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Abstract Vegetable oils (triacylglycerols) produced mainly
in seeds of plants are used for valuable foods that supply
essential fatty acids for humans as well as industrial raw
materials and biofuel production. As the demanding for
vegetable oils has increased, plant metabolic engineering to
produce triacylglycerols in biomass such as leaves has been
considered and explored for alternative source of vegetable
oils. Leaves are genetically programmed to supply the fixed
carbon by photosynthesis to other organs for plant development
and growth. Therefore, in order to produce and accumulate
triacylglycerols in leaves, one should take account of
multiple metabolic pathways such as carbon flux, competition
of carbohydrate and fatty acid biosynthesis, and triacylglycerols
turnover in leaves. The recent metabolic engineering strategy
has showed potential in which the co-expression of three
genes WRINKLEDI, DGATI, and OLEOSIN involved in the
critical step for increasing the fatty acid synthesis, accumulating
triacylglycerols, and protecting triacylglycerols, respectively
produced higher amount of vegetable oils in leaves. Developing
of genetically engineered plants producing vegetable oil in
biomass at non-agricultural lands will be promising to the
future success of the field.
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Fig. 1 Overall scheme of carbon flux and lipid metabolism in green leaf
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SA Y HEAR o) FH o] Ao
71He® o] FE th(Fig. 2)

AAE A B AFA Wol Al FAdel s 1
a5 AR diol SaedtE S A T
\thar & & Qo 3] 2 B AKpyruvate)> A AR
Z 71 AFA 2] acetyl-CoA FA] Q] FH = o]th(Behal et
al. 2002; Eastmond and Rawsthorne 2000). 13|22 F =3
oA T ZHAS acetyl-CoAR Z3HA7]+= GEA| pyruvate
dehydrogenase®} acetyl-CoAS malonyl-CoAZ HZHA] 7] =
acetyl-CoA carboxylase (ACCase)7} Z|HFAFEHA Q] &= A|
SFHE-S-(rate-limiting) THA| ©] thH(Ohlrogge and Jaworski 1997;
Andre et al. 2007). 3] 22 AF -2 phosphoenolpyruvate (PEP)
= FE EH T2 AxdoA GFA = o] FF tHWeber
and Linka 2011). 0|23}t o]G= FEA|oll&= 2-posphoglycerate
(2-PGA)E phosphenolpyruvate (PEP)Z A 33+ s d+4
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Fig. 2 Major chloroplast transporters for carbon flow between
chloroplast and cytosol. Five major, MEX1, pGLCT1, GPT,
TPT, PPT and one unknown PyrT are located in inner membrane
of chloroplast. MEX1: maltos excess protein 1-like/maltose exporter,
pGLCT1: plastid glucose translocator, GPT: glucose-6-phosphate/
phosphate translocator, TPT: triose phosphate translocator, PPT:
phosphenolpyrvate/phosphate translocator, PyrT: pyruvate transporter.
Mal: maltose, Glc: glucose, AGP: AGPase, TP: triose phosphate,
3-PGA: 3-phosphoglycerate, 2-PGA: 2-phosphoglycerate, PEP:
phosphenolpyruvate, PyrK: pyruvate kinase, PDC: pyruvate
dehydrogenase complex, PGM: phosphoglycerate mutase, ENO:
enolase, FAS: fatty acid synthase, ACCase: acetyl-CoA carboxylase,
FFA: free fatty acid

491 enolase”} §=3}7| & o] w(Prabhakar et al. 2010;
Fig. 2), w}2}A] AEE&% AE2Aule] 2R3 Ao T =
AEL D R2EASEAE Bo) AEH A JRAZ o]
g 7+ 3 1‘/P(Furumoto et al. 2011). Q=2 4"
B AZo)7) 16 T 18709 A WA AEZ A2 o] FE o
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Alzzut XA S A g gheh(Fig. 1, 3). A4t
A Y HSEASES BAQ ACCase 9] &4 A|wbAk
AR o) 3) negative feedback regulationE Wri=t}. o] &
Tl QO Azl A gHdo] AlgtEo] AR X
A= Ho] Fh(Andre et al. 2012) A &9 AT} W
of Z+7te) AlE7| e AdE F8 GAUER AHESHH
JoRRYH F5& We=rFig. 1, 2) A A ]
of B3t wa uAFS AAst 2atH daes HE
FH 2 A & HF 5 ARk (Fig. 2). dellA A E
A Azet 229 xo] W AlxZut P4 A
g &do st 4 £49 Q90 nat 2= o
A QoA FAA LA Hast aavt 22X

