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Abstract
Carbohydrates and proteins are polymers of polysaccharides and polypeptide residues, respectively. Conversely, lipids are made up of
a wide range of compounds with tremendous differences in structures and lack building blocks. Therefore, fatty acids constitute the major
components of various lipid classes such as glycerides and sphingolipids. Fatty acids are organic compounds containing a carboxylic acid
group mostly at the end of an aliphatic chain and are categorized into saturated and unsaturated. Most fatty acids especially the so-called
polyunsaturated fatty acids (PUFAs) and their derivatives play key biological roles in inflammatory response, cell division, control of lipid
metabolism, as signaling molecules, supply of energy and protecting the biological membranes structure and function. In this study, a
general overview of fatty acids, their biosynthesis mechanisms as well as biological importance have been discussed. Fatty acid desaturase
enzymes and their sources have also been reviewed. Recent studies on the functional expression of different types of desaturase enzymes
have also been discussed.
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Certain fatty acids and their derivatives known as

INTRODUCTION

polyunsaturated fatty acids (PUFA) are very crucial and
Structurally, carbohydrates and proteins are made up of

perform several functions including inflammatory response,

polymers (long chains) of polysaccharides (sugars) and

cell division, controlling lipid metabolism and serve as

polypeptides (amino acids) residues, respectively. However,

signaling molecules1-3.

lipids have a wide range of compounds with tremendous
differences in structure. As lipids lack building blocks, fatty

Fatty acids nomenclature: Historically, many systems have

acids form the major components of their various classes

been adopted to name fatty acids. However, the most
frequently used and internationally recognised nomenclature
system follows certain guidelines by the International Union
of Pure and Applied Chemistry (IUPAC) in the Compendium of
Chemical Terminology1. According to n-x , otherwise known
as an omega system of nomenclature, C: Dn-x is used as
general formula to describe fatty acids. The C stands for chain
length, D is the number of double bonds and n-x (ωx) shows
position of the first double bond located at the methyl end of
the chain. Hence, 18:0 indicates a saturated fatty acid with an
aliphatic chain of 18-carbon atoms. A monounsaturated fatty
acid carrying a double bond at C9 position of its 18-carbon
aliphatic chain can be presented as 18:1n-9 (18:1 ω9). The
PUFA can be any fatty acid with two and above double bonds
in their aliphatic chain such as 20:5n-3 (20:5 ω3), which is a
fatty acid containing 20-carbon atoms with five double bonds
within its aliphatic chain (Fig. 1)1.

including glycerides (phosphoglycerides and acylglycerols)
and sphingolipids. Complex lipids are made up of fatty acids
esterified to amino or alcohol groups and represent the
predominant classes of lipids with fatty acids as their bulk
constituents1,2.
Fatty acids are organic compounds containing a
carboxylic acid group mostly at the end of an aliphatic chain.
The chain may contain four and above carbon atoms, which
are usually even numbered up to 24 and in some cases
odd-numbered longer carbon atom chains are usually found
(Fig. 1). Fatty acids may be saturated or unsaturated. The
saturated fatty acids have a single bond in their aliphatic
chains whereas the unsaturated ones have one or more
double bonds in their chains. Most fatty acids are involved in
key biological roles such as protecting the biological
membranes structure and functions and supply of energy.

COOH
CH3



(a)

Palmitic acid: C16:0 (hexadecanoic acid)

COOH

CH3




(b) Oleic acid C18:1n-9 (cis 9 octadecenoic acid)

COOH

CH3




(c) -linolenic acid C18:3n-3 (cis 9,12,15 octadecatrienoic acid)

COOH
CH3





(d) DHA, C22:6n-3 (cis 4,7,10,13,16,19 docosahexaenoic acid)

Fig. 1(a-d): Examples of fatty acid nomenclature: (a) Saturated palmitic acid or hexadecanoic acid (16:0), (b) Monounsaturated
fatty acid [oleic acid, cis Δ9-octadecenoic acid (18:1n-9)], (c) Polyunsaturated fatty acid ["-linolenic acid,
cis )9,12,15-octadecatrienoic acid (18:3n-3)] and (d) Long-chain polyunsaturated fatty acid [docosahexaenoic acid,
cis )4,7,10,13,16,19-docosahexaenoic acid (22:6n-3)] 1
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However, most fatty acid desaturase enzymes activities

dehydrogenase and pentose phosphate pathway (glucose-

are indicated using the Δx (delta-x) system of nomenclature.

6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase)1.

