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Abstract Seed oils (triacylglycerols) of plants are used as a
source of essential fatty acids and nutrition for human. In
addition, triacylglycerols have been used as industrial raw
materials and biofuels. Triacylglycerols aremainly accumulated
in seeds by complicated biochemical pathways. Fatty acids
are synthesized in the plastids and transported into the
endoplasmic reticulum for synthesizing triacylglycerols. It
is known for a long time that biosynthesis of triacylglycerols
is performed by a de novo synthesis, the Kennedy pathway.
However recent studies have revealed that phosphatidylcholine,
amajor component of cell membrane, plays a centralrole for
triacylglycerols biosynthesis. Phosphatidylcholine is a key
regulator determining the relative proportions of unsaturated
fatty acids in seeds. [tmay be a major carrier for the fluxes of
fatty acids from the plastid to the endoplasmic reticulum.
This finding further suggests that studies of the functions of
enzymes involved in the fluxes of fatty acids from pho-
sphatidylcholine to triacylglycerols elucidate the specialized
subdomains in the endoplasmic reticulum for triacylglycerols
biosynthesis.
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Fig. 1 The major reactions involved in fatty acid synthesis, acyl editing and triacylglycerol synthesis. (A) Fatty acid synthesis in
plastid. (B) Acyl-CoA dependent de novo TAG synthesis. (C) Acyl editing between acyl-CoA and PC pools. (D) PDAT mediated
TAG synthesis (E) PC derived DAG synthesis. Acyl transfer reactions are dotted lines. Green lines are de novo TAG synthesis, red
lines are PC-derived DAG synthesis, blue lines are acyl editing, and orange represents phospholipid:diacylglycerol acyltransferase
(PDAT). DAG(1) is de novo synthesizzd DAG and DAG(2) is PC-derived DAG. Abbreviations: substrates are in bold: ACP, acyl
carrier protein; DAG, diacylglycerol; FFA, free fatty acid; G3P, glycerol-3-phosphate; LPA, lyso-phosphatidic acid; LPC,
lysophosphatidylcholine; PA, phosphatidic acid; PC, phosphatidylcholine; PUFA, polyunsaturated fatty acids; TAG, tracylglycerol.
Enzymatic reactions are in italics: ACCase, acetyl-CoA carboxylase; CPT, CDP-choline:DAG cholinephosphotransferase; DGAT,
acyl-CoA:DAG acyltransferase; FAD, fatty acid desaturase; FAS, fatty acid synthase; FATA, acyl-ACP thioesterase A; FATB,
acyl-ACP thioesterase B; GPAT, acyl-CoA:G3P acyltransferase; KASII, ketoacyl-ACP synthase II; LACS, long chain acyl-CoA
synthetase; LPAAT, acyl-CoA:LPA acyltransferase; LPCAT, acyl-CoA:LPC acyltransferase; PAP, PA phosphatase; PDCT, PC:DAG
cholinephosphotransferase; PLC, phospholipase C; PLD, phospholipase D; SAD, stearoyl-ACP desaturase. This major scheme for
figure is modified from results of Bates and Browse (2012)
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(acyl carrier protein)o] QsjAE= T A dk
(Andre et al. 2012). X|H}FALS] Z3HHES-O oA 94t}
Q1 ACP 2} 233t malonyl-A CP 2} acetyl-CoA7to]| 47
2HF-go 2 A E FEEkEel osf g2 )7 A
oz F7HHA o] Fol it 73] ALKA St
)| BkaAs 16 7|9 ESR|HFAFC] acyl-ACP7} A w, FATB
(fatty acyl-ACP thioesterase B)2l= X|WMHACP Ada A
of oJaf| A-GAHAM ACP R H-2]E]o] F3uk-g-0] AX
Foh A5 AR KASIE SRS Ao ©]5ff 18:0-ACP
& do|7} ot & FATB O oaff F-ghuhg-o] 4 A= w,
FESE EZSIXHFARL 18:0-ACP desaturase (SAD) &4
ol 18:1-ACP2 % 3 FATA| ©|g] Wh-2o] Az|=ch
(Li-Beisson et al. 2013). A Q] XA tf Alo| A &
Qe T8 A4 16:03} 18:12 AXAE o] gH Tt
(Fig. 1A).
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ol g o] eHYE ARARS MaA mHE AR o
FoHA Hrh MaxA| we] F2E Foto] MaA gl s
o)1= gj= Z=A 7} AN = QA THK oo et al. 2004; Schnurr et
al. 2002), o] PG of Tofdk= =5A|(transporter) 2] Z 2|
= ol gral A4 ot Aaol ojFais kAl
2 AAA 9K outer envelope)ol] =2{S}=LACS (long-chain
acyl-CoA synthetase) ©f] 2]l acyl-CoA FHEjZ ZZH=]o] glycerolipid
o] 7= ARG A A o] b EA sk A
S8 A LACSY EHHo] of71gthe] &4 A F
AR ol lol 2 & Fol glof ofwhe FHAL
o7 ZA5t= o2 LACS §AHA 7 LACS9L] 7|52

