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Abstract The most part of vegetable oils is accumulated as
storage lipid, triacylglycerol (TAG) in seed and used as
energy source when seed is germinated. It is also used as
essential fatty acids and energy source for human and
animal. Recently, vegetable oils have been more and more
an important resource because of the increasing demand of
vegetable oils for cooking and industrial uses for bio-diesel
and industrial feedstock. In order to increase vegetable oils
using biotechnology, over-expressing or repressing the
regulatory genes involved in the flow of carbon into lipid
biosynthesis is critical during seed development. In this
review, we described candidate genes may influence oil
amount and investigate their potential for oil increase.
Genes involved in the regulation from biosynthesis of fatty
acids to the accumulation oils in seed can be classified as
follows: First, genes play a role for synthesis precursor
molecules for TAG. Second, genes participate in fatty acid
biosynthesis and TAG assembly. Lastly, genes encodes
transcription factors involved in seed maturation and
accumulation of seed oil. Because factors/genes determining
oil quantity in seed is complex as mentioned, recently
regulation of transcription factors is being considered more
favorable approach than manipulate multiple genes for
increasing oil in transgenic plants. However, it should be
figured out the problem that bad agricultural traits induced
by the overexpression of transcription factor gene.
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Fig. 1 Fatty acid biosynthesis and TAG assembly in oilseed. In plastid, Acetyl-CoA converts to malonyl-CoA by ACCase. Subsequently,
Long-chain saturated fatty acid, 16:0-ACP and 18:0-ACP are elongated by multiple FAS (fatty acid synthase) enzymes and FABI (fatty
acid biosynthesis 1) from malonyl-ACP and 18:0-ACP is desaturated by FAB2. These long-chain acyl-ACPs are converted to long-chain
acyl-CoAs by thioesterases, FATA (fatty acyl-ACP thioesterase A) and FATB, and LACS (long-chain acyl-CoA synthetase). Glycerol
backbone, G6P (glycerol-6-phosphate) formation is catalyzed by G3PDH (glycerol-6-phosphate dehydrogenase) from DHAP (dihydroxyacetone
phosphate). In endoplasmic reticulum (ER), several acyltransferases including GPAT (glycerol-3-phosphate acyltransferase), LPAT
(Lysophosphatidic acid acyltransferase), DGAT (diacylglycerol acyltransferase) and PDAT (phosphatidylcholine:diacylglycerol acyltransferase),
and other many enzymes including PDCT (phosphatidylcholine:diacylglycerol cholinephosphotransferase), PAP (phosphatidic acid phosphatase),
FAD?2 (fatty acid desaturase 2), FAD3, FAE] (fatty acid elongase 1) and LPCAT (lysophosphatidic acid acyltransferase), contribute to TAG
and PC (phosphatidylcholine) formation. Finally, TAG is deposited into oil body budded from ER membrane
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(Unusual fatty acid)o]2}aL 3tc} Eo] x| HAL
o] A A LA = A& 59, AASE A= 9
A AF (Brucic acid, 22:1)0], oo} S| A= g4 8~ 127)]
0] 9] Z 4 X HAE (Medium-chain fatty acid)©], Tju}r}of|A]
A= )AL (Ricinoleic acid, 12-hydroxy-18:1)0] ZA| 3t}
Ao A AHAE AT AAA| (plastid)of| A A] A=
A AGEE 277 HH AZA| 2 o]gste] A E=
AgA Ao Aol "k & o AA|S] A u H A,
Al A A of| A acetyl-CoA 7} acetyl-CoA carboxylase (ACCase)
o 9J3l| malonyl-CoA7} T3 ACPL} Z35to] malonyl-
ACP7} H 1l A 42 02 malonyl-CoAo A B4 27 E A
& Aol 16:0-ACP2 Z o] X3l 16:0-ACP= 16:0-ACP
elongase©]] 93} 18:0-ACP7} H1L ©]Z-2 T}A] 18:0-ACP A
9-desaturase®] 2]} 18:1-ACP7} Et}. 16:0-ACP2} 18:0-ACP