Therefore, this system would be adopted to designate
desaturase enzymes preferences for activities in this review.
The system donates numbers of double bond counting from

Elongation of fatty acid chains: Although C16:0 and C18:0 are

the carboxylic ends such as in 20:5Δ5,8,11,14,17, which can be

the major fatty acids produced by FAS, other fatty acids of

presented as 20:5n-3. A fatty acid desaturase that produces

different chain lengths ranging from C20-C24 are very

a double bond at the C5 position of an aliphatic chain has

common however, carbon lengths greater than C24 are

Δ5 activity. Moreover, trivial names are also used to describe

mostly found in eukaryotic organisms1,5. Fatty acid elongation

fatty acids, mostly indicating their key sources like oleic acid

is very crucial, serving as an alternative pathway of fatty acid

(18:1n-9) and palmitic acid (16:0) from olive and palm oils,

production. Depending on the organism, many terms like

respectively. Other useful system of naming fatty acids is

Fatty Acid Chain Elongation System (FACES), elongase system

referred to as semi-systematic, which names fatty acid by

and elongase have been used to explain enzymes capable of

indicating the number of carbon atoms and their double

fatty acid elongation through the addition of two carbon

bonds such as docosahexaenoic acid (DHA, 22:6n-3) and

atoms at the carboxyl end of the chain. In higher plants, fatty

eicosapentaenoic acid (EPA, 20:5n-3)1.

acid elongation is catalysed by an enzyme encoded by fatty
acid elongase 1 (FAE1 gene) where only saturated and

Biosynthesis of fatty acids: Plants and animals owned the

monounsaturated fatty acids are produced1,6. However,

same lipogenic pathways of fatty acid biosynthesis. The first

functional characterization of PUFA Fae1 has been reported

pathway is catalysed by two cytosolic enzyme systems,

from a marine parasitic protozoon Perkinsus marinus. A similar

namely multienzyme Fatty Acid Synthase (FAS) complex and

functional elongase enzyme that elongates PUFA has been

acetyl-CoA carboxylase. The FAS complex uses acetyl-CoA as

demonstrated as IgASE1 from marine microalgae like

source of carbon to synthesis saturated fatty acids essentially

Isochrysis galbana. More reports have confirmed that an

4

the 16:0 and 18:0 in animals and plants, respectively . The FAS

active elongase produces PUFA from thraustochytrids1,7,8.

is broadly divided into two classes of type I systems (found

Certain yeast species such as Saccharomyces cerevisiae and

mainly in animals and yeast, use a single large multifunctional
polypeptide) and type II systems (found mostly in prokaryotes

Mortierella alpina have been shown to produce different
elongase enzymes. Saccharomyces cerevisiae produces

and plants, use a series of distinct monofunctional enzymes).

mainly saturated and monounsaturated fatty acids has ELO1,

The FAS mechanism has a series of decarboxylative Claisen

ELO2 and ELO3 family of elongases. They differ in fatty acid

condensation

condensation of

chain length specificities1,9. Similarly, M. alpina synthesises

malonyl-CoA produced by acetyl-CoA carboxylase from the

arachidonic acid (ARA, 20:4n6) has two elongases comprising

growing acyl chain marks the key step. After every round of

of GLELO and MAELO. The former enzyme elongates 18:3n-6

elongation, $-keto group is finally reduced to a fully saturated

to 20:3n-6, perhaps the rate-limiting step in the biosynthesis

carbon chain via a chronological action by ketoacyl reductase,

of ARA whereas the latter has a preference for saturated and

dehydrase and enoyl reductase activities. Acyl Carrier Protein

monounsaturated fatty acids elongation1,10.

reactions

in

which

(ACP) domain binds the growing acyl chain between its active

However, plants and animals use four consecutive

sites by means of a covalent linkage to a phosphopantetheine

elongation reactions to produce fatty acids with chain lengths

prosthetic group and finally released it as a 16:0 by the action

greater than C18 by simply adding 2-carbon unit taking place

of a thioesterase. Primarily, acetyl-CoA is made in the

in the Endoplasmic Reticulum (ER) (Fig. 2). The reactions are

mitochondria from two sources, protein and carbohydrate

similar to those involved in de novo fatty acid synthesis,

through oxidative catabolism of some amino acids and

particularly

oxidative decarboxylation of pyruvate, respectively. This

dehydration and 2nd reduction. Four membrane-bound

may lead to a citrate production (via the tri-carboxylic acid

enzymes including very long fatty acids (Elovl) elongation

cycle) which is exported to the cytosol before a cytosolic

proteins or condensing enzyme, $-ketoacyl-CoA reductase

acetyl-CoA is produced by the action of ATP citrate lyase. The

(Kar;

NADPH is a reducing equivalent produced by the enzymes

(Hadc, dehydration)

of carbohydrate metabolism including malic enzyme,

(Ter, 2nd reduction) are known to catalyse these reactions

tricarboxylic

(Fig. 2)1,11. Previous

acid

cycle

(NADP-dependent

isocitrate
284

1st

involving condensation,

reduction),

1st

reduction,

$-hydroxyacyl-CoA
and

studies

dehydrase

trans-2-enoyl-CoA reductase
have

indicated

that the
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produced at certain stage of fatty acids synthesis. A quite

R-CO-CoA +Malonyl CoA

number of marine bacteria such as Shewanella sp. are well

Elovl (Condensation)

known EPA producers. Amino acid sequences analysis has
revealed a strong relationship between the genes coding

R-CO-CH2-CO-CoA

for EPA and complexes of microbial polyketide synthases
(PKS) and FAS1,15,16. Such analysis was also performed on

Kar (Reduction)

DHA-producing organisms including Moritella marina strain
MP-1 and a thraustochytrid marine protist, Schizochytrium1.

