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Abstract 
Omega-3 (n-3) long chain polyunsaturated fatty acids (LCPUFA), particularly 

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), are 

important for normal health as well as growth and brain development in humans. These fatty 

acids can be consumed in the diet directly, or synthesised from short chain PUFA consumed 

in the diet. Fish, particularly in species with a high fat content like salmon, are a major source 

of these beneficial fatty acids in the human diet.  

 

Fish production from aquaculture continues to expand due to a growing human population 

and demand for fish. Currently there is a reliance on fish oil and fish meal derived exclusively 

from wild fish as the primary lipid and protein source in fish feeds. Depleted wild fish stocks 

have made this source of n-3 LCPUFA unsustainable and alternative sources of n-3 LCPUFA 

are required to fill the void.   

 

Most animal species can convert the plant derived 18 carbon (C18) n-6 linoleic acid (LA, 18:2 

n-6) and n-3 α-linolenic acid (ALA, 18:3 n-3) to 20 and 22 carbon (C20-C22) LCPUFA by  

using a series of enzymes to extend and alter the saturation level. There are two types of 

enzymes responsible for desaturating and elongating fatty acids are desaturases and elongases. 

The genes associated with these processes appear to be regulated by the extremes of dietary 

PUFA intake but the extent is currently unclear.  

 

This thesis is aimed to examine the effect of dietary PUFA on tissue n-3 LCPUFA levels in 

animals (rat and fish) after the consumption of diets with increasing levels of ALA, and to 

investigate whether the expression of desaturases and elongases is involved in the regulation 

of lipid metabolism and therefore LCPUFA biosynthesis. Furthermore, this thesis also 

investigated the potential enzyme functions of barramundi Δ6 desaturase and elongase using a 

yeast heterologous system.    

 

Experiments showed that while high ALA diets consistently produced higher levels of n-3 

LCPUFA in rat tissues than low ALA diets, mRNA abundance of the Δ6 desaturase (FADS2) 

and elongase 2 (ELOVL2) genes were increased only in animals fed the low PUFA reference 

diet compared to those fed diets with adequate to high PUFA levels. There was no correlation 

between the gene expression of desaturases, elongases or transcription factors and the levels 
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of EPA, docosapentaenoic acid (DPA, 22:5 n-3) or DHA in rat blood, liver and other tissues 

as a result of feeding increasing levels of ALA.  

 

In barramundi however, while vegetable oils induced significant increases in mRNA 

abundance of FADS2 and ELOVL genes compared with those fed the fish oil-based 

commercial diet, the tissue EPA, DPA and DHA levels were not increased. It is therefore 

hypothesised that the enzyme activity of barramundi Δ6 desaturase was low and therefore 

limited the effectiveness of the enzymes in the LCPUFA pathway to produce EPA and DHA. 

Furthermore, a large amount of variation between individual fish in DHA levels among those 

fed the vegetable oil-based diets was found, and this may provide a possibility for a future 

breeding program of barramundi for better DHA production. 

 

Barramundi FADS2 and ELOVL genes were also cloned into yeast cells and performed 

functional expression of the two enzymes. Results revealed that the barramundi Δ6 desaturase 

also showed Δ8 desaturase activity and the elongase showed a broad range of fatty acid 

specificity with the greatest activity with EPA. In addition, a significant amount of the 

desaturation and elongation fatty acid products could be detected in the culture medium at 

various time points after the addition of fatty acid substrates, and that it was important to take 

the levels of fatty acids in the medium into account when it came to calculating enzyme 

activity.    
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Chapter 1 

Introduction and Literature Review  
 
Dietary lipids play an important role in the health and well being of humans and animals 

alike. Long chain n-3 PUFA in particular have been found to be beneficial for a range of 

chronic diseases including heart disease, arthritis and diabetes. While one method of 

increasing the n-3 LCPUFA levels in our tissues is to consume two fatty fish meals per week, 

most Australians actually eat less than one meal of low fat fish per fortnight, and as a result 

fail to achieve an adequate intake of the n-3 LCPUFA. EPA and DHA are the two most 

important n-3 LCPUFA. Although these LCPUFA can be obtained most readily from fish, 

these marine-derived fatty acids can also be derived via conversion of the short-chain 

precursor n-3 PUFA, ALA, in animals including humans, though there is variation between 

animals in their ability to make this conversion (1). Therefore, the two possible strategies for 

improving the n-3 status of the population are to consume diets enriched with fish or fish oil 

containing n-3 LCPUFA or plant derived n-3 PUFA such as ALA and stearidonic acid (18:4 

n-3).  

 

The conversion of ALA to EPA and DHA occurs through the LCPUFA synthetic pathway 

(Figure 1.1) and involves a series of desaturation and elongation steps. The presence of this 

metabolically active fatty acid conversion pathwayhas raised the question of whether the 

endogenous conversion of short chain n-3 precursors (derived from plants) in humans and 

most other animals could enable them to obtain their n-3 LCPUFA requirements from plant 

sources. Specifically, whether the essentiality of ALA in the diets of humans and other 

animals directly reflects the biological actions of ALA itself or of the LCPUFA that are 

derived from ALA remains contentious (2, 3). Due to the fact that the rate-limiting enzyme in 

the pathway, the Δ6 desaturase, is shared by both n-3 and n-6 C18 PUFA precursors and also 

24 carbon (C24) n-3 LCPUFA in the process of DHA biosynthesis, the challenge is to 

determine the appropriate balance of dietary fats which can minimise competitive inhibition, 

and thereby maximise the efficiency of conversion of ALA and 18:4 n-3 to n-3 LCPUFA in 

humans and other animals.  

 

Studies in this thesis were designed to demonstrate the effects of n-3 rich ALA vegetable oils 

on n-3 LCPUFA accumulation in the tissues of rat (as a model animal for mammals) and a 

popular fish (barramundi) eaten by humans and to determine the factors that regulate n-3 
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LCPUFA biosynthesis. Cloning and heterologous expression of barramundi desaturase and 

elongase genes, the two key enzymes in LCPUFA biosynthesis, are also included in this 

thesis. The overall aim of this project was to develop a sustainable oil blend that could be 

directly incorporated into feed of meat animals, such as farmed fish, to increase the n-3 

LCPUFA levels in their tissues, and to demonstrate the possibility of making farmed fish a 

major source of n-3 LCPUFA without the need to include fish oil and fish meal in aquaculture 

feeds.  

 

 
Figure 1. 1 Schematic overview of conversion of dietary essential fatty acids (EFA) (ALA 

and linoleic acid (LA, 18:2 n-6)) to LCPUFA (4, 5). 

 

1.1 Dietary lipids and n-3 (LC) PUFA 
Lipids are important constituents of diets and essential structural components required by the 

body for membrane integrity and cell function, and lipids stored in the adipose tissue are a 

major energy source for meeting metabolic requirements. Lipids are also a source of precursor 

compounds for the synthesis of eicosanoids and docosanoids, which are signalling molecules 

made by oxygenation of either C20 fatty acids for eicosanoids, such as prostaglandins, 

prostacyclins, thromboxanes and leukotrienes and for C22 fatty acids for docosanoids which 

include some resolvins and the docosatrienes (6). Cholesterol, glycosphingolipids and 

phospholipids are three types of constitutive lipids involved in regulating membrane related 
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functions (7). Many cellular functions and expression of membrane-bound molecules 

including enzymes, receptors and carrier-mediated transporters are influenced by alterations 

in the composition of membrane lipids (8).    

 

Most lipids contain at least one fatty acid of varying chain lengths, degrees of saturation and 

different configurations. Fatty acids of microbial, plant and animal origin commonly contain 

even numbers of carbon atoms in a carbon chain with a functional carboxyl group (–COOH) 

at one end. The fatty acids in nature can be classified into three subtypes, saturates, 

monounsaturates (monoenes) and polyunsaturates. Saturates have no double bonds between 

the individual carbon atoms of the fatty acid chain. Myristic acid (14:0), palmitic acid (16:0) 

and stearic acid (18:0) are the most common dietary saturates, and are found in animal and 

dairy fats (9). Monoenes, such as palmitoleic acid (16:1 n-7) and oleic acid (18:1 n-9) contain 

a single double bond between two methylene interrupted carbon atoms. Oleic acid is the most 

common monoene, and accounts for ~90% of dietary monounsaturated fatty acids. Monoenes 

are important components of membrane structural lipids, particularly nervous tissue myelin. 

Unlike the essential fatty acids, the body has the capacity to synthesise all the monoenes it 

requires in a process catalysed by the enzyme fatty acid synthase. As a result, they are not 

considered to be essential components in the diet. Monoenes are present in many animal- and 

plant-derived foods and contribute to roughly 15% of the fatty acids in the diet (10-12).  

 

PUFA are fatty acids that contain more than two double bonds along their long carbon chain 

backbones. Two biologically important PUFA subgroups, n-3 and n-6 PUFA, are defined 

according to position of the first methylene-interrupted double bond from the methyl (omega) 

end of the fatty acid. Thus, n-3 fatty acids such as ALA are denoted by the nomenclature 18:3 

n-3, indicating that the molecule contains three carbon-carbon double bonds with a carbon 

chain length of C18, and the position of first unsaturated bond is at the third carbon from the 

omega terminal end (Figure 1. 2 A). The n-6 fatty acids, such as LA, 18:2 n-6, also have at 

least two double bonds but in this class of fatty acids the first unsaturated bond is inserted at 

the sixth carbon from the omega terminal end (Figure 1. 2 B). The two n-3 and n-6 C18 

PUFA are considered essential because vertebrates cannot synthesize these lipids de novo and 

rely on the diet as their sole source. Longer chain n-3 PUFA such as EPA and DHA are 

synthesized in animal and human tissues via multiple steps of desaturation and elongation of 

ALA. Another physiologically important n-6 LCPUFA, arachidonic acid (AA, 20:4 n-6), is 

converted from LA by the same set of enzymes. Both ALA and LA are primarily found in 



 

14 

 

green leaves and vegetable oils used in cooking but the main dietary source for n-3 LCPUFA 

is fish and other marine animals. This is because the n-3 LCPUFA are synthesized by 

phytoplankton at the base of the oceanic food chain which are consumed by fish and other 

marine organisms and accumulate in their tissues (13). AA is found in most animal products, 

including beef, pork, chicken, egg and dairy products (14). Some fish, particularly those 

found in warmer tropical waters, may also contain high amounts of AA (15).  

 

The biosynthesis of LCPUFA, particularly the n-3 family, has attracted much attention 

because of their importance in human nutrition. Interest in the n-3 fatty acids originally 

stemmed from the results of an epidemiological survey of the prevalence of chronic diseases 

in traditional Eskimos living in Greenland relative to Western-European populations (16). The 

Eskimos were found to have a higher frequency of apoplexy and epilepsy but a much lower 

frequency, and virtual absence, of acute myocardial infarction, diabetes mellitus, 

thyrotoxicosis (or hyperthyroidism), bronchial asthma, multiple sclerosis and psoriasis (20). 

The high consumption of fish, and consequent increase in the dietary content of the n-3 

LCPUFA, EPA and DHA, in the traditional Eskimo diets was considered to be the source of 

the reduced incidence of these diseases (17). Multiple interrelated mechanisms could explain 

the effects of EPA and DHA on disease risk, including 1) a shift from the AA-derived 

eicosanoid pathway to the parallel (less inflammatory) EPA-derived pathway (18); 2) 

transcriptional regulation of cytokine production (18); 3) direct effects on the expression of 

genes involved in the immune response, inflammation, lipid metabolism, and energy 

utilization (19, 20). As a consequence of these effects, diets rich in EPA and DHA are 

associated with a reduced blood concentration of a number of biomarkers of chronic disease 

risk (17). DHA is the major n-3 LCPUFA in the brain and retina, and it is believed that DHA 

is used continuously for the biogenesis and maintenance of neuronal and photoreceptor 

membranes (21-24). However, in the typical Western diets, more than 20 times more n-6 

lipids are consumed than n-3 lipids (25). The predominance of n-6 fatty acids in diets has 

resulted in an imbalance in the levels of n-3 and n-6 in the diet, and an increase in the ratio of 

n-6 to n-3 fatty acids. As a result, ALA and LA compete for desaturation and chain elongation 

for synthesizing EPA and AA as well as other fatty acid metabolites. The relative dietary 

amounts of n-3 and n-6 fatty acids are important determinants of the relative cellular amounts 

of ALA and LA, and an appropriate balance of these fats in the diet is essential to optimize 

AA, EPA and DHA content in the membranes (4, 26). 
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A 

 
 

B 

 
 

Figure 1. 2 Chemical structures of ALA (A) and LA (B). 

   

1.2 Metabolism of dietary n-3 PUFA 
After consumption of ALA in the diet, it is absorbed by the gastrointestinal tract and then 

secreted into the bloodstream for delivery to the liver (2). The availability of dietary ALA for 

conversion to n-3 LCPUFA is determined by the efficiency of uptake and the degree of 

partitioning towards degradation (β-oxidation) as well as incorporation into structural organs 

and storage reservoirs (2). The n-3 PUFA and LCPUFA which are incorporated into adipose 

tissue (particularly white adipose tissue) represent a reserve lipid pool which is available for 

mobilization during periods of increased demand such as fasting (27-29). Apart from the 

assimilation of ALA into adipose tissue, there are two other basic metabolic fates for dietary 

ALA in humans and other animals. The first is the use of ALA for energy production through 

β-oxidation, which can result in extensive carbon recycling (30, 31), and the second is as a 

substrate for the synthesis of EPA and DHA via desaturation, elongation and peroxisomal β-

oxidation steps (32). This conversion occurs mainly in the endoplasmic reticulum of the liver 

with the final β-oxidation step, in which tetracosahexaenoic acid (24:6 n-3) is oxidised to the 

C22 product, DHA, occurring in the peroxisomes.  

 

1.2.1 Degradation of dietary n-3 PUFA: β-oxidation cycle  
A high proportion of PUFA consumed in the diet is immediately directed toward oxidation 

after consumption, resulting in low concentrations of PUFA in the blood and limited 

availability of these fatty acids for conversion to LCPUFA. Fatty acids can be degraded via 

different mechanisms, including α-, β- and ω-oxidation. In humans α-oxidation, which 

involves the chain-shortening of fatty acids by one carbon atom, takes place in peroxisomes 

only, whereas β-oxidation occurs in both peroxisomes and mitochondria (33). Fatty acid ω-

oxidation consists of three sequential steps in which the terminal methyl group is converted 
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into a carboxyl group, and this is regarded as a minor pathway which occurs in the smooth 

endoplasmic reticulum, accounting for only 5-10% of total fatty acid oxidation in the rat liver 

under normal physiological conditions (34). The dicarboxylic acids that are produced via the 

ω-oxidation pathway can either be excreted into the urine or undergo further β-oxidation in 

mitochondria or peroxisomes (35, 36). The preferred pathway for oxidizing fatty acids is via 

β-oxidation in mitochondria. Mitochondrial fatty acid β-oxidation represents a physiological 

response to tissue energy depletion such as fasting and increased muscular activity, and this 

form of oxidation is believed to provide the major source of energy (as much as 80%) for the 

heart and skeletal muscle (37). The peroxisomes are the sole site of β-oxidation in fungi (yeast) 

and plants, following a process similar to that in mitochondria, but the individual reactions of 

the peroxisome β-oxidation pathway are catalyzed by different enzymes compared with the 

mitochondrial β-oxidation system (38). Importantly, in animals, peroxisomes oxidize a unique 

set of fatty acids including C22 to 26 carbon (C26) long chain fatty acids which cannot 

undergo β-oxidation in mitochondria. However, peroxisomes are unable to fully β-oxidize 

fatty acids; the fatty acids are initially oxidized to short chain fatty acids in peroxisomes and 

then transferred to mitochondria in the form of acyl-CoA esters for the completion of β-

oxidation (39).  

 

ALA is a precursor for n-3 LCPUFA synthesis and also a preferred substrate for β-oxidation 

in humans and other animals such as rat and fish, and ALA is reported to be rapidly β-

oxidized within liver mitochondria (40, 41). The proportion of consumed 13C-ALA used in 

energy production can be estimated from the appearance of liberated 13CO2 in breath (42). In 

humans, the C18 fatty acids (ALA and LA) are the two most highly oxidized fatty acids (43). 

In tracer studies with labelled 13C-ALA, diets containing high amounts of ALA (7% of energy, 

%en) resulted in more recovered tracer in breath 9 hr after tracer ingestion than in low ALA 

(0.4%en) diets (26). The complete oxidation of dietary ALA to CO2 accounts for 25% of 

dietary ALA within 24 hr and 60% after 7 days in humans (44). The cumulative recovery of 
13CO2 from 13C-ALA in the breath of humans during the first 12 hr after tracer ingestion has 

been shown to be negatively correlated with the maximal amounts of plasma 13C-EPA and 
13C-DPA (45). Moreover, the proportion of ingested ALA that undergoes β-oxidation is also 

different between males and females, accounting for 22% of the consumed dose in females 

compared to 30% in male (46, 47). This may reflect the lower muscle mass for energy 

consumption or greater amounts of adipose tissue in females, and the lower oxidation of ALA 

in females contributes to the increased synthesis of  LCPUFA from ALA in females compared 
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to males (2). Therefore, β-oxidation of ALA in humans ranges from 16 to 33% of the ingested 

tracer dosage, and this is dependent on the time since ingestion and gender (48). One of the 

reasons that ALA conversion is relatively poor is due to high proportion of ALA in diets 

immediately directed toward β-oxidation after consumption. The same phenomenon has been 

reported in rodents; in rats fed a diet containing about 2%en LA and 2%en ALA for 26 days, 

only 3% of LA and 1.4% of ALA were converted to LCPUFA, and the remaining ALA and 

LA (~80%) could not be accounted for, suggesting that it was either converted to energy by β-

oxidation or stored in visceral fat (49). Lin and Salem (50) conducted a study in male rats 

using defined diets containing 15% of total fatty acids as LA and 3% as ALA and then fed 

single oral dose of both 2H5-ALA and 2H5-LA to the animals. This study showed that, on 

average, around 16-18% of the deuterium-labeled 2H5-ALA and 2H5-LA was accumulated in a 

number of tissues and approximately twice as much of the 2H5-ALA (6%) was converted to 

its longer chain metabolites than was the 2H5-LA (2.6%); whereas the remaining 78% of both 

C18 precursors was apparently catabolized or excreted. These studies indicate that significant 

amount of both ALA and LA from the diets are utilised for energy metabolism, leaving 

limited amounts of ALA available for conversion to n-3 LCPUFA. 

 

1.2.2 Conversion of ALA  
1.2.2.1  Conversion of ALA in cell cultures 

Microsomes isolated from liver contain all the enzymes which are required for conversion of 

ALA to n-3 LCPUFA (51, 52). When HepG2 cells, the human liver hepatocellular carcinoma 

cell line, are incubated with ALA, the accumulation of ALA, EPA and DPA in the cell 

phospholipid fraction increases in a dose-dependent manner, whilst DHA accumulation is 

more limited; an accumulation of the intermediate Δ6 desaturase substrate, 24:5 n-3, is also 

linear in response to increasing levels of ALA, suggesting that the elongases involved in the 

conversion of EPA to DPA and of DPA to 24:5 n-3 were not saturated. In contrast, the 

accumulation of 24:6 n-3 and DHA with increasing dietary ALA does not follow a linear 

pattern, suggesting that the competition between 24:5 n-3 and ALA for Δ6 desaturase may 

contribute to the limited accumulation of DHA in cell membranes (53). Similar results to 

those in HepG2 cells have been obtained in brain cells. Incorporation of DHA into SH-SY5Y 

neuroblastoma cells under conditions that mimic n-3 physiological influx was analyzed after 

supplementation with ALA, EPA, DPA and preformed DHA. The results show that the 

incorporation of EPA, DPA, and preformed DHA followed a dose-response curve until the 

tissue reached saturation, whereas that of DHA converted either from ALA, EPA, or DPA 
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peaked at low concentrations of precursors and decreased at higher doses, in spite of the 

ability of the cells to desaturate fatty acids and synthesize DHA from each of the upstream 

precursors (54). The limited incorporation of DHA into phospholipids suggests that DHA 

competes with EPA and DPA for phospholipid acylation, and that there may be an 

impairment of activities of the enzymes that are involved in the final peroxisomal β-oxidation 

step of DHA production. All of these result in fairly inefficient incorporation of DHA derived 

from ALA into phospholipids compared with the incorporation of DHA that is obtained 

preformed from the diet (54). ALA conversion using human cell cultures indicate that cells 

have the capacity to biosynthesize and accumulate n-3 LCPUFA from their precursors, ALA 

or longer chain fatty acids. However, the conversion from ALA through to DHA is generally 

limited. 

 

1.2.2.2  Conversion of ALA in mammals other than humans 

In baboons, 13C-tracer studies have shown that fetuses have the capacity to convert ALA to 

DHA in vivo in liver; and that the liver preferentially secretes long chain metabolites for 

delivery to other organs such as the brain and retina (55). The synthesis of n-3 LCPUFA from 

the short chain precursors depends on the concentration of the n-3 short-chain precursor, ALA, 

in the diet. In primates which are fed ALA deficient diets, tissue DHA levels were depleted 

and this was accompanied by a significant compensatory increase in longer chain n-6 fatty 

acids (56). Similarly, in rats fed ALA deficient diets (ALA 0.2% of total fatty acid) for 15 

weeks, the levels of liver ALA, EPA, DPA, DHA and overall n-3 PUFA in total lipid were 

decreased by ~94% for each of the n-3 fatty acids, when compared with a group of rats fed an 

ALA sufficient diets (ALA 4.6% of total fatty acid) for the same period (57). The n-3 PUFA 

deficient diets decreased rat brain DHA levels by 37% and increased brain AA and n-6 DPA 

(22:5 n-6) concentrations (58). Thus, ALA conversion to n-3 LCPUFA can be modified by 

either increasing dietary ALA intake or decreasing LA intake. Excessive amounts of n-6 

PUFA together with a high LA:ALA ratio, that is found in current Western diets, could 

therefore have negative effects on the n-3 LCPUFA content of tissues and thus the associated 

health benefits (59-62).  

 

Is the n-6 to n-3 ratio or the absolute levels of ALA in the diet the main determinant of ALA 

conversion to n-3 LCPUFA in mammals other than humans? 

The efficiency of LCPUFA synthesis diminishes with the progression of ALA down the fatty 

acid pathway, and thus DHA conversion from ALA is more restricted than that of EPA (3, 44, 
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63). A pioneering study by Mohrhauer and Holman reported that the level of AA in tissues 

decreased with increasing amounts of dietary ALA (64). This finding led to further studies of 

the interrelationship between LA and ALA, in particular the competition between these 

substrates for conversion to longer chain fatty acids when both are present in the diet. When 

rats were fed a fat-free diet supplemented with PUFA containing different combinations of 

ALA (0.05 to 1.8%en for 6 levels) and LA (0.08%en, 0.3%en and 0.6%en), ie, 18 dietary 

treatments with a range of various LA:ALA ratios (12:1 to 0.04:1), the percentage of AA in 

liver lipids of rats fed high levels of ALA (1.8%en) was less than 50% of the levels observed 

in livers of rats fed the lowest amounts of ALA (0.05%en). This effect was seen irrespective 

of the LA content of the diet, suggesting that the conversion of LA to its n-6 LCPUFA is 

suppressed by increasing dietary ALA (65). In the same study, the amount of the n-6 fatty 

acids, LA, AA and n-6 DPA in rat liver were increased significantly with increasing dietary 

LA levels, but there were no accompanying changes in the concentration of the n-3 family, 

ALA, EPA, DPA and DHA. These results suggested, therefore, that the ratio of LA to ALA in 

the diet has less of an impact on n-3 LCPUFA synthesis compared with n-6 PUFA synthesis 

and conversion, and that the synthesis of n-3 LCPUFA is regulated to a greater extent by 

dietary ALA content (65).  

 

The effect of dietary ALA levels on n-3 LCPUFA production is similar in other animal 

species. In a piglet study in which the level of dietary LA was kept constant at 13% of total 

fatty acids whilst ALA levels were increased from 1% up to 26% of total fatty acids, i.e. total 

PUFA content varied from ~15 to 40% of the total fatty acids, tissue levels of ALA, EPA and 

DPA were all elevated with increasing dietary ALA content and decreasing LA:ALA ratio. 

However, the incorporation of DHA into piglet tissues followed a curvilinear pattern; the 

maximum incorporation of DHA occurred at LA:ALA ratios of 4:1 and 2:1, or total PUFA of 

16% and 19% of total fatty acids, respectively (4). A similar study also suggested that DHA 

accretion requirements in the piglet brain and retina could be met with a supply of dietary 

ALA at 1.7%en (equal to 3.9% of total fatty acids) and an LA:ALA ratio of 4:1 (total PUFA 

levels of about 20% of total fatty acids) (66). Woods et. al. (67) examined a broader range of 

dietary PUFA levels in rat pups, by lowering the LA:ALA ratio from 10:1 to 1:1 and further 

down to 1:12 using ALA and LA ethyl esters and fixing the total PUFA levels at 30% of total 

fatty acids. They found significant increases in the accumulation of ALA, EPA and DPA in 

the brain and retina with increasing proportion of dietary ALA, whereas there was only a 

small effect of increasing dietary ALA on brain DHA accumulation and no effect on the 
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proportion of retinal DHA. Similarly, another study showed that varying the LA:ALA ratio 

from 22:1 to 1:1, and total PUFA levels from 19 to 36% of total fatty acids, resulted in a 

curvilinear relationship between dietary ALA and the proportion of neuronal cell 

phosphatidyl-serine and phosphatidyl-inositol DHA, with the highest DHA incorporation in 

both lipid fractions occurring at an LA:ALA ratio of between 7.8:1 and 4.4:1, and a total 

dietary PUFA content of 20% (68).  

 

Based on the results of the studies described above in rats and piglets, it has become clear that 

the dietary LA:ALA ratio is not the only determinant of n-3 LCPUFA conversion, but that 

both the ALA and total PUFA content of the diet also have a role in determining the overall 

effect of a diet on n-3 LCPUFA synthesis, particularly the synthesis of DHA.  

 

1.2.2.3  Conversion of ALA in humans  

As in other mammals, the liver is the major site of lipid metabolism in humans. Hepatic AA, 

EPA and DHA levels in patients with non-alcoholic fatty liver disease (steatosis and 

steatohepatitis) were significantly decreased by 59-86% compared with that in normal liver, 

and this appeared to be a result of impaired activity of the enzymes required for desaturation 

and elongation of the dietary LA and ALA (69). When humans consume n-3 lipid rich diets, 

the ingested or synthesized n-3 LCPUFA partially replace the n-6 fatty acids, particularly AA, 

in cell membranes. However, the modern Western diet typically contains high levels of n-6, 

particularly LA and AA, and low amounts of n-3 fatty acids (70). As a result, n-6 fatty acids 

are usually present at much higher levels than n-3, and this is reflected in the composition of 

blood and tissue phospholipids. 

 

It is generally agreed that the synthesis of DHA in humans is relatively inefficient, and a 

number of studies have demonstrated that the effects of providing pre-formed EPA or DHA in 

the diet cannot be reproduced by providing the equivalent amount of ALA (46, 47, 71). A 

double-blind, randomized human trial reported that the dietary ALA-rich flaxseed oil had no 

effect on plasma DHA levels, but increased circulating plasma EPA and DPA levels by 60% 

and 25%, respectively, after 12 weeks (72). Moreover, a similar study in lactating women 

showed that the consumption of 20 g of flaxseed oil, providing the equivalent of ~11 g of 

ALA per day, was able to elevate the levels of ALA, EPA and DPA in breast-milk, plasma 

and erythrocytes but had no effect on DHA concentrations (73). Another similar human study 

showed that diets containing flaxseed oil resulted in a significant increase in EPA in the 
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plasma lipid fractions and neutrophil phospholipids; but no significant increase in DHA 

content (74). One of the reasons for this relatively poor conversion efficiency of ALA to DHA 

is thought to be due to competitive inhibition between substrates for the enzymes in the fatty 

acid pathway which converts ALA and LA to longer chain fatty acids (13). An excess of 

dietary LA in human diets increases competition between LA and ALA for the same 

desaturases and elongases activities, and limits n-3 LCPUFA synthesis (53, 75, 76). As a 

result, there have been many attempts to increase the levels of EPA and DHA in humans by 

altering the ratio of dietary LA:ALA (77, 78).  

 

Is the n-6 to n-3 ratio or the absolute levels of ALA in the diet the main determinant of ALA 

conversion to n-3 LCPUFA in humans? 

There is evidence that the balance of n-6 and n-3 fatty acids in the diet plays an important role 

in ALA conversion in humans as it does in other species. In a study in human infants, those 

infants who received an infant formula which contained 3.2% of total fatty acid as ALA and 

an LA:ALA ratio of 4.8:1, had higher DHA levels in plasma phospholipids but lower levels of 

AA compared to those that received formula containing 0.4% of total fatty acids as ALA with 

LA:ALA ratio of 44:1, when the LA content was kept constant (79). Thus, the highest ALA 

intake, or the lowest LA:ALA ratio, resulted in higher plasma phospholipid levels of DHA, 

and the lowest ALA intake, or the highest LA:ALA ratio, resulted in higher levels of AA. A 

more recent trial indicated that infants fed formula with a ratio of LA:ALA of 5:1 had greater 

DHA levels in plasma and erythrocyte phospholipids than infants receiving a formula with an 

LA:ALA ratio of 10:1, again, the LA level was kept constant (80). Both of these studies 

suggested that higher intakes of ALA, and the accompanying decrease in the LA:ALA ratio, 

results in enhanced synthesis of n-3 LCPUFA.  

 

The first tracer study in humans to quantify the effects of changes in dietary LA intake on the 

conversion of ALA to its long chain metabolites showed that the average conversion of ALA 

to n-3 LCPUFA was reduced by 40% when LA intake increased from 4.7 to 9.3%en (81). 

However, the simultaneous change in both ALA intake and the LA:ALA ratio could have 

affected n-3 fatty acid biosynthesis because as the LA level of the diet was changing, ALA 

intake was decreasing from 0.6 to 0.3%en and the LA:ALA ratio increasing from 8:1 to 31:1 

(81). Another human study, compared two dietary groups with the same LA:ALA ratio (7:1) 

but different in amounts of LA%en and ALA%en with a reference group in which the diet had 

a higher LA:ALA ratio (LA 7%en, ALA 0.4%en with LA:ALA of 19:1). Their results showed 
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that the incorporation of dietary ALA into phospholipids increased by 3.6% in the low LA 

group (LA 3%en, ALA 0.4%en with LA:ALA of 7:1) and decreased by 8% in the high ALA 

group (LA 7%en, ALA 1.1%en with LA:ALA of 7:1) compared to the reference diet. In 

absolute amounts, ALA content increased by 34 mg in the low-LA group but there were no 

obvious changes in the high-ALA group, in which virtually all of the ALA in the plasma 

phospholipids was converted to EPA and DPA. Whilst the DHA content of phospholipids as a 

% of total fatty acids was not significantly different between the 3 diets, if DHA content was 

converted to absolute amounts, it increased slightly, from 0.7 mg in the low ALA group to 1.9 

mg in the high ALA dietary group (26). Hence, these results suggest in order to achieve the 

maximum n-3 LCPUFA conversion in humans, one cannot focus only on altering the ratio of 

LA:ALA, but also need to consider the individual amounts of the dietary PUFA, ALA and LA, 

present in the diet.  

 

In summary, the background diet influences the conversion of n-3 and n-6 fatty acids because 

the enzymatic catalysis system involved in the n-3 series is also used for n-6 fatty acid 

conversion. Simply changing the LA:ALA ratio in the absence of any change in dietary fat 

content, can have some effect on DHA concentrations, but these will be minor, since it will 

not reduce the total amount of LA and ALA which competes with their C24 long chain 

products, and limits their conversion to DHA and its counterpart (22:5 n-6). An in vivo human 

study suggested that dietary LA competes with ALA for conversion to their respective 

downstream n-6 and n-3 LCPUFA and their incorporation into or partitioning between 

membrane and plasma lipid stores (82). Increases in EPA synthesis can be obtained by 

lowering the intake of LA whereas increases in DHA synthesis can only be achieved by 

increasing ALA intake. Thus, reducing LA in diets together with an increase in ALA 

consumption is likely to be the optimal strategy for promoting EPA and DHA synthesis (26).    

 

1.3 Desaturations and elongations in the n-3 fatty acid synthetic pathway 
Biosynthesis of the n-3 and n-6 LCPUFA series occurs via the same consecutive desaturation, 

elongation and partial degradation steps (76, 83). Vertebrates are capable of synthesizing 

double bonds at Δ4, Δ5, Δ6, Δ8 and Δ9 positions1 of fatty acid molecules, however they lack 

the Δ12 and Δ15 desaturase enzymes which are present in insects and most higher plants. As 
                                                
1Δ for indicating the number and position of the double bonds; eg, Δ9 indicates a double bond between carbons 9 

and 10 of the fatty acid; the Δ system which is the reverse of the ω- nomenclature. ω-9 indicates a double bond 

on the ninth carbon counting from the ω-carbon. 
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a result, fatty acids that contain unsaturated carbons beyond the Δ9 position, such as ALA and 

LA, must be obtained from the diet (84). Howton et. al. (85) fed 1-14C-LA to rats and first 

showed that this fatty acid was transformed into AA through desaturation and elongation. The 

same group further demonstrated that 1-14C-18:3 n-6 was transformed into AA, suggesting a 

route from LA to 20:4 n-6 via 18:3 n-6. Furthermore, methyl 2,3-14C2-20:3 n-6 administered 

to rats was dehydrogenated to 2,3-14C2-20:4 n-6, thus proving the existence of the pathway 

from LA to AA via synthesis of 18:3 n-6 and 20:3 n-6 (86, 87). The same route is also utilised 

for the metabolism of ALA to EPA (88). The pathway from ALA to EPA and further to DHA 

has been extensively studied and it is generally accepted that C22 fatty acids, DPA and 22:4 

n-6, are first converted to C24 LCPUFA in the endoplasmic reticulum, and then undergo a 

second desaturation by Δ6 desaturase to form 24:6 n-3 and 24:5 n-6, before finally moving to 

peroxisomes for partial -oxidative chain-shortening to produce DHA (32, 83, 89, 90).  

 

1.3.1 Desaturases 
The enzymes involved in LCPUFA biosynthesis, including the Δ4, Δ5, Δ6 and Δ8 

desaturases, are named ‘front-end’ desaturases. The ‘front-end’ desaturases introduce a 

double bond between a pre-existing olefinic bond and the carboxyl (front)-terminal end of the 

fatty acid (91). Cloning and sequence analysis of deduced amino acid sequences has shown 

that animal desaturases share several structural features, including a N-terminal cytochrome 

b5 domain carrying heme-binding motifs, membrane-spanning domains and three histidine-

rich regions that are characteristic of membrane-bound desaturases (5, 92-99). The expression 

of Δ9 desaturase activity is also present in the majority of mammalian cells, however the Δ9 

are categorized in the stearyl-CoA (SCDs) subgroup of desaturases, which introduce the first 

cis-double bond at the C9 and C10 position from the carboxyl terminal end of fatty acids and 

synthesize monounsaturated fatty acids from saturated fatty acids that are either synthesized 

de novo or derived from the diet (100, 101). The Δ9 desaturase has a conserved motif 

consisting of 8 histidine rich regions.   

 

1.3.1.1 Δ4 and Δ8 desaturases  

The existence of Δ4 fatty acid desaturation in the biosynthesis of DHA has been reported in 

protozoan trypanosomes (102), the photosynthetic freshwater protist Euglena gracilis (103) 

and marine microalgae Pavlova lutheria (104) and Thraustochytrium sp (105). When 

expressed in a yeast system, Δ4 desaturase introduces a double bond at position 4 of DPA and 

22:4 n-6 resulting in the production of DHA and n-6 DPA (105). The FADS2 gene encodes 
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the Δ6 desaturase. A putative FADS2 gene isolated from a marine fish species, Siganus 

canaliculatus (white-spotted spinefoot or rabbitfish) was able to confer yeast cells the ability 

to convert DPA to DHA, indicating that this gene encoded an enzyme with Δ4 desaturase 

activity (99). The presence of Δ4 desaturase activity in fish indicates that they have a simpler 

route for the conversion of EPA to DHA than that in the classic LCPUFA pathway, however, 

not all fish have Δ4 desaturase activity for the LCPUFA synthesis and the Δ4 desaturase 

activity has yet to be found in any mammalian species. However, a study in which 

mammalian glioma cells were shown to be able to convert exogneously added deuterated fatty 

acid substrates 20:3 n-3 to 20:4 n-3 raises the possibility of the existence of Δ8 desaturase 

activity2 in mammals (106). This is supported by an in vivo study in mouse liver, which 

suggested that a small percentage of the products identified were formed by Δ8 desaturation 

(107). A recent report has also demonstrated that the primate Δ6 desaturase also has Δ8 

activity, since it can desaturate 20:3 n-3 and 20:2 n-6 to 20:4 n-3 and 20:3 n-6, respectively, 

when expressed in yeast cells (5). Together, these findings indicate the existence of an 

alternative pathway for conversion of ALA and LA in which they are first converted to C20 

intermediates and then further destaturated by Δ8 desaturase into 20:4 n-3 or 20:3 n-6, 

respectively. However, whether these alternate routes of PUFA metabolism have 

physiological significance in humans and other animals remains unclear.  

 

1.3.1.2  Δ5 and Δ6 desaturases  

Of all the desaturases involved in the LCPUFA pathway, the Δ5 and Δ6 desaturases (encoded 

by the FADS1 and FADS2 genes respectively) are the most well recognized as playing key 

roles in LCPUFA synthesis. Although the existence of FADS genes has long been known 

(108, 109), the Δ5 and Δ6 desaturases, unlike the Δ9 desaturase (110), have never been 

isolated, purified and assayed in a reproducible fashion. The gene coding for Δ6 desaturase 

from the cyanobacterium Synechocystis (111), Borage officinalis (112) and Caenorabditis 

elegans (113) and Δ5 desaturases from C. elegans (114) and the fungus Mortierella alpina 

(115, 116) were cloned and identified using a gain-of-function approach to identify the 

desaturase gene that coded for an enzyme involved in fatty acid metabolism. Taking 

advantage of the sequence information for the desaturases in eukaryotes, cDNA banks then 

allowed mouse, human and rat Δ5 and Δ6 desaturases to be successfully cloned (92-96, 98, 

117). In addition to mammals, the Δ6 desaturases have also been isolated and functionally 
                                                
2The Δ8 desaturase introduces a double bond at the position 8 in C20 fatty acids (20:3 n-3 and 20:2 n-6) that 

have an existing Δ11 unsaturation. 
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characterized in various fish species, including Atlantic salmon (Salmo salar) (118), zebrafish 

(Danio rerio) (119), carp (Cyrinus carpio), turbot (Psetta maxima) (97), rainbow trout 

(Oncorhynchus mykiss) (97, 120), gilthead sea bream (Sparus aurata) (97, 121), cobia 

(Rachycentron canadum) (122), Atlantic cod (Gadus morhua) (123) and barramundi (Lates 

calcarifer) (124). Among these fish species, the only desaturase that has been functionally 

identified as having predominately Δ5 activity is from Atlantic salmon (125) and zebrafish 

possesses a single protein with both Δ6 and Δ5 desaturase activities (119).  

 

The availability of unsaturated fatty acids in cells depends on the activity of enzymes 

involved in fatty acid synthesis and metabolism. The Δ6 desaturase converts ALA into 18:4 n-

3 and LA into 18:3 n-6. The two desaturation products are then further converted into EPA 

and AA, respectively, through the actions of the Δ5 desaturase, followed by elongation steps 

which form part of the principal LCPUFA synthetic pathway (83) (Figure 1.1). The two 

desaturase enzymes can be found in a variety of animal tissues, but are present at highest 

levels in the liver. Expression of Δ5 desaturase is highest in the human liver and it is also 

expressed at modest levels in heart and brain and lower, but still detectable, levels in lung, 

kidney, placenta, pancreas and skeletal muscle (93). The expression of Δ6 desaturase mRNA 

shows the same distribution pattern as Δ5 desaturase but with relatively higher levels in liver 

compared with those of Δ5 desaturase mRNA.  

 

The Δ6 desaturase catalyzes the initial and rate-limiting desaturation of the two C18 EFA for 

the conversion to other LCPUFA (92, 94). Studies on the two strains of FADS2 (Δ6 

desaturase) knockout mice have provided convincing evidence that no other desaturase can 

catalyse the initial step in the conversion of ALA and LA, since deletion of FADS2 gene 

expression abolishes the initial step in the enzymatic cascade of LCPUFA synthesis in all 

tissues. FADS2 knockout does not impair the normal viability and lifespan of the animals. 

The knockout mice do, however, exhibit altered membrane integrity and fluidity, and not able 

to reproduce (21, 126). Interestingly, residual LCPUFA were detected in all tissues examined 

in FADS2 knockout animals, suggesting that FADS2 deficiency does not result in complete 

depletion of LCPUFA (126). Like FADS2, FADS1 (Δ5 desaturase) is also involved in the 

LCPUFA pathway, and converts both n-3 and n-6 LCPUFA (20:4 n-3 and 20:3 n-6) into EPA 

and AA, respectively (93, 94). An unusual Δ5 desaturation activity has been indentified in 

FADS2 knockout mice which resulted in synthesis of 20:3 n-6 (Δ7,11,14) or 20:4 n-3 

(Δ7,11,14,17) two fatty acids metabolites produced from LA and ALA, respectively. This 



 

26 

 

process was identified in mice after oral administration with radio-labeled ALA or LA and 

occurred through desaturation of ALA and LA by Δ5 desaturase followed by elongation, and 

suggests that the Δ5 desaturation of LA and ALA can occur when expression of Δ6 desaturase 

is suppressed (126).  

 

1.3.1.3 Competition effect  

An early study indicated that the Δ6 desaturase has a higher affinity for ALA compared to LA, 

implying that ALA would be desaturated in preference to LA if both were present at equal 

concentrations, and that these fatty acids might not be metabolized at the same rate. In the 

same study, incubation of labeled LA with increasing amounts of ALA resulted in a inverse 

relationship between the conversion of LA to 18:3 n-6 and the amount of ALA added, 

implying that ALA and LA compete for the same desaturation enzyme (108). Thus, the study 

above suggested that the competitive phenomena observed between n-3 and n-6 PUFA is 

likely to occur principally at the initial desaturation step. The conversion of 20:3 n-6 from LA 

through the Δ5 desaturase has been revealed in both FADS2 knockout and also in wild-type 

mice, although wild-type mice did not accumulate 20:3 n-6 (Δ7,11,14) in liver phospholipids 

as Δ6 desaturase-null mice do. Furthermore, no significant changes in Δ5 desaturase mRNA 

expression was observed in the livers of Δ6 desaturase-null mice, indicating that the 

accumulation of 20:4 n-3 or 20:3 n-6 in FADS2 knockout animals was not dependent on 

upregulation of Δ5 desaturase and that is likely due to loss of competition from Δ6 desaturase 

at the step of ALA or LA desaturation, as well as loss of competition at the step of 

incorporation of fatty acids into phospholipids (126).  

 

A functional Δ4 desaturase has recently been cloned from a marine species, white-spotted 

spinefoot, showing that the FADS2 gene can display bifunctional Δ4/Δ5 activities in fish (99). 

However, the presence of the microsomal Δ4 desaturase in other animals has not yet been 

established and therefore the ability to desaturate 24:5 n-3 is important because this fatty acid 

is an intermediate in DHA synthesis, at least in rat and human tissues (90). The same Δ6 

desaturase is able to catalyse both the desaturation of ALA to 18:4 n-3 and of 24:5 n-3 to 24:6 

n-3 (127, 128), suggesting that the C24 fatty acids must undergo desaturation by Δ6 

desaturase to form 24:6 n-3, before they can move to peroxisomes to undergo chain-

shortening and produce DHA. Furthermore, studies of relative Δ6 desaturase activities in 

response to different substrates showed that the enzyme has a higher affinity for C18 than 

C24 fatty acids (127), suggesting that there is likely to be substrate competition for Δ6 
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desaturase when both C18 and C24 substrates are present, and that high levels of C18 

substrates in the diet inhibit the further desaturation of C24 substrates, and thus DHA 

production.  

  

In the LCPUFA synthetic pathway, an elongation step adds two carbons to synthesize 20:4 n-

3 and 20:3 n-6 from 18:4 n-3 and 18:3 n-6, respectively. A second elongation step then 

converts EPA to DPA and AA to 22:4 n-6. The combination of desaturation and elongation 

steps in the fatty acid pathway makes possible the formation of LCPUFA with different 

characteristics and functions. 

 

1.3.2 Elongases 
Fatty acid elongation occurs in the cytosol, mitochondria and endoplasmic reticulum 

(microsomes), with the microsome considered the predominant site for the elongation of fatty 

acids with 12 carbons (C12) and longer chain lengths in eukaryotic cells. This elongation 

involves the addition of two carbon units to a fatty acyl-CoA, employing malonyl-CoA as the 

donor and NADPH as the reducing agent (129-132). Seven fatty acid elongases have been 

identified in the mouse (96, 133-135), rat (136), and human genomes (117, 137, 138) and are 

termed very long chain fatty acid gene (ELOVL) subtypes 1 to 7. Among the mammalian 

elongase family, ELOVL2, ELOVL4 and ELOVL5 are capable of elongating C18 PUFA to 

C22 LCPUFA. ELOVL5 is also able to elongate a more broad range of substrates including 

16 carbon (C16) monoenes (133, 136) and ELOVL2 preferentially elongates C22 LCPUFA 

such as DPA to longer chain derivatives (130, 131). Together, ELOVL5 and ELOVL2 are the 

key elongases involved in the conversion of the n-3 and n-6 C18 PUFA to C20-C24 LCPUFA 

and, ultimately, the generation of the end product, DHA (32, 89). All ELOVL proteins 

contains a histidine-rich domain (HxxHH) and several transmembrane regions in mice (133, 

135), rats (139, 140), humans (117, 138) and fish such as zebrafish (141), Atlantic salmon 

(125, 142), rainbow trout (143), cobia (122) and barramundi (124). All of the functionally 

characterised fish elongases were considered to be ELOVL5-like until recently when a 

putative ELOVL2 gene was isolated from Atlantic salmon (142) and zebrafish (144) and 

when characterised in yeast this enzymes was found to have a high specificity for C20 and 

C22 LCPUFA substrates. 

 

Analysis of human ELOVL5 expression in 22 human tissues revealed that the highest levels 

of the ELOVL5 mRNA were found in the testis and adrenal gland, with significant amounts 
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of the transcript also detected in liver, brain, lung and prostate tissue at approximately 

equivalent levels (117). Studies using liver microsomal protein extracts from wild-type and 

ELOVL5 knockout mice demonstrated that the elongation of 18:4 n-3 to 20:4 n-3 and 18:3 n-

6 to 20:3 n-6 is ELOVL5 dependent. In this same study, ELOVL5 knockout mice exhibited 

decreased cellular AA and DHA levels in liver, and consequently, an increase in the 

expression of sterol regulatory element-binding protein-1c (SREBP-1c) and its target genes 

involved in fatty acid and triglyceride synthesis, which culminated in the development of 

hepatic steatosis (145). The liver of ELOVL5 knockout mice also exhibited significant 

increases in the activity of ELOVL2 on C20 substrates EPA and AA compared to wild-type 

mice, suggesting the presence of a compensatory mechanism whereby ELOVL2 can increase 

its capacity for C20 elongation in order to counteract the decrease in DHA in the ELOVL5 

knockout animals (145). The expression of the ELOVL2 gene is highest in the rat liver but it 

is also detected in the kidney, lung and brain tissues, at significant levels (146). ELOVL5 and 

ELOVL2 expression is regulated differently by nutritional status. ELOVL5 expression is 

altered in response to fasting and refeeding or by high levels of fish oil or olive oil in the diet, 

whilst expression of ELOVL2 in the rat liver is not affected even by extreme changes in 

nutritional status (146).  

 

Although it is now clear that Δ5, Δ6 desaturases, elongase 2 and 5 are major enzymes 

involved in the biosynthesis of n-3 and n-6 LCPUFA, it remains unclear to what extent 

alterations in dietary PUFA level result in altered gene expression of these enzymes and, 

ultimately, increases or decreases in the rate of the LCPUFA synthesis.    

 

1.4 Dietary regulation of desaturase and elongase genes 
Cloning of animal Δ5 and Δ6 desaturase genes has demonstrated that both n-3 and n-6 fatty 

acids utilize the same enzyme system to synthesize their long chain metabolites. It has been 

suggested that the expression of the Δ5 and Δ6 desaturase genes, and hence the rate of 

LCPUFA synthesis, is regulated by prevailing substrate concentration. Both in vivo and in 

vitro studies have reported that Δ5 and Δ6 desaturase mRNA expression and enzyme activity 

are suppressed in the presence of adequate n-3 and n-6 PUFA in the diet relative to the level 

of expression when dietary n-3 and n-6 PUFA intakes is inadequate (93, 94). One study by 

Xiang et. al. (152) reported that dietary intake of higher levels of saturated and 

monounsaturated fatty acids in healthy humans was associated with increased expression of 

the Δ5 and Δ6 desaturase gene expression in peripheral blood mononuclear cells (PBMC), 
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whilst these was a negative correlation between dietary LA and ALA content and the Δ5 and 

Δ6 desaturase gene expression in these same cells (147). Furthermore, studies in the marine 

gilthead sea bream larvae, demonstrated that feeding rapeseed (monoenes 7.9%, LA 3.4%, 

ALA 1.0% of total fatty acids in diet) and soybean (monoenes 3.7%, LA 5.7%, ALA 0.6% of 

total fatty acids in diet) oil diets was associated with higher expression of the Δ6 desaturase 

gene compared to feeding flaxseed oil (monoenes 2.6%, LA 2.5%, ALA 5.3% of total fatty 

acids in diet) and fish oil. Furthermore, doubling the amount of flaxseed oil (monoenes 3.6%, 

LA 3.3%, ALA 9.1% of total fatty acids in diet) in the diets led to further inhibition of 

desaturase gene expression in these fish (148). Conversely, feeding freshwater fish, such as 

zebra fish and tilapia with vegetable oils containing a 1:1 ratio of LA (9.1% of total fatty acids) 

and ALA (8.7% of total fatty acids) increased Δ6 desaturase enzyme activity, resulting in 

increased levels of 18:4 n-3, EPA and DHA, although the desaturation of ALA was 

insufficient to maintain tissue proportions of EPA and DHA in fish fed the vegetable oil diet 

at the same level as in fish fed the fish oil diet (149). Thus, dietary ALA and LA are the main 

dietary components that regulate Δ6 desaturase activities, however, differences in the genes 

themselves or in the regulation of their gene/enzyme expression may relate to the different 

responses of desaturase to variation in dietary PUFA levels.  

