation achieved was 51.6 � 2.0%, which was associated

with the combined expression of UcTE + AtWRI1 +
CnGPAT9 + CnLPAAT + EgDGAT1, with a total TAG content of

2.4 � 0.7%. It was also observed that this combination was

associated with the recovery of the chlorosis phenotype, pre-

dicted to be a result of efficient sequestering of laurate into TAG,

Figure 3 Total fatty acid (TFA; blue) and

triacylglycerol (TAG; red) contents of Nicotiana

benthamiana leaf infiltration samples (n = 3) were

quantified. ‘CcTE’ represents the expression of the

thioesterase from Cinnamomum camphora,

whereas ‘No TE’ represents samples where CcTE

expression was absent. CnLPAAT = Cocos

nucifera lysophosphatidic acid acyltransferase;

AtWRI = Arabidopsis thaliana WRINKLED1;

AtDGAT = A. thaliana diacylglycerol

acyltransferase 1; EgDGAT = Elaeis guineensis

diacylglycerol acyltransferase.

Figure 4 Investigating the effects of DGAT1 co-

expression on fatty acid profile changes in the

membrane lipids (phospholipids) (n = 3). Results

in the figure represent each fatty acid as a

percentage of total fatty acid methyl esters

(FAME) of the phospholipid fraction only. ‘CcTE’

represents the expression of the thioesterase from

Cinnamomum camphora. CnLPAAT = Cocos

nucifera lysophosphatidic acid acyltransferase;

AtWRI = Arabidopsis thaliana WRINKLED1;

AtDGAT = A. thaliana diacylglycerol

acyltransferase 1; EgDGAT = Elaeis guineensis

diacylglycerol acyltransferase.
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and hence the exclusion from membrane lipids. Similar results

were observed with the associated co-expression of the CcTE. The

highest level of accumulation of C14:0 was 40.3 � 1.2%, with

the combination of CcTE + AtWRI1 + CnGPAT9 + CnLPAAT,

although there was no significant difference in the TAG content

compared to the addition of the CnGPAT9 only (P = 0.08). The

greatest TAG production was achieved following the further

addition of the EgDGAT1, with a total TAG content of

2.8 � 0.2%. However, the fatty acid composition of TAG was

altered following the additional expression of EgDGAT1, with

both a significant reduction in C14:0 (P = 0.015) and a significant

increase in C16:0 (P = 0.013) content. This shift in profile

suggests that EgDGAT1 exhibits a stronger substrate preference

for C16:0 compared to C14:0. Consistent with the UcTE scenario,

a significant improvement in the chlorotic phenotype was

observed following the addition of the EgDGAT1. However, in

the scenario of samples associated with the expression of CnTE2,

the sequential addition of the acyltransferases did not result in

any significant differences in either the fatty acid profile of TAG,

or the total TAG content. This may be due to the native

acyltransferases’ ability to efficiently utilize the increased flux of

C16:0 acyl-CoA associated with the activity of CnTE2. However,

the observed chlorotic phenotype suggests that efficient assembly

of TAG was not occurring. Consequently, further investigations

into the composition of other lipid classes, particularly the

membrane lipids, were essential in understanding the occurrence

of chlorosis.

Further investigations into the effects of the sequential addition

of acyltransferases on the utilization of acyl-CoAs for the

assembly of MCFA-enriched glycerolipids were performed using

QQQ-LCMS, to reveal any differences in MCFA assembly and

distribution. The integrated analysis including DAG (Figure S6),

PC and TAG reveals an extensive amount of information in

respect to the assembly process of lipids. From the expression of

CnGPAT9, in the background of UcTE + AtWRI1 (Figure 7), it was

observed that CnGPAT9 appears to utilize C12:0 for assembly,

based on the presence of PC 30:3 (C12:0 plus C18:3). It was

reasoned that the sn-2 position is most likely occupied by the

C18:3, due to either the esterification of C12:0 to the sn-1

position via CnGPAT9 or from the absence of CnLPAAT. The

presence of some TAG 42:3 suggests that the native DGATs

exhibit some capability of utilizing C12:0 for TAG assembly (12:0/

18:3/12:0). Following the subsequent addition of CnLPAAT, a

significant amount of PC 24:0 (di-C12:0) was being produced,

indicative that C12:0 was being efficiently esterified to both the

sn-1 and sn-2 positions of the G3P backbone. However, without a

DGAT that exhibits strong substrate preference for C12:0, most

of the produced laurate remains sequestered in membrane lipids.

With the further addition of the EgDGAT1, previously shown to

be capable of utilizing MCFA for lipid assembly, a shift in laurate

accumulation was observed. This shift involved the reduction

MCFAs accumulating in PC, and a correlating increase production

of MCFA-enriched TAG. Most notable was the shift from PC 24:0

(without EgDGAT1) to the accumulation of TAG 36:0 (tri-C12:0)

(with EgDGAT1), highlighting that laurate was being efficiently

incorporated into all three position of the G3P backbone.