ooy i

+ fatty acyl-ACP thioesterase B (FATB)o]| 2]}, 18:1-ACP
= FATAO| 93 ACP2}9) thioester Adto] H o] A7}
HA Axzdz SEEoh AUARS Mad R oA =
coenzymeA (CoA)h A2 AHejel acyl-CoAR ZA5hu]
WA urel AAujAke] A2 AFEHTh 2EA o)
Al acyl-CoAE glycerol ZA o] ester 23S dtHA x|
2 EB= AR R o] LA E o] Ht 16:0-CoAL} 18:0-CoA
= A E9 FHE (cutin)@] FAARO] H7|= 5} 18:1-CoA
+ Fatty Acid Elongase 1 (FAEL)o] &]3}] 20:1-CoA E+
22:1-CoA R A7E|o] A2 ol A== gt} 53]
AERY 7 & 549 dsE23 A4t (polyun-
saturated fatty acid)2 WEX|= AL B Ax A
phosphatidylcholine (PC)2] sn-2 9] %] o] A% 18:19] Fatty
Acid Desaturase 2 (FAD2)o]| 9J3f| 18:27} &1 t}A] FAD3
of 93 18:30] Fr} (Okuley et al. 1994). o] F 7| W0 %l
glycerophospholipid -2 F%}of| 4] diacylglycerol (DAG)Z A3
=] diacylglycerol acyltransferase (DGAT)o] &J3l] TAGZ A
gElo] 21AA| (Ol body)ol AHTt (Fig. 1).
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TAG+ 1HE2}9] glycerol-3-phosphate (G3P)2} 3 E2}9] acyl-

CoA7} Adtsto] WhEojA B2 TAGY] & 527 sl
A& G3PL} acyl-CoAl] &S 58lW E Aoz AZE
o} AA| 2 Vigeolas?} Geigenberger (2004)+= u]<sZE2}of 4|
TAG7} 43 FA 5= Al7]ol G3Po] o] wetrhA]
oS BT Aol glycerols 3w S weoll vlsFA
oAl G3P9| ¢Fo] F7telHA TAG S4FE 52= A%

2 A9tk o ATIAFE olojdl FEHAHU GIPE
o] W+= glycerol-3-phosphate dehydrogenase (G3PDH)E
Aot AN gpdl RS A vlsFA A AT
& 3192 wo G3P2| oFo| 3~4u] Z7}5Hl A EAA| 6
Ab ghgko] 40% S71ES HAFRT) (Vigeolas et al. 2007).

Yol AFGstAZo] MAA A acetyl-CoA7} ACCase

of oJ3ll A4l E malonyl-CoA= B4~ 16 ~ 187]) | HH4t9]

Az AFA 7L "ol 2 o= AgAF A B R
t favh gol TholalAe 714 27]6] Sl ACCase
£ shrashe Aol E3AY Aolet al4E Tk ACCase
= BAGAEY AlxA F2 it AE0 AR e Al
EZHo| A= homodimer=, 1 9] AEF 2] MAaA oA =
heterotetramer 2 £ 2] 5}+=1 (Ohlrogge and Browse 1995),
Roesler 5 (1997)2 o 7] At} (Arabidopsis)©] A3z 2 9]
homomeric ACCase FZ A} ACCIE MAH o o] THE=E
A A A o] Tl A A E (rubisco transit peptide sequence)S
=04 FAE FEASSAS o ACCase &/do] 10~
208 F7F o SR Sol s% FhE S EAalskich
Ao #0iote RAAQ| ULfdes So SAK gt
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SA A TAG AR G3Po]l 37]9] acyl-CoA7} THA %]