 

In addition to the effect of substrate concentrations on desaturase gene expression, there are 

also sex-differences in the baseline level of expression. In a study of rats which were born 

with a low-DHA status, both the phospholipid DHA levels and hepatic expression of Δ5 and 

Δ6 desaturase genes were higher in females compared to males (150). Female rats had a 

higher expression of liver desaturases to replete their DHA status more readily than males 

(150). In humans, tracer studies have shown that men (46) and women (47) have a different 

capacities to convert ALA to DHA. These studies showed that there was minimal conversion 

of ALA to DHA in men but a significantly higher level of radio-labeled DHA was observed in 

women (2). Higher DHA synthesis in women could be explained by gender-related 

differences in sexual hormone status and, therefore, differential hormonal regulation of PUFA 

metabolism. This hypothesis is supported by clinical trials, which have shown that higher 

concentrations of estrogen are associated with higher levels of AA and DHA in the blood 

lipids (151, 152). 

 

Adult rat liver expresses four ELOVL subtypes (ELOVL1, 2, 5 and 6) with ELOVL5 being 

the most abundant (146). Fish oil or fish oil-enriched diets feeding suppresses lipogenic gene 
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expression (153), hepatic elongase activity as well as decreasing Δ5, Δ6 desaturases and 

ELOVL5/6 mRNA levels (146). Many of the effects of fish oil on hepatic gene expression 

can be attributed to the suppression of SREBP-1c or the activation of peroxisome proliferator-

activated receptor-α (PPARα). Wang et. al. (146) suggested that PPARα agonists could 

induce LCPUFA synthesis because WY14,643, a PPARα agonist, increased liver ELOVL5, 

FADS1 and FADS2 gene expression. However, in rats fed an n-3 PUFA deficient (ALA 0.2% 

of total fatty acids, no DHA) compared with the adequate (ALA 4.6% of total fatty acid, no 

DHA) diet, mRNA and activity levels of Δ5, Δ6 desaturases and elongases 2/5 were 

upregulated in liver, whilst liver PPARα and SREBP-1 mRNA levels were unaffected, so the 

relationship between the expression of these different groups of enzymes is still unclear (57). 

 

In fish, feeding ALA and 18:4 n-3 containing vegetable oil diets to saltwater Atlantic salmon 

increased hepatic gene expression of Δ5, Δ6 desaturases and elongases compared to fish fed 

with fish oil-based diets. This increase in desaturase and elongase gene expression was 

reflected in an increase in the concentration of tissue LCPUFA, in particular in 20:4 n-3 and 

20:3 n-6 compared to those of in fish fed fish oil-based diets, but was not able to achieve 

concentrations of EPA and DHA equivalent to those observed in fish who were fed preformed 

EPA and DHA (154).  

 

Therefore, dietary n-3 and n-6 fatty acid status appears to be the main factor that affects the 

expression of genes involved in the LCPUFA pathway and the concentration of products, 

EPA and DHA. Notably, according to previous studies, the supply of excessive precursors 

and metabolites may actually cause a decrease in the rate of Δ5 and Δ6 desaturation by 

suppressing the gene expression of these enzymes and therefore limit the rate of PUFA 

conversion to LCPUFA. Taken together, this leads to the hypothesis that an optimized level of 

precursors (LA and ALA) and low levels of long chain products (EPA and DHA) in the diet 

may have the capacity to induce increased mRNA expression of the Δ5 and Δ6 desaturases, 

increase the conversion of ALA and ultimately elevate EPA and DHA status in animals. 

 

Lipid is a critical component in animals and diets not only because it provides EFA and fat 

soluble vitamins, but also because of its major contribution to energy supply. Lipids provide 

approximately twice the energy of carbohydrates and proteins in the typical human diet, and 

lipids can be added to animal feeds via supplementation with pure oils, oil seeds or oil-rich 

cereals. The choice of lipid and the form in which it is included in the farmed animal feed is 
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decided by a number of factors, which include 1) the availability and cost of the raw material, 

both locally and on the world market, 2) the impact of lipid form (oilseed or extracted oil) and 

its fatty acid composition on feed digestibility and 3) the influence of consumers and retailers 

regarding the introduction of genetically modified material (such as genetically modified 

soybean) into the food chain (155). Other factors, including sensory properties of the meat, 

food intake and feed conversion efficiency also need to be considered.   

 

1.5 Dietary approaches for increasing n-3 status in humans   
In order to increase LCPUFA content of human diets, we must first identify which foods are 

naturally rich in n-3 lipids, and secondly, determine whether modulating the lipid composition 

of the feeds of food animals can increase the n-3 LCPUFA levels in their tissues, and hence 

the meat consumed by humans (156). Fish, especially oily fish, is the richest source of EPA 

and DHA in human diets. Algae and seaweed are the primary producers of DHA and EPA in 

the ecosystem, and the high n-3 LCPUFA content of many fish varieties is ultimately due to 

the high intake of algae by fish at the bottom of the marine food chain, which are 

subsequently eaten by larger fish such that the n-3 LCPUFA accumulate in these fish and are 

found at highest levels in fish at the top of the food chain (13). In Australia, fish consumption 

remains relatively low and the majority of EPA and DHA are derived from non-fish sources, 

in particular meat and eggs. Eggs provide a reasonable amount of DHA (<50 mg/egg) but 

little EPA; for eggs from chickens fed flaxseed generally provide 60-100 mg DHA/egg (157). 

Beef contains a higher amount of saturated fatty acids than other meats because more than 

90% of the dietary unsaturated fatty acids consumed are hydrogenated to saturated fatty acid 

in the rumen during the digestion process (158). Beef is also the major contributor to dietary 

n-3 LCPUFA intake for Australians, contributing 22.3% of n-3 LCPUFA intake for adults 

compared with lamb (5.9%), pork (3.9%), and poultry (10%). Importantly, most of the n-3 

LCPUFA in the diet are obtained from fresh cuts of meat, with limited amounts obtained from 

processed food (159). In addition to meat and eggs, an increasing number of n-3 enriched 

products, to which n-3 PUFA or LCPUFA are added during the manufacturing process can 

also be purchased from major Australian supermarkets. The number of the n-3 PUFA 

enriched foods on the market has increased considerably in recent years, and now includes 

products ranging from juice, breakfast cereals and bread to butter, milk, dairy products and 

eggs.  
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The heightened interest in n-3 LCPUFA status of human populations has been accompanied 

by an increased interest in increasing n-3 fatty acid content of animal products that are 

consumed as part of the typical Australian diet such as eggs and popular meat animals. The 

major supply of n-3 LCPUFA in animal feeds is limited to fish and marine seaweed oil. 

However, low yields and high costs of oil extractions of algae limit the usefulness of algae as 

a major n-3 lipid source (160, 161). Ocean fish are the last wild animals that are still hunted 

by humans on a large scale. It was once thought that the bounty from the ocean was endless, 

however, it is becoming clear that the ocean’s resources are rapidly being depleted and that 

there is an urgent need to identify ways to take pressure off global marine resources. 

Depletion of global marine fisheries has also been a force driving an expansion of seafood 

production through aquaculture. However, aquaculture currently still relies heavily on wild 

fish for the production of feed for farmed fish and therefore does not relieve the pressure on 

global fish stocks and is not a sustainable practice (162). Consequently, the increasing price of 

fish and fish oil due to growing human populations, decreasing marine fisheries and 

increasing consumer demand are forcing the aquaculture industry, as well as poultry and pig 

industries which incorporate fish oil and fish meal into their feeds, to source less costly oils 

and protein meals for manufacturing animal diets (163). The development of alternative and 

sustainable crops or plant sources with high levels of ALA or other n-3 PUFA to be used as 

precursors for synthesis of LCPUFA in farmed animals has thus become an area of intense 

research interest (164).  

 

ALA, the C18 precursor of n-3 LCPUFA, is derived from plant cell membranes and widely 

distributed in  plant sources, and are commonly consumed in the form of vegetable oils (165). 

Analysis of the fatty acid composition of major commercial vegetable oils, including soybean, 

corn, canola, rapeseed, olive and coconut oils, showed that soybean, canola and rapeseed oils 

contain significant amounts of ALA with 7-9%, 7.6-10% and 10-12% of total fatty acids, 

respectively (166, 167) and also LA (20-54% of total fatty acids), and have a LA to ALA ratio 

in a range of 3-7:1. However, to further increase or optimise ALA content in the dietary 

formulations, sourcing oils containing both high levels of ALA and low levels of LA is 

essential. Flaxseed oil has long been known as the major and most sustainable source of ALA 

(168, 169), whilst other ALA-rich plant oils include camelina (Camelina sativa) (167), perilla 

(Perilla frutescens) (166, 168), and chia (Salvia hispanica) (170). Of these, flaxseed, perilla 

and chia oils have the highest levels of n-3 precursors, with values reaching 55-61% (with 

LA:ALA ratio of 0.3:1) versus 38% (LA:ALA ratio of 0.4) of total fatty acids for camelina, 
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respectively (171). An alternate approach for increasing n-3 fatty acid levels through the diet 

is to achieve an optimal ratio and energy level of dietary LA and ALA, by decreasing the 

dietary intake of n-6 PUFA-rich oils (corn, sunflower, safflower, cottonseed, and soybean oil) 

and simultaneously increasing oils rich in n-3 PUFA (flaxseed, perilla, and chia seed) (172, 

173). 

 

As mentioned previously, most land animals and some freshwater fish are able to produce 

LCPUFA from C18 parental fatty acids in diets, albeit inefficiently (174, 175). Studies have 

indicated that the n-3 status of animal meats consumed by humans can be increased by 

increasing the level of n-3 fatty acids in animal feeds (4, 176); however, this is complicated 

by the need to consider the impact of digestion on the transfer of fatty acids from the diets 

into tissues. The major site for dietary lipid digestion is the small intestine for ruminant and 

non-ruminant animals; however, the absorption of fatty acids from the diet and, ultimately, 

there incorporation into tissue phospholipids differs significantly between ruminant and non-

ruminant species. In non-ruminant species, dietary lipids are absorbed unchanged before 

incorporation into the tissue lipids, whilst in ruminants, rumen microorganisms isomerise and 

hydrolyse the dietary lipids before absorption in the small intestine (155). Thus, providing 

additional n-3 lipids in ruminant diets does not necessarily elevate tissue n-3 LCPUFA. 

Feeding lambs (post-weaning, at 90 days of age) with ALA-rich flaxseed oil diets, for 

example, had no significant effect on n-3 LCPUFA level when compared with lambs fed a 

standard (low ALA) diet but did elevate the n-3 to n-6 fatty acid ratio (177). In contrast, 

increasing dietary ALA content in non-ruminant species, such as chickens (178) and pigs 

(179), results in enrichment of n-3 LCPUFA in their meats. By way of example, 

supplementing chicken diets with ALA rich vegetable oils resulted in an increase in ALA 

levels in thigh meat from 1.6 to 13.9% of total fatty acids, whereas the contents of n-3 

LCPUFA increased only modestly from 0.2 to 0.39% for EPA, 0.12 to 0.24% for DPA and 

0.1 to 0.25% for DHA (180). Another study indicated that using a genetically engineered 18:4 

n-3-rich soybean oil in chicken feeds resulted in increased levels of 18:4 n-3, EPA and DPA 

in the breast and leg meat of the chickens, without affecting the sensory properties of the 

freshly cooked meat (181). Pigs fed with diets containing either 0%, 5%, 10% or 15% 

flaxseed oil had dose-dependent increases in ALA and EPA content of the back fat, kidney 

fat, liver and heart tissues with increasing dietary flaxseed oil but no accompanying increase 

in DHA levels. Furthermore, there was no significant difference between the 10% and 15% 

flaxseed oil on the levels of ALA and EPA contents in most tissues (185). Similarly, pigs fed 
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a diet supplemented with 0.5% (g/kg diet) flaxseed oil in combination with 1.5% sunflower or 

olive oil, exhibited higher proportions of ALA (~3 fold increase) and EPA (~2 fold increase) 

in the dorsi muscle compared to pigs fed diets with low n-3 PUFA (179). Other pig studies 

have shown that, in general, ALA rich diets (up to 5% flaxseed oil) modestly increase EPA 

and DPA, but at the same time increase ALA up to 10 fold in adipose tissue and 3 fold or 

more in muscle, but have no effects on DHA concentrations in either tissue (182-184). In 

summary, increasing n-3 status in animal meats can be achieved by including ALA rich oil in 

the diets to increase ALA, EPA and DPA levels in the meats, but in most cases ALA rich 

diets have no or limited effect on muscle DHA levels. Therefore, increasing DHA levels in 

meats at present still relies on the inclusion of fish oil or fishmeal in the animal diets (185).  

 

A number of fish studies have shown that both fishmeal and fish oil can be 

partially/completely replaced by other protein and oil sources without compromising growth 

or feed conversion efficiency (186-188). However, similar to studies on dietary ALA 

supplementation of land animals, most fish studies have shown that the fatty acid profiles of 

fish reflect dietary lipid composition, and that farmed fish fed fish oil or fishmeal 

replacements generally have low n-3 LCPUFA levels in their flesh and other tissues (154, 

189, 190). Importantly, many marine animals, including fish and shell fish, have a limited 

ability to synthesize LCPUFA from ALA (123, 191). Feeding sea bream and sea bass four 

different diets including soybean, rapeseed and flaxseed oil or a mixture of the three vegetable 

oils with a proportion of 1:3:6 to substitute 60% of the fish oil in their diets had no negative 

effects on fish growth and flesh quality, but was associated with significant increases in the 

liver and muscle content of C18 PUFA and significant reductions in the n-3 LCPUFA content 

in both of these tissues (192). In a further study in Atlantic salmon, substitution of 33% fish 

oil with vegetable oils resulted in decreases in the EPA and DHA content in the flesh of 30% 

and 25%, respectively, compared to the those in fish fed 100% fish oil (193). Interestingly, 

switching fish previously fed 100% vegetable oil back to a 100% fish oil diet for 5 months 

resulted in the restoration of EPA and DHA to approximately 80% of the value in fish fed 

100% fish oil for 1.5 years, suggesting that the decrease in n-3 LCPUFA produced by feeding 

fish on vegetable oils could be partially restored by feeding a diet containing fish oil for a 

period before harvest (193). In summary, as the reliance on aquaculture for sustainable fish 

production continues to grow to meet consumer’s demand for fish products, there will need to 

be an increased use of non-marine lipid and protein source to reduce pressure on global fish 

stocks. However, the use of alternative materials brings new challenges, such as negative 
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effects on flesh quality, reductions in n-3 LCPUFA status and reduced growth rates. This 

dilemma requires extensive research on the capacity of different marine species and different 

types of fish, particularly those that are most popular with consumers, to synthesise their own 

n-3 LCPUFA from C18 precursors in response to different dietary compositions in order to 

develop diets which optimise/enhance this process. 

 

1.6 Recommendations for EFA and n-3 LCPUFA 
Significant progress has been made recently in relation to setting recommendations for levels 

of EFA and n-3 LCPUFA intake for the general population and for the level of intake required 

for the prevention or treatment of chronic diseases, in particular cardiovascular disease. The 

recommendations from various health authorities are summarised in Table 1.1. However, the 

actual levels of intake required to achieve physiological effects may need to be adjusted for 

specific individuals due to the large inter-individual variability in n-3 PUFA metabolism 

based on genetics, gender and age (ie, the concept of personalised nutrition) (173, 194). 

Furthermore, it is important to consider the fat composition of the background diet, since high 

intakes of saturates and/or n-6 PUFA are likely to interfere with the biological  effects of n-3 

PUFA (195).  

 

The n-6 fatty acids have potential physiological functions (196, 197), however, n-6 PUFA 

compete with n-3 PUFA for conversion and for incorporation into tissues, such that excessive 

intake of n-6 PUFA has the potential to limit the production of anti-inflammatory n-3 PUFA 

derived mediators and n-3 LCPUFA. Therefore, diets must contain an appropriate balance of 

n-3 and n-6 EFA to achieve optimal biological effects (173). It has been suggested that 

increased intake of n-3 PUFA need to be accompanied by reductions in the intake of saturates 

and n-6 PUFA, in order to achieve optimal effects in reducing the risk of chronic disease 

while still providing adequate intakes of essential nutrients (197).  

 

To avoid deficiency, ALA and LA should be present at 0.4%en and 2.4%en in the diet (200 

mg and 1200 mg/100 g diet), respectively, according to the results of studies in humans and 

other animals (198). There is still a lack of robust dose-response data relating EPA and DHA 

intake to health benefits and protection against chronic disease, and the relative efficacy of 

EPA, DPA and DHA in improving symptoms in different disease states remains to be defined 

(199). However, it is becoming common to relate the outcomes of epidemiological studies to 

estimates of n-3 LCPUFA intakes (particularly combined intake of EPA and DHA) or to 
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blood n-3 LCPUFA levels in different age groups within human populations (200). For 

example, in a meta-analysis, a 37% reduction in the relative risk of coronary heart disease 

(CHD) in the general population was observed with a daily consumption of n-3 LCPUFA 

(EPA+DHA) of 566 mg (201). Many health authorities and organizations now recommend 

daily dietary intakes for total n-3 PUFA of 0.8 to 3 g/day (0.4 to 1%en), with specific 

recommendations for the intake of EPA and DHA ranging from 90 to 2000 mg/day depending 

on the authority issuing guidelines. The Australian National Health and Medical Research 

Council (NHMRC) recommends an intake of n-3 LCPUFA of 90-160 mg/day for the general 

adult population, with intakes of ~500 mg/day required for obtaining beneficial effects on 

reducing CHD risk (Table 1.1). Consumption of 1 fatty fish meal/day (or alternatively, a fish 

oil supplement) typically results in an intake of around 900 mg/day of EPA and DHA, 

therefore, consumption of at least 2 fish servings per week is now recommended by American 

Heart Association (AHA) (202).  
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Table 1. 1 Most recent recommended dietary intakes for fatty acid intake for adults by 

different organizations 
References Subjects Adequate daily intake Potential effects 

  LA ALA n-3 LCPUFA  
FNB: IOM1 
(2002) (203) 

Adults 
(19-50) 

(5-6%en)    

 Men 17g/day 1.6g/day - General health 
 Women 12g/day 1.1g/day -  
AHA2 (2003) 
(204) 

Adults  1.5-3g/day 
(randomized 

clinical trials are 
needed) 

Fatty fish at least 2 
times a week 

General health 

 Patients with 
documented 

CHD 

  1000mg/day 
(EPA+DHA) 

Maintaining 
cardiovascular 

health 
 Patients 

with 
hypertriglycerid

-emia 

  2000-4000mg/day 
(EPA+DHA) 

(under a physician’s 
care) 

Lower triglyceride 
20-40% 

ISSFAL3 
(2004) (205) 

Adults 2%en 0.7%en - For general health 

 Adults - - 500mg/day 
(EPA+DHA) 

Maintaining 
cardiovascular 

health 
NHMRC4 and 
MoH5 (2006) 
(206)  

Men (19+) 13g/day 1.3g/day 160mg/day 
(EPA+DPA+DHA) 

For general health 

 Women (19+) 8g/day 0.8g/day 90mg/day 
(EPA+DPA+DHA) 

 

 Pregnancy (19-
50) 

10g/day 1.0g/day 115mg/day 
(EPA+DPA+DHA) 

 

 Lactation (19-
50) 

12g/day 1.2g/day 145mg/day 
(EPA+DPA+DHA) 

 

NHMRC and 
MoH (2006) 
(206) 

Adults 4-10%en 0.4-1%en  Optimising chronic 
disease risk, 
notably CHD 

 Men   610mg/day Reducing chronic 
disease risk 

 Women   430mg/day  
FAO6/WHO7 
(2008) (207) 

Adults 2.5-9%en 
(AMDR8) 

≥ 0.5%en 
(L-AMDR9) 

0.25-2g/day 
(AMDR, 

EPA+DHA) 

General health, 
probably preventing 

CHD and some 
cancers and 

degerative diseases 
of aging 

AHA (2009) 
(197) 

Adults 5-10%en   Reduces the risk of 
CHD 

1FNB: Food and Nutrition Board, Institute of Medicine.  
2AHA: American Heart Association. 
3ISSFAL: International Society for the Study of Fatty Acids and Lipids. 
4NHMRC: National Health and Medical Research Council. 
5MOH: Ministry of Health. 
6FAO: Food and Agricultural Organization of the United Nations. 
7WHO: World Health Organization of the United Nations. 
8AMDR: Acceptable macronutrient distribution range. 
9L-AMDR: Lower level of acceptable macronutrient distribution range. 
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1.7 Rationale and significance of this thesis 
Attempts to increase the level of the n-3 LCPUFA in human and animal tissues by altering the 

ratio of LA to ALA in the diet have met with limited success. Results in a previous piglet 

study done by our group (4) with modest to high levels of PUFA showed that while the level 

of EPA increased in a linear manner as the dietary LA:ALA ratio was lowered, the level of 

DHA was not significantly increased. Based on data pointing to existence of the competition 

between n-3 and n-6 PUFA for enzymes in the fatty acid pathway, particularly Δ6 desaturase, 

it has been hypothesized that simply changing the ratios of LA:ALA is likely to have only a 

minor positive effect on the levels of C22 LCPUFA. Thus, in order to increase the production 

of DHA from ALA, both the total amount of PUFA in the diet and the LA:ALA ratio need to 

be reduced. To achieve the goal of optimising health outcomes for humans by dietary 

modifications, the experiments presented in this thesis are divided into three separate 

components: 1) utilizing a rat model to demonstrate the effects of a narrow range of dietary 

treatments on EPA and DHA accumulation in mammals, 2) using a popular farmed fish 

(barramundi) to examine the efficacy of dietary oil blends in feeds on EPA and DHA 

accumulation in a fish commonly consumed by humans and 3) characterising barramundi Δ6 

desaturase and elongase 5 genes by a yeast heterologous expression system in order to clarify 

enzyme activities and their functions on LCPUFA production.  

 

The Hooded-Wistar weanling rat is a vertebrate species of experimental animal commonly 

used to predict the response of humans to dietary treatments. They are a popular mammalian 

model for biosynthetic and nutritional experiments (208). For fish, n-3 LCPUFA, particularly 

EPA and DHA in fish diets have been shown to be required to retain EPA and DHA levels in 

various marine fish species as well as for normal growth and development (209-212). 

Vegetable oils have been reported to significantly decrease EPA and DHA contents in salmon 

fish tissues compared to those fed 100% fish oil (213-215). Existing evidence has also 

indicated that the insufficiency of metabolic conversion in marine fish was likely due to either 

a deficiency in Δ5 desaturase (20:4 n-3 to EPA) or C18 to C20 elongase activity (191). In 

contrast, fresh water fish such as zebra fish and tilapia have been reported to have increased 

tissue EPA and DHA levels when feed with diets based on n-3 rich vegetable oil (216, 217). 

Barramundi is a popular Australian diadromous fish that have been studied extensively in 

regard to potential for the aquaculture industry. The overall objective of the project was to 

determine the optimum LA:ALA ratio from vegetable oils on DHA accumulation in the fish, 

with a view to improving the n-3 LCPUFA status of their flesh, and to examine nutritional 
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regulation of ALA diets on gene expression of desaturase and elongase mRNA. The objective 

of these studies was, ultimately, to identify a strategy for developing a cost-effective process 

for improving n-3 LCPUFA status in humans, which could also be incorporated into the feeds 

of animals used for human food, such as fish feeds.  

 

1.8 Outline of this thesis 
This thesis addresses the relationship between dietary PUFA status, expression of FADS and 

ELOVL genes and tissue LCPUFA levels. One study in mammals and one study in farmed 

fish describe the relationship between hepatic desaturase and elongase gene expression and 

tissue LCPUFA levels, whilst a third study describes the identification and cloning of 

barramundi desaturase and elongase genes and investigation of their functions and activity. 

Chapter 1 and 2 presents an introduction to key background literature, general material and 

methods used in these studies. Chapter 3 reports the association between dietary PUFA 

levels, LCPUFA synthetic gene expression levels (Δ5 and Δ6 desaturases, elongase 2 and 5, 

PPARα and SREBP-1c) and tissue n-3 LCPUFA composition in rats. Chapter 4 presents data 

on the relationship between dietary n-3 PUFA status with desaturase and elongase gene 

expression as well as tissue n-3 LCPUFA accumulation in juvenile barramundi. Chapter 5 

reports the results of studies in which I cloned and expressed a desaturase gene and an 

elongase gene from barramundi for investigating enzyme function and possible activities. 

Finally, the main results, methodological considerations, the strength of the associations 

between different n-3 PUFA and a general discussion of the implications of the key findings 

of this thesis are presented in Chapter 6. 
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Chapter 2 

Material and Methods 
 

The reagents, materials and methods used in the experiments which from part of this thesis 

will be described in detail in this chapter. The methods used in this thesis can be divided into 

three major sections, namely fatty acid analysis, quantitative real-time PCR (qRT-PCR) 

analysis of hepatic mRNA expression and heterologous expression of enzymes in yeast 

Saccharomyces cerevisiae (S. cerevisiae). Changes or modifications to these methods in the 

different studies in this thesis are described in each of the following chapters as appropriate. 

 

2.1 Fatty acid analysis 
In the separate studies described in this thesis, fatty acid analyses were carried out on animal 

feeds, liver and muscle samples in both rat and barramundi. Fatty acid profiles were also 

analysed in other rat tissues including plasma, erythrocyte, brain, heart and kidney and the 

composition of the lipids extracted from the yeast cells and media in the in vitro experiments 

were also determined. 

 

2.1.1 Chemicals and reagents 
Organic solvents including chloroform, methanol, isopropanol and n-heptane were all 

analytical grade and obtained from Ajax Finechem Pty Ltd (Auckland, New Zealand) or 

Chem-Supply (SA, Australia). Butylated hydroxyanisol (BHA) and anhydrous sodium 

sulphate (Na2SO4) were purchased from Sigma-Aldrich (Missouri, USA). Sulphuric acid 

(H2SO4) was from APS Finechem (NSW, Australia) and isotonic saline was from Baxter 

Healthcare (NSW, Australia). Gases for gas chromatography (GC) analysis and sample 

preparation including ultra-high purity helium and high purity hydrogen, medical air and high 

purity nitrogen were supplied by Coregas (SA, Australia). Fatty acid methyl ester (FAME) 

standards were purchased from Nuchek Prep Inc (Elysian, USA) unless specified otherwise. 

 

2.1.2 Lipid extraction and fatty acid methylation 
Total lipids were extracted from animal feeds, plasma and tissues with chloroform/methanol 

(2:1, v/v) (218) and from erythrocytes and yeast cells with chloroform/isopropanol (2:1, v/v) 

(219). BHA (0.005%, w/v) was added to all organic solvents except n-heptane to prevent 

oxidation. 
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2.1.2.1  Total lipid analysis of animal diets 

A sample of the experimental pelleted diet was ground to a fine powder and 1 g of the sample 

placed into a glass scintillation vial. The diet was dried at 105°C for 3 hr and then cooled to 

room temperature in a desiccator to remove moisture. This process was repeated until the 

sample weight remained constant. The dried and ground sample (0.5 g) was then transferred 

into a Kimble glass tube containing 2 mL of cold isotonic saline (0.9% sodium chloride) and 

vortexed vigorously. Chloroform/methanol (2:1, v/v) was added to the tube to extract total 

lipids. Samples were mixed thoroughly with methanol (3 mL) and allowed to stand for 5 min 

at room temperature. Chloroform (6 mL) was then added and the tubes were shaken 

vigorously and allowed to stand for 5 min at room temperature. The tubes were then 

centrifuged at 3000 rpm (1559 x g) (Heraeus Sepatech, Hanau, Germany) for 10 min to 

separate the aqueous and organic phases. The chloroform (bottom layer) was transferred into 

a scintillation vial and evaporated to dryness under a nitrogen stream. The weight of the lipid 

extracts was recorded. Samples were then methylated by the addition of 5 mL of 1% H2SO4 

(v/v) in methanol at 70°C for 3 hr. After cooling, the FAME were extracted into 750 µL of 

distilled water and 2 mL n-heptane and then transferred to GC vials containing anhydrous 

sodium sulphate (Na2SO4) as the dehydrating agent.  

 

2.1.2.2  Fatty acid analysis of blood and animal tissues 

Whole blood was spun at 4000 rpm (2772 x g) for 5 min to separate erythrocytes and plasma. 

Plasma was then transferred into glass tubes containing 0.5 mL cold saline and extracted 

using chloroform/methanol (2:1, v/v). The remaining erythrocytes were washed 3 times in 

cold saline and 1 mL of the sample transferred into a separate tube. Cold saline (0.5 mL) was 

added into the tube to make up the total volume to 1.5 mL. Chloroform and isopropanol at a 

2:1 (v/v) ratio was added into the tube containing the erythrocytes to extract total lipid. Tissue 

samples from animals including liver (0.3 g), heart (0.2 g), kidney (0.2 g), muscle (0.3 g) and 

brain (0.1 g) were finely chopped and homogenized (IKA T25 digital Ultra-Turrax, 

Germany). Chloroform/methanol (2:1, v/v) was added to the homogenate for total lipid 

extraction. All the samples listed above were shaken vigorously and allowed to stand for 5 

min at room temperature, after addition of the chloroform/methanol or 

chloroform/isopropanol. The samples were then centrifuged at 3000 rpm (1559 x g) for 10 

min to separate the aqueous and solvent phases. The chloroform layer (bottom phase) was 

transferred into a scintillation vial and evaporated to dryness under a nitrogen stream. The 
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total lipid weight was recorded and the lipid extracts were then resuspended in 150 µL 

chloroform/methanol (9:1, v/v) for further lipid class separation. 

  

2.1.2.3  Fatty acid analysis of yeast cells 

Yeast cells were harvested by centrifugation at 2800 rpm (1358 x g) for 5 min at 4°C and the 

wet weight of the cells recorded. The cells were then washed and resuspended in 1.5 mL of 

ddH2O. Total lipids were extracted using the chloroform/isopropanol (2:1, v/v) solvent system 

and heptadecanoic acid (17:0) was added to the harvested cells as an internal standard (ISD). 

Samples were shaken vigorously and allowed to stand for 5 min at room temperature. After 5 

min, samples were centrifuged at 3000 rpm (1559 x g) for 10 min to separate the aqueous and 

solvent phases. The lipids were obtained by evaporating the solvent layer and then transferred 

into a vial containing 1% H2SO4 (v/v) in methanol at 70°C for 3 hr for transmethylation. After 

the samples were cooled, the resulting FAME were extracted with n-heptane and transferred 

into vials containing anhydrous sodium sulphate in preparation for GC analysis. 

 

2.1.2.4  Lipid classes separation by thin layer chromatography  

The phospholipid and triglyceride fractions were separated from total lipid extracts by thin 

layer chromatography (TLC) on silica gel plates (Silica gel 60H; Merck, Darmstadt, 

Germany). A TLC standard 18-5 (Nu-Chek Prep Inc, MN, USA) was run on the plates for 

lipid identification. The mobile phase for TLC was petroleum spirit/ethyl ether/glacial acetic 

aicd (180/30/2, v/v). The TLC plates were sprayed with fluorescein 5-isothiocyanate in 

methanol, and the lipid classes present were visualized under UV light. Cholesteryl ester (CE) 

(fraction 1) migrated to the solvent front, followed by triglyceride (fraction 2), free fatty acid 

(FFA) (fraction 3), cholesterol (fraction 4) and then phospholipid (fraction 5) (Figure 2.1). 

Triglyceride (fraction 2) and phospholipid (fraction 5) fractions were scraped and transferred 

individually into vials containing 1% (v/v) H2SO4 in methanol for transmethylation at 70°C 

for 3 hr. After cooling, distilled water (250 μL) was added to the methyl esters and extracted 

into 0.5 mL of n-heptane. Samples were then sealed in GC vials with anhydrous sodium 

sulphate for GC analysis.  

 

2.1.2.5  Gas chromatography analysis of fatty acid methyl esters  

FAME in samples were separated and quantified by GC (Hewlett-Packard 6890, CA, USA) 

equipped with a capillary column (50 m x 0.32 mm id) coated with 0.25 μm film thickness 

70% cyanopropyl polysilphenylene-siloxanes (BPX-70; SGC Pty Ltd, Victoria, Australia) and 
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a flame ionisation detector (FID). The injector temperature was set at 250°C and the FID 

temperature at 300°C. The oven temperature at injection was initially set at 140°C and was 

programmed to increase to 220°C at a rate of 5°C per minute and held for 2 min. The 

temperature was then increased by 20°C per min to 260°C and held for 8 min. Helium gas 

was utilized as a carrier at a flow rate of 35 cm per second in the column and the inlet split 

ratio was set at 20:1. The identification and quantification of FAME was achieved by 

comparing the retention times and peak area (%) values of unknown samples to those of 

FAME lipid standards 463 (Nu-Chek Prep Inc, MN, USA) with known concentrations (3 

mg/mL) using the Hewlett-Packard Chemstation data system. FAME standards for 24:5 n-3 

and 24:6 n-3 were purchased from Larodan Fine Chemicals (Malmö, Sweden).  

 

2.2 qRT-PCR analysis of hepatic mRNA level 
Gene expression levels in rat and barramundi liver samples were determined by one-step 

qRT-PCR. qRT-PCR and data analysis were performed in a total volume of 10 μL/reaction 

using a Rotor-Gene 6000 real-time rotary analyser (Corbett Life Science, NSW, Australia). 

Total RNA (10 ng) from liver was reverse transcribed and directly amplified in the same 

microtube. The SYBR reaction mixture consisted of HotStarTaq® Plus DNA polymerase, 

optimized RT-PCR Buffer, dNTP Mix and SYBR Green I dye. The qRT-PCR products were 

identified by generating a melting curve. The size of qRT-PCR products were confirmed by 

gel electrophoresis on an agarose gel stained with ethidium bromide (EtBr) and visualized by 

exposure to ultraviolet (UV) light. The threshold cycle (Ct) value was determined for each 

transcript. The Ct value represents the cycle number at which a fluorescent signal increases 

beyond a specific value (threshold fluorescence). The determination of normalised expression 

of the target genes was determined using the Microsoft Excel-based Q-Gene software (220-

222) to obtain mean normalised expression (MNE). 

 

2.2.1 Chemicals and reagents 
RNAlater® (RNA stabilization reagent), RNeasy® Mini Kit and the QuantiFast® SYBR Green 

RT-PCR Kit were obtained from Qiagen (GmbH, Hilden, Germany). The QuantiFast® SYBR 

Green RT-PCR Kit contained 2x QuantiFast® SYBR Green RT-PCR Master Mix (consisting 

of HotStarTaq® Plus DNA Polymerase; QuantiFast® SYBR Green RT-PCR Buffer; dNTP 

mix and ROX passive reference dye), and QuantiFast® RT Mix (a mixture of the Qiagen 

Omniscript® Reverse Transcriptase and Sensiscript® Reverse Transcriptase). Ethanol, β-

mercaptoethanol (β-ME) and EtBr were purchased from Sigma-Aldrich (MS, USA). DNA 
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grade agarose was obtained from Progen Industries Ltd (Queensland, Australia), RQ1 RNase-

free DNase was obtained from Promega (WI, USA). DNA markers/ladders (1 kb and 100 bp) 

were purchased from New England Biolabs (MA, USA).  

 

2.2.2 RNA isolation and quality determination 
Total RNA was isolated from 10 mg of liver tissue using a Qiagen RNeasy® kit following the 

protocol provided by the manufacturer with the tissue initially disrupted using a Tissue Lyser 

(Mixer MM 300, F. Kurt Retsch GmbH & Co. KG, Haan, Germany). Briefly, the liver sample 

was removed from RNAlater® and 10 mg of the sample placed in a tube containing 

guanidinium isothiocyanate (GITC) buffer and stainless steel beads (5 mm) (Qiagen). The 

Mixer MM 300 was applied to homogenize the tissues (1-2 min at 20Hz). After 

homogenization, the sample was centrifuged. The supernatant was transferred to a fresh tube, 

mixed with 70% ethanol and then applied to an RNeasy spin column for adsorption of RNA 

to the membrane. The bound RNA was eluted with 50 μL RNase-free water. Isolated total 

RNA was treated with RQ1 RNase-free DNase to eliminate genomic DNA contamination. 

The purified and DNase treated RNA samples were diluted to a final concentration of 5 ng/μL 

in RNase-free water prior to qRT-PCR to allow dilution of the magnesium concentration in 

the sample to one which was compatible with the Qiagen QuantiFast® SYBR Green RT-PCR 

Kit. The quality and concentration of the RNA was determined by measuring the absorbance 

at 260 and 280 nm (NanoDrop Technologies, Wilmington, DE), and RNA integrity was 

confirmed by agarose gel electrophoresis and OD 260/280 and 260/230 ratios. Both ratios of 

less than 1.8 indicate contamination with proteins or chemicals used in the extraction 

procedure. This is because nucleic acid is detected at 260 nm, whereas protein, salt and 

solvents are detected at 230 and 280 nm. Both the 260/280 and 260/230 ratios were in the 

range of 1.9-2.2 for all RNA samples used in this thesis.  

 

2.2.3 Optimization and validation of qRT-PCR assay 
To evaluate the efficiency of amplification, a standard curve was constructed using a serial 

dilution (0.005 ng/μL to 50 ng/μL) of one total RNA sample from a rat and a fish liver per 

dietary group for each target gene. In the rat study, primers included QuantiTect® Primer 

Assays, from Qiagen β-Actin (Rn-Actb-1-SG, QT00193473), FADS1 (Rn-Fads1-1-SG, 

QT00188664), FADS2 (Rn-Fads2-1-SG, QT00186739), ELOVL2 (Rn-Elovl2-predicted-1-

SG, QT01683899), ELOVL5 (Rn-Elovl5-1-SG, QT00178059) and primers kindly provided 

by Dr. Beverly Mühlhaüsler (University of Adelaide) for PPARα (NM_013196) (Fwd 5’-



 

45 

 

CCTGTGAACACGATCTGAAAG-3’/Rev 5’-ACAAAAGGCGGATTGTTG-3’) and 

SREBP-1c (CGU09103) (Fwd 5’-GCGCCATGGAGGAGCTGCCCTTCG-3’/Rev 5’-

GTCACTGTCTTGGTTGTTGATG-3’). The QuantiTect® Primer Assays amplified PCR 

products had an expected amplicon size of 145 bp for β-Actin, 117 bp for FADS1, 87 bp for 

FADS2, 124 bp for ELOVL2 and 79 bp for ELOVL5. The expected amplicon size for PCR 

fragments amplified by the PPARα and SREBP-1c primers were 152 bp and 131 bp 

respectively. Amplicons from qRT-PCR were sequenced and their size checked by running 

the PCR products on a 1.5% agarose gel and aligning the bands with a DNA ladder of known 

fragment size (Figure 2.2). Primers for qRT-PCR analysis of barramundi hepatic FADS2, 

ELOVL and 5 potential housekeeping genes (β-Actin, ribosomal protein LP1α (RPLP1α), 18s 

ribosomal RNA (rRNA), elongation factor 1α (EF1α) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH)) were designed using Primer3Plus 

(http://www.bioinformatics.nl/primer3plus) (223). The expected amplicon size was 249 bp for 

FADS2, 154 bp for ELOVL, 175 bp for β-Actin, 224 bp for RPLP1α, 150 bp for 18S rRNA, 

154 for EF1α and 238 bp for GAPDH. Single amplicons from the primers were sequenced 

and the PCR products run on a 1.5% agarose gel with DNA ladder to confirm that they were 

of the correct size (Figure 2.3). Analyses of dissociation/melt curves were performed at the 

end of 40 cycles of amplification to confirm the presence of a single amplicon with the same 

melting temperature (Tm) (Figures 2.4, 2.5, 2.6 and 2.7). No template and no reverse 

transcriptase (RT) controls were also performed to confirm the absence of contamination in 

the reagents. PCR amplification efficiency of the reaction for each primer set was computed 

using the Ct values obtained over the 4-log dilution range (which were from a standard curve 

which was constructed from a serial dilution of total RNA at five concentrations) were plotted 

against RNA concentration with the following formular (220):  

Exponential amplification=10(-1/slope)  

Efficiency=[10(-1/slope)]-1 

 

2.2.4 qRT-PCR analysis  
The qRT-PCR experiment and data analysis were carried out in a total volume of 10 

μL/reaction on a Rotor-Gene 6000 real-time rotary analyser (Corbett Life Science, NSW, 

Australia) with QuantiFast® SYBR Green RT-PCR Kit according to the manufacturer's 

instructions. Each 10 μL reaction included 2 μL of total RNA (10 ng/reaction), 5 μL of 2x 

QuantiFast® SYBR Green RT-PCR Master Mix, 1 μL QuantiTect® Primer or 1 μL of 5 μM 

(0.5 μM in final concentration) self designed primers, 0.1 μL QuantiFast® RT Mix and 1.9 μL 
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RNase-free molecular grade water to 10 μL. At least three technical replicates were 

performed for each sample. The qRT-PCR conditions were as follows: reverse transcription at 

50°C for 10 min, PCR initial activation step at 95°C for 5 min, two step cycling for 40 cycles 

in denaturation at 94°C for 10 sec and combined annealing/extension at 60°C for 30 sec. At 

the end of the amplification, the melting temperature was carried out by a gradually increasing 

the temperature (0.2°C/sec) from 60°C to 95°C. Amplification was quantified by determining 

the Ct value for each reaction. Baseline and thresholds for Ct calculation were set manually 

with the Rotor-Gene 6000 series software and were the same for all experiments. The gene 

expression level of target genes relative to the housekeeping genes was determined by the 

relative quantitation method using the Microsoft Excel-based Q-Gene software (220-222). 

The Q-Gene tool was developed to calculate the MNE with standard errors by averaging the 

Ct values from replicates and subsequent calculation of the mean normalized expression and 

correcting for variation in amplification efficiency of the target genes and housekeeping genes. 

The calculation is based on the equation as follows:  

MNE=(Eref)Ct ref / (Etarget)Ct target 

In this thesis, β-actin was used as a housekeeping gene for both rat and barramundi in the 

calculation of normalized expression. 

 

2.3 Heterologous expression of enzymes in yeast S. cerevisiae  
The yeast strain S. cerevisiae INVSc1 was used as the host for heterologous expression of 

barramundi Δ6 desaturase and elongase genes. The yeast and Escherichia coli (E. coli) shuttle 

vector pYES2™ is a 5.9 kb vector for GAL-1 promoter inducible expression of foreign 

proteins in S. cerevisiae. The features of the system include the ability to induce protein 

expression in yeast by galactose and repress gene expression by glucose (224) and a 5’ end of 

CYC1 transcriptional terminator for termination of mRNA, URA3 gene for selection of 

transformants in yeast host strains with a ura3 genotype and an ampicillin resistance gene for 

selection in E. coli. 

 

2.3.1 Chemicals and reagents 
Fatty acid substrates ALA, LA, 18:4 n-3, 18:3 n-6, 20:3 n-3, 20:2 n-6, 20:3 n-6, EPA, AA and 

DPA (all >98-99% purity) were purchased from Cayman Chemicals (Michigan, USA). Fatty 

acid substrate 24:5 n-3 was purchased from Larodan Fine Chemicals (Malmö, Sweden). All 

ingredients for the preparation of media were purchased from Sigma-Aldrich (Missouri, USA) 

including yeast nitrogen base (YNB), yeast peptone dextrose (YPD) broth, YPD agar, glucose 



 

47 

 

(>99% purity), galactose (>99% purity), yeast synthetic drop-out medium supplements 

(Y1501, Uracil-) and bacteriological agar. Yeast host strain INVSc1, pYES2™ vector, MAX 

Efficiency® DH5α™ competent cells and the S. c. EasyComp™ Transformation Kit were 

purchased from Invitrogen (Invitrogen, CA, USA). Ampicilin (100 mg/mL), prepared luria 

broth (LB), Tris/Borate/EDTA (TBE) buffer and LB agar plates containing ampicillin were 

purchased from the Media Preparation Unit (MPU) in the University of Adelaide.    

 

2.3.2 Preparation of S. cerevisiae INVSc1 medium 
The preparation of the media for both wild-type and recombinant colonies was carried out 

based on recipes included in the pYES2™ manual (version K) from Invitrogen or 

reconstitution instructions from Sigma.   

 

2.3.2.1  YPD broth  

a) 50 g pre-mixed YPD broth powder added to 1 L of deionized water. 

b) Solution autoclaved for 15 min at 121°C. 

c) If making plates, 20 g of agar was then added. 

 

2.3.2.2  YPD agar 

a) 65 g pre-mixed YPD agar powder added to 1 L of deionized water. 

b) Solution heated to boiling while stirring to dissolve all ingredients completely. 

c) Solution autoclaved for 15 min at 121 °C. 

d) Solution cooled to 50°C, poured into plates and allowed to harden.  

e) Plates were inverted and stored at 4°C.  

 

2.3.2.3  SC selective medium-U and plate 

a) The medium composed of 0.67% (w/v) YNB (without amino acids), 2% (w/v) carbon 

source (glucose or galactose) and 0.192% (w/v) amino acid (yeast synthetic drop-out medium 

supplements, Uracil-) and 2% agar (if making plates). 

b) 6.7 g YNB and 1.92 g amino acid was dissolved in 780 mL deionized water, 20 g of agar 

added and stirred until well dissolved. 

c) Solution autoclaved for 15 min at 121 °C. 

d) Solution cooled to 50°C and 200 ml of 0.22 μm filter-sterilized 10% (w/v) glucose or 10% 

(w/v) galactose added.  

e) Plates poured and allowed to harden.  
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f) Plates were inverted and stored at 4°C.  

 

2.3.3 Cloning into pYES2™ vector  
Cloning of barramundi Δ6 desaturase and elongase genes will be described in detail in chapter 

5. Briefly, a ligation mixture containing the target genes and the pYES2™ vector was heat-

shock transformed into competent MAX Efficiency® DH5α™ competent cells. Cells were 

plated on LB plates containing 100 μg/mL ampicillin for antibiotic selection of transformed 

cells. The plates were allowed to dry and then incubated overnight at 37°C.  Single colonies 

were selected from LB plates (6 clones per plate) and inoculated into 1 mL of LB liquid 

media followed by a 2 hr culturing period. The cells were spun down at 8000 x g for 2 min 

and 10 uL of 0.25% sodium dodecyl sulfate (SDS) solution added to the cell pellet. The 

samples were then vortexed for 30 sec to crude extract the E. coli genomic DNA. The SDS 

treated cells were then spun at 8000 x g for 2 min and the supernatant collected for further 

analysis. Successful transformants were analysed by restriction enzyme (RE) digest and 

sequencing to confirm the presence and orientation of the target inserts. 

 

2.3.4 Glycerol stocks preparation of E. coli 
Bacterial glycerol stocks of E. coli DH5α were prepared from overnight cultures of the E. coli 

DH5α. Stocks were stored in 2 mL labeled cryovial tubes which contained 800 μL of 

overnight culture and 200 μL of sterile 80% (v/v) glycerol to make glycerol to 20% (v/v) as 

final concentration. These stocks were stored at -80°C. To recover the strain from the glycerol 

stock, a sterile toothpick was used to scrape a small amount of the frozen stock, and this was 

then streaked out onto a LB plate. 

 

2.3.5 Preparation and transformation of S. cerevisiae INVSc1 competent cells 
The protocol followed the instructions included in the S. c. EasyComp™ Transformation Kit 

(Invitrogen). Briefly, a small amount of INVSc1 strain provided with the kit was streaked on 

a YPD plate and incubated at 30°C for 2 days. A single colony of an isolated S. cerevisiae 

strain was selected and added to 10 mL of YPD. The cells were grown overnight at 27°C in a 

shaking incubator (190 rpm) and, on the following day, yeast cells from the overnight culture 

were diluted to an OD600nm of 0.4 in a total volume of 10 ml of YPD. The cells were grown 

under the same conditions until the OD600nm reached 0.6-1.0. The cells were then collected by 

centrifugation at 1500 rpm (389 x g) for 5 min at room temperature, the supernatant discarded 

and the cell pellet resuspended in 10 ml of Solution I (provided in the kit). The cells were then 
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centrifuged again at 1500 rpm (389 x g) for 5 min at room temperature, the supernatant 

discarded and the cell pellet resuspended in 1 mL of Solution II (provided in the kit). 50 µL of 

the competent cells were aliquoted into labelled 2 mL sterile cryovials, placed in a Styrofoam 

box and stored at -80°C. 50 µL of yeast competent cells was used for each transformation. 

One tube of 50 µL competent cells was thawed and 5 µL of target plasmid (including empty 

pYES2™ vector, pYES2/BarraFADS (barramundi FADS gene was inserted into pYES2™) and 

pYES2/BarraELOVL (barramundi ELOVL gene was inserted into pYES2™)) added. 500 µL 

of Solution III (provided in the kit) was then added to the plasmid/cell mixture and the 

transformation reactions incubated for 2 hr at 30°C, with mixing by vigorous vortexing every 

15 min. 200 µL of the transformation reaction was then plated onto selection plates (SC 

selective medium-U plate), spread evenly and the plates placed in a 30°C incubator and 

incubated for 3-5 days. Single colonies from the plate were used for further expression assays.  

 

2.3.6 Glycerol stocks preparation of S. cerevisiae INVSc1 cells  
The protocol was modified from the methods described by Sherman (225). Glycerol stocks of 

transformed (empty pYES2™ vector, pYES2/BarraFADS or pYES2/BarraELOVL) S. 

cerevisiae INVSc1 cells were prepared from cells which were streak-plated on SC selective 

plates-U. The cells were scraped from the plate and resuspended in 1 mL of sterile deionized 

water and 225 μL of sterile 80% (v/v) glycerol (15% as final concentration) in 2 mL labeled 

cryovial tubes. The vials were capped and vortexed to suspend the cells evenly within the 

15% (v/v) glycerol solution. The stocks were immediately transfered into the -80°C freezer. 

To recover the strain from the glycerol stock, a sterile toothpick was used to scrape some of 

the frozen stock, and the cells then streaked out on a plate. 

