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ABSTRACT

Oilseeds crops provide edible oil for humans’ diet or oil for industrial purpose. Triacylglycerols (TAG) are
the main components in seed oil which is formed by the esterification of fatty acids to glycerol back bone.
In plants, fatty acid biosynthesis process initiated in plastid and ended in the endoplasmic reticulum. A
series of biochemical steps are involved in TAG formation and many of the genes involved in this process
have been identified. The quality of seed oil depends on the type of fatty acids esterified to glycerol. Finally,
the TAGs are stored as lipid in seeds. The biosynthesis process of fatty acids and oil formation in seeds is

reviewed in this manuscript.
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1. INTRODUCTION

Rapeseed/canola (Brassica napus L.) is the world's
third most important edible oil crop, has become a major
oilseed crop in Canada, Europe, Australia, China, USA
and the Indian subcontinent. The quality of canola oil is
determined primarily by its constituent fatty acids. The
major fatty-acid constituents of Brassica oil are Palmitic
acid (C16:0), Stearic acid (C18:0), Oleic (C18:1), Linoleic
acid (C18:2), Linolenic acid (C18:3), Arachidic acid
(C20:0), Eicosenoic acid (C20:1), Erucic acid (C22:1). In
human diets, high levels of saturated fats (such as palmitic
and stearic acid) have been positively correlated with
cardiovascular disease. The levels of saturated fat in
canola oil are usually less than 7% permitting canola to be
labeled as low saturated fatty acid oil.

High-oleic-acid content in the seed oil of Brassica
increases the thermostability of the oil, making it more
suitable as cooking oil and therefore a desirable target for
quality improvement. Oleic acid plays an important role
for the biosynthesis of fatty acids. After an initial first
desaturation it produces linoleic acid and after a second
desaturation, it produces linolenic acid. Oleic acid can also
undergo chain elongation to form ecosenoic acid and,
subsequently, erucic acid (Sharma et al., 2002). In 1974,
the first "Double Low" rapeseed variety “Tower” (which
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reduced both erucic acid and glucosinolates levels) was
developed by the famous plant breeder Dr. Baldur
Stefansson at the University of Manitoba, Canada. The
development of a low erucic acid variety was made
possible by the discovers of a low erucic acid variety
“Liho”, which had gene mutation for erucic acid
biosynthesis in B. rapa (Stefansson and Hougen, 1964).
In this case the mutant genes genetically blocked the
biosynthetic pathway for the fatty acid elongation
process and thus reduced the amount of erucic acid in
seed. Erucic acid is one of the main fatty acids in
rapeseed oil. Low erucic acid in rapeseed improves the
quality of the oil, because high erucic acid is relatively
low in digestibility and has been associated with health
problems (Beare et al., 1963). On the other hand, High
Erucic Acid Rapeseed (HEAR) has several potential
applications in the oleo-chemical industry for the
production of high temperature lubricants, nylon,
plastics, slip and coating agents, soaps, painting inks,
surfactants (Topfer et al., 1995).

Linolenic acid is a trienoic acid, a poly unsaturated
fatty acid, easily oxidized, causing rancidity and off-
flavors and thus shortening the shelf life of the oil. Plant
breeders have developed low linolenic acid canola
cultivars that have increased the frying stability of the
oil. Linolenic acid is synthesized either from the
desaturation of linoleic acid (C18:2) and also perhaps by
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the elongation of roughanic acid (C16:3) (Tanhuanpaa
and Schulman, 2002).

Triacylglycerols (TAG) are the main components in
seed oil. To increase quantities of seed oil in oilseed
crops it is important to understand the mechanism of
TAG biosynthesis. Two different steps are involved for
the synthesis of TAG as storage lipids in developing
seeds. The first step is the production of acyl chains in the
plastids and the second step is sequential incorporation of
these acyl chains into glycerolipids by acyltransferases
which forms TAG in the endoplasmic reticulum
(Ohlrogge and Browse, 1995). TAG formation involves a
series for biochemical steps with many genes are involved
in controlling the reactions. Currently, most of the
biochemical pathways for TAG synthesis have been
reported and many of the genes involved in this process
have been identified (Beisson et al., 2003). There is an
evidence of using microarray technique in Arabidopsis
seed development, that many genes are involved in the
conversion of sugar to oil and these genes work in a
coordinated fashion (Ruuska et al., 2002). It thus
appears that many different regulatory factors are
involved in controlling the expression of many of the
genes in the oils biosynthesis pathway. In this review, |
will discuss the different mechanism involved in fatty
acid biosynthesis and oil production in plants especially
in Brassica and Arabidopsis.

1.1. Fatty Acid Biosynthesis

Plastids are the major plant cell organelle for the
initiation of the fatty acid biosynthesis process with this
process completed in the endoplasmic reticulum
(Harwood, 1988). The plastidial and all other cellular
membranes in all cells are synthesized from these fatty
acids. Some other plant parts primarily seeds, also produce
TAG as storage oils to provide a source of energy for the
developing seed after germination. Most of the fatty acids in
plants have a chain length of 16 or 18 carbons. These fatty
acids contain one to three double bonds all in a cis
configuration. The major fatty acids in glycerolipids are
palmitic acid (C16:0), oleic (C18:1), linoleic acid (C18:2),
linolenic acid (C18:3), roughanic acid (C16:3) which
comprise over 90% of the total fatty acids found in all plant
membranes (Ohlrogge and Browse 1995).

