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Biosynthesis of Polyunsaturated Fatty Acids:
Metabolic Engineering in Plants
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Polyunsaturated fatty acids (PUFA), especially eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) have significantly beneficial effects on health in relation to cardiovascular, immune,
and inflammatory conditions and they are involved in determining the biophysical properties of
membranes as well as being precursors for signaling molecules. PUFA biosynthesis is catalyzed by
sequential desaturation and fatty acyl elongation reactions. This aerobic biosynthetic pathway was
thought to be taxonomically conserved, but an alternative anaerobic pathway for the biosynthesis
of PUFA is now known to contain analogous polyketide synthases (PKS). Certain fish oil can be a
rich source of PUFA although processed marine oil is generally undesirable as food ingredients
because of the associated objectionable flavors that are difficult and cost-prohibitive to remove. Oil-
seed plants contain only the 18-carbon polyunsaturated fatty acid alpha-linolenic acid, which is not
converted in the human body to EPA and DHA. It is now possible to engineer common oilseeds
which can produce EPA and DHA and this has been the focus of a number of academic and
industrial research groups. Recent advances and future prospects in the production of EPA and

DHA in oilseed crops are discussed here.
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06 2 03 A% F=EXFA| K Polyunsaturated fatty
acids: PUFA)%! arachidonic acid(ARA, C20:4 @6)%} eicosa-
pentaenoic  acid(EPA, C20:5 ®3), acid
(DHA, C22:6 o3)= 5 AEHY H¢ pAHRO=
phosphatidylcholine?t 295t Fej2 A|Este} QA2 Zo A
Y=o METe] §549L A skL[Stillwell# Wassall, 2003],
HeATIH, & S8 ARG 5o Ay

docosahexaenoic

50w T
a7 FH2HES

A &3 HolurHCrawford 5, 1997; Benatti 5, 2004].
53 DHAE ¥ 71% 7o} 7198 28 53 9, fole]
o 71 APadnt I%571% P (Benatti 5, 2004), 55&
Y5 prostaglandin?} 7+ TEES] My A|RA F2E =
4 AL 5 Fas 71%°] 9 [Heird?} Lapillonne,
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2005; Marszalek¥? Lodish, 2005), #< AEH 79 33E
A5 2 ooRE HopollA & AL FAs ik

EZHEEL p6/Al2 ®3/A15 desaturase”’t LHEA o}
PUFA<] de novo 3732 & & ¢lom[Truksa 5, 2006], A4
29 A7t WS 91814 linoleic acid(LA, C182 06)9} a-
linolenic acid(ALA, C18:3 038 HHEA] 224152 AH ot
FIThFig. 1). DHA® & |9} 22 5 T AHoziE
Aarela 9lovt, theke]l DHAS 2)1Ze] #HrlehA =W B
7] Ef9f v ool AEAde] BRI Ho 2 HAE A
Ast7] 93 ¢ Eal, AAZE FAo] 3 i Domergue
5, 2005]. Y 2FE SdME DHA Aibo] 7hsshy, e
AHEZ WYYl DHAS o ALke 98l avie] A
& Uo7 s} HZ o3 FAHES SFsaL Ang ¢
89 DHAS AAIstaal 215 AP 3d A|2EbE o
43 PUFA AJAbe] st B4 o] EolAa It Singh &,
2005; Truksa G, 2006, Graham %, 2007; Damude®} Kinney,
2008].