 

2.3.7 Yeast S. cerevisiae INVSc1 culture and galactose induction  
A single yeast colony transformed with empty pYES2™ vector, pYES2/BarraFADS or 

pYES2/BarraELOVL from a SC selective plate-U, was inoculated into 25 mL SC selective 

medium-U (liquid form, 2% glucose, w/v) in a 125 mL Erlenmeyer flask. The yeast cells were 

grown at 27°C overnight with shaking (190 rpm). The cells were collected by spinning at 

2800 rpm (1358 x g) for 5 min after a 24 hr incubation. The supernatant was discarded and 

the cell pellet was washed with induction medium (SC selective medium-U, liquid form, 2% 

galactose, w/v) and then suspended in induction medium containing 0.25% (v/v) tergitol® 

with a cell density of OD600nm=0.4. 10 mL of this cell suspension was added to each 100 mL 

Erlenmeyer flask with or without addition of either 0.1, 0.25 or 0.5 mM concentration of fatty 
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acid for desaturase or elongase enzymes, and incubated at 27°C with shaking (190 rpm) for 

24-48 hr (24 hr for elongase and 48 hr for desaturase gene transformed INVSc1 yeast). The 

induced cells were harvested and lipids extracted for further analysis. 

 

2.3.8 Fatty acid supplementation and lipid extraction of S. cerevisiae INVSc1 

cells 
The amplified PCR products containing barramundi putative desaturase and elongase gene 

were purified, restriction digested and inserted into EcoRI and XhoI digested pYES2™ vector 

to yield the constructed plasmid pYES2/BarraFADS and pYES2/BarraELOVL. An INVSc1 

transformant colony containing the pYES2/BarraFADS or pYES2/BarraELOVL constructs 

was inoculated into a 125 ml Erlenmeyer flask containing 25 mL SC selective medium-U 

containing 2% (w/v) glucose and grown overnight at 27°C in an orbital incubator with 

vigorous shaking at 190 rpm. Expression of heterologous barramundi desaturase and elongase 

were induced by transferring log-phase yeast cells (OD600nm=0.4) into SC selective medium-U 

containing 2% (w/v) galactose and 0.25% (v/v) tergitol. Cultures were then supplemented 

with PUFA substrates from among the following: ALA, LA, 20:3 n-3, 20:2 n-6, 24:5 n-3, 

EPA and DPA for yeast containing pYES2/BarraFADS plasmid; fatty acid substrates ALA, 

LA, 18:4 n-3, 18:3 n-6, EPA, AA and DPA were used for yeast containing 

pYES2/BarraELOVL plasmid. In the same batch of experiments, yeast cells transformed with 

pYES2/BarraFADS or pYES2/BarraELOVL plasmid without galactose induction (maintained 

in glucose media) and host cells transformed with an empty pYES2™ vector were used as 

negative controls. After 48 hr of incubation, yeast cells were harvested by centrifugation at 

2800 rpm (1358 x g) for 5 min at 4°C. The cells were washed twice with ddH2O to eliminate 

the carryover of culture media. Total lipids were extracted and analysed as described 

previously in this chapter section 2.1.2.3. At least three independent replicates of the yeast 

cultures with fatty acid substrate supplementation were performed. 

 

2.4 Statistical analysis   
GraphPad InSat 3.10 software (GraphPad Software, Inc., CA, USA) and SPSS 15.0 version 

for Windows (SPSS Inc, USA) were used for the statistical analyses in this thesis. If there 

were 3 or more groups, a one-way analysis of variance (ANOVA) test if data were sampled 

from populations with identical SDs (calculated by the method of Bartlett) and follow 

Gaussian distributions (calculated by the Kolmogorov and Smirnov test). When the P value 

for the one-way ANOVA was less than 0.05, the Tukey-Kramer multiple comparisons test 
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was used as post-hoc to identify significant differences between groups. Kruskal-Wallis test 

with Dunn's multiple comparison test was applied for non-parametric analyses of groups with 

N<3 or data which did not pass the normality test. For experiments/variables with 2 groups, 

an unpaired t-test (two tailed) was used to examine differences between groups. When the 

data were not normally distributed, the non-parametric Mann-Whitney test (two tailed) was 

performed for data that failed the normality test. A probability level of 0.05 (P<0.05) was 

used in all tests. 
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Figure 2. 1 Schematic TLC separation of simple lipids with silica gel 60H layer as the 

stationary phase and the petroleum spirit/ethyl ether/glacial acetic acid (180:30:2, v/v) as the 

mobile phase. The plate was visualized by iodine vapour. Each number indicates the 

following lipids: 1, cholesteryl oleate; 2, triolein; 3, oleic acid; 4, cholesterol and 5, lethithin 

(1, 2 distearoyl). 
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Figure 2. 2 Agarose gel image of qRT-PCR amplified PCR fragments with initial total RNA 

of 10 ng from rat liver D1-1 (Diet 1, rat 1). The purity and integrity of DNA was examined by 

electrophoresis on a 1.5% agarose gel staning with EtBr. 100 bp DNA marker (lane 1), PCR 

amplicon was amplified by rat β-Actin primers (lane 2), FADS1 primers (lane 3), FADS2 

primers (lane 4), ELOVL 2 primers (lane 5), ELOVL 5 (lane 6), PPARα (lane 7) and SREBP-

1c primers (lane 8). 

 
Figure 2. 3 Agarose gel image of qRT-PCR amplified PCR fragments with initial total RNA 

of 10 ng from barramundi liver D1-1 (Diet 1, fish 1). The purity and integrity of DNA was 

examined by electrophoresis on a 1.5% agarose gel staning with EtBr. 100 bp DNA marker 

(lane 1), PCR amplicon was amplified by barramundi FADS2 primers (lane 2), ELOVL 

primers (lane 3), RPLP1α primers (lane 4), 18S rRNA primers (lane 5), β-Actin (lane 6), 

EF1α (lane 7) and GAPDH primers (lane 8). 
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Figure 2. 4 Melt curve analyses of rat FADS1 (A) and FADS2 (B) primer sets.  
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Figure 2. 5 Melt curve analyses of rat ELOVL2 (A) and ELOVL5 (B) primer sets. 
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Figure 2. 6 Melt curve analyses of rat SREBP-1c (A) PPARα (B) and β-Actin (C) primer sets. 
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Figure 2. 7 Melt curve analyses of barramundi FADS (A), ELOVL (B) and β-Actin (C).  
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Chapter 3  

The Effects of Dietary ALA Levels on the Synthesis of Omega-3 

Fatty Acids and Gene Expression of Desaturases, Elongases and 

Transcription Factors in the Male Weaning Rat 

3.1 Abstract 
The conversion of the n-6 PUFA LA and n-3 PUFA ALA to LCPUFA involves a series of 

desaturation and elongation steps. Although there is evidence that the expression of the 

enzymes which control these steps can be regulated by extremes of dietary PUFA, the degree 

to which there is meaningful regulation of desaturase and elongase gene expression within the 

range of PUFA in normal human diets is unclear. The aim of this study, therefore, was to 

determine whether the expression of desaturases, elongases and transcription factors known to 

be involved in the regulation of hepatic lipid metabolism was regulated within the normal 

physiological range of dietary PUFA and ultimately, whether this may be involved in 

triggering LCPUFA production. Weaned male Hooded-Wistar rats were fed experimental 

diets which contained between 0.2 to 2.9%en ALA with a constant LA content of 1%en. A 

high PUFA (6.6%en as PUFA) diet and a low PUFA (0.4%en as PUFA) diet were used as 

reference diets. Rats were fed the diets for 3 weeks. Plasma, erythrocytes, livers, kidney, 

brain, heart and thigh (quadriceps) muscle were collected for fatty acid analysis. Hepatic 

mRNA expression of desaturases, elongases and related transcription factors were determined 

by qRT-PCR. Whilst high ALA diets consistently produced higher levels of EPA, DPA and 

DHA in rat tissues than low n-3 PUFA diets, expression of the Δ6 desaturase and elongase 2 

genes were increased only in animals fed the low PUFA (0.4%en) reference diet compared to 

those fed diets with high PUFA (6.6%en) levels. There was no obvious relationship between 

the mRNA expression of desaturases, elongases or transcription factors and the levels of EPA, 

DPA or DHA in rat blood, liver and other tissues as a result of feeding increasing levels of 

ALA in this study. The results of these studies suggest that, over the range of PUFA 

encountered in human diets, it is probable that n-3 LCPUFA levels are regulated more by 

substrate supply than by alterations in the expression of the key genes involved in n-3 

LCPUFA synthesis. 
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3.2 Introduction 
The regulation of LCPUFA metabolism remains poorly understood, but is thought to be due 

to a combination of substrate competition, altered gene expression and nutrient-mediated 

hormonal regulation (226-228). The pathway from C18 PUFA to C20 and C22 LCPUFA 

involves the two desaturase enzymes, Δ5 and Δ6 desaturases, which are coded for by the 

genes FADS1 and FADS2 respectively, and one or more elongase enzymes. Studies of 

hepatic desaturase activity have suggested that the activities are up-regulated in response to 

low dietary PUFA levels compared to when n-3 PUFA or n-3 LCPUFA levels in the diet are 

adequate (57, 229). Elongation of C18, C20 and C22 compounds occurs via elongase 

enzymes which have also been suggested to have a role in the regulation of  LCPUFA 

synthesis and may be transcribed from one or more genes, including ELOVL2 and ELOVL5 

(130). Changes in expression levels of the desaturase and elongase genes is thought to involve 

transcription factors such as PPARα (230, 231) and SREBP-1c (232).  

 

Early studies by Jump and Clarke (226) and others (233, 234) established that removing 

PUFA from diets stimulated expression of genes involved in the fatty acid synthetic pathway 

such as Δ6 desaturase and fatty acid synthase (FAS) while high PUFA and LCPUFA diets 

were inhibitory. These observations have resulted in the premise that expression of Δ6 

desaturase and other enzymes in the fatty acid pathway help regulate the rate of conversion of 

the C18 fatty acids LA and ALA to the C20 and C22 LCPUFA. Conversely, because the n-6 

and n-3 fatty acids compete for a single set of desaturating and elongating enzymes, several in 

vivo studies have highlighted that the relative levels of n-6 and n-3 LCPUFA in animal tissues 

can be regulated by simply altering the balance of LA and ALA in the diet. Thus, the degree 

to which expression of the key enzymes in the fatty acid pathway regulates LCPUFA levels 

compared with simple competition between available substrates is a matter of conjecture. The 

purpose of this study was to seek evidence that might contribute to our understanding of the 

relative degree to which the changes in tissue LCPUFA levels, induced by increasing the 

dietary ALA levels across a range that could reasonably be present in human diets, could be 

explained by changes in gene expression of key hepatic enzymes involved in fatty acid 

metabolism. 

 

3.3 Design of the study  
The aim of the experiments in this chapter was to precisely evaluate the relationship between 

dietary ALA level, at a constant background level of LA, on n-3 LCPUFA synthesis and 
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accumulation, and to examine the relationship between tissue LCPUFA level and hepatic 

mRNA abundance of major enzymes in the fatty acid pathway. The total amount of fat and 

dietary LA levels in each diet were held constant and only the level of ALA altered to 

minimise variables in the study. A total of 7 dietary treatments with total PUFA (LA+ALA) 

content of 0.4 to 6.6%en were assessed in the experiment.  

 

3.4 Methods and Materials 

3.4.1 Animals 

All procedures were performed in accordance with institutional guidelines for the use of 

animals and the Australian code of practice for the care and use of animal for scientific 

purposes. The protocol was approved by the Animal Ethics Committee, University of 

Adelaide (Ethics number S-092-2007). Thirty-five weaned male Hooded-Wistar rats (3 weeks 

of age) were obtained from the Laboratory Animal Service (University of Adelaide, 

Australia). Five weanling male rats initially weighing approximately 38 g were assigned to 

each dietary group. The animals were housed in a laboratory animal facility at thermal 

neutrality (~25°C), a constant relative humidity of 45% and a 12 hr light and 12 hr dark cycle. 

The rats had free to access to fresh water and to modified rodent chow AIN-93G-based diets. 

The rats were fed and observed daily for any sign of illness, changes in food or water intake 

or waste output, and injury or welfare problems. Diets were added to the cages daily to 

maintain the total amount available at 100 g per cage. The rats were weighed at the start of the 

experiment, at weekly intervals during the 21 day feeding trial and on the day of sacrifice. 

 

3.4.2 Diets 
The animal diets used in the study all contained 5% fat (w/w), and the base diet was 

comprised of a modified rodent chow formulation of the AIN-93G-based diet (Specialty 

Feeds Company, GlenForrest, WA, Australia). A modest reduction in fat content from 7% to 

5% (w/w) was the only modification made to the basal diet and this resulted in a 2% reduction 

in calculated energy for all experimental diets compared to the standard rat chow. The diets 

provided total energy of 3797 kcal per kg (15.9 MJ per kg) composed by 67.8%en of 

carbohydrate, 11.8%en of fat (vegetable oil) and 20.4%en of protein. The calculated energy 

content was based on the standard fuel values for protein (19.4%), fat (5%) and carbohydrate 

(64.4%) of 4, 9 and 4 kcal/g, respectively. The nutritional parameters were provided by the 

feed company (Speciality feeds) and the macronutrients in all diets were as follows: sucrose 

100 g/kg, casein 200 g/kg, fat 50 g/kg, starch (including dextrinised starch) 556 g/kg, 
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cellulose 50 g/kg, dl methionine 3 g/kg, AIN93 minerals 1.4 g/kg, AIN93 vitamins 10 g/kg 

and other minerals 29.2 g/kg. Two reference diets were used in this study, namely, a high 

PUFA diet (6.6%en as PUFA; 5% by weight of total diet as soybean oil) and a low PUFA diet 

(0.4%en as PUFA; 5% by weight of total diet as macadamia oil). The fat contents of the diets 

were analysed and the level was in a range of 4.93-5.24% (w/w), and statistical analyses 

indicated there was no difference between the total fat contents of the diets. Five experimental 

diets (Diets 1-5) were composed that were designed to provide levels of ALA ranging from 

0.2 to 2.9%en while keeping LA constant at 1%en (Table 3.1). Vegetable oils were purchased 

from the commercial suppliers and the oil blends were prepared in our laboratory by blending 

varying proportions of macadamia oil (17.83% saturates, 79.37% monoenes, 2.23% LA and 

0.18% ALA of total fatty acids; Suncoast Gold Macadamias (Aust) Limited, Australia), 

flaxseed oil (11.57% saturates, 19.23% monoenes, 15.52% LA and 53.46% ALA of total fatty 

acids; Melrose Laboratories Pty Ltd, Australia) or sunflower oil (11.80% saturates, 26.16% 

monoenes, 61.43% LA and 0.09% ALA of total fatty acids; Buona Cucino, Italy). All 

vegetable oil blends were incorporated into nutritionally complete feed and pellets 

manufactured by Specialty Feeds to generate a solid feed with pellet size of 12 mm. Soybean 

oil for the high PUFA reference diet was provided by the feed company. Table 3.1 shows the 

major fatty acids components in the experimental diets. The estimated ALA%en and LA%en 

were calculated as:  fatty acid (%en)=[(% fatty acid in diets) x fat%en] x 100. 

 

3.4.3 Blood and tissue collection  
At the end of the experimental feeding period (21 days), all rats from each dietary group were 

weighed individually and anaesthetized with 2-5% anaesthetic agent, isoflurane (Veterinary 

Companies of Australia Pty Ltd, NSW, Australia) by inhalation in an anaesthesia induction 

box. Upon loss of responsiveness and spontaneous movement, the rats were removed from the 

induction box and continuously anaesthetized with 0.4-3% isoflurane in air-oxygen mixture 

with spontaneous respiration. At least 4 mL of blood was collected by intra-cardiac puncture 

with a 23 gauge disposable needle fitted to a 5 mL disposable syringe and immediately 

transferred into Lithium heparin coated tubes (Greiner bio-one, Kremsmunster, Austria). The 

rats were then killed by exsanguination and cervical dislocation whilst still unconscious. A 

sample of liver, kidney, brain, heart and thigh (quadriceps) muscle was collected from each 

rat and placed immediately into labelled plastic vials and frozen at -20°C for later fatty acid 

profiling. An additional sample of around 100 mg of liver from each animal was stored in 
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labelled tube containing 0.9 mL RNAlater® (Qiagen) for RNA extraction and gene expression 

analysis.  

 

3.4.4 Fatty acid analyses of blood and tissue  
Whole blood (~4 mL) was obtained from intra-cardiac puncture and transferred to tubes 

containing lithium heparin. Plasma and erythrocytes were separated and total lipid extracted. 

Total lipid extracts were also obtained from liver, kidney, heart, brain and thigh muscle. 

Extracted total lipids from plasma, erythrocytes and tissues were separated to isolate the 

phospholipid fraction, and this fraction was methylated and the fatty acid composition 

analysed by capillary GC following procedures previously described (Chapter 2).   

 

3.4.5 RNA isolation 
Total RNA was isolated from 10 mg of rat liver disrupted by a tissue lyser. RNA quality was 

determined by measuring the ratio of OD 260/280 and 260/230. The concentration of the 

RNA was determined by measuring the absorbance at 260 and 280 nm and RNA integrity was 

confirmed by 1.5% agarose gel electrophoresis. Procedures for liver tissue disruption, RNA 

isolation, RNA quality determination were as described earlier (Chapter 2). 

 

3.4.6 qRT-PCR analysis 
The relative gene expression levels (mRNA abundance) of all genes were determined by one-

step qRT-PCR using SYBR green fluorescence. Each qRT-PCR reaction was consisted of 10 

ng of total hepatic RNA, 5 μL of 2x QuantiFast® SYBR Green RT-PCR Master Mix, 1 μL 

QuantiTect® Primer or 1 μL of 5 μM (0.5 μM in final concentration) self designed primers 

(PPARα and SREBP-1c), 0.1 μL QuantiFast® RT Mix and then supplemented with RNase-

free water to achieve a total volume of 10 μL. The primers used in this chapter are reported in 

Table 3.2. The qRT-PCR conditions, primer validation and detection procedures were as 

previously described (Chapter 2).  

 

3.5 Statistical analysis 
All fatty acid composition data and mean normalised expression data between different diets 

fed rats were tested using one-way ANOVA followed by Tukey-Kramer multiple 

comparisons test. An unpaired t-test was used to examine differences between expression 

between high PUFA and low PUFA diets fed rats. A probability level of 0.05 (P<0.05) was 

accepted as statistically significant in all analyses. Analysis was performed using GraphPad 
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InSat 3.10 software for the t-test and SPSS 15.0 version for Windows ANOVA analysis. 

Detailed selection criteria for statistical methods were previously outlined in chapter 2.  
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Table 3. 1 Major fatty acid composition of experimental diets 

1High PUFA. 
2Low PUFA. 
3Data represent percent, relative to total fatty acids. Data are means ± SEM of n=3 per group. 

 Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 18.2±0.4 19.2±0.9 19.0±0.8 18.3±0.8 17.8±0.7 17.6±0.6 16.4±0.5 

Total monoenes 25.8±1.3 76.4±1.1 69.4±1.3 67.1±1.3 63.5±1.3 55.3±1.3 48.0±1.2 

18:2 n-6 (LA) 50.4±0.9 3.7±0.2 9.8±0.4 10.0±0.5 10.1±0.4 10.5±0.4 10.8±0.4 

Total n-6 50.7±0.9 3.7±0.2 9.9±0.4 10.1±0.6 10.2±0.4 10.6±0.4 10.9±0.4 

18:3 n-3 (ALA) 4.8±0.1 0.3±0.0 1.3±0.0 4.2±0.1 8.2±0.2 16.2±0.3 24.5±0.4 

Total n-3 4.8±0.1 0.6±0.1 1.7±0.1 4.5±0.2 8.5±0.2 16.5±0.4 24.7±0.4 
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Table 3. 2 Primers for qRT-PCR analysis 

Genes F/R Sequence 5’-3’ 
Accession. 

No. 
Amplicon 

(bp) E1 

β-Actin2 Rn-Actb-1-SG, QT00193473  NM_031144 145 1.06 

FADS12 Rn-Fads1-1-SG, QT00188664                            NM_053445 117 1.09 

FADS22 Rn-Fads2-1-SG, QT00186739                            NM_031344 87 1.09 

ELOVL22 Rn-Elovl2-predicted-1-SG, 

QT01683899          

 NM_001109118 124 1.1 

ELOVL52 Rn-Elovl5-1-SG, QT00178059                           NM_134382 79 1.08 

PPARα F 

R 

CCTGTGAACACGATCTGAAAG 

ACAAAAGGCGGATTGTTG 

NM_013196 152 1.05 

SREBP-1c F 

R 

GCGCCATGGAGGAGCTGCCCTTCG 

GTCACTGTCTTGGTTGTTGATG 

GU09103 131 1.09 

1Amplification efficiency. 
2The commercial primers were purchased from Qiagen and the sequence information is confidential. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001109118
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3.6 Results 

3.6.1 Animal body weight and fat content in tissues 
There was no difference in body weight of the animals in any of the groups at either the start 

of the experiment or on the day of sacrifice (Figure 3.1). There was no significant difference 

in total fat content (%, w/w) of liver and thigh muscle between the 7 diets however the fat 

content of the kidney was significantly lower (P<0.05) in rats fed diets 3, 4 and 5 compared to 

all other dietary treatments (Figure 3.2). There was no significant difference in the total fat 

content of brain and heart in diet 1-5 fed rats. The group of rats fed the high PUFA reference 

diet had a lower fat content in the brain compared to that in rats fed on diets 1 (P<0.01), 2 

(P<0.01), 3 (P<0.05) or 5 (P<0.01) and a higher total fat content in heart compared with diet 

2 (P<0.05), 4 (P<0.01) and 5 (P<0.05).  
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Figure 3. 1 Rat body weight at the beginning and the end of the feeding trial. No significant 

difference was observed between dietary groups either before or after the feeding trial as 

determined by one-way ANOVA with Tukey-Kramer multiple comparisons test. Data are 

means ± SEM of n=5 per group.  
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Figure 3. 2 Total fat contents in tissue (expressed as % tissue weight). Values with different 

superscripts are significantly different from each other (P<0.05) as determined by one-way 

ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per 

group. 
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3.6.2 Blood fatty acid analysis  

The effect of feeding diets with high PUFA, low PUFA and increasing levels of ALA from  

0.2-2.9%en while holding the level of dietary LA constant at 1%en on the fatty acid profiles 

of plasma and erythrocyte phospholipids are shown in Table 3.3 and 3.4, respectively. In the 

plasma phospholipid fraction, the two reference diets showed the expected differences in n-3 

LCPUFA levels, with DPA and DHA being 4.5 and 2.4 fold higher respectively in rats fed the 

high PUFA diet relative to the low PUFA diet. No obvious differences were observed in total 

saturates but total monoenes decreased with increasing dietary ALA content for the 

experimental diets (Diets 1-5). Total monoene content in plasma phospholipids in the low 

PUFA group were significantly greater than in the high PUFA group. Levels of 20:3 n-3 

increased with increasing dietary ALA content, indicating that elongation had occurred, 

however the increase as a proportion of total fatty acids was very low. Despite the fact that the 

dietary LA level was held constant across all diets, plasma phospholipid LA content gradually 

increased (from 9.5 to 15.1% of total fatty acids) with increasing dietary ALA content. At the 

same time, plasma phospholipid AA levels decreased from 13.4% down to 6.3% of total fatty 

acids in response to increasing dietary ALA (Figure 3.3). The plasma phospholipid ALA 

content (as % total fatty acids) was positively related to dietary ALA level but was always 

less than 1% total fatty acids. The accumulation of EPA and DPA into plasma phospholipid 

was linearly related to dietary ALA and the levels of AA appeared to be the inverse of EPA 

levels. DHA levels increased in response to dietary ALA but only up to 1%en dietary ALA, 

after which they plateaued and then declined (Figure 3.3).  

 

In erythrocyte phospholipids, the expected differences in n-3 LCPUFA levels were observed 

for rats fed the 2 reference diets, with DPA and DHA being 1.9 and 1.4 fold higher 

respectively in rats fed the high PUFA diet relative to the low PUFA diet (Table 3.4). The 

fatty acid composition of the erythrocyte phospholipid fraction in rats fed the experimental 

diets 1-5 showed a significant increase in total saturates from 46% up to 47.7% and decrease 

in total monoenes from 18.9 to 16% total fatty acids with increasing dietary ALA content. As 

expected, the total monoenes in rats fed the low PUFA diet was 1.9 fold higher than that of 

high PUFA fed rats. Similar to plasma phospholipid LA, the LA in erythrocyte phospholipid 

fraction gradually increased from 4.7 to 6.4% total fatty acids as the level of ALA in the diets 

increased, however the effect was not as marked as that observed in plasma phospholipids. In 

erythrocyte phospholipids, total n-6 fatty acids (AA, 22:4 n-6 and 22:5 n-6) levels decreased 

from 29.2 to 22.8% of total fatty acids in response to increasing dietary ALA (Table 3.4). 
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Similar to the for the plasma phospholipid ALA content, erythrocyte ALA levels were 

positively related to dietary ALA content, but ALA always made up less than 1% total fatty 

acids. The accumulation of EPA and DPA into erythrocyte phospholipid was also linearly 

related to dietary ALA, and the levels of AA appeared to be the inverse of EPA and DPA 

levels. DHA in erythrocyte phospholipid reached maximum level when dietary ALA was at 

1%en (Figure 3.4). 

 

3.6.3 Tissue fatty acid analysis  

The effects of dietary PUFA on liver phospholipids (Table 3.5) were similar to the effects 

seen in plasma and erythrocytes. The reference diets showed the expected differences in n-3 

LCPUFA levels with DPA and DHA being 6.2 and 2.1 fold higher respectively in rats fed the 

high PUFA diet relative to the low PUFA diet (Table 3.5). Total saturates did not differ 

between the experimental diets and total monoenes decreased with increasing dietary ALA 

content. Moreover, the total hepatic monoene content for rats in the low PUFA reference diet 

was 2.3 fold greater than the level in the high PUFA reference group. There was a linear 

relationship between increasing dietary ALA and liver 20:3 n-3, EPA and DPA content. Liver 

LA initially increased with increasing dietary ALA, however the effect was not significant 

and there were no further increases in hepatic LA content beyond the ALA 0.5%en diet. The 

hepatic levels of other n-6 PUFA decreased with increasing dietary ALA content. Liver DHA 

content reached a maximum level at a dietary ALA level of 1%en (Table 3.5 and Figure 3.5).  

 

The fatty acid composition of the kidney, heart, brain and thigh muscle of rats fed high PUFA 

and low PUFA and each of the 5 experimental diets are shown in Table 3.6-3.9. There was no 

effect of dietary ALA content on total monoene levels in these tissues (Table 3.6). There was 

no effect of dietary treatment on the saturated fatty acid content in brain, heart and thigh 

muscle phospholipids between the 5 experimental diets. Total saturates in kidney 

phospholipids in the low PUFA reference group, however, were significantly lower than those 

in the high PUFA reference group (Table 3.6). In the brain, this effect was reversed, and 

saturated fat content was increased in the low PUFA reference group (Table 3.7). The total 

monoene levels were not different in kidney and brain between the 5 experimental diets, but 

there was a decrease in the monoene levels in heart (Table 3.8) and thigh muscle (Table 3.9) 

phospholipids with increasing dietary ALA.  
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All tissue phospholipids, with the exception of the brain, showed a greater level of total 

monoenes in the low PUFA reference group compared to the high PUFA reference group. 

The fatty acid changes in tissues followed the same general pattern as seen in plasma, 

erythrocyte and liver phospholipids (Table 3.3-3.5). The diet-induced shifts in the DHA level 

were calculated as the fold change in phospholipid DHA content between the highest and 

lowest phospholipid DHA. Based on this calculation, the accumulation of DHA was greatest 

in plasma (1.98 fold), followed by thigh muscle (1.91 fold), heart (1.77 fold), liver (1.76 fold), 

kidney (1.45 fold), erythrocytes (1.44 fold) and then brain (1.16 fold). Heart and thigh muscle 

tissues showed gradual increases in phospholipid DHA with increasing dietary ALA levels 

(Table 3.8 and 3.9). Although the overall change in the DHA content of the brain was small, 

the proportion of DHA was reflective of DHA concentrations seen in blood and tissues 

including liver and kidney (Figure 3.10). The effects of diet on individual LCPUFA EPA, 

DPA, DHA and AA in the plasma, erythrocyte and tissue phospholipid fractions are 

highlighted in Figure 3.3-3.9.  
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Table 3. 3 Fatty acid composition in plasma 
 

1High PUFA.  
2Low PUFA.  
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

 

Plasma 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 49.8±0.6b 46.0±0.8a 49.0±0.7b 47.7±0.6ab 48.3±0.6ab 49.2±0.3b 50.2±0.5b 

18:1 n-9 5.5±0.4a 15.7±0.6c 11.2±0.4b 11.4±0.4b 11.2±0.3b 11.4±0.4b 9.9±0.5b 

18:1 n-7 2.8±0.1a 5.5±0.2c 4.9±0.2bc 4.8±0.3bc 4.4±0.1b 3.4±0.1a 2.8±0.1a 

Total monoenes 10.0±0.6a 24.7±0.8d 18.5±0.7c 18.9±0.8c 18.2±0.4c 17.4±0.5bc 15.0±0.3b 

18:2 n-6 (LA) 17.3±0.9e 8.0±0.3a 9.5±0.6ab 11.2±0.6bc 13.2±0.4cd 13.8±0.3d 15.1±0.5de 

18:3 n-6 0.1±0.0c 0.1±0.1c 0.1±0.0bc 0.1±0.0bc 0.1±0.0ab < 0.05a < 0.05a 

20:3 n-6 0.6±0.1a 1.0±0.1b 1.0±0.0b 1.2±0.0c 1.2±0.0c 1.0±0.1b 0.9±0.1b 

20:4 n-6 (AA) 16.0±0.9e 10.1±0.2bc 13.4±0.7d 10.7±0.6c 7.9±0.3ab 7.1±0.3a 6.3±0.3a 

22:4 n-6 0.4±0.0d 0.2±0.0c 0.2±0.0c 0.2±0.0b 0.1±0.0b 0.1±0.0a 0.1±0.0a 

22:5 n-6 N. D. N. D. N. D. N. D. N. D. N. D. N. D. 

Total n-6 34.8±0.2e 19.5±0.3a 24.4±0.1d 23.5±0.1cd 22.7±0.3bc 22.1±0.3b 22.5±0.2bc 

18:3 n-3 (ALA) 0.1±0.0a < 0.05a < 0.05a 0.1±0.0ab 0.2±0.0b 0.4±0.0c 0.8±0.1d 

18:4 n-3  N. D.  0.1±0.0c < 0.05b < 0.05a N. D. N. D.  N. D. 

20:3 n-3  0.1±0.0a 0.1±0.0b N. D.  N. D. 0.1±0.0b 0.10±0.0b 0.13±0.0c 

20:5 n-3 (EPA) 0.1±0.0a 0.1±0.0a 0.2±0.0a 0.9±0.1b 1.5±0.1c 2.9±0.1d 3.3±0.2d 

22:5 n-3 (DPA) 0.5±0.0c 0.1±0.0a 0.16±0.01a 0.4±0.040b 0.7±0.0d 1.0±0.1e 1.4±0.0f 

22:6 n-3 (DHA) 4.4±0.3b 1.8±0.1a 3.4±0.1b 5.7±0.3c 6.8±0.1c 6.1±0.3c 6.1±0.4c 

Total n-3 5.1±0.2c 2.2±0.1a 3.9±0.1b 7.1±0.3d 9.3±0.2e 10.5±0.3f 11.7±0.2g 
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Figure 3. 3 Proportions of phospholipid EPA, DPA, DHA and AA in plasma of rats fed a 

range of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± 

SEM, n=5 per group. 
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Table 3. 4 Fatty acid composition in erythrocytes 
 

1High PUFA.  
2Low PUFA. 
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

Erythrocyte 
phospholipid  Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 48.0±0.3c 45.7±0.3a 46.0±0.2ab 46.0±0.4ab 47.0±0.1bc 47.2±0.3bc 47.7±0.4c 

18:1 n-9 6.3±0.1a 12.2±0.2d 11.0±0.1c 10.9±0.1c 10.6±0.1c 10.4±0.1bc 9.9±0.2b 

18:1 n-7 3.2±0.0a 5.3±0.1d 5.4±0.0d 5.2±0.1d 4.8±0.1c 4.3±0.0b 4.0±0.0b 

Total monoenes 10.7±0.1a 20.5±0.3f 18.9±0.2e 18.8±0.3de 17.9±0.2d 17.0±0.1c 16.0±0.3b 

18:2 n-6 (LA) 9.1±0.4e 3.6±0.1a 4.7±0.2b 5.5±0.1bc 5.9±0.1cd 6.3±0.2cd 6.4±0.2d 

18:3 n-6 0.1±0.0b 0.1±0.0b 0.1±0.0ab 0.1±0.0ab 0.1±0.0a 0.1±0.0a 0.1±0.0ab 

20:3 n-6 0.4±0.0a 0.6±0.0bc 0.6±0.0bc 0.7±0.0d 0.7±0.0d 0.6±0.0c 0.5±0.0b 

20:4 n-6 (AA) 23.2±0.3e 21.5±0.3d 22.1±0.2de 19.8±0.3c 18.0±0.2b 16.7±0.3b 15.1±0.3a 

22:4 n-6 2.6±0.0f 1.9±0.1e 1.6±0.0d 1.0±0.0c 0.8±0.0bc 0.6±0.0ab 0.5±0.0a 

22:5 n-6 < 0.05bc < 0.05ab N.D. N.D. N.D. < 0.05abc < 0.05c 

Total n-6 35.9±0.2f 27.9±0.4d 29.2±0.1e 27.2±0.2d 25.6±0.2c 24.0±0.2b 22.8±0.2a 

18:3 n-3 (ALA) 0.1±0.0a < 0.05a < 0.05a 0.1±0.0a 0.2±0.0b 0.4±0.0c 0.6±0.0d 

18:4 n-3  N.D. < 0.05b < 0.05ab < 0.05a N.D. N.D. N.D. 

20:3 n-3  0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.2±0.0 

20:5 n-3 (EPA) 0.2±0.0a 0.2±0.0a 0.3±0.0a 1.1±0.1b 2.0±0.1c 3.5±0.1d 4.9±0.4e 

22:5 n-3 (DPA) 1.7±0.1c 0.9±0.0a 1.2±0.0b 2.0±0.1d 2.7±0.0e 3.4±0.0f 4.0±0.1g 

22:6 n-3 (DHA) 3.0±0.1bc 2.2±0.1a 2.5±0.0ab 3.4±0.2cd 3.7±0.1d 3.5±0.2cd 3.5±0.1cd 

Total n-3 5.1±0.1b 3.4±0.1a 4.1±0.1a 6.7±0.2c 8.7±0.1d 10.9±0.2e 13.1±0.3f 
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Figure 3. 4 Proportions of phospholipid EPA, DPA, DHA and AA in erythrocyte of rats fed a 

range of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± 

SEM, n=5 per group. 
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Table 3. 5 Fatty acid composition in liver 
 

 

1High PUFA. 

2Low PUFA.  
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

 

Liver 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 42.0±0.4ab 40.9±0.5a 42.2±0.5ab 41.0±0.5a 40.8±0.2a 42.1±0.3ab 43.3±0.1b 

18:1 n-9 4.7±0.3a 11.8±0.4c 8.2±0.3b 8.5±0.3b 8.5±0.3b 8.4±0.2b 7.9±0.2b 

18:1 n-7 3.1±0.1a 5.9±0.2c 5.4±0.2bc 5.1±0.3bc 4.8±0.1b 4.0±0.1a 3.3±0.0a 

Total monoenes 9.6±0.4a 21.9±0.4d 16.3±0.6c 16.6±0.8c 16.2±0.3c 15.1±0.4bc 13.7±0.3b 

18:2 n-6 (LA) 12.4±0.5d 5.2±0.2a 6.5±0.3b 7.8±0.2c 8.9±0.2c 8.6±0.1c 8.4±0.1c 

18:3 n-6 0.2±0.0cd 0.3±0.0d 0.2±0.0bc 0.2±0.0abc 0.1±0.0ab 0.1±0.0a 0.1±0.0a 

20:3 n-6 0.6±0.1a 1.0±0.0bc 1.1±0.0cd 1.2±0.0d 1.2±0.0cd 1.0±0.1bc 0.9±0.0b 

20:4 n-6 (AA) 25.2±0.5e 18.7±0.4c 21.6±0.6d 17.1±0.5c 13.9±0.3b 11.6±0.3a 9.9±0.4a 

22:4 n-6 0.4±0.0e 0.2±0.0d 0.2±0.0d 0.1±0.0c 0.1±0.0bc 0.1±0.0ab 0.1±0.0a 

22:5 n-6 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Total n-6 39.2±0.4f 25.5±0.5cd 29.7±0.4e 26.5±0.3d 24.3±0.4c 21.5±0.3b 19.5±0.3a 

18:3 n-3 (ALA) 0.1±0.0ab < 0.05a < 0.05a 0.1±0.0a 0.1±0.0b 0.3±0.0c 0.5±0.0d 

18:4 n-3  N.D. 0.1±0.0d 0.1±0.0c < 0.05b < 0.05a N.D. N.D. 

20:3 n-3  0.1±0.0ab 0.1±0.0b N.D. 0.1±0.0a 0.1±0.0ab 0.1±0.0bc 0.2±0.0c 

20:5 n-3 (EPA) 0.2±0.0a 0.2±0.0a 0.4±0.0a 2.1±0.1b 4.3±0.1c 7.2±0.2d 9.0±0.4e 

22:5 n-3 (DPA) 0.7±0.1c 0.1±0.0a 0.2±0.0a 0.5±0.0b 0.9±0.0c 1.3±0.1d 1.8±0.0e 

22:6 n-3 (DHA) 7.7±0.3b 3.7±0.1a 6.7±0.2b 10.4±0.4c 11.7±0.2d 11.3±0.3cd 11.3±0.3cd 

Total n-3 8.8±0.2c 4.4±0.1a 7.4±0.2b 13.2±0.2d 17.1±0.3e 20.3±0.2f 22.9±0.3g 
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Figure 3. 5 Proportions of phospholipid EPA, DPA, DHA and AA in liver of rats fed a range 

of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± SEM, 

n=5 per group. 
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 Table 3. 6 Fatty acid composition in kidney 
 

1High PUFA.  
2Low PUFA.  
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

Kidney 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 44.8±0.2c 43.4±0.3ab 42.9±0.1a 43.2±0.3ab 43.3±0.2ab 42.7±0.1a 44.1±0.2bc 

18:1 n-9 7.0±0.2a 11.8±0.2d 9.7±0.1b 10.7±0.3c 10.8±0.2c 10.7±0.1c 10.7±0.2c 

18:1 n-7 2.4±0.0a 4.2±0.1f 3.9±0.0e 3.9±0.1e 3.4±0.0d 3.1±0.0c 2.8±0.0b 

Total monoenes 10.6±0.3a 19.3±0.4d 16.4±0.1b 17.6±0.3c 17.0±0.3bc 16.5±0.1b 16.1±0.3b 

18:2 n-6 (LA) 9.9±0.2de 4.9±0.2a 7.1±0.3b 8.2±0.3c 9.5±0.2d 10.8±0.2e 10.6±0.2e 

18:3 n-6 0.1±0.0bc 0.1±0.011c 0.1±0.0ab 0.1±0.0ab 0.1±0.0ab 0.1±0.0a 0.1±0.0a 

20:3 n-6 0.8±0.1ab 0.8±0.0abc 0.9±0.0c 0.9±0.0c 0.8±0.0abc 0.9±0.0bc 0.7±0.0a 

20:4 n-6 (AA) 29.4±0.4f 27.1±0.4e 28.1±0.2ef 24.2±0.5d 22.1±0.5c 19.9±0.3b 17.1±0.8a 

22:4 n-6 0.7±0.0e 0.5±0.0d 0.5±0.0d 0.3±0.0c 0.3±0.0bc 0.2±0.0ab 0.2±0.0a 

22:5 n-6 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Total n-6 41.2±0.3d 33.4±0.4b 36.8±0.1c 33.8±0.7b 32.8±0.5b 32.0±0.2b 28.8±0.7a 

18:3 n-3 (ALA) 0.1±0.0b < 0.05a < 0.05a 0.1±0.0b 0.2±0.0c 0.4±0.0d 0.6±0.0e 

18:4 n-3  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

20:3 n-3  0.2±0.0c 0.2±0.0bc 0.1±0.0a 0.1±0.0ab 0.2±0.0abc 0.2±0.0d 0.2±0.0e 

20:5 n-3 (EPA) 0.1±0.0a 0.1±0.0a 0.2±0.0a 1.1±0.b 2.5±0.1c 4.1±0.1d 6.0±0.3e 

22:5 n-3 (DPA) 0.3±0.0c 0.1±0.0a 0.2±0.0b 0.4±0.0d 0.6±0.0e 0.9±0.0f 1.0±0.0g 

22:6 n-3 (DHA) 2.6±0.0c 1.6±0.1a 2.1±0.0b 2.9±0.1d 3.1±0.1d 2.9±0.1d 2.9±0.0d 

Total n-3 3.3±0.0b 2.0±0.1a 2.7±0.0ab 4.6±0.2c 6.5±0.2d 8.5±0.2e 10.8±0.4f 
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Figure 3. 6 Proportions of phospholipid EPA, DPA, DHA and AA in kidney of rats fed a 

range of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± 

SEM, n=5 per group. 
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Table 3. 7 Fatty acid composition in brain 
 

1High PUFA.  
2Low PUFA.  
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

Brain 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 52.2±0.2a 54.3±0.3d 54.2±0.1cd 53.1±0.2b 53.2±0.2b 53.3±0.2bc 53.2±0.2bc 

18:1 n-9 12.6±0.1 12.7±0.4 12.8±0.1 13.1±0.3 13.0±0.4 21.9±0.1 13.8±0.3 

18:1 n-7 2.9±0.1a 3.5±0.1b 3.7±0.1b 3.7±0.1b 3.7±0.1b 3.5±0.1b 3.6±0.1b 

Total monoenes 17.0±0.2a 17.7±0.4ab 18.1±0.2ab 18.5±0.5ab 18.4±0.5ab 18.0±0.2ab 19.1±0.4b 

18:2 n-6 (LA) 0.7±0.0d 0.3±0.0a 0.4±0.0b 0.5±0.0bc 0.5±0.0c 0.5±0.0c 0.6±0.0c 

18:3 n-6 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

20:3 n-6 0.3±0.0bc 0.3±0.1a 0.3±0.0b 0.3±0.0bcd 0.3±0.0bcd 0.3±0.0cd 0.4±0.0d 

20:4 n-6 (AA) 11.6±0.4d 10.7±0.5cd 9.6±0.2bc 8.9±0.2ab 8.6±0.2ab 8.7±0.1ab 8.2±0.0a 

22:4 n-6 3.1±0.1b 3.1±0.0b 2.9±0.1b 2.5±0.1a 2.3±0.1a 2.4±0.1a 2.3±0.2a 

22:5 n-6 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Total n-6 15.9±0.5d 14.3±0.5c 13.3±0.3bc 12.3±0.3ab 11.8±0.2a 12.1±0.2ab 11.5±0.1a 

18:3 n-3 (ALA) N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

18:4 n-3  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

20:3 n-3  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

20:5 n-3 (EPA) < 0.05c < 0.05a < 0.05ab < 0.05bc < 0.05d < 0.05e 0.1±0.0f 

22:5 n-3 (DPA) 0.2±0.0c 0.1±0.0a 0.1±0.0ab 0.2±0.0bc 0.2±0.0d 0.3±0.0e 0.4±0.0f 

22:6 n-3 (DHA) 14.7±0.4abc 13.2±0.5a 14.0±0.3ab 15.6±0.2cd 16.3±0.3d 16.1±0.3cd 15.5±0.3bcd 

Total n-3 14.8±0.4bc 13.3±0.5a 14.2±0.3ab 15.8±0.2cd 16.5±0.3d 16.5±0.3d 16.0±0.3cd 
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Figure 3. 7 Proportions of phospholipid EPA, DPA, DHA and AA in brain of rats fed a range 

of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± SEM, 

n=5 per group. 
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Table 3. 8 Fatty acid composition in heart 
 

 

1High PUFA.  
2Low PUFA. 
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

Heart 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 40.5±0.3b 

4.0±0.2a 

3.8±0.1a 

8.2±0.4a 

19.0±0.7c 

< 0.05ab 

0.3±0.0a 

21.7±0.5d 

1.4±0.0e 

< 0.05a 

42.8±0.4a 

< 0.05a 

N.D. 

N.D. 

0.1±0.0a 
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Figure 3. 8 Proportions of phospholipid EPA, DPA, DHA and AA in heart of rats fed a range 

of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± SEM, 

n=5 per group. 
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Table 3. 9 Fatty acid composition in thigh muscle 
 

 

1High PUFA.  
2Low PUFA.  
3Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer multiple comparisons test. Data are means ± SEM of n=5 per group. 
 

Thigh 
phospholipid Reference Experimental 

Diets H-PUFA1 L-PUFA2 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

ALA%en 0.6 0.03 0.2 0.5 1 1.9 2.9 

LA%en 6 0.4 1 1 1 1 1 

LA:ALA Ratio 11 14 7.4 2.4 1.2 0.6 0.4 

Fatty acids3        

Total saturates 38.7±0.4 37.7±0.5 38.6±0.3 37.9±0.1 38.1±0.4 38.1±0.4 38.7±0.4 

18:1 n-9 5.0±0.2a 15.6±0.4e 13.7±0.2d 13.3±0.4d 11.1±0.3c 10.2±0.1bc 9.4±0.3b 

18:1 n-7 3.1±0.1a 4.1±0.1bc 3.8±0.1b 3.8±0.1b 4.2±0.1c 3.9±0.1bc 3.8±0.0b 

Total monoenes 9.6±0.2a 23.9±0.4e 21.4±0.2d 20.9±0.5d 18.7±0.4c 17.2±0.1bc 16.1±0.5b 

18:2 n-6 (LA) 20.4±0.4c 13.0±0.5a 16.4±0.3b 17.1±0.2b 17.0±0.2b 16.9±0.3b 16.4±0.3b 

18:3 n-6 0.1±0.0ab 0.1±0.0c 0.1±0.0c 0.1±0.0b 0.1±0.0ab 0.1±0.0a 0.1±0.0a 

20:3 n-6 0.9±0.0bc 0.9±0.0c 0.9±0.0c 0.9±0.0bc 0.8±0.0bc 0.8±0.0ab 0.7±0.0a 

20:4 n-6 (AA) 16.7±0.4e 13.9±0.4d 13.2±0.3d 10.9±0.4c 10.3±0.3bc 9.1±0.3ab 8.0±0.3a 

22:4 n-6 1.8±0.1e 1.5±0.1d 1.1±0.0c 0.8±0.0b 0.6±0.0ab 0.59±0.0a 0.4±0.0a 

22:5 n-6 1.6±0.0c 1.7±0.1c 1.1±0.1b 0.5±0.0a 0.4±0.0a 0.4±0.0a 0.3±0.0a 

Total n-6 41.8±0.4e 31.3±1.0cd 32.9±0.3d 30.3±0.3c 29.3±0.5bc 27.8±0.3ab 26.1±0.2a 

18:3 n-3 (ALA) 0.2±0.0a < 0.05a 0.2±0.0a 0.4±0.0b 0.7±0.0c 1.1±0.0d 1.5±0.1e 

18:4 n-3  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

20:3 n-3  N.D. N.D. N.D. N.D. N.D. 0.1±0.0a 0.1±0.0b 

20:5 n-3 (EPA) 0.1±0.0a 0.1±0.0a 0.2±0.0a 0.8±0.0b 1.6±0.1c 2.4±0.1d 3.0±0.3e 

22:5 n-3 (DPA) 2.0±0.1c 1.1±0.1a 1.1±0.0a 1.6±0.0b 2.5±0.1d 3.5±0.0e 4.4±0.1f 

22:6 n-3 (DHA) 7.4±0.2b 5.5±0.1a 5.2±0.2a 7.7±0.3bc 8.7±0.3cd 9.5±0.3d 9.9±0.4d 

Total n-3 9.7±0.2b 6.8±0.2a 6.7±0.2a 10.6±0.3b 13.6±0.3c 16.7±0.3d 19.0±0.4e 
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Figure 3. 9 Proportions of phospholipid EPA, DPA, DHA and AA in thigh of rats fed a range 

of diets with varying ALA levels ranging from 0.2-2.9%en. Data points are means ± SEM, 

n=5 per group. 
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Figure 3. 10 Proportions of phospholipid DHA in plasma, erythrocyte, liver, kidney, heart, 

thigh muscle and brain of rats fed a range of diets with varying ALA levels ranging from 0.2-

2.9%en. Data points are means ± SEM, n=5 per group. 
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3.6.4 Relationship between plasma and tissue phospholipid n-3 LCPUFA 

To evaluate whether plasma and erythrocyte n-3 LCPUFA were valid markers to estimate 

tissue n-3 LCPUFA level, simple linear regression was performed to evaluate the strength of 

relationships between values for phospholipid EPA, DPA and DHA fatty acid content in 

plasma and in peripheral tissues.  

 

There were strong correlations between blood (plasma and erythrocyte) n-3 LCPUFA and 

liver n-3 LCPUFA (R2=0.81-0.99, P<0.0001) (Figure 3.11). Similar strong and positive 

correlations were also present between blood phospholipid EPA and DPA and the content of 

these same fatty acids in kidney, heart and thigh muscle phospholipid (R2=0.93-0.99, 

P<0.0001) (Figure 3.12, 3.13 and 3.15 A-D). Whilst there was a significant relationship 

between DHA content in blood and other tissues, this was not as strong as relationships 

observed for the other fatty acids (kidney, R2=0.70-0.79, P<0.0001, heart R2=0.64-0.79, 

P<0.0001) and thigh (R2=0.57-0.72, P<0.0001) (Figure 3.12, 3.13 and 3.15 E and F).  

 

The correlation between blood phospholipid DPA and brain phospholipid DPA was strong 

(R2=0.90-0.91, P<0.0001) (Figure 3.14 C and D), however there was only a weak correlation 

between the proportion of blood phospholipid DHA and the DHA in brain (R2=0.43-0.57, 

P=0.0004) (Figure 3.14 E and F) and an even weaker relationship between blood 

phospholipid EPA and brain phospholipid EPA (R2=0.27-0.28, P<0.01) (Figure 3.14 A and 

B). A strong correlation for the total n-3 LCPUFA levels in phospholipids between plasma 

and erythrocytes was also identified (R2=0.80-0.97, P<0.0001) (Figure 3.16 A-C). 
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Figure 3. 11 Correlation between plasma and liver phospholipid EPA (A), DPA (C), DHA 

(E). The correlation between erythrocyte and liver phospholipid EPA (B), DPA (D), DHA (F) 

are shown on right panel.  