R-CHOH-CH2-CO-CoA

The anaerobic pathway of unsaturated fatty acids
synthesis has been well demonstrated in Escherichia coli

Hadc (Dehydration)

where a dehyratase enzyme

R-CH = CH-CO-CoA

catalyses the removal of

two hydrogen molecules with subsequent introduction of
double bonds into saturated substrates before further

Ter (Reduction)

elongation through the normal fatty acid biosynthesis
machinery. The $-hydroxydecanoyl-ACP dehydrase (FabA) is

R-CH2-CH2-CO-CoA

a dehydratase enzyme, which catalyses the dehydration

Fig. 2: Pathway of fatty acid elongation in endoplasmic

of $-hydroxydecanoyl-ACP, a saturated 10-carbon atoms

reticulum. The Elovl (elongase) catalyses condensation

intermediate to produce trans-2-decenoyl and water. In the

of malonyl-CoA that produces an activated fatty acid

reaction, a double bond is created at C7 and C8 position

considered as the rate-limiting step of the pathway.

from the methyl end. The double bond may be hydrolysed by

Other enzymes associated with the pathway include

$-ketoacyl-ACP synthase (FabB) to produce saturated fatty

3-ketoacyl-CoA reductase (Kar), 3-hydroxyacyl-CoA

acid through the typical fatty acid synthetic pathway. On the

dehydrase (Hadc) and trans-2, 3,-enoyl-CoA reductase

other hand, an isomerase enzyme (FabA) may be involved in

(Ter)1

isomerising the intermediate to cis-3-decenoyl, which is
elongated by the $-ketoacyl-ACP synthase (FabB) to produce

condensing enzyme, Elovl belonging to elongation system

Palmitoleoyl-ACP (16:1ω7) and cis-vaccenoyl-ACP (18:1ω7)17,18

was a rate-limiting. The enzyme, whose activity was regulated

as shown in Fig. 3.

by the hormone and nutritional status was found to regulate

The aerobic pathway of unsaturated fatty acids synthesis

certain elongation reactions based on the degree of

is catalysed by the aerobic fatty acid desaturase enzymes in

unsaturation and chain length. However, other reports on

which full-length saturated substrates already synthesized

cloning and functional characterization of a condensing

either de novo from the anaerobic pathway, regioselective

enzyme revealed that the enzyme does not have any fatty acid

manner or obtained from the diets. This mechanism has been

1,9

specificity . The ELOVL enzymes family has at least seven

reported from virtually all higher organisms and prokaryotes.

members as ELOVL1-7, further sub-divided into saturated and

The desaturase enzymes utilized molecular oxygen, iron

monounsaturated fatty acids elongases (ELOVL1, ELOVL3,

cofactors and reducing equivalents usually delivered by

ELOVL6 and ELOVL7) and elongases of PUFA designated as

NADPH in two forms of electron transport systems depending

ELOVL2, ELOVL4 and ELOVL59,12.

on the cellular localization of the enzymes. Desaturase
enzymes localized in the endoplasmic reticulum of plants,

Unsaturated fatty acids biosynthesis: Unsaturated fatty acids

fungi and animals (acyl-CoA and acyl-lipid desaturases)

are carboxylic compounds having one or more double bonds

derived the reducing equivalents from cytochrome b5

within their acyl chains. The unsaturated fatty acids that

whereas acyl-lipid desaturases localised in the plants plastids

contain only one double bond are called monounsaturated

and cyanobacteria obtained the reducing equivalents from

fatty acids whereas those with two and above double bonds

ferredoxin (Fig. 4)19.

are referred to as polyunsaturated fatty acids

13,14

. Generally,

unsaturated fatty acids are synthesised through two major

Biological

pathways, namely anaerobic and aerobic. The anaerobic

Unsaturated fatty acids constitute the major components of

pathway is performed by many bacterial species to create

membrane lipids of both prokaryotes and eukaryotic

double bonds within the saturated acyl chains already

organisms. They
285

importance

are

of

unsaturated

primarily

fatty

acids:

involved in regulating
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H OH O