PUFAS ATAQl LAY ALA(Fig. 1)=%E dze] Exs}
}(desaturation)2} 2&kA Al A7 (elongation) -2 E3) A
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Fig. 2. Reactants and products of a representative fatty acid
Omega-6 Omega-3 s8-alternative pathway desaturase. This is a 2e and O,-dependent dehydrogepatiqn at an
4 unactivated position of the fatty acid acyl chain, resulting in a cis-
18:2 2922 " mmmP 1813 201215 18:3 won21s double bond formation. For acyl-CoA desaturases, R is CoA; for acyl
¢ l l lipid desaturase, R is a phospholipid.
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Fig. 1. The alternative PUFA biosynthesis pathway in high and
lower eukaryotes. The various routes for synthesis of arachidonic acid
(ARA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
are shown, as mediated by the enzyme activities (desaturases,
elongases). The predominant A6-pathway (via the A6-desaturase) is
shown, as is the alternative A8-pathway.
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W4 =rh 4E2 PUFAS A A R3h9, LASH ALAR
5B PUFAE AT 3171 918X A6 desaturase(A6DES),
A6 elongase(A6ELS), 12|51 AS desaturase(ASDES)2] E¢o]
g gsitty. meba, 3 k] PUFAS 43 Y vAE,
7 &2 ofF o] At BEst 54 3 0%k Al o
 Bh FARE AE A BolFom wEAE A
2l WS ol A& & U

AR AAdA = 3 S/ PUFA A9 H=7t g
A AUTHOQI, 2003). (1) & FFolFol &3 Saprolegnia=
AFEE] ALAY 3} A6 desaturation, elongation @ A5
desaturation Y88 E3todA] EPAS $Mdsh= ARE o|&3h=
HEH [Pereira 5, 2004a), (2) Euglena 59 AAAEL A9
elongation, A8 desaturation & A5 desaturation®l] 2Js] EPAZS
A3 S Wallis}h Browse, 1999](Fig. 1). 919 F+ A=E
F3A A ¥ BPAT AS elongations} A4 desaturationol]
osl| L2 OFZ DHAE AFA sHch{Pereira 5, 2004b]. E-
FE2 EPARRE 4949 o B33 742 &, B-oxidation ]

2]& A%k (retro-conversion) 39S A3 DHAZ A 3
HrHSprecher 5, 1995; Wallis 5, 2002]Fig. 1). (3) 3lF =
F(Schizochytrium)@t 3% WA E(Shewanella)  polyketide
synthase(PKS) 2 2% o435} DHAZ AT HMetz 5,
2001]. PKS A2 ¢ ¥ PUFA AA 7R 42 4
Z9] desaturase®} elongase W]41°ll, 3-ketoacyl synthase, 3-
ketoacyl reductase, acyl carrier protein, chain length factor
2|3 acyl transferase®} 72 PKS9| A =w9g sh)e] &
A Ak (gene clusteno 2 7438k Qlo] PUFA AR she
o da3% vhe S T Uk ojEg HfF HEES
4 2 EE9 PUFA AR AREE AFAsked 283 &
£33 AR 28T By 72 LS FEMT A
Y EPASt DHAZ 4182 B3lA 4HT & Jd= #3984
718ks FEE ¢ Uth

%O

=2 =2
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Desaturase. PUFAS LAS} ALAZH-E] A4t desaturaseS}
acyl-CoA elongase?| 93] AEAH FrHOkayasu 5, 1981;
Sprecher, 1999]. Desaturase= acyl chain(R-CO-)°l Sl=
methylene 71(-CHIA 5 719 24 AAE o|@r A o|F5E
TE FATOZA Ais B3t HHE e FAE o
FAFY] R Al&(eis-) FEIE A Al HIERS
BAsl 2ol K597 TS A drhFig 2). o] W o]
Z4%te) Y31E 4931 desaturased] 23] X oo
AZJET}. A desaturase T2 9] N-ZHol| cytochrome b5-%H|
¢lo] )+ front-end desaturase@A] A|HHAke] carboxyl”| 25-E
Alzsted B fAe] o]FA%S FAdTHAItzetmuller 5,
1994](Fig. 1). Desaturation ¥+8-2 $J3l4i= 0,, NAD(P)H,
AL A 28 (ferredoxin-NADH  reductase®} ferredoxin, =2
cytochrome b59} cytochrome b5 reductase) Z1¥|3L F4
desaturase”} 2 251t Schroepfer 5, 1965; Strittmatter 5, 1974;
Thiede %, 1985]. Desaturase= soluble form3} membrane-
bound formS& 2 FA T} (1) Acyl carrier protein(ACP)
desaturaset soluble formS.ZA 2 &9 plastidel] A3
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Table 1. Some cloned genes involved in PUFA biosynthesis

