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Abstract Seed storage lipids of plants, essential for seed germination as energy supplier, have been used for humankind
and animal as nutrition sources. Fatty acids of vegetable oils have the characters appropriate for industry based on their
chain length, the position and the number of double bonds. So they are used as raw materials for lubricants, cosmetics,
soaps, paints and plastics or as energy source such as bio-diesel. However, there is a limit that applies vegetable oils from
typical oil crops for industrial uses, mainly because of the mixture of five common fatty acids. Therefore, identification
of unusual fatty acids for industrial uses from diverse plant resources and metabolic engineering to produce unusual fatty
acids have been carried out in Arabidopsis as a model for the study of oilseed biology. Here, we discuss the unusual fatty
acids for industrial uses, the genes synthesizing them in lipid metabolism, and the current limits in production of
transgenic plants accumulating unusual fatty acid in their seeds. In addition, we describe our work on metabolic
engineering of Brassica napus for the production of the unusual fatty acid ricinoleic acid in the seed, because of its
industrial uses.
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Figure 1. The processes of lipid biosynthesis in seed of typical
plants. Acetyl-CoA converts to malonyl-CoA by ACCase and elon-
gates to long chain acyl-ACP by fatty acid biosynthesis (FAS) en-
zymes including FAB1 and FAB2 in plastid. Long chain acyl-ACP
is digested to free acyl form by thioesterases (FATA and FATB)
and transfer from plastid to endoplasmic reticulum (ER) to form
long chain acyl-CoA. In ER, 18:1-CoA is transferred to sn-1 and
sn-2 position of phosphatidylcholine (PC) to form 18:1-PC. The
18:1-PC is desaturated to 18:2-PC by FAD2 and then 18:2-PC is
further desaturated to 18:3-PC by FAD3, sequentially. These PCs
are component of phospholipids in plasma membrane and converted
to triacylglycerol (TAG) by acyltransferases. TAG in seed is de-
posited into oil body budded from ER membrane

HAST} B0l ke FRlA o Wol T4 Slg AR
(storage lipid) TjAFEERI 0] 3T} oz o] Ao e s}
7 e

A1 50] zHbake BEA] QA A9 plastid Yol EASH=
Zre A (galactolipid)@ 1 &) A|xute]] ZA3H= 1A (pho-
spholipid) ¥} F2} #4222l TAG P = glycerol ¥} of| A8 2}
sto] ZARITE AARE: plastidol Al Hdo] AlAHE L Aggt 7]
7b = §AE Az 7oz olEsHA " AleA Y
AT AAE FAIEE Figure 17} ek AAke
plastido] A A|HFARSEa A (fatty acid synthase, FAS)ol] &J3f BF4
71 16-187) 2712 FAJEICE Acetyl-CoA7} acetyl-CoA carboxylase
(ACCase)o] 9]l $H4d%l malonyl-CoA7} acyl carrier protein (ACP)
@} A3t5ko] malonyl-ACP7} ¥]a1, A2 0 & acetyl-CoAof|A] Bt
4 208 A4 AT orA FAS 28] C16:0-ACPE Zof At}
C16:0-ACP+= fatty acid biosynthesis 1 (FABI or 16:0-ACP elongase)
o 9J3f CI18:0-ACPZE AAE L o]|A-2 thA] FAB2 (18:0-ACP A
9-desaturase)©f] 2J3] C18:1-ACP7} Ht}. C16:0-ACP2} C18:0-ACP
= fatty acyl-ACP thioesterase B (FATB)o] 2J3}], C18:1-ACP+= FATA
of oaf ACP£}e] thioester Agto] HojAqU7tA Alzd2 W&
Hoh AR plastid 2170l Al= coenzymeA (CoA)2t 2 4