 

88 

 

0 1 2 3 4 5
0

2

4

6

8

R
2
= 0.94

P < 0.0001

plasma EPA (% fatty acid)

k
id

n
e

y
 E

P
A

 (
%

 f
a

tt
y
 a

c
id

)

A

0 2 4 6 8
0

2

4

6

8

R
2
= 0.99

P < 0.0001

erythrocyte EPA (% fatty acid)

k
id

n
e

y
 E

P
A

 (
%

 f
a

tt
y
 a

c
id

)

B

 

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

R
2
= 0.96

P < 0.0001

plasma DPA (% fatty acid)

k
id

n
e

y
 D

P
A

 (
%

 f
a

tt
y
 a

c
id

)

C

0 1 2 3 4 5
0.0

0.5

1.0

1.5

R
2
= 0.97

P < 0.0001

erythrocyte DPA (% fatty acid)

k
id

n
e

y
 D

P
A

 (
%

 f
a

tt
y
 a

c
id

)

D

 

2 4 6 8
1.5

2.0

2.5

3.0

3.5

R
2
= 0.79

P < 0.0001

plasma DHA (% fatty acid)

k
id

n
e

y
 D

H
A

 (
%

 f
a

tt
y
 a

c
id

)

E

2.0 2.5 3.0 3.5 4.0 4.5
1.5

2.0

2.5

3.0

3.5

R
2
= 0.70

P < 0.0001

erythrocyte DHA (% fatty acid)

k
id

n
e

y
 D

H
A

 (
%

 f
a

tt
y
 a

c
id

)

F

 
Figure 3. 12 Correlation between plasma and kidney phospholipid EPA (A), DPA (C), DHA 

(E).  The correlation between erythrocyte and kidney phospholipid EPA (B), DPA (D), DHA 

(F) are shown on right panel.  
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Figure 3. 13 Correlation between plasma and heart phospholipid EPA (A), DPA (C), DHA 

(E). The correlation between erythrocyte and heart phospholipid EPA (B), DPA (D), DHA (F) 

are shown on right panel.  
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Figure 3. 14 Correlation between plasma and brain phospholipid EPA (A), DPA (C), DHA 

(E). The correlation between erythrocyte and brain phospholipid EPA (B), DPA (D), DHA (F) 

are shown on right panel.  
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Figure 3. 15 Correlation between plasma and thigh muscle phospholipid EPA (A), DPA (C), 

DHA (E). The correlation between erythrocyte and thigh muscle phospholipid EPA (B), DPA 

(D), DHA (F) are shown on right panel.  
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Figure 3. 16 Correlation between plasma and erythrocyte phospholipid EPA (A), DPA (B), 

DHA (C).   
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3.6.5 The effect of dietary ALA content on hepatic mRNA expression of PUFA 

pathway genes 
The effect of dietary ALA content on the mRNA expression of the four key enzymes in the 

LCPUFA synthetic pathway, ∆5 desaturase (FADS1), ∆6 desaturase (FADS2), elongase 2 

(ELOVL2) and elongase 5 (ELOVL5) is shown in Figure 3.17 to 3.19. In the low PUFA 

reference diet (total PUFA 0.4%en) fed rats, the relative gene expression level of FADS2 was 

2.3 fold and ELOVL2 was 1.8 fold higher than in the high PUFA reference diet (6.6%en) 

group (Figure 3.17 A). However, the mRNA expression of FADS1 and ELOVL5 was not 

different between the two reference groups. For the experimental diets, none of the fatty acid 

genes (FADS1, FADS2, ELOVL2 and ELOVL5) exhibited differential expression at differing 

levels of dietary ALA from 0.2 to 2.9%en (Figure 3.18 and 3.19).  

 

3.6.6 The effect of dietary ALA content on hepatic mRNA expression of PPARα 

and SREBP-1c  
No significant difference was found between high PUFA and low PUFA reference diets in 

mRNA levels of the transcription factors PPARα and SREBP-1c (Figure 3.17 B). The 

relationship between dietary ALA levels and mRNA abundance of the transcription factors 

PPARα and SREBP-1c is shown in Figure 3.20. There was no difference in the mRNA 

expression of SREBP-1c and PPARα between rats fed diets containing ALA over the range 

from 0.2 to 2.9%en.  
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Figure 3. 17 The relative gene expression of hepatic Δ5 desaturase (FADS1), Δ6 desaturase 

(FADS2), elongase 2 (ELOVL2), elongase 5 (ELOVL5) (A) and PPARα and SREBP-1c (B) 

in rats fed with low PUFA (0.4%en as PUFA) and high PUFA (6.6%en as PUFA) diets. The 

expression of FADS1, FADS2, ELOVL2, ELOL5, PPARα and SREBP-1c mRNA was 

normalised to the housekeeping gene β-Actin. Abundance of mRNA is expressed as the mean 

normalised expression value. Asterisks indicate values that are significantly different between 

the high PUFA and low PUFA diets (P<0.05). Data are mean ± SEM, n=5 per group. 
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Figure 3. 18 The relative gene expression of FADS1 (A) and FADS2 (B) in rats fed diets 

containing various levels of ALA. The expression of FADS1 and FADS2 mRNA was 

normalised to the housekeeping gene β-Actin. Abundance of mRNA is expressed as the mean 

normalised expression value. Data are mean ± SEM, n=5 per group. 
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Figure 3. 19 The relative gene expression of ELOVL2 (A) and ELOVL5 (B) in rats fed diets 

containing various levels of ALA. The expression of ELOVL2 and ELOVL5 mRNA was 

normalised to the housekeeping gene β-Actin. Abundance of mRNA is expressed as the mean 

normalised expression value. Data are mean ± SEM, n=5 per group. 
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Figure 3. 20 The relative gene expression of transcription factors SREBP-1c (A) and PPARα 

(B) in livers of rats fed diets containing various levels of ALA. The expression of SREBP-1c 

and PPARα mRNA was normalised to the housekeeping gene β-Actin. Abundance of mRNA 

is expressed as the mean normalised expression value. Data are mean ± SEM, n=5 per group. 
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3.7 Discussion 
This study was designed to test the effect of increasing the level of dietary ALA over a range 

that could conceivably be incorporated into human diets in order to enhance n-3 LCPUFA 

status (74). One of the most important findings of this work is the observation that the 

different n-3 LCPUFA (EPA, DPA, DHA) exhibited different responses to an increase in 

dietary ALA content, and that this varied between the phospholipids of different tissues. 

Specifically, the content of EPA and DPA in blood and most tissues increased linearly with 

increasing dietary ALA content, whereas DHA level did not. Increasing the ALA level from 

0.2 to 1%en resulted in an increase in the proportion of DHA in all tissues examined, however 

further increases in dietary ALA%en content did not result in further increases, and in some 

cases actually resulted in decreases in the DHA content of the phospholipid at the same time 

as the proportion of other n-3 LCPUFA (20:3 n-3, EPA and DPA) increased continuously. 

These findings are consistent with the results of a similar dietary study in piglets (4), in which 

the authors found a linear response of tissue phospholipid content of  EPA and DPA to 

increases in dietary ALA content, but at the same time found a curvilinear response of tissue 

DHA content to the increased ALA intake. In the studies reported in this chapter, the total 

dietary PUFA (n-3 and n-6 PUFA) content varied from ~11 to 35% of the total fatty acids. 

Thus, it could be that some of the results here might be explained in terms of total PUFA 

rather than ALA level only. Moreover, although the dietary LA levels were kept constant, the 

blood and tissue LA levels were increased continuously with increasing ALA intakes. The 

reason for this elevation is unclear but might be due to that LA competes with ALA for 

intestinal absorption (235) or reduced conversion of LA to AA because of the increasing 

proportion of ALA intake. 

 

The second important observation in this work is the strong correlation between blood 

phospholipid n-3 LCPUFA levels, particularly levels of EPA and DPA, and the level of these 

same fatty acids in peripheral tissues, which indicates that blood fatty acid profile can be used 

to reliably represent tissue fatty acid compositions. 

 

The third important finding of this study is the fact that the gene expression levels of key 

enzymes in the LCPUFA synthetic pathway did not appear to be related to dietary ALA levels 

in the range that could reasonably be expected to be present in normal animal and human 

diets. In agreement with previous studies, very low PUFA diets (0.4%en) resulted in increased 

expression of FADS2 and ELOVL2 genes relative to higher PUFA (6.6%en) diets. The 
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degree of change in FADS2 gene expression was similar to the changes seen in the report of 

Tang et. al. (233) who compared fat free diets with safflower based diet and the report of Li 

et. al. (236) who demonstrated clear inhibition of ∆6 desaturase gene expression in rodents 

fed high PUFA diets compared with those fed very low PUFA diets. It has been 

recommended that for the rats, the ALA and LA intake in rats should make up 0.4% and 

2.4%en, respectively, for the maximal production of DHA in brain cells because beyond this 

point the brain DHA level reached plateau (12). It has also been suggested that intake of LA 

(~1%en) and ALA (~0.2%en) from diets are adequate to prevent adverse effects on growth 

and development in infants (13). In the present study, the range of dietary ALA levels tested, 

in conjunction with a sufficient amount of LA to avoid EFA deficiency (1%en) (237, 238), 

resulted in the expected alterations in the level of the n-3 LCPUFA in plasma and tissue 

phospholipids. These findings are consistent with previous reports by others (239, 240) that 

PUFA in the diet directly influence the fatty acid profile of plasma and liver phospholipid in 

rats. In our study, tissue and plasma fatty acid profiles indicated that there was endogenous 

conversion of dietary ALA into EPA, DPA and DHA. This is based on the fact that the 

animals were placed on the experimental diets immediately after weaning, and the body 

weight of animals increased from an average of 38 to 135 g during the experimental period in 

all dietary groups. Thus, any LCPUFA in the cells of these animals must have come either 

from pre-formed LCPUFA already deposited in tissues at the end of weaning or from 

endogenous synthesis. Given that the LCPUFA content of tissues was altered by the dietary 

treatments, and that there was a direct relationship between dietary ALA and the level of n-3 

LCPUFA in cells, it appears most likely that endogenous conversion of ALA to LCPUFA is 

responsible for the observed changes in tissue LCPUFA content.  

 

Although the relationship between dietary ALA content and the amount of product which 

accumulated in tissue phospholipids was essentially linear for EPA and DPA, for DHA there 

was a curvilinear relationship with a maximum at 1%en dietary ALA (2%en PUFA) , after 

which DHA levels plateaued or declined (Figures 3.3-3.9). A similar result has previously 

been reported in piglets but in that case the optimum level of DHA accumulation in a variety 

of tissues was when the LA:ALA ratio was 2:1 (4) rather than at the 1:1 ratio reported here. 

The discrepancy could be due to the fact that piglets were fed diets higher in LA (~7%en), or 

due to differences in fatty acid metabolism in pigs compared to rodents.  In an in vitro study, 

Portolesi et. al. reported a limited accumulation of 24:6 n-3 and DHA in response to 

increasing concentrations of supplemented ALA, suggesting that competition between 24:5 n-
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3 and ALA for ∆6 desaturase may limit DHA synthesis, and subsequent accumulation in cell 

membranes, in the presence of high dietary ALA (53). Therefore it is probable that the 

nonlinear relationship between dietary ALA and tissue DHA was because of competition 

between substrates for enzymes and, potentially, inhibition of parts of the LCPUFA 

biosynthetic pathway or accumulation in response to increases in the level of LCPUFA in the 

tissue. 

 

Despite the clear effect of the dietary interventions on LCPUFA content of plasma and 

tissues, these same diets resulted in little or no change in the expression of the key genes 

FADS1, FADS2, ELOVL2 or ELOVL5 in the fatty acid pathway (Figure 3.18 and 3.19). 

Furthermore, I was unable to find any relationship between the mRNA expression of these 

genes and the increase in levels of EPA and DPA, or the curvilinear pattern of DHA in 

plasma, liver and other tissue phospholipids induced by increasing dietary ALA%en.  

 

Similar to the gene expression results in desaturase and elongase enzymes, the mRNA levels 

of transcription factors PPARα and SREBP-1c within the liver had no direct correlation to 

either the dietary ALA level or the levels of any of the n-3 LCPUFA in tissues. Our results 

contrast with the increasing evidence for the involvement of transcription factors in the 

regulation of fatty acid synthesis (241-245). There have been previous reports that the 

expression of mRNA for the ∆5 and ∆6 desaturase in mouse liver were regulated by SREBP-

1c and PPARα during fasting and refeeding treatments (96), that these two transcription 

factors are involved in the regulation of ∆6 desaturase gene and that the action of these 

transcription factors is necessary for the induction of LCPUFA synthesis (236). The 

expression level of both SREBP-1 and PPARα in the rodent liver has also been shown to be 

altered by fish oil feeding (246). However, in this study, where the dietary treatments did not 

induce changes in fat level and only minor changes in fatty acid concentrations, the results 

suggest that the production of LCPUFA in plasma and liver was due more to the increased 

availability of ALA, rather than any induction of gene expression of genes in the fatty acid 

pathway. Whilst PPARα and SREBP-1c have been reported to be important transcription 

factors involved in the regulation of fatty acid metabolism, there is no evidence for a direct 

effect of either PPARα or SREBP-1c on the promoter regions of the desaturase and elongase 

genes. Whether this control involves direct interaction of these transcription factors with 

regulatory elements in the promoters of the desaturases and elongases or indirect control 

through other mechanisms is still unclear. Knight et. al. (247) reported unchanged SREBP-1c 
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mRNA expression following fibrate feeding, and suggested that the observed increases in 

fatty acid synthesis in their experiment was due to the effect of proteolytic cleavage of the 

SREBP-1c precursor to the mature form. In a dietary deprivation study by Igarashi et. al. 

(248), the liver mRNA level of desaturases and elongases were upregulated by a n-3 PUFA 

deficient diet, but the PPARα and SREBP-1c remained unchanged. It therefore appears that 

these genes may not be sensitive to changes in dietary PUFA content within the range of 

PUFA used in this experiment or, increases in gene activity could be due to increased protein 

synthesis or post-translational modification or activation of the enzyme, rather than changes 

in mRNA expression.   

 

3.8 Summary 
This study confirms previous studies showing a direct relationship between dietary ALA and 

elevated EPA and DPA accumulation in rat blood and tissues. Also in line with previous 

studies, the alterations in DHA levels were more complex, with increasing dietary ALA 

elevating DHA but only up to a maximum at 1%en ALA. The rats fed diets with the highest 

ALA%en (the lowest LA:ALA ratio) elevated the incorporation of total n-3 PUFA into liver 

phospholipid by 3.08 fold (22.88 to 7.42% total fatty acid) higher than rats fed the lowest 

ALA%en (the highest LA:ALA ratio) diets. In blood and other tissues, the increase in the 

degree of n-3 LCPUFA incorporation between the dietary ALA with 2.9%en and 0.2%en 

treatments was as follows: plasma (3.03 fold), erythrocytes (3.19 fold), kidney (4.03 fold), 

brain (1.13 fold), heart (2.35 fold) and thigh muscle (2.82 fold). However, when considering 

the  diet-induced shifts in the DHA level which was calculated by the changing rate from 

lowest to highest phospholipid DHA, the order as follows: plasma (1.98 fold), followed by 

thigh muscle (1.91 fold), heart (1.77 fold), liver (1.76 fold), kidney (1.45 fold), erythrocytes 

(1.44 fold) and then brain (1.16 fold).     

 

A strong correlation between n-3 LCPUFA in blood phospholipid and the n-3 LCPUFA in 

liver phospholipid was identified. Similar strong and positive correlations were also found 

between blood phospholipid EPA and DPA and the levels in other tissue phospholipid (except 

brain EPA). The correlations between blood phospholipid DHA and the DHA level in other 

tissues were from modest (kidney, heart and thigh muscle) to weak (brain). The correlation 

between blood phospholipid EPA and brain phospholipid EPA was weaker than the 

correlation between blood and brain DHA levels. This difference could be the result of a 
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higher incorporating rate of DHA than other fatty acids in brain due to its important functions 

to nervous tissues.  

 

While high n-3 PUFA diets consistently induced higher levels of EPA and DPA in rat tissues 

than low n-3 PUFA diets, the FADS2 and ELOVL2 genes appeared to be stimulated only in 

animals fed the very low PUFA reference diet; experimental diets exceeded 1.2%en PUFA 

and when ALA was in the range of 0.2 to 2.9%en in the diet there had no influence on the 

mRNA expression of desaturase and elongase genes or transcription factors involved in 

hepatic lipid metabolism. Furthermore there was no relationship between the mRNA 

expression of these hepatic genes and the concentration of PUFA or LCPUFA in either blood 

or tissue phospholipids. Therefore, at the levels of dietary PUFA used in this experiment, n-3 

LCPUFA levels would seem to be regulated more by competitive interaction between distinct 

substrates at different stages of LCPUFA biosynthesis and esterification into glycerolipids 

than alterations in the expression of key components of the lipid metabolism and LCPUFA 

biosynthetic pathway. 
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 Chapter 4 

The Effects of Dietary ALA Levels on the Regulation of Omega-3 

Fatty Acids and Gene Expression of Desaturase and Elongase in 

Barramundi (Lates calcarifer) Fingerlings  

4.1 Abstract 
World supplies of marine fish oils and fish meal are limited and the continued growth of the 

aquaculture industry has aggravated the situation, since this industry relies on wild fish stocks 

to produce the feed farmed fish. Substitution of marine-derived oils and protein with 

alternative sources without compromising fish health and product quality is urgently needed 

to eliminate the heavy dependence on marine resources. The experiments in this chapter were 

carried out to determine the effects of substituting fish oil and fish meal in the diet with a 

blend of vegetable oils and defatted poultry meal on fillet and liver fatty acid profiles in 

barramundi fingerlings. After a 3-week washout period during which fish were fed on very 

low PUFA macadamia-based diets (LA 1.4%en, ALA 0.1%en, LA:ALA ratio of 15.7), a total 

of 270 fish (15 fish/tank in triplicate) with similar body weight were allocated to one of 6 

dietary treatments. The experimental dietary treatments consisted of 5 vegetable oil-based 

diets with an ALA content ranging from 0.1 to 3.2%en with the LA content held constant at 

2.4%en. The diet 6, a commercial diet which contained fish-derived EPA and DHA, was used 

as a reference diet. Results showed that the fatty acid composition of barramundi liver and 

fillet reflected the dietary lipid source; as the ALA content of the diet increased, the ALA 

level in the liver and fillet increased in a dose-dependent manner. There was, however, no 

corresponding increase in the tissue levels of the n-3 LCPUFA EPA, DPA and DHA. 

Increasing levels of dietary ALA has no effect on hepatic mRNA expression of desaturase 

(FADS2) and elongase (ELOVL) genes. Hepatic gene expression levels of FADS2 and 

ELOVL were increased by approximately 10 fold and 3 fold, respectively, in all vegetable oil-

based dietary groups relative to the fish oil reference diet. These data demonstrate that 

barramundi have the capacity for fatty acid desaturation and elongation which can be 

regulated through food intake, however, increased intake of ALA showed no correlation to 

tissue LCPUFA levels, in particular DHA. In line with other studies in marine or carnivorous 

species, it appears that the enzyme activity of barramundi Δ6 desaturase is low, which may 

explain the limited production of EPA and DHA from dietary ALA in this species. It was also 
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noted, however, that there was a large amount of variation between individual fish in their 

tissue n-3 LCPUFA content, suggesting that some fish are more efficient at conversion than 

others. This suggests that it may be possible to produce barramundi which have a greater 

capacity for DHA production through selective breeding programs. 

 

4.2 Introduction 
Fish have long been considered as a major source of high quality protein and physiologically 

essential LCPUFA for human consumption and feeds for both farmed fish and other farmed 

animals such as pigs and chickens (163, 249, 250). It has been estimated that aquaculture is 

the largest overall consumer of fish meal and fish oil, accounting for 60% and 85%, 

respectively, of the global usage in 2008 at a time when the pork, poultry and other livestock 

industry sectors shared the remaining 40% of fish meal usage (251). Although aquaculture is 

expected to meet consumer demand for a more sustainable fish supply in the future, the 

substantial use of fish oils in this industry has raised concerns that the rapid expansion of the 

aquaculture industry will in fact put yet more pressure on already declining marine resources 

(252). Unless alternatives for fish meal and fish oil are developed, aquaculture will continue 

to use up the majority of the fish meal and oil produced to maintain LCPUFA contents in 

farmed fish (253). It has been predicted that there will be about a 2 fold increase in total 

production and total feed usage from year 2010 to 2020, according to current rate of 

expansion of global aquaculture production (163). In this context, replacing fish oil in 

aquaculture feed with vegetable oils rich in C18 ALA (precursors of EPA and DHA) may 

help to reduce the dependence of the aquaculture industry on wild fisheries. 

 

Feed for herbivorous and omnivorous farmed fish species such as Murray cod 

(Maccullochella peelii) and tilapia does not need to contain fish meal or fish oil, because 

these fish have the capacity to convert C18 PUFA to their long-chain derivatives, and are able 

to maintain a consistent n-3 LCPUFA status when fed on diets high in C18 PUFA (176, 254). 

In contrast, carnivorous marine species such as gilthead sea bream (Sparus aurata) and turbot 

(Scophthalmus maximus) are unable to produce LCPUFA from ALA to any physiologically 

relevant extent, due to apparent deficiencies in one or more steps of the fatty acid metabolic 

pathway (191, 255). The barramundi (Lates calcarifer) (Bloch, 1790), is one of the most 

highly regarded sport and table fish in Australia. It inhabits rivers and inshore waters over 

roughly 8000 km of coastline in Queensland, Northern Territory and Western Australia and is 

important to commercial and recreational fisheries throughout this range (256). Several 
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studies have been undertaken to examine the nutritional requirements of farmed barramundi 

and most of these studies suggest that this species requires a relatively high amount of protein 

(crude protein 40-50%) and fish and meat-based diets in which fish meal is the predominant 

protein source, consistent with the carnivorouos/piscivorous nature of the fish (257-259). 

However, a study in barramundi in which part of the fish oil was replaced with vegetable oils 

has shown that partial or complete replacement of fish oil in barramundi diets could 

potentially be used to provide an alternative energy source without compromising growth, 

feed conversion ratio or body protein and fat contents (260). It has also been shown that fish 

meal can be replaced by meat meal as the predominant protein source in diets for juvenile 

barramundi (258). However, whilst both marine derived-protein/-fat were reported to be 

replaced by other non-marine sources, all of these previous feeding trials included at least 

some fish meal or fish oil in all the experimental diets, making it difficult to draw clear 

conclusions as to the ability of these fish to derive n-3 LPCUFAs from C18 PUFA precursors. 

 

The overall process of lipid metabolism is largely influenced by dietary conditions prompting 

this study to investigate the effect of variations in dietary ALA content, in the absence of any 

exogenous source of n-3 LCPUFA and at a constant level of LA, on tissue n-3 LCPUFA 

synthesis and gene expression levels of FADS2 and ELOVL in barramundi.  

 

4.3 Design of the study  
To eliminate the interference effects of LCPUFA in any fish by-products on the endogenous 

LCPUFA synthesis of barramundi fingerlings, non-marine protein sources were used in the 

experimental fish diets, including poultry meal, soybean protein concentrate and wheat gluten. 

Vegetable oil blends were used as the only lipid source in the feed and designed to provide an 

increasing level of ALA as a %en while keeping the %en of LA constant. Fish liver and fillet 

fatty acid together with hepatic mRNA levels analyses were conducted to determine whether 

the PUFA level in diets provided by vegetable oil blends was capable of increasing the 

synthesis of EPA and DHA and/or regulating desaturase and elongase mRNA levels. Prior to 

the actual feeding trial, a washout diet composed of macadamia oil (low PUFA with high 

monoenes) was used to dilute the LCPUFA levels in fish which had previously been fed a 

commercial feed containing marine-derived fat and protein. The 5 experimental diets with 

varying ALA concentrations and a constant LA level were used to determine the optimum 

PUFA amounts for fish to synthesize LCPUFA, and to clarify the relationship between the 

LCPUFA levels and gene expression of desaturase and elongase genes in the barramundi.  
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4.4 Methods  

4.4.1 Animals and feeding trial management 
All experimental procedures were performed in accordance with institutional guidelines for 

the use of animals and the Australian code of practice for the care and use of animal for 

scientific purpose. The protocol was approved by the Animal Ethics Committee, University of 

Adelaide (Ethic number S-28-08). Australian barramundi fingerlings (~5 g) were obtained 

from a commercial supplier (W. B. A. Hatcheries, SA, Australia) and maintained at the South 

Australia Research Development Institute (SARDI, SA, Australia). After arrival, 400 fish 

were held in a 1 kilolitre (kL) tank provided with flow through temperature controlled (28°C) 

seawater and situated within an environmentally controlled aquarium room. The tank was 

piped with filtered recirculated seawater from Gulf Saint Vincent and the compressed air was 

provided via a diffuser to the tank for oxygenation of the water. The tank was tightly covered 

with a screened top to prevent fish from jumping out of the tank and 3 weeks were allowed 

for acclimation and dilution of tissue LCPUFA levels before initiation of the experiment. The 

washout diet, containing a very low PUFA level, was fed to fish throughout this 3 week pre-

trial period. The experimental set up comprised of 18 conical-based aqua research tanks (70 

L) with identical and independent recirculation systems, netting and a bottom filter for 

uneaten feed collection. After the washout period, the fish were sampled from the holding 

tank and relocated into the experimental tanks in batches according to their body weight. 

First, 10 fish with similar body weights were removed from the holding tank and placed in 

each experimental tank, with a total weight of 60-70 g for the full batch of ten fish. Another 5 

fish were then selected from the holding tank, with a weight of 30-40 g per batch. In total, 15 

fish were placed in each of the experimental tanks, and the initial mean weight per tank was 

~100 g (Table 4.1).  

 

All diets were fed ad libitum to apparent satiation by hand twice daily (9:00 am and 3:30 pm) 

6 days a week. The experimental trial was performed at a constant warm water temperature 

which was maintained by lowering ambient temperature in the aquaculture room and heating 

the water in the reservoirs to 28°C. The water quality in each tank was monitored daily for 

temperature, pH and dissolved oxygen and weekly for salinity to ensure water quality 

remained within normal parameters. The diurnal variation in water temperature in each tank 

was less than 1°C. Photoperiod was held to a constant 12 hr light/12 hr dark cycle. The 
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seawater had a salinity of 37 g/L and a pH of 8 and the oxygen level was 95% throughout the 

trial. 

  

4.4.2 Diets 
The barramundi basal diets used in the study were designed by Dr David A. J. Stone (SARDI, 

SA, Australia) based on recommended levels of protein, lipid and micronutrients included in 

the standard barramundi diet used commercially (259). Diets used in washout and 

experimental period were all formulated using reduced fat ingredients to achieve a LA content 

of 2.4%en and an ALA content of between 0.1-3.2%en. The three major protein ingredients of 

the diets were poultry meal (Poultry BP meal refined grade, Skretting, TAS, Australia), 

soybean protein concentrates (Inpak foods, SA, Australia) and low fat wheat gluten (Inpak 

foods, SA, Australia). Lipid content and fatty acid composition of the protein meals were 

determined in our laboratory prior to the commencement of the feeding trial and are shown in 

Table 4.2. Other ingredients used for formulating the diets were gelatinised wheat starch 

(Inpak foods, SA, Australia), choline chloride and vitamin min/premix (SARDI YTK) 

(Lienert, SA, Auatralia). The barramundi were maintained on the reference or experimental 

diets for 4 weeks.  

 

4.4.2.1 Poutry meal defatting procedure 

The poultry meal was defatted using a modification of the defatting procedure previously 

described by Smith et. al. (261). Briefly, approximately 500 g of the poultry meal were placed 

in glass beakers, saturated with 1.6 L of 70°C cyclohexane and ethanol (2:1, v/v), mixed 

thoroughly and allowed to settle. The solvent was then decanted and the ingredients were 

filtered through a Büchner funnel (1 L capacity) with filter paper attached to a 2 L filter flask 

under vacuum to remove the excess solvent. The process was repeated twice using 800 mL 

and 500 mL respectively of the cyclohexane and ethanol (2:1, v/v). The final defatted poultry 

meal was filtered, dried at ambient temperature overnight and then placed in oven at 60°C for 

1 hr and 50°C for a further 3 hr to evaporate the solvent. Lipid extraction was carried out 

using the chloroform/methanol (2:1, v/v) solvent system (described previously in chapter 2 

section 2.1.2.1) and indicated that the total fat content of the defatted poultry meal was 

reduced to 1.3% (w/w), compared to 15% in the original sample. The crude protein content 

(%, w/w) was determined by total nitrogen analysis performed by Waite Analytical Service 

(WAS, University of Adelaide) and multiplied by the conventional conversion factor 6.25 
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(262). Crude protein contents and lipid composition of poultry meal, defatted poultry meal, 

soybean protein concentrates, low fat wheat gluten are given in Table 4.2.  

 

4.4.2.2 Vegetable oil blends preparation 

Vegetable oils were purchased from the local supermarket and the oil blends were prepared 

by blending varying proportions of macadamia oil (16.10% saturates, 81.249% monoenes, 

2.13% LA and 0.2% ALA of total fatty acids; Suncoast Gold Macadamias Limited, 

Australia), flaxseed oil (11.09% saturates, 18.46% monoenes, 18.64% LA and 51.61% ALA 

of total fatty acids; Melrose Laboratories Pty Ltd, Australia) and/or sunflower oil (11.03% 

saturates, 27.53% monoenes, 60.9% LA and 0.04% ALA of total fatty acids; Buona Cucino, 

Italy). Fatty acid composition analysis of all vegetable oil blends were performed prior to 

formulating the feeds.  

 

4.4.2.3 Diet formulating 

All powdered ingredients were carefully weighed and pre-mixed prior to the addition of 

vegetable oil blends. The powdered ingredients were dry-mixed (Hobart A-200T, France) 

thoroughly for 2 min in a bench-top food mixer before distilled water (600 mL) and vegetable 

oil was added and mixing continued for a further 10 min. All feeds were made on an 

experimental extruder fitted with a die-plate with 2 mm diameter holes (La Prestigiosa 

medium 2500, Italy) which was configured to match a commercial extruder used to make the 

commercial barramundi feeds used in Australia. The soft feed dough was cold extruded into a 

2-5 mm die-size strand and then cut, pelleted and dried at ambient temperature for 3 hr. The 

feeds were then placed on a sieve and oven-dried at 40°C for approximately 24 hr until the 

moisture content was below 10% (w/w). The dried feed was then broken into 2 mm pellets, 

sealed in a plastic container and stored at -20°C until commencement of the feeding trial. All 

equipment used for making up feeds was washed and dried before the next diet was produced 

to avoid cross-contamination. The commercial barramundi diet (Grobest Corporation Co., 

Ltd., Thailand) was purchased from W. B. A. Hatcheries and used as a reference diet.  

 

4.4.2.4 Proximate and fatty acid analysis 

The final formulation and proximate composition of the diets used in this study are given in 

Table 4.3 and 4.4, respectively. The fatty acid composition of the feeds was determined using 

procedures described in detailed previously (Chapter 2) and are presented in Table 4.5. The 

ingredient compositions of the diets was analysed by Agrifood Technology Pty Ltd (Victoria, 
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Australia). The formulated diets each contained an average of 3931 kcal/kg which was 

comprised of 50.3%en of protein, 28.7%en of fat and 21%en of carbohydrate. The estimated 

energy values were based on the standard physiological fuel values for protein, fat and 

carbohydrate of 4, 9 and 4 kcal/g, respectively. The estimated ALA%en and LA%en were 

calculated as:  fatty acid (%en)=[(% fatty acid in diets) x fat%en] x 100. Thus, LA provided 

2.4%en and ALA provided 0.1-3.2%en among the 5 vegetable oil-based experimental diets 

(Diets 1-5) (Table 4.4 and 4.5). The commercial feed provided 3640 kcal/kg which was 

comprised of 22%en of carbohydrate, 24.5%en of fat and 53.5%en of protein. LA and ALA 

contributed 3.3%en and 0.4%en, respectively, in the commercial diet (Table 4.4).  
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Table 4. 1 Tank layout and fish sorting management 

 

Tank  
Corresponding 

Diet1 
1st sorting 
10 fish (g) 

2nd sorting 
5 fish (g) 

Total weight of 
15 fish (g)/tank 

1 3 69.8 30.9 100.7 

2 1 64.1 35.6 99.7 

3 4 67.8 32.3 100.1 

4 5 72.8 28 100.8 

5 2 68.9 31.2 100.1 

6 1 67.0 33.4 100.4 

7 6 70.0 29.4 99.4 

8 4 63.3 37 100.3 

9 5 64.9 35 99.9 

10 6 63.6 37 100.6 

11 4 69.0 30.6 99.6 

12 2 67.4 32.5 99.9 

13 3 70.7 30 100.7 

14 5 65.5 34 99.5 

15 3 69.2 30.8 100.0 

16 2 65.4 34.8 100.2 

17 6 66.2 33 99.2 

18 1 64.8 36 100.8 
1The diets were fed in triplicate tanks. i.e, diet 1 was fed to fish in tank 2, 6 and 18. 
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Table 4. 2 Lipid contents and fatty acid compositions of protein meals 
 

 

1Protein value is presented as % of total nitrogen (N) (w/w), N x 6.25. The nitrogen content of all samples was 
analysed using an Elementar Instrument by Waite Analytical Service, University of Adelaide. 
2Fat value is present as % total lipid (w/w). 
3Fatty acid values are presented as % of total fatty acid analysed by GC. Data are means ± SEM of n=3.  
 

 

 

Protein meal Poultry meal 
Defatted poultry 

meal 
Soybean protein 

concentrate 
Low fat wheat 

gluten 

Crude protein  
(% dry weight)1 63 69 75 75 
Fat  
(% dry weight)2 14.8±0.2 1.3±0.2 0.6±0.0 0.3±0.0 
Fatty acids3     

Total saturates 32.0±0.1 41.7±0.1 19.4±0.1 22.1±0.1 

Total monoenes 49.4±0.1 33.2±0.1 24.1±0.1 12.0±0.0 

18:2 n-6 (LA) 13.0±0.0 13.0±0.0 49.3±0.1 61.6±0.1 

20:4 n-6 (AA) 1.5±0.0 4.8±0.0 N.D. N.D. 

22:4 n-6  0.3±0.0 1.0±0.0 N.D. N.D. 

Total n-6 15.5±0.0 20.3±0.1 49.5±0.1 62.4±0.1 

18:3 n-3 (ALA) 1.6±0.0 0.9±0.0 6.6±0.0 3.4±0.0 

20:5 n-3 (EPA) 0.2±0.0 0.4±0.0 N.D. N.D. 

22:5 n-3 (DPA) 0.3±0.0 0.7±0.0 N.D. N.D. 

22:6 n-3 (DHA) 0.2±0.0 0.9±0.0 N.D. N.D. 

Total n-3 2.4±0.0 3.1±0.0 6.6±0.0 3.4±0.0 
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Table 4. 3 Macronutrient content of the diets 
 

1Commercial diet (Grobest Corporation Co., Ltd., Thailand) was purchased from W. B. A. Hatcheries. 
2Macronutrients of commercial diet were provided by the Grobest Corporation Co., Ltd., Thailand. 
 

 

 
Washout 
diet Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet1 

Macronutrients2 
(g/100g)        
Defatted poultry 
meal  34 34 34 34 34 34 

Protein Min 
43% (w/w) 

Soybean protein 
concentrate   25 25 25 25 25 25 

Carbohydrate 
Max 15% 

(w/w) 

Wheat gluten  12 12 12 12 12 12 
Ash Max 

13% (w/w) 

Gelatinised wheat 
starch  10 10 10 10 10 10 

Fibre Max 
2% (w/w) 

Vegetable oil 14 14 14 14 14 14 
Fat Min 9% 

(w/w) 

  Oil proportion  
(% w/w in 14% 
fat)        
  Macadamia oil 100 94 92 90 83 76  

  Flaxseed oil 0 0 3 5.5 15 24  

  Sunflower oil 0 6 5 4.5 2 0  

Choline chloride 3 3 3 3 3 3  

Vitamin/mineral 
premix  2 2 2 2 2 2  
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Table 4. 4 Ingredient composition of the diets 
 

1The values were estimated by the average proximate composition of the experimental diets (Diets 1-5). The 

values of energy, carbohydrate, fat and protein were calculated accordingly. 
2Ingredient composition was analysed by Agrifood Technology Pty Ltd (Victoria, Australia). 
3The calculate of calorie content was based on the standard physiological fuel values for carbohydrate, fat and 
protein of 4, 9 and 4, respectively.   
 

 

 

 

 

 
Washout 
diet1 Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

Ingredient 
composition  

(% dry weight)2        

Crude protein (N x 
6.25) 50.0 50.6 50.0 50.4 48.6 50.0 48.7 

Crude fat (by acid 
hydrolysis) 12.7 13.7 12.5 13.0 12.7 11.4 9.9 

Crude ash 7.6 7.8 7.4 7.6 7. 8 7.4 12.2 

Crude 
carbohydrate (by 
difference) 20.9 23.1 21.2 20.8 19.3 20.0 20.0 

Dry matter (% wet 
weight) 94.9 95.1 95.5 95.8 94 94.2 95.3 

Total energy 
(Kcal/kg) 3930.8 3976.3 3975.5 4019.9 3856.9 3825.6 3640.3 

Energy (%en)3        
Carbohydrate  21.0 22.1 21.3 20.7 20.0 20.9 22.0 
Fat 28.7 29.5 28.3 29.2 29.6 26.8 24.5 
Protein 50.3 48.4 50.4 50.1 50.4 52.3 53.5 
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Table 4. 5 Fatty acid compositions of the diets 
 

1The fat%en of washout diet was estimated by the average fat%en of the experimental diets (Diets 1-5), the 
LA%en and ALA%en level were calculated accordingly.  
2Values are presented as % of total fatty acids. Data are means ± SEM of n=3. 
 

 

 

 

 

 

 

 
Washout 
diet Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

Fat%en1 28.7 29.5 28.3 29.2 29.6 26.8 24.5 

LA:ALA Ratio 15.7 21.9 4.7 2.9 1.2 0.7 8.8 

LA%en1 1.4 2.5 2.3 2.4 2.5 2.3 3.3 

ALA%en1 0.1 0.1 0.5 0.8 2.2 3.2 0.4 

Fatty acids (%)2        

Total saturates 17.5±0.0 17.0±0.0 16.9±0.0 16.9±0.0 16.6±0.0 16.1±0.0 33.1±0.4 

Total monoenes 76.9±0.1 74.2±0.1 73.2±0.1 71.8±0.0 67.4±0.1 63.4±0.0 25.6±0.2 

18:2 n-6 (LA) 5.0±0.0 8.3±0.0 8.0±0.0 8.3±0.0 8.5±0.0 8.6±0.0 13.3±0.2 

20:4 n-6 (AA) N.D. N.D. N.D. N.D. N.D. N.D. 1.1±0.0 

Total n-6 5.0±0.0 8.3±0.0 8.0±0.0 8.3±0.0 8.5±0.0 8.6±0.0 14.7±0.1 

18:3 n-3 (ALA) 0.3±0.0 0.4±0.0 1.7±0.0 2.9±0.0 7.4±0.0 11.8±0.0 1.5±0.0 

20:5 n-3 (EPA) N.D. N.D. N.D. N.D. N.D. N.D. 7.3±0.1 

22:5 n-3 (DPA) N.D. N.D. N.D. N.D. N.D. N.D. 1.3±0.0 

22:6 n-3 (DHA) N.D. N.D. N.D. N.D. N.D. N.D. 14.7±0.2 

Total n-3 0.4 ± 0.0 0.4 ± 0.0 1.8 ± 0.0 3.0 ± 0.0 7.4 ± 0.0 11.8±0.0 25.2±0.1 
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4.4.3 Fish sampling 
In total, 3 stages of fish sampling were performed, once before the start of the washout diet, 

once immediately following the washout period and once at the end of the 4 weeks on the 

experimental diets. Fish were fasted for one day prior to weighing and sampling and were 

killed with an over-dose of the anaesthetic, benzocaine. The first fish were randomly selected 

from the 1 kL tank and are referred to as the initial fish (before washout period). Initial fish 

weight and fork length (the length from the tip of the snout to the end of the middle caudal fin 

rays) was measured and lipid compositions of fillet and liver were analysed. After the 3-week 

washout period and at the end of the 4-week experimental period, a further 8-10 fish from 

washout feeding and 24 fish from each experimental diet feeding (8 fish/tank) were sampled 

and tissues collected for body weight, fork length, tissue lipid analyses and hepatic RNA 

extractions. 

 

4.4.4 Growth performance measurements 
Initial body weight (g, IBW) was measured on the second day after the fish had arrived from 

the WBA Hatcheries. 

After washout body weight (AWB, g) was measured at the end of 3-week washout period. 

Final body weight (FBW, g) was measured at the end of the experimental feeding trial. 

Length (cm) was measured from the tip of the snout to the end of the tail.  

Width (mm) was measured the distance from the dorsal fin to the ventral. 

Weight gain (%) was calculated based on [(FWB - AWB) / ABW] x 100. 

Specific growth rate (SGR, %) or percentage of weight gain per day was calculated based 

on [(log of FWB - log of AWB) / feeding day] x 100. 

Feed conversion ratio (FCR) was calculated based on [dry feed intake (g) / (FBW - AWB)]. 

Feed intake (g/day/fish) was calculated based on (dry feed intake per fish (g) / feeding day). 

Hepatosomatic index (HSI, %) was calculated based on [liver weight (g) / FBW (g)] x 100.  

Survival (%) was calculated based on [(initial fish number before feeding - dead fish number 

after feeding) / initial fish number before feeding] x 100. 

 

4.4.5 Fatty acid analyses of fillet and liver tissues 
Total lipids were extracted from whole fillet and liver using chloroform/methanol (2:1 v/v) as 

described in detail in chapter 2. Extracted total lipids were weighed, and phospholipid and 

triglyceride fractions were separated, methylated and quantified by GC following procedures 

previously described (Chapter 2).   
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4.4.6 RNA isolation and quality determination 
Total RNA was isolated from 10 mg of fish liver disrupted by a tissue lyser. The quality of 

the RNA was determined by measuring the ratio of OD 260/280 and 260/230. The RNA 

concentration was determined by measuring the absorbance at 260 and 280 nm and RNA 

integrity was confirmed by 1.5% agarose gel electrophoresis. Procedures for liver tissue 

disruption, RNA isolation, RNA quality determination were as described previously (Chapter 

2). 

 

4.4.7 Selection of housekeeping genes 
Hepatic RNA samples from juvenile barramundi in each dietary treatment (Diets 1 to 6) after 

feeding for 4 weeks, were used to determine the most stable housekeeping genes for 

normalizing the mRNA abundance of the target genes, FADS2 and ELOVL among different 

diets. Five housekeeping gene candidates, including β-Actin, RPLP1α, 18s rRNA, EF1α and 

GAPDH were selected from commonly used reference genes (263, 264). To enable species 

specific PCR primers to be developed for performing qRT-PCR, sequence information of 

barramundi specific gene was needed. However, no barramundi specific gene sequence 

information was initially available for the 5 housekeeping genes at the time that I checked 

GenBank® database. I therefore had to first design degenerate primer pairs for each gene 

based on cross species pairwise alignment of other teleosts sequences available from 

GenBank® according to their homologous regions. Those teleosts included Japanese 

amberjack (Seriola quinqueradiata) (AB179839), cobia (Rachycentron canadum) 

(EU266539), Mozambique tilapia (Oreochromis mossambicus) (AB037865), rainbow trout 

(Oncorhynchus mykiss) (AF254414), zebra fish (Danio rerio) (BC165823) for identifying β-

Actin mRNA sequence in barramundi; zebra fish (FJ915075), Atlantic salmon (Salmon salar) 

(AJ427629), rainbow trout (AF243428), cobia (DQ279821), Ishikawa's cherry salmon 

(Oncorhynchus masou ishikawae) (AF243427) for 18s rRNA; zebra fish (NM_131263), 

Atlantic salmon (AF321836), European seabass (Dicentrarchus labrax) (AJ866727) and 

fathead minnow (Pimephales promelas) (AY643400) for EF1α; Senegalese sole (Solea 

senegalensis) (AB374984), European flounder (Platichthys flesus) (AJ843879), Atlantic 

halibut (Hippoglossus hippoglossus) (EU412645) and three-spined stickleback (Gasterosteus 

aculeatus) (BT026793) for RPLP1α. Over the period of primer design and sequence 

identification, De Santis et. al. (20) deposited 18s rRNA (GQ507431), EF1α (GQ507427) and 

GAPDH (GQ507430) partial cDNA sequence into GenBank®. I therefore also included 
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GAPDH as one of the candidates for the barramundi housekeeping gene selection. Primers 

used for obtaining partial mRNA sequence were: β-Actin F- 5’-

CCGCACTGGTTGTTGACAACGG-3’/R-5-’TCGTACTCCTGCTTGCTGATCC-3’; 18s 

rRNA F-5’-CGGAGGTTCGAAGACGATCAG-3’/R-5’-

GGGCAGGGACTTAATCAACGC-3’; EF1α F-5’-GAGTCAACAAGATGGACTCCAC-

3’/R-5’-GGGTGGTTCAGGATGATGACC-3’; RPLP1α F-5’-

GAAGCTAAGGCCCACAATCCG-3’/R-5’-AGAGACCGAAGCCCATGTCG-3’; GAPDH 

F5’-AAGTATGACTCCACCCACGGC-3’/R-5’CCGAACTCATTATCATACCAGG-3’. 

Specific sequences of these common reference genes were retrieved by PCR of barramundi 

hepatic total RNA using OneStep RT-PCR kit (Qiagen) to perform reverse transcription and 

PCR. The two reactions were carried out sequentially in the same tube and the Eppendorf 

Mastercycler® was used for all PCR amplification. All procedures were conducted, according 

to the manufacturer’s protocol. Briefly, each 50 µL reaction components for one-step RT-

PCR were as follows: OneStep RT-PCR Buffer (1X); 2 μL of the dNTP Mix; Q-solution (1X); 

RNase-free water; 2 µL of primers per amplification; 2 μL of RT-PCR Enzyme Mix;  5-10 

units/reaction of RNaseOUT™ (Invitrogen) and template RNA (1 μg/reaction). RT-PCR 

amplification was initiated with a reverse-transcription reaction at 50°C for 30 min and an 

initial hot start enzyme activation step at 95°C for 15 min followed by 25-40 cycles of 

denaturation at 94°C for 0.5-1 min, annealing at 55-65°C for 0.5-1 min and extension at 72°C 

for 1 min and followed by a final extension at 72°C for 10 min. MinElute® PCR Purification 

Kit (Qiagen) was used to clean up and purify the products of the PCR reactions, according to 

the manufacturer’s instructions and using an Eppendorf microcentrifuge 5415 R (Eppendorf 

South Pacific Pty. Ltd., NSW, Australia). PCR fragments were visualized on a 1.5% agarose 

gel (Progen Industries Ltd, Queensland, Australia) and then cloned into a pGEM®-T easy 

vector system (Promega) and sequenced in both direction (forward and reverse) using M13 

universal sequencing primers (F-5’-GTCATAGCTGTTTCCTGTGTG-3’/R-5’-

GTCGTGACTGGGAAAACCCTGGCG-3’). Nucleotide sequence analyses were performed 

using BigDye® terminator sequencing (Applied Biosystems automated 3730 sequencer) at 

Molecular Pathology Sequencing, Institute of Medical and Veterinary Science (IMVS), SA, 

Australia. The resulting sequences were compared against those available from the public 

domain using National Centre for Biotechnology Information (NCBI) Basic Local Alignment 

Search Tool for nucleotides (BLASTN) and barramundi sequences (β-Actin, 18s rRNA, EF1α 

and RPLP1α) obtained from liver RNA were deposited in GenBank®. Their cellular functions, 

qRT-PCR primer pairs, accession numbers and amplicon sizes are listed in Table 4.6. 
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To eliminate any residual traces of DNA contamination, a total of 1 µg of total RNA for each 

sample was treated with RQ1 RNase-Free DNase (Promega) and an aliquot of each RNA 

sample was diluted to a final standardized concentration of 5 ng/µL prior to qRT-PCR 

analyses. The 5 housekeeping gene candidates was analysed with the geNorm software 

(http://medgen.ugent.be/~jvdesomp/genorm/#housekeepers) which is a Microsoft Excel-based 

application that evaluates the expression stability of internal control genes based on the 

principle that the expression ratio of the two stable housekeeping genes should be the same in 

all samples (265), therefore, the software was used to identify the most stably expressed 

control genes in a given set of barramundi liver tissues from 6 dietary treatments.  

 

4.4.8 qRT-PCR analysis 
Quantification of relative gene expression levels were determined by one-step qRT-PCR 

using SYBR green fluorescence. Each qRT-PCR reaction consisted of 10 ng of fish total 

hepatic RNA, 5 μL of 2x QuantiFast® SYBR Green RT-PCR Master Mix, 1 μL of 5 μM (0.5 

μM in final concentration) primers, 0.1 μL QuantiFast® RT Mix and supplemented with 

RNase-free water to final volume of 10 μL. Primer sets used for assessing FADS2 and 

ELOVL mRNA abundance are shown in Table 4.7. The qRT-PCR conditions, primer 

validation, quality control and detection procedures were described previously in chapter 2. 

 

4.5 Statistical analysis 
All fatty acid composition data and mean normalised expression data between the different 

dietary groups were tested using one-way ANOVA followed by the Tukey-Kramer multiple 

comparisons test if P value was less than 0.05. Data were sampled from populations which 

had identical SDs and followed Gaussian distributions. Kruskal-Wallis post test with Dunn's 

multiple comparison test was applied for non-parametric analyses of groups with N<3 or data 

which did not pass the normality test. An unpaired t-test was used to examine differences 

between growth measurements and lipid compositions between initial and after washout 

period fish. A probability level of 0.05 (P<0.05) was used in all tests. All analyses were 

performed using GraphPad InSat 3.10 software. Detailed selection criteria for statistical 

methods were previously described in chapter 2. 
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4.6 Results 

4.6.1 Growth performance and feed efficiency 

The body weight, length and width of fish upon arrival and after washout feeding are shown 

in Table 4.8. Over the course of the 3-week washout diet feeding, the fish exhibited an 

increase in body weight of 1.5 g, fork length of 0.7 cm and width of 3.6 mm.  