-hydroxydecanoyl-ACP

ACP
H2O

Dehydration by
FabA
O

H

ACP

trans-2-decenoyl-ACP
H

16:0-ACP
Saturated FA synthesis

Isomerization by
FabA
ACP

cis-3-decenoyl-ACP
H H

O

FabB
Unsaturated FA synthesis
Chain elogation

16:1 omega 7

18:1 omega 7

Fig. 3: Anaerobic pathway of unsaturated fatty acid synthesis in Escherichia coli. FabA enzyme catalysed the removal of
one molecule of water from $-hydroxydecanoyl-ACP intermediate to produce trans-2-decenoyl-ACP. Subsequently,
critical step isomerisation reaction of unsaturated fatty acid synthesis produced cis-3-decenoyl-ACP. Elongation of
cis-3-decenoyl-ACP catalysed by FabB produced two unsaturated fatty acids, namely palmitoleoyl-ACP (16:1 Δ9) and
cis-vaccenoyl-ACP (18:1 )11). However, when trans-2-decenoyl-ACP is involved in the normal fatty acid synthesis catalysed
by FabB enzyme, a saturated fatty acid is finally produced 19
R

+
2e+O
2+2H

neurological and inflammatory disorders23-25. Therefore, the
applications of long chain unsaturated fatty acids have been
employed in health care system, food or nutraceutical
industries24. For example, the ω-3 PUFAs promote the delivery
of some drugs used in cancer treatment, provides protection
against colorectal and breast cancer diseases26-29. Moreover,
they have proven effectiveness in the management of
different disorders like brain malfunction at old age, bone
metabolism, joint pains or swelling and as antibacterial and
anti-inflammatory agents28,30-32.
Dietary "-linolenic acid (ALA) is an unsaturated fatty acid,
making the important ingredient of docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) production through
the action of aerobic desaturase and elongase enzymes13.
However, low level consumption and subsequent conversion
of ALA to DHA and EPA requires supplementation through
diets in human13,33-35.

O

2H2O
R

O

Fig. 4: Desaturation reaction catalysed by the aerobic
desaturase enzyme. The enzyme inserted a cis-double
bond within saturated fatty acyl chain in the presence
of 2e and O2 molecule. R can stand for CoA and
phospholipid for acyl-CoA and acyl lipid desaturases,
respectively20
membrane lipids fluidity as a critical adaptive mechanism
of psychrophilic organisms and some cold-blooded
animals like reptiles to cold environments20,21. They also
increase torpor bouts during hibernation in mammals, serve
as signalling molecules in cell differentiation and DNA
replication20,22.
The unsaturated fatty acids are increasingly gaining more
recognition in the treatment of many diseases including
autoimmune diseases, cancer, cardiovascular, heart,

FATTY ACID DESATURASE ENZYMES
Fatty acid desaturases belong to a group of enzymes
family that essentially function in double bonds insertion at
specified positions of fatty acyl chains. They require molecular
oxygen and two electrons to accomplish their desaturation
role. They are very crucial to all living organisms, playing a
key role in unsaturated fatty acids synthesis necessary for
286
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Δ12 position of 18:1n-9 to produce LA has been reported from

membrane lipids fluidity. They are highly specific for substrate
chain length and the location of double bond insertion within
the fatty acyl chain36,37.
Fatty acid desaturase enzymes have been broadly
classified into two evolutionary unrelated groups of soluble
acyl-acyl carrier proteins and membrane-bound desaturases.
The soluble group of desaturases has been abundantly found
in plants plastids whereas the membrane-bound class of
desaturases has been isolated from animals, fungi and
bacteria. The membrane-bound class is further subdivided
into acyl-coenzyme A (acyl-CoA) and acyl-lipid desaturases.
The former has been reported from higher animals and fungi
is generally involved in desaturation reactions at )9 position.
The latter is predominantly found in plants and bacteria,
catalyses desaturation of fatty acids linked to phospholipids.
Besides their role in protecting membrane structure and
function, fatty acid desaturases are very useful enzymes in
polyunsaturated fatty acids synthesis including arachidonic
and eicosapentaenoic acids due particularly to their ability to
further introduce the second double bond at a position after
the pre-existing )9 of unsaturated substrates36,38. Other
beneficial roles of fatty acid desaturases in animals may
include synthesis of essential omega-3 fatty acids, precursor
molecules for pheromones, defensive fatty acids and
functional hydrocarbons36,39.
Certain groups of fatty acid desaturases including
soluble Δ9-stearoyl-ACP desaturases of plants, microsomal
stearoyl-CoA desaturase (OLE1) of yeast and stearoyl-CoA
desaturase of animals are very crucial enzymes of
monounsaturated fatty acids synthesis like 18:1n-9 and
16:1n-71,40. Significant progress has been achieved in the study
of stearoyl-CoA desaturases of animals as recent reports
showed a successful crystallization and x-ray analysis of two
stearoyl-CoA desaturases of mammals41. This indicated that
the activity of these enzymes is universal in all organisms1,42,43.
However, in some organisms such as plants and algae,
chloroplast membrane-bound desaturases can catalyse
further desaturation of monounsaturated fatty acids to an
array of unsaturated fatty acids. For example, linoleic acid
(LA; 18:2n-6) is synthesised from 18:1n-9, then "-linolenic acid
(ALA; 18:3n-3)1,44. Production of ALA from LA is catalysed either
by ω3 or Δ15-desaturases45. Moreover, production of PUFA
can be catalysed by Δ12 desaturases in some organisms like
yeast whereas in others like protozoans and fungi, novel
desaturase enzymes that function as both Δ12 and Δ15 have
been reported1,46.
Contrary to PUFA production by certain organisms like
plants, fungi and related aquatic organisms, some organisms
can produce PUFA de novo. Introduction of double bond at