Significant increases were also observed for other MCFA-enriched

TAG species including TAG 38:0, TAG 40:0 and TAG 42:0. These

Figure 5 Fatty acid composition analysis of triacylglycerol (TAG), determined by the analysis of fatty acid methyl esters (FAME) via gas chromatography–

flame ionization detection (GC-FID) (n = 3). Each thioesterase was infiltrated in combination with CnGPAT9 alone, CnGPAT9 + CnLPAAT or

CnGPAT9 + CnLPAAT + EgDGAT1, with all treatments including expression of AtWRI1 (Arabidopsis thaliana WRINKLED1). CcTE = Cinnamomum

camphora thioesterase; CnTE2 = Cocos nucifera thioesterase; UcTE = Umbellularia californica thioesterase; CnGPAT9 = C. nucifera glycerol-3-phosphate

acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase.
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results confirm that the expression of an appropriate DGAT1 is

essential for the efficient incorporation of the unusual fatty acids

of interest (in this scenario, C12:0) into TAG. Conclusively, these

results highlighted that the expression of the EgDGAT1 effectively

relieves the accumulation of laurate in PC and promotes efficient

production of laurate-enriched TAG in plant leaf lipids.

A similar pattern was also observed in the case study involving

the over-expression of CcTE (Figure 7). From the expression of

CnGPAT9, in the background of CcTE + AtWRI1, it was observed

that CnGPAT9 appears to utilize C14:0 for assembly, based on

the accumulation of PC 28:0 (di-C14:0) and PC 30:0 (C14:0 plus

C16:0). It appears that the native LPAAT genes are somewhat

capable of utilizing C14:0 acyl-CoA for lipid assembly based on

the presence of PC 28:0, indicating that C14:0 was being

esterified to both the sn-1 and sn-2 positions. Similarly, the native

DGATs also appear capable of utilizing C14:0 for TAG assembly,

based on the production of TAG 42:0 (tri-C14:0). However, the

subsequent addition of CnLPAAT to the system increased

utilization of C14:0 acyl-CoA evident from the significantly

increased abundance of PC 28:0, which indicated an increased

efficiency of esterification to the sn-2 position of the G3P

backbone. This increased accumulation of MCFA was also

correlated with a more severe chlorosis phenotype then com-

pared to the CnGPAT9 alone, most likely attributed to the

increased saturation of the membrane lipids. The further addition

of the EgDGAT1 resulted in almost the complete removal of

MCFA accumulation in PC. This was associated with an increased

production of MCFA-enriched TAG species, particularly TAG

40:0, TAG 42:0, TAG 44:0 and TAG 46:0, all of which include the

incorporation of C14:0. It was suspected that the EgDGAT1

exhibits a stronger preference for C16:0 than compared to C14:0,

based on the higher abundance of TAG 44:0 (14:0/14:0/16:0)

than TAG 42:0 (tri-C14:0). This is supported by the similar trend

seen in the changes in total fatty acid composition of TAG

(Figure 5).

However, in the case study involving the over-expression of

CnTE2 (Figure 7), the pattern was not as consistent as previously

seen. From the expression of CnGPAT9, in the background of

CnTE2 + AtWRI1, it was observed that CnGPAT9 also utilizes

C16:0 for assembly, based on the accumulation of PC 32:0 (di-

C16:0). Based on the fatty acid profile of N. benthamiana leaves,

it was expected that the native LPAATs and DGATs exhibit

substrate specificity for the incorporation of C16:0 acyl-CoAs into

glycerolipids, evidenced from the increased production of C16:0-

enriched TAG species, through simply over-expressing a thioes-

terase with C16:0 specificity. Although the subsequent additions

of the CnLPAAT and EgDGAT1 did not appear to significantly

affect the overall TAG composition, there was significant reduc-

tion in the total MCFA accumulation in PC lipids. Importantly, the

addition of the EgDGAT1 was associated with a reduction in the

degree of leaf chlorosis, although not completely recovered.

Through analysing the effect that CnGPAT9 expression has on

the fatty acid profile of both the PC and TAG lipid fractions, it was

concluded that CnGPAT9 is an important factor in contributing

Figure 6 Quantified TAG content, determined by the analysis of fatty acid methyl esters (FAME) via gas chromatography–flame ionization detection (GC-

FID) (n = 3). The results were grouped by thioesterase expression including from Cinnamomum camphora (CcTE), Cocos nucifera (CnTE2) or Umbellularia

californica (UcTE). All treatments were also co-infiltrated with WRI1 from Arabidopsis thaliana (AtWRI1). CnGPAT9 = C. nucifera glycerol-3-phosphate

acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase 1.
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towards both MCFA accumulation and increasing the total

production of TAG in plant leaves. In all thioesterase scenarios,

the low abundance of MCFA-containing DAG species suggests

that they are actively converted to PC via the activities of either

PDCT or CPT (Bates and Browse, 2011, 2012; Bates et al., 2012),

in the absence of a MCFA-specific DGAT. The addition of

EgDGAT1 changes the metabolic flux of the system, pushing

MCFA towards TAG accumulation via the Kennedy pathway, and

hence away from incorporation into membrane lipids via avoiding

the conversion of DAG to PC.