&gk 7lsAdo] At Zhao et al. 2010). 7] ¥15]Z LACS
o] Ot M aA oA A RPAE o] FThAL o] &]of thE
THY A ghgo] AARS MaA oA AL AR o]
5ol T 7ha/d o] ek A= FAE AAto] AAA)
atof| A LPCAT (acyl-CoA:lysophosphatidylcholine acyltransferase)
(Tjellstrom et al. 2012)9] acyl-editing 7] Zrof &J8f A3L Ao
ZA 5= 21 x]&l PC (phosphatidylcholine) 2 ZH}= &
2 AP AT 5 gioh Aaeh 2Z A} 4
QAAE FHol A PO R AdAlo] A 2EA 2
OlF A SukA) ok e B 7Hsol UrkAndersson
ctal, 2007). £ AET} 54 o] ofs A Ao} A3
7be] Ahare] o o] ol 4= gk X AW
¥ A sto] AbS XA R o] FAI7] = ABC =54
7F A=A THKim et al 2013). SPA|TE vpo]= 2o o
O} RNA 714 E #4141} o] ABC 54| th2 ABC
FEA R FA| A o] mig- oFst itk Eit &4

Ho| FAZ o] 83 YA 02 FHAH A AL TAG
29] ol Aglo] w40l T glo] YA $=3
917] Wito] thE ABC S5A1E0] TAG Aol Hoid
7HsAdE A 5= ok whebd FaF e dghAdel A A
AAREE AR o) FAI 7] Hlof ol h= S5

A7} B4 e ofof B,

EXt XEHTAG) &4 CHAL

Z2} A9 de novo TAL IS G3P (glycerol-3-phosphate)
o acyl-CoA7} At = O ¥Fgo &2 U At 7
2(Kemedy pathway) 2 224 ek, Ad|e] Az 45k
o] GAHER-0 2 o]F2o]A t) G3P Y sn-19f acyl-CoA
7} GPAT (glycerol-3-phosphate acyltransferase)of] 2|3 Agt
3lar o] Al A A= lysophosphatic acid®] sn-2 ] x]of acyl-
CoAZ} LPAAT (lysophosphatidic acid acyltransferase)ofl |3}
A& 0 2 AslE &, PAP (phosphatidic acid phosphatase)
o 213 eelaksh kol oo, sn3 $1A10] acyl-CoA 7}
|9k o 2 DGAT (diacylglycerol acyltransferase)ol] 2J3l 2
=0l TAG 7} F A= W0t Fig. 1B). AlUld A=
= 50 Aof sEofA] TAE o] F(Kennedy 1961; Weiss
et al. 1960) A=) A= 2HAE] Q1chBarron and Stumpf 1962).
Aslsl, A WS 22 A A= o] Lo
AlEolA] Hop B3k A thAke] EAE WA
& Qlek Aflazay QI ARl PC7E A AF o] 52 4l T
S b, E3F XA} TAG T4 F7HAISl DAG 7
TAG /39 A SA &2 Fo] WA=t
(Bates and Browse 2012). PC 2] sn-2 A o] EA5}+= A|vF
A axzA o] EA sk vhekt A4 ME dax(al;
desaturases, hydroxylase 5) 2] W3- 7] o|t}(Sperling et al.
1993; van de loo et al. 1995) (Fig. 1C). L1222 PCof| A%
ctol Agsial WEdE & A AWe 2F At 24
of & IFS =tk S SAAYY YAt =28t =rt
PCof| EAet= A4S &2t of ofs| A4dE 4= 3l
oh A Aol qlo] Al=9 Foll whek AdY 7 2o
AHom oEst= AlEA| 7 9l whdol oH A=A=
A Al 90% o]/ide] PCE Bl TAGE HeH== thAt
of] o]&3%lc}(Bates and Browse 2012).