O 2 AZE thE 3F 9 acyltransferaseof] 2|3} ester 455
A o] R o)At} o] A& Kennedy 7 2211 3}, TAGE}
39 2F tfAteltt o] AR= AZA oA G3PY sn-1
$] 2] 7} glycerol-3-phosphate acyltransferase (GPAT)of| 2]3}
acylation®] ©] lysophosphatidic acid (LPA)7} Z i, LPA <]
sn-2 YA 7% % HA lysophosphatidic acid acyltransferase
(LPAT)®f| 9]3} acylation®] ¢} phosphatidic acid (PA)7} =
PA+= phosphatidic acid phosphatase (PAP)o] &]3f &2lAkS}
E A diacylglycerol (DAG)S &3} diacylglycerol acyl-
transferase (DGAT)®l| &3l sn-3 $] %] 7} acylation=]| H A TAG
7} XA =Tk (Fig. 1, Kennedy 1961). TAG A9 FH &2
] Kennedy 7 29] 37}A] Q. acyltransferase @] o &= PC
O] sn-2 9121 8] AH4ke A4 DAGO| Agsto] TAGE
3ASH=  acyltransferase®]  phospholipid:diacylglycerol acyl-
transferase (PDAT)T= SQlth (Fig. 1). o]Z2A th9 acyl-
transferase A A7F 2 Y E o] 11 7|50 dAtET
ov TAG7} A EE A DA v 455419 +£iﬂ<>1W
S0 2] 7] wj&of TAG Al o o] d}+= acyltransferase
© B s daEe Lz AT Ao
2 AZET TAG AT 218402 T F acyltransferase
= oo} RAZES mlsFAto A AT E AT
ALS] AAE Fge ST 4 S Aolth 1™ 9
o 5] TAG At o] A H acyltransferase 2} 0] S & &
ghoto] FAA AR GFo] SR E AF Al E E
St}
A 3E A GPATE= of 7ol 5717 = Ae= 54
)9 O} (Zheng et al. 2003) H & (suberin)X} &l A3}
ol Tofsts AEo] tFEolil FAS TAG A
o] #ojst= GPATS H3]A] Tt (Kim et al. 2005;
Beisson et al. 2007). 1222 GPATS o]&3lo] A&
TFE A A HaE vhe ob4 gl
23X A LPATE of 71 dol A S7H7F EAstaL o] &
LPAT27} E2+9] TAG Aol Hefstn o] {349
ool AAEYS L3 (Kim et al. 2005). E
3 LPATE dutz o g2 EAz|HkAle| 3k 7| A A e A
& 731 @)t} (Kim et al. 2005; Brown et al. 2002; Lassner
et al. 1995; Knutzon et al. 1999). tFE 9] AE0] 18:1-CoA
T} 18:2-CoAo| W3t el o] sl E3}x|9HAlo|L} &
agol7b 167 Eeh ZAV 1871t 71 A pAkel| o 3f
A Adgdo] 2ot o= LPATY 7|so=® vhsofil
PAZ} A= PCE AA B3 WA wp] A 2424
o] Fx3t=rt 2EH = 18:10]u 18:27F AgHE ofof
Wk Zb7E 1820 18302 xSk 4= Q17| wiZo|th A
A FAl 7HY W 2219 HlES Eo|7] 5 an
AN FHZH, sn-2 Ao 22:10] thek So]Ao] &2
LPAT A1 SLCI-1S 35S TR REE A F 330
A IR AsHlS wf 22:10] OF 10% F7Fst 3l o w Bl o
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SAA DAL = 8~48% SIS A= Lt (Zou
et al. 1997). Z 2o+ A& LPAT isozyme 4=} 270 &
of 71 tholl A FAFE0] A Ql napin 282 TR2EEE U
gre YAt £4 BASh EAA 0] 77}
P 6%, 13% 2715 23S A9t} (Maisonneuve et al.
2010).
DGATE Agold 3557 waAty olse o2
acyltransferase@}+= 8] AgAdo] A A= thE 34 +
%2 713 9)th. DGATIF} DGAT2: A EA|uto] 275}
A 40| X7 DGATI19] 1071 2] membrane spanning domain
;% HFH (Lung and Weselake 2006) DGAT2+ 270 &
A1 (Shockey et al. 2006), ]‘: S 27y A A oA A
3},‘13 sloj=m|olo] th2 A ak& A ot (Shockey et
al. 2006). DGAT3:= 84032 EPiA Aol A FA =
oIt} (Saha et al. 2006). W upzko] A DGATI2H DGAT27}
=4 (He et al. 2004a, He et al. 2004b; Kroon et
al. 2006) ©] ¥ T|WhAL DGAT2= &A= litol So]A <l
Ao 72 v H )t (Kroon et al. 2006, Burgal et al. 2008). I
ulz}9] Al &= AAL FA-G-H AR Fatty Acid 12-Hydroxylase
(FAHI2) §3A5 S24dsto] of 7| dio] 3 ddgkst
A} 2| A 5@ ol A B]&o] A AR 17% .0 U (Broun
and Somerville. 1997), Wu}x} DGAT2 F-HAS EA|of 2t
‘ﬂ]'idﬁ} AT} oF 30% 2 =oF&th (Burgal et al. 2008). E3F
FUH (Tung tree)?] DGAT2+ o] Al &9 FAFA|HHAL
9,] oF 80% S A} A|3l+=, BN A WAL (conjugated fatty acid)
OV}%NNMQO°ﬂwﬂ2Aﬂ%EPG%Mmﬁﬂ

o _,d tlo rlr P

= MeA-S W 9 th(Shockey et al. 2006). ©] % & DGAT2
© SO|AARS B RS tEE X SA AR s A
Aol =88 oF 4= 9l (Jako et al. 2001).

DGAT= thE ojd garT) £x}9] x| A =70
e ddo] itk of 714t DGATIe] Edwo]
AS11-& £AG shaFo] 15% FASHY AL (Katavic et al.