Modification of TAG profile through thioesterase co-
expression

With the knowledge that fatty acid thioesterases are essential

factors in the fatty acid profile determination of plant seed oils

(Harwood, 1996), it seems reasonable to suggest that further

modifications of the fatty acid profile could be achieved through

the combinatorial expression of different thioesterases. The

thioesterases (UcTE, CcTE and CnTE2) were tested in combina-

tions with each other using the transient N. benthamiana

infiltration system. The thioesterases were either infiltrated alone,

in pairs or in trio, with all thioesterase combinations being tested

with and without the high oil background, consisting of

AtWRI1 + CnLPAAT + EgDGAT1.

To understand the contribution of each thioesterase on the

assembly of TAG, the TAG composition and fatty acid profile was

analysed via LC-MS. Initially TAG was characterized by its fatty

acid profile (Figure 8). With the expression of UcTE in the high oil

background, C12:0 accounted for 48% of the TAG profile.

However, significant decreases in the C12:0 content were

observed, associated with significant increases in C14:0 and

C16:0 following the addition of CcTE or CnTE2, respectively.

Conversely, a similar pattern was observed in the scenario of

CnTE2 expression, which results in the accumulation of 58%

C16:0 in TAG when expressed alone. The content of C16:0 was

decreased following co-expression of another thioesterase, cor-

related with increased proportions of C12:0 and C14:0 with the

co-expression of UcTE or CcTE, respectively. When the thioes-

terases were co-expressed, the total MCFA content accounted for

approximately 75% of the total fatty acid profile. Interestingly,

this co-ordinated expression of all three thioesterases produced a

TAG profile which was similar in proportions of C12:0 (24%),

C14:0 (16%) and C16:0 (34%).

The TAG profile was further analysed through determining the

abundance of individual TAG species (Figure S7), which reveals

more information in respect to TAG assembly and the co-

ordinated effects of the studied thioesterases on TAG composi-

tion. When UcTE was expressed alone, the most abundant TAG

species was TAG 36:0 (tri-laurate), with TAG 38:0, TAG 40:0,

TAG 42:0, TAG 42:1, TAG 42:2 and TAG 42:3 also being highly

abundant. Following the co-expression of CcTE and CnTE2, there

were significant decreases in the abundance of TAG 36:0, TAG

38:0 and unsaturated TAG 42 species. This correlated with

significant increases for TAG 42:0, TAG 44:0 and TAG 46:0. The

increased abundance of larger TAG species can be justified by the

increased availability of C14:0 and C16:0 for incorporation into

TAG, following the expression of CcTE and CnTE2. When CcTE

was expressed alone, the most abundant TAG species was TAG

44:0, with TAG 42:0, TAG 48:3, TAG 50:2 and TAG 50:3 being

almost equally abundant. With the addition of UcTE, increases

were observed for the lower molecular weight TAG species

particularly TAG 36:0, TAG 38:0 and TAG 40:0, due to the

increased availability of C12:0 for TAG assembly. Alternatively,

when combined with CnTE2, increases were observed for higher

molecular weight TAG species particularly TAG 46:0, TAG 48:0

and TAG 50:3, indicative of increased availability of C16:0. When

Figure 7 Comparative analysis of phosphatidylcholine (PC) and triacylglycerol (TAG) lipid species, associated with the expression of thioesterases from

either Cinnamomum camphora (CcTE), Cocos nucifera (CnTE2) or Umbellularia californica (UcTE) (n = 3). ‘Control’ refers to samples that were infiltrated

with p19 only. All other samples were co-infiltrated with both p19 and WRINKLED1 from Arabidopsis thaliana (AtWRI1). CnGPAT9 = C. nucifera glycerol-

3-phosphate acyltransferase 9; CnLPAAT = C. nucifera lysophosphatidic acid acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase.
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only the CnTE2 was expressed, the most abundant TAG species

were TAG 46:0, TAG 48:0, TAG 50:2 and TAG 50:3. Similar to

the CcTE scenario, the co-expression with UcTE led to an increase

in the abundance of many lower molecular weight TAG species

including TAG 36:0, TAG 38:0, TAG 40:0, TAG 42:0 and TAG

44:0. The addition of the CcTE also led to changes in the

TAG composition, primarily increased abundance of TAG 40:0,

TAG 42:0, TAG 44:0 and TAG 46:0. From the combinatorial

expression of all three thioesterases, there was a broad range in

the TAG composition, highlighting the increased availability of

C12:0, C14:0 and C16:0 for the assembly of glycerolipids.

Discussion

In the seeds of native plants, the incorporation of unusual fatty

acids is almost exclusively confined to TAG and typically excluded

from membrane lipids, most likely because they interfere with

proper membrane functions and are often deleterious to the

plant cells (Millar et al., 2000). A different scenario has been

observed in transgenic plants that have attempted to modify the

oil fatty acid profiles, such as increasing the lauric acid content

(Knutzon et al., 1999). Although high levels of laurate accumu-

lation in plant oils have been achieved in the seeds of transgenic

canola, at �67%, there was a significant level of laurate being

sequestered in PC during seed development (Wiberg et al.,

1997). In this earlier transgenic canola work, de novo DAG

containing laurate is not being efficiently converted to TAG by the

resident DGAT but is instead being converted to the membrane

lipid PC. The native canola LPCAT lacks the capability to handle

MCFAs (Zhang et al., 2015), so the route to PC could be via PDCT

or CPT exchange. Consequently, this inefficient utilization of

laurate for TAG synthesis was also associated with a negatively

correlated penalty in total oil yields (Knutzon et al., 1999).