EXt X AlUIC] thAb 2t |FTXL

AR Aol Qlo] TAGE] sn-1 xJof] A AR A SHA]7]
+ GPAT = o}2] WA E|X| oholet shx|vt 71 SR =2 4
Ao EA5E= GPATIZE 1 &S & 7 Aol et
(Gidda et al. 2009). GPAT9= FEI} &%) TAG A9
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o] 3= GPAT (Chen et al. 2011; Wendel et al. 2009)2} 7}
X g AO] 2o Aol of | TR R § 7] GPAT
(GPATI~8) AR HAE =Y 1 = 57l+= glycerolipid
O] sn-10] opd sn2 fJ Ao APAFS 2ol AT 5
o Ay gho) u) 2]l F eyt = g o 3o
Sk A o= SolE| o] A|szukit TAG gdoll #A 7} gltt
(Yang et al. 2012). AWt} F 29| 7§17 ©Aof| Toidh=
LPAAT §-21R7} o A& 2 K E YA E] 1O L(Maisonneuve
et al. 2010; Snyder et al. 2009) DAGEAJ o Hofsl+=
PAPL o} W AE|R| eraleh o7 el A 11 7))
PAP 45 I = AP A 1 5 PAHI
(phosphatidic acid phosphohydrolase 1)2} PAH2 -7 #}2] 0]
Z B0l A AW 15% HaE HIch(Eastmond
et al. 2010). ©]= TF= PAP &4 QA7) ESF TAG 3
Aol ofat F15AS AAFEITE A1Ee] TAG T 9] U
Ao} gl of Tofahiz DGAT &4 SR thoke 55
7harAEIgIk ol Tkt 24)0] 0] TAG 4o DGAT
7} oI TFS AJARSFCHLiu et al. 2012). QI HFEA O & DGATI
I} DGAT2= F&E3 F3olo| A TAG /dof #ofgtth
(Liu et al. 2012; Lung and Weselake 2006; Turchetto-Zolet et
al. 2011). o718 T]e] DGAT 1= £} TAG AJAke] 2 a3t
A5k slo] B A thKatavic et al. 1995; Zou et al. 1999;
Zhang et al. 2009). o} 714 2] DGAT2 9] 7|52 o}&] o
SkslR] oy wubx}e} Vernica fordii DGAT2+= A1 A
STARl A DCATIHTE =& A& Holw TAG T4
of T3t Shockey et al. 2006; Kroon et al. 2006). Euonymus
alatus O A H7AE DGAT= &2 Aol dofshn
acyl-CoA B Th= acetyl-CoA of] Eo]Z o] DAG 2] sn-3 9
Z|o] acetyl 152 AZAIZITH Durrett et al. 2010). ESF
DGAT &-AJo] Q)= soluble DGAT3 7} W29 S-H oA
Ao] T ¢ltiSaha et al. 2006). o] AL} AABAS Hol=
ofj 71 At DGAT3 = HrobE H oA TAG recycling of] 3%
oJ5h= Ao R A= tlHemnindez et al. 2012). &)L DGAT
B4 WS 2E T o] A o7 oA 2
F o FAAY = BAPE fISICHRani et al. 2010;
Lippold et al. 2012).

Bxt XL PCel HE

PCE= AARS TAG = HolA 7]= Hlof Qlof 374A] th&
GAIS Belel B Awe] B e g A W
A= acyl-editing 7] 2F0 2 XA T 1A of| A ABAEH
18:1-CoA FE| LPCAT & 47} 18:1 AYARS PCY) sn-2 9
Aol AAIZ 2 sn-2 YA 9] 18:1 A AR SR
A A AT 182, 183 9] TRSE3E D) AAFO R THA|
M FLIAT 0] olabion 24uh ykgo] o))

th2 5}l 2]3HARCoA (PUFA-CoA) = HBHAA TAG 3H4
of| Bojstr} (Fig. 1C). 5 WA= PDAT (phosphatidylcholine:
diacylglycerol acyltransferase) FA0f &3l PCL] sn-20f &
Aok IR AR DAG 9 sn-3 QIX & A3 K o]A]
7 TAGS Aot thato] thDahlqvist et al. 2000) (Fig.
D). AH#+= PC 7} PDCT (phosphatidylcholine:diacylglycerol
cholinephosphotransferase) A~ ol ©J&f| phosphocholine©] |
A Hoz M BF= DAGE HeHE o] TAG 4 o A4
2 TAGE 31AJo] o] stKFig 1E). 712 H PC7} TAG
e/doll 7] oqsk= 37HA th & tiARE = ol tisf A ARAlS]
HEE a7