T B ebar uf$- ulgke] A A te] g4 E oh(Chapman
and Ohlrogge 2012; Yang and Ohlrogge 2009). o]+ oA
A d 9 AR "AE = "t obd & AARH.
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Mx] < o]cﬂ/q —]X]\:ﬂ-xﬂ 00:12\4%59,} ZA—]X]H]—_J
M3 i?ﬂ %7} A Z tH(Sanjaya et al. 2011). A &3} =]uf
1g7ke] Btaol A5 w3t s XMW LR AN
Ch(Rawsthorne 2002; Andriotis et al. 2012). £x}= ‘”QE
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© WA BTt EASHA] Fo B R PEPE o F 25
E] $=8-3fofqt Strl(Prabhakar et al. 2010). Phosphenolpyr-
vate/phosphate translocator (PPT)= PEPE HEA Qo=
53 2-PGAE A 2R o] S3ith. J2d2RE 7
Ae A=A 9| PEPE= AYAL Aol A8 th(Flugge et
al. 2011; Fig. 2).
TPTQ} PPT o] 2]o]| = C4A1 &9 HJE A Yalof u]FHAL

ér%—iﬂﬂ ZZHQ Zog HiFgon, Be §4] A5

Je A Z A =l th(Weber and Linka 2011; Furumoto et
al. 2011) ] T ZH AR xﬂt ?3%2114 A HFAE 2HAd o
g Fad AL T Aom 2457 i Qo @
et Z]‘%E A gkst=t J—945l°1°F o T8 54

o,

gl Qo] X ARL yo] Moy EEgon
B35l o] Z+Z} Maltos excess protein 1-like/maltose exporter
(MEX1)%} Plastid glucose translocator (pGLCT) =445 3
A2 2 B=% ) Glucose-6-phosphate/phosphate translocator
(GPT)= A3} A @&t <l AK(oxidative pentose phosphate)
GArel el 2He] HE Aol Tol gt Weber
and Linka 2011). @&t QlAF A= i v A 4%
o Al AHFAFSAl o] 7 A 02 HeFS Frh(Andriotis et
al. 2012; Hutchings et al. 2005).
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thloesterase FATAS} FATBO| o3l AWAF FHAdo] A %]
& 25 A HAK(free fatty acid) FE| 2 A ZAZ WEH
th(Fig. 3). Ollé AibES FEA4 2l9fol A acyl-CoA 3
2 AgE T A EZ 29| acyl-CoA poolZ & Al =] o] /\ﬂi
ko] QA A A FAAAY FAY LA ARSE A

’ 2
*\ai Iupases
s 4
Fig. 3 Fatty acid and TAG synthesis and their degradation in
plant cell. FFA: free fatty acid, TAG: triacylglycerol, PE: phytlyester,
DAG: diacylglycerol, PC: phosphatidylcholine, FATA: fatty acyl
thioesterase A, FATB: fatty acyl thioesterase B, CPT: choline-
phosphotransferase, PDCT: phosphatidylcholine:diacylglycerol cho-
linephosphotransferase, DGAT: diacylglycerol acyltransferase,
PDAT: phospholipid:diacylglycerol acyltransferase, PXAl: peroximal
ABC transporter 1