 

The growth performance and feed utilization efficienccies were compared for fish fed the 5 

experimental diets and the commercial reference diet. During the 4-week experimental period, 

the overall survival rate ranged between 73.3% (Diet 2) and 97.8% (commercial diet) but 

survival rate did not differ between the different experimental dietary groups (Diets 1-5), 

(Table 4.9). The final body weight was also not different between the experimental diets 

(Diets 1-5) but the commercial diet fed fish were significantly heavier than all fish fed the 

vegetable oil-based diets, and exhibited a 2.1 fold higher body weight compared to the fish 

fed vegetable oil-based diets. A similar pattern was observed for other growth parameters 

including length, width, weight gain and specific growth rate, which were 1.3, 1.3, 4 and 2.8 

fold higher, respectively, in fish fed the commercial barramundi diet. There was also a 

significant difference between the 5 vegetable oil-based experimental diets and fish fed the 

commercial diet in feed intake with a feed intake of 3.1 fold greater in fish provided with the 

commercial feed. Feed conversion ratio tended to be lower for the fish on the commercial diet 

compared to fish fed vegetable oil-based diets but this difference was not statistically 

significant (P=0.15). Hepatosomatic index, the ratio of liver weight to body weight, provides 

an indication of the status of energy reserve in fish and this parameter was not different 

between the different dietary groups (P=0.35) (Table 4.9).       
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Table 4. 6 qRT-PCR pimers for housekeeping gene selection 

Genes 
Cellular 
Function F/R Sequence 5’-3’ 

Accession 
No. 

Amplicon 
(bp) 

β-Actin Cytoskeleton F 

R 

TGCGTGACATCAAGGAGAAG 

AGGAAGGAAGGCTGGAAGAG 

GU188683 175 

18S ribosomal 

RNA (18s 

rRNA) 

Ribosome 

subunit 

F 

R 

GTGCATGGCCGTTCTTAGTT 

CTCAATCTCGTGTGGCTGAA 

GU188686 150 

Elongation 

factor 1α 

(EF1α) 

Protein 

biosynthesis 

F 

R 

CTGGTTCAAGGGATGGAAAA 

TCCAATACCGCCAATTTTGT 

GU188685 154 

ribosomal 

protein LP1 

(RPLP1α) 

Protein 

biosynthesis 

F 

R 

AAGGCTGCTGGAGTCACTGT 

ATGTCGTCATCGGACTCCTC 

GU188684 224 

glyceraldehyde-

3-phosphate 

dehydrogenase  

(GAPDH) 

Glycolysis 

enzyme 

F 

R 

CGACAACTTTGGCATCATTG 

GTCAACCACTGACACGTTGG 

GQ507430 238 

 

 

Table 4. 7 Pimers for qRT-PCR analysis 

Genes F/R Sequence 5’-3’ 
Accession. 

No. 
Amplicon 

(bp) E1 

β-Actin F 

R 

TGCGTGACATCAAGGAGAAG 

AGGAAGGAAGGCTGGAAGAG 

GU188683 175 1.14 

FADS2 F 

R 

CTGGTCATCGATCGAAAGGT 

CTGCGCACATAAAGAGTGGA 

GU047383 249 1.18 

ELOVL F 

R 

GTGCGTCCCTAAACAGCTTC 

GCACACATTGTCTGGGTCAC 

GU047382 154 1.19 

1Amplification efficiency.  
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Table 4. 8 Mean growth measurements of barramundi before (initial) and after washout period  

 Before washout After washout 

BW (g)1 5.2±0.3** 6.7±0.3 

Length (cm)1 7.6±0.2 8.3±0.1 

Width (mm)1 17.5±0.8 21.1±0.4 
1Values denoted with asterisk superscripts were significantly different from each other (**P<0.01) as determined 
by t-test (two-tailed). Data are means ± SEM of n=8.  
 

 

 

Table 4. 9 Growth and efficiency measurements of barramundi fed the vegetable oil-based 

diets and the commercial diet   

Growth 
parameters1 

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Commercial 
diet 

FBW (g)2 10.5±0.4a 10.6±0.7a 10.2±0.4a 11.3±0.5a 10.0±0.5a 21.9±0.7b 
Length (cm)2 9.5±0.1a 9.5 ± 0.2a 9.4±0.2a 9.8±0.2a 9.5±0.2a 12.4±0.2b 
Width (mm)2 23.8±0.3a 23.7±0.5a 23.3±0.4a 24.9±0.4a 23.7±0.5a 30.4±0.3b 
Weight gain (%)2  56.7±6.2a 58.3±9.9a 52.4±6.5a 68.4±8.2a 49.8±7.8a 227.5±9.9b 
SGR (%)2 0.7±0.1a 0.7±0.1a 0.6±0.1a 0.8±0.1a 0.6±0.1a 1.8±0.1b 
FCR3 0.9±0.0 1.0±0.0 1.0±0.2 0.8±0.1 1.0±0.1 0.7±0.0 
Feed intake (g/d)3 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.01a 0.4±0.0b 
HSI (%)4  1.5±0.1 1.5±0.1 1.5±0.1 1.3±0.1 1.5±0.1 1.4±0.1 
Survival (%)3  86.7±7.7 73.3±3.8 88.9±5.9 77.8±8.0 86.6±6.7 97.8±2.2 
1Growth measurements were calculated using the equations as described in section 4.4.4.  
2Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Kruskal-Wallis test. Data are means ± SEM of n=24 per group.  
3FCR and survival (%) was calculated on a tank basis (15 fish per tank and 3 tanks per group). Values with 
different superscripts are significantly different from each other (P<0.05) as determined by one-way ANOVA 
with Kruskal-Wallis test. Data are means ± SEM of n=3 per group. No significant differences were found 
between groups. 
4Values for HSI% were determined by one-way ANOVA with Tukey-Kramer Multiple Comparison test. Values 
with different superscripts are significantly different from each other (P<0.05). Data are means ± SEM of n=21-
24. No significant differences were found between groups. 



 

122 

 

4.6.2 Tissue fat contents  
Liver fat contents (%, w/w) were not significantly altered by the period of feeding of the 

washout diet however fillet fat content was lower following the 3-week washout diet (Table 

4.10). At the end of the 4-week feeding trial, liver fat content was higher in fish fed on the 

vegetable oil-based diets (Diets 1-5) than in fish fed on the commercial diet, but did not differ 

between the 5 vegetable oil-based diets (Table 4.11). When the data from all feeding groups 

were combined, there was a significant inverse relationship between liver fat content and total 

PUFA content of the diet (Figure 4.1 B). There was no relationship, however, between total 

dietary PUFA content and fat content of the fillet (Figure 4.1 A). 

 

Table 4. 10 Tissue fat contents of barramundi before (initial) and after washout periods 

 Before washout After washout 

Fillet fat (%)1 1.1±0.1* 1.0±0.0 

Liver fat (%)1 7.5±1.1 10.7±1.5 
1Values denoted with asterisk superscripts were significantly different from each other (*P<0.05) as determined 
by two-tailed, unpaired t-test. Data are means ± SEM of n=8.  
 
 
Table 4. 11 Tissue fats of barramundi fed the vegetable oil-based and the commercial diet   

Fat (%) Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Commercial diet 

Fillet1 1.0±0.0 1.0±0.0 1.1±0.0 1.0±0.0 1.0±0.0 1.0±0.0 

Liver2 18.0±1.4b 19.2±1.0b 18.0±1.2b 17.0±1.1b 15.0±1.0b 10.0±0.7a 
1Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Kruskal-Wallis test. Data are means ± SEM of n=24 per group. No differences were found 
between groups. 
2Values with different superscripts are significantly different from each other (P<0.05) as determined by one-
way ANOVA with Tukey-Kramer Multiple Comparison test. Data are means ± SEM of n=24 for all dietary 
groups except n=21 for dietary group 5 (Diet 5).  
 
 
 
 
 
 



 

123 

 

A 

total PUFA% of total fatty acid

fi
ll

e
t 

fa
t 

%

10 15 20 25 30 35 40

0.6

0.8

1.0

1.2
P=0.337

 

B 

die
t 1

die
t 2

die
t 3

die
t 4

die
t 5

co
m

m
r.
 d

ie
t

0

5

10

15

20

25
P < 0.0001

b b
b

b

b

a

*** ***
***

***

*

li
v

e
r 

fa
t 

%

 

Figure 4. 1 Fat contents of fillet (A) and liver (B). Statistical analysis for fillet fat contents 

was determined by one-way ANOVA with Kruskal-Wallis test. Data are means ± SEM of 

n=24 per group. Statistical analysis for liver fat contents was determined by one-way 

ANOVA with Tukey-Kramer Multiple Comparison test. Data are means ± SEM of n=24 for 

all dietary groups except n=21 for dietary group 5 (Diet 5). Values denoted with asterisk 

superscripts were significantly different from each other (*
P<0.05 and ***

P<0.001). 
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4.6.3 Effect of 3-week washout diet on tissue fatty acid compositions 
In the fillet and liver tissues of barramundi fingerlings previously fed fish oil- and fish meal-

based commercial diet, the fatty acid composition of the phospholipid fractions changed 

significantly after the 3-week washout period (Table 4.12 and 4.13). Compared to the pre-

washout fatty acid composition, the level of n-3 LCPUFA originating from dietary fish oil 

and fishmeal, particularly EPA, DPA and DHA decreased significantly, while total monoenes 

(16:1 n-7, 18:1 n-9 and 18:1 n-7), which were present at high levels in the washout diet 

(macadamia oil) increased by 1.7 fold and 2.8 fold in fillet (Table 4.12) and liver (Table 

4.13), respectively. The level of total saturates decreased in both fillet and liver phospholipids 

during the washout period. Levels of LA and total n-6 decreased in fillet phospholipids but 

LA level increased and total n-6 content was unchanged in liver phospholipids in fish after 3 

weeks of the washout diet. Most importantly, levels of n-3 series fatty acids, ALA, EPA, DPA 

and DHA in both fillet (Table 4.12) and liver (Table 4.13) phospholipid fractions decreased 

significantly in fish fed the washout diet for 3 weeks. Among these, ALA in fillet 

phospholipids decreased 2.8 fold and that in liver phospholipids was below the detection level 

after the washout diet period. Moreover, levels of EPA, DPA and DHA decreased by 1.5-1.2 

fold in fillet phospholipids (Table 4.12) whereas in the liver phospholipid fraction the n-3 

LCPUFA content decreased by 2.4-1.6 fold (Table 4.13). Figure 4.2 A shows that, with the 

exception of total monoenes, the proportion of all of fatty acid series including total saturates, 

total n-6, total n-3 and total PUFA in fillet phospholipid fraction decreased significantly in 

fish fed the washout diet. Similar effects were also observed in liver phospholipids, with the 

exception of total n-6 (Figure 4.2 B). 

 

The fillet triglyceride had a lower percentage of 16:0, LA, ALA and all n-3 LCPUFA 

following the 3-week washout period, and the total saturates, total n-6, total n-3 and total 

PUFA content of fillet triglyceride decreased by 1, 2.4, 2.7 and 2.5 fold, respectively, whereas 

total monoenes increased by 1.8 fold (Table 4.14 and Figure 4.3 A). Similar changes were 

observed in the liver triglyceride fraction (Table 4.15 and Figure 4.3 B).  

 

Saturates and n-3 fatty acids were the two most abundant fatty acid series in both the fillet and 

liver phospholipid fractions in fish prior to feeding the washout diet, whereas saturates and 

monoenes are the two major fatty acid groups in fish after the 3 weeks on the washout diet 

(Table 4.12, 4.13 and Figure 4.2). In contrast, saturates and monoenes were the most abundant 

fatty acids in the triglyceride fractions of fillet and liver both before and after the 3 weeks on 
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the washout diet. The monoene content, however, was increased by 1.2 fold and 1.9 fold in 

fillet and liver triglyceride, respectively, in fish fed the washout diet (Table 4.14, 4.15 and 

Figure 4.3).  

 

In summary, after being fed for 3 weeks on a washout diet which contained very low levels of 

PUFA, high monoenes and no n-3 LCPUFA, there was a significant decrease in the levels of 

all of major n-3 LCPUFA including EPA, DPA and DHA and increase in monoenes content 

in both liver and fillet of barramundi fingerlings. This thus resulted in a decrease in total n-3 

fatty acid content and increase in the proportion of monoenes including 16:1 n-7, 18:1 n-9 and 

18:1 n-7, compared to fish fed on the standard commercial barramundi diet, which are based 

largely on fish oils. 
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Table 4. 12 Fatty acid compositions of barramundi fillet phospholipids before and after the 3 

weeks on the washout diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

1Fatty acid (%) is present as % of total fatty acids. Values denoted with asterisk superscripts were significantly 
different from each other (*P<0.05, **P<0.01 and ***P<0.001) as determined by a two-tailed, unpaired t-test. Data 
are means ± SEM of n=9-10. 

Fillet phospholipid Before washout After washout 

Fatty acids (%)1   

16:0 18.6±0.1 16.6±0.2*** 

18:0 11.0±0.1 10.4±0.2** 

Total saturates 36.2±0.2 31.6±0.4*** 

16:1 n-7 0.9±0.1 2.8±0.4** 

18:1 n-9 13.5±0.2 23.2±0.9*** 

18:1 n-7 2.9±0.0 3.4±0.1*** 

Total monoenes 18.9±0.2 31.3±1.4*** 

18:2 n-6 (LA) 8.3±0.1 7.3±0.2*** 

18:3 n-6  0.4±0.0 0.4±0.1 

20:2 n-6 0.3±0.0 N.D. 

20:3 n-6 0.3±0.0 0.4±0.0* 

20:4 n-6 (AA) 2.8±0.1 2.6±0.1 

22:2 n-6 < 0.05 N.D. 

22:4 n-6 0.2±0.0 0.1±0.0* 

Total n-6 12.3±0.1 10.8±0.2*** 

18:3 n-3 (ALA) 0.4±0.0 0.1±0.0*** 

18:4 n-3 0.1±0.0 N.D. 

20:5 n-3 (EPA) 4.5±0.0 3.1±0.1*** 

22:5 n-3 (DPA) 2.2±0.1 1.7±0.1*** 

22:6 n-3 (DHA) 24.7±0.3 19.8±0.8*** 

Total n-3 31.9±0.2 24.7±1.0*** 

Total PUFA 44.2±0.3 35.5±1.0*** 
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Table 4. 13 Fatty acid compositions of barramundi liver phospholipids before and after the 3 

weeks on the washout diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

1Fatty acid (%) is present as % of total fatty acids. Values denoted with asterisk superscripts were significantly 
different from each other (*P<0.05 and ***P<0.001) as determined by a two-tailed, unpaired t-test. Data are 
means ± SEM of n=9-10. 
 

 

 

Liver phospholipid Before washout After washout 

Fatty acids (%)1   

16:0 18.5±0.3 15.0±0.7*** 

18:0 15.8±0.5 14.7±0.5 

Total saturates 37.9±0.4 32.0±0.5*** 

16:1 n-7 < 0.05 1.3±0.4*** 

18:1 n-9 7.0±0.1 22.6±2.0*** 

18:1 n-7 1.9±0.0 3.1±0.1*** 

Total monoenes 10.3±0.1 28.7±2.4*** 

18:2 n-6 (LA) 7.6±0.3 8.8±0.3* 

18:3 n-6  0.5±0.1 0.8±0.1* 

20:2 n-6 0.2±0.0 N.D. 

20:3 n-6 0.4±0.1 1.6±0.3* 

20:4 n-6 (AA) 5.4±0.1 4.2±0.2*** 

22:2 n-6 < 0.05 N.D. 

22:4 n-6 0.1±0.0 0.3±0.1* 

Total n-6 14.3±0.3 15.6±0.6 

18:3 n-3 (ALA) 0.3±0.0 N.D. 

18:4 n-3 N.D. 0.1±0.1 

20:5 n-3 (EPA) 5.8±0.1 2.4±0.4*** 

22:5 n-3 (DPA) 2.1±0.1 1.4±0.1*** 

22:6 n-3 (DHA) 28.5±0.4 18.0±2.2*** 

Total n-3 36.8±0.3 22.3±2.8*** 

Total PUFA 51.2±0.3 37.9±2.3*** 
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Figure 4. 2 Fatty acid compositions of fillet (A) and liver (B) phospholipids (PL). Statistical 

analysis for fatty acids was determined by a two-tailed, unpaired t-test. Data are means ± 

SEM of n=9-10 per group. Values with different asterisk superscripts are significantly 

different from each other (***
P<0.001).  
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Table 4. 14 Fatty acid compositions of barramundi fillet triglycerides before and after the 3 

weeks on the washout diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

1Fatty acid (%) is present as % of total fatty acids. Values denoted with asterisk superscripts were significantly 
different from each other (*P<0.05 and ***P<0.001) as determined by a two-tailed, unpaired t-test. Data are 
means ± SEM of n=9-10. 

Fillet triglyceride Before washout After washout 

Fatty acids (%)1   

16:0 22.4±0.5 20.7±0.8* 

18:0 7.1±0.4 7.5±0.5 

Total saturates 34.0±0.7 29.7±1.0* 

16:1 n-7 3.8±0.1 8.9±0.5*** 

18:1 n-9 21.3±0.2 42.7±1.3*** 

18:1 n-7 2.9±0.1 2.5±0.8 

Total monoenes 30.4±0.2 54.1±2.0*** 

18:2 n-6 (LA) 16.3±0.4 7.6±1.2*** 

18:3 n-6  0.8±0.0 N.D. 

20:2 n-6 N.D. N.D. 

20:3 n-6 0.2±0.1 N.D. 

20:4 n-6 (AA) 0.6±0.1 N.D. 

22:2 n-6 N.D. N.D. 

22:4 n-6 0.1±0.0 N.D. 

Total n-6 18.0±0.4 7.6±1.2*** 

18:3 n-3 (ALA) 1.3±0.0 N.D. 

18:4 n-3 0.3±0.1 0.4±0.2 

20:5 n-3 (EPA) 3.8±0.1 1.1±0.3*** 

22:5 n-3 (DPA) 1.6±0.1 0.6±0.2*** 

22:6 n-3 (DHA) 8.9±0.3 3.9±0.7*** 

Total n-3 16.1±0.5 6.0±1.1*** 

Total PUFA 34.1±0.7 13.6±1.8*** 
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Table 4. 15 Fatty acid compositions of barramundi liver triglycerides before and after the 3 

weeks on the washout diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Fatty acid (%) is present as % of total fatty acids. Values denoted with asterisk superscripts were significantly 
different from each other (*P<0.05 and ***P<0.001) as determined by a two-tailed, unpaired t-test. Data are 
means ± SEM of n=9-10. 

Liver triglyceride Before washout After washout 

Fatty acids (%)1   

16:0 21.2±0.1 18.9±0.8* 

18:0 5.8±0.3 5.2±0.3 

Total saturates 32.3±0.3 27.5±1.1*** 

16:1 n-7 3.6±0.1 9.5±0.4*** 

18:1 n-9 22.0±0.3 43.6±1.4*** 

18:1 n-7 2.7±0.0 3.9±0.1*** 

Total monoenes 31.3±0.2 60.1±2.0*** 

18:2 n-6 (LA) 17.0±0.5 6.2±1.2*** 

18:3 n-6  1.4±0.1 1.4±0.1 

20:2 n-6 0.3±0.0 N.D. 

20:3 n-6 0.3±0.0 < 0.05*** 

20:4 n-6 (AA) 0.7±0.0 < 0.05*** 

22:2 n-6 0.1±0.0 N.D. 

22:4 n-6 0.2±0.0 < 0.05*** 

Total n-6 20.0±0.6 7.7±1.2*** 

18:3 n-3 (ALA) 1.3±0.0 0.1±0.1*** 

18:4 n-3 0.7±0.0 < 0.05*** 

20:5 n-3 (EPA) 3.6±0.2 0.8±0.2*** 

22:5 n-3 (DPA) 1.9±0.1 0.5±0.1*** 

22:6 n-3 (DHA) 7.9±0.4 2.1±0.6*** 

Total n-3 15.7±0.5 3.8±1.0*** 

Total PUFA 35.7±0.3 11.4±2.2*** 
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Figure 4. 3 Fatty acid compositions of fillet (A) and liver (B) triglycerides (TG). Statistical 

analysis for fatty acids was determined by a two-tailed, unpaired t-test. Data are means ± 

SEM of n=9-10 per group. Values with different superscripts are significantly different from 

each other (*
P<0.05, **

P<0.01 and ***
P<0.001). 
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4.6.4 Effect of dietary treatments (vegetable oil-based and commercial feeds) on 

tissue fatty acid compositions 

4.6.4.1 Fillet phospholipid fraction 

There were no significant differences in total saturates among fish fed experimental diets 1 to 

diet 5, however the total saturates were about 1.2 fold higher in fish fed the commercial diet 

compared to those fed on any of the vegetable oil-based diets. The total n-3 fatty acid content 

in the fillet phospholipids increased with increasing dietary ALA concentration among 

experimental diets 1 to 5 however the average level of total n-3 was still 1.9 fold lower in the 

diet containing the highest ALA level than that in fish fed the commercial diet (Table 4.16 

and Figure 4.4 A). No differences were observed in fillet phospholipid content of total n-6 

fatty acids with increasing ALA content in fisf fed the 5 experimental diets. LA levels were 

constant but AA levels increased with increasing dietary ALA in fillet phospholipids of the 

fish fed the 5 experimental diets (Diets 1-5) (Table 4.16). Levels of total n-6 in fillet 

phospholipids were lower in fish fed the commercial diet compared with fish fed any of the 5 

experimental diets (Figure 4.4 A). Fish fed the commercial reference diet had, on average, 

2.4, 1.7 and 2 fold higher levels of EPA, DPA and DHA, respectively, in their fillet 

phospholipids than fish fed the vegetable oil-based diets (Diets 1-5) (Table 4.16 and Figure 

4.4 B). No significant differences were observed in the levels of these n-3 LCPUFA in the 

fillet phospholipids among fish fed the 5 experimental vegetable oil-based diets (Table 4.16), 

however these fish fed diets 3, 4 and 5 had significantly higher levels of ALA in their fillet 

phospholipids compared to fish fed the commercial diet and the ALA content increased with 

increasing ALA content in the diet (Figure 4.4 B). Thus, fish fed diet 5 (dietary ALA 3.2%en) 

had the highest level of ALA in their fillet phospholipid fraction and this level was 12.2 fold 

higher than that in fish fed diet 1 (dietary ALA 0.1%en) (Table 4.16).  
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Figure 4. 4 Major fatty acid series (A) and n-3 fatty acids (B) of fillet phospholipids (PL). 

Data are means ± SEM of n=24 for all dietary groups. Values with different superscripts are 

significantly different from each other (P<0.05). 
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Table 4. 16 Fatty acid compositions of fish fillet phospholipids  
 

1Fatty acid (%) is present as % of total fatty acids. Values with different superscripts are significantly different 
from each other (P<0.05) as determined by one-way ANOVA with Tukey-Kramer or Kruskal-Wallis test. Data 
are means ± SEM of n=24 per group.  

Fillet 
phospholipid Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

LA:ALA Ratio 21.9 4.7 2.9 1.2 0.7 8.8 

LA%en 2.5 2.3 2.4 2.5 2.3 3.3 

ALA%en 0.1 0.5 0.8 2.2 3.2 0.4 

Fatty acids (%)1       

16:0 17.2±0.2a 17.2±0.2a 16.7±0.2a 16.6±0.2a 16.9±0.3a 20.5±0.2b 

18:0 8.5±0.1a 8.6±0.1a 9.0±0.1b 9.1±0.1b 9.3±0.1b 10.7±0.1c 

Total saturates 29.2±0.3a 29.4±0.3a 29.5±0.3a 29.4±0.4a 30.0±0.4a 35.3±0.3b 

16:1 n-7 3.4±0.1a 3.4±0.1a 3.2±0.1a 3.1±0.1ab 2.7±0.1b 1.3±0.1c 

18:1 n-9 30.9±0.4a 30.2±0.5a 29.3±0.5ab 29.0±0.4ab 27.0±0.6b 14.8±0.2c 

18:1 n-7 3.3±0.1a 3.3±0.1a 3.3±0.1a 3.3±0.1a 3.0±0.1a 2.5±0.1b 

Total monoenes 40.0±0.6a 39.5±0.7a 38.3±0.7ab 38.0±0.6ab 35.3±0.9b 20.6±0.2c 

18:2 n-6 (LA) 10.1±0.2a 10.1±0.3a 9.9±0.2a 10.0±0.2a 10.4±0.2a 7. 3±0.2b 

18:3 n-6 0.8±0.0a 0.7±0.0ab 0.7±0.0b 0.7±0.0ab 0.6±0.0b 0.2±0.0c 

20:2 n-6 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.2±0.0b 

20:3 n-6 0.7±0.0a 0.6±0.0ab 0.6±0.0bc 0.6±0.0bc 0.5±0.0c 0.4±0.0d 

20:4 n-6 (AA) 2.0±0.1a 2.09±0.1a 2.2±0.1ab 2.1±0.1ab 2.5±0.1b 2.8±0.0c 

22:4 n-6 0.2±0.0a 0.2±0.0a 0.2±0.0a 0.2±0.0a 0.2±0.0a 0.2±0.0b 

22:5 n-6 0.9±0.0a 0.9±0.0a 0.9±0.0a 0.9±0.0a 1.0±0.1a 1.5±0.0b 

Total n-6 14.7±0.2a 14.6±0.4a 14.5±0.2a 14.5±0.2a 15.2±0.3a 12.5±0.2b 

18:3 n-3 (ALA) 0.2±0.0a 0.5±0.0bc 0.7±0.0cd 1.7±0.1d 2.2±0.2d 0.3±0.0ab 

18:4 n-3 N.D. N.D. N.D. N.D. N.D. N.D. 

20:3 n-3 N.D. N.D. N.D. N.D. < 0.05 < 0.05 

20:5 n-3 (EPA) 1.8±0.1a 1.8±0.1a 2±0.1a 1.8±0.1a 2.2±0.2a 4.7±0.1b 

22:5 n-3 (DPA) 1.2±0.0a 1.2±0.1a 1.3±0.1a 1.2±0.1a 1.3±0.1a 2.1±0.0b 

22:6 n-3 (DHA) 11.3±0.4a 11.5±0.4a 12.4±0.4a 12.1±0.4a 12.7±0.5a 24.0±0.2b 

Total n-3 14.6±0.5a 15.1±0.5a 16.5±0.6ab 16.9±0.4ab 18.5±0.5b 31.1±0.2c 

Total PUFA 29.2±0.5a 29.7±0.6a 31.0±0.5ab 31.4±0.4ab 33.7±0.7b 43.7±0.2c 
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4.6.4.2 Fillet triglyceride fraction 

The overall fatty acid composition in fillet triglyceride of fish fed the vegetable oil-based diets 

1 to 5 and the commercial diet are shown in Figure 4.5 and Table 4.17. No significant 

differences were observed in the content of total saturates and total n-6 between the 5 

vegetable oil-based diets. Total saturates and total n-6 in the fillet triglyceride fractions of fish 

fed the diets 1 to 5 were approximately 23.8% and 9.3%, respectively (Table 4.17). The 

pattern of fatty acid distribution was similar to that in fillet phospholipids (Figure 4.4). Total 

monoenes decreased and total n-3 increased significantly in the fillet triglyceride fractions 

with increasing dietary ALA content in the experimental vegetable oil-based diets 1 to 5 

(Figure 4.5 A). Fish fed the commercial diet had 1.4, 1.7 and 4.1 fold higher levels of total 

saturates, total n-6 and total n-3 but 1.9 fold lower levels of monoenes in the fillet triglyceride 

fractions compared to fish fed the vegetable oil-based diets (Table 4.17). For the individual n-

3 fatty acids, no significant differences were observed in fillet triglyceride EPA, DPA and 

DHA levels in fish fed the vegetable oil-based feeds (Diets 1-5), however, the levels were 

10.2 fold, 6.9 fold and 6.5 fold higher for EPA, DPA and DHA, respectively, in fish fed the 

commercial diet compared with those fed the experimental diets 1 to 5 (Figure 4.5 B and 

Table 4.17). ALA levels in fillet triglycerides increased significantly with increasing dietary 

ALA content (Figure 4.5 B). Fillet triglyceride ALA levels in the fish fed on the commercial 

diet (ALA%en 0.4) were lower than those in fish fed on the high ALA vegetable oil-based 

diets 4 to 5 (ALA%en from 2.2 to 3.2) but similar to those in fish fed on diet 3 (ALA%en 

0.8).     
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Figure 4. 5 Major fatty acid series (A) and n-3 fatty acids (B) of fillet triglycerides (TG). Data 

are means ± SEM of n=24 for all dietary groups. Values with different superscripts are 

significantly different from each other (P<0.05). 
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Table 4. 17 Fatty acid compositions of fish fillet triglycerides  
 

1Fatty acid (%) is present as % of total fatty acids. Values with different superscripts are significantly different 
from each other (P<0.05) as determined by one-way ANOVA with Tukey-Kramer or Kruskal-Wallis test. Data 
are means ± SEM of n=24 per group.  
 

Fillet 
triglyceride Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

LA:ALA Ratio 21.9 4.7 2.9 1.2 0.7 8.8 

LA%en 2.5 2.3 2.4 2.5 2.3 3.3 

ALA%en 0.1 0.5 0.8 2.2 3.2 0.4 

Fatty acids (%)1       

16:0 14.6±0.2a 14.9±0.4a 14.8±0.3a 14.5±0.3a 17.0±1.1a 22.0±0.2b 

18:0 4.8±0.1ab 5.1±0.2ab 5.4±0.3abc 4.9±0.2ab 6.3±0.5bc 5.7±0.1c 

Total saturates 22.9±0.2a 23.3±0.6a 23.8±0.5a 22.7±0.4a 26.4±1.5a 33.6±0.3b 

16:1 n-7 11.3±0.2a 11.3±0.4a 10.7±0.3ab 10.8±0.3ab 9.2±0.5b 5.1±0.1c 

18:1 n-9 46.0±0.5a 45.2±0.6a 45.1±0.7a 43.9±0.4ab 42.1±0.6b 22.0±0.3c 

18:1 n-7 3.4±0.0a 3.6±0.0b 3.5±0.0ab 3.3±0.0a 3.3±0.1a 2.8±0.0c 

Total monoenes 63.3±0.6a 62.6±0.9a 61.8±0.9a 60.7±0.6ab 57.1±1.0b 32.1±0.3c 

18:2 n-6 (LA) 8.0±0.2a 8.0±0.4a 8.1±0.3a 8.5±0.2a 8.5±0.3a 13.9±0.2b 

18:3 n-6  0.8±0.0a 0.7±0.0ab 0.6±0.0bc 0.7±0.0abc 0.5±0.1cd 0.4±0.0d 

20:2 n-6 < 0.05a < 0.05a < 0.05a < 0.05a < 0.05a 0.1±0.0b 

20:3 n-6 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0b 0.2±0.0c 

20:4 n-6 (AA) 0.3±0.1a 0.4±0.1a 0.3±0.1a 0.2±0.0a 0.1±0.0a 0.7±0.0b 

22:4 n-6 N.D. N.D. N.D. N.D. N.D. 0.1±0.0 

22:5 n-6 0.1±0.0a 0.1±0.0a 0.1±0.0a < 0.05a < 0.05a 0.69±0.0b 

Total n-6 9.3±0.3a 9.3±0.4a 9.2±0.3a 9.5±0.2a 9.2±0.3a 16.0±0.2b 

18:3 n-3 (ALA) 0.4±0.0a 0.8±0.1ab 1.2±0.1bc 3.1±0.2d 4.1±0.5d 1.3±0.0c 

18:4 n-3 N.D. N.D. N.D. N.D. N.D. 0.3±0.1 

20:3 n-3 N.D. N.D. N.D. N.D. N.D. < 0.05 

20:5 n-3 (EPA) 0.4±0.1a 0.4±0.1a 0.5±0.1a 0.4±0.1a 0.3±0.1a 4.18±0.1b 

22:5 n-3 (DPA) 0.3±0.0a 0.3±0.0a 0.3±0.1a 0.3±0.1a 0.2±0.1a 2.0±0.0b 

22:6 n-3 (DHA) 1.3±0.2a 1.6±0.2a 1.7±0.3a 1.7±0.2a 1.7±0.3a 10.3±0.2b 

Total n-3 2.8±0.3a 3.1±0.3a 3.8±0.4a 5.7±0.3b 6.3±0.5b 17.7±0.3c 

Total PUFA 12.1±0.5a 12.4±0.6a 12.9±0.7a 15.2±0.4b 15.5±0.7b 33.6±0.3c 
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4.6.4.3 Liver phospholipid fraction 

Effects of the vegetable oil-based diets and the commercial diet on fatty acid composition of 

liver phospholipids are shown in Figure 4.6. The saturated fatty acids 16:0 and 18:0 

contributed equally to the total saturate content, which was approximately 30% of total fatty 

acids for the liver phospholipids in fish from all dietary treatments. There were no significant 

differences in total saturate content in liver phospholipid in fish fed the vegetable oil-based 

diets 1 to 5. Similarly, there was no difference in the total monoenes and total n-3 fatty acid 

content of liver phospholipids between the fish fed the 5 vegetable oil-based diets. The total 

n-6 level decreased with increasing dietary ALA content in fish fed the diets 1 to 5 (Figure 4.6 

A and Table 4.18). Fish fed the commercial diet had lower total monoenes and total n-6 

content, but a higher proportions of saturated and n-3 fatty acids (Figure 4.6 A and Table 

4.18), particularly n-3 LCPUFA EPA, DPA and DHA (Figure 4.6 B and Table 4.18), 

compared to fish fed the vegetable oil-based diets. No significant differences were observed 

in liver phospholipid content of LA, 18:3 n-6 or any other n-6 LCPUFA between fish fed 

diets 1 to 5 (Table 4.18). The ALA content of liver phospholipids increased progressively 

with increasing dietary ALA content in fish fed the diets 1 to 5. Moreover, the liver 

phospholipid content of the ALA desaturation product 18:4 n-3 in fish fed the diets 4 and 5 

appeared to increase with increasing dietary ALA levels (Table 4.18). When compared with 

fish fed the commercial diet, the EPA, DPA and DHA levels were 4.8, 2 and 2.7 fold lower in 

fish fed on the vegetable oil-based diets (Table 4.18).   
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Figure 4. 6 Major fatty acid series (A) and n-3 fatty acids (B) of liver phospholipids. Data are 

means ± SEM of n=24 for all dietary groups except n=21 for dietary group 5 (Diet 5). Values 

with different superscripts are significantly different from each other (P<0.05). 
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Table 4. 18 Fatty acid compositions of fish liver phospholipids  
 

1Fatty acid (%) is present as % of total fatty acids. Values with different superscripts are significantly different 
from each other (P<0.05) as determined by one-way ANOVA with Tukey-Kramer or Kruskal-Wallis test. Data 
are means ± SEM of n=24 per group. 
  

Liver 
phospholipid Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

LA:ALA Ratio 21.9 4.7 2.9 1.2 0.7 8.8 

LA%en 2.5 2.3 2.4 2.5 2.3 3.3 

ALA%en 0.1 0.5 0.8 2.2 3.2 0.4 

Fatty acids (%)1       

16:0 14.4±0.3a 14.3±0.4a 14.5±0.4a 14.4±0.4a 15.2±0.4a 19.7±0.2b
 

18:0 14.6±0.2 14.3±0.3 14.9±0.3 14.9±0.3 14.9±0.4 15.0±0.3 

Total saturates 33.2±0.4a 32.5±0.4a 33.4±0.4a 33.4±0.3a 33.8±0.8a 38.5±0.3b 

16:1 n-7 2.4±0.1a 2.6±0.1a 2.3±0.1a 2.3±0.1a 2.3±0.1a 0.72±0.0b 

18:1 n-9 24.9±0.8a 24.8±1.1a 24.1±0.9a 23.2±0.8a 21.8±1.1a 6.3±0.1b 

18:1 n-7 2.6±0.0a 2.7±0.1a 2.6±0.1a 2.5±0.0a 2.4±0.1a 1.6±0.0b 

Total monoenes 32.1±0.9a 32.5±1.3a 31.4±1.1a 30.9±0.9a 29.5±1.3a 10.3±0.2b 

18:2 n-6 (LA) 11.2±0.2a 11.1±0.3a 11.2±0.3a 11.20.3a 10.5±0.3a 4.6±0.1b 

18:3 n-6  1.6±0.1a 1.5±0.1a 1.3±0.1a 1.4±0.1a 1.4±0.1a 0.4±0.0b 

20:2 n-6 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.2±0.0b 

20:3 n-6 2.2±0.2a 2.0±0.2a 1.8±0.2a 1.5±0.1a 1.5±0.2a 0.6±0.1b 

20:4 n-6 (AA) 3.0±0.1a 2.9±0.1a 3.0±0.1a 2.9±0.1a 2.9±0.1a 4.8±0.1b 

22:4 n-6 0.3±0.0a 0.2±0.0a 0.3±0.0a 0.3±0.0a 0.3±0.0a 0.1±0.0b 

22:5 n-6 0.9±0.0a 0.8±0.1a 0.9±0.1a 0.9±0.1a 0.9±0.1a 1.4±0.0b 

Total n-6 19.2±0.2a 18.7±0.4ab 18.5±0.3ab 18.2±0.4ab 17.6±0.4b 12.2±0.2c 

18:3 n-3 (ALA) 0.1±0.0a 0.5±0.0bc 0.7±0.0cd 1.9±0.1d 2.8±0.2d 0.2±0.0ab 

18:4 n-3 < 0.05a < 0.05a < 0.05a 0.1±0.1ab 0.3±0.1b 0.1±0.0a 

20:3 n-3 N.D. N.D. N.D. N.D. N.D. N.D. 

20:5 n-3 (EPA) 1.1±0.1a 1.0±0.1a 1.3±0.2a 1.2±0.1a 1.2±0.2a 5.5±0.1b 

22:5 n-3 (DPA) 1.0±0.1a 1.0±0.1a 1.0±0.1a 1.0±0.0a 1.0±0.1a 2.0±0.1b 

22:6 n-3 (DHA) 10.8±0.8a 11.5±1.5a 11.7±1.0a 11.4±1.2a 11.9±1.6a 30.8±0.4b 

Total n-3 13.1±1.0a 14.0±1.6a 14.7±1.2a 15.6±1.2a 17.2±1.6a 38.6±0.3b 

Total PUFA 32.3±0.8a 32.7±1.3a 33.3±1.0a 33.8±0.9a 34.7±1.3a 50.8±0.3b 
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4.6.4.4 Liver triglyceride fraction 

Total fatty acid composition in liver triglycerides of fish fed the vegetable oil-based diets 

(Diets 1-5) and the commercial diet are shown in Figure 4.7 and Table 4.19. No significant 

differences were observed in the level of total saturates and total n-6 fatty acids between the 5 

vegetable oil-based diets. Total saturates and total n-6 in liver triglycerides of fish fed the 

diets 1 to 5 were approximately 25.5% and 6.6% respectively (Table 4.19). The fatty acid 

composition followed a similar trend to that in the fillet triglyceride fractions (Figure 4.5). 

Total monoenes appeared to decrease and total n-3 appeared to increase significantly in liver 

triglycerides with increasing dietary ALA levels (Figure 4.7 A). Fish fed the commercial diet 

had a 1.3, 2.4 and 7.5 fold higher content of total saturates, total n-6 and total n-3 and 1.8 fold 

lower total monoene content in liver triglycerides than the vegetable oil-based diets. For the 

individual n-3 fatty acids, no significant differences were observed in EPA, DPA and DHA 

levels in liver triglycerides of fish fed the vegetable oil-based feeds (Diets 1-5), however, 

EPA, DPA and DHA levels were 22.2 fold, 15.5 fold and 15.3 fold lower respectively, 

compared to levels in fish fed the commercial diet (Figure 4.7 B and Table 4.19). ALA levels 

in liver triglycerides (Figure 4.7 B and Table 4.19) increased significantly with increasing 

dietary ALA content. 

 

In summary, fillet and liver phospholipid fractions both shared similar fatty acid profiles and 

responses to the different experimental diets. A similar phenomenon was also observed in 

fillet and liver triglyceride fractions. There were no significant difference in the levels of total 

saturates or any of n-3 LCPUFA EPA, DPA and DHA in tissues between the different 

vegetable oil-based diets (Diets 1-5) (Figure 4.4 and 4.6). There were also no significant 

differences in total n-6 fatty acid content in fillet phospholipid and triglyceride as well as liver 

triglyceride fractions among the 5 vegetable oil-based diets, however fish fed on the diet 5 

had significantly lower total n-6 content in liver phospholipid compared to the fish fed on diet 

1 (Table 4.18). In fish fed the vegetable oil-based diets, the ALA content of the fillet and liver 

increased whilst the monoene content decreased with increasing dietary ALA content (Figure 

4.4-4.7 and Table 4.16-4.19). Compared to fish fed the commercial fish diet, however, the 

vegetable oil-based diets were all associated with lower EPA, DPA and DHA contents in both 

the fillet and the liver, particularly the triglyceride fractions (Figure 4.4-4.7 and Table 4.16-

4.19). These results suggest that ALA is the only n-3 fatty acid that accumulated in fish 

tissues to any significant extent as dietary ALA content increased, and that there was no 
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corresponding increase in the n-3 LCPUFA content of these tissues in response to increased 

ALA in the diets (Figure 4.8 and 4.9). 
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Figure 4. 7 Major fatty acid series (A) and n-3 fatty acids (B) of liver triglycerides (TG). Data 

are means ± SEM of n=24 for all dietary groups except n=21 for dietary group 5 (Diet 5). 

Values with different superscripts are significantly different from each other (P<0.05). 
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Table 4. 19 Fatty acid compositions of fish liver triglycerides  
 

1Fatty acid (%) is present as % of total fatty acids. Values with different superscripts are significantly different 
from each other (P<0.05) as determined by one-way ANOVA with Tukey-Kramer or Kruskal-Wallis test. Data 
are means ± SEM of n=24 per group.  
 

 

Liver 
triglyceride Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 

Commercial 
diet 

LA:ALA Ratio 21.9 4.7 2.9 1.2 0.7 8.8 

LA%en 2.5 2.3 2.4 2.5 2.3 3.3 

ALA%en 0.1 0.5 0.8 2.2 3.2 0.4 

Fatty acids (%)1       

16:0 17.3±0.6a 17.3±0.8a 16.7±0.5a 16.8±0.5a 17.9±0.9a 22.3±0.3b 

18:0 4.5±0.1a 4.4±0.2a 4.7±0.1a 4.7±0.1a 5.1±0.2a 5.9±0.1b 

Total saturates 25.5±0.7a 25.2±0.5a 25.2±0.6a 25.1±0.6a 26.6±1.1a 33.4±0.4b 

16:1 n-7 9.3±0.3a 9.4±0.4a 9.2±0.2ab 8.8±0.3ab 8.3±0.3b 4.7±0.1c 

18:1 n-9 46.0±0.4a 47.3±1.0a 45.8±0.6ab 45.6±0.4abc 43.3±0.8c 23.1±0.4d 

18:1 n-7 3.6±0.0ab 3.5±0.2a 3.6±0.1ab 3.5±0.0bc 3.4±0.1c 2.9±0.0d 

Total monoenes 63.1±0.6ab 63.4±0.5a 62.1±0.9a 61.7±0.6ab 58.7±1.1b 33.4±0.5c 

18:2 n-6 (LA) 4.6±0.4a 4.3±0.3a 5.0±0.5a 5.2±0.4a 5.6±0.6a 13.4±0.3b 

18:3 n-6  1.6±0.1a 1.5±0.1a 1.5±0.1a 1.5±0.1a 1.4±0.1a 0.7±0.0b 

20:2 n-6 < 0.05a N.D. < 0.05a < 0.05a N.D. 0.1±0.0b 

20:3 n-6 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.1±0.0a 0.2±0.0b 

20:4 n-6 (AA) < 0.05a < 0.05a 0.1±0.0a < 0.05a 0.1±0.0a 0.7±0.0b 

22:4 n-6 N.D. N.D. N.D. N.D. N.D. 0.1±0.0 

22:5 n-6 < 0.05a < 0.05a < 0.05a < 0.05a 0.1±0.0a 0.6±0.0b 

Total n-6 6.4±0.4a 5.9±0.4a 6.6±0.6a 6.8±0.4a 7.2±0.6a 15.8±0.3b 

18:3 n-3 (ALA) 0.2±0.0a 0.5±0.0ab 0.7±0.0b 1.8±0.1c 2.7±0.2d 1.2±0.0e 

18:4 n-3 N.D. N.D. N.D. N.D. N.D. 0.5±0.1 

20:3 n-3 N.D. N.D. N.D. N.D. N.D. N.D. 

20:5 n-3 (EPA) 0.2±0.0a 0.1±0.0a 0.2±0.1a 0.1±0.0a 0.3±0.2a 4.0±0.1b 

22:5 n-3 (DPA) 0.1±0.0a 0.1±0.0a 0.2±0.1a 0.1±0.0a 0.2±0.1a 2.0±0.1b 

22:6 n-3 (DHA) 0.5±0.1a 0.4±0.1a 0.7±0.2a 0.6±0.1a 0.9±0.3a 9.4±0.3b 

Total n-3 1.1±0.2a 1.1±0.1a 1.9±0.4ab 2.7±0.2b 4.3±0.6b 16.6±0.4c 

Total PUFA 7.5±0.6a 7.0±0.5a 8.5±0.9ab 9.5±0.6ab 11.4±1.2b 32.4±0.5c 
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Figure 4. 8 N-3 fatty acids of fillet phospholipids (PL) (A) and triglycerides (TG) (B) in fish 

fed the diets 1 to 5 with increasing dietary ALA. Data are means ± SEM of n=24 for all 

dietary groups. Statistical analysis for fatty acid compositions was determined by one-way 

ANOVA with Tukey-Kramer Multiple or Kruskal-Wallis test. Values with different 

superscripts are significantly different from each other (P<0.05). 
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Figure 4. 9 N-3 fatty acids of liver phospholipids (PL) (A) and triglycerides (TG) (B) in fish 

fed the diets 1 to 5 with increasing dietary ALA. Statistical analysis for fatty acid 

compositions was determined by one-way ANOVA with Tukey-Kramer Multiple or Kruskal-

Wallis test. Values with different superscripts are significantly different from each other 

(P<0.05). Data are means ± SEM of n=21-24 for all dietary groups. 
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4.6.5 Effect of dietary treatments (vegetable oil-based and commercial feeds) on 

tissue fatty acid profiles in individual fish 
Scatter plots of fatty acid compositions of the individual fish fed with the 5 vegetable oil-

based diets and the commercial diets are presented in Figure 4.10 and 4.11. The results show 

remarkable diversities in fatty acids in tissues of individual fish, particularly in the liver, after 

the period of feeding on the vegetable oil-based diets (Figure 4.10 and 4.11 A-E). In contrast, 

the diversity of fatty acid composition between individual fish was negligible in fish fed the 

commercial diet (Figure 4.10 and 4.11 F). In the fish fed on the commercial diet, the major n-

3 LCPUFA was DHA which ranged from 26.7 to 34% of total fatty acid in livers (Figure 4.10 

F) and 21.5 to 26.1% of total fatty acids in fillets (Figure 4.11 F). On the other hand, though 

DHA was still the main n-3 LCPUFA in the both fillet and liver, the level varied massively 

from 5.9 to 21.2% in liver phospholipids of the fish fed on the diet 1 (Figure 4.10 A) and 4.2 

to 34.3% in fish fed on the diet 5 (Figure 4.10 E). Similar ranges were also observed in liver 

phospholipid DHA content among fish fed the diets 2 to 4 (Figure 4.10 B-D). When the 

differences between individual fish in liver phospholipid fatty acid contents were expressed as 

coefficient of variation (CV%) values, the average CV% was as high as 61.1±3.3% for EPA, 

25.1±1.8% for DPA and 50.6±5.0% for DHA in the fish fed any of the vegetable oil-based 

diets compared with a CV% of only 6.9%, 15% and 5.6% for EPA, DPA and DHA, 

respectively, in the fish fed the commercial diet (Figure 4.10). Similar results were also 

observed in fillet phospholipid in which the average CV% were smaller than those in liver 

phospholipid, with 25.6±2.9% for EPA, 19±0.8% for DPA and 17.1±0.7% for DHA in fillet 

phospholipids of fish fed the vegetable oil-based diets (Figure 4.11). In contrast, the CV% 

values in fillet phospholipid of fish fed on the commercial diet were much lower than those in 

the same tissue of fish fed on the vegetable oil-based feeds, with CV% of 5.5% for EPA, 

5.4% for DPA and 4.9% for DHA (Figure 4.11). Furthermore, similar diversities in fatty acid 

composition were also found in fillet phospholipids of fish fed on the 5 vegetable oil-based 

diets, however to a lesser extent than in the liver. For example, the level of DHA ranged from 

8.8 to 16% of total fatty acids in fillet phospholipid of the fish fed on the diet 1 (Figure 4.11 

A) and 8.9 to 17.6% of total fatty acids in fish fed the diet 5 (Figure 4.11 E). 
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Figure 4. 10 Individual variation in the fatty acid composition of liver phospholipids (PL) in 

fish fed the 5 vegetable oil-based diets and the commercial diet. Scatter plots were plotted 

using fatty acid data from 20-24 fish per dietary treatments (A-F). 
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Figure 4. 11 Individual variation in the fatty acid composition of fillet phospholipids (PL) in 

fish fed the 5 vegetable oil-based diets and the commercial diet. Scatter plots were plotted 

using fatty acid data from 20-24 fish per dietary treatments (A-F). 
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4.6.6 Gene stability measure and ranking of selected housekeeping genes 
In this study, the geNorm expression stability analysis indicates that β-Actin and 18s rRNA 

had the highest stability value (Figure 4.12). However, due to the low threshold cycle (Ct) 

value (high mRNA abundance) of 18s rRNA (Ct<6) at the RNA concentration that I tested for 

all housekeeping and target genes, β-Actin, which had a Ct value of 16, was chosen as an 

internal control for assessing gene expression levels of barramundi FADS2 and ELOVL.  