Similar to the expression of MCFA in seed oil, the over-

expression of MCFA in the leaf high oil model (Vanhercke et al.,

2013) with the co-expression of CnGPAT9 and CnLPAAT there is

a metabolic bottleneck identified with the sequestering of MCFA

in PC. It appeared that the CnGPAT9 does not exhibit substrate

specificities, but rather actively incorporates acyl-CoAs based on

their availability, although this requires further investigation. The

low abundance of MCFA-containing DAG species suggests that

de novo DAG is quickly converted to PC through the activities of

PDCT or CPT, due to the absence of a substrate-specific DGAT

capable of using the MCFA-containing DAG for TAG assembly. It

was hypothesized that the addition of a DGAT1 with substrate

specificity for MCFA is essential to relieve this bottleneck and

hence promote synthesis of MCFA-enriched TAG. Previously, it

has been demonstrated that PDAT is also involved in the

maintenance of membrane homoeostasis, through the removal

of damaged or unusual fatty acids from the membrane lipids and

sequestering them into TAG (Fan et al., 2013, 2014). This

suggests that the expression of a substrate-specific PDAT may

have assisted with the recovery of the observed phenotype. This

study demonstrated that the over-expression of the DGAT1 from

E. guineensis (EgDGAT1) was sufficient enough in restoring

membrane homoeostasis by avoiding the initial accumulation of

MCFA in PC. The expression of EgDGAT1 proved that a substrate-

specific DGAT is essential for the efficient assembly of TAG,

through the relationship of decreased PC species and increased

TAG species containing MCFA.

The addition of EgDGAT1 plays an important role in the

assembly of TAG, particularly those containing C12:0 and C14:0,

associated with expression of UcTE and CcTE, respectively. The

increased amounts of tri-MCFA TAG species, compared to the

samples expressing only the CnGPAT9 and CnLPAAT, highlights

the importance of expressing an appropriate DGAT for efficient

TAG assembly. Collectively, these results highlight an efficient

assembly pathway for the incorporation of MCFA into plant oils,

while also efficiently avoiding accumulation in membrane lipids.

We hypothesized that through the relief of the metabolic

Figure 8 Investigating the effects of combined thioesterase expression on triacylglycerol (TAG) fatty acid composition. Results are presented as the

percentage for each fatty acid, determined by GC-FID (n = 4). The ‘Control’ refers to the infiltration of p19 alone. The label ‘Thioesterase Only’ refers to the

expression of p19 with the respective thioesterase combination. AtWRI1 = Arabidopsis thaliana WRINKLED1; CnLPAAT = C. nucifera lysophosphatidic acid

acyltransferase; EgDGAT1 = Elaeis guineensis diacylglycerol acyltransferase; CcTE = Cinnamomum camphora thioesterase; CnTE = Cocos nucifera

thioesterase; UcTE = Umbellularia californica thioesterase.
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bottleneck of PC accumulation, the complete assembly pathway

assists in promoting higher oil yields. This was supported by the

observed increases in both TFA and TAG contents following

EgDGAT1 expression, and hence achieved via preventing inhibi-

tion of the FAS cycle previously observed with an incomplete

pathway for the utilization of MCFA-CoA (Knutzon et al., 1999;

Wiberg et al., 1997). This is also supported by the results of

previous studies that have demonstrated that the inefficient

utilization of unusual fatty acids for the assembly of glycerolipids

is correlated with both their accumulation in phospholipids

(Knutzon et al., 1999) and the inhibition of fatty acid synthesis

(Bates et al., 2014).

It is suspected that the concept of substrate-specific DGATs

could be further extended into the work of improving the

accumulation of other unusual fatty acids, such as short-chain,

epoxy and hydroxyl fatty acids, in both seed and plant biomass

platforms. The identification of a substrate-specific DGAT fol-

lowed by its over-expression in the system of interest should assist

in the incorporation of the respective fatty acid into TAG. Another

alternative for improving the accumulation of unusual fatty acids

could be the modification of the active site through methods such

as site-directed mutagenesis (Liu et al., 2010; Morand et al.,

1998) and hence modify or improve the substrate specificity of

acyltransferases. For example, the EgDGAT1 exhibited some

specificity for C14:0, but preferred C12:0 and C16:0. It may be

possible to modify the active site of the EgDGAT1 to explicitly

utilize C14:0 for incorporation into TAG. Although in this study

significant levels of C14:0 incorporation into TAG was achieved,

with �40%, the addition of an engineered DGAT with explicit

substrate specificity for C14:0 should contribute to increasing the

myristate content of TAG.

It has been well established that thioesterases are an important

factor in the determination of the fatty acid composition of TAG

(Bates et al., 2013; Dehesh et al., 1996a; Harwood, 1996).