There are rarely any free fatty acids found in any
plant cells. The carboxyl group of free fatty acids is
esterified to glycerol or otherwise modified to produce
lipids and called glycerolipids. The glycerol has three
different positions for the attachment of fatty acids and
these positions are sn-1, sn-2 and sn-3 (Fig. 1). The
nature of glycerolipids depends upon the attachment of
different fatty acids in these three different positions.
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Triacylglycerol (TAG) is formed after all three positions
on glycerol are esterified with fatty acids and stored as
lipid in seeds (Fig. 1). Triacylglycerols are nonpolar
nature and therefore referred to as neutral lipids.

Fatty acid biosynthesis in plant is a cyclic process
consisting of a condensation reaction (1), a reduction
reaction (2), a dehydration reaction (3) and finally,
another reduction reaction (4) (Fig. 2). These reactions
are catalyzed by B-ketoacyl-ACP synthase, by B-
hydroxyacyl-ACP  reductase, by B-hydroxy-ACP
dehydratase and by enoyl-ACP reductase, respectively.
Palmitoyl-ACP is the final product after 7 cycles of these
reactions, which is then further elongated to stearoyl-
ACP by B-ketoacyl-ACP synthase II (5) in conjunction
with enzymes (2)-(4). The unsaturated oleoyl-ACP is
produced after desaturation of stearoyl-ACP by the
enzyme A’ desaturase (Fig. 2).

ATP and acetyl-CoA, NADPH and NADH are
required for every two carbon addition to a growing acyl
chain in the reactions catalysed by acetyl-CoA
carboxylase and fatty acid synthetase (Slabas and Fawcett,
1992). In photosynthetic tissue, photosynthesis in
chloroplasts provides the NADPH and ATP, required for
fatty acid biosynthesis. In non-photosynthetic tissue,
NADPH and ATP are imported by plastids or generated
intraplastidially through carbohydrate oxidation or
metabolite shuttles (Rawsthorne, 2002).

2. BIOCHEMICAL ACTIVITIES IN
PLASTID

2.1. Acetyl-CoA Synthesis

Plastids contain a pool of acetyl-CoA, the source of
carbon for the synthesis of fatty acids. The acetyl-CoA
pool remains nearly constant in the size over the diurnal
cycle, even though fatty acid biosynthesis is
photosynthesis dependent, i.e., high during the light
period and low in the dark period.

(snl) HO-CH, H|C ~0-C-R, Fatty acid,
0
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(sn1) HO %H‘ HC-0- C- R; Fally acid,
(sn1) HO-CH, | 0
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Glycerol
Triacvlglycerol

Fig. 1. Molecular structures of glycerol and triacylglycerol

(adapted from
http://www.scientificpsychic.com/fitness/fattyacids1.html
access on February 20, 2014)
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Fig. 2.Metabolic pathways of fatty acid and lipid biosynthesis in seed. In embryo, G-6-P, PEP and pyruvate may produce through

glycolytic pathway in cytosol using sucrose. The plastid envelopes contain transporters that pass those products into plastid
from cytosol. In oilseed, glycolytic pathway is also available and produces pyruvate. After enzymatic reaction of pyruvate,
acetyl CoA is generated as the source of two carbon units for the synthesis of fatty acids. This synthesis requires a combined
action of the enzyme complexes, Acetyl-CoA Carboxylase (ACC) and Fatty-Acid Synthase (FAS). Plant fatty acid synthetase
is a cyclic process of a condensation reaction (1), reduction reaction (2), dehydration reaction (3) and finally another reduction
reaction (4). Seven times repetition of this process produces Ci4 fatty acid. The first turn condensation reaction is catalysed by
ketoacyl-ACP synthetase III (KAS III) and the next six turns of the cycle, the condensation reaction is catalysed by isoform of
KAS 1. Finally KAS 1I is used for the conversion of 16:0 to 18:0. Fatty acids release the ACP and attached to acyl-CoA
derivatives and exported to the cytosol. In Endoplasmic Reticulum (ER), the acyl chains are incorporated into glycerolipids
through acylation of Glycerol-3-Phosphate (G-3-P) by the action of the acyltransferases and produce Phosphatidic Acid (PA).
Diacylglycerol (DAG) forms from the PA by enzymatic reaction with phosphatidic acid phosphatase. Phosphatidyl Choline
(PC) and storage Triacylglycerol (TAG) are synthesized from PA. The enzymes involves for the desaturation of oleic acid to
linoleic acid is A'? oleate desaturase (FAD2) and then linoleic acid to linolenic acid is ©-3-Fatty Acid Desaturase (FAD3).
Erucic acid synthesized from a elongation reaction from PC after condensation reaction catalyzed by 3-Ketoacyl-CoA
Synthase (KAS). Mal-CoA: Malonyl-CoA; PEP: Phosphoenolpyruvate; PDC: Pyruvate Dehydrogenase Complex; ACP: Acyl
Career Protein; PA: Phosphatidic Acid; DAG: Diacylglycerol; TAG: Triacylglycerol; PC: Phosphatidyl Choline; FAD: Fatty
Acid Desaturase; FAE: Fatty Acid Elongase

Acetyl-CoA is thought to be generated from pyruvate
after enzymatic reaction with plastidial Pyruvate
Dehydrogenase (PDH) and PDH activity is usually high
in non-green plastids (Ohlrogge and Browse, 1995). This
mechanism for the generation of acetyl-CoA from
pyruvate has been questioned. Since the low PDH
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activity found in chloroplasts is too little to explain the
high rates of fatty acids biosynthesis observed (Ohlrogge
and Browse, 1995). In contrast, the enzyme acetyl-CoA
synthetase was found at very high levels in chloroplasts
and, in a similar way, the amount of free acetate in
chloroplasts was higher than that of pyruvate and other
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substrates for fatty acid biosynthesis in the chloroplasts
(Ohlrogge and Browse, 1995). Free acetate is available
in the cytosol and it enters into plastids and then, acetyl-
CoA is generated from this acetate by acetyl-CoA
synthetase. This enzyme has 5 tol5 times higher activity
than that of in vivo fatty acid synthesis. It has also been
proposed that the plastid acetyl-CoA pool in oilseeds is
generated from cytoplasmic malate and glucose-
phosphate (Roughan and Ohlrogge, 1994).