 

 
Figure 4. 12 Average expression stability values (M) of five housekeeping gene candidates 

during stepwise exclusion of the least stable control gene were calculated by the geNorm 

program. Low M values correspond to high expression stability.  
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4.6.7 Effect of dietary treatments (vegetable oil-based and commercial feeds) on 

mRNA expression levels of FADS2 and ELOVL 
The effect of dietary ALA content on the mRNA expression of two of the most important 

enzymes in the LCPUFA synthetic pathway, Δ6 desaturase (FADS2) and elongase (ELOVL) 

is shown in Figure 4.13. FADS2 (Figure 4.13 A) and ELOVL (Figure 4.13 B) mRNA 

expression was not different between the vegetable oil-based diets across the range of dietary 

ALA content of 0.1%en to 3.2%en. Despite the fact that there were no significant differences 

in gene expression levels of hepatic FADS2 and ELOVL among the fish fed on the vegetable 

oil-based diets, the expression of both FADS2 (Figure 4.14 A) and ELOVL (Figure 4.14 B) 

mRNA was higher in fish fed on any of the vegetable oil-based diets compared to those fed 

on the commercial diet. On average, the relative expression of the FADS2 gene was 9.96 fold 

(Figure 4.14 A) and ELOVL gene was 3.12 fold (Figure 4.14 B) higher in fish fed on the 

vegetable oil-based diets than in the fish fed on the commercial diet, irrespective of the 

dietary ALA content.  
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Figure 4. 13 The relative gene expression of FADS2 (A) and ELOVL (B) in liver of fish fed 

the 5 vegetable oil-based diets (Diets 1-5) with increasing dietary ALA. Relative transcript 

(mRNA) levels were determined by qRT-PCR and normalised by housekeeping gene β-Actin. 

Abundance of mRNA is expressed as the mean normalised expression value. Statistical 

analysis was determined by one-way ANOVA with Tukey-Kramer Multiple or Kruskal-

Wallis test. No significant differences were found between groups. Data are mean ± SEM 

(n=21-24). 
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Figure 4. 14 The relative gene expression of FADS2 (A) and ELOVL (B) in liver of fish fed 

the 5 vegetable oil-based diets (Diets 1-5) with increasing dietary ALA and the commercial 

reference diet. Relative transcript (mRNA) levels were determined by qRT-PCR and 

normalised by housekeeping gene β-Actin. Abundance of mRNA is expressed as the mean 

normalised expression value. Statistical analysis was determined by one-way ANOVA with 

Tukey-Kramer Multiple or Kruskal-Wallis test. Values with different superscripts are 

significantly different from each other (P<0.05). Data are mean ± SEM (n=21-24). 
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4.6.8 Relationship between liver phospholipid DHA content and fish body 

weight of fish fed on different dietary treatments (vegetable oil-based and 

commercial feeds) 
The relationships between DHA level of barramundi liver phospholipid and the body weight 

of the fish are presented in Figure 4.15. Linear regression analysis showed that there was no 

significant correlation between liver DHA content (% fatty acid) and body weight in fish fed 

either the vegetable oil-based diets (Figure 4.15 A-E) or the fish oil-based diet (Figure 4.15 F).  
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Figure 4. 15 Correlations between liver phospholipid (PL) DHA levels and fish body weight 

in fish fed the 5 vegetable oil-based diets (Diets 1-5) and the commercial reference diet. 

Scatter plots were plotted using fatty acid data from 20-24 fish per dietary treatments (A-F). 
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4.6.9 Relationship between liver phospholipid DHA content and mRNA 

expression levels of FADS2 and ELOVL of fish fed on different dietary 

treatments (vegetable oil-based diets and commercial feed) 
The relationships between DHA level of barramundi liver phospholipid and mRNA levels of 

FADS2 and ELOVL of the fish are presented in Figures 4.16 and 4.17, respectively. Linear 

regression analysis showed that there was no significant correlation between liver DHA 

content (% fatty acid) and hepatic gene expression of either gene in fish fed the vegetable oil-

based diets (Figures 4.16 and 4.17 A-E) or the fish oil-based commercial diet (Figures 4.16 

and 4.17 F). However, liver DHA levels in fish fed vegetable oil-based diets tended (P=0.07) 

to be inversely related to FADS2 and ELOVL expression, such that the DHA% of total fatty 

acids decreased with increasing relative FADS2 and ELOVL expression; but this relationship 

was not statistically significant.  
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Figure 4. 16 Correlations between liver phospholipid (PL) DHA levels and hepatic gene 

expression levels of FADS2 in fish fed the 5 vegetable oil-based diets (Diets 1-5) and the 

commercial reference diet. Scatter plots were plotted using fatty acid data from 20-24 fish per 

dietary treatments (A-F).  

mean normalised expression

FADS2 gene/-actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40

Diet1

R2=0.09
P=0.15

A

mean normalised expression

FADS2 gene/ -actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40

Diet2

R2=0.17
P=0.05

B

mean normalised expression

FADS2 gene/ -actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40

Diet3

R2=0.14
P=0.08

C

mean normalised expression

FADS2 gene/-actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40

Diet4

R2=0.10
P=0.14

D

mean normalised expression

FADS2 gene/ -actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40

Diet5

R2=0.16
P=0.07

E

mean normalised expression

FADS2 gene/-actin

D
H

A
 i

n
 l

iv
e

r 
P

L
 (

%
 f

a
tt

y 
a

c
id

)

0.00 0.02 0.04 0.06 0.08
0

5

10

15

20

25

30

35

40
Commercial diet

R
2
=0.01

P=0.64

F



 

158 

 

 

 
 

Figure 4. 17 Correlations between liver phospholipid (PL) DHA levels and hepatic gene 

expression levels of ELOVL in fish the 5 vegetable oil-based diets (Diets 1-5) and the 

commercial reference diet. Scatter plots were plotted using fatty acid data from 20-24 fish per 

dietary treatments (A-F). 
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4.7  Discussion 
Tucker et. al. (266) found that when barramundi with body weights between 9-62 g were fed 

with diets of similar fatty acid and dietary composition but containing different levels of fat 

(9% and 13%, w/w of diets), the growth rate of fish was similar but feed conversion was 

significantly lower when the fat content of the diet was increased. In another study, which 

compared diets with three lipid levels (6, 12 and 18%, w/w of diets) at a fixed protein content 

of 43%, the highest weight gains and best feed conversion were observed in juvenile 

barramundi fed diets containing 20% carbohydrate with 12% or 18% fat (267). The 

improvement in growth rate and feed efficiency at higher lipid contents of the diet suggested 

an energy dependant effect of fat on growth. In the current study, an average of 12.7% of fat 

from vegetable oils and 49.9% of protein from defatted poultry meals and soybean protein 

concentrates were included in the 5 experimental diets compared with the commercial diet 

which contained 10% and 48.7% of marine derived fat and protein, respectively. The results 

indicated that feeding barramundi fingerlings diets based on vegetable oils as compared to 

marine oils had negative effects on the fish growth, with the weight gain 2 fold lower and feed 

conversion rate (FCR) 1.3 fold higher in these fish compared with fish fed commercial diets. 

In animal husbandry, FCR is a measure of an animal's efficiency in converting feed mass into 

increased body mass, and is calculated by dividing the mass of food eaten by the body mass 

gain, over a defined period of time, and as a result a low FCR is indicative of more efficient 

conversion of feed into growth. In this study, the growth rate, length, width, weight gain and 

specific growth rate were all significantly lower in fish fed the vegetable oil-based diets than 

that of fish fed the commercial diet and this decreased growth performance occurred despite 

the fact that total fat levels in the vegetable oil-based diets were ~3% higher than in the 

commercial diet (Table 4.4 and 4.9). This implies, therefore, that fat or energy content may 

not be the major determinant for barramundi growth and performance, and that the type of 

lipid in the diet, or other nutrients in the diet also play an important role. The commercial diet 

contained ~2.35% (w/w) of n-3 LCPUFA, predominately EPA and DHA, however none of 

the major n-3 and n-6 LCPUFA was present at a detectable levels in the vegetable oil-based 

diets. There have been numerous studies indicating that most aquatic species have some form 

of demand for n-3 LCPUFA particularly EPA and DHA as essential dietary nutrients. 

However, the amount of these n-3 fatty acids in the diet and how it is influenced by the 

presence of other fatty acids in the diets appear to vary among different fish species (268). 

Results from my study suggest that the n-3 LCPUFA are indeed essential for optimal growth 



 

160 

 

and development, and that this requirement for n-3 LCPUFA is independent of the total 

dietary fat content. 

 

Previous studies have suggested that the requirements of fish for n-3 LCPUFA are higher for 

marine than for freshwater species, and also higher for cool than for warm water species. 

Diadromous species may be able to obtain their fatty acid requirements from C18 PUFA or 

have a reduced requirement for n-3 LCPUFA and some freshwater fish appear to have no 

demand for n-3 LCPUFA at all (269-271). The limited ability to digest and utilise dietary 

PUFA or the low desaturation/elongation activities of marine/diadromous species is 

inherently associated with its marine environment and evolution. The differences between 

marine and freshwater fish can be accounted for by considering their natural diets in the food 

chain and particularly whether a species is carnivorous, omnivorous or herbivorous. Taking 

an extreme carnivorous marine species turbot as an example, the fish consumes large amounts 

of n-3 LCPUFA through eating other fish and consequently there is no requirement for turbot 

to convert their limited intake of ALA and LA in their diet to EPA and DHA, therefore, the 

capacity for LCPUFA conversion has been reduced or completely lost during evolution (40). 

In contrast, freshwater invertebrate organisms or aquatic insect larvae used commonly as fish 

feed tend to have higher levels of LA, ALA, AA and EPA but considerably less DPA and 

DHA (41-43), thus, C18 PUFA are at least present in the food chain of freshwater species and 

correlates with the capability of freshwater fish to convert ALA and LA to the biologically 

active C20 and C22 LCPUFA. In the case of barramundi, studies from the 1980s by 

Buranapanidgit et. al. (272, 273) as cited by Glencross and Rutherford (268) indicated that 

dietary LCPUFA levels, primarily as a mix of EPA and DHA, of 1-1.7% (w/w) of the diets 

were adequate to maintain good growth. Early studies by Dhert et. al. suggested that 

barramundi larvae fed on a n-3 LCPUFA fortified live feed had a superior physiological 

condition which was reflected by significantly lower mortality figures during a stress test 

(274). Glencross and Rutherford (268) examined a series of diets with varying DHA levels in 

juvenile barramundi and observed that 0.2% of n-3 LCPUFA resulted in the best growth, and 

emphasized that both EPA and DHA were required. A similar study examined the effects of 

mixing fish oil with soybean oil to alter the n-3 and n-6 ratio and simultaneously reduce the 

levels of n-3 LCPUFA in barramundi diets and results from this study showed that the 

increasing levels of soybean oil had little effect on fish growth, however a sign of EFA 

deficiency such as shock-like response was observed where there were low levels of n-3 

LCPUFA (275). Another study in which authors examined total lipid levels reported that fish 
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fed diets with 5% lipid, regardless of the protein content, showed abnormal reddening of the 

fins (fin erosion), indicating a deficiency in total lipids, n-3 LCPUFA or both (257). Similar 

signs of EFA deficiency have also been reported in barramundi fed diets containing 0.035-

0.068% (w/w) n-3 LCPUFA but not in those fed diets containing 0.13% (w/w) n-3 LCPUFA 

(272). In this current study, though the fin erosion was not observed, growth retardation was 

significant in fish fed the vegetable oil-based diets (n-3 LCPUFA-free) compared to fish fed 

the commercial diet (n-3 LCPUFA-rich). Moreover, higher mortality (Table 4.9) and 

increased liver fat content (Table 4.11) were both observed in the vegetable oil-based diet fed 

fish. These responses have been reported to be typical signs of LCPUFA deficiency in other 

fish species (269, 276).  

 

The primary aim of this study was to determine whether feeding barramundi with vegetable 

oil-based diets containing high levels of ALA affects the n-3 content of tissues and gene 

expression of the key fatty acid enzymes (FADS2 and ELOVL). The analysis of fatty acids in 

phospholipid and triglyceride fractions of tissues of juvenile barramundi fed different diets in 

this study confirmed that the fatty acid composition of the fillet and liver are directly 

influenced by the dietary lipid composition as described previously by others (277, 278). The 

primary representative fatty acids in the washout diet were monoenes (Table 4.5) and 

therefore more monoenes were found in tissues of fish fed the washout diets compared with 

fish fed on commercial diets (before washout diet feeding) (Figure 4.2 and Figure 4.3). The 

major fatty acids in the 5 vegetable oil-based diets were monoenes and short chain PUFA (LA 

and ALA) (Table 4.5) and these fatty acids were shown to accumulate in fish fillet and liver 

(Table 4.16-4.19). However, fatty acid intermediates 18:4 n-3, 18:3 n-6, 20:3 n-6 and 22:4 n-6 

were detected at higher levels in liver phospholipid after a 3-week acclimation during which 

fish were fed on a washout diet. Similar accumulation was also observed in both fillet and 

liver phospholipid fractions in fish fed the 5 vegetable oil-based diets, the 18:4 n-3, 20:3 n-3 

and 20:2 n-6 levels, however, were low or in some cases even below the limit of detection, 

and levels of all n-3 LCPUFA in fish fed the vegetable oil-based diets were even lower than 

the levels in fish fed the washout diets, suggesting the limited capacity for fatty acid 

desaturation and elongation in barramundi.  

 

In other studies, when barramundi were fed on three diets containing different oil sources 

including fish oil, echium oil (rich in 18:4 n-3) or rapeseed oil (rich in monoenes and LA), a 

fatty acid mass balance of fish whole body showed that feeding barramundi on 18:4 n-3 rich 
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feed bypassed the first rate-limiting step in n-3 LCPUFA pathway. The fish, however, showed 

no accumulation of EPA and DHA; and ALA and 18:4 n-3 were the two major n-3 fatty acid 

accumulated in the whole body of echium oil fed barramundi (279). A study by Izquierdo et. 

al. (192) showed that it is possible to substitute 60% of the fish oil in diets with other 

vegetable oil sources in another diadromous species, the European sea bass (Dicentrarchus 

labrax), with a range of vegetable oils, without negative effects on fish performance and flesh 

quality. The replacement of fish oil, however, resulted in a reduction in n-3 LCPUFA content, 

particularly EPA, in fish muscle by nearly 50%. A more recent study in the European sea bass, 

indicated that total substitution of a fish meal and fish oil with a blend of vegetable meal (corn, 

soybean, wheat and lupin) and flaxseed oil in the diets resulted in nutritional deficiency, 

growth retardation and significant decreases in all n-3 LCPUFA by about 3 fold compared 

with the n-3 LCPUFA levels in fish fed fish meal/fish oil-based diets (280). In contrast, the 

results reported by Alhazzaa et. al. (279), who performed whole body fatty acid mass balance 

(appearance/disappearance) analysis for juvenile barramundi fed different diets, suggested 

that fish receiving higher levels of monoenes and PUFA (ALA and LA) in diets with lower n-

3 LCPUFA levels had a higher Δ6 desaturase apparent activity than fish fed fish oil diets. 

Interestingly, when fish were fed diets rich in 18:4 n-3 and 18:3 n-6 and low in n-3 LCPUFA, 

but which still contained high levels of ALA and LA, the apparent Δ6 desaturase activity was 

very low, whilst Δ5 desaturase and elongase activities were high; however, no further 

increases in the n-3 LCPUFA content in tissues was observed in fish fed vegetable oil diets 

(279).   
 

In this study, the comparison between the 5 vegetable oil-based diets with increasing ALA 

levels revealed that fish fed with the vegetable oil-based diets were completely depleted in n-3 

LCPUFA and that this was not corrected by including increased amounts of ALA in the diet. 

Increasing dietary ALA content also had no effect on hepatic FADS2 and ELOVL mRNA 

levels (Figure 4.13). However, I reported that hepatic mRNA expression of FADS2 and 

ELOVL genes was higher in fish fed on the vegetable oil-based diets compared with those 

consuming the commercial diet (Figure 4.14). These results are consistent with the results of a 

previous study in European sea bass in which fish were fed on a diet in which 60% of the 

dietary fish oil was substituted with rapeseed oil or flaxseed oil. This resulted in a 5 fold up-

regulation of the FADS2 gene compared with fish who were fed the standard (100% fish oil) 

diets (281). In another similar study, the mRNA expression of FADS2 in marine gilthead sea 

bream fed soybean and rapeseed oils were increased by 5.8 and 6.6 fold, respectively, 
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compared with fish consuming fish oil-based diets (282). However, in the same study, feeding 

the sea bream with same amount of flaxseed oil resulted in a much more modest increase in 

mRNA abundance of the FADS2, which was only increased by 2.3 fold compared with the 

expression level in fish fed fish oil diets. Doubling the amount of flaxseed oil in the diet 

completely inhibited FADS2 gene expression, however, the enzyme activity remained the 

same (43). In contrast, feeding freshwater fish, such as zebra fish and Nile tilapia 

(Oreochromis niloticus) with vegetable oil diets which provided 1% (w/w) of both LA and 

ALA, increased hepatocyte Δ6 desaturase activity in both fish; in zebra fish, the main effect 

of the vegetable oil diet was to increase Δ6 desaturase activity and to production of the ALA 

desaturation product, 18:4 n-3. The same diet in tilapia, however, was able to induce activity 

of all enzymes in the fatty acid pathway and resulted in increased amounts of EPA and DHA. 

Whilst dietary C18 PUFA stimulated fatty acid enzymes activities, desaturation of ALA was 

still insufficient to maintain n-3 LCPUFA status in fish fed vegetable oil diet at the same level 

as in fish fed the fish oil diet (149). These differences suggested that the mechanism of 

LCPUFA biosynthesis is complicated and seems to be highly species dependent. In the 

current study, the ALA level used in the diets was able to increase mRNA abundances of 

FADS2 and ELOVL when compared with those levels in fish fed diets containing LCPUFA, 

however, the extent of the increase may not be sufficient to trigger enzyme activity of Δ6 

desaturase and elongase for converting dietary C18 PUFA to their corresponding longer chain 

metabolites. The total monoenes and PUFA levels together with deprivation of n-3 LCPUFA 

in these vegetable oil diets, therefore, may have played more important roles on up-regulating 

of FADS2 and ELOVL genes in barramundi. 

 

Due to the observed difference in body weight in fish among treatments, the association 

between DHA level and body weight were further analysed, however according to the linear 

regression analysis, I found no significant relationship between the two factors (Figure 4.15 

A-E). Thus, our data suggest that the diet composition is an environmental factor that can 

generate significant diversity in major physiological traits of metabolism in the barramundi, 

with increased intake of dietary n-3 LCPUFA leading to improved accumulation of these 

biologically active fatty acids in tissues of fish fed the commercial diet (Figure 4.15 F). 

However, with increased intake of dietary C18 ALA, the precursor fatty acid for EPA and 

DHA synthesis, showed increased accumulation of ALA but no further increase of its longer 

chain metabolites, and the DHA levels in fish fed these vegetable oil-based diet were not 

related to body weight (Figure 4.15 A-E). Not only were the tissue DHA level in the 5 
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vegetable oil diets fed fish not related to body weight, the DHA levels were not positively 

related to the relative FADS2 (Figure 4.16) and ELOVL (Figure 4.17) mRNA abundance. On 

the contrary, it shows a slightly negative correlation between liver DHA and gene expression 

of both FADS2 and ELOVL (Figure 4.16-4.17 A-E). Results obtained here are in agreement 

with the results of existing studies, for example a n-3 LCPUFA-free vegetable diets were 

associated with a significant increase in FADS2 and SREBP-1 mRNA expression in sea bass, 

however, FADS2 enzyme activity and its protein level were not up-regulated by the vegetable 

diets when compared with the levels in fish fed fish diet (36). The authors of this paper 

suggested that a post transcriptional regulation of FADS2 mRNA (or other genes involved in 

the fatty acid pathway) blocked the up-regulation of enzyme activity in fish fed n-3 LCPUFA 

diets and this may have been the cause of the poor conversion of the PUFA in vegetable oil 

diets to n-3 LCPUFA in this species (36). In this current study, whilst I did not measure the 

enzyme activities and protein expression levels of FADS2 and ELOVL enzymes, the negative 

correlation between fish body weight and gene expressions of FADS2/ELOVL with tissue 

DHA levels has led me to hypothesise that some barramundi may have a higher capacity for 

using the dietary short chain PUFA, ALA, as a precursor to synthesise DHA. However, the 

mechanism responsible for increased LCPUFA biosynthetic activity during periods of limited 

LCPUFA intake is not clear, seems to be species dependent and has a high degree of inter-

individual variability. Thus, while there can be no doubt that dietary and tissue fatty acids 

exert profound effects upon the metabolism of vertebrates, further work is needed to explore 

the biological mechanisms for these effects and thereby explain contrasting results of different 

studies. 

 

The ability to increased n-3 PUFA levels (particularly ALA) in barramundi tissues with ALA 

diets could improve the nutritional value of fillets (3). Nevertheless, reduced n-3 LCPUFA 

levels are undesirable from a human nutrition perspective. Fillet EPA and DHA levels (4.7% 

and 24% of total fatty acids, respectively, in the commercial diet fed fish) decreased to 2.5% 

and 11.3% of total fatty acids, respectively, in fish fed the vegetable oil-based diets with the 

highest dietary ALA content 3.2%en (Diet 5) relative to the commercial diet fed fish. 

However, an important observation in the present study was the significant variability within 

treatments in fatty acid profiles, especially n-3 LCPUFA content, between individual fish in 

the vegetable oil-based groups, which suggests a high degree of heterogeneity between 

individuals in their capacity for ALA conversion or tissue incorporation. A previous study has 

also shown that the individual variation within fish fed on the same dietary treatment exists in 
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the content of n-3 LCPUFA in the flesh of Atlantic salmon smolts, indicating that individual 

fish may be able to maintain high levels of n-3 LCPUFA in their tissues (283). Results 

presented in this chapter show remarkable inter-individual diversities in the fatty acids in fillet 

and liver of fish, particularly in livers, after feeding fish with vegetable oil-based diets 

(Figures 4.10 and 4.11). The CV% gives an indication of how significant the inter-individual 

variation in dietary treatments in barramundi (283). The CV% values in this study showed 

that the variation in individual fatty acid, particularly n-3 LCPUFA, was higher in liver than 

fillet in fish fed the vegetable oil-based diets (with average CV% of 61.1% versus 25.6% for 

EPA, 25.1% versus 19% for DPA and 50.6% versus 17.1% for DHA). Moreover, the CV% 

values of all n-3 LCPUFA were also much higher in fish fed on the vegetable oil diets than 

those in fish fed on the commercial diet, irrespective of the ALA content. In this chapter, 

without the inclusion of fish oil and fish meal in the 5 vegetable oil diets, the fatty acid profile 

of fish fed on the vegetable oil-based diets still contained EPA, DPA and DHA, and this could 

be suggested that may be due either to retention of these n-3 LCPUFA or conversion of 

dietary PUFA precursors or a combination of both of these processes (283). The variation in 

tissue n-3 LCPUFA contents within the vegetable oil fed group indicates that some fish may 

be suitable for selection for genetic improvement to increase the capacity of these fish for 

ALA conversion to n-3 LCPUFA. Furthermore, the natural diets of a given species change 

substantially during development. It has been suggested that fish at early developmental 

stages consume relatively simple food items and may readily convert C18 fatty acids from 

food sources such as insects and zooplankton to EPA and DHA whereas fish at mature stages 

may become more piscivorous and gradually lose their ability for LCPUFA conversion (40). 

Thus, a breeding program for barramundi or other species which selects for fish with the 

highest capacity of ALA conversion at an early developmental stage and employs specific 

diets to maximise n-3 LCPUFA conversion may be a strategy for reducing the reliance of 

barramundi aquaculture on marine resources 

 

4.8 Summary 

The findings in this study showed that juvenile barramundi fed the vegetable oil-based diets 

had lower growth performance compared with fish fed the commercial diet. Thus, n-3 

LCPUFA are shown to be required for better growth in juvenile barramundi. The absence of 

fish oil and fish meal from the diet resulted in decreases of all major n-3 LCPUFA but 

increases in tissue ALA, LA and some other intermediate metabolites in the fatty acid 

pathway. Though the vegetable oil diets induced hepatic mRNA abundances of FADS2 and 
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ELOVL genes when compared with mRNA levels in fish fed the commercial diets, the 

increasing ALA level in the vegetable oil diets showed no effects on regulation of gene 

expression. The results presented in this chapter are consistent with the hypothesis that the 

desaturase/elongase activities in marine or carnivorous fish are low and also support our 

results presented in chapter 5 (yeast heterologous expression) which shows that limited Δ6 

desaturase activity in barramundi may prevent conversion of ALA to n-3 LCPUFA. Moreover, 

there were no correlations between tissue DHA levels and either fish body weight or 

FADS2/ELOVL gene expression in any of the dietary treatments. However, it is noteworthy 

that I observed substantial variations between individual fish in their n-3 LCPUFA contents 

after exposure to the ALA diets, pointing to significant heterogeneity in the capacity of 

barramundi for converting dietary ALA to DHA. This raises to the possibility that this natural 

variation could be exploited to selective breeding programs to increase the number of fish 

with higher n-3 LCPUFA conversion abilities. Further study is needed to discover exactly 

what controls to the activity of the enzymes responsible for this conversion. 
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Chapter 5  

Cloning and Functional Characterization of Δ6 Desaturase and 

Elongase in Juvenile Barramundi (Lates calcarifer) 

5.1 Abstract 

To examine the enzymatic capability for conversion of C18 ALA to n-3 LCPUFA in 

barramundi, I performed 5’ and 3’ rapid amplification of cDNA end (5’/3’ RACE) to identify 

the full sequences of barramundi putative Δ6 desaturase and elongase and further cloned the 

full length open reading frames (ORF) of these two enzymes into a heterologous expression 

system using yeast S. cerevisiae to test for substrate specificities and activities of these 

enzymes. Functional expression of barramundi Δ6 desaturase and elongase revealed that the 

recombinant barramundi Δ6 desaturase was not only capable of desaturating at the position 6 

ALA to 18:4 n-3, LA to 18:3 n-6 and 24:5 n-3 to 24:6 n-3 but also showed Δ8 desaturase 

activity, with synthesis of 20:4 n-3 and 20:3 n-6 from 20:3 n-3 and 20:2 n-6, respectively. The 

recombinant barramundi elongase showed a broad range of fatty acid substrate specificity 

from C18 to C22 PUFA with the greatest activity with n-3 C20 EPA. However, the rate of 

desaturation was generally lower than the rate of elongation in the heterologous expression 

system. In addition, the recombinant barramundi Δ6 desaturase showed a preference for n-3 

substrates over n-6, whilst the elongase enzymes showed a preference for n-3 over n-6 only in 

the case of C18 PUFA. I also found that a significant amount of the desaturation and 

elongation fatty acid products could be detected in the culture medium at various time points 

after the addition of fatty acid substrates, and that it was important to take the levels of fatty 

acids in the medium into account when it came to calculating enzyme activity. These findings 

show that barramundi have both desaturation and elongation capacity for LCPUFA 

biosynthesis, and can utilise dietary ALA and LA as substrates. Moreover, the recombinant 

barramundi Δ6 desaturase possesses Δ8 desaturase activity, thus providing an alternate route 

for LCPUFA synthesis in this fish species.  

 

5.2 Introduction 
The n-3 LCPUFA, particularly EPA and DHA, are constituents of the phospholipids of 

vertebrate cell membranes. The LCPUFA are important for normal growth and brain 

development in humans (284, 285). This appears to be true also for fish where n-3 LCPUFA 

are required in larval development and deficiency can impair vision, and cause low survival, 
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poor growth rate and abnormal behaviours (286, 287). Vertebrates cannot synthesize PUFA 

de novo but rather derive them from metabolic precursor molecules, C18 PUFA such as ALA 

and LA, of plant origin. Alternatively, LCPUFA with C20 to C22 or more carbons can be 

obtained directly from animal products, particularly fish sources, in the diet. 

 

The n-3 LCPUFA are supplied to farmed fish in fish oil and fish meal which have long been 

major ingredients of the diet for fish husbandry. However, being heavily reliant on declining 

global marine fish stocks which are expensive to purchase presents a risk to the sustainability 

of the aquaculture industry (288, 289). The substitution of fish oil with high n-3 PUFA 

vegetable oils could be a viable option for a sustainable and economical source of fat for fish 

feed production. However, the predominant n-3 fatty acid in vegetable oils, ALA, has C18 

and 3 double bonds, whereas EPA and DHA are longer and more unsaturated with C20 and 

C22, and 5 and 6 double bonds, respectively. Therefore, the use of ALA in aquaculture 

requires farmed fish species to have the capacity to elongate and desaturate this fatty acid 

through the LCPUFA synthetic pathway, to increase the n-3 LCPUFA content in its tissues. 

The requirements of PUFA and LCPUFA vary with fish species (290). Generally, freshwater 

fish appear to be capable of converting both n-3 and n-6 C18 PUFA to their more unsaturated 

and elongated LCPUFA. On the other hand, marine fish are not efficient convertors of ALA 

to n-3 LCPUFA, and it is believed that this difference comes mainly from a deficiency or 

impairment of the Δ5 desaturase and C18 to C20 elongation activities in these marine fish 

(271). These limitations have been suggested to have important implications for both 

LCPUFA biosynthesis in aquatic animals and their prospective dietary requirements in 

aquaculture (290). Diadromous fish such as barramundi, which move between freshwater and 

marine/estuarine environments, are of particular interest in relation to LCPUFA biosynthesis 

in fish because of the difference in dietary PUFA requirements and enzyme capabilities of 

converting PUFA to LCPUFA between marine and freshwater species. In addition, 

barramundi are now an important aquaculture species in Australia, Indonesia, Malaysia, 

Philippine, Taiwan and Thailand, and significant industries for this fish already exist in these 

countries (259).  

 

Desaturases and elongases are two key enzyme categories in LCPUFA synthetic pathway. 

The currently best known pathway for EPA and DHA biosynthesis has been described by 

Sprecher (89) and others (4, 127, 291-293). In the liver of mammals, a Δ6 desaturase, 

elongase, and a Δ5 desaturase successively convert ALA via 18:4 n-3 and 20:4 n-3 to EPA in 
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the n-3 pathway. In parallel, the same set of enzymes is also able to utilise the other essential 

fatty acid, LA, to form AA in the n-6 pathway (143). The Δ6 desaturase is required for the 

desaturation of C18 PUFA and also 24:5 n-3 to produce 24:6 n-3 (127, 294), the 24:6 n-3 is 

then transferred from the endoplasmic reticulum to the peroxisomes for one round of β-

oxidative chain shortening, finally leading to the synthesis of DHA (83, 143). A labelling 

study has shown that this route is also present in trout hepatocytes (295), suggesting that this 

route for DHA biosynthesis is not restricted to mammals but also present in at least some 

species of fish (143). 

 

Understanding the molecular mechanisms involved in LCPUFA biosynthesis and regulation 

will allow us to optimise the activity of the pathway to enable effective utilization of 

vegetable oil-based fish diets in aquaculture while maintaining the LCPUFA status of the 

farmed fish that are consumed by humans. In this chapter I present evidence that there are 

FADS and ELOVL genes encoding active Δ6 desaturase and elongase 5 proteins in 

barramundi hepatocytes. Heterologous expression and functional characterization of the 

enzymes showed the Δ6 desaturase in barramundi is a Δ6/Δ8 dual function desaturase and the 

elongase has a wide range of elongation activities towards C18 to C22 fatty acid substrates. 

 

5.3 Design of the study 
This work was designed to use the 3’/5’ RACE techniques to identify the full length of ORF 

of the Δ6 desaturase and elongase genes from barramundi hepatic total RNA, and then 

construct the two genes into a yeast-E-coli shuttle vector. The constructed plasmids were then 

transfected into S. cerevisiae to enable functional characterisation of the two recombinant 

enzymes using a heterologous expression system.  

 

5.4 Methods and Materials 

5.4.1 Chemicals 
Organic solvents used in this study were all analytical grades from Ajax Finechem Pty Ltd 

(Auckland, New Zealand) or Chem-Supply (SA, Australia). Fatty acid substrates ALA, LA, 

18:4 n-3, 18:3 n-6, 20:3 n-3, 20:2 n-6, EPA, AA and DPA (all >98-99% purity) were 

purchased from Cayman chemical (Michigan, USA). Free fatty acid 17:0 was from Nuchek 

Prep Inc (Elysian, USA). The fatty acid substrate 24:5 n-3 was purchased from Larodan Fine 

Chemicals (Malmö, Sweden). Other chemicals and reagents were purchased from Sigma-

Aldrich (Missouri, USA) unless specified otherwise.  
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5.4.2 Animals 
All experimental procedures were performed in accordance with institutional guidelines for 

the use of animals and the Australian code of practice for the care and use of animal for 

scientific purposes. The protocol was approved by the Animal Ethics Committee, University 

of Adelaide (Ethics number S-28-08). Australian juvenile barramundi were obtained from a 

commercial supplier (W. B. A. Hatcheries, SA, Australia). 

 

5.4.3 Isolation of RNA from barramundi liver tissue 
Total RNA was isolated from 10 mg of fish liver using a Qiagen RNeasy® kit (Qiagen) 

following the protocol provided by the manufacturer with the tissue initially disrupted using a 

Tissue Lyser (Mixer MM 300, Germany). The concentration of the RNA was determined by 

measuring the absorbance at 260 and 280 nm and RNA integrity was confirmed by agarose 

gel electrophoresis. Procedures for liver tisssue disruption, RNA isolation and RNA quality 

determination were as described earlier (Chapter 2). 

 

5.4.4 Sequence analysis 
Molecular biology information for all relevant nucleotide and peptide sequences were 

extracted from the GenBank®, the National Institutes of Health (NIH) genetic sequence 

database under the NCBI. Multiple sequence alignments and comparisons were carried out 

using Genedoc (http://www.psc.edu/biomed/genedoc). Transmembrane domains were 

predicted by SOSUI software (http://bp.nuap.nagoya-u.ac.jp/sosui/). The phylogenetic tree 

constructions were performed using Neighbor Joining (NJ) analysis with ClustalX 

(http://www.clustal.org/) and MEGA version4 (http://www.megasoftware.net/).  

 

5.4.5 Primers 
Allele-specific oligonucleotide primers were synthesized by GeneWorks (GeneWorks Pty. 

Ltd., SA, Australia). All primers in this study are presented in Table 5.1 and Table 5.2 for the 

desaturase and the elongase genes, respectively. 

   

5.4.6 General molecular techniques  
5.4.6.1 Polymerase chain reaction (PCR)  

An Eppendorf Mastercycler® (Eppendorf South Pacific Pty Ltd, NSW, Australia) was used for 

all PCR amplifications. PCR in different reaction volumes (10, 25 or 50 µL) in 0.2 mL thin 
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wall clear flat cap tubes (Axygen, CA, USA) was used for the amplifications. The HotStar 

HiFidelity PCR kit (Qiagen) was used to perform all PCR amplifications for cloning and 

sequencing. The final concentrations of reagents used in the PCR reactions were as follows: 

1) HotStar HiFidelity PCR buffer (5X): the buffer was used 1X in a reaction. For a 25 μL 

reaction, this meant 5 μL of the 5X buffer. This buffer contained dNTPs and 7.5 mM 

MgSO4. 

2) HotStar HiFidelity DNA polymerase (2.5 units/µL): in general 1 µL per 50 µL PCR 

amplification. The volume was adjusted dependent on expected PCR product length. In 

accordance with the manufacturer's instructions (Qiagen), 1 µL of enzyme was used when 

amplifying PCR products less than 2 kb and 2 µL of enzyme when amplifying PCR 

products between 2 and 5 kb. 

3) Primer set: all primers were diluted to 100 ng/µL and 2 µL of primer was used per 50 µL 

PCR amplification. 

4) Q-solution (5X): this was used 1X in a reaction. The Q-solution changes the melting 

behaviour of DNA and was used for DNA templates which have strong secondary 

structures. 

5) RNase-free water: the volume was variable. The water was used to dilute the reaction to 

an appropriate volume. 

6) Template DNA: the volume was variable. The volume depended on DNA concentration. 

The template DNA was added to the individual tubes containing the reaction mix. 

 

PCR amplification was performed according to a standard method following the 

manufacturer’s instruction (Qiagen). PCR amplification was begun an initial hot start enzyme 

activation step at 95°C for 5 min followed by 30-40 cycles of denaturation at 95°C for 1 min, 

annealing at 55-65°C for 0.5-1 min and extension at 72°C for 0.5-1 min and followed by a 

final extension at 72°C for 10 min. The second round of PCR (nested PCR) was performed if 

necessary. After amplification, samples were stored at -20°C until further applications. 

 

5.4.6.2 One-step reverse transcription PCR (RT-PCR) 

The OneStep RT-PCR kit (Qiagen) was used to perform reverse transcription and PCR. The 

two reactions were carried out sequentially in the same tube and the Eppendorf Mastercycler® 

was used for all PCR amplifications. All procedures were conducted according to the 

manufacturer’s protocol. Each 50 µL reaction components for one-step RT-PCR were as 

follows:  
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1) QIAGEN OneStep RT-PCR Buffer (5X): the buffer was used 1X in all reactions.  

2) dNTP Mix: the mix containing 10 mM of each dNTP. For a 50 μL reaction, 2 μl of the 

dNTP was added to achieve a concentration of 400 μM for each dNTP.  

3) Q-solution (5X): optional. Used 1X per reaction.  

4) RNase-free water: the volume was variable. The water was used to dilute the reaction to a 

volume of 50 μL. 

5) Primer set: all primers were diluted to 100 ng/µL and 2 µL of primer was used per 50 µL 

RT-PCR amplification. 

6) OneStep RT-PCR Enzyme Mix: 2 μL per 50 μL reaction. 

7) RNase inhibitor: RNaseOUT™ (Invitrogen) was used at 5-10 units/reaction. 

 

Template RNA: <2 μg of RNA per reaction was added to the individual PCR tubes containing 

the reaction mix. RT-PCR amplification was performed according to a standard method 

following the manufacturer’s instructions (Qiagen). RT-PCR amplification was commenced 

with a reverse-transcription reaction at 50°C for 30 min and an initial hot start enzyme 

activation step at 95°C for 15 min followed by 25-40 cycles of denaturation at 94°C for 0.5-1 

min, annealing at 55-65°C for 0.5-1 min and extension at 72°C for 1 min and followed by a 

final extension at 72°C for 10 min.  

 

5.4.6.3 Reaction clean up 

The MinElute® PCR Purification Kit, Gel Extraction Kit or MinElute® Reaction Cleanup Kit 

(Qiagen) was used to clean up and purify PCR reactions or enzymatic reactions, all 

procedures were performed following the manufacturer’s protocol using an Eppendorf 

microcentrifuge 5415 R (Eppendorf South Pacific Pty. Ltd., NSW, Australia). 

  

5.4.6.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed for separating and analysing DNA. The gels were 

visualised under UV light illumination after the addition of EtBr solution at a final 

concentration of 0.5 µg/mL. DNA grade agarose was used for preparation of agarose gels (1-

2%) in 1X TBE buffer. The lowest percentage gels were used to separate large DNA 

fragments (>1 kb) and the highest percentage gels were used to analyse the smallest DNA 

fragments (0.1-1 kb). A Mini-Sub Cell GT Cell accompanied with a 7 x 7 cm gel tray, one 8-

well and one 15-well comb (Bio-Rad Laboratories, CA, USA) were used to perform gel 

electrophoresis. The gels were immersed in 1X TBE buffer and the DNA samples were 
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loaded after being mixed with GelPilot DNA Loading Dye (5X) (Qiagen) at a 5:1 ratio. The 

DNA sample loading amount was decided based on the DNA concentration, typically, a band 

is easily visible if it contains about 20 ng of DNA. The gel was run at 100-110 volt (V) for 

30-60 min depending on gel density. The visualization and documentation system used was 

an UVP High Performance Ultraviolet Transilluminator (UVP, CA, USA). The gels were 

placed on the UV transilluminator inside an EDAS 290 Imaging Cabinet and photographed 

using a Kodak DC 290 Zoom Digital Camera with an EDAS 290 Close-up Lens and an 

EDAS EB Filter (Kodak, NY, USA). The photographs were then run through Kodak ID 

Image Analysis Software version 3.5.2 (Kodak, NY, USA).   

 

5.4.6.5 Nucleotide sequencing 

All sequence analyses were performed by the BigDye® terminator sequencing (Applied 

Biosystems automated 3730 sequencer) at IMVS, SA, Australia. Purified DNA products were 

used in BigDye® terminator DNA sequencing reactions and nucleotide precipitation prior to 

automated sequence analysis. Each DNA sequencing reaction (template/primer combination) 

consisted of 1µL of Dye Terminator (DT) mix (BigDye® version 3, Applied Biosystems), 100 

ng primer, 100-200 ng of DNA template, 2 µL (5X) buffer and ddH2O to make up the total 

reaction volume to 10 µL. Sequencing PCR amplification was performed according to the 

standard protocol of the IMVS sequencing centre. The thermocycler program was as follows: 

25 cycles of 96°C for 30 sec, 50°C for 15 sec and 60°C for 4 min. After the amplification, 

extension products were purified using an isopropanol precipitation protocol provided by 

IMVS. Briefly, 10 µL of extension product was mixed with 80 µL of freshly prepared 75% 

molecular grade isopropanol (Sigma-Aldrich) and vortexed briefly. The sample was incubated 

at room temperature for 15 min to precipitate the extension products and then spun at the 

maximum speed for 20 min in a bench-top microcentrifuge. The supernatant was carefully 

aspirated and discarded. The pellet was washed in 250 µL of 75% of isopropanol and 

vortexed briefly and spun for 10 min at the maximum speed. Finally, the supernatant was 

discarded and the pellet air-dried.      

    

5.4.6.6 The 5’ and 3’ RACE strategies 

1) Barramundi Δ6 desaturase gene: FADS genes in fish and other animal species in the 

GenBank® including Atlantic cod (mRNA: DQ054840, protein: AAY46796), Atlantic 

salmon (mRNA: NM_001123575, protein: NP_001117047), cherry salmon (mRNA: 

AB070444, protein: BAB63440), zebra fish (mRNA: NM_131645, protein: NP_571720), 
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human (mRNA: NM_004265, protein: NP_004256 ), rat (mRNA: NM_031344, protein: 

NP_112634) and mouse (mRNA: NM_019699, protein: NP_062673), were aligned and 

the partial genes of desaturase was obtained by RT-PCR (Qiagen) with primers (PSfads2-

F and PSfads2-R) designed from the conserved regions of the same genes of other species. 

The gene specific primers were then designed based on the partial gene fragments of the 

putative desaturase gene. The RACE protocol was modified from methods of Frohman 

(296) to obtain the 3’ and 5’end of the full length of barramundi desaturase gene. The 

cDNA for 3’RACE was reverse transcribed from total RNA by a hybrid primer (QtT) and 

incubated with reverse transcriptase (Omniscript® RT Kit, Qiagen) at 42°C for 1 hr to 

generate a 3’end partial putative FADS sequence. PCR amplification was then performed 

using a primer containing part of the 3’end sequence (Qo-R) and a Fads3’raceGSP1-F 

with the HotStar HiFidelity Polymerase Kit (Qiagen). PCR amplification was begun with 

an initial hot start enzyme activation step at 95°C for 5 min followed by 35 cycles of 

denaturation at 95°C for 1 min, annealing at 56-60°C for 30 sec and extension at 72°C for 

1 min and followed by a final extension at 72°C for 10 min. The nested PCR was 

performed using Fads3’raceGSP2-F and Qi-R primers to generate a more specific 3’end 

of FADS for BigDye® terminator sequencing. Similar methods were applied for the 5’ 

RACE. To generate 5’end partial cDNA clones, reverse transcription was carried out 

using total RNA with the Fads5’raceRT-R primer to synthesize first strand products. 

Then, a polyA tail was appended to the cDNA template using terminal 

deoxynucleotidyltransferase (TdT) (Invitrogen, Victoria, Australia) and dATP (Promega). 

PCR amplification was then performed using the QtT-F to form the second strand of 

cDNA and the Qo-F primer with the Fads5’raceGSP1-R used for reverse transcription. A 

nested PCR was carried out by using Fads5’raceGSP2-R primer with Qi-F primer to 

increase specificity of barramundi desaturase gene 5’ends. Both 3’ and 5’ RACE product 

of the desaturase gene were aligned with the partial gene fragments and the overlapping 

regions identified.  

2) Barramundi elongase: ELOVL gene in fish and other animal species in the GenBank® 

including seabream (mRNA: AY660879, protein: AAT81404), Atlantic salmon (mRNA: 

NM_001136552, protein: NP_001130024), Atlantic salmon (mRNA: NM_001123567, 

protein: NP_001117039), rainbow trout (mRNA: NM_001124636, protein: 

NP_001118108), cherry salmon (mRNA: DQ067616, protein: AAY79352), Atlantic cod 

(mRNA: AY660881, protein: AAT81406), zebra fish (mRNA: NM_200453, protein: 

NP_956747), human (mRNA: NM_021814, protein: NP_068586), mouse (mRNA: 
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BC022911, protein: AAH22911) and rat (mRNA: NM_134382, protein: NP_599209), 

were aligned and the partial gene of the elongase was obtained by one-step RT-PCR 

(Qiagen) with primers designed from the conserved regions of the same genes of other 

species. The gene specific primers were then designed based on the partial gene fragments 

of the putative ELOVL. The RACE protocol was modified from methods of Frohman 

M.A. (296) to obtain the 3’ and 5’end of the full length of barramundi elongase gene. The 

cDNA for 3’ RACE was reverse transcribed from total RNA by a hybrid primer (QtT) and 

incubated with reverse transcriptase (Omniscript® RT Kit, Qiagen) at 42°C for 1 hr to 

generate a 3’ end partial putative ELOVL sequences. PCR amplification was then 

performed using a primer containing part of the 3’ end sequence (Qo-R) and an 

Elovl3’raceGSP1-F with the HotStar HiFidelity Polymerase Kit (Qiagen). PCR 

amplification was begun with an initial hot start enzyme activation step at 95°C for 5 min, 

followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 56-60°C for 30 sec 

and extension at 72°C for 1 min and followed by a final extension at 72°C for 10 min. The 

nested PCR was performed using Elovl3’raceGSP2-F and Qi-R primer to generate a more 

specific 3’end of ELOVL for BigDye® terminator sequencing. Similar methods were 

applied in the 5’ RACE. To generate 5'end partial cDNA clones, reverse transcription was 

carried out using total RNA with the Elovl5’raceRT-R primer to synthesize first strand 

products. Then, a polyA tail was appended to the cDNA template using terminal 

deoxynucleotidyltransferase (TdT) (Invitrogen) and dATP (Promega). PCR amplification 

was then performed using the QtT-F to form the second strand of cDNA and the Qo-F 

primer with the Elovl5’raceGSP1-R used for reverse transcription. A nested PCR was 

carried out by using Elovl5’raceGSP2-R primer with Qi-F primer to increase specificity of 

barramundi ELOVL 5’ends. Both 3’ and 5’ RACE product of the ELOVL were aligned 

with the partial gene fragments and the overlapping regions identified. 

 

5.4.6.7 Construction of plasmid containing a target gene 

Based on the RACE results, specific primers (Fads-F and Fads-R) were designed for 

identifying the full sequence of the barramundi desaturase gene (Figure 5.1) and FadsEcoRI-F 

and FadsXhoI-R were used to amplify the PCR product containing the putative desaturase 

gene (Figure 5.2). The putative barramundi FADS ORF was then purified, restriction digested 

and inserted into EcoRI and XhoI sites digested pYES2™ vector (Invitrogen, USA) to yield 

the constructed plasmid pYES2/BarraFADS (see section 5.4.6.8 for details). The coding 

region was successfully cloned (GU047383) and then sequenced by pYES2-F and pYES2-R 
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primers to confirm the sequence orientation and accuracy. The same procedures were also 

utilised for the barramundi ELOVL gene cloning. Primers (Elovl-F and Elovl-R) were also 

designed for determining the full nucleotide sequence of the barramundi elongase gene 

(Figure 5.3) and ElovlEcoRI-F and ElovlXhoI-R were used to amplifiy the PCR product 

containing the putative elongase gene (Figure 5.4). The putative barramundi ELOVL ORF 

which contained specific restriction sites was then purified, restriction digested and inserted 

into EcoRI and XhoI sites in the digested pYES2™ vector (Invitrogen) to yield the constructed 

plasmid pYES2/BarraELOVL (see section 5.4.6.8 for details). The barramundi elongase 

coding region was successfully cloned (GU047382) and then sequenced by pYES2-F and 

pYES2-R primers. The HotStar HiFidelity Polymerase Kit (Qiagen) with proofreading 

function was used throughout the cloning processes to minimize potential PCR errors.  

 

5.4.6.8 Restriction enzyme (RE) digestion and ligation 

Vector pYES2™ (Invitrogen) or PCR amplified full length ORF of barramundi FADS and 

ELOVL gene was digested using enzymes EcoRI and XhoI (Promega, NSW, Australia) for 

double RE digestions, according to the manufacturer’s instructions. Purified PCR product or 

vector (1 µg/µL) was digested in a final volume of 20 µL containing sterile deionized water, 

RE 10X buffer 2 µL, Acetylated bovine serum albumin (BSA) 0.2 µL (10 µg/µL) and RE 0.5 

µL (10 U/µL) for 1-4 hr at 37°C and subjected to gel electrophoresis as described above. RE 

digested PCR products were ligated into the RE digested pYES2™ vector. The ligation was 

performed using T4 DNA ligase with ligase buffer (10X) (Promega), according to the 

manufacturer’s protocol. A 1:3 molar ratio of vector to insert DNA was used for cloning a 

fragment into the plasmid vector. The amount of insert DNA fragment required for each 

ligation was calculated based on the formula: [(ng of vector x kb size of insert) / kb size of 

vector] x molar ratio of (insert / vector) = ng of insert. Assembling vector DNA (100 ng), 

insert DNA, ligase buffer 1 µL, T4 DNA ligase 1 U (weiss units), nuclease-free water to final 

volume of 10 µL. The reaction was incubated overnight at 4°C. Ligation reactions of 

barramundi pYES2/BarraFADS and pYES2/BarraELOVL were checked by PCR using the 

primers pYES2-F and pYES2-R (Figure 5.5). 

  

5.4.6.9 Transformation of E-coli DH5α cells 

The MAX Efficiency® DH5α™ Competent Cells (Invitrogen) were transformed with purified 

constructed plasmid, according to the manufacturer’s protocol. Briefly, the competent cells 

were thawed on ice and the 5-fold diluted plasmid mixed with the cells. The cells were 
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incubated on ice for 30 min, heat-shocked for 45 sec in a 42°C heat block and the reaction 

then placed on ice for 2 min. After this, 0.9 mL of room temperature super optimal broth with 

catabolite repression (SOC) medium (Invitrogen) was added, and the reaction shaken at 225 

rpm at 37°C for 1 hr. The resulting solution was diluted, and 100-200μL spread onto on LB 

plates containing 100 μg/mL ampicillin (Amp), dried and the plates incubated overnight at 

37°C. On the following day, the colonies which appeared were screened, and a single colony 

from each plate selected and transferred into a 1.5 ml microcentrifuge tube containing 0.5 mL 

of LB broth supplemented the antibiotics and incubated for 1-2 hrs at 37oC. The cells were 

then spun down at 8000 rpm (6800 x g) for 5 min, the supernatant removed and discarded and 

the pellets mixed with 20 µL 0.02% SDS solution, incubated at 80°C for 2 min and then 

vortexed for 30 sec to obtain crude extracts of E-coli genomic DNA. These extracts were then 

centrifuged at 13000 rpm (18000 x g) for 2 min. Selected transformants were screened 

through a double RE digestion using the supernatant as the DNA template and the two 

specific restriction enzymes (EcoRI and XhoI) to digest the inserted target gene. Successful 

transformants were subjected to agarose gel electrophoresis in order to confirm that they had 

inserts of the correct size (Figure 5.6). 