Historically, transgenic work has been associated with the over-

expression of single thioesterases (Dehesh et al., 1996b;

D€ormann et al., 2000; Eccleston et al., 1996; Leonard et al.,

1998), for the modification of TAG composition. In this study,

different combinations of thioesterases were studied to investi-

gate the potential shift in the MCFA composition of TAG and also

highlight the contribution that thioesterases have towards deter-

mining and modifying the oil composition of both the native

species and transgenic plants, respectively. It was demonstrated

that the TAG fatty acid composition can be significantly altered

through the co-expression of thioesterases with different sub-

strate specificities, where they work together to determine the

final lipid profile. This occurrence could be explained through an

increased variety of acyl-CoAs that are available for TAG assembly

and hence demonstrating that thioesterases are an integral factor

in the determination of the fatty acid profile of plant oils. To

efficiently utilize the increased variety within the acyl-CoA pool

for TAG assembly, it may also be necessary to over-express

various DGATs with suitable substrate specificity.

It has long been considered that the expression of a DGAT1

plays a significant role in determining plant oil compositions

(Bates and Browse, 2012). Importantly, the results we present

indicate that the expression of a substrate-specific DGAT1 is

essential in the avoidance of bottleneck accumulation of MCFA in

PC and hence directing the flux of MCFA to TAG production. This

is achieved through the efficient utilization of the MCFA-CoAs,

produced by the termination of fatty acid synthesis by thioester-

ase expression, for the synthesis of TAG from de novo DAG. This

reconfigured Kennedy pathway for improving MCFA incorpora-

tion into TAG has the potential to be further explored in both

seed and leaf oil contexts and may potentially be applied for

improving the accumulation of other unusual fatty acids. Of

particular importance, the identification of an appropriate DGAT

for the fatty acid profile of interest (MCFA or other unusual fatty

acids) is essential for achieving increased oil production with

specifically tailored fatty acid compositions.

Methods

Gene selection

Thioesterases were identified from previous publications, with

codon optimized gene coding sequences being synthesized

(Geneart, Regensburg, Germany) for Cinnamomum camphora

14:0-ACP thioesterase (referred to as ‘CcTE’, Q39473.1 (Yuan

et al., 1995)), Umbellularia californica 12:0-ACP thioesterase

(UcTE, Q41635.1 (Voelker et al., 1992), Cocos nucifera acyl-

ACP thioesterase FatB2 (CnTE2, AEM72520.1 (Jing et al., 2011)).

The C. nucifera LPAAT (CnLPAAT, Q42670.1 (Knutzon et al.,

1995)) was also synthesized. WRI1 and DGAT1 expression vectors

were produced as previously described by Vanhercke et al.

(2013).

From a recently published transcriptome of African oil palm

(Elaeis guineensis) (Dussert et al., 2013), three DGAT candidates

were chosen for testing their capability of efficiently utilizing

MCFA for the assembly of leaf lipids. The DGATs from oil palm

were selected based on the fatty acid compositions of palm oil

and palm kernel oil (Edem, 2002), being high in MCFA content.

The glycerol-3-phosphate acyltransferase 9 from C. nucifera

(CnGPAT9) was identified from a recently constructed transcrip-

tome, constructed from RNA isolated from developing coconut

endosperm. Using the recently identified and confirmed Ara-

bidopsis thaliana GPAT9 (AtGPAT9) (Shockey et al., 2016) as the

BLAST query, a good candidate for GPAT9 from coconut was

identified. The CnGPAT9 (NCBI accession number: KX235871)

was identified based on sequence homology with AtGPAT9.

Using the synthesized coconut cDNA as template, Phusion high

fidelity (New England Biolabs, Hitchin, England) PCR was

performed (according to manufacturer’s instructions) to attempt

the amplification of the full length CnGPAT9 sequence.

Construct assembly

Each gene was cloned into the EcoRI site of a binary vector,

pJP3343, which already contained a 35S promoter with dupli-

cated enhancer region (Vanhercke et al., 2013). Agrobacterium

tumefaciens strain AGL1 was transformed with each of the

constructs.

Nicotiana benthamiana transient assay

Transient expression in N. benthamiana leaves was performed as

previously described (Wood et al., 2009), with some minor

modifications. A. tumefaciens cultures containing the gene

coding for the p19 viral suppressor protein and the chimeric

gene(s) of interest were mixed such that the final OD600 of each

culture was equal to 0.1 prior to infiltrations. Each complete

experiment was repeated five times to confirm reproducibility,

although the data were presented for only a single experiment.

For fatty acid profile analyses, a total of 16 leaves from six plants

were infiltrated with the different gene combinations. The

samples being compared were randomly located, with a p19

control infiltrated for each plant. After infiltrations, the
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N. benthamiana plants were grown for a further 5 days before

leaf discs were harvested, freeze-dried, weighed and stored at

�80 °C.

Total lipid extraction and fatty acid profile analysis

Total lipids were extracted from freeze-dried N. benthamiana

leaves. During the extraction of total lipids, TAG 51:0 (tri-C17:0)

was added as the internal standard for the quantification of both

the TAG and total fatty acid (TFA) contents. Freeze-dried leaf

tissue was ground to powder in a microcentrifuge tube contain-

ing a metallic ball using Reicht tissue lyser (Qiagen) for 3 min. at

20 frequency/s. Chloroform:methanol (2:1, v/v) was added and

mixed for a further 3 min. on the tissue lyser before the addition

of 1:3 (v/v) of 0.1 M KCl. The sample was then mixed for a further

3 min. before centrifugation (5 min. at 14 000 g), after which

the lower lipid phase was collected. The remaining phase was

washed once with chloroform, and the lower phase extracted

and pooled with the earlier extract. Lipid phase solvent was then

evaporated completely using N2 gas flow and the lipids resus-

pended in 5 lL chloroform per mg of original dry leaf weight.