L=t} Acyl-CoA AR AW t] 7 & (kennedy pathway)
£ AAH SAAYS AT S Acyl-CoA AHA4RE
glycerol-3-phosphate (G3P)2] sn-11} sn-2 §] 2] 9] 4=4l3l7]
(-OH)] A& o2 Aglsto] diacylglycerol (DAG)Z Z
2= tH(Ohlrogge and Browse 1995). DAG=
transferase (CPT)2} phosphatidylcholine:diacylglycerol cholinephos-
photransferase (PDCT)ol| 2]} A|3Z5} 21X]Z 2] phosphati-
dylcholine (PC)& Ar® A3HE| 7L}, DGAT o] 3
sn-3Y 2| o] A HFALO] shu B ASHAlA =AAHE FA
SFCH(Fig. 3). E3F PDAT & 47} PCO) sn-2 Y29 *|HHAE
2 DAGY| su3 JHE HolAA FAAYL FHTH
Z < kinetics A2} A2 AT EHES AHIALILS
PC FEjoA Ex3te T3 T2 "o Azt
Z Ao 7 ABLE T EEIE]O*E}(Bate et al. 2012;
Tjellstrom et al. 2012). 29 S A= gHA] o] 2 EukS-
o= PDATS} DGAT7} ¥vta o g o= Aog H
¥ cth(Zhang et al. 2009).
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A2 AT T B 93t ;qog: 223}
Stk 3le] FAAEHY BHE ASAL AT
Az o] A 5 oleh F4AY GAE L DOAT7}
%ol =3tE S u S7hEo] HiE ol A= ol =
otz A=A 2ol g4 (galactolipid) 278 Z3f 2]
AAato]l SAW R AgtE e Ay 449 4 ok
eote Yol GEA Qo= S AT phytylester(PE)7F
2 gl th(Fig. 3). Phytylester(PE) S2joll= A=A A
1= phytyl ester synthases”} Tojglo] 8F& % S W(Lippold
et 1 2012), FEA ol Al esto] o F4H= S
DGAT F2 walo] fiwe} palo] Qr ofF 9
6‘:]7\ ] ¢k QIth(Kaup et al. 2002).
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2)upAke] 23} o)ofEo] ZA Y FElZ M3t B Ao
2 A Z-H c}(Cartwright and Goodman 2012). o]& AR
A9 Apolof] ZAdE 4 QA A= APA = F
A= 4 lth(Chapman and Ohlrogge 2012; Murphy 2012;
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Fig 3). 247 248 Aupabe AEd A2z A%
LAY} HEAFo 4 HojEo] aon e =

oh w0 FAAY G AT A LojAp 2
o ARSI BFATE T 4 ook 1 A= FAAY
F4o] Z71EE Ao AmAeIA A A G o] F7}

%] 9] O ] (Petrie et al. 2012; Andrianov et al. 2010), ¢ 9] X
it Bl s AASHH Ao A AA P Aol F7HE
t}a2 ® 315 QI thH(Slocombe et al., 2009; Kunz et al. 2009;
James et al. 2010). o) 7| &A acyltransferase Q]
DGAT3 o] B Azl AzAo] Tk ZA x|t
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of 27g wo] Ao AT 7)2o] o] EAfgto] »
115 i th(Hernandez et al. 2012).
T Ao A YAFsts 7180k Hoil palm)<}
AT A oobkdate palm)e] WA R4S
Sl vEA A A AE FHA s 71Ee 5
= A=7}b ol th(Bourgis et al. 2011). 1 A3} F Z7ko
Ao AR Aol ke 3t DGATLF PDAT 59
acyltransferase W&l oFof = & A}o]7} mt vty 7] S0k
Az ool J8A9) B 2 x
952 FHAL 24§14 HH0) H0F0m
okth(Bourgis et al. 2011). o]= 7] E0fz}l9] A XA = =
obAET: 1009} £& AWALE ol §5to] BEH
2 ARo R HEA7|= 712 A AEE Aow
G A2 7| Bok AZEY 8% A4S &
Hah} o opt e WAl 1%E SR vEg 229
Aol Qlof ok Al WA kA stel] ol &
] Al (oleosin) T} 2 Tl o] WAE| A ekofrh. ol
QoA FAANE AU SN E 2 2N T
QHg s Thul A o) el o] g Ejojof &
o 32 BLEES PAsel GE 240w Bujs
Tu718dE AT o ¢
+3HBTAE AR AgA O
dol Hasir}