Source organism Regio-specificity A(c}::s}zia;fg[o. References
Desaturase
Phaeodactylum tricornutum A5 AY 082392 Broker et al., 1991
Mortierella alpina AS AF172755 Knutzon et al., 1998
Caenorhabditis elegans A5 AY078796 Michaelson ef al., 1998
Homo sapiens A5 AF226273 Cho et al., 1999
Rattus norvegicus AS AB052085 Zolfaghari et al., 2001
Physcomitrella patens A6 CAA11033 Girke et al., 1998
Ceratodon purpureus A6 CAB94993 Sperling ef al., 2000
Homo sapiens A6 NP-004256 Marquardt ef al., 2000
Borago officinalis A6 AAC49700 Beaudoin et al., 2000
Mortierella alpina A6 AF1101510 Huang et al., 1999
Zebrafish AS/A6 AF309556 Hastings ef al., 2001
Helianthus annuus Al2 AF251842 Martinez-Rivas ef al., 2001
Phaeodactylum tricornutum Al2 AY165023 Domergue et al., 2003b
Calendula officinalis Al2 AY 343065 Qiu et al., 2001
Arabidopsis (FAD3) o3 NM_128552 Browse et al., 1993
Arabidopsis (FAD7) o3 NM_ 111953 Ibaetal., 1993
Arabidopsis (FAD8) o3 NM_120640 McConn et al., 1994
Elongase
Oncorhynchus mykiss A6/AS AY 605100 Meyer ef al., 2004
Physcomitrella patens A6 DD087812 Domergue et al., 2005
Isochrysis galbana A9 DD087935 Lerchl ef al., 2004

NADPH® O, 82 S}l ferredoxin-NADPH reductase}
ferredoxin®] FE-8 4 3lE D/EXXH REEE /A2 9t}
(2) Membrane-bound formolli= F EF7} EATCE Acyl lipid
desaturase=  cyanobacteria thylakoid, 2J&9] endoplasmic
reticulum(ER) % plastid®] &4)319 ferredoxin(cyanobacteria®h
plastid) %2 cytochrome bS(ER)S ARAGz}IZ ALg-3lo]
monogalactosyldiacylglycerol ~ (cyanobacteria®t  plastid)2}
phosphatidylglycerol(plastid)ell 1= stearic(C18:0)2  oleic
(C18:1 ®9) acyl THF-& BESAXITE 2]&9] ER desaturases

-1 phosphatidylcholined] = AWARS 01&31T} Acyl-
CoA desaturase™ ER membrane®] EA3}T fatty-acyl-CoAZ
71A= A8 cytochrome b57} HRPAEAEA Zg-siT).
Fungi®} insect, nematodes 9+ o}u)g} R E mammalian
desaturase™="acyl-CoA desaturase®]T}.

Membrane-bound desaturase®| = F 712 71 hydrophobic
domain®] EAEHIL Slo} wh o]F Fo A glow, gihe
histidine?7 & X 3§8l= His-box(HX3-4H, HX2-3HH, 123
H/QX2-3HHY} & ®EES] iron®] 2]l7F=24] desaturase®] 2
o FAAES gtk A 4] A7k, PUFAS Aalshe thor
T F7IAEZRE B2 desaturase AR ol i3] &x
2 HEoMe] TEE T8l S4o] #Elo] Srh(Table 1).

Delta-6 desaturase(D6DES). Membrane-bound desaturase?]
D6DES= Symechocystis2H-E A& HE7E ©]dZ Borage
officinalisSt Caenorhabditis elegans, humans, mice, ratsol 4]
G7IMERS] 35 58 o838l F71 BYUr(Table 1).
D6DESE 7129] ol gtz Apite] k2847 (front) Tt
Aol A RE o]FAYS TAsh= front-end desaturase FA]

heme-binding EE]EE ZF= amino-terminal cytochrome b5 =
W Q1S 7} 3L Ut} Borage officinalis D6DESE acyl-lipid
desaturase=4] 7]A% phosphatidylcholine 4] linoleateS AR
Sk WhH, %8 £E9] D6DESTE acyl-CoA desaturase® 4|
St} D6DESE  membrane-spanning domaing  7FA &=
membrane-anchored desaturase@4], 37§12} His-box & & WA
His Z715HXXH)®] GlutamingQXXHH)O.Z A He =4
S 2t