Fatty acid methyl esters (FAMEs) of total lipids (equivalent to

10 mg dry weight) were produced by incubating extracted lipid in

1 N methanolic HCl (Supelco, Bellefonte, PA) at 80 °C for 3 h.

FAMEs were analysed by an Agilent 7890A gas chromatograph

coupled with flame ionization detector (GC-FID, Agilent Tech-

nologies, Palo Alto, CA), on a BPX70 column (30 m, 0.25 mm

inner diameter, 0.25 lm film thickness, SGE) essentially as

described previously (Zhou et al., 2011), except the column

temperature programme. The column temperature was pro-

grammed as an initial temperature at 100 °C holding for 3 min,

ramping to 240 °C at a rate of 7 °C/min and holding for 1 min.

NuChek GLC-426 was used as the external reference standard.

Peaks were integrated with Agilent Technologies ChemStation

software (Rev B.04.03 (16)).

TLC analysis

From the total lipid extracts (equivalent to 10 mg dry weight),

TAG and polar lipids were fractionated by TLC (Silica gel 60,

MERCK) in hexane:diethylether:acetic acid (70:30:1 v/v/v) and

visualized by spraying Primuline (Sigma, 5 mg/100 mL acetone:

water (80:20 v/v)) and exposing plate under UV. TLC analysis was

primarily used for the identification of fatty acid composition of

TAG and phospholipids from lipid extraction samples. This also

enabled the determination of the total TAG content for each

sample. The TAG and phospholipid fractions were scraped from

the TLC plates and methylated according to the FAME prepara-

tion protocol described previously.

LC-MS analysis

Lipids extracted from 1 mg dry leaf weight were resuspended

and diluted to 1 mg/mL in mL butanol:methanol (1:1, v/v) and

analysed by liquid chromatography–mass spectrometry (LC-MS),

based on previously described methods (Petrie et al., 2012).

Briefly, lipids were chromatographically separated using a

Waters BEH C8 (100 9 2.1 mm, 2.7 lm) fitted to an Agilent

1290 series LC and 6490 triple quadrupole LC-MS with Jet

Stream ionization with a binary gradient flow rate of 0.2 mL/

min. The mobile phases were as follows: A. H2O:acetonitrile

(10:90, v/v) with 10 mM ammonium formate and 0.2% acetic

acid; B. H2O:acetonitrile:isopropanol (5:15:80, v/v) with 10 mM

ammonium formate and 0.2% acetic acid. For the phos-

phatidylcholine (PC) and lysophosphatidylcholine (LPC), species

hydrogen adducts were quantified by the characteristic 184 m/

z phosphatidyl head group ion under positive ionization mode.

The ammonium adducts of monogalactosyl diacylglycerol

(MGDG), digalactosyl diacylglycerol (DGDG), diacylglycerol

(DAG) and TAG lipid species were analysed by the neutral loss

of singular fatty acids C12 to C18. Multiple reaction monitoring

(MRM) lists were based on the following major fatty acids:

12:0, 14:0, 16:0, 16:3, 18:0, 18:1, 18:2, 18:3, using a collision

energy of 28 V for all lipid classes except for DAG where a

collision energy of 14 V was used. Individual MRM TAG was

identified based on ammoniated precursor ion and product ion

from neutral loss.

Statistical analysis

To determine whether there was any significant differences

between samples, statistical analysis was performed using either

the data analysis package for Excel 2013 or the dplyr, ggplot2

packages from R using RStudio (Horton and Kleinman, 2015).

Statistical analyses were performed using students T-test, for two

samples assuming unequal variances. The experiments were

designed with either three or four replicates, to enable accurate

analysis of any significant differences.
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 Supplementary Figures and Tables  
 

 

Supplementary Figure 1: Quality control analysis, quality (PHRED score) distribution across all unfiltered reads.  

 

 

 

Supplementary Figure 2: Read length distribution of filtered reads, used for assembly of the Cocos nucifera (coconut) 
endosperm transcriptome. 
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Supplementary Table 1: Results following CEGMA analysis of the de novo assembly of the coconut endosperm 
transcriptome.  

 
#Prots %Completeness #Total Average %Ortho 

Complete 238 95.97 722 3.03 85.29 
Group 1 63 95.45 177 2.81 82.54 
Group 2 52 92.86 169 3.25 90.38 
Group 3 58 95.08 169 2.91 81.03 
Group 4 65 100 207 3.18 87.69  

     
Partial 247 99.6 1024 4.15 94.74 

Group 1 65 98.48 251 3.86 89.23 
Group 2 56 100 239 4.27 98.21 
Group 3 61 100 261 4.28 95.08 
Group 4 65 100 273 4.2 96.92 

These results are based on the set of genes selected by Genis Parra  
Key: 

#Prots = number of 248 ultra-conserved CEGs present in genome 
%Completeness = percentage of 248 ultra-conserved CEGs present 
#Total = total number of CEGs present including putative orthologs 

Average = average number of orthologs per CEG                          
%Ortho = percentage of detected CEGS that have more than 1 ortholog 

 

 

Supplementary Table 2: Coconut endosperm transcriptome analysis using plantae BUSCO reference.  