m

A2l AE AT Eojet g o= T4
srolA] £4A|u] 2ajo] ola ofti7] o] o] ch(Murphy
0. A% QA Sk 5T 10052 A9
A] Qkt}(Yang and
Ohlrogge 2009). YHtA o2 Ao % AR L2 71
sfoll ofslf fref A Aol WEE o] HEA|EC 2 ABC —’F
SA|(PXADNE E3l B-oxidation IS 7| A acetyl-CoA7}
AY73 1 th(Graham 2008). WropgAfet =3l 9lo] A5}
+ acetyl-CoAv HEA|E o 233} glyoxylate cycle &
Z~, malate synthaseQ} isocitrate lyase 5-of 9|3l F-7]Ato &2
Agk ek o] f7]AHES HEAF A WEE Al
Aip nEZEoto| A 247 Z =AY A
Aol Ag-EIehFig. 1). Hoi2 9o] ARAEL wotela}
= T} 27 acetyl-CoAE citrate §Hdof AFE3ith 1 & &
Fol| m| EZE2]o}9] tricarboxylic acid (TCA) cycleo] A]
of] AF-&-tch(Flugge et al. 2011) (Fig. 1). QoA A
sra 5 GAet SR o] ofat A E o}
19] eHdofl thal & A A ek T2 B-oxidation
g SAHOA A SAEAY F20] Hrh=
O

go] A% o
7} 1 th(Hernandez et al. 2012). 223 AollA F
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|50] FEE o] Qlth(Majeran et al. 2005). —%f,‘—’\
AAA] 4 Folf o FE2AF thAbe AAF A4
A7b A= aEA T 285 Ik (Chang et al. 2012)-
A A ARl 24 Aat Y= A pyruvate kinase
2} pyruvate dehydrogenase ¥9F o}y 2} glycolytic fluxo] W
b AN 24 280 vl Fago] AN E
(Schwender and Hay 2012; Schwender et al. 2003).
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MM SEX| ML A S
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=737 Y= Ao AT FES el
2 ARHFig 1). o)l AF =5AY 4 AT
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SA4E AW Eaff 712 AT oA FAHALE
Aol FHAL & Sk AARE HEAFORE o]F
gl Tost= fEAQl PAXIS SO (pral)= A
HPAto] HEA|Fo A B-oxidation¥H-g-of sl Eal %= A
< A sto] FAAYO] dofl FAE =S 519 1 (Fig. 3)
olgA FHH A A2 dxA stoA H& F7tst
A ch(Kunz et al. 2009). AL H42 g Q3

Aoz Balvk ool Aok shd, HEAE

lo
@

A & oA § = A ch(Slocombe et al. 2009).
ik 24912191 LEAFY COTYLEDON2 (LEC2)9] T}jyta]

QoA FAALE FAs ALY e T A
FAE 2 AJ o] 2219] AT} §-AFSHE Th(Slocombe et al. 2009).
LEC2 WA} FAlof B-oxidation A A= PAH A
of AL Zzte] AN E Ao F4 AWt}

e GASIAT He Z71EA oot oA Xkt

YAk R e Sl S 98-S Hel ik
QoA FAA A Z7hIA g BAHOE alA
L e FAAY) 280l AR 4t e

oreE & 4 Gl AHlolTh T el 2 pral Mo

LR ] Ago] BHHo

o
lo

et al. 2001), LEC29] Tpulgl & u]gAFH 9l AlRAIA-S
=35} TH(Stone et al. 2001). LEC29] I}dtd of 2Jgt ¢
& LEC2E & A X & W E(inducible promoter) 24
AR ORA AR oTYFEe 252
4 A thH(Andrianov et al. 2010). o] A3} Guj oA =
AAEE 2 B LAz o B8 208 F7FA F T
(Andrianov et al. 2010). o 7|0l A FEA|ES] &
A S GAHAL; SAAS ol Comparative Gene

Identifier-58 (CGI-58) 3717} ¢]
=9 Aol oF g 3ol Ha
250l ule) oh 24
et al. 2010). 4] & CGI-58
ohe QA Ao A
(James et al. 2010).

Z AR Ao To]sh= acyltransferase &4 F7F=
HollA AL Aibs A = ST L Az
i Slof| A DGATS] dd-2 SR aks SHIAIF
T}(Andrianov et al. 2010) (Fig. 3). 3t 3| = F 9 DGATE
of 7] eholl FHAAIX Aap Qo] F/AdA ol thekgt dol
o] R|HFARS 22| A] 7] THSanjaya et al. 2013). Monoacylglycerol
£ FRALCE A7 = A Bl ol 4851
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Fig. 4 A metabolic engineering design for TAG synthesis in leaf. Co-expression of three genes, WRII, DGATI, and OLEOSIN in
leaf accumulated 15% of TAG in dry weight in leaf (Vanhercke et al. 2014). WRII: WRINKLEDI, DGATI: diacylglycerol
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