the axenic tissues of some insects such as cricket and
cockroach1. According to some reports, many genes for
Δ12-desaturase have been successfully isolated and
characterised from insect. Two putative desaturase genes

fat1 and fat2 were demonstrated from a
nematode, Caenorhabditis elegans1,47,48. The fat1 codes for a
named

as

newly T3 desaturase, which is capable of desaturating both
C18 and C20 substrates at C3 position from the methyl end
whereas the fat2 gene codes for a Δ12-desaturase is active
on both C16 and C18 substrates1. Recent report showed that
this enzyme may be an active Δ15-desaturase. However,
higher animals are unable to synthesize PUFA de novo due to
their inability to produce Δ12/ω6 and Δ15/ω3 desaturses1,49.
SOURCES OF DESATURASES
Acyl-acyl carrier protein desaturases: Acyl-acyl carrier
protein (ACP) desaturases consist of soluble enzymes
associated with plant plastidial stroma and found in certain
bacterial species like Mycobacterium and Streptomyces.
The amino acids, D/EXXH are deemed significant for binding
di-iron complex in these enzymes50. The ACP desaturases
specifically catalyse the introduction

of

double bond

within saturated acyl chains bound to ACP, producing
cis-monounsaturated fatty acids in higher plants51. The

de novo biosynthesis of fatty acids in higher plants may be
preceded by malonyl-ACP (16:0-ACP) production from
acetyl-CoA usually catalysed by acetyl-CoA carboxylase, then
followed by malonyl-ACP production through the action of
transacylase. Subsequent elongation of malonyl-ACP produces
either palmitoyl-ACP (16:0-ACP) or stearoyl-ACP (18-ACP) after
repeated cycles of 8-9 condensation-reduction-dehydrationreduction by complex Fatty Acid Synthase (FAS)51,52. The main
products of FAS complexes in the plant plastidial tissue are
16:0-ACP and 18:0-ACP, which collectively constitute the
major source of fatty acids in such tissues. However, heavy
desaturation reactions that occur at different cellular
localizations in plants results into a very low proportion of
saturated fatty acids. The first desaturation reaction catalysed
by a soluble Δ9 acyl-acyl carrier desaturase on aliphatic chains
of plants fatty acids occurs in the chloroplasts or plastid
tissues. It may also take place in the endoplasmic reticulum
derivatives of very long chain CoA53,54. Therefore, these
reactions usually produce oleoyl-ACP (18:1Δ9-ACP) from
18:0-ACP. However, in some instances, other precursors like
16:0-ACP may
(16:1Δ9-ACP)51.
287

be

desaturated

to

palmitoleoyl-ACP
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Table 1: Fatty acid desaturase enzymes and their encoding genes described from different organisms
Enzyme family

Gene

Acyl-ACP Δ9-desaturase family

Ssi2 (Fab2) Palmytoyl- and stearoyl-ACP Δ9-desaturase, stroma of plastids56

Acyl-lipid Δ9-desaturase family

Type of enzyme, location

Des1

Palmytoyl-and stearoyl-ACP Δ9-desaturase, stroma of plastids57

Des2

Stearoyl-ACP Δ9-desaturase, stroma of plastids57

Des3

Palmytoyl-and stearoyl-ACP Δ9-desaturase, stroma of plastids57

Des4

Palmytoyl-and stearoyl-ACP Δ9-desaturase, stroma of plastids57

Des5

Palmytoyl-and stearoyl-ACP Δ9-desaturase, stroma of plastids57

Des6

Stearoyl-ACP Δ9-desaturase, stroma of plastids57

ADS1

Δ9 (ω9) desaturase54

ADS1.2

Δ9 desaturase54

ADS1.4

Δ9 desaturase54

ADS2

Homologous to Δ9 acyl-lipid FADs of cyanobacteria and acyl-CoA FADs of yeast and mammals; transcription is
up-regulated by cold54