Delta-5 desaturase(DSDES). D6DES®} elongase®l] <]
desaturation ¥ elongation TAIE AXl &, PUFA AHS
3k=d 2% DSDESe F&°l EAi3l% PUFA §4&
N SEARES 7 C20:3 069F C20:4 M3 A4k A
Aol B shte] olFAgE FAFTH DSDES fxAt
humans, rats, 2|3 C. eleganss X33 o7 FEA
HAK(Table 1). Human®] 3%~ D5DES %A= D6DES
RS} 61% ohulieak 4E4dE Boln, D6DES EAfsh= 7
22 BEAL 2% /I itk

Delta-5/6  desaturase(D5/6DES). Hastings 5 (2001)-
human®| DSDES % D6DESS 247t 58% B 64%°] F54S
HolE A5/A6 DESZ Zebrafish (Danio retio)= 3 Ha|3t &
(Table 1), E20A & A7l A3 linoleic (C182 06)%} a-
linolenic (C18:3 ®3) acid’} 183 w63} 184 w322 FAld
Aghe]o] ARASH EPAS AARHE ERIsIth o33 A5/A6
bifunctional desaturase®] 715 A52} A6 desaturase’} gt
4o BNE S RAETh

Omega-3 desaturase (®3DES) @3 desaturasest= A]¥Ak)

methyl”] ZEO2RE 3HAS} 415 T Alolo] ]S ATE

(<3
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Fig. 3. Two enzyme complexes for fatty acid synthesis. Fatty acid synthesis is accomplished with the fatty acyl substrate covalently attached to
a sulfhydryl group of the acyl carrier protein of the fatty acid synthase complex. Synthesis are performed by B-ketoacyl synthase, B-ketoacyl
reductase, B-hydroxyacyl dehydratase, and enoyl reductase, leading to a fully saturated acyl-ACP. The synthase of PUFA is found in the endoplasmic
reticulum and also performs a similar reiterative cycle of fatty acid synthesis (called elongation) using malonyl-CoA and acyl-CoA as substrates.
PUFA synthase does not need an acyl carrier protein. The different B-ketoacyl synthases involved in PUFA synthesis, called Elops, determine the
length of the final fatty acyl-CoA product. The yeast Elops are Elolp, Fenlp, and Surdp; the P-ketoacyl reductase is Ybr159wp; the p-hydroxyacyl

dehydratase is Phslp; and the enoyl reductase is Tsc13p.

F4 gl ©3DESE membrane-bound desaturaseE 4 37) 9]
His-boxE 7HA® ©& acyl-lipid desaturase$} whh71x) =
ferredoxin(plastid) - cytochrome bS(plant ERYS HQ = 3
o EREE0 A9 03DESE VKA A ROEZT i)
03 PUFAS S4EZ AFsfol 3t} Cyanobacterium
Synechocystis sp. PCC 68032] desB +3All 28l Y ==
o3DEST plastidel]l EAleh= 2o diH O glycerolipidse]
sn-1 XA o228k 182 n6oll olFATS FA3I}
Arabidopsis| & 3 F5<2 »3 DES (FAD3, FAD7 Z1& i
FADRYF SAiehe A2 YEmon, FAD3E ER 91X}
3 F4718ZA phosphatidylcholineS A&+ 182 n-6%
03 YAl olZATE A 183 n3S AT} FADTH
FAD8®- chloroplasts®ll E4)3}2L glycolipid-bound 16:2 n-63}
18:2 n-62 163 n33 183 n-32.F desaturated!th. Nematode
C. elegans®] fat-12 o3 desaturases HY3dlm, AE3}
nematode ®3 desaturase= n-6 °lFAYFL ZHe 712E 4
o is=