€91 acyl-CoAZ &5} plastid 8F] 2] AhALY] 7142 AREH
th ERol 5017} acyl-CoAs= glycerol &2{of of| 28 Zek2 o] FH
Azetre] QIz|d Aol Ha Ed| Qx|AQl phosphatidyl
choline (PC)9] sn-2 xJof ZAg=E C18:1 A|WARS fatty acid
desaturase 2 (FAD2)ol| J&l C18:27} E|u] o] A& FAD3o| 2]3)
C1830] ol AZ60) 14 2 4ol B} A4S wHEL
Z2}o| A= ZA}Eo] o} AA DA A9l diacylglycerol acyltransferase
(DGAT)o|| ]3] diacylglycerol (DAG)o] TAGE 3]0} 2| AA|
(Oil body)oll A7)
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5 A FARE sk AAR: BrEAL (Palmitic
acid, C16:0), 2 E|o}2 A}k (Stearic acid, C18:0), =4} (Oleic acid,
C18:1), 2]&=d|At (Linoleic acid, C18:2), 2]&HIAF (a-Linolenic acid,
C18:3)9] 57}xo|nf o] APAFEE A0 HZHS o]F= A
o) A AO||E Stk (Table 1). 27} AHRIE $A12A] 1
o AR 2R Aok ke S B Bavk sl B A
WAt AL A A 0 2 fe)3t Se]-31ed EA4E 7HA okt 9
Ad) AR Aol =0 FZRFE 27] S ARERRE o] uf¢-
2o #JEY AL 07 ARGl o] Ajsl). o]& flsiA=
A AR E Q)R]0 olFAF o] shtel EAstAL EA iAol
7155717k EAsloF stk 1u Es|E ALY RS AlER
£ o5 S/ ALY EFER EAfste] 7 ARH4ke] £
FEYAA 47] tol AL 2= ARl ¢t v
A AL 240l 9fsf 57HA] LRERHY
AlZEAe 80% o) FAsHAY EFEAE
NZE Ak 33tk B2of met A4S 724
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AR QUe} AEoll Al AE HEA Q] SolAHARS Table 29}
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Table 1 Five common fatty acids structures and industrial uses found in seeds of oil crops

Common name

(Abbreviation) Chemical structure M.P. B.P. Industrial uses
o o)
Pal(g;ﬂg.oa)ad NP TN N AN, 63C 351.5C Paints, lubricants, plastics
) ) o Candle, cosmetic,
St?gﬁ'g_g)c'd AU 69.6C  383C  rubberfplastics additive,
' surfactant
Oleic acid < o o~ Cosmetic, soap, lubricants,
(C18:1A% HO N NN T NN 134T 360C bio-diesel
Linoleic acid i -5C 229°C  Soap, emulsifier, cosmetic
(C18:24%12) HO” N P ’
a-Linolenic acid ) 11T 230C Paint, varnish, coatin
(C1 8:3A9'12’15) HO — — — ) ) g

(Capric acid, C10:0), 22 AF (Lauric acid, C12:0)-2 S0} 7]
EU ot AA4=0] FRpol| A WAHC o5 AT A7} dukd
919, 12, 1542 1217} olje} SolakA] 6¥Ae] shbwt 2t
L p22Z0] gy E2MA} (Petroselinic acid, C18:1A%3} 6, 9, 121
o) o|FAgo| ZA5}= 7ate]sAL (v-Linolenic acid, C18:3
Ao] giet. ARFAQl 124 0] F ARSI X ol hydroxy7] 7} EAf5}
= muprte] 2lA|=dAE (Ricinoleic acid)X} epoxy”Z|7} £A5k=
vernolic acid7} Qlth o]€joll e UukA| 2l o]F AT cis-F oLt
Eolo|ZA3t] trans-FE| 2 FH0|ZZ3} (Conjugated double bond)
£ FAkaL e Ay eAHerEA
acid7} Qlth o]=
1& FEE 2 o] B FR3 4L Sl TRAED
T AFA=A A7 AEeE AREI Qlth (Kapoor
and Huang. 2006). YHz] E0|RHAEL B BXJo] Akjg-0=
2olo) et olg S ATy AmEA, eEk e %
HEZSA PSS vl 5o AP ER A7)0 Atstal vernolic
acidi= 1A, M2, HOAE B9 R Ei vjo] e holge] A
FAZA AFAA 712 7) Qlek (Jaworski and Cahoon 2003). 2]A]&
glike Feoll AA8] 71ed Aoltk
o]ag_ﬂl Eo];qul—x}o] /\}%124 o]Q_oﬂ 1431—6} o] = A 7]
o RS A ARme] Hue Bad, 4uT 9
ol AU 715715 7HAIAL 7] wiizelet ey Sol A4k
AAIHE oPAZE BT ABlel Be Su FA) &
axbal 5 ol g ple) T £4) 0.2 Q19 B35