PA3FAD9

Δ9-fatty acid desaturase58

PA8FAD9

Δ9-fatty acid desaturase59

Acyl-lipid Δ12 fatty acid desaturase FAD2
Acyl-lipid ω3 fatty acid desaturase

Unsaturated fatty acid desaturases

Δ12 fatty acid desaturase of endoplasmic reticulum60

FAD6

Δ12 (ω6) fatty acid desaturase, chloroplast synthesis of 16:2 and 18:2 fatty acids from galactolipids, sulpholipids61

FAD3

ω3 fatty acid desaturase of endoplasmic reticulum. Uses cytochrome b5 as electron donor62

FAD7

ω3 fatty acid desaturase of chloroplast membranes. Uses ferredoxin as electron donor63

FAD8

Temperature-sensitive ω3 fatty acid desaturase of chloroplast membranes. Uses ferredoxin as electron donor64

FAD4

Palmitate desaturase that introduces a Δ3 transdouble bond at palmitate at the sn-2 position of phosphatidylglycerol65

SLD4

Δ4 sphingolipid desaturase, involved in sphingolipid biosynthesis. Specifically expressed in floral tissues66

SLD1

Δ867

SLD2

Putative sphingolipid desaturase, cytochrome b5 fusion protein67

Three types of acyl-acyl carrier protein (ACP) desaturases

Functional expression of soluble desaturases: The HaFAD7

described so far include Δ9-acyl-ACP, Δ6-acyl-ACP and

is a gene coding for a plastid/chloroplast membrane

Δ4-acyl-ACP desaturases. They differ in stereoselectivity and

omega-3 desaturase reported from sunflower. The gene

substrate specificity51. The )9-stearoyl-ACP desaturases are

codes for 443 amino acids protein with a predicted molecular

the most commonly reported members of soluble

mass of 50.8 kDa and hydrophobicity of four potential

desaturases, isolated and characterized from various plant

membrane-spanning regions. The RT-PCR analysis showed

species such as soybean. However, acy-ACP of unusual

that the protein preferred expression in photosynthetically

specificities has been reported from Thunbergia alata

active tissues whereas heterologous expression in a unicellular

(Blacked-eyed Susan vine) and Dolichandra unguis-cati L.

cyanobacterium, Synechocystis sp., the PCC 6803 confirmed

(Catʼs claw)51,55.

a functionally expressed omega-3 desaturase68. Arabidopsis

thaliana was confirmed to have three genes coding omega-3
Membrane-bound

desaturases:

Membrane-bound

desaturases including FAD3, FAD7 and FAD8. However,

desaturases, which consist of acyl-lipid and acyl-CoA

expression of these genes was differently regulated as

desaturases are the most abundant form of desaturase

only FAD7 and FAD8 genes code for plastidial omega-3

enzymes. The acyl-lipid desaturases specifically desaturate

desaturases. In another study, plastidial omega-3 desaturases

fatty acids attached to glycerolipids are commonly found in

with analogous pattern of expression was confirmed from Zea

plants, cytoplasmic membranes of certain bacteria, thylakoid

maize. Additionally, FAD7 and FAD8 genes expressions were

and plasmatic membranes of cyanobacteria whereas the

induced by light and low temperature, respectively 68-70.
A large number of genes coding stearoyl-ACP desaturases

acyl-CoA desaturases are predominantly found in fungi and
animals, catalysing the desaturation of fatty acids related to

have

endoplasmic reticulum. A group of three histidine-rich amino
acids including ʻHXXXXHʼ, ʻHXXHHʼ and ʻHXXHHʼ has been

Carthamus tinctorius, Ricinus communis, T. alata and
Solanum tuberosum. Interestingly, the structure and

been

reported

from

various

plants including

very crucial as a presumptive active site of membrane

functions of most stearoyl-ACP desaturases have been well

desaturases . Fatty acid desaturase enzymes of different

demonstrated71-73. A coconut (Cocos nucifera L.) stearoyl-acyl

stereoselectivity and cellular localisation reported from various

carrier protein (ACP) desaturase (SAD) gene, CocoFAD was

organisms are summarised in Table 1.

reported from the endosperm. The gene was 1176 bp length,
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Fig. 5(a-b): Profile of FAD2-3 expression in growing, (a) Soybean seeds and (b) Other tissues, spatial expression analysis embryo
(Em), cotyledon (Co), seed coat (Sc), leaf (L), stem (S) and root (R)77
coding a 391 amino acids protein with more than 80%
homology to certain plant )9-desaturase sequences. Real-time
fluorescent quantitative PCR confirmed high yield of CocoFAD
in the endosperm of 8-month-old coconut and leaf, reducing
down to 50% in the older coconut of 15-month-old. Moreover,
the gene was heterologously expressed in Saccharomyces
cerevisiae and confirmed through GCMS analysis, which
indicated a significant increase of palmitoleic acid (16:1) and
oleic acid (18:1) showing that the coconut endosperm
plastidial Δ9-desaturase was involved in fatty acid
biosynthesis74.