Number of BUSCO 
references Category of Analysis 

447 Complete Single-copy BUSCOs (84%, including duplicates) 

358 Complete Duplicated BUSCOs (37%) 

91 Fragmented BUSCOs (9.5%) 

60 Missing BUSCOs (6.2%) 

956 Total BUSCO groups searched 
 
 


	2017-Reynolds-PhD Thesis_v2
	TABLE OF FIGURES
	TABLE OF TABLES
	TABLE OF SUPPLEMENTARY FIGURES
	TABLE OF SUPPLEMENTARY TABLES
	CERTIFICATE OF AUTHORSHIP
	ABSTRACT
	Chapter 1: Literature Review
	1.1. Plant Oil Production
	1.1.1. Oil Crops and Annual Production
	1.1.2. Crude Oil Production
	1.1.3. Expansion of Oil Production Crops
	1.1.4. Diversity of Plant Oil Function
	1.1.4.1. Unusual Fatty Acids in Industrial Applications
	1.1.4.2. Utilisation of Medium-Chain Fatty Acids in Industry

	1.2. Vegetable Oil Production Pathways in Plants
	1.2.1. Fatty Acid Synthesis
	1.2.2. Fatty Acid Export from Plastids
	1.2.3. Acyl-Editing of Fatty Acids
	1.2.4. Triacylglycerol Assembly
	1.2.4.1. The Kennedy Pathway
	1.2.4.2. Alternative Triacylglycerol Assembly Pathway
	1.2.5. Regulation of Fatty Acid Synthesis
	1.2.6. β-oxidation: Degradation of Fatty Acids
	1.2.7. Fatty Acid Synthesis and Oil Production in Leaves

	1.3. Metabolic Engineering of Fatty Acid Pathways
	1.3.1. Stable Transformation of Plants
	1.3.2. Development of Transient Expression Studies

	1.4. Engineering of Medium-Chain Fatty Acid Producing Plants
	1.4.1. Industrial Importance of Medium-Chain Fatty Acids
	1.4.2. History of Medium-Chain Fatty Acid Work
	1.4.2.1. Identification of Medium-Chain Fatty Acid Specific Thioesterases
	1.4.2.2. Identification of Medium-Chain Fatty Acid Specific Acyltransferases
	1.4.2.3. Recent Medium-Chain Fatty Acid Transgenic Results
	1.4.2.3.1. Transgenic Expression of Umbellularia californica Thioesterase
	1.4.2.3.2. Transgenic Expression of Cuphea spp. Thioesterases
	1.4.2.4. Further Medium-Chain Fatty Acid Accumulation Discoveries
	1.4.2.4.1. Targeting β-Oxidation
	1.4.2.4.2. Targeting β-Ketoacyl-Synthase Condensation Reactions
	1.4.2.4.3. Targeting Plastidial Elongation Mechanisms
	1.4.2.4.4. Further Analysis of Medium-Chain Fatty Acid-Enriched Oils

	1.5. Scope of Project
	Chapter 2: Materials and Methods
	2.1. Plant Material:
	2.2. RNA Extractions:
	2.2.1. CETYL TRIMETHYLAMMONIUM BROMIDE (CTAB) EXTRACTION PROTOCOL
	2.2.2. HOT PHENOL EXTRACTION PROTOCOL
	2.3. Degenerate Primer Design:
	2.4. cDNA Synthesis:
	2.5. GeneRacer PCR:
	2.6. Coconut Endosperm Transcriptome Assembly:
	2.7. One-Step Reverse-Transcriptase (RT)-PCR:
	2.8. Agarose Gel Electrophoresis:
	2.9. Agarose Gel Extraction:
	2.10. Construct Design:
	2.11. Cloning Reactions:
	2.11.1. RESTRICTION DIGESTS
	2.11.2. TSAP TREATMENT
	2.11.3. LIGATION
	2.11.4. A-TAILING and pGEM-T CLONING
	2.12. Escherichia coli and Agrobacterium tumefaciens Transformations:
	2.13. Colony Screening via Polymerase Chain Reaction:
	2.14. High-Fidelity Phusion-PCR:
	2.15. Plasmid Purification:
	2.16. Nicotiana benthamiana Agrobacterium-Infiltrations:
	2.16.1. SYRINGE INFILTRATION
	2.16.2. VACUUM INFILTRATION
	2.17. Bligh and Dyer Total Lipid Extractions:
	2.17.1. NICOTIANA BENTHAMIANA LEAVES
	2.17.2. COCOS NUCIFERA ENDOSPERM
	2.18. Thin Layer Chromatography (TLC):
	2.18.1. SINGLE PHASE TLC
	2.18.2. DUAL PHASE TLC
	2.19. Transesterification of Lipids by Methylation:
	2.19.1. ACIDIFIED METHANOL (MeOH-HCl) METHYLATION
	2.19.2. SODIUM METHOXIDE (NaMeOx) METHYLATION
	2.20. Gas Chromatography-Flame Ionisation Detection (GC-FID):
	2.21. Staining of Lipid Droplets:
	2.22. Confocal Microscopy:
	2.23. DGAT Assay in Saccharomyces Cerevisiae H1246:
	2.23.1. YEAST MEDIA DETAILS
	2.24. Identification of Medium-Chain Fatty Acid Genes of Interest:
	2.25. GeneArt Gene Synthesis:
	2.26. Liquid-Chromatography Mass-Spectrometry (LC-MS):
	2.27. Soxhlet Oil Extraction:
	2.28. Leaf Sterilisation Protocols:
	2.28.1. STERILISATION PROTCOL 1
	2.28.2. STERILISATION PROTCOL 2
	2.29. Tissue Culture Media Preparation:
	2.29.1. TISSUE CULTURE MEDIA DETAILS
	2.30. Nicotiana tabacum AGL1 Transformations:
	2.31. Confirmation of Transgenics via Phire PCR:
	2.32. Digital Droplet PCR (ddPCR):
	2.32.1. DNA EXTRACTION
	2.32.2. COPY NUMBER ANALYSIS via ddPCR
	Chapter 3: Cocos nucifera Gene Discovery
	3.1. Introduction
	3.2. Coconut Endosperm Transcriptome
	3.3. Identification of Lipid Assembly Genes
	3.3.1. Identification of Acyltransferases
	3.3.2. Cloning and Characterisation of Cocos nucifera GPAT9
	3.3.3. Cloning and Characterisation of Cocos nucifera DGAT1
	3.3.4. Identification and Cloning of Cocos nucifera PDAT