 

5.4.6.10 Plasmid DNA purification from E-coli DH5α cells 

The successful transformants identified as described above were placed into a sterile culture 

tube which contained 5 mL of LB broth with added Amp. These tubes were then incubated 

overnight at 37°C with vigorous shaking (250 rpm). On the following day, the cells were 

harvested by centrifugation at 8000 rpm (6800 x g) for 3 min at room temperature and all 

remaining traces of supernatant were discarded by inverting the open centrifuge tube until all 

supernatant had drained/evaporated. Plasmid DNA was purified using QIAprep® Miniprep 

(Qiagen), according to the manufacturer’s protocol, and the purified plasmid DNA was used 

for BigDye® sequencing PCR and precipitation for sequence analysis. The identity of the 

plasmid DNA was also confirmed by PCR using pYES2-F and pYES2-R primers (Figure 5.7) 

 

5.4.6.11 Preparation of S. cerevisiae INVSc1 competent cells 

The S. c. EasyComp™ transformation kit (Invitrogen) was used to prepare S. cerevisiae 

INVSc1 competent cells for yeast transformation with plasmid DNA for which the sequence 

had been confirmed as described above. The competent preparation was performed according 

to the manufacturer’s protocol and following procedures previously described (Chapter 2). 

Briefly, after an overnight culture of wild type yeast cells, the OD600nm of the culture medium 
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was determined. The cells were then grown in a 10 mL volume of YPD at 30°C with shaking 

at 250 rpm until the OD600nm reached a value 0.6-1.0. The cells were then harvested and 

resuspended in 10 mL of washing solution (Solution I), pelleted and resuspended in 1 mL of 

kit provided Lithium cation solution (Solution П). The competent cells were separated into 50 

µL aliquots in 1.5 mL sterile screw-cap microcentrifuge tubes, and the tubes were wrapped in 

several layers of paper towel and stored at -80°C.    

 

5.4.6.12 Transformation of S. cerevisiae INVSc1 cells 

The same S. c. EasyComp™ transformation kit was used to transform competent S. cerevisiae 

cells. The transformation was performed according to the manufacturer’s protocol and 

following procedures previously described (Chapter 2). Briefly, transformant yeast cells 

containing the pYES2™ empty vector, pYES2/BarraFADS or pYES2/BarraELOVL plasmid 

were grown at 30°C and transformants were selected on synthetic minimal defined medium 

agar plates lacking uracil (SC selective plate-U) and supplemented with 2% glucose as the 

only carbon source. The transformant from a single colony was verified by DNA sequencing. 

 

5.4.7 Heterlogous expression of barramundi putative Δ6 desaturase and 

elongase ORF in S. cerevisiae INVSc1 cells 
An INVSc1 transformant colony containing pYES2/BarraFADS or pYES2/BarraELOVL was 

grown overnight at 27C in SC selective medium-U containing 2% glucose. Expression of 

heterologous barramundi desaturase, elongase or empty pYES2™ vector was induced by 

transferring log-phase yeast cells (OD600nm=0.4) into SC selective medium-U containing 2% 

galactose and 0.25% tergitol. Cultures were then supplemented with fatty acid substrates from 

the following: ALA, LA, 20:3 n-3, 20:2 n-6, 20:3 n-6, 24:5 n-3 and DPA for recombinant 

desaturase and ALA, LA, 18:4 n-3, 18:3 n-6, EPA and AA for recombinant elongase. Yeast 

cells transformed with pYES2/BarraFADS or pYES2/BarraELOVL plasmid without 

galactose induction were used as negative controls. After 24 to 48 hr incubation, yeast cells 

were harvested, washed with ddH2O and total lipids extracted and analysed as described 

below and chapter 2. At least three independent replicates of the yeast cultures with each fatty 

acid substrate supplementation were performed. Yeast cells transformed with an empty 

pYES2™ vector were also induced as a secondary negative control.    
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5.4.8 Tergitol concentration range 
Mild non-ionic detergent tergitol type NP-40 (70% in H2O) was diluted to 10% (v/v) in 

ddH2O and filter sterilized. Tergitol at concentrations of 0%, 0.25%, 0.5% and 1% (v/v) 

accompanied with galactose culture medium were used to induce yeast cells containing the 

pYES2™ empty vector. Fatty acid ALA and EPA at 500 µM were used as substrates to 

confirm the solubility of the fatty acid at different tergitol concentrations. Cells and medium 

were collected for fatty acid profile analyses at different time points (<1 hr, 24 hr and 48 hr). 

Cell absorbance at OD600nm, total cell number and colony forming unit (CFU) were also 

measured.  

 

5.4.9 Cell number determination 
The total number of yeast cells in 10 mL of culture medium was determined using Bürker cell 

counting chambers (Improved Neubauer with bright-line; Blau Brand, Wertheim, Germany) 

of 0.1 mm depth by 0.0025 mm2 with a 0.40 mm coverslip. Independent samples of 10 µL 

were placed from the diluted cell suspension at the edge of the chamber to fill both sides. The 

loading procedure was carried out gently to ensure the sample was drawn into the chamber by 

capillary action and that no air bubbles appeared. After loading, chambers were left for 30 sec 

to allow all the yeast cells to settle. The counter was placed on microscope stage and a 400X 

lens was used for counting. The centre square was subdivided into 25 smaller squares and 

evenly distributed cells in 5 squares in the counting grid (top left, bottom left, top right, 

bottom right and centre) were counted. Buds larger than approximately one half the diameter 

of the original cells were counted. Total cell number was calculated using the following 

equation:  

Number of cells counted in 5 numbered squares x 5 = number of cells in total grid  

Yeast cells per mL = number of cells in total grid x dilution factor x 104   

 

5.4.10 Colony forming unit determination 
Culture suspension (1 mL) was aseptically removed from each thoroughly mixed individual 

flask and serially diluted in sterile ddH2O. A 1 mL of original yeast culture suspension was 

delivered into a sterile tube containing 9 mL of ddH2O. The tube was vortexed and then 1 mL 

of this 101 dilution transferred into a second tube containing 9 mL of ddH2O to make a 102 

dilution. This same procedure was followed until the 106 dilution was reached. The OD600nm 

was determined for the 101 dilution for each sample, and a 0.1 mL aliquot of the 106 dilution 

was applied to the surface of SC selective glucose plates-U. The plates were then incubated at 
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30C for 48 hr or until colonies appeared. The CFU was determined as: CFU per mL = CFU 

per plate x dilution factor x (aliquot / mL). 

 

5.4.11 Fatty acid analysis 
The yeast cells for each treatment were harvested, dried, weighed and the total lipid extracted. 

1 mL of medium from each culture treatment was also collected, weighed and total lipid 

extracted. Free fatty acid 17:0 was added into each extraction tube as an internal standard. The 

extracted total lipid from cells and medium were methylated and the fatty acid composition 

quantified by capillary gas chromatography following procedures previously described 

(Chapter 2).    

 

5.4.12 Statistical analysis 
All data are expressed as group mean ± SEM. A one-way ANOVA followed by Tukey-

Kramer test was used if P value less than 0.05 and follow Gaussian distributions. Kruskal-

Wallis post test with Dunn's multiple comparison tests was applied for non-parametric 

analyses if data did not pass the normality test. An unpaired t-test was used to examine 

differences between two groups. A probability level of 0.05 (P<0.05) was used in all tests. 

Analyses were carried out with GraphPad Instat version 3.10. Detailed selection criteria for 

statistical methods were previously described in chapter 2. 
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Table 5. 1 Primers used for amplifying the barramundi FADS cDNA and ORF 

Target gene Primer name Sequence (5’ to 3’) 

FADS2 partial 

cds 

PSfads2-F GTCTACACCTGGGAAGAGGTCC 

PSfads2-R GAGGTGTCCACTGAACCAGTCG 

FADS2 3’end QtT (cDNA 

synthesis) 

CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC

T17 

Fads3’raceGSP1-F ATGAATCATCTGCCGATGGACATCG 

Qo-R CCAGTGAGCAGAGTGACG 

Fads3’raceGSP2-F 

(nested PCR) 

TCTCCCTGTTGGTGTTATAG 

Qi- R (nested PCR) GAGGACTCGAGCTCAAGC 

FADS2 5’end Fads5’raceRT-R 

(cDNA synthesis) 

GGGCTTCAGAAACTTTCGC 

QtT-F CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC

T17 

Qo-F CCAGTGAGCAGAGTGACG 

Fads5’raceGSP1-R TTTGTTCCGGTCCTGGCTTGG 

Qi- F (nested PCR) GAGGACTCGAGCTCAAGC 

Fads5’raceGSP2-R 

(nested PCR) 

GCATCCTCTCCAGCGTAGTGG 

FADS2 full 

length 

sequence 

Fads-F AGGTGGATCAAGATCAAGGCCAG 

Fads-R CGATTTATGATGCAGAGGAGGAG 

FADS2 ORF 

cloning 

FadsEcoRI-F CCGGAATTCAGGATGGGAGGTGGAGGCCAG 

FadsXhoI-R CCGCTCGAGTCATTTATGGAGATATGCATCGAGC 

FADS2 ORF 

sequencing 

pYES2-F CTGGGGTAATTAATCAGCGAAGCG 

pYES2-R CGTGACATAACTAATTACATGATGC 
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Table 5. 2 Primers used for amplifying the barramundi ELOVL cDNA and ORF 

Target gene Primer name Sequence (5’ to 3’) 

ELOVL 

partial cds 

PSelovl-F GGATGGGGCCCAAGTACATG 

PSelovl-R GTCTGCATGTAGAAGTTTGAG 

ELOVL 3’end QtTVN (cDNA 

synthesis) 

CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC

T17VN 

Elovl3’raceGSP1-F GGTCTACAATCTGGGCCTC 

Qo- R CCAGTGAGCAGAGTGACG 

Elovl3’raceGSP2-F 

(nested PCR) 

GACCCAGACAATGTGTGCAGTC 

Qi- R (nested PCR) GAGGACTCGAGCTCAAGC 

ELOVL 5’end Elovl5’raceRT-R 

(cDNA synthesis) 

CATGTAGAAGGACAAGAGCG 

QtT-F CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC

T17 

Qo-F CCAGTGAGCAGAGTGACG 

Elovl5’raceGSP1-R CCAGATTGTAGAGCACCAGGAG 

Qi- F (nested PCR) GAGGACTCGAGCTCAAGC 

Elovl5’raceGSP2-R 

(nested PCR) 

GGCTGCCTGTGTTTCATGTAC 

ELOVL full 

length 

sequence 

Elovl-F CTCTCTCTCCCCCCGCCTC 

Elovl-R GACCATAGTAAGCACTGTGTTG 

ELOVL 

cloning 

ElovlEcoRI-F CCGGAATTCCAAATGGAGACCTTCAATCATAAAC 

ElovlXhoI-R CCGCTCGAGATGTCAATCCACCCTCAGTTTC 

ELOVL ORF 

sequencing 

pYES2-F CTGGGGTAATTAATCAGCGAAGCG 

pYES2-R CGTGACATAACTAATTACATGATGC 
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Figure 5. 1 Agarose gel image of barramundi Δ6 desaturase PCR fragments including partial 

5’ and 3’ untranslated regions (UTR). Lane1: RT-PCR was conducted as described in 5.4.6.2 

with barramundi hepatic RNA as template and with primers Fads-F and Fads-R (Table 5.1), 

with Q-solution to obtain a 1444 bp PCR fragment.  

 

 
Figure 5. 2 Agarose gel image of barramundi Δ6 desaturase ORF PCR fragments. PCR was 

conducted as described in 5.4.6.1 with primers FadsEcoRI-F and FadsXhoI-R (Table 5.1) to 

obtain a 1359 bp product, including RE cutting sites of EcoRI and XhoI.  

Lane 1: PCR products of barramundi Δ6 desaturase ORF, with Q-solution;  

Lane 2: PCR products of barramundi Δ6 desaturase ORF, without Q-solution. 
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Figure 5. 3 Agarose gel image of barramundi elongase full sequence PCR fragment. PCR was 

conducted as described in 5.4.6.1 with primers Elovl-F and Elovl-R (Table 5.2) to obtain a 

1460 bp product, including 5’ and 3’ UTR regions.  

Lane 1: PCR products of barramundi ELOVL, with Q-solution; 

Lane 2: PCR products of barramundi ELOVL, without Q-solution. 

 

 
Figure 5. 4 Agarose gel image of barramundi elongase ORF PCR fragment. PCR was 

conducted as described in 5.4.6.1 with primers ElovlEcoRI-F and ElovlXhoI-R (Table 5.2) to 

obtain a 909 bp product including RE cutting sites of EcoRI and XhoI.  
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Figure 5. 5 Agarose gel image of ligation reaction check of barramundi pYES2/BarraFADS 

and pYES2/BarraELOVL ligation reactions. PCR was conducted as described in 5.4.6.1 with 

primers pYES2-F and pYES2-R (Table 5.1 and 5.2) to obtain a 1717 bp and 1267 bp 

products, respectively. 
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Figure 5. 6 Agarose gel image of digestion reaction of E-coli DH5α genomic DNA crude 

extracts by RE EcoRI and XhoI. The RE digestion reaction was conducted as described in 

5.4.6.8.  

Lane1: pYES2/ BarraFADS DH5α colony 1; Lane2: pYES2/ BarraFADS DH5α colony 2; 

Lane3: pYES2/ BarraFADS DH5α colony 3; Lane4: pYES2/ BarraFADS DH5α colony 4; 

Lane5: pYES2/BarraELOVL DH5α colony 1; Lane6: pYES2/BarraELOVL DH5α colony 2; 

Lane7: pYES2/BarraELOVL DH5α colony 3; Lane8: pYES2/BarraELOVL DH5α colony 4. 

 

 
Figure 5. 7 Agarose gel image of pYES2/BarraFADS and pYES2/BarraELOVL plasmid. The 

PCR was conducted as described in 5.4.6.1. PCR products were amplified by pYES2-F and 

pYES2-R primers.   

Lane1: pYES2/BarraFADS; Lane2: pYES2/BarraELOVL; Lane3: empty pYES2™ vector. 
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5.5 Results 

5.5.1 Effects of tergitol supplementations on yeast growth  
Mild non-ionic detergent tergitol is commonly used for solubilization of lipids substrates in 

yeast growth media. However the possible effects of tergitol on yeast growth and hydrophobic 

substrate solubility in the concentration range for solubilization (0.1-1%, v/v) were not 

sufficiently discussed in relevant reports (119, 297). This prompted me to examine the effect 

of tergitol on yeast growth and fatty acid composition. 

 

When yeast cells containing pYES2™ empty vector were supplemented with 500 µM of ALA 

as a substrate and the pYES2™ vector was induced by galactose in the presence of a range of 

tergitol concentrations from 0%, 0.25%, 0.5% to 1% (v/v) for up to 2 days, no significant 

differences were observed for cell mass and OD600nm between yeast cells treated with different 

tergitol concentrations (Figure 5.8 A). The cell mass and OD600nm were also examined for 

EPA treatments under the same culture and induction conditions. After EPA was added into 

the induction medium with a cell density of OD600nm=0.4, the cells were harvested 

immediately (<1 hr), after 24 and 48 hr. No significant differences was observed for cell 

weight and OD600nm at either the <1 hr or 24 hr time points, within the range of tergitol used 

here. After 48hr, the EPA treatment resulted in a significant difference in cell weight between 

the 0.25% and 1% tergitol groups (P<0.05), however, there was no significant difference in 

the OD600nm (Figure 5.8 B). 

 

The yeast total cell number and viable count from ALA treatment were measured and is 

shown in Figure 5.9. No significant differences were observed in the total cell number (Figure 

5.9 A) and viable cell count (CFU) (Figure 5.9 B) between the tergitol concentrations 

examined in this experiment. Likewise, no significant differences in the total and viable cell 

counts were observed when the cells were supplemented with EPA as the substrate and 

cultured in different tergitol concentrations (Figure 5.10 A and B). These results suggest that 

the tergitol concentration up to 1% showed no significant effects on cell growth compared 

with no tergitol supplementation.  
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Figure 5. 8 Cell masses and OD600nm values of S. cerevisiae yeast cells containing pYES2™ 

empty vectors cultured in the presence of different tergitol concentrations with 500 µM ALA 

(A) and EPA (B) supplementation. Each bar represents the cell mass (mg) and the dot plot 

refers to OD600nm values. All values are means ± SEM, n=3 (technical replicates). Statistical 

analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis post test 

and Dunn's multiple comparison test. Values with an asterisk superscript are significantly 

different from each other (*
P<0.05). 
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Figure 5. 9 Total cell count (A) and viable cell count (CFU/mL) (B) of S. cerevisiae yeast 

containing pYES2™ empty vectors when culturing at different tergitol concentrations with 

500 µM of ALA supplementation. The cells and medium were harvested after <1 hr, 24 and 

48 hr of substrate supplementation. All values are means ± SEM, n=3 (technical replicates). 

Statistical analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis 

post test and Dunn's multiple comparison test. No significant differences were observed in the 

total cell number and CFU in the four tergitol concentrations. 
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Figure 5. 10 Total cell count (A) and viable cell count (CFU/mL) (B) of S. cerevisiae yeast 

containing pYES2™ empty vectors cultured at different tergitol concentrations with 500 µM 

EPA supplementation. The cells and medium were harvested after <1 hr, 24 and 48 hr of 

substrate supplementation. All values are means ± SEM, n=3 (technical replicates). Statistical 

analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis post test 

and Dunn's multiple comparison test. No significant differences were observed in the total cell 

number and CFU in the four tergitol concentrations. 
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5.5.2 Effects of tergitol supplementations on yeast fatty acid profile and 

substrate solubility 
Yeast cells containing pYES2™ empty vector were supplemented with 500 µM of ALA or 

EPA as substrates and then the pYES2™ vector was induced by galactose in the presence of 

tergitol within the concentration range described above. Cells and medium from each 

treatment were collected for fatty acid extraction and GC analysis. For the ALA treatment, 

there was a significant increase in yeast endogenous 18:0 level in cells within 1 hr in the cells 

treated with 1% tergitol (Figure 5.11 A). Whilst no significant differences were observed for 

other endogenous fatty acids, the tergitol at 1% seemed to result in a certain degree of 

disturbance to the fatty acid levels for 16:0, 16:1 n-7 and 18:1 n-9. Low levels of ALA 

substrates could also be detected in cellular total fatty acid extracts less than 1 hr after 

substrate treatment. At the 0.25% tergitol level, the substrate incorporation tended to be 

increased when compared to no tergitol addition and other tergitol concentrations (Figure 5.11 

A). Fatty acid profiles of the culture medium were also examined. The results of the fatty acid 

concentrations in the culture medium from the ALA treatment at <1 hr under various tergitol 

concentrations is shown in Figure 5.11 B. Fatty acids 16:0, 18:0 and 22:1 n-9 were the 3 

major lipid components in the culture medium. No significant differences were observed in 

the concentrations of any of the original fatty acid in the culture medium between the different 

tergitol levels. However, higher tergitol levels resulted in an increased solubility of ALA 

compared to the no tergitol group, and a significant increase in ALA levels in the medium 

was observed between the no tergitol and 1% tergitol treatments. However, tergitol at 0.25% 

resulted in 25 fold increase of measurable ALA levels in the culture medium and likewise the 

0.5 and 1% tergitol concentrations resulted in 24 and 37 fold increases in medium ALA 

levels, respectively (Figure 5.11 B).  

 

The results of ALA substrate supplementation at 24 and 48 hr after supplementation are 

shown in Figure 5.12 and 5.13. No significant differences were observed for any of the 

endogenous fatty acid or ALA levels in cells (Figure 5.12 A), however, in the medium (Figure 

5.12 B), the levels of 16:1 n-7, 18: 1n-9 and ALA increased gradually with increasing tergitol 

concentration after 24 hr ALA supplementation. Similar distributions for cells (Figure 5.13 A) 

and medium (Figure 5.13 B) fatty acids were also observed after 48 hr ALA supplementation, 

although the significant difference was not found in the ALA levels in the medium between 

different tergitol concentrations (Figure 5.13 B).     
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EPA was chosen to examine the effects of tergitol on solubility of a C20 fatty acid. For cells 

treated with EPA, treatment with a tergitol level at 0.25% resulted in the presence of more 

EPA in cellular lipids compared with the cellular ALA at either no tergitol or higher tergitol 

levels (Figure 5.14 A). Similar to the fatty acid distribution in the medium for the ALA 

supplementation studies, the fatty acid profiles in the medium for the EPA treatments 

indicated that higher tergitol concentrations resulted in higher measurable EPA levels (Figure 

5.14 B). There was a 17, 21 and 23 fold increase in EPA levels in the culture medium with 

0.25%, 0.5% and 1% tergitol concentrations, respectively compared with no tergitol treatment 

(Figure 5.14 B). No significant differences in fatty acid levels were observed between the no 

tergitol and tergitol treatment groups after 24 and 48 hr of EPA supplementation (Figure 5.15 

A and Figure 5.16 A). Once again, similar to ALA supplementation, the levels of 16:1 n-7, 

18:1 n-9 and EPA in the medium increased with increasing tergitol concentrations (Figure 

5.15 B and Figure 5.16 B). The level of 16:0 in the medium after 48 hr of EPA treatment was 

also significantly elevated in the 1% tergitol compared to the no tergitol groups (Figure 5.16 

B). 

  

In summary, tergitol levels at 0.25% or above (up to 1%), resulted in an increase in 

extractable C18 and C20 substrate levels in the culture mediun after <1 hr of substrate 

supplementation. No significant differences were observed in cellular substrate levels after 24 

or 48 hr of substrate supplementation.   



 

193 

 

A 

fa
tt

y
 a

c
id

 (


g
/t

o
ta

l 
c

e
ll

)

16
:0

18
:0

16
:1

n-7

18
:1

n-9

22
:1

n-9

18
:3

n-3

0

10

20

30

40

50
0% tergitol

0.25% tergitol

0.5% tergitol

1% tergitol

*

+ ALA, < 1 hr

 
B 

fa
tt

y
 a

c
id

 (


g
/t

o
ta

l 
m

e
d

iu
m

)

16
:0

18
:0

16
:1

n-7

18
:1

n-9

22
:1

n-9

18
:3

n-3

0

200

400

600

800

1000
0% tergitol

0.25% tergitol

0.5% tergitol

1% tergitol

*+ ALA, < 1 hr

 
Figure 5. 11 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at various tergitol concentrations 

with 500 µM ALA supplementation. The cells and medium were harvested after <1 hr of 

substrate supplementation. All values are means ± SEM, n=3 (technical replicates). Statistical 

analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis post test 

and Dunn's multiple comparison test. Values with an asterisk superscript are significantly 

different from each other (*
P<0.05). Total amount of fatty acids in the yeast is calculated as 

µg/total cells per culture to compare with the total amount of fatty acids in the medium per 

culture. 
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Figure 5. 12 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at various tergitol concentrations 

with 500 µM ALA supplementation. The cells and medium were harvested after 24 hr of 

substrate supplementation. All values are means ± SEM, n=3 (technical replicates). Statistical 

analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis post test 

and Dunn's multiple comparison test. Values with an asterisk superscript are significantly 

different from each other (*
P<0.05). Total amount of fatty acids in the yeast is calculated as 

µg/total cells per culture to compare with the total amount of fatty acids in the medium per 

culture. 
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Figure 5. 13 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at various tergitol concentrations 

with 500 µM ALA supplementation. The cells and medium were harvested after 48 hr of 

substrate supplementation. All values are means ± SEM, n=3 (technical replicates). Statistical 

analysis for fatty acids was determined by one-way ANOVA with Kruskal-Wallis post test 

and Dunn's multiple comparison test. Values with an asterisk superscript are significantly 

different from each other (*
P<0.05). Total amount of fatty acids in the yeast is calculated as 

µg/total cells per culture to compare with the total amount of fatty acids in the medium per 

culture. 
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Figure 5. 14 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at different tergitol 

concentrations with 500 µM EPA supplementation. The cells and medium were harvested 

after <1 hr of substrate supplementation. All values are means ± SEM, n=3 (technical 

replicates). Statistical analysis for fatty acids was determined by one-way ANOVA with 

Kruskal-Wallis post test and Dunn's multiple comparison test. Values with an asterisk 

superscript are significantly different from each other (*
P<0.05). Total amount of fatty acids 

in the yeast is calculated as µg/total cells per culture to compare with the total amount of fatty 

acids in the medium per culture. 
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Figure 5. 15 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at different tergitol 

concentrations with 500 µM EPA supplementation. The cells and medium were harvested 

after 24 hr of substrate supplementation. All values are means ± SEM, n=3 (technical 

replicates). Statistical analysis for fatty acids was determined by one-way ANOVA with 

Kruskal-Wallis post test and Dunn's multiple comparison test. Values with an asterisk 

superscript are significantly different from each other (*
P<0.05). Total amount of fatty acids 

in the yeast is calculated as µg/total cells per culture to compare with the total amount of fatty 

acids in the medium per culture. 
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Figure 5. 16 Fatty acid levels of total cells (total mass of cells) (A) and medium (B) of S. 

cerevisiae yeast containing pYES2™ empty vectors cultured at different tergitol 

concentrations with 500 µM EPA supplementation. The cells and medium were harvested 

after 48 hr of substrate supplementation. All values are means ± SEM, n=3 (technical 

replicates). Statistical analysis for fatty acids was determined by one-way ANOVA with 

Kruskal-Wallis post test and Dunn's multiple comparison test. Values with an asterisk 

superscript are significantly different from each other (*
P<0.05). Total amount of fatty acids 

in the yeast is calculated as µg/total cells per culture to compare with the total amount of fatty 

acids in the medium per culture. 
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5.5.3 Barramundi FADS  
5.5.3.1 Sequence analysis 

Overlapping fragments of a FADS cDNA were amplified from juvenile barramundi hepatic 

RNA using one-step RT-PCR and 3’/5’ RACE. The fragments were assembled to give a 

nucleotide sequence of 1991 bp (excluding a 21 bp external added polyT-tail) as a putative 

complete barramundi FADS mRNA. The 1991 bp sequence included an ORF of 1338 bp and 

a 178 bp 5’ UTR and a 475 bp 3’ UTR plus a polyA-tail (Figure 5.17). The 1338 bp length of 

the FADS ORF encoded a protein of 445 amino acids. Parallel alignment of the putative 

barramundi desaturase ORF peptide sequence with Δ5 and Δ6 desaturase ORF peptide 

sequences (Figure 5.18) from human, baboon, rat, zebra fish and Atlantic salmon indicated 

that the barramundi putative desaturase gene contained elements typical of a membrane-

bound desaturase. These included a HPGG heme binding motif in an N-terminal cytochrome 

b5-like domain, three histidine rich sequences (His boxes) comprised of a group of eight 

conserved histidines: HPGG, HDXGH, HFQHH and QIEHH and four transmembrane 

regions: N130-RPLFFCLHLGHIVLLEALAWLMI-C152, N154-

LWGTNWILTSLCAVMLATAQSQ-C175, N267-FFLVGPPLLIPVFFHIQIMHTMI-C289 and 

N309-SCYIPLYGLFGSLALISFVRFLE-C331 (Figure 5.18). The barramundi putative 

desaturase had higher sequence identity to human (Homo sapiens) (65%) and rat (Rattus 

norvegicus) (64%) Δ6 desaturase (FADS2) than human (51%) and rat (57%) Δ5 desaturase 

(FADS1). The putative barramundi desaturase also showed 65% sequence identity to a 

baboon (Papio Anubis) Δ6 desaturase. When comparing the peptide sequence homology 

(Table 5.3) with Atlantic salmon (Salmon salar), the barramundi putative desaturase was 

found to share 77% identity with FADS1 and 76% with FADS2. Presumably it relates to very 

small difference between the FADS1 and FADS2 peptide sequences. In addition, alignment of 

the barramundi putative desaturase peptide sequence in this study with another recently 

reported barramundi putative Δ6 desaturase (GQ214179) showed 98% homology and identity 

in the peptide sequence, but differed in 6 amino acids throughout the coding region (Figure 

5.18).  

 

The predicted peptide sequence of FADS in this study had a molecular weight of 51.8 

kilodaltons (kDa) which was predicted by Science Gateway Protein Molecular Weight 

Calculator (http://www.sciencegateway.org/tools/proteinmw.htm). A phylogenetic tree 

analysis of peptide sequence of barramundi desaturase aligned with Δ5 and Δ6 desaturase 

gene family previously characterized in other fish species and animals and analysed by NJ 
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algorithm by ClustalX and MEGA version 4 (298) suggested that barramundi putative FADS 

corresponds to the vertebrate FADS2 family and is most closely related to FADS2 sequences 

of marine fish cobia (Rachycentron canadum) (ACJ65149) and turbot (Psetta maxima) 

(AAS49163). The FADS2 sequences of the diadromous fish European seabass 

(Dicentrarchus labrax) (ACD10793) and the marine fish nibe croaker (Nibea mitsukurii) 

(ACX54437) FADS2 sequences were in the same cluster, which was closely related to the 

sequence cluster of barramundi, cobia and turbot (Figure 5.19).  

 

5.5.3.2 The recombinant barramundi desaturase enzyme has both Δ6 and Δ8 activity  

The barramundi putative desaturase gene was functionally characterized by expression in 

transformed S. cerevisiae containing plasmid pYES2/BarraFADS and induced by SC 

selective medium-U containing 2% of galactose. Addition of ALA resulted in a time-

dependent increase in synthesis of 18:4 n-3, indicating Δ6 desaturase activity (Figure 5.20). 

This Δ6 desaturase activity was also observed with 24:5 n-3 and with the n-6 substrate, LA 

(Table 5.4). The rate of conversion of LA was about half that of the equivalent n-3 substrate, 

ALA (Table 5.4 and Table 5.6). Other potential desaturase activities were also investigated by 

adding the appropriate fatty acids. Δ8 desaturase activity was observed with both n-3 (20:3) 

and n-6 (20:2) substrates (Table 5.4 and Figure 5.21). No Δ4 or Δ5 desaturase activity was 

observed following addition of the relevant substrates (Table 5.6). 

 
The characterisation studies revealed that there were two n-3 Δ6 desaturase substrates, ALA 

and 24:5 n-3, having 2.3% and 1.2% product conversion in the yeast cells under identical 

culture conditions despite the final concentration was 500 µM for ALA and 100 μM for 24:5 

n-3. Also, there was the n-6 substrate, LA, having ~1% product conversion (Table 5.6). The 

recombinant barramundi desaturase enzyme had both Δ6 and Δ8 desaturase activities. 

Supplementation of Δ8 desaturase substrates 20:3 n-3 and 20:2 n-6 showed 1.3% and 0.4% 

product conversion in the yeast cells, respectively.  

 

5.5.3.3 Desaturation products in the culture medium  

For the fatty acids with C18, only trace amounts of LA and ALA substrates was present in the 

medium after 48 hr of culture (Table 5.5), and neither of the desaturation products 18:3 n-6 

and 18:4 n-3 were detected in the medium (Table 5.5). In contrast, significant amounts of 20:2 

n-6, 20:3 n-3 and 24:5 n-3 substrates were still present in the culture medium after 48 hr 

(Table 5.5). In addition, the desaturation products 20:4 n-3 and 24:6 n-3 from both n-3 
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substrates (20:3 n-3 and 24:5 n-3) were detected in the culture medium (Table 5.5). Therefore 

the desaturation product concentrations present in the culture medium, as well as those 

present in the cells, were taken into account for calculating the apparent conversion rate 

(Table 5.6). When this was done, the conversion of ALA to 18:4 n-3, LA to 18:3 n-6 and 20:2 

n-6 to 20:3 n-6 remained unchanged but the conversion of both 20:3 n-3 to 20:4 n-3 and 24:5 

n-3 to 24:6 n-3 increased 6.9 fold. 

 

5.5.3.4 Dose-response of ALA on the effect of the desaturase activity  

Although accumulation of ALA in cells was concentration dependent (Figure 5.22 A), the 

18:4 n-3 amounts detected still only represented a small percentage (2%-6%) of the total ALA 

added to the culture (Figure 5.22 B). The accumulation of 18:4 n-3 was not strictly related to 

cellular ALA levels but followed a bell shape-like curve. 

 

5.5.3.5 No desaturation activity towards saturates and monoenes 

Without supplementation of any exogenous fatty acid substrates, culturing the yeast cells 

containing barramundi FADS2 ORF in the induced (galactose) or uninduced (glucose) media, 

did not result in changes in the major endogenous fatty acid levels in yeast cells after 48 hr 

(Figure 5.23). These results indicated that the recombinant barramundi desaturase had no 

desaturation activity towards saturates and monoenes. 
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Figure 5. 17 Alignment of barramundi putative FADS cDNA (include 5’ and 3’ UTR) with the FADS ORF nucleotide sequence. The complete FADS 

nucleotide sequence was determined by combining sequence information from 3’/5’ RACE PCR products overlapped with the partial FADS cDNA 
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fragments. The FADS ORF nucleotide sequence was determined by sequencing of PCR products, which were amplified by using Fads-F and Fads-R primers 

to obtain a fragment containing the partial 5’ and 3’ UTR regions. The ATG start codon is indicated by a solid arrow sign and the TGA stop codon is 

indicated by a dashed arrow sign. 
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Figure 5. 18 Alignment of the predicted amino acid sequences of the putative barramundi desaturase (GU047383, this study) with desaturases in human, 

baboon, rat, zebra fish, and salmon. Identical amino acids are in black, the heme binding motif in cytochrome b5-like domain is circled by a square; three 

histidine-rich domains are underlined. Four putative transmembrane regions (dashed line) are predicted by SOSUI software (http://bp.nuap.nagoya-

u.ac.jp/sosui/). *Putative barramundi Δ6 desaturase (GQ214179) (124). The GenBank® accession numbers for other sequences are listed in Table 5.3.  
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Table 5. 3 Identity comparison of desaturase peptide sequences of barramundi and other 

species 

1The peptide sequences were derived from coding sequences deposited at the NCBI Genbank® database. 
Sequences were aligned and the identity was computed using the Genedoc.  
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Figure 5. 19 A phylogenetic tree comparing peptide sequences of the barramundi desaturase 

and 17 available animal Δ5 and Δ6 desaturases. The accession numbers of peptide sequences 

were derived from NCBI GenBank® database. The distance tree was constructed using NJ 

algorithm analysis with ClustalX and MEGA version 4. The numbers on the branches indicate 

bootstrapping value for the node of the frequencies with which the tree topology presented 

was replicated after 1,000 iterations.   
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Figure 5. 20 Time course for 18:4 n-3 production after supplementation of ALA (250 M) in 

transformed yeast cells (total mass of cells)  (A) and medium (B) after expressing barramundi 

FADS ORF. All values are means ± SEM, n=3 (technical replicates). Total amount of fatty 

acids in the yeast is calculated as µg/total cells per culture to compare with the total amount of 

fatty acids in the medium per culture. 
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Table 5. 4 Fatty acid composition of yeast expressing barramundi FADS2 ORF 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

1Desaturation products were quantitatively computed as µg of fatty acids of total cells (total mass of cells) per culture. Mean ± SEM, n≥3 (technical replicates). 
 

Barramundi desaturase  

µg/total 
cell 

18:2 n-6 (LA)  
(500 µM)   

18:3 n-3 (ALA) 
(500 µM)   

20:2 n-6  
(500 µM)   

20:3 n-3  
(500 µM)   

24:5 n-3  
(100 µM) 

Fatty acid uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced 
16:0 27.1±4.71 25.9±0.7 16.6±2.4 29.6±1.7 32.1±7.1 29.4±2.5 25.4±1.9 25.2±1.0 15.1±0.4 31.2±12.0 
18:0 12.1±1.9 11.7±0.3 8.6±1.1 14.05±0.5 13.8±2.5 12.9±0.9 12.5±1.5 11.4±0.3 8.6±0.4 15.6±4.9 
16:1n-7 32.6±7.7 25.8±0.2 17.0±3.4 27.2±1.5 53.8±16.0 39.0±4.9 32.4±0.1 31.2±2.9 25.4±0.6 54.2±24.7 
18:1n-9 16.8±4.8 14.4±0.3 8.4±2.1 19.9±1.3 31.0±8.2 22.6±2.5 20.1±0.3 19.6±1.4 12.9±0.5 32.8±15.7 
18:2n-6  24.2±5.2 19.2±0.1 - - - - - - - - 
18:3n-3  - - 11.3±2.6 21.3±1.1 - - - - - - 
18:3n-6 - 0.2±0.0 - - - - - - - - 
18:4n-3 - - - 0.5±0.1 - - - - - - 
20:2n-6 - - - - 29.3±6.3 31.1±1.7 - - - - 
20:3n-6 - - - - - 0.1±0.0 - - - - 
20:3n-3 - - - - - - 12.4±0.5 19.2±1.6 - - 
20:4n-3 - - - - - - - 0.3±0.0 - - 
22:1n-9 15.6±0.6 15.1±1.2 13.5±0.6 15.0±1.1 11.7±3.0 9.2±2.2 7.7±0.7 13.6±2.3 15.6±0.8 16.1±1.4 
24:5n-3 - - - - - - - - 7.3±0.3 16.7±0.6 
24:6n-3 - - - - - - - - - 0.2±0.0 
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Table 5. 5 Fatty acid composition of remaining medium in yeast expressing barramundi FADS2 ORF 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

1Desaturation  products were quantitatively computed as µg of fatty acids of total medium per culture. Mean ± SEM, n≥3 (technical replicates). 
 

 

Barramundi desaturase  

µg/total 
medium 

18:2 n-6 (LA)  
(500 µM)   

18:3 n-3 (ALA) 
(500 µM)   

20:2 n-6 
(500 µM)   

20:3 n-3  
(500 µM)   

24:5 n-3  
(100 µM) 

Fatty acid uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced 
16:0 107.2±2.21 174.7±3.5 160.4±6.0 147.3±5.5 154.6±1.3 154.9±9.1 143.1±5.3 146.3±5.9 104.3±3.3 112.1±0.2 
18:0 96.9±1.9 144±2.5 132.7±4.3 122.6±3.9 125.6±0.8 125.1±5.9 120.2±3.6 119.8±3.8 93.6±2.3 99.5±0.3 
18:1n-9 4.5±0.1 7.5±0.5 3.3±0.1 7.7±0.6 6.8±0.2 8.7±0.8 5.4±0.3 7.1±0.4 5.8±0.0 11.3±0.3 
18:2n-6  3.7±0.2 5.8±0.8 - - - - - - - - 
18:3n-3  - - - 5.1±0.3 - - - - - - 
18:3n-6 - - - - - - - - - - 
18:4n-3 - - - - - - - - - - 
20:2n-6 - - - - 290.5.±3.4 412.6±15.5 - - - - 
20:3n-6 - - - - - - - - - - 
20:3n-3 - - - - - - 26.7±2.8 109.9±4.2 - - 
20:4n-3 - - - - - - - 1.6±0.1 - - 
22:1n-9 158.3±7.9 130.3±7.6 142.2±4.4 110.6±14.7 145.4±18.2 155.6±8.6 111.4±12.8 112.4±13.2 159.1±3.7 156.7±4.4 
24:5n-3 - - - - - - - - 136.1±5.4 189.5±4.6 
24:6n-3 - - - - - - - - - 1.3±0.1 
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Table 5. 6 Substrate specificity and enzyme activity of barramundi FADS 

 

Fatty acid 
substrate1 

Desaturastion 
product 

Conversion (%) Enzyme activity 

n-3 PUFA  Cell only2  Cell + medium3  

18:3 n-3 (ALA) 18:4 n-3  2.3±0.2 2.3±0.2 Δ6 desaturase 

20:3 n-3  20:4 n-3  1.3±0.1 9.0±0.0 Δ8 desaturase 

22:5 n-3 (DPA) 22:6 n-3 (DHA) N.D. N.D. Δ4 desaturase 

24:5 n-3  24:6 n-3  1.2±0.1 8.3±0.6 Δ6 desaturase 

n-6 PUFA     

18:2 n-6 (LA) 18:3 n-6  1.1±0.1 1.1±0.1 Δ6 desaturase 

20:3 n-6  20:4 n-6 (AA) N.D. N.D. Δ5 desaturase 

20:2 n-6  20:3 n-6  0.4±0.1 0.4±0.1 Δ8 desaturase 
1Fatty acids ALA, 20:3 n-3, LA, 20:3 n-6 and 20:2 n-6 were supplemented 500 μM, DPA was supplemented 250 
μM and 24:5 n-3 was supplemented 100 μM into yeast culture medium as a final concentration. 
2Fatty acid in yeast cells only were used for calculating the conversion (%). Data are means ± SEM of n≥3 
(technical replicates). 
Conversion (%) = [product / (substrate + product) x 100]; all fatty acids were calculated based on fatty acid 
values listed on Table 5.4. 
3Desaturated fatty acid products in medium were taken into account for calculating the conversion (%). Data are 
means ± SEM of n≥3. Conversion (%) = [product / (substrate + product) x 100]; all fatty acids were calculated 
based on fatty acid values listed on Table 5.4 and Table 5.5. 
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Figure 5. 21 Chromatograms of fatty acids from yeast transformed with barramundi FADS 

ORF was exogenous supplemented with substrate 20:3 n-3 (A) and 20:2 n-6 (B) and then 

cultured at uninduced (A-a, B-a) and induced (A-b, B-b) media for 48 hr. Identities of peaks 1 

(16:0) (not shown), 2 (16:1 n-7) (not shown), 3 (18:0) 4 (18:1 n-9) and 5 (22:1 n-9) in all 

panels are the endogenous fatty acids of the yeast cells. Two additional peaks are observed in 

A-b and B-b panels. The peaks were identified as 20:4 n-3 and 20:3 n-6. 
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Figure 5. 22 Dose-response of ALA on effects of barramundi desaturase activity. Effects of 

increasing ALA at concentrations up to 500 µM on synthesis of 18:4 n-3 (A) and on the 

conversion (%) of ALA to 18:4 n-3 (B). Desaturation products were quantitatively computed 

as µg of fatty acids of total cells per culture. Conversion (%) was calculated by conversion 

(%) = [product / (substrate + product) x 100]. Mean ± SEM, n=3 (technical replicates). The 

total amount of fatty acids in the yeast is calculated as µg/total cells per culture to compare 

with the total amount of fatty acids in the medium per culture. Values with different 

superscripts are significantly different from each other (P<0.05). 
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Figure 5. 23 Fatty acid profiles of total lipid in uninduced (solid bar) and induced (open bar) 

yeast cells containing barramundi FADS ORF. Fatty acid amounts were quantitatively 

calculated based on peak area of an internal standard 17:0. Data were represented as mean ± 

SEM, n=6 (technical replicates). The total amount of fatty acids in the yeast is calculated as 

µg/g cells. 
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5.5.4 Barramundi ELOVL 
5.5.4.1 Sequence analysis 

Sequence results confirmed that a 1473 bp (excluding a 23 bp external added polyT-tail) full 

length cDNA of barramundi putative fatty acid elongase was obtained using 3’ and 5’ RACE. 

The cDNA which was isolated from juvenile barramundi using 3’/5’ RACE by degenerate 

and gene specific primers had overlapping regions of a given cDNA fragment and the 

deduced putative full length ORF sequence was confirmed by nucleotide sequencing (Figure 

5.24). The putative barramundi elongase gene included an ORF of 885 bp nucleotides 

encoding a protein of 294 amino acids (Figure 5.25). The predicted peptide sequence of 

ELOVL in this study has a molecular weight of 35.1 kilodaltons calculated by Protein 

Molecular Weight Calculator online program from Science Gateway 

(http://www.sciencegateway.org/tools/proteinmw.htm). Parallel alignment of barramundi 

putative elongase with elongase 2 and 5 sequences from human (Homo sapiens), zebra fish 

(Danio rerio) and Atlantic salmon (Salmon salsa) (Figure 5.25) indicated that the barramundi 

ELOVL contained a histidine rich sequence (His box) comprised of a group of three 

conserved histidines HXYHH and four transmembrane regions: N31-

NYPPTFALTVMYLLIVWMGPKY-C52, N64-LLVLYNLGLTLLSFYMFYELVTA-C86, 

N204-QLQLIQFFLTVTQTMCAVIWPCG-C226 and N231-WLYFQISYMVTLIILFSNFYIQ-

C252, typical of a membrane-bound elongase. It showed high sequence homology to human, 

zebra fish and Atlantic salmon elongase 5 (Table 5.7). Moreover, alignment of the barramundi 

putative elongase sequence from this study with a recently reported barramundi elongase 5 

(GQ214180) (124) showed one nucleotide difference in the coding region (Figure 5.26) but 

100% amino acid sequence identity (Figure 5.25). There were also differences in cDNA 

nucleotides and length of the 3’ and 5’ UTR between the two barramundi (Figure 5.26).  

 

A phylogenetic tree analysis of the peptide sequence of barramundi elongase aligned with 

elongase 2 and 5 gene family previously characterized in other fish species and vertebrates 

and analysed by NJ algorithm (Figure 5.27) suggests that barramundi putative ELOVL 

closely corresponds to the mammalian ELOVL5 family and is most closely related to ELOVL 

sequences of the marine teleosts, southern bluefin tuna (Thunnus maccoyii) (ACZ55930), 

gilthead seabream (Sparus aurata) (AAT81404) and nibe croaker (Nibea mitsukurii) 

(ACR47973) cluster as well as the marine fish cobia (Rachycentron canadum) (ACJ65150) 

and turbot (Psetta maxima) (AF465520) cluster.  

 



 

216 

 

5.5.4.2 Elongation activity of the barramundi putative ELOVL 

The elongation activity was examined with approaches of time course, dose dependence, and 

substrate preferences.  

Time course 

The C18 n-3 substrate, 18:4 n-3 was added to transformed yeast cells expressing the 

barramundi ELOVL gene under 27°C culture conditions for 72 hr. After addition of the C18 

n-3 substrate 18:4 n-3 to transformed yeast cells expressing the barramundi ELOVL gene, 

there was an initial increase in 20:4 n-3, the first elongation product, in the yeast lipids at 6 hr, 

followed by a decrease to a lower level which remained constant at all other time points. At 

the same time, there was a linear increase in the next elongation product in the fatty acid 

pathway 22:4 n-3 in the yeast cells over the 72 hr of the incubation (Figure 5.28 A). The 

concentration of extracellular elongation products (i.e. those in the culture medium) were also 

examined and similar time course patterns were seen for 20:4 n-3 and 22:4 n-3, indicating 

secretion of these fatty acids from yeast lipids to the medium (Figure 5.28 B). Elongation of 

EPA showed a similar time course in transformed yeast, except that there was very limited 

conversion of the first elongation product, DPA to 24:5 n-3 (Figure 5.29). 

Dose dependence 

In a 24 hr incubation with increasing concentrations of 18:4 n-3, the production of 20:4 n-3 

and 22:4 n-3 in yeast cells increased linearly up to 500 µM of 18:4 n-3 (Figure 5.30 A) and a 

significant amount of 22:4 n-3 was observed in the medium (Figure 5.30 B). When the total 

mass (yeast cell + medium) was calculated, it was clear that the second elongation reaction, 

that of 20:4 n-3 to 22:4 n-3, occurred at a greater rate than the first elongation step, that of 

18:4 n-3 to 20:4 n-3 (Figure 5.30 C and Table 5.8 A). With the addition of EPA up to 500 µM 

there was an increase in the concentration of the first elongation product, DPA, in both cells 

and incubation medium but only low amounts of the second elongation product, 24:5 n-3, in 

either the yeast cells (Figure 5.31 A) or the medium (Figure 5.31 B) suggesting limited ability 

of the transformed yeast cells to produce 24:5 n-3. When taking the fatty acids in both the 

yeast cells and the medium into account for calculating the conversion rates, more than 90% 

of EPA was elongated into DPA (Figure 5.31 C and Table 5.8 B). 

 

In addition to the examination of C18 (18:4 n-3), C20 (20:4 n-3 and EPA) and C22 (DPA) 

substrates, which are considered as the main pathway for conversion of ALA to DHA, I also 

examined the ability of the transformed yeast cells to elongate ALA to 20:3 n-3 (Figure 5.32). 

ALA is normally a substrate for Δ6 desaturase activity, resulting in the formation of 18:4 n-3 

in the conventional LCPUFA pathway. After the addition of ALA to the transformed yeast 
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cells, the elongation products 20:3 n-3 plus a small amount of the next elongation product, 

22:3 n-3 were detected in the yeast cell fatty acids (Figure 5.32 A). Elongation products 20:3 

and 22:3 n-3 were also detected in the culture medium (Figure 5.32 B) and when the amount 

of all substrates and products in the yeast cells and medium were calculated, the conversion 

efficiency of ALA to 20:3 n-3 was in the range of 43%-67% (Figure 5.32 C and Table 5.8 C).  

Substrate preferences 

The fatty acid compositions of yeast cultures supplemented with various C18 and C20, n-3 

and n-6 fatty acid substrates are shown in Table 5.9 and Table 5.10. The recombinant 

barramundi ELOVL enzyme showed a broad range of elongation activities towards fatty acid 

substrates including LA, ALA, 18:3 n-6, 18:4 n-3, AA and EPA. Before and after taking 

medium elongation product levels into account for computing the enzymatic conversion, the 

relative values changed accordingly (Table 5.11). There was little difference in n-3/n-6 

preference for EPA versus 20:4 n-6, however, the recombinant ELOVL had a higher affinity 

for 18:4 n-3 than 18:3 n-6 and ALA had considerably more activity as a substrate compared to 

LA (Table 5.10). It is interesting that the uninduced cells, those containing 

pYES2/BarraELOVL plasmid cultured in glucose medium to suppress the gene expression, 

still showed low degrees of production of elongated products from C18 and C20 fatty acids, 

suggesting basal levels of expression (leaky expression) from a pYES2 GAL-1 promoter 

(Table 5.9 and 5.10). 