62, 59 clones were characterised as bifunctional oleate
Δ12-hydroxylase/desaturase. Heterologous expression in yeast
confirmed the successful isolation of full-length ORFs,
designated as PfFAD2 from the remaining three clones and
was the first report among all Physaria species encoding
oleate Δ12-desaturases. The PfFAD2 gene was able to catalyse
the production of 16:1 Δ9 and 18:1 Δ9 upon expression in
both developing seed and leaf78.
Significant difference in the levels of seed "-linolenic acid
(ALA) was observed among various linseeds. Ten varieties of
Indian linseed plus one mutant variety were studied for fatty
acids at different developmental stages. The varieties were
grouped as high and low ALA content classes. Six microsomal
desaturase genes, which act chronologically in fatty acid
desaturation pathway were identified as SAD1, SAD2, FAD2,
FAD2-2, FAD3A and FAD3B through real-time PCR. Pattern of
gene specific, temporal and differential expression profiles of
all the desaturase enzymes correlated well with differences in
FA composition of the two groups. Additionally, the enzymes
actively converted intermediate fatty acids like stearic, oleic
and linoleic acids to ALA so much in high ALA class than the
low ALA class. Sequence analysis of the six desaturase genes
showed that difference in amino acid sequences has no
influence on the disparity of ALA accumulation79. In another
study, a PpSAD gene that codes for stearoyl-ACP desaturase
(SAD) was isolated from the seeds of Pongamia pinnata, an oil
producing plant. The gene has an open reading frame of
1182 bp coding 393 amino acids and a predicted molecular
weight of 45.04 kDa. The Seeds of the P. pinnata were
analysed for PpSAD gene expression through quantitative
real-time PCR, which showed a clear gene expression at
different seed developmental stages. Moreover, the
expression analysis combined with previous studies suggests

Functional expression of membrane-bound desaturases: As
membrane-bound desaturase enzymes are quite difficult
to purify and crystallise, knowledge about their
structure-function relationships is very limited75,76. Most of the
previously reported membrane desaturases were studied
through heterologous expression in suitable hosts followed by
GCMS analysis confirmation of their in vivo activity. Oleate
desaturase (FAD2) was isolated from plants Endoplasmic
Reticulum (ER) and found to catalyse linoleic acid
production. Soybean has three FAD2-like genes including
FAD2-1A, FAD2-1B (restricted to seed) and FAD2-2 as a house
keeping gene. Subsequently, FAD2-3 gene coding FAD2
isoform was reported. Heterologous expression of FAD2-3
gene in recombinant yeast cells has revealed a significant
increase of linoleic acid (18:2) over the control cells indicating
that FAD2-3 gene codes for a functional FAD2 protein.
Moreover, semi-quantitative RT-PCR and insilico analysis
further confirmed the constitutive expression of the FAD2-3
gene in both developing seeds and vegetative tissues77
(Fig. 5).
Physaria fendleri has many ORFs with tremendous
similarity to oleate Δ12-desaturase of Arabidopsis. Out of
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that stearoyl-ACP desaturase may take part in regulating
the growth of plant seed and development73.
The ω3-fatty acid desaturase protein that catalyses n-3
polyunsaturated fatty acids (PUFAs) biosynthesis was reported
from Mortierella alpina 1S-4. The protein is encoded by
MAW3 gene, heterologously expressed in yeast and
demonstrated de novo synthesis of two unusual fatty acids
as n-4 hexadecadienoic acid (16:29cis,12cis) and n-1
hexadecatrienoic acid (16:39cis,12cis,15) confirmed by
GCMS and 1H NMR analyses. Apart from the previously
known ω3 activity of the protein on 18- and 20-carbon PUFAs,
the enzyme introduced more double bonds at C12 and
C15-positions of the endogenous palmitoleic acid (16:19cis)
producing 16:2, 9cis,12cis and 16:3, 9cis,12cis,15, respectively
confirming the protein as a bifunctional Δ12/Δ15-desaturase
for 16-carbon fatty acids. This was the first study to
demonstrate that fatty acid desaturase (MAW3) has Δ12-and
Δ15-desaturation activity on 16-carbon fatty acid with
preferred ω3-desaturation activity80.
Many bacteria have been studied for functional fatty
acid desaturases of different specificities. One of the earliest
reports involved identification and characterization of des
gene which codes for Δ5-fatty acid desaturase in Bacillus
subtilis. The Δ5-fatty acid desaturase has 352 amino acids
with three conserved histidine and two membrane
spanning domains common to most membrane-bound
desaturases. Heterologous expression of the gene in E. coli
revealed a functional Δ5-fatty acid desaturase which
desaturated palmitic acid of the E. coli membrane
phospholipids to produce a new monounsaturated fatty acid
cis-5-hexadecenoic acid81.
Psychrobacter urativorans was found to produce high
amount of monounsaturated fatty acids with unsaturation
bond at C9 position. A novel gene, PuFAD9 was reported
from the P. urativorans which has an ORF of 1,455 bp coding
484 amino acids. Functional expression of the gene in E. coli
was confirmed by GCMS and indicated a functionally
expressed protein capable of changing the ratio of palmitic
to palmitoleic acid in the recombinant E. coli cells14. In a
similar study, an active Δ9-fatty acid desaturase gene
designated as PhFAD9 with an ORF of 1134 bp was
isolated from Pseudoalteromonas sp. MLY15. The gene
codes for 377 amino acids with a predicted molecular mass
of 43.4 kDa. Functional analysis of E. coli cells transformed
with the gene
confirmed
a functionally expressed
membrane-bound Δ9-fatty acid desaturase which increased
the E. coli cellular palmitoleic acids to about 91.7%.
Moreover, the enzyme was able to desaturate stearic acid
added into the E. coli growth medium to produce oleic
acid82.