	3.4. Identification of Other Lipid Synthesis Related Genes from Cocos nucifera
	3.4.1. Cloning and Characterisation of Cocos nucifera OLEOSIN
	3.4.2. Cloning and Characterisation of Cocos nucifera FATA

	3.5. Conclusion
	Chapter 4: Production of Medium-Chain Fatty Acids in Plant Leaf Lipids
	4.1. Introduction
	4.2. Identification of Genes of Interest
	4.3. Method Development – Testing Methylation Protocols
	4.4. Investigating the Modification of Leaf Fatty Acid Profile by Thioesterase Expression
	4.5. The Impact of CnLPAAT on Medium-Chain Fatty Acid Lipid Assembly
	4.6. Improving Medium-Chain Fatty Acid Incorporation
	4.7. Further Improvement of Medium-Chain Fatty Acid Assembly into Leaf Oils
	4.8. Improving the Production of Medium-Chain Fatty Acid Enriched Oils in Leaf
	4.9. Further Modification of Oil Fatty Acid Profiles
	4.10. Large-Scale Transient Infiltration Study
	4.11. Inhibition of Fatty Acid Recycling
	4.12. Conclusions
	Chapter 5: Stable Production of Medium-Chain Fatty Acid Lipids
	5.1. Introduction
	5.2. Development of a High-Oil Nicotiana benthamiana Experimental Platform
	5.3. Agrobacterium-mediated Transformation of Nicotiana tabacum
	5.3.1. Optimisation of Leaf Sterilisation for N. tabacum
	5.3.2. Maintaining Sterile Tissue Culture for N. tabacum
	5.3.3. Stable Transformation of N. tabacum with Constructs Tailored for Medium-Chain Fatty Acid Production

	5.4. Conclusions and Discussion
	Chapter 6: Discussion
	6.1. Future Directions for Boosting Medium-Chain Fatty Acid Content of Leaf Oils
	6.1.1. Investigation of the Assembly Pathways for Medium-Chain Fatty Acids

	6.2. Performance of Newly-Synthesised Medium-Chain Fatty Acid Enriched Leaf Oils
	6.3. Major Conclusions and Their Potential Applications to the Wider Lipid Research Community
	APPENDICES
	Appendix I: List of Abbreviations
	Appendix II: List of Plants
	Appendix III: List of Genes
	Appendix IV: Conventions of Fatty Acid Notation
	Appendix V: Conventions of Glycerolipid Stereoisomer Nomenclature
	Appendix VI: Complete List of Parameters used for the Assembly of the Cocos nucifera (coconut) Transcriptome of Developing Endosperm
	Appendix VI.I: BIoKanga (v3.8.4) – Filter Parameters
	Appendix VI.II: BIoKanga (v3.8.4) – Assembly Parameters
	Appendix VI.III: BIoKanga (v3.8.4) - Scaffold Parameters
	Appendix VI.IV: BIoKanga (v3.8.4) - Alignment Parameters

	Appendix VII: Published Work
	Appendix VII.I: Metabolic engineering of medium-chain fatty acid biosynthesis in Nicotiana benthamiana plant leaf lipids
	Appendix VII.II: Thioesterase overexpression in Nicotiana benthamiana leaf increases the fatty acid flux into triacylglycerol.
	Appendix VII.III: A reconfigured Kennedy pathway which promotes efficient accumulation of medium chain fatty acids in leaf oils

	References
	Supplementary Figures and Tables

	Appendix VII_II_Tahchy_et_al-2017-FEBS_Letters
	Reynolds_Appendix VII
	Reynolds_et_al-2017-Plant_Biotechnology_Journal