1995, Zou et al. 1999) o] & AlF oA ASII EHHo|= &

A U BAREIAY AL (28 A sEon o
7174 ol DGATI& A5l A o2 RAAAZE o &
A ST A SR FAG BHE oF 20%
ZU =ty BuE QT (Jako et al. 2001). ?}?ﬂﬁ}
(Tropaeolum majus)®] DGATIS off 7|1 Ao o} A==

oAl AT S o SA ol 11~30% §7}Q3}
3! site-directed mutagenesisS E3] DGATI &4do] 38~
80% S7tstglom o] & of7|H ol A HEds S
22149 3keFo] 20~ 50% Z=71E AaHE ATt (Xu et al.
2008) S0 A vl -9 F7teF W E gHO6 -7 AR 2}

N Al DGATI 71 #+2] 469RiAof #Hddepd F=o] 4F
A= AS woll vif-eF SHlAte] S7HeHE H otk d
of §1x9] FddetdE = A=2 DGATIONA 2 &2

Z£5 HEold £4:4 inbred lineo| A= o] HEo] AAl

=.>‘='

£

WA ETh (Zheng et al. 2008). ©]= DGAT1 &4
B WY 57 5044 U S 9
AW DGATIS tha&E XA AR = 18:10] of
dEol 588 RojErh

DGAT 9|0 %= TAG AdtAlo] Tolsli= & 49l PDAT
o fAAE Wubsl Aefm A0l 04 EA A HE0
2 2253t} (Dahlgvist et al. 2000). 2]<F 2o A PC
O] sn-20] AgE FO|AFAE acyl-CoATHAE AR A
o7 A TAGE Askslr] wEo] Zo]x|uAke AL
ot FAAE A EoA T HE&S ol dlol W&
g3t 42 AZrETCE (Banas et al. 2000). JJU]-Z}Oﬂ A
DGAT29} Zo] ZAlsdgelAte] HES = + PDATI-2

= A=Y QA 35T hydroxy fatty amd.J H]g—é‘ 23
HoaA FAABA 1% A 26% F27 ol S
Ft} (van Erp et al. 2011; Kim et al. 2011). 224 DGAT
T}e o) PDAT HAABA BN SR A e
5 By vb= ¢lo] PDAT-2 DGATH 22 7| 5<
23 9% A2 Aelelit: A
% AL EAE A Aol 7

(Banas et al. 2000; Mhaske
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Phosphatidylcholine:diacylglycerol cholinephosphotransferase
(PDCT)= DAGE PCE AHFstar Ex3tE PCE thA
DAGE Hgsl= JARtgo] 7Hadh aaoltt (Fig. |,
Slack et al. 1983; Vogel and Browse 1996). o] &4 34 A}
7} 2O E rodl (reduced oleate desaturationl) | 7|7}
= DAG7} PCE Z&st= dlof ol 8&-& 7] ol
AAE TAGY EE3t=7) @)t (Lu et al. 2009). o}2] B
AHA GubE A ool Tty o] =AW F AR o] A
of FAA LAl At Bzt glld Aoz
Hol o] 4L XHAF XA T3t A| v ERFAH)
A Sl HostAl= W= A Zob Hlth ET A
WA 240 S A Sol A4t HAHES Y=
dloll Bolsha gre7t Akt gl

Acyl-CoA binding protein (ACBP) Al 3£ & o] A acyl-CoA
of S35t} eyl oS SASHENS. OB ot 1ol 58
= M acyl-CoA7} AlZto] ot Fefs F&= Ae Te
othal G E Y OF M Ta7 9T acyl- COAQ} s
de aavkgo] AagAoR HEE 2Esh= Zlojtt
(Yurchenko and Weselake 2011). ACBP+= of 7] At Oﬂ/ﬂ 6
M7 34 E NS (Xiao and Chye 2009) o] = AJEZ o
ARSI ] FA A 7H Eo] W H = A2 ACBP6
o|t}. o] A2 lysophosphatidylcholine acyltransferase (LPCAT)
ol AL =odFT 18:1-CoARE TH= 18:2-CoA2t T &
3}AJ o] =QFth(Yurchenko et al. 2009). ©] A2 PCoj A £
1% 18:27} LPCATO] &3l 18:2-CoA=E acyl-CoA pool®f
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A|HAko] 323HE TAG Aol Tofdhe oldd 4= Qe
S O R P ST
AR Lol B Aol Q7] o] S FAS B
2 527 Sla) Aol ulSo|F A Wsseha (ipic-
transfer protein) ™} -,9,—/\]—:} TFZE 7H= 19 puroindoline a,
ubiquitin T2 HE 2 A A

b (PINA, PINB)S &4
s Lo "%‘é{@rd A3} vl (embryo) S} F
A5 geFol Zbz)k 33.8%, 25.2% Z7het AW Al

(Zhang et al. 2010).