 

There was little difference in n-3/n-6 preference for EPA versus AA. However, ALA and 18:4 

n-3 were considerably more preferred by the recombinant barramundi ELOVL as substrates 

compared with LA and 18:3 n-6, respectively (Table 5.11). Moreover, the recombinant 

barramundi ELOVL showed higher elongation activity for elongating C20 than C18 fatty 

acids. More than 90% of EPA and AA were elongated to C22 elongation products DPA and 

22:4 n-6, respectively, when the elongation products were taken into account for the 

conversion % (Table 5.11).  

 

The effect of induction of the barramundi ELOVL on endogenous yeast fatty acids, which are 

mainly saturates and monoenes, was examined. Induction of the elongase enzyme increased 

the peak areas and overall amounts of 18:1 n-9, 18:1 n-7 and 20:1 n-9 (Figure 5.33 and Figure 

5.34). The levels of 18:1 n-9, 18:1 n-7 and 20:1 n-9 traces in the induced cells were 1.6, 5.6 

and 14.5 fold, respectively, higher than the traces in the uninduced cells, which resulted in 

increase in the total monoenes, however, there was no effect on the saturates (Figure 5.34). 

Moreover, a putative 20:1 n-7 peak which appeared next to the peak of 20:1 n-9 was also 
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observed on the GC chromatogram in the galactose induced yeasts containing the barramundi 

ELOVL gene (Figure 5.33). 
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Figure 5. 24 Alignment of barramundi putative complete ELOVL cDNA with the ELOVL ORF nucleotide sequence. The complete ELOVL nucleotide 

sequence was determined by combining sequence information from 3’/5’ RACE PCR products overlapped with the partial ELOVL cDNA fragments. The 

ELOVL ORF nucleotide sequence was determined by sequencing of PCR products, which were amplified by using Elovl-F and Elovl-R primers to obtain a 
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fragment containing the partial 5’ and 3’ UTR regions. The ATG start codon is indicated by a solid arrow sign and the TGA stop codon is indicated by a 

dashed arrow sign. 
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Figure 5. 25 Alignment of the predicted amino acid sequences of the barramundi elongase with elongases in human, zebra fish, and salmon. The GenBank® 

accession numbers for all sequences are listed in Table 5.7. Identical amino acids are in black, one histidine-rich domain is underlined. Four putative 

transmembrane regions (dashed line) are predicted by SOSUI software (http://bp.nuap.nagoya-u.ac.jp/sosui/) (299).  
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Table 5. 7 Identity comparison of elongase peptide sequences of barramundi and other species 

 
 Lates 

calcarifer 

Elovl  
(GQ214180) 

Homo 

sapiens 

Elovl2-like 
(NP_060240) 

Homo 

sapiens 
Elovl5-like 
(NP_068586) 

Danio rerio 
Elovl2-like 
(NP_001035452) 

Danio rerio 
Elovl5-like 
(NP_956747) 

Salmon salar 
Elovl2 
(NP_001130025) 

Salmon salar 

Elovl5a 
(AAO13175) 

Lates calcarifer Elovl 
(this study) (GU047382) 

100%1 54% 
 

70% 
 

51% 
 

76% 
 

53% 
 

83% 
 

Lates calcarifer Elovl  
(GQ214180) 

 54% 
 

70% 
 

51% 
 

76% 
 

53% 
 

83% 
 

Homo sapiens Elovl2-
like (NP_060240) 

  53% 
 

64% 
 

55% 
 

67% 
 

52% 
 

Homo sapiens Elovl5-
like (NP_068586) 

   50% 
 

69% 
 

51% 
 

71% 
 

Danio rerio Elovl2-
like (NP_001035452) 

    52% 
 

72% 
 

51% 
 

Danio rerio Elovl5-
like (NP_956747) 

     52% 
 

75% 
 

Salmo salar Elovl2 
(NP_001130025) 

      51% 
 

1The peptide sequences were derived from coding sequences deposited at the NCBI GenBank® database. 
Sequences were aligned and the identity was computed using the Genedoc. 
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Figure 5. 26 Alignmen of the nucleotide sequences of the barramundi elongase in this study (GU047382) and the sequence from Mohd-Yusof et. al. 

(GQ214180). Identical nucleotids are in black, the ATG start codon is pointed by a solid arrow sign and the TGA stop codon is pointed by a dashed arrow 

sign. One nucleotide difference within the ORF is circled by a square. The 77% identity between the two nucleotides was computed using the Gendoc. 
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 ELOVL-Barramundi (GU047382)-this study

 ELOVL-Cobia (ACJ65150)

 ELOVL-Turbot (AF465520)

 Putat ELOVL-Tilapia (AAO13174)

 ELOVL5b-Salmon (NP_001130024)

 ELOVL-Salmon (NP_001117039)

 ELOVL-Rainbow Trout (NP_001118108)

 Putat ELOVL-Cherry Salmon (AAY79352)

 ELOVL5-Cod (AAT81406)

 ELOVL-Catfish (AAT81405)

 ELOVL5like-Zebra Fish (NP_956747)

 ELOVL5like-Human (NP_068586)

 ELOVL5-Mouse (AAH22911)

 ELOVL5-Rat (NP_599209)

 ELOVL2like-Zebra Fish (NP_001035452)

 ELOVL2like-Human (NP_060240)

 ELOVL2like-Mouse (NP_062296)

 ELOVL2like-Rat (NP_001102588)94

100

100

51

100

98

97

66

85

9692

58

95

51

48

62

68

30

0.05  
 
 
Figure 5. 27 A phylogenetic tree comparing peptide sequences of the barramundi elongase 

and 20 available animal elongases. The accession numbers of peptide sequences were derived 

from NCBI GenBank® database. The distance tree was constructed using NJ analysis with 

ClustalX and MEGA version4. The numbers on the branches indicate bootstrapping value for 

the node of the frequencies with which the tree topology presented was replicated after 1,000 

iterations.   
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Figure 5. 28 Time course of changes in fatty acid levels of 20:4 n-3 and 22:4 n-3, after 

addition of 18:4 n-3 at 250 µM in transformed yeast cells (total mass of cells) (A) and 

medium (B) after expressing barramundi elongase. Mean ± SEM, n=3 (technical replicates). 

Total amount of fatty acids in the yeast is calculated as µg/total cells per culture to compare 

with the total amount of fatty acids in the medium per culture. 
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Figure 5. 29 Time course of changes in fatty acid levels of 22:5 n-3 and 24:5 n-3, after 

addition of EPA (20:5 n-3) at 250 µM in transformed yeast cells (total mass of cells) (A) and 

medium (B) after expressing barramundi elongase. Mean ± SEM, n=3 (technical replicates). 

Total amount of fatty acids in the yeast is calculated as µg/total cells per culture to compare 

with the total amount of fatty acids in the medium per culture. 
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Figure 5. 30 Effect of 18:4 n-3 at 0-500 µM on biosynthesis of 20:4 n-3 and 22:4 n-3 in cells 

(total mass of cells) (A) and in remaining culture medium (B). Fatty acids in cells and 

medium were both taken into account for calculating overall production of 20:4 n-3 and 22:4 

n-3 (C). Elongated products were computed as µg of fatty acids for total cells, medium or 

total cell + medium in a 10 mL culture. Mean ± SEM, n=3 (technical replicates). Total 

amount of fatty acids in the yeast is calculated as µg/total cells per culture to compare with 

the total amount of fatty acids in the medium per culture. 
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Figure 5. 31 Effect of EPA (20:5 n-3) at 0-500 µM on synthesis of DPA (22:5 n-3) and 24:5 

n-3 in cells (total mass of cells) (A) and in remaining culture medium (B). Fatty acids in cells 

and medium were both taken into account for calculating overall production of DPA and 24:5 

n-3 (C). Elongated products were quantitatively computed as µg of fatty acids per total cells, 

medium or total cell + medium. Mean ± SEM, n=3 (technical replicates). Total amount of 

fatty acids in the yeast is calculated as µg/total cells per culture to compare with the total 

amount of fatty acids in the medium per culture. 
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Figure 5. 32 Effect of ALA (18:3 n-3) at 0-500 µM on synthesis of 20:3 n-3 and 22:3 n-3 in 

cells (total mass of cells) (A) and in remaining culture medium (B). Fatty acids in cells and 

medium were both taken into account for calculating overall production of 20:3 n-3 and 22:3 

n-3 (C). Elongated products were quantitatively computed as µg of fatty acids per total cells, 

medium or total cell + medium. Mean ± SEM, n=3 (technical replicates). Total amount of 

fatty acids in the yeast is calculated as µg/total cells per culture to compare with the total 

amount of fatty acids in the medium per culture. 
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Table 5. 8  Comparison of cell only and cell + medium conversion values 

A. Dose-response of 18:4 n-3 

Substrate Conversion (%)1 

18:4 n-3 (µM) 18:4 n-3  20:4 n-3 20:4 n-3  22:4 n-3 

 Cell only Cell + medium Cell only Cell + medium 

0 0 0 0 0 

50 28.7 ± 1.7a 3.0 ± 0.2a 57.6 ± 1.2a 95.5 ± 0.2 

100 34.8 ± 1.3ab 3.7 ± 0.6ab 51.5 ± 1.3ab 94.9 ± 0.8 

250 36.3 ± 1.0ab 12.9 ± 0.4ab 45.5 ± 1.9ab 85.1 ± 0.6 

500 38.3 ± 0.9bc 19.7 ±0.8bc 38.6 ± 2.1bc 76.2 ± 1.3 

 

B. Dose-response of 20:5 n-3 

Substrate Conversion (%)1 

20:5 n-3 (µM) 20:5 n-3  22:5 n-3 22:5 n-3  24:5 n-3 

 Cell only Cell + medium Cell only Cell + medium 

0 0 0 0 0 

50 70.9 ± 5.2 94.8 ± 1.4 0 0 

100 76.3 ± 2.5 95.3 ± 1.0 1.3 ± 1.3 0.4 ± 0.4a 

250 75.8 ± 0.4 88.9 ± 1.7 3.5 ± 0.1 8.3 ± 1.3b 

500 77.1 ± 1.0 92.6 ±0.7 2.6 ± 0.1 5.6 ± 0.6ab 

 

C. Dose-response of 18:3 n-3 

Substrate Conversion (%)1 

ALA (18:3 n-3) (µM) ALA (18:3 n-3)  20:3 n-3 20:3 n-3  22:3 n-3 

 Cell only Cell + medium Cell only Cell + medium 

0 0 0 0 0 

50 42.4 ± 0.5a 42.9 ± 1.0a 0 0 

100 37.6 ± 0.3ab 66.7 ± 1.9b 0 0 

250 34.2 ± 0.3ab 55.5 ± 1.0ab 2.4 ± 0.1 16.1 ±1.2 

500 33.0 ± 0.1bc 60.2 ±0.8ab 1.8 ± 0.1 12.2 ± 0.1 
1Elongated products were quantitatively computed as µg of fatty acids per total cell, total medium or total cell + 
medium. Conversion were calculated by conversion (%) = [product / (substrate + product) x 100]. Mean ± SEM, 
n=3 (technical replicates). Means in the same column superscripted with different letters indicate statistical 
difference (P<0.05), according to Kruskal-Wallis post test with Dunn's multiple comparison test. 
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Table 5. 9 Fatty acid composition of yeast cells expressing barramundi ELOVL ORF 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Elongation products were quantitatively computed as µg of fatty acids of total cells (total mass of cells) per culture. Mean ± SEM, n≥3 (technical replicates). 

 

Barramundi elongase   

µg/total 
cell 

LA (18:2 n-6) 
(500 µM) 

ALA (18:3 n-3) 
(500 µM) 

18:3 n-6 
(500 µM) 

18:4 n-3 
(500 µM) 

AA (20:4 n-6) 
(500 µM) 

EPA (20:5 n-3) 
(500 µM) 

Fatty acid uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced 
16:0 27.2±1.01 27.6±2.7 27.1±1.0 25.9±0.9 35.7±7.0 26.5±1.7 34.6±2.9 30.9±2.5 19.9±0.7 23.3±0.7 18.5±0.6 24.0±1.1 
18:0 12.9±0.9 15.1±1.1 12.3±0.3 14.4±0.5 16.3±2.1 13.7±1.0 17.5±.1.8 15.7±1.3 7.8±0.3 9.0±0.3 7.6±0.3 11.6±1.1 
16:1n-7 19.4±0.8 19.0±5.0 20.9±1.0 18.2±1.6 25.0±9.2 18.6±0.9 19.6±1.5 19.9±2.3 22.4±0.2 24.7±1.2 23.9±0.5 21.6±2.0 
18:1n-9 8.6±0.5 10.9±3.5 10.5±0.6 11.0±1.3 12.6±5.7 9.9±0.6 8.6±1.1 11.8±1.6 8.3±0.2 13.0±0.8 9.6±0.4 12.2±1.3 
18:1n-7 0.8±0.0 3.5±1.2 1.0±0.1 3.6±0.3 1.0±0.4 3.0±0.2 0.6±0.1 3.8±0.5 0.6±0.0 3.7±0.3 0.7±0.0 3.2±0.2 
18:2n-6  16.3±0.6 22.3±8.1 - - - - - - - - - - 
18:3n-3  - - 17.5±0.7 14.8±2.1 - - - - - - - - 
18:3n-6 - - - - 18.3±7.4 7.9±0.5 - - - - - - 
18:4n-3 - - - - - - 14.1±1.3 6.1±1.1 - - - - 
20:2n-6 0.1±0.1 3.1±1.5 - - - - - - - - - - 
20:3n-6 - - - - 3.2±1.8 7.7±0.5 - - - - - - 
20:3n-3 - - 1.0±0.1 6.8±0.8 - - - - - - - - 
20:4n-6 - - - - - - - - 6.0±0.3 9.3±0.6 - - 
20:4n-3 - - - - - - 3.0±0.6 10.1±1.5 - - - - 
20:5n-3 - - - - - - - - - - 3.9±0.1 2.7±0.4 
22:1n-9 11.6±0.5 13.8±0.6 12.7±0.2 11.8±1.2 13.6±0.8 12.0±0.2 8.5±0.1 9.8±1.3 14.9±0.9 14.3±0.1 15.0±1.2 13.6±1.3 
22:2n-6 - 0.5±0.1 - - - - - - - - - - 
22:3n-6 - - - - - 1.2±0.1 - - - - - - 
22:3n-3 
22:4n-6 - - - 0.4±0.0 - - 

 
- - 0.6±0.0 8.0±0.5 - - 

22:4n-3 - - - - - - 0.4±0.1 10.0±0.6 - - - - 
22:5n-3 - - - - - - - - - - 0.6±0.0 7.4±0.3 
24:5n-3 - - - - - - - - - - - 0.2±0.0 
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 Table 5. 10 Fatty acid composition of remaining medium by yeast expressing barramundi ELOVL ORF 
 

 

1Elongation products were quantitatively computed as µg of fatty acids of total medium per culture. Mean ± SEM, n≥3 (technical replicates). 

Barramundi elongase   

µg/total 
medium 

LA (18:2 n-6) 
(500 µM) 

ALA (18:3 n-3) 
(500 µM) 

18:3 n-6 
(500 µM) 

18:4 n-3 
(500 µM) 

AA( 20:4 n-6) 
(500 µM) 

EPA (20:5 n-3) 
(500 µM) 

Fatty acid uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced uninduced induced 
16:0 237.6±2.81 263.6±20.9 245.8±1.1 219.2±9.3 258.0±13.6 252.9±6.7 239.6±20.1 309.5±3.7 198.7±8.7 199.3±1.8 198.5±4.2 262.1±29.9 
18:0 179.9±1.9 194.9±13.4 184.0±0.9 168.9±5.2 190.9±9.7 186.5±5.0 191.0±15.1 219.9±2.9 158.0±6.0 154.7±1.2 157.2±3.3 193.7±18.1 
18:1n-9 4.8±0.1 5.1±0.6 4.4±0.0 6.3±0.4 4.8±0.1 6.1±0.3 7.6±0.7 6.2±0.2 3.9±0.2 6.4±0.1 3.6±0.1 6.6±0.1 
18:2n-6  3.0±0.6 2.8±0.4 - - - - - - - - - - 
18:3n-3  - - - 1.0±0.4 - - - - - - - - 
18:3n-6 - - - - 1.7±0.5 2.2±0.4 - - - - - - 
18:4n-3 - - - - - - 8.6±0.2 6.7±0.0 - - - - 
20:2n-6 - 3.2±0.2 - - - - - - - - - - 
20:3n-6 - - - - 2.6±0.3 8.2±0.5 - - - - - - 
20:3n-3 - - 0.9±0.5 13.3±2.6 - - - - - - - - 
20:4n-6 - - - - - - - - 15.3±1.1 55.9±11.8 - - 
20:4n-3 - - - - - - 6.8±0.3 26.6±1.0 - - - - 
20:5n-3 - - - - - - - - - - 5.5±0.1 6.9±1.3 
22:1n-9 110.7±1.5 120.9±3.5 116.0±3.7 98.4±5.9 143.9±18.3 118.1±5.2 101.8±8.5 110.6±16.0 147.9±9.3 135.3±10.3 125.7±5.9 156.5±6.6 
22:2n-6 - - - - -  - - - - - - 
22:3n-6 - - - - - 11.8±0.3 - - - - - - 
22:3n-3       -  - -    
22:4n-6 - - 0.1±0.0 3.9±0.4 - - - - 9.4±0.5 92.1±6.0 - - 
22:4n-3 - - - - - - 5.0±0.2 126.4±1.0 - - - - 
22:5n-3 - - - - - - - - - - 5.6±0.5 77.4±6.6 
24:5n-3 - - - - - - - - - - - 4.4±0.6 
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Table 5. 11 Substrate specificity and enzyme activity of barramundi ELOVL 

 

Fatty acid 
substrate1 

Elongation 
product 

Conversion (%) Enzyme activity 

n-3 PUFA  Cell only2 Cell + medium3  

18:3 n-3 (ALA) 20:3 n-3 

22:3 n-3 

31.2±0.8 

1.7±0.1 

50.5±1.8 

11.3±0.6 

Elongase5 

18:4 n-3  20:4 n-3  

22:4 n-3 

38.3±0.9 

38.6±2.1 

20.4±0.8 

76.2±1.3 

Elongase5 

20:5 n-3 (EPA) 22:5 n-3 (DPA) 

24:5 n-3 

72.1±2.3 

2.1±0.2 

91.9±0.5 

4.9±0.5 

Elongase5/2 

n-6 PUFA     

18:2 n-6 (LA) 20:2 n-6  

22:2 n-6 

11.2±1.2 

N.D. 

23.2±2.2 

N.D. 

Elongase5 

18:3 n-6  20:3 n-6  

22:3 n-6 

45.7±0.5 

7.3±0.4 

43.1±0.7 

35.4±0.6 

Elongase5 

20:4 n-6 (AA) 22:4 n-6 

24:4 n-6 

46.0±1.6 

N.D. 

91.5±0.3 

N.D. 

Elongase5/2 

1All fatty acids were supplemented 500 μM into yeast culture medium as a final concentration. 
2Fatty acid in yeast cells only were used for calculating the conversion (%). Data are means ± SEM of n≥3 
(technical replicates). 
Conversion (%) = [product / (substrate + product) x 100]; all fatty acids were calculated based on fatty acid 
amount listed on Table 5.9. 
3Elongated fatty acid products in medium were taken into account for calculating the conversion (%). Data are 
means ± SEM of n≥3 (technical replicates). Conversion (%) = [product / (substrate + product) x 100]; all fatty 
acids were calculated based on fatty acid amount listed on Table 5.9 and Table 5.10. 
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Figure 5. 33 GC chromatograms of fatty acids from the uninduced (a) and induced (b) yeast 

cells containing barramundi ELOVL ORF without exogenously fatty acid substrate 

supplementation. Identities of the peaks 1 (16:0), 2 (16:1 n-7), 3 (18:0), 4 (18:1 n-9), 5 (22:1 

n-9), 18:1 n-7 and 20:1 n-9 in all panels are the endogenous fatty acids of the yeast cells and 

they were determined by comparing their retention time with those of authentic standards. An 

internal standard 17:0 was added into harvested cells. Panel b shows a significant increased 

peak area of peak 4, 18:1 n-7 and two additional peaks, a 20:1 n-9 and a putative 20:1 n-7. 
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Figure 5. 34 Fatty acid levels of total lipid in uninduced (solid bar) and induced (open bar) 

yeast cells containing barramundi ELOVL ORF. Fatty acid amounts were quantitatively 

calculated based on peak area of an internal standard 17:0. Data were represented as mean ± 

SEM, n=6 (technical replicates). Values with different superscripts are significantly different 

from each other (*
P<0.05, **

P<0.01 and ***
P<0.001). Total amount of fatty acids in the yeast 

is calculated as µg/g cells.  
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Figure 5. 35 A postulated n-3 and n-6 LCPUFA synthetic pathway in barramundi. 
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5.6 Discussion 

5.6.1 FADS 
Conversion of the plant derived ALA to produce 18:4 n-3, generally recognised as an 

intermediate in n-3 LCPUFA synthesis, requires Δ6 desaturase activity. This study has 

successfully isolated a Δ6 desaturase in barramundi that is able to utilise C18 n-3 and n-6 

PUFA and C24 n-3 LCPUFA as substrates. The ability to desaturate 24:5 n-3 is important 

because this fatty acid is an intermediate in the synthesis of DHA via an indirect or shunt 

pathway, at least in rat and human tissues (90). An apparent direct pathway to DHA synthesis 

from EPA would involve elongation to DPA followed by Δ4 desaturation to DHA. A recent 

report indicated that the FADS1 and FADS2 genes from another marine species, Siganus 

canaliculatus, displayed bifunctional Δ4/Δ5 and Δ6/Δ5 desaturase activities, respectively 

(99). Another Δ4 desaturase which can convert DPA directly to DHA has also been identified 

in Thraustochytrium sp., a common marine fungus which produces DHA (105, 300). 

However, Δ4 desaturase activity has not been found in rats and humans and the barramundi 

FADS with Δ6/Δ8 desaturase described in this study showed no Δ4 activity. In rats and 

humans there is evidence that DPA is elongated to 24:5 n-3 which is converted by Δ6 

desaturation to 24:6 n-3 and then chain-shortened by -oxidation to DHA (90). There is 

evidence that this may also occur in at least one fish species, gilthead sea bream, in which 

radio-labelled 24:5 n-3 and 24:6 n-3 were found following administration of radio-labelled 

ALA or EPA (301). The fact that the Δ6 desaturase isolated in this study is capable of 

desaturating 24:5 n-3, suggests that the pathway identified in mammalian tissue, and 

suggested to be present in gilthead sea bream, could also be active in barramundi.   

 

The dual n-3 C18/C24 activity and Δ6/Δ8 desaturase activity of the desaturase enzyme in 

barramundi raises the possibility of competition between ALA and 24:5 n-3, as well as Δ6/Δ8 

substrates. In a previous study, increasing ALA concentrations in HepG2 cells resulted in an 

initial increase in DHA concentrations followed by a subsequent decrease in DHA 

production, suggesting competition between n-3 substrates for Δ6 desaturase at higher 

concentrations of ALA (53).   

 

Δ6 Desaturase activity has been identified in other fish species, and an enzyme in zebra fish 

exhibited both Δ5 and Δ6 desaturase activity (119). However, the recombinant barramundi 

desaturase in this study had no detectable Δ5 desaturase activity. Δ6 desaturases from carp, 

turbot (97), rainbow trout (120) and gilthead sea bream (121) also had little or no Δ5 
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desaturase activity (97). Δ6 and Δ5 desaturase activities reside in separate genes; namely, 

FADS2 and FADS1, respectively. To date, the only unifunctional Δ5 desaturase in fish has 

been characterized in Altlantic salmon (125). In this study, degenerate primer sets were 

designed from consensus regions of known Δ5 desaturase cDNA in mammalian animals and 

Salmonoids to probe for barramundi Δ5 desaturase cDNA but without success. The partial 

nucleotide sequence (~850 bp) (data not shown) that has been obtained from the barramundi 

cDNA pool using Δ5 desaturase primers was 100% matched with the partial sequence of the 

desaturase that has been isolated and characterized in this chapter. There was a 91% 

homology in peptide sequences between Atlantic salmon Δ5 and Δ6 desaturases (Table 5.3). 

If this is also the case with barramundi enzymes, the primers designed for Δ5 desaturase may 

have preferentially recognised Δ6 desaturase cDNA if Δ5 desaturase mRNA levels were very 

low relative to those of Δ6 desaturase. Therefore, it is still unclear whether the Δ5 desaturase 

is expressed at very low levels in barramundi, or whether it is completely absent. What is 

clear, however, is that if this gene is present, it is expressed at much lower levels than the Δ6 

desaturase. 

 

The barramundi Δ6/Δ8 desaturase was able to desaturate both n-6 and n-3 substrates. The 

enzyme exhibited approximately twice the desaturation activity with C18 n-3, compared with 

C18 n-6 as a substrate, suggesting that n-3 LCPUFA synthesis could proceed efficiently even 

in the presence of equal concentrations of homologous n-6 substrates. However, the results of 

the supplementation of yeast cells with increasing concentrations of ALA indicate that the 

degree of incorporation of the substrate ALA and desaturation product 18:4 n-3 was not 

equivalent (Figure 5.22), and may be a result of saturation of the enzyme. Thus, different 

apparent conversion rates will be present at different substrate concentrations. The curvilinear 

relationship between the ALA level and that of its product 18:4 n-3 is similar to the 

relationship between ALA and DHA levels reported in rats (302) and piglets (4) with 

increasing dietary ALA levels.  

 

Although the metabolism of ALA by Δ6 desaturase is considered the principal first reaction in 

its conversion to EPA via 18:4 n-3 and then 20:4 n-3, there is some evidence pointing to the 

existence of an alternate or bypass pathway involving Δ8 desaturation. This reaction has been 

shown to exist in rat and human testicular tissues, but not rat liver (303, 304). Baboon hepatic 

Δ6 desaturase expressed in yeast also has Δ8 desaturase activity; although it was 23 fold and 7 

fold lower than Δ6 desaturase activity for n-3 and n-6 substrates, respectively (5). Apart from 

the present barramundi enzyme, which I observed to have Δ8 desaturase activity with n-3 and 
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n-6 substrates, none of the reported fish Δ6 desaturases have been examined for Δ8 desaturase 

activity. The Δ8 desaturase activity of the barramundi Δ6/Δ8 dual functional enzyme was 3.9 

fold higher than the Δ6 desaturase activity with ALA but 2.5 fold lower than LA substrates. 

The fold difference was derived from the conversion (%) which has taken the extracellular 

product levels into account. Thus, barramundi desaturase appeared to have a greater Δ8 

activity than Δ6 activity when encountering the 20:3 n-3 substrate (Table 5.6).     

 

Another recombinant barramundi FADS gene has recently been isolated with a conversion 

rate of 32% from ALA to 18:4 n-3 and 28% from LA to 18:3 n-6 (124). This desaturase 

activity is substantially higher than the activity that I have reported here. However, direct 

comparisons with the other barramundi enzyme are difficult as fatty acid substrate 

concentrations were not stated, only conversion values and no mass data were reported, and 

the incubations were for 3 days (122, 124) rather than 2 days as I used here. If the differences 

in enzyme activities are real, they may be due to the 6 amino acid difference between the full 

ORF of the two genes. The origin of barramundi may be the cause of variation in FADS 

sequence. According to DNA barcoding analysis, the sequencing of the mitochondrial 

cytochrome c oxidase I (COI) gene strongly suggests that all Australian barramundi had an 

identical COI barcode sequence. Furthermore, this was very similar to the specimen from 

Singapore but all specimens from Myanmar were deeply divergent from the 

Australian/Singapore clade. Moreover, barramundi cytochrome b sequence comparisons show 

that the cluster of barramundi from Malaysia, Singapore and Australia exhibited a 1.8% 

divergence (305). Since the fish for the present study were sourced from Adelaide, South 

Australia and that for the previous study (124) were sourced in Kelantan, Malaysia, the 

difference in the results of these two studies suggest there may be polymorphisms in FADS 

gene which are differently expressed in the two barramundi populations, due to either the 

presence of different FADS2 isoforms or regional variations in barramundi species.  

 

One of the major findings of this study has been to highlight the limitation of the yeast cell 

culture system for quantitatively assessing enzyme activity. Two key difficulties have been 

identified in accurately evaluating enzyme activity using this method. Namely, 1) the rapid 

loss of some fatty acid substrates and products, presumably by β-oxidation and 2) the 

significant release of some desaturation products to the culture medium. For example, C18 

fatty acids had all been utilised by 6 hrs, indicating that C18 PUFA were more rapidly 

metabolised by cells and only limited amounts of C18 PUFA were actually used as substrates 

for desaturation/elongation by barramundi enzymes in this study and that the conversion rate 
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that I obtained may not represent the actual enzyme activity. Moreover, C20-C24 fatty acids 

were detected in the medium at the end of incubation period which indicates, once again, a 

differential capacity of uptake of the fatty acids by the yeast cells is dependent on fatty acid 

chain length and saturation status. As a result, it is important that any desaturation products 

which were present in the medium are taken into account in any calculation of enzyme 

activity. When the total amount of desaturation products in both the cells and medium were 

added together, the conversion rates of 20:3 n-3 to 20:4 n-3 and 24:5 n-3 to 24:6 n-3 were 

changed accordingly (Table 5.6). As mentioned above, care must be taken when comparing 

enzyme activities of enzymes such as desaturases in response to supplementation with 

different fatty acids, because C18 fatty acids, including ALA and LA, appear to be more 

favoured by yeast expression system than C20 and C24 substrates (Table 5.5). The less 

efficient incorporation of fatty acids with a longer chain (C20, C22 and C24) into yeast cells 

than that of fatty acids with a shorter chain (C18) has also been reported by van Roermund 

and others (99, 306). 

 

5.6.2 ELOVL  
The peptide sequence alignment of the barramundi ELOVL with ELOVL2 and ELOVL5 in 

human, zebra fish and Atlantic salmon indicated a high degree of homology with ELOVL5 

(Figure 5.25 and Table 5.7). This agrees with another report of a barramundi ELOVL gene 

showing ELOVL5 peptide sequence homology in pair-wise comparisons with a number of 

fish species (124). Despite there being a difference in one nucleotide in the coding region and 

differences in length and nucleotide content of the 3’ and 5’ UTR between the ELOVL in this 

study and the previous report, there was 100% agreement in the amino acid sequences (124). 

As the same as the amino acid difference in barramundi FADS gene in the two studies, since 

the fish for this study and those for the other study were sourced from different regions, the 

differences in nucleotide sequence may be a polymorphism in ELOVL gene in the two 

barramundi populations, due to either the presence of the ELOVL isoforms or regional 

variation of barramundi species, as described above.  

 

When I used yeast as a heterologous expression model to characterize the substrate 

specificities of recombinant barramundi elongase, the results indicated that the putative 

barramundi ELOVL gene had a wide range of elongation capabilities and was able to utilise 

monoenes as well as C18 and C20 (LC) PUFA as substrates. The C18 n-3 PUFA were 

preferred substrates over the C18 n-6 PUFA, but there was no significant n-3/n-6 preference 
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for the C20 substrates (Table 5.11). This differs from a previous report of barramundi ELOVL 

activity, which found little or no difference in n-3/n-6 preference for C18 PUFA (124). 

However, that study employed a 72 hr incubation period without showing the time course, did 

not report the concentration of substrates added and did not perform yeast cell + medium 

mass balance calculations. If the time courses were similar to those in our study, it is unlikely 

that the measurements were made in the linear range of time or concentration curves, and thus 

differences between n-3/n-6 values and C18/C20/C22 values may have been underestimated 

(124).  

 

Studies with human and mouse ELOVL suggest that ELOVL5 elongates C18 to C20 and C22 

n-3 PUFA (117, 130, 140) whereas ELOVL2 elongates C20 to C22 and C24 n-3 LCPUFA 

(137). Thus, the barramundi ELOVL in the present study showed substrate preferences most 

similar to mammalian ELOVL5. In addition, I found that this gene is able to elongate 18:4 n-3 

and 18:3 n-6 as well as essential fatty acids, ALA and LA. Consistent with other reports of 

ELOVL5 function in mammals (117, 136, 137) and other fish species (122, 125, 141, 143, 

307), the barramundi ELOVL5 showed elongation preferences for utilising C18 to 20 

LCPUFA as substrates to produce C20 and C22 products and had the highest activity with 

EPA, with only weak activity towards C22 LCPUFA, such as DPA. The barramundi 

ELOVL5 in this study also showed higher activity with 18:4 n-3 and 18:3 n-6 than with ALA 

and LA. Nevertheless, the elongation products 20:3 n-3 and 20:2 n-6, from ALA and LA, 

respectively, may be important in the synthesis of LCPUFA. They require a Δ8 desaturase for 

conversion to 20:4 n-3 and 20:3 n-6. No Δ8 desaturase had been found in mammals or other 

vertebrates, until the recent report that the baboon FADS2 gene has both Δ6 and Δ8 

desaturase activities (5), thereby providing a pathway to LCPUFA synthesis that does not 

necessarily involve Δ6 desaturase activity at the first step. This alternative may also exist in 

barramundi where the FADS2 isolated from barramundi has dual Δ6/Δ8 desaturase activity. 

Thus, dietary ALA and LA can be elongated by barramundi ELOVL5 and then desaturated by 

FADS2 to 20:4 n-3 and 20:3 n-6. Although the Δ5 desaturase has not been cloned from 

barramundi, the potential LCPUFA pathway is shown in Figure 5.35.   

 

The recombinant barramundi elongase also showed activity toward endogenous monoenes, 

but not saturates, in yeast cells. Similar findings have been reported in marine and freshwater 

teleost fish species including zebra fish, catfish, tilapia, salmon, turbot, seabream and cod by 

heterologous expression of ELOVL ORF in yeast, showing that their elongases have 
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elongation activities towards C18 to C22 PUFA and monoenes (308). In mammals, elongation 

activity with monoenes is associated with ELOVL1 (117, 136).  

 

All of the elongated products were initially absent in the medium, indicating that these 

products in the medium are most likely released from the yeast cells, and that the 

levels/concentrations of these fatty acids in the medium also need to be taken into account 

when evaluating enzyme activities. The percentage conversion results here have demonstrated 

that calculations which only use the values for the fatty acids present in the yeast cells were 

very different from those which were obtained when the fatty acids contained in the medium 

were also included in the calculation (Table 5.6, Table 5.8 and Table 5.11). Once again, 

findings from barramundi FADS2 and ELOVL5 heterologous expression using yeast cells 

highlight the importance of taking into account fatty acids released from cells into the culture 

medium, as well as those in the yeast cells themselves, when calculating conversion 

efficiencies using cell culture systems.  

 

5.7 Summary 
Heterologous expression of barramundi FADS2 gene in yeast demonstrates that this enzyme 

shows dual Δ6/Δ8 functionality and exhibits a preference for n-3 over n-6 fatty acid 

substrates. The barramundi ELOVL gene had a capacity for conversion of C18 to C20 to C22 

PUFA and LCPUFA, and the highest elongation activities toward C20 EPA and AA. The 

availability of substrates for Δ8 desaturase activity depends on the presence of the C20 fatty 

acid substrates in the food chain or the occurrence of an elongase that could convert ALA to 

20:3 n-3 or LA to 20:2 n-6. The barramundi elongase here is capable of elongating ALA and 

LA to 20:3 n-3and 20:2 n-6, respectively. As a result, I postulate that the LCPUFA production 

from C18 precursors in barramundi can be processed through either Δ6 or Δ8 desaturation 

pathways (Figure 5.35). However, it is still unclear whether barramundi has a Δ5 desaturase 

for desaturation of 20:4 n-3 and 20:3 n-6. If the Δ5 desaturase is expressed, it is likely to be at 

much lower levels than the Δ6 desaturase. Moreover, in the whole animal where all substrates 

can be present at the same time, there is the potential for n-3/n-3 and n-3/n-6 substrate 

competition which would affect pathway flux. 

 

The yeast heterologous expression is a fast and convenient system for identifying 

characteristics of foreign enzymes. However, findings from this study suggest that there is a 

need to exercise caution when using this system for assessing the quantitative aspects of 
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enzyme kinetics, and also highlight the importance of taking extracellular fatty acid levels 

into account when calculating enzyme activity. 
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Chapter 6 

Conclusions and Future Perspectives 
  

There have been numerous feeding studies to increase the level of n-3 LCPUFA in the tissues 

of animals, particularly food animals, by increasing dietary ALA, but most have met with 

limited success, mainly resulting in high levels of ALA in tissues and only modest conversion 

into n-3 LCPUFA. From such feeding experiments, animals such as rats (302), chickens (178), 

pigs (4) and freshwater fish (176, 216) appear to able to produce substantial n-3 LCPUFA 

from the ALA found in plant sources while other animals (guinea pigs (309), hamsters (310), 

marine fish (154) and humans (47, 71) appear to have a very limited capacity for conversion 

of ALA to EPA and even less to DHA. In part, results reported in this thesis provide further 

insights into the discrepancy between EPA and DHA accumulation. In a series of rat 

experiments covering a range of dietary ALA levels (or total PUFA) (Chapter 3) I have 

determined that while the relationship between dietary ALA and EPA levels in plasma, 

erythrocytes and other tissues is linear, the correlation between dietary ALA and DHA is 

curvilinear, such that poor accumulation of DHA occurs at very low and very high levels of 

ALA in the diet but the biological explanation for these results is still unclear. 

 

Many studies have inferred that the low LCPUFA accumulation rate in organisms fed plant-

based oils is due to the apparent limited conversion of ALA or LA through to other LCPUFA 

caused by either by excessive amounts of dietary PUFA acting to inhibit expression of the 

gene for the Δ6 desaturase (encoded by FADS2) or by competitive competition between the 

two EFA, LA and ALA. There has been a lack of data on the correlation between tissue fatty 

acid compositions and the expression of genes involved in the fatty acid pathway and PUFA 

levels which are within a range that could reasonably be expected in normal human and 

animal diets. In other words, for people eating normal Western diets that are rich in PUFA, is 

the reason for the low n-3 LCPUFA status due to an imbalance in the ratio of LA to ALA or 

the fact that expression of the rate limiting enzyme, the Δ6 desaturase, is limited by the 

imbalanced dietary PUFA. When I tested the hypothesis in rats as described in chapter 3, I 

found that while high n-3 PUFA diets consistently produced higher levels of n-3 LCPUFA, 

particularly EPA and DPA, in rat tissues than low n-3 PUFA diets, expression of the Δ6 

desaturase and elongase 2 genes were increased only in animals fed the low PUFA reference 

diet. Furthermore, an increased level of dietary ALA ranging from 0.2-2.9%en per se 

influenced the fatty acid composition of the blood and major tissue phospholipids, despite the 
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fact that no regulatory effects of the dietary ALA on the mRNA levels of desaturases (FADS1 

and FADS2), elongases (ELOVL2 and ELOVL5) or transcription factors (SREBP1-c and 

PPARα) was observed. Thus, it appeared that there was no relationship between dietary ALA 

and gene expression of the key enzymes (FADS1, FADS2, ELOVL2 and ELOVL5) in the 

pathway when dietary PUFA levels were in the range normally present in animal and human 

diets. The mechanism of conversion regulation must be clarified to make evidence-based 

dietary recommendations of PUFA to food manufacturers, the animal production industry and 

general populations.   

 

The fundamental aspects of the fatty acid pathway appears to be well conserved between 

species, however each species utilises dietary PUFA differently. Thus, one of the main 

strategies of developing sustainable n-3 rich food sources is to provide food animals with an 

optimal PUFA level and n-3:n-6 ratio to increase their capacity to  synthesizing their own n-3 

LCPUFA, thereby reducing the reliance on fish oil and fish meal in their diets. This is 

particularly important in the aquaculture arena where massive amounts of wild catch fish are 

processed for use in aquaculture ponds. In chapter 4, diets with varying ALA levels and 

LA:ALA ratios were applied to barramundi to examine the ability of this species to convert 

dietary ALA to n-3 LCPUFA. I found that dietary ALA ranging from 0.1%en to 3.2%en 

resulted in a dose-dependent increase in tissue ALA but levels of all n-3 LCPUFA remained 

unchanged. Furthermore, increasing ALA in diets had no effect on mRNA abundance of 

FADS2 and ELOVL genes among fish fed on these ALA containing feeds. However, the two 

genes were up-regulated approximately 10 fold for FADS2 and 3 fold for ELOVL in animals 

fed on vegetable oil-based diets, relative to those fed fish oil-based diets. Therefore, in line 

with studies in other species, the results described in chapter 3 and chapter 4 demonstrated 

that expression of desaturase and elongase genes are up-regulated in the presence of low 

PUFA/LCPUFA content in the diet. However, there was no positive correlation between 

mRNA abundance of these genes and their corresponding LCPUFA concentrations, in 

particular DHA, in the tissues. Clearly barramundi have a limited capacity for n-3 LCPUFA 

synthesis.  

 

A major finding of chapter 4 also was the substantial variability between individual fish fed 

on basal diets that contained only PUFA and no LCPUFA. The percentage of DHA found in 

fish ranged from ~5 to 30% of total fatty acids in liver phospholipids that either indicated that 

some fish retain pre-existing DHA for long periods or that some individual fish are capable of 

synthetising DHA from ALA. This issue deserves to be addressed. Because fish in the wild 
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are always eating other fish that are rich in n-3 LCPUFA, there is no selection pressure on the 

genes for fatty acid synthesis. Thus, a case could be made for screening wild fish for their 

ability to convert ALA to n-3 LCPUFA for a breeding program.   

 

In attempting to take this work further, a yeast heterologous expression system was applied to 

identify the functions of barramundi FADS2 and ELOVL genes. In chapter 5 of this thesis, 

cloning of the barramundi two key genes in the fatty acid pathway in yeast cells revealed that 

the conversion rate of hepatic desaturation in barramundi was generally lower than the rate of 

elongation. I demonstrated that the activity of barramundi Δ6 desaturase was very low, but 

that the enzyme also had Δ8 desaturase activity, thus providing an alternative route for ALA 

conversion to DHA. To the best of our knowledge the studies undertaken in this thesis are 

among the first to report Δ8 desaturase activity in a fish species. In addition, the recombinant 

barramundi Δ6 desaturase showed a preference for n-3 substrates over n-6, but this preference 

only applied to the elongation of C18 PUFA, particularly ALA and LA. The alternative route 

of the LCPUFA and its relative capability of desaturating PUFA precursors in barramundi 

emphasised that the enzymes involved in the fatty acid pathway in different species have not 

been fully explored.  

 

In the course of these experiments I also discovered the limited suitability of the heterologous 

expression system using S. cerevisiae yeast. Though the yeast system is a well accepted and a 

convenient model to characterize enzyme function, the system is not completely suited to 

study the quantitative aspects of functional expression due to the cellular metabolism of yeast 

cells (311). As a result of the fact that yeast cells used fatty acids as an energy source, an 

extremely high percentage of the C18 substrates added to the yeast cell system was rapidly 

metabolised by yeast cells and only a small amount were thus available to be used for 

desaturation or elongation. In yeast, β-oxidation is confined to peroxisomes, and yeasts like S. 

cerevisiae are capable of utilising different types of fatty acids, including PUFA, as an energy 

source. This implies that β-oxidation of supplemented fatty acid substrates by the yeast cells 

needs to be considered carefully when undertaking fatty acid studies in this system. Another 

finding was that there was significant release of some desaturation and elongation products 

into the culture medium. All of the desaturation and elongation products were initially absent 

in the medium, indicating that they are most likely released from the yeast cells and need to 

be taken into account for evaluating overall enzyme activities. The percentage conversion 

results obtained when the fatty acids contained in the culture medium were also included in 

the calculation were very different from those where only the values for the fatty acids present 
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in the yeast cells were used. For all these reasons, it is not possible to make firm conclusions 

about the quantitative aspects of enzyme kinetics, instead we can only characterise the 

function of the enzymes.  

 

The studies presented in this thesis suggest that when dietary PUFA level was changed 

modestly, LCPUFA synthesis is regulated more by substrate competition for existing enzymes 

than by an increase in their mRNA expression and this seems to be species dependent. 

However, to what extent PUFA levels could result in regulation of enzyme activities and 

ultimately stimulate the LCPUFA metabolism has not been systemically examined. Animal 

models are an invaluable tool to identify consequences of tissue lipid status and potential 

mechanism that mediate the effect of tissue fatty acid accumulation and capacity for the cell 

membrane to incorporate particular fatty acids after dietary PUFA intervention. Interpretation 

of animal dietary intervention studies for evaluating enzyme activity, however, is often 

complicated by the presence of hormonal effects, β-oxidation, carbon recycling and various 

dietary fatty acids that compete for common enzymes in the desaturation and elongation 

pathway and affect fatty acid conversion. The use of in vitro cell systems such as human 

HepG2 cells to examine the accumulation of fatty acids are advantageous from their 

flexibility of a single fatty acid substrate supplement. For example HepG2 study revealed that 

in the absence of competing fatty acid substrates, a limitation in the accumulation of DHA 

from ALA in HepG2 cell phospholipids was still observed, and it has been suggested that 

competition between ALA and 24:5 n-3 for the use of Δ6 desaturase in the conversion of 

ALA to DHA may be the main factor limiting the accumulation of DHA in cell phospholipids 

(53, 312). Though the HepG2 cell seems a suitable model to mimic the in vivo environments 

to study fatty acid conversion and accumulation, the combined effect of other fatty acid 

enzymes in pathways including fatty acid conversion and phospholipid biosynthesis may also 

affect substrate concentrations and cannot specifically address the enzymatic reactions 

involved in the desaturation and elongation.  

 

Biochemical characterization of membrane-bound proteins such as desaturases and elongases 

remains challenging due to the difficulties in isolating the proteins in a functional form which 

hinder detailed studies of these fatty acid pathway enzymes. Using a system such as isolated 

yeast microsomes that contain only one of the target genes of interest, without the 

complication of these being other cell types and enzymes present, provides advantages in 

studying the properties of the enzymes. However, it is evident that membrane proteins require 

specific lipids, be it as cofactors for their functions or as co-structures for their correct folding 
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and stability thus a possible bottleneck in the yeast expression could be due to a shortage of 

cholesterol of mammalian membrane proteins, that does not result in fully functional 

heterologous proteins (311). Recently a human stearyl-CoA desaturase has been successfully 

isolated and purified in a cell-free system (313). The cell-free approaches mimic the natural 

cytoplasmic environments, yet remain independent from the requirements and sensitivity of 

living cells and thus overcome the general limitations of conventional cellular expression 

systems. Therefore, using new concepts and techniques to elucidate the currently unknown 

enzyme kinetics of the key enzymes in the fatty acid pathway in vitro in a pure and functional 

state is essential to unlock roles/mechanisms of the desaturases and elongases in LCPUFA 

synthesis. Furthermore, systematic evaluation of dietary effects on gene expression and 

protein abundance of the key genes (FADS1, FADS2, ELOVL2 and ELOVL5) and their 

encoded proteins (Δ5, Δ6 desaturase, elongases 2 and 5) in the fatty acid pathway in tissues 

(primarily liver) under a full range of PUFA and LCPUFA is needed to define dietary 

approaches on the impacts of LCPUFA conversions and tissue fatty acid incorporation and, 

ultimately, to identify more sustainable sources of n-3 LCPUFA in the diet.  

 

One of the strategies to improve n-3 status and also maintain the sustainability of n-3 source is 

to have animal diets enriched with plant derived n-3 PUFA. Since dietary ALA is consumed 

with LA at the same time; a balance between the n-6 and n-3 PUFA plays a vital role in 

maintaining health and this is not just because they are EFA but also precursors for n-3 

LCPUFA. Applying n-3 rich vegetable oil or other non-fish ingredients through dietary 

manipulation in animal feeds such as feeds for poultry and livestock, for animals to convert 

dietary ALA into EPA and DHA endogenously, enable the beneficial effect of n-3 LCPUFA 

that are primarily found in fish to be conferred to other non-fish foods. This strategy for 

increasing the n-3 LCPUFA status of food animals such as chicken and pigs, is likely to be 

beneficial in increasing the n-3 status of the majority of Australians, who rarely consume fish 

(159).  

 

Manipulation of n-3 fatty acid status through dietary interventions could also be directly 

applied to human diets. Excessive amounts of n-6 PUFA and high LA:ALA ratios, as found in 

current Australian diets, has been reported to negatively affect the n-3 status of the population, 

and may have negative effects on health (62). Mediterranean diets have been well-recognized 

for its protective effects on death from heart disease and other chronic diseases. The lipid 

composition of Mediterranean diets are characterized as being low in saturates, high in 

monoenes, low in PUFA with a low LA:ALA ratio (314). The efficacy of the Mediterranean 
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diet has been tested in the Lyon Diet Heart Study on the rate of coronary events in people who 

have had a first heart attack. The results suggest that a Mediterranean-style diet may help 

reduce recurrent events in patients with heart disease (315). Results from this thesis highlight 

that in order to increase n-3 LCPUFA levels in tissues, there are two essential features of the 

lipid profile of Mediterranean diets that need to be applied: a sufficient supply of ALA (with 

an optimum ratio of LA:ALA) and a low total PUFA level in the diet (lower than current 

Australian diets). Thus, alternatives to fish consumption to maximise the intake of n-3 fatty 

acids in human are feeding food animals with plant oil which contains ALA during animal 

rearing or through manipulating human diets directly. 

 

It goes without saying that the studies in this thesis represent a few details in the vast field of 

fatty acid research. There is much to be done, if only improving the accuracy and robustness 

of current methodologies. Below is a short list of some of the most immediate work that could 

be done to improve the understanding of DHA conversion pathway: 

1. The thesis investigated the LCPUFA conversion under a narrow range of dietary 

PUFA at specific concentrations. There is room for research into the response for 

different PUFA amounts and fat content to determine gene/enzyme regulation and n-3 

LCPUFA conversion efficiency. 

2. Only male rats were used to investigate the LCPUFA synthesis, whether there is a 

gender specific effect needs to be clarified by investigating the response in female rats. 

3. Protein quantity could be measured in assays to determine how protein availability 

may affect n-3 LCPUFA conversion efficiencies.  

4. While the condition for culturing/expressing the yeast cells was consistent with 

standard methods, there may be more ideal conditions for specifically studying the 

fatty acid pathway, such as manipulating the yeast expression system to maintain a 

steady supply of the fatty acid substrates of interest. 

5. This thesis only experimented with one fish species. There are many fish and other 

farmable animal species that may be better at converting dietary PUFA to n-3 

LCPUFA.  

 

Despite the long history of fatty acid research, the enzyme kinetics for ALA and LA with 

isolated fatty acid desaturases and elongases are still missing. Studies of pure enzymes in the 

fatty acid pathway are urgently needed in order to address the direct effects of individual fatty 

acids and evaluate possible competitive and or inhibitory effects.  
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