A four possible pathways for the biosynthesis of
acetyl-CoA in plastids was proposed (Rawsthorne,
2002). (1) Acetyl-CoA synthesis from free acetate after
enzymatic reaction with Acetyl-CoA Synthetase (ACS).
This is an ATP-dependent reaction; several authors
measured the ACS activities in the chloroplast and
reported that this enzymes property were consistent with
its role in the biosynthesis of fatty acids (Rawsthorne,
2002). (2) From pyruvate to acetyl-CoA via the Pyruvate
Dehydrogenase Complex (PDC). Pyruvate is imported
from the cytosol or may be generated in the plastid by a
glycolytic process. Two types of PDC have been reported
in plants namely mitochondrial PDC and plastidial PDC.
Several researchers have reported in that many species, the
primary PDC activity occurs in plastids (Rawsthorne,
2002). (3) Acetyl-carnitine provides the acetate to form
acetyl-CoA via the plastidial carnitine acetyltransferase
reaction. This is a within the plastid reaction where acetate
is transferred from acetyl-carnitine to acetyl-CoA.
However, this proposal for acetyl-CoA biosynthesis has
raised many questions and is therefore controversial
(Rawsthorne, 2002). (4) Synthesis of acetyl-CoA via the
ATP-Citrate Lyase (ACL) reaction. ACL activity was
found predominantly in the leaves of rape (B. napus) and
spinach, whereas this activity was found predominantly in
the cytosol in tobacco and pea (Rangasamy and Ratledge,
2000). Therefore, this proposed pathway for the
biosynthesis of acetyl-CoA is also controversial.

2.2. Acetyl-CoA Carboxylase

Conversion of acetyl-CoA to malonyl-CoA is
catalyzed by Acetyl-CoA Carboxylase (ACC), the first
committed step in the de novo fatty acid synthesis
pathway. This is an ATP-dependent reaction. Plant
acetyl-CoA carboxylase is a biotin-containing enzyme
that malonyl-CoA produce in a two step reaction
(Murphy, 1963) as follows:

ATP + CO2 + BCC

Biotin carboxylase CO2-BCCP + ADP + Pi
CO2-BCCP + acetyl-CoA
Carboxyltransferase BCCP + Malonyl _ COA

Knowledge on the type of ACC involvement in the
production of malonyl-CoA has been gathering and
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developing. For example it has been identified that ACC
has two forms in plants: Type I ACC, found in yeast and
mammals is a large, multifunctional enzyme, while type
Il enzyme found in prokaryotes, is a multisubunit
complex. The concept of plastidial ACC activity in
higher plant has been clarified recently and it is now
known that type II form of enzyme is responsible for
ACC synthesis in most plants, but exceptionally in the
Gramineae, this activity is due to a type I activity
(Konishi et al., 1996).

The type I enzyme is assumed to be available in the
cytoplasm of all higher plants (Egli ef al., 1993). But this
enzyme has also been found in the plastids of oilseed rape,
although the activity of this enzyme in developing seed in
less than 10% of the cellular total ACC type I enzyme
(Schulte ef al., 1997; Roesler et al., 1997). The activity of
type I ACC enzymes in higher plants is thus complicated.

Biosynthesis of fatty acids from malonyl-CoA
through ACC activity in leaves is regulated by the light
reactions of photosynthesis. But whether the ACC in
plant tissues produces storage oil or is required for oil
production is contentious (Rawsthorne, 2002). ACC
enzyme inhibitors in isolated barley and maize leaf
chloroplasts and reported that ACC has a strong control
over synthesis of fatty acid (Page et al., 1994). The
amount of fatty acid in rapeseed increased up to 5% by
increasing the total plastidial ACC activity by up to two
times by targeting the type-I ACC to the plastid of
developing seed embryos. Therefore, it has been
concluded that ACC can regulate the amount of fatty
acid biosynthesis in leaves.

2.3. Acyl Carrier Protein

Acyl Carrier Protein (ACP) arrives just before the
initial process of storage lipid biosynthesis and plays a
key role in fatty acid and lipid metabolism. It is a small,
9 kD multifunctional, acidic protein. Acyl-ACP forms
from a phosphopantetheine prosthetic group of ACP
through a thioester linkage and takes part in the
transportation, reduction, dehydration and elongation
reactions of fatty acids. During the entire biosynthesis of
fatty acids the growing fatty acid chain is bound to ACP
and only released from the protein when it leaves the
plastid (Fig. 2). After transfer to ACP, the malonyl-
thioester enters into a series of condensation reactions
with acyl-ACP (or acetyl-CoA) acceptors. These
reactions result in the formation of a carbon-carbon bond
and in the release of the CO, that was added by the ACC
reaction. In developing seeds of oilseed rape and
soybean, it has been found that the rate of fatty acid
synthesis is correlates with the levels of ACP
concentration (Murphy, 1993).
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2.4. Fatty Acid Synthetase

The most important enzyme for fatty acid
biosynthesis is Fatty Acid Synthetase (FAS). The
component proteins of this enzyme can be isolated so as
to retain active enzyme properties (Murphy, 1993). For
the production of fatty acids three different condensing
enzymes [also known as f or 3-Ketoacyl-ACP Synthases
(KAS)] are required. The first condensing enzyme is
KAS 111, which produces four carbon products from the
condensation of acetyl-CoA and malonyl-ACP. The
second condensing enzyme is KAS I, which is thought to
increase the chain length from a four carbon chain to a 16
carbon chain (palmitoyl-ACP). Finally, the third
condensing enzyme is KAS II, which elongates the 16
carbon palmitoyl-ACP product to 18 carbon stearoyl-ACP
(Ohlrogge and Browse, 1995).