F (a-eleostearic acid)¥} calendic
Aokl A9t W A, 95 Ao

f
2

ﬂllo lo mh

of olelgol glch Bol AR A SRS o83 £4
A Az FAUHES ol gte] 4R B FAEY 4

X
o] EolXARS oBAIE AR AAISHE $R0R A 4
sich A1 sfe AR BhAIE 4 Gk WBAA AARE 4
SH0z I &

A
(hll

Ajm

Y SO|X|YAt B REAL
A7 th=o] EolAAt 3 AAS0] o A=A S

2 Il 7]5o] SIE I (Table 2). A2|Zyolgt A% (Cal-
ifornia bay) o] FAoll A TAE AR SRS A A9 acyl
-ACP thioesterase= LHFAF-Eol| A A=A ¢ 2h-24k9] T4
of Tofsict Autz] 1acyl-ACP thioesteraset= 42| G2 of| A
16:0-ACPE Zu|EAL (C16:0) S8 W= FATBQ} 18:1-ACPE &

A4 (CI8:1) 0.2 FHEL FATA % %527} 24jal=r], AalE Lo}
Ok L A4=9] acyl-ACP thioesterase+= 1315 (divergent form) S 2 A]
Foflop 5 HHE Foll A= 10:0-ACP E+= 14:0-ACPo|| 7]HEo|4
S HO|= thioesterase”} WAHTE o5 A9 7% osf gha
S7H 10147091 SR Ato] MEAR wEstel SRl 245

Al =t} (Voelker et al. 1992). Eo]|x¥Al A A A9 SHAAE 7}
ZL x]g]-oio] ol77 7]‘—14 o7 1:]-01?6 fﬁf’z@‘ﬂ A2TS FAD2 &
4 A Dotk FAD2&= Zel4ke] 12~13W7A) ¥ Ao]of cis-o] 52
T P Fuiste] 2lEdlibs vhEoldict FAD2 ok & *
2 g glar 7Pt A SolAak A wukat A
oA TAH oleate Al2-hydroxylase (FAH12)©]T} (van de Loo et al.
1995; Table 2). o] A= FAD29M= ] 28AH2] 1284 gH4o

o]5Z2% tAl hydroxy (-OH)7|E =stes Fufste] 2]Al=d
AL (ricinoleic acid)& THEo Wt o] Qo= AR 12W¥ T} 131
ghax Atofofl ZkZ} epoxy7] 9] HEd} AEATE A2 Fvlishs
epoxygenase$} acetylenase (Lee et al. 1998), EF4~37}] Z_Za‘g EX
S o5 tAl 27 0% EAfels FUolE AT (Conjugated
double bond)-S HAA Sl= conjugase (Cahoon et al. 1999; Dyer et
al. 2002) o] WA= It} (Table 2). o]k thefzt FAD2 oy
Ql &= 7]E FAD29} vl frAtsict 21akeg o] w9~ thefsiut
714 PCO| sn-2 9IA|of AReE Zeito s FYsh WH o
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Table 2 Representative unusual fatty acids and their synthesis enzymes found in seeds of wild-species plants

Producing plant

Unusual fatty acid (Korean name) Scientific name Family Biosynthetic enzyme
Ca[zglgt':o)amd Cuphea Cuphea painteri Lythraceae Acyl-ACP thioesterase
Cezgr;co.g)cm Cuphea Cuphea koehneana Lythraceae Acyl-ACP thioesterase
Lauric acid California bay Umberella californica Lauraceae AcvI-ACP thioesterase

(C12:0) Cuphea Cuphea carthagenensis Lythraceae y
Petroselinic acid Coriandor (14&) Coriandrum sativum Apiaceae C16:0-ACP
(C18:1A°% Ferula (3]3F) Foeniculum vulgare Apiaceae A4-desaturase
o . . Borage (#]#]) Borago officinalis Boraginaceae .
V(é'qg'g'xgg,?f)'d Evening primrose (22ro]Z) Oenothera biennis Onagraceae Aﬁl:clir:;ftit;se
' Blackcurrant (7F}7F2]9bu-5) Ribes nigrum Saxifragaceae

Ricinoleic acid

(12-hydroxy-C18:1A%) Castor bean (7}1}4})

Ricinus communis

Euphorbiaceae

Oleate A12-
hydroxylase

. . Crepis Crepis palaestina Compositae )
(12 1\é_eéngl)l(c_g?g-m9) Vernonia Vernonia galamensis Compositae 2Ieoaxte ;i;je
’ poxy ' Euphorbia Euphorbia lagascae Euphorbiaceae poxyg
Crepenynic acid Crepis Crepis alpina Compositae Oleate A12-
(C18:21%122): Parsley Petroselinum crispum Apiaceae acetvlenase
' English ivy Hedera helix Araliaceae y

Balsam pear (oJ3%)

Tung tree ({-ZLHH)
Mongolian snakegourd (3HsEl2])

a-Eleostearic acid
(C18.3A9,111,131)**

Momordica charantia
Aleurites fordii
Trichosanthes kirilowii

Cucurbitaceae
Euphorbiaceae
Cucurbitaceae

A12 Conjugase

Calendic acid Pot marigold (2743))

Calendula officinalis

Compositae

A9 Conjugase

(1 8:3A8t101,12)

a’ means triple bond (acetylene bond).
** Y means trans-double bond.

A5 ALl BF 129 B f]ollA] Ao Mol 7]
5719 AL Zul|shH ERof| £A5]+= membraneo] A3 G4
e 3540l 9k 1213 o) FAD2 sk el HaSe) opuli:
A A v SARIC o7, of71%he] FAD2} muzpe)
FAHI2 7to] opn|=it A|8-2 66% YA|SEAL 80% f-AFSHH T{upz}
WellAl%= FAD29} FAHI2 7Holl= ofmlieAl A Ho] 73% YA|staL
85% FAFstet LEjA] o]& FAD2 X359 obulieil 4GS B
7 BlaLste] FAHI2REO] 5ol o2 thg FEES Zrohfiglal o
FEES FAD2Y| Aol g SdwolAZl 23} FAD2AH
desaturation 7]%5-& ZHA| E)Qlal 1 HEo] 3sl= FAD2 A9
FAHI2¢| 9] SO A S wol+= FAHI2A 9 hydroxylation
zh=tl= A& ottt (Broun et al. 1998; Broadwater

RIT1IT
et al. 2002)

| E2 ATt fhate]sdllabe 35 A0 R 61 T o5
W& 2 QLo o]F Fulst= R4 Table 20 7]&3 %ol
A2 g2t JEZAYA A AE C16:0-ACP A4-desaturase
2 0] A& C18:0-ACP A9-desaturase (FAB2)9] Zlglg ol o] &4
2§ Fo] FAB19] 2802 AE|WA CIS:IAQ] s ERAIIA}
o] ThE0] &It} (Cahoon and Ohlrogge. 1994). 2 2F5}AH C16:0-ACP
— Cl6:1AACP — CI8:1A%ACP ¢1 Aot} vk 7hule]isallAto]

7Ie=

S Zljel= A4 E linoleate A6-desaturase = A] 0= sphingolipid
A8-desaturase ] 213} 0|11 sphingolipid ThA! linoleic acid®] 611 &t

2 X0 o]FAF FAS Zulsl= Al o[t} (Sayanova et al.

1997).

< 7= AT AE2 24k A4t FAAS FA
o gich (Table 3). o] f3fi= 199449 ml=2t 1996 7Huirtol| A
ZF GMO%:¢1-S- ¥ttt} (http://agbios.com/dbase.php). 7L 2] o]
o[ XAt A FAXNE BAAES] of71d ol =4 ste]

el oA B4
o] 43kl Polsh faSo| Wasly] heel A L} (Figure 2)



Table 3 Accumulation efficiency of unusual fatty acids in seeds of transgenic plants

Producing plant

Transgenic plant

Unusual fatty acid - - Reference
Species % Species %
Lauric acid California bay 65 Oilseed rape (B. napus) 60 Voelker et al. 1992
Vernolic acid Crepis palaestina 60 Arabidopsis thaliana 15 Lee et al. 1998
Crepenynic acid Crepis alpina 70 Arabidopsis thaliana 25 Lee et al. 1998
Petroselinic acid Coriandor 80 Arabidopsis thaliana 1-15 Suh et al. 2002
Ricinoleic acid Castor bean 90 Arabidopsis thaliana ~30 Burgal et al. 2008
a-Eleostearic acid Momordica charantia 65 Soybean (Glycine max) 17 Cahoon et al. 1999
Calendic acid Calendula officinalis 55 Soybean (Glycine max) 20 Cahoon et al. 2006

Plasma

Ricinol -
16:0 (18:1) 16:0 (18:1)
Els:l Ela:l-OH
@ @<

Rlclnoleoyl -CoA pool -

7
ﬂ 1-0H 18 1-0H 18:1-0H
18:1-0H 1s 1-0H

E 18:1-OH
m o

Kennedy Pathway >

Figure 2. Predicted synthetic process of ricinoleoyl-TAG in castor
endosperm. Kennedy pathway is the main process of TAG bio-
synthesis from G3P by catalysis of several acyltransferases including
GPAT, LPAT and DGAT. Ricinoleoyl-PC is converted from oleoyl-PC
by FAH12 and ricinoleoyl-CoA converted from ricinoleoyl-PC is sup-
plied for substrate in Kennedy pathway. Phospholipid:diacylglycerol
acyltransferase (PDAT) can directly transfer acyl group to DAG.
3-ricinoleoyl-TAG, final product of Kennedy pathway, is stored in
oil body. FAH12: Oleate Al2-hydroxylase, PC: Phosphatidyl choline,
PLA2: Phospholipase A2, LPCAT: Lysophosphatidyl choline acy-
Itransferase, LACS: Long-chain acyl-CoA synthetase

Oil
body

I

Ago| Az SolAAF AAE BB 83 24E A5
AL 712 AEAl17 0] ‘j/]'—ré t ?J"é %iﬂoﬂ gt
B9k 2h-2Abo] FAA AL o 9
o] HlsF
B =1 (Voelker et al 1996). ©]A
w0 dofubd gk Raltit ARst BastEoe
o] wjZoll I o]Fe] SolAHbite] ABAEA] 5l YR
SRR Eo|AHPALS ik AJAFl= ORI AR Y Eo]x
Wike skl Alzuto A FAke] A @A = AHeksle AlAgo

SgElolglA] gk Aow AzEh

Zpo| A B- 0x1dat10nJ—]- glyoxylate enzyme
& FApH ek

SR TAG & REA

FAH- TAG -2 glycerol-3-phosphate (G3P)©]| acyl-CoA A5
AFS A2 o2 339 acyltransferaseol| 23] o|2E ATA|7]=
Kennedy pathway2h= H1-3-0] ]3| A4 EIt} (Figure 2). ©] pathway
£ EROJA G3P9] sn-1$4%]9] OH7|7} 3 WA opddgasgl
glycerol-3-phosphate acyltransferase (GPAT)of| &J3ff o}Al3lE| o ly-
sophosphatidic acid (LPA)7} E 1, LPAY] sn-2 9Jx]9] OH7} F+ ¥
A lysophosphatidic acid acyltransferase (LPAT)®| 2J3f] o}AlslE] o]
phosphatidic acid (PA)7} ¥Ith PA+ phosphatidic acid phosphatase
(PAP)O]| fal] ER1AIER=HA] sn-3 $JX]of] OH7|E 2= diacylglycerol
(DAG)S g A3}l diacylglycerol acyltransferase (DGAT)o] &J3f| u}
A9t sn-30f o}Al7| & ol TAGZF A Tt (Kennedy. 1961).
o|87 E49) TAGEHo] Tolsh thane] opalmigkas 414
7b F2YHo 1 7lso] A=k

ERO| 248 A o2 FA == GPAT7} o 7|14 djol| 24 877}
Q= Ao R 4T O} (Zheng et al. 2003) EX}2] TAG Aol
Tofgith= st SAS Ho]X SR (Kim et al. 2005; Beisson
et al. 2007). LPAT= of 7] tholl A S71S] faxbto] &5},
LPAT27} 2719] TAGEA ol THolal, o] LA AT 214
Bolo] S=EQlth 3 LPATE: A& wlel x|uhite] gt 714
Eo|4S YEJ I (Kim et al. 2005; Brown et al. 2002; Knutzon
et al. 1995; Lassner et al. 1995; Kuntzon et al. 1999).

DGATE A|Zo 4 35577} Hjgiad] o5 A2 g2 72
2 714 ujed3 F4olth DGATIZ DGAT2: 107]2] membrane
spanning domain®] %+ ER2] membrane &4Q] HHH (Hobbs and
Hills et al. 2000; Zou et al. 1999; Lardizabal et al. 2001; Kroon et
al. 2006), DGAT3+= 8/l Tag BFor =AUt
(Saha et al. 2006). E3] DGAT2= Eo| RS TAGE FHIsH=
gl A[HjA ez Fojgro] HiEFItt (Kroon et al. 2006). THpA}
o] DGAT19} DGAT27} A%l =t] (He et al. 2004a, He et al.
2004b; Kroon et al. 2006) ©]% m]u}ak DGAT2: A&t &
o7 ZFAFEcE mulrle] hydroxylase §-XAF FAHI2E
S2ste] of7| ol FAANS A} 2|Al Al ol & &

olxal 4
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A} A AR 17%9) HE 24 (Broun and Somerville 1997),
2} DGAT? AAE o] FAAERT A7 30% =2 ob4i Tt (Burgal
et al. 2008). ©]& 7]% Slo|E DGATE EA12] x| AgHe ZAo)e
Qo] Q= A 2. o14eiolN DATE S50 4oz
AN EARAok B4 Bao] FEIce Bt 913
t} (Jako et al. 2001).

TAG T4 9] F74 221 Kennedy pathway £]o|%= PCO] Ak
%% DAGo] HE51o] TAGE &4k 7]2to] Tofak= phospholipid
diacylglycerol acyltransferase (PDAT) AR} S22 1T} (Dahlgvist
et al. 2000). o] &40 A= Fupr}e} Crepis LAl A A0 =2
WAL A=, ©]ZE phospholipase .ot T 2o ZFslal wjsE
Aol A= PCofl A Sol AR Az oz AAs| wiol
Eo| kS 3H5l TAGE A8 02 Akl glof ul$ &
23 a4 2 AZME) (Banas et al. 2000).

Rz} ARl Q17 A3} 4te] TAG 7be) thalel Tojohs &
20] &= long-chain acyl-CoA synthetase (LACS)7} Q+=t|, o] A& =}
SR HAEE] carboxy 7|2} coenzymeA7} thioester AHS =S =
w8l A aolek. of 7)ol A 9709 LACS F-A7E S =
9] (Shockey et al. 2002), 71 % LACS83} LACS9+= FEA o &4
sto] A AARE Axdz UEshs ol ¥efsh (Schnurr
et al. 2002) LACS62} LACS7-2 peroxisome©f| £2)3}o] F2} do}
off a3 JFA Ak FHashe dlofl ¥oigttt (Fulda et al.
2002; Hayashi et al. 2002; Fulda et al. 2004). 71 ¢]o]] LACS2&=
cuticle AJAJol ToJs= A& BFe % U (Schnurr et al. 2004) o}
FA BolAo® TAG @0l Hojshs LACS HHalA|A] itk

2AEEihe oupt FAtoll A= A= 5
A FAA THE0) 0% Zhe AHAshL ek AEAke A
3} AkEiRP o] 247k A e sul, 16w 71k ot Akl &
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