Acyl editing 7|%}

Acyl editing-2 PC 9] sn-2 Y x]9] A|YAFS-acyl-CoA pool=
ol A I} FAof, A= LPC (lysophosphatidylcholine)
of acyl-CoA pool ] X|HFALS Th] ZFHAIA THA] PC
2 AR Aol EFig. 10). o] WolAlE PC7H A
| A EA =] A] f=th Acyl editing> Aol A
Fl ARpAko] pC ot At £ PCof| At A = &3}
H 3 PCEEE ®H=EH9] acyl-CoA poolo] &34 =
Ch Acyl-CoA pool2] A4S AMY =25 S3ll TAG
Aol EehEthFig. 1B). ThRt A= 22o) A PCR2
AuAE BT $ES LPCAT Ho] et o]yt
HE-8-of oJ3] A Ech(Stymne and Stobart 1984). o} 7] &l
O Ipactl lpcat? °]F =AW oA = FAIA A= A
£l 2| 4to] PCo ZRHEA] £ 8 Eol LPCATI} 24
3t acyl editing cycle ©] LPC-reacylation o] ToJgS A|A|5}H
Tk Bates et al. 2012). Lysophosphatidylethanolamine acyltransferase
(Stalberg et al. 2009) & 3= IS4 TR lysophosholipid acyltransferase
= 71 FAF] LPCATS] S0l QI3) acyl editing
A 7162 S1EA|71R] SgTkBates et al. 2012). Acyl editing
712404 PC-deacyltionol] Tolahs 148 o} WAa)
A Bgict o] A2 LPCATE] gk 2HA4)(Stymne and Stobart
1984; Bates et al. 2012) T+= phospholipasco]] 2] 3l o] Fof
Z 4= QJth(Chen et al. 2011).

SXt X|Yehdgel PDATS| &

PDAT= PCY| sn-2 9] R]of] ZA5}= A"4k DAG & sn-3
el A AGAIA TACE /dsk= a4 o|ciFig. ID).
TAG FHdoll Toidt= DGAT Fi= PDATA 20 9] 3f
Whate] TAG ] 03 9142 nhulEho] ulg 2 AghE
Al obA] BET) of7| Al dgatl EH ROl FAF A
ok T H] 20-30% 7FASH UhH(Katavic et al. 1995; Zou
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et al. 1999), pdat] SAMO|H] E}e] A9 TAG Fol
W3}2 2] okFtHMhaske et al. 2005). o] AT= DGAT
of PDAT o] SRR A7) 50 FHAe R Aya
= SIt}. PDAT+= DGAT 9 7]55, $HHSIA| = EAqt H
A o2 AR Y, DGAT= PDATE] 7535 &4l 5]
HASH T & AR o]F E Aol ARl dgatl pdatl
A48 HL- 3FEXAKpollen lethal) THHLS G 7]
o, SAIA F FRARe 75 B el dgat
EA RO Ao FAFEC] A3l PDAT RNAIE T3l & 74
Ao S AR A Af- SAA o] of A the] 80%
TR ¥ A E]Qich(Zhang et al. 2009). ESF o) 7] A dgatl
SO A o A= PDAT & o] S7H=| ATHXu et al. 2012).
ofub= PDATE] W F717F T4 TAG 53 o F 9
80%71A] 18-k 4~ QI3 thal A =Tk (Katavic et al. 1995;
Zou et al. 1999; Zhang et al. 2009). oY A o] ZAS|= PDAT
= B9 -t fAFSHAl A2zt o] 313d (homeostasis)
of dea & 4 AAthMora et al. 2012). WhH o] of 7]y
O] PDAT = TAG Ao A 8 92 3TKBanas et al.
2013). opAY Al=ol|A] Ee2]E PDAT S Sl A"+t (unusual
fatty acid)= Z 5L QL= PCo] tigh Sl &4
Helth o)71 & PDAT/} Al Eufel] A L4 A
A} - Bo] & AHALS A EUFO 2R TAGE %7
L oghe g8 Ax

ol o

-

PC OlA DAG A2t CHA}

PCE] sn-13f sn-2 Q] 2]9] AARS 23 TAC= Hghd
2= 9lth o] HFS-2 pCr} HFE DAG & H3lE|o] x|HpA
A& 9] 912] ¥3E lo] TAGRE X &hE]7] ufjZo]th PCoj
A DAG 2 HF-E A7) The wkgo] of] o] 2ol 2= 9]
CHFig. 1E). 3 HA| %= PDCTol| &J3fl PCL}F DAG Ale]o]]
A phosphocholineE- W 3= ¥E3-0]cHLu et al. 2009). & HA|
74 9+= CPT (CDP-choline:diacylglycerol cholinephosphotransferase)
of o3t SRSk Wh-g-© 7 DAG A AF HEZ-o] thSlack et al.
1985; Slack et al 1983). A] A 73 -$+= phospholipase C, T
+ phospholipase D 2} PAP 7 a4~ 0] U] Z-gof 23]
PCoJA] DAG 2 HE=| = yk-g-olch

TAG X|2h4t x4t pco| gt

PCOfA] B3 AHARS TAG o] A4 270l Fak&
2o ARAke] BxEwE = PCO) -2 R0 ¢x]|et=
Aol | WAL B35 F AL HEeste] Bx S v =

-

71l A piko 2 WH3lE © TAG &2 A ke 7] ufito]th
A= 0] Fofl whef PCof A W3k A HAke] TAGR 9] o]
s Arrt vtk oE S W71