3-ketoacyl-ACP is the primary product of the
condensation reaction of acetyl-CoA and malonyl-CoA.
The enzyme 3-ketoacyl-ACP reductase reduces the 3-
ketoacyl-ACP at the carbonyl group, (with NADPH used
as the electron donor). Dehydration is the next reaction
catalyzed by hydroxyacyl-ACP dehydratase. Acyl-ACP
is the product of this dehydration step. The enzyme
enoyl-ACP reductase utilizes acyl-ACP as a substrate
and seems for seven cycles to produce palmitoyl-ACP.
Palmitoyl-ACP is the end product of this fatty acid
biosynthesis process. Palmitoyl-ACP can be elongated
further to generate Stearoyl-ACP (Fig. 2).

Different plant species contains a considerable
diversity in the chain length of their fatty acid
composition in their oil lipid. For example, the relative
proportions of C:Cyg acids can vary from crop to crop
(i.e. 45:42 in palm, 4:82 in oilseed rape and 11:82 in
soybean). Because the conversion of Cis to Cig is
controlled by the enzyme KAS II, these results indicate
that this enzyme might have an important role in
regulating of these fatty acids (Murphy, 1993).
Therefore, two areas of interest have been arisen for the
condensing enzyme. The first area contains on the fact
that KAS III catalyses the initial reaction of plant fatty
acid synthesis to form four carbon products from acetyl-
CoA and Malonyl-CoA and offers a potential site for
metabolic control. The second area contains on the fact
that the activity of KAS Il may have a key role in
regulating seed oil quality by controlling the proportion
of Cy4:Cyg products during fatty acid biosynthesis.

2.5. Termination of Fatty Acid Synthesis in
Plastid

The acyl group is the key building block for the
elongation and termination of fatty acid synthesis. The
termination of fatty acid elongation occurs when the acyl
group is removed from ACP. Two different mechanisms

538

for this termination process have been identified. The
first mechanism, acyl-ACP is hydrolyzed by the enzyme
acyl-ACP thioesterase and free fatty acid is released
from the acyl chain. This is the most common
mechanism for fatty acid elongation in plants. In the
second mechanism, transfer of the fatty acid from ACP
to glycerol-3-phosphate or to monoacylglycerol-3-
phosphate modulated by acyltransferases occurs in the
plastid. One or two acyltransferases are involved in this
process of chain elongation. The first acyltransferase
prefers C18:1-ACP as a substrate and is a soluble
enzyme present in the plastid. The second acyltransferase
preferentially selects C16:0-ACP and is an enzyme
present on the inner envelope membrane of the
chloroplast. The chloroplast membrane plays a key role
for the transportation of the fatty acids using simple
diffusion across the envelope. It is assumed that acyl-
CoA synthetase, present on the outer membrane of
chloroplast envelope, assembles an acyl-CoA
thioester. This acyl-CoA thioester is then transferred
to the endoplasmic reticulum to form glycerolipids
using acyltransferase reactions. Recently small
abundant proteins called acyl-CoA binding proteins
have been identified and it is assumed that these
binding proteins are involved in the transportation of
acyl-CoA to the endoplasmic reticulum. The
mechanism involved in this transportation process is
unknown (Ohlrogge and Browse, 1995).

3. EXTRA PLASTIDIAL ACTIVITIES

3.1. Endoplasmic Reticulum

The Endoplasmic Reticulum (ER) is a major plant
cell organelle that plays a key role in lipid biosynthesis
and lipid storage. It is the port of entry of lipid into the
endomembrane system. The ER serves specialized
functions for the deposition of lipid storage compounds.
This deposition is possible because the ER contains a
number of soluble and membrane-associated enzymes
and molecular chaperones, which are necessary for this
process. Plant ER contains the necessary enzymes and
proteins that are involved in the oil body biosynthesis
and lipid storage process (Galili et al., 1998).

3.2. Fatty Acid Desaturases

Desaturases introduce double bonds at specific
positions in the fatty acid chain are present on the ER
membranes. Unsaturated C;g fatty acids, such as oleate,
linoleate and linolenate are the most abundant fatty acids
in many of the major edible oilseed crop species (for
example canola, soybean, sunflower etc.). Aerobic
desaturation of fatty acids produces these unsaturated
fatty acids. In B. napus, the rate of desaturation is higher
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in plants grown in lower temperatures (e.g., 5°C)
compared to plants are grown in higher temperatures
(e.g., 30°C) (Williams et al., 1992). It has been reported
that the palmitoyl- and oleoyl-acyl carrier proteins are
the immediate products of fatty acid synthatase and
stearoyl-acyl carrier protein desaturase in plastids
(Murphy 1999). Different mechanisms are involved in
the transportation of plasitdial 16:0 and 18:1 acyl chains
to the endoplasmic reticulum for the production of
glycerolipids. In the first mechanism, oleic acid is
liberated from acyl-ACP thioesterase in the plastid and
then re-esterified to CoA on the plastid envelop. The
oleoyl-CoA is then associated with acyl-CoA pool in
cytosol. These acyl groups may further go for
esterification or acyl-exchange reaction in the cytosol.
The acyl-CoA thioesters form a soluble pool in the
cytosol which is wused in the biosynthesis of
Diacylglycerol (DAG) followed by Phosphatidylcholine
(PC) or Triacylglycerol (TAG) (Williams et al., 2000).
Higher plants contain Phosphatidylcholine (PC) in
their cells. This is the major phospholipids found in the
plant cells. It is found in most non-plastidic membranes,
the endoplasmic reticulum, the mitochondria, the plasma
membrane and tonoplast and the outer-envelope
membrane of the chloroplast. It plays a key role in
glycerolipid biosynthesis and in the modification of
membrane structures in leaves and is also involved in
the biosynthesis of TAG in seeds of oilseed plants
(Williams et al., 2000). It is located mostly in the
endoplasmic reticulum. It has been identified that this
is the major site of fatty acid desaturation and a
precursor of chloroplastic lipids in leaves and in most
plants. As similar role for PC has been found in
oilseeds where PC appears to control the amount of
unsaturated fatty acids in seed-oil (Williams et al.,
2000). DAG is the presumed precursor of PC.
Precursor DAG contains mainly oleic acid esterified
to the sn-1 and sm-2 positions or palmitic acid
esterified to the sn-1 position of DAG. Linoleic (18:2) and
linolenic (18:3) acids are produced from the in situ
desaturation of oleic acid (Fig. 3). The enzymes involved
in the desaturation of oleic acid to linoleic acid are A"
oleate desaturase (encoded by the FAD2 gene) and for the
further desaturation of linoleic acid to linolenic acid, ®-3-
fatty acid desaturase (encoded by the FAD3 gene).
Structural components of leaf membranes are
produced from unsaturated fatty acids which are found in
PC. These unsaturated fatty acids may also be used as a
precursor for DAG wused for the production of
cytoplasmic phospholipids (e.g., phosphatidylethanol-
amine) and chloroplast lipids [Monogalactosyl
Diacylglycerol (MGDG), Digalactosyl Diacylglycerol
(DGDG) and Sulphoquinovosyl Diacylglycerol (SQDG)]
(Fig. 3). A similar mechanism with some modifications
has proposed to occur in seeds, where it has been found
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that some exchange of fatty acid between PC and the
acyl-CoA occur before the synthesis of DAG and TAG
(Triki et al., 1999). The amount of seed TAG and
chloroplastic lipid depends on the amount of unsaturated
fatty acid in DAG which is controlled by the desaturation
of fatty acids in PC. The role of PC in desaturation and
fatty acid exchange using in vivo '*C-labelling in leaves
of Brassica napus was examine (Williams et al., 2000).
The authors suggested that in the chloroplast newly
formed saturated (palmitic acid, 16:0) and
monounsaturated (oleic acid, 18:1) fatty acids are
transferred into the endoplasmic reticulum for
desaturation and  incorporation into = MGDG.
Polyunsaturated fatty acids are generated in PC resulting
from subsequent desaturation of the newly formed fatty
acids. The acyl-CoA pool receives the unsaturated fatty
acids to generate Diacylglycerol (DAG). It is assumed that
these DAG containing unsaturated fatty acids are the

precursors for the biosynthesis of other cellular
glycerolipids (Williams ez al., 2000).
Eight different desaturase mutant genes in

Arabidopsis has been identified and characterized which
provide a detailed insight of the desaturation gene in
other crops (e.g., Brassica sp). These Arabidopsis
mutants were identified from mutagenized populations
and have been characterized by analyzing different lipid
samples from leaves or seeds of mutagenized plants. The
biochemical activities of these mutant genes have shown
in the pathway in Fig. 3. The mutant genes responsible
for specific fatty acid desaturases are designated fabl,
fab2 and fad2 through fad8. Arabidopsis endoplasmic
reticulum contains only two desaturase genes, oleate
desaturase (FAD2) and linoleate desaturase (FAD3). The
remaining eight desaturase genes are located in the
plastids. In plastids, the gene FAD6 encodes oleate
desaturase while the genes FAD7 and FADS8 encode
linoleate desaturases. From the results of mutant
analysis, it has found that FAD4 is responsible for the
production of phosphatidylglycerol and FADS is
involved in the formation of MGDG (Somerville and
Browse, 1991). FAD2 and FAD3 genes present in the
ER play an important role in the desaturation of fatty
acids to control oil quality in the seed. The levels of
oleic, linoleic and linolenic acid in seed oil are controlled
by the enzymes encoded by FAD2 and FAD3 genes.

3.3. Fatty Acid Elongation

Erucic acid synthesis: Cruciferae crops, especially
Brassica and Crambe species are major sources of erucic
acid (cis-13-docosenoic acid). The pathway for erucic
acid biosynthesis and the major reactions involved in this
pathway has been well characterized. Oleic acid is the
main precursor for the erucic acid biosynthesis via an
elongation process in the developing embryos of
Brassica napus, Crambe abyssinica, Simmondsia
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chinensis, Tropaeolum majus and Limnanthes alba (Bao
et al., 1998). Erucic acid biosynthesis started initially in
the plastid through the biosynthesis of oleate (18:1),
which was then exported to cytosol and elongated via
malonyl-CoA requiring elongases to form C-20 and
subsequently C22 long chain monounsaturated fatty
acids. These reactions wusually occur in the
endomembrane system. Many researchers reported that
this elongation process occurs outside of the plastid
which is related to the oil bodies or microsomal
membrane (Bao er al., 1998). The general accepted
hypothesis for the erucic acid biosynthesis is as follows: in
the plastid oleoyl-ACP is the end product of fatty acids
biosynthesis process, which releases the Acyl Carrier
Protein (ACP) and binds with CoA to form oleoyl-CoA
which then moves to the cytosol. Oleoyl-CoA is the
precursor for the elongation process to form erucic acid
and this process occurs in endoplasmic reticulum.
Malonyl-CoA is the source of carbon for this elongation
process (Bao ef al., 1998).

Elongation process: In higher plants, it has been
demonstrated that at least two types of elongases are
available for the biosynthesis of erucic acid; these are the
ATP-dependent elongase and the acyl-CoA elongase. An
unrecognized endogenous compound is elongated
through ATP-dependent elongation process. ATP is not
required in the acyl-CoA elongation process, which uses
acyl-CoA for the biosynthesis of erucic acid (Juliette et
al., 2001). It was observed in rapeseed microsomes that
high rates of oleoyl-CoA elongase activity reduced the
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rate of ATP-dependent elongation; on the other hand,
high rates of ATP-dependent elongase activity limited
the rate of oleoyl-CoA elongation (Juliette ez al., 2001).
These results indicated that oleoyl-CoA elongation and
the ATP-dependent elongation processes do not act in
the same plant tissue at the same time.

The elongation process has four different steps. The
first step is the condensation of oleoyl-CoA to malonyl-
CoA to form a 3-ketoacyl-CoA, the second step is the
reduction of the 3-ketoacyl-CoA to produce3-
hydroxyacyl-CoA, the third step is the dehydration of the
3-hydroxyacyl-CoA to form trans-(2,3)-enoyl-CoA and
the fourth and final step is further reduction of the trans-
(2,3)-enoyl-CoA (Juliette et al., 2005). These reactions
are catalyzed by four different enzymes 3-ketoacyl-CoA
synthase, 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA
dehydratase and  trans-2,3-enoyl-CoA  reductase,
respectively (Fig. 4).

The 3-Ketoacyl-CoA Synthase enzyme (KCS) is the
major catalyzing enzyme in the condensation reaction for
the chain length of fatty acid to produce Very Long
Chain Fatty Acid (VLCFA) in seed oils (Juliette et al.,
2005). The reactions involved in this elongation process
have been characterized biochemically, but gene
expression and characterization of gene products still
remains unknown. In Arabidopsis thaliana and jojoba,
it has been reported that the gene FAE1 encodes 3-
ketoacyl-CoA synthase, the first committed enzyme for
fatty acid elongation (Juliette et al., 2005).
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16:0-Col
DA > DAG
121 180

. BC Jad? BEC fad? BEC

181 160 [ —® [ 18:2 1650 || 183 160

" G
18:1-CoA !,..-l' 11 o0

Pa DAG DAG
| 1A% |w 10 1s0 | P 1m0 1se ’ﬂ 11 180 /_ﬂ
y
Jude W ¥ ¥
i
o 181+ 16:0 181~ 16:0 18:1=180 181-16:0 181+ 160 18:1-16:0
|—| a5
31 161 o
18:1-ACP 182180 v v
Az Fad? 181+ 161 fadé
18:0-ACD el v
16:0-ACP [182+162 | [182+160 | [182-162 ] |[182+180 |  par
4 fudS d
Fatty acid P WP ERrPE - T T
bio-synthase | 18:3+16:3 | 183+ 160 | | 18:3+16:0 | | 18:3-16:3 | 18:3=16:0 | | 18:3=16:0 |
Plastid Figure adapted from Somerville and Browse (1891)

Fig. 3.Diagram of Fatty acid synthesis and glycerolipid assembly in Arabidopsis leaves. DAG: Diacylglycerol; DGDG:

Digalactosyldiacylglycerol; G3P: Glucose-3-Phosphate;

Phosphatidylcholine; PE: Phosphatidyethanolamine;

LPA: Lysophosphadic Acid; PA: Phosphatidic Acid; PC:
PG: Phosphatidylglycerol; PI: Phosphatidylinositol; MGDG:

Monogalactosyldiacylglycerol; SQDG: Sulfoquinovosyldiacylglycerol



Mukhlesur Rahman / American Journal of Agricultural and Biological Sciences 9 (4): 534-545, 2014

CIS:_I'——COA 3-ketoacyl- CoA | 3-ketoacyl | 3-ketoacylCoA 3-hydroxy |3-hyroxyacyl-CoA Trans-2,3-
Malonyl-CoA synthase -CoA reductase acyl-CoA dehydratase enoyl-CoA
Fig. 4. Fatty acid elongation process
CoA-5-fatty A 4
NADH  NAD+ “acid  CoASH =
Dihydroxyacetone IGL%» Glycerol 3- / »| Monoacylglycerol ~—~—3| Phosphatidic
hosphate ‘hcex;n— - phosphate Aeslirans: phosphate Acylirans acid
p D e ferase ferase
dehydrogenase

| Triacyiglvcerol | <

H:0 Phosphatidic acid
Cnel—S—fatt_v i hl]sph: C acu
Co:\—SH&/ncid phasphatase

I
| 1.2-Diacylglycerol |

Diacylglycerol

acyltransferase

Fig. 5. Biochemical pathway of triglycerol synthesis (Kennedy pathway). [Figure adapted and modified from: Murphy (1993) and
internet http://biocyc.org/META/new-image?type=PATHWAY &object=TRIGLSYN-PWY]

In the embryoes of B. napus two homologous sequences
of the FAE1 gene (Bn-FAEIL.l and Bn-FAE1.2) have
been characterized. These two homologues showed a
similarity of 98.2% amino acids sequence of the encoded
proteins (Juliette er al., 2005). 3-ketoacyl-CoA synthase
controlled the levels of very long chain fatty acids in
seed oils of Arabidopsis (Millar and Kunst, 1997).
Therefore, to increase the levels of erucic acid for high
erucic acid rapeseed breeding it is necessary to know the
role of FAEI gene during the developmental process of
embryo in seed. The gene encoding the enzyme 3-
ketoacyl-CoA reductase has been identified in B. napus
and named as Bn-kcr (Bn-kcrl and Bn-kcr2). FAE1L and
Bn-KCR are expressed simultaneously in B. napus during
seed development, suggesting that expression of both
genes is directly or indirectly linked (Juliette et al., 2005).

3.4. Triacylglycerol Synthesis

Triacylglycerols (TAG) are formed by the Kennedy
pathway (Fig. 5). The main pathway for synthesis of
triacylglycerol is thought to involve in esterification of
three fatty acids onto a glycerol backbone. Saturated
fatty acids are mostly abundant in TAG. Biosynthesis of
TAG depends on three consecutive reactions, formation
of Phosphatidic Acid (PA) from glycerol-3-phosphate,
followed by the formation of Diacylglycerol (DAG)
from PA and finally TAG is formed from DAG (Fig. 5).
For the synthesis of PA, fatty acids are sequentially
transferred to the positions 1 and 2 of glycerol-3-
phosphate. DAG is formed from PA by the de-
phosphorylation of PA. In the final step, a third fatty acid
is transferred to the vacant position 3 of DAG.
Diacylglycerol acyltransferase is the most important
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enzyme, involved in the formation of TAG from DAG
(Ohlrogge and Browse, 1995). Lipids synthesized within
the ER always have 18-carbon fatty acid esterified at the
sn-2 position of the glycerol backbone, whereas lipids
synthesized in the chloroplast always have 16-carbon fatty
acids esterified at the sn-2 position of the glycerol
backbone (Somerville and Browse, 1996).

The esterification of fatty acids onto the glycerol
backbone is not an easy process. In oilseed crops fatty
acids generated in the plastids undergo further elongation
or desaturation and then be esterified to produce TAG.
Therefore, these fatty acids are not immediate precursors
for the biosynthesis of TAG. The Acyl chains generated
in plastid are converted into Phosphatidyl Choline (PC),
the substrate for the desaturation or modification of fatty
acids. Two mechanisms are involved to make the
availability of these modified fatty acids for the formation
of TAG. In the first mechanism, it is assumed that the acyl-
CoA is released from combined reverse and forward
reactions of acyl-CoA: PC acyltransferase (Ohlrogge and
Browse, 1995) which is then used for TAG biosynthesis.
This reaction permits the newly synthesized oleic acid in the
plastids to move into the PC for further desaturation or
modification. The desaturated or modified fatty acid is then
be used for the formation of TAG or other lipids. In the
second mechanism, PC may release its whole DAG part for
the biosynthesis of TAG (Ohlrogge and Browse, 1995).

In oilseed crops, the compositions of different fatty
acids in seed storage oils are more variable than those are
in membrane glycerolipids. In storage oils more than 300
different fatty acids have been observed in seed TAG [6].
The structures of these fatty acids.
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4. OIL BODIES

4.1. Structure and Composition

All living organisms utilize lipids and stored in their
subcellular compartments for their active metabolism. In
most plants, lipids are found in the seed as storage lipids
in the form of TAGs (Galili et al., 1998). In the
endoplasmic reticulum, TAG is synthesized by the
enzymatic reaction with diacylglycerol acyltransferase.
TAGs are mostly found in small distinct organelles
which are called Oil Bodies (OBs) or oleosomes.
Oleosins are small proteins of 0.5-2.0 um diameter with
a molecular weight of about 15 to 26 kD, present in
seeds. The oleosins almost cover the surface of the OB.
Amount of oleosins in seed could be very high with high
levels of oils and small sized OBs. Arabidopsis thaliana
seeds contain high levels of oil (about 40%) and small
sized OBs (about 0.5 pm) with 10% of the seed proteins
found as oleosins. The size and shape of OB depends on
the proportion of oil in the oleosins. The major
components of OB are oleosins, TAGs and
Phospholipids (PLs). TAGs are deposited inside the OB
and surrounded by Phospholipids (PLs) and oleosins.
The outer layer of the OB is composed of structural
protein (oleosins) and phospholipids and therefore the
structure of OB is stable.

4.2. Biogenesis of Oil Bodies

It has been postulated that oil bodies and their
component TAGs, PLs and oleosins are synthesized on
the Endoplasmic Reticulum (ER). The enzyme which
catalyzes the reaction for TAG biosynthesis is
diacylglycerol acyltransferase (DAGAT), located on the
rough ER (Hsieh and Huang, 2004). A model for the
biosynthesis of oil bodies on rough ER which included
the synthesis of TAG, oleosins and PLs on the ER,
followed by the assembling of those components in the
cytoplasm in maturing seeds and then formed into oil
bodies was proposed by (Galili ez al., 1998). This model
was agreed by (Herman, 1987) and (Tzen et al., 1993),
since they reported that oleosins and storage oil are
synthesized coordinately in maturing maize and soybean
seeds. The in vitro translation and translocation of
oleosins mRNAs showed that oil bodies were deposited
to the microsomal membranes and at the same time
oleosins were also integrated into microsomal
membranes. There is no evidence of integration of
oleosins into oil body monolayer membranes and oil
bodies are synthesized in the sub-domain of the ER
(Galili et al., 1998). This result stated that oleosins are
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synthesized and integrated into ER independently and
then assembled in oil bodies.

The biosynthesis process of oleosins has been
difficult to study because several genes are responsible
for this process and these genes encode several protein
products with different molecular weight. For example in
rapeseed and soybean at least 6-8 copies of oleosins
genes and in Arabidopsis, 4-5 oleosins genes have been
identified and those genes encodes proteins with size
from 19 kDa to 24 kDa (Sarmiento et al., 1997).

A model for lipid accumulation in B. napus was
proposed by (Lacey and Hills, 1996), where TAGs are
generated in the sub-domains of ER and deposited within
phospholipids bilayer which is the site for oleosin
insertion into ER. In the early stage of seed development
the levels of TAGs is higher than those of oleosins and
oleosins can not completely cover the oil body.
Therefore, these oleosins merge with other free oleosin
to make a full size of the oil body. This result indicated
that oleosins are the major component for the full size of
oil body (Galili et al., 1998).

5. SUMMARY

Because of the importance of plant seed oils as
sources of edible oils and industrial oils, there is
continuing interest in the use of genetic technology to
produce novel fatty acids and related materials in plants.
The major biochemical pathway of plant fatty acids
biosynthesis and synthesis of glycerolipids are now
mostly well understood. Most oil/lipid contains fatty
acids esterified to glycerol. Fatty acids biosynthesis in
plant takes place exclusively in the plastid. The synthesis
of fatty acids begins with the carboxylation of acetyl-
CoA to malonyl-CoA by acetyl-CoA carboxylase. This is
the first committed step of fatty acids biosynthesis and is
a likely site regulation of the whole pathway. Acetyl-
CoA and malonyl-CoA are subsequently converted into
fatty acids by series of reaction that add two carbons at a
time to a growing chain. Repetitive condensation of 2-
carbon units for seven times yields C16:0 fatty acids.
Most of the C16:0 fatty acids elongated to C18:0 (by
using 3-ketoacyl-ACP synthetase III), but some is used
for the biosynthesis of lipid within the chloroplast. Fatty
acid biosynthesis can be terminated by several different
reactions, including hydrolysis of the thioester bond,
transfer of the acyl group to a glycerolipid and acyl
desaturation. Acyl carrier protein transports the
intermediates of fatty acid for the reduction, dehydration
and elongation reactions.
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The acyl-CoAs are the primary substrates for fatty
acids biosynthesis in the endoplasmic reticulum or in the
plastid. The first steps of glycerolipid synthesis are two
acylation reactions that transfer fatty acids to glycerol-3-
phosphate to form  Phosphatidic Acid (PA).
Diacylglycerol is produced from PA by a specific
phosphatase. Phosphatidylcholine (PC) is formed from
DAG which mainly contains oleic acid and palmitic acid.
Desaturation of oleic acid in PC produces linoleic acid
(enzyme encoded by gene FAD2) and linoleic acid to
linolenic acids (enzyme encoded by gene FAD3). On the
other hand 3-Ketoacyl-CoA Synthase (KCS) (encoded
by gene FAE1) catalyze the condensation reaction, plays
a key role for the elongation of oleic acid to erucic acid,
occurs in Arabidopsis, as it does in rapeseed and other
cruciferous oilseeds. Obviously, synthesis of DAG via PA
does the final acylation of DAG to form Triacylglycerol
(TAG) and the enzyme catalyzes for the synthesis of TAG
is  diacylglycerol acyltransferase. Finally, TAG,
phospholipids and oleosins are synthesized on the ER and
forms oil body, which is stored in seed.

6. FUTURE PROSPECTS

The amount of C18:1 and C22:1 in seeds is variable
from species to species and even from variety to variety
in a same species (e.g., high oleic and low oleic acid
content canola varieties, high or low erucic acid content
rapeseed varieties). These amount of oleic and erucic acids
depend on how much free fatty acid transported from the
plastid. Acyl-CoA binding protein involves in transportation
of fatty acid to ER but the mechanism of this transportation
is still unknown and need to know more for getting better
insight of this biosynthesis process.

The membrane-bound acyl-CoA elongase complex is
a key enzyme responsible for erucoyl-CoA synthesis.
Four putative genes encoding the four moieties of this
complex in B. napus seeds and two genes have been
characterized, the Bn-fael gene, which encodes the 3-
ketoacyl-CoA synthase and Bn-kcr gene encodes 3-
ketoacyl-CoA reductase in B. napus seeds. Co-
expression of Bn-fael and Bn-kcr is observed in B. napus
during seed development. The genes encoding the other
two enzymes (3-hydroxyacyl-CoA dehydratase and
trans-2,3-enoyl-CoA reductase) have not been identified
yet which could be a good study to find out the detail
pathway for erucic acid synthesis.

The role of the plant ER has been studied extensively,
but the role of ER in the biogenesis of oil bodies is not
clear and particularly in the maturation of oleosins
protein in seed. The way of integration of oleosins into
the membrane of the ER and the way of the formation of
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oil body from this membrane is still questioned. In ER,
multigene families may encode certain molecule and
whether the integration of those molecules into the ER
membrane is similar to those of integration of oleosins
into ER membranes is unknown. Further studies are
needed to determine the specific role of the individual
members of these families in the biogenesis and
functions of the ER.

7. CONCLUSION

Fatty acids biosysthesis pathway in Arabidopsis and
Brassica has been discuss in this review article.
Triacylglycerols (TAG) are formed by the Kennedy
pathway through esterification of fatty acids to glycerol
back bone and stored as lipid in seeds. Therefore, the
quality of vegetable oil depends on the type of fatty acids
esterified onto glycerol. This review will help the oilseed
crop breeder and geneticists to understand the oil
formation mechanism in seeds and to develop breeding
strategy for the improvement of oilseed crops.
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