Flongase(ELO). PUFAE E. coliE Y23 YAYEE0] §
7141 83 [Bloch, 196918 A dtale, ANHME, YA AF
T35 YY- Bacillus 52 3714 $7EZASM - elongation}
desaturation W&ol €3] EReIA A BriBloomfeld
Bloch, 1960; Fulco, 1974]. Elongation> p-keto-acyl-CoA
synthase(KS), ketoacyl-CoA reductase(KR), hydroxyacyl-CoA

9
)

dehydratase(HD), 22]1 enoyl-CoA reductase(ER)2] dHe] &
2 Wkgol o3 olFojZtHlenni ¥, 2007; Lomakin =,
2007](Fig. 3). AF42l acyl-CoA”} malonyl-CoA%} KS &&
2-gol ofaff ¢ whgo] o, F3E 714 24 KRY
549 NADPH 2HA9| Eg02 4 Ax7E H7hEHAM
BeEE At geld 242 v HD E40] o) & 1
A7F WEY UZEAL enoyl Y] ARES ARSI, ER SR
2o o3 FAEHAN AHOoF ] B Alzo] diE
AL @A Erh Cytoplasmell EAjskE o€ A4t
A ad(fatty acid synthase, FAS)= homodimere|™, t}7]
T4 BEFAIRAY] 7158 ZE=T). Cytosololl A ABAE Akt
(Cl16, C18y2 ERCA Z}7}e] uf AR A oA thA| 4
wAle] AR AZE AXT B Bh Aol AEo]
PUFAE §4 3} [Nugteren, 1965](Fig. 3).

PUFA®] ¥t Al Aol #ofsle frdales) aiso] 4
5 ¥R o] BY AlAgelM A7 A H(Table 2), ©]
E FARET BAES AR oE AR 71" tisle] 5ol
Hog Agshs 208 dHAY A thalianat2)e] membrane-
bound fatty acid elongase 1(FAE1)= olFA%o] 17| EAsk=
erucic acid(C22:1 09 Fsk=t] Hoshs 202 WHe
o [James 5, 1995], H2ol= PUFAS A4 sk=d] Yos
ER ® ©id x5 dig §A40] AR #HEA
YBRI159o= F WA A AMEE= Bketoacyl reductase?]
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Table 2. A list of the various members of the elongase family

Genes

Source Alternate names Conversion Amino acids Accession number

FAEI1 A. thaliana C22 MUFA 546 NM_119617
ELO1 S. cerevisiae Cl4toCl6 310 NP 012339
ELO2 S. cerevisiae GNS1, FEN1 Up to C24 SFA/MUFA 347 NP_009963
ELO3 S. cerevisiae SUR4 Essential for C24 to C26 345 NP 013476
ELOVL1 Human ELG1 GLA, ARA, ALA, EPA 279 XP_002040
ELOVL2 Human ELG3 C20 and C22 PUFA 296 NP_060240
ELOVL3 Human Cig30, ELG6 GLA, ALA 270 AAGIL17875
ELOVL4 Human C20 and C22 PUFA 314 NP 073563
ELOVLS Human HELOI1 GLA, ARA, STA, EPA, ALA 299 NP _068586
LCE Human FACE C12-C16 SFA/MUFA 265 NP_076995
ELG4 Human GLA, ARA, ALA, EPA 281 NP_079206
Elovll Mouse Sscl Broad SFA/MUFA to C24 279 NP 062295
ElovI2 Mouse Ssc2 C20 and C22 PUFAs 292 NP 062296
Elovi3 Mouse Cig30 271 NP_031729
Elovl4 Mouse 312 AAG47667
Lce Mouse FACE C12-C16 SFA/MUFA 267 AY 053453

rELO1 Rat C16-C20 MUFA/PUFA 299 NP_599209
rELO2 Rat C16 and C18 SFA/MUFA 267 BAB69888

CEELO!1 C. elegans C16 MUFA/C18 PUFA 288 AF244356

GLELO M. alpine GLA, STA 318 AAF70417

MAELO M. alpine 317 AAF71789

IgASEl . galbana LA, ALA 263 AF390174

PSE1 P. patens GLA, STA 290 AF428243

Source of origin of these proteins is indicated, as well as the substrate specificity, protein length, and NCBI accession number

i

RAoZ dEFom S cerevisived)N &F SARE QA
EALE S AFAT = Ybrlsope D420 A3ke S8)8ial
Tscl3pe= TR AFo FFA2 enoyl reductase@A A4t
B AR A Y F v 3ol #ef FtHKohlwein
%, 2001; Beaudoin %, 2002; Han %, 2002]. Fenlp%}
Surdp= Elopstl E#le T T o290 2A[0h &, 1997]
AP garke A A BR SEAAC AREE &
4=o|tHMoon 5, 2001; Paul 5, 2006; Westerberg 5, 2006].
ARIA Elop® FAF F3A1] o P S AN e uf, Mz
e f71A ok AlE 3] wEkx] PUFAY] B AR G
o] vl tiekslAl veltt} [Leonard 5, 2004; Jakobsson 5,
2006; Denic #} Weissman, 2007].

Polyketide PUFA A% &, Acetyl-CoAZH-E DHA
(C22:6p7F AR =717 3070 olde] B4 aAise A
At AR 8AQ AR 700 AL wkEzlo g Qo)
dth Zev AAAgME oy AL aEor sl
71 #sle thE AZ2E 538 PUFA APAel =7 |e &
th 3 HAEF Schizochytrium(BABE) S polyketide
synthase(PKS)E ©]-8-3t>] PUFA AL 3 =&d), PKS
AT A A 5de e aa wke-g olgsht
TeFsE B Al vhEe] 7] giie] wiEEHE &3 E
24 e 540] sk PKS ARES Bsie kst AR
(C=O)n) ¥ FO)|=2A] (C-OH) 253} B4e} Bhigle o)
A3le] o]FoAH, PKSt 7|5 whld & %
% S-Sl FAshe oY JlY REZ FAEY U &
3k (ketoacyl-ACP synthase, KS =m¢1), acyl CoA:ACP

tlo

ol

Ze] HFg(acyl CoA-ACP transacylase, AT), <1# 7H¢] acyl
carrier protein =M 21(ACP), ketoacyl ¥ ¥H8-(ketoacyl-ACP
reductase, KR), BFAa4/o| A @A u-2(hydroxyacyl-ACP
dehydrasefisomerase, DH/), enoyl &% %F-3-(enoyl reductase,
ER)l #oJsle T4EE FAH] UthFig 4).

EPA A #d 4 FA3 Ha2d G 1A E
Shewanella putrefaciens SCRC 2738(U73935)[Yazawa, 1996]
2ol Al SHE8kb) B ZHE AlRE o] EPA ARl
HAHEE FHAEORFs 2, 5, 6, 7 2 8 E coli, 3% ¥4
Mt 2 Synechococcus spolX WIAIA EPASY] AdS &<l
ST Takeyama 5, 1997]. 3% WAE (P profimdum. SS9,
Shewanella, M. marina)® Schizochytrium 22 03 A4
#E AR A Hagt A 22 459E EXtkFig 5)
(AF409100 (SS9); UT3935 (Shewanellay, 123 AB025342
(M. marina)y [Allen 3} Bartlett, 2002]. P profiundum. SS9}
Shewanella(FPA A2V, 28132 M marina®t Schizochytrium
(DHA A5H 52 WHEEE= ACP domain®] EAlAF7T A
o a3 JL ste Aow LHAMTHFg 5). ACPE
desaturations} acyl-transferase reactions ¥+ o2} ZE Xk
b AT wkgolA acyl & Aslae F83% 98 53
st=dl, P profundum. SS9} Shewanella sp., Moritella,
Schizochytriuml = 22+ 5, 6, 5, 18] 9l ACP =r|¢lo]
sl Aog At Metz 5, 2001]. @ acyl chainell
abael FE glo] AF A9 o|FATE sk FHA
PKS A== AHake] desaturase A|A|9R= & ol 9o,
olgigl T ¥714 AR U= DHA EHQle] 46 9
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‘ )o\)l\o a Malonyl transferase
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Fig. 4. The scheme for the processive synthesis of polyunsaturated fatty acids (PUFA) by a polyketide synthase (PKS) system. In the case
of PUFAs, it is envisaged that a primer molecule (in the form acetyl-CoA) undergoes several rounds of sequential reactions (keto-synthase, ket0-
reductase, dehydratase and enoyl reductase), resulting in repeated synthesis and fatty acyl chain (esterified to the acyl carrier protein) elongation by
two carbons per cycle. Because PUFAs contain methylene-interrupted double bonds (i.e. at the third carbon), it is likely that a dehydratase (DH)
module in the PKS also simultaneously carries out a tran-cis isomeration to generate this configuration.

g AoR AHFIWAE PaCS Schizochyrium ORF
O)[Valentine 5, 2004].

AR 5 F2 A2 PUFAS AlZsks 43 A1do]
ARt FHRFE A7 2o olF U WEh 21e) BeA
of tiFHL k. webx 27} Ak FR1AES e
2 uhrksehd J2g B3l PUFAS Atelaal she »d
o] < FUd] Al=HY glvh 1T AEELS CIS-PUFA ¢
LA® ALA, 1813 9F7+2) GLAS} SDA (stearidonic acid,
CI84HS AFYE + Ao, ojHr) ey AlEo] ¥ A o)
SAT] 37 o)l PUFAE AsIA] 23kt wepy, 2%
2jZ2X PUFAS A4 3l7] AsIME PUFAZ @Alshe A
o7 A FHo|F(fungi), ©17]F (mosses), ZF(algae), T3
o] YA A E(thraustochytrids), 22 3] W] AY E(marine
bacteriays- S 255 PUFA 43 #d F2AE Ealsied 4
A ellX BAATE R WS o]’ Qith
A EAM PUFA #d™ ol HARY AT 2@
ArabidopsisollA] AF0 2 o]FAHTHQI &, 2004)(Table 1). =
FQ Isochrysis galbana 2 A9 elongase, LYY EN
Euglena gracilis 219 A8 desaturase, 283 FH0]|Qd M
alpine 2 9] A5 desaturaseE FA] 'WHAA A8-altemnative
pathway(Fig. 1)E 53 PUFA AT 23 Arabidopsis QoA
7%} ARASH 3% EPA7} AR B8 sk o] 4
< T Qi AE Al2HE o183 AAA JE PUFA A
A SEIM B3 BelFoz AL FBaAS AN
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Fig. 5. Omega-3 gene clusters and enzyme domains of the anaerobic pathway from three marine microbes and one protist isolates. Omega-
3 polyunsaturated fatty acid biosynthesis involves large multiple domain proteins. The cluster labeled SS9 and Shewanella are EPA genes, whereas
M. marina and Schizochytrium are a DHA strain. Note the strong similarities between EPA and DHA gene clusters.
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Table 3. Appreciable progress made in identified genes involved in the biosynthesis of PUFAs

Species (organ) Products genes* References

Yeast

Morteriella alpina GLA A12,A6 desaturases Huang ef al., 1999

Morteriella alpina ARA and EPA A6 elongase, A6, A5 desaturase Beaudoin et al., 2000

Saccharomyces cerevisiae ARA acyl-CoA, desaturase and elongase Domergue et al., 2003a

Saccharomyces cerevisiae DHA A6 elongase Meyer et al., 2004
Plants

Arabidopsis (leaves) ARA and EPA A9 elongase and A8/A5 desaturases Qietal., 2004

Nicotiana tabacum Linum usitatissimum (seed) ARA and EPA A6 elongase and AG/AS desaturases Abbadi et al., 2004

Soybean (embryos) DHA A6/AS elongase, A17/A5/A4 desaturases Kinney et al., 2004

Brassica juncea (seed) GLA, ARA, EPA and DHA A6 elongase and A6/A5 desaturases Wu et al., 2005

Arabidopsis DHA

A6/A5/A4 desaturases and A6/AS elongase  Robert ef al., 2005

*A(delta) is an indication that a carbon-carbon double bond is created at a designated position from the carboxyl group of a fatty acid.
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