Recently, two novel genes designated as PA3FAD9 and
PA8FAD9 were reported from Antarctic Pseudomonas sp. A3
and cold-tolerant Pseudomonas sp. A8, respectively. Each
gene has an ORF of 1185 bp coding for a membrane-bound
Δ9-fatty acid desaturase protein with 394 amino acids and a
predicted molecular weight of 45 kDa. Functional expression
in E. coli transetta (DE3) was confirmed by GCMS analysis,
which showed active 9-fatty acid desaturase proteins that
increased the overall cellular palmitoleic acid content of the
recombinant E. coli. However, the E. coli expressing Δ9-fatty
acid desaturase of Pseudomonas sp. A8 produced higher
amount of palmitoleic acids (21%) more than the cells
expressing Δ9-fatty acid desaturase of Pseudomonas sp. A3
(10.91 %). Moreover, both enzymes were able to desaturate
exogenous stearic acid incorporated into the E. coli
membrane phospholipid to produce 5% oleic acid further
confirming functional Δ9-fatty acid desaturase enzymes with
dual activity57,58.
ROLES OF FATTY ACID DESATURASES IN TEMPERATURE
ACCLIMATISATION
As temperatures below the optimum requirements for
organisms cause membrane lipids rigidity and abnormal
cellular activities, poikilothermic organisms like bacteria,
plants and fish respond to such environmental changes by
remodelling the lipid composition of their membrane50. The
amount of molecular disorder and molecular motion in a lipid
bilayer is known as the membrane fluidity. Temperature stress
tends to affect membrane fluidity of an organism. Cold
temperature usually leads to a decreased membrane fluidity,
which can be regained through desaturation of fatty acids
already associated with the membrane lipids by fatty acid
desaturases83. Compared to phospholipid containing high
amount of saturated fatty acids, phospholipids rich in
unsaturated fatty acids often have a much lower transition
temperature. This is due particularly to the fact that saturated
acyl chains are assembled tightly in the membrane lipids
whereas the unsaturated fatty acids provide stearic hindrance
due to a rigid kink of cis-double bonds that leads to a much
poorer packing of the unsaturated fatty acids chain. Therefore,
the optimum membrane lipids fluidity may regain its original
state or somewhat close to it, restoring the normal cellular
activity at lower temperature84.
The relationship between membrane fluidity and
temperature changes has been well studied in many
organisms including bacteria, cyanobacteria and fish83
through fluorescence polarization of 1,6-diphenyl-1,3,5
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Fluidization

Temperature

Disordered membrane

Liquid crystalline phase

Rigidification

Gel phase

Fig. 6: Changes in membrane structure and behavior of lipid bilayers at low and high temperatures. Low temperature increases
lipid orderliness and membranes rigidity whereas high temperature decreases lipid orderliness but increases membranes
fluidization86
hexatriene (DPH). The DPH was introduced parallel to the
membranes lipids acyl chains. Weak depolarization was
observed when the DPH stably interacts with rigidified
membranes upon fluorescence but the depolarization
increases with fluidized membranes. Heat shock increases
membranes fluidity and may cause disintegration of lipid
bilayer83,85 (Fig. 6).

acyl chains to produce unsaturated fatty acids. Unsaturated
fatty acids have
several beneficial applications in
nutraceutical industries. The enzymes play a vital role in
maintaining the right membrane fluidity. Soluble desaturases
of plants have been studied in detail whereas, the
membrane-bound desaturases of bacteria are poorly
understood due largely to their difficult nature to purify.
However, the only membrane-bound desaturases studied in
detail so far were reported from rat and human.

CONCLUSION
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