CIE OiAtthEZIo) EtAEH] RES S8 SARIYL

o wiso] AYHOE Y g
JHoz won $x4ge *X}Oﬂé

Wit whes] AZkelE o] oAb

Tﬁg— & o177 HHTOH 2 2

N
4 AE Abol9] AerA Az Abgof disi = dotof
8} 7o) o}z wr}, m|EZ 2o} pyruvate dehydrogenase
(PDH) EFA = pyruvate®t CoAoA COE W&3dti

7

acetyl-CoAS A5t g4t TCA =25 A4qt
t} (Fig. 2). o]EF =)o} PDH kinase (PDHK)+= H|EZE
g]o} PDHE ©2l4t3}8} o] down-regulation $HC} (Fig. 2). ©f
718 ol Al FAECIA .7 n|EFZ = o} PDHK {414}
3S antisense 2 A S wf FAFEA L} FAF T
o] 13~20% =A% ATE L3tt (Zou et al. 1999,
Marillia et al. 2003). "] EZ 2] o}o]| A acetyl-CoA 2] 7}
E3] AFEQl acetate”} MAHZE o] 53} acetyl-CoAZ
AAgE = Aol 7HEE AXNFL o] FHAE of
718 e] FAA sHEaR FAE hAHEE ] E4
A= o] 7PEAS A A} (Fig. 2; Marillia et al. 2003).
Pyruvate kinase+= phosphoenolpyruvate (PEP)Q} ADPE
pyruvate®} ATP 2 H3ksl= F 4ot} (Fig. 2). Plastid 2] pyruvate
LA SAHo| of 7| A= vl AlAo] A A E QL
I EAFGL 50~70% AS ZeFch (Baud et al. 2007a).
o] 9} H|Z=5}A| o 7| A thol| A A AH] 9] heteromeric pyruvate
kinase 2] 31 subunit S-AX} SHAHo| AZA 228 T
o] 60% AT AE ASlt) (Andre et al. 2007). o] &
A= M AA) 9 pyruvate kinases= A HAF A A 2o
A ASA A mie- Fatt Aadle HojEth
AbstAl SEb 9lAF 3|2 (Oxidative pentose phosphate
pathway)ol| 4| A| 3£ 9] glucose-6-phosphate dehydrogenase
(G6PDH)= glucose-6-phosphate (G6P)2} NADP'E D-glucono-
1,5-lactone 6-phosphate®} NADPHZ A &st= @A olth

kinase

NADPH+H* NADP+

D-Glucono-1,5-lactone 4&4 G6P

3-PGA <
/ 6-phosphate
ADP
Pyruvate = 3-PGA Pyruvate
kinase -
ATP
Pyruvate < Malate
Pyruvate Acetyl-CoA
Pyruvate ATP:citrate lyase ; :
dehydroge CoA co
nase Acetyl-CoA €«— Citrate 2
Acetyl-CoA /" Citrate
4 Malate
\ Malonyl-CoA  CO,+CoA
18:1-ACP > 18:1-Cou20:1-c°A
/ 22:1-CoA
& Acetate y Acetate
Plastid Mitochondria

Fig. 2 Carbon flow into lipid biosynthesis in seed. G6P (glucose-6-phosphate) is converted to two pyruvate by several enzymes including
G6PDH (glucose-6-phosphate dehydrogenase) and pyruvate kinase. PDH (pyruvate dehydrogenase) catalyzes the formation of acetyl-CoA
from pyruvate in both plastid and mitochondria. Acetyl-CoA is hydrolyzed to acetate in mitochondria, and that moves into plastid and
reconverts to acetyl-CoA. Fatty acid is made from acetyl-CoA through many steps in plastid. Acetyl-CoA in cytosol is elongated to
malonyl-CoA by cytosolic ACCase (acetyl-CoA carboxylase) and malonyl-CoA is used fatty acid elongation. Dashed arrow indicates
down-regulation. PDHK: pyruvate dehydrogenase kinase, PEP: phosphoenolpyruvate, 3-PGA: 3-phosphoglycerate
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(Fig. 2). o] M Z2 G6PDHE FatAlo] A7

el 4
A A A ATIAE L 93 R E e 9T
g o g AztECh g of 7] thol| A AlEZA G6PDH

L2 9t gopdh S| EL A HbAL AFHA S 9
3 NADPH 3-329] ZhAaXchis 2| 5AF ABaA]LS 93t 7]
Aol Frtst o E3| M ghpdh olsEAHo|=
FAFAY AT ol 47 1%, 9% F7HsHAT
(Wakao et al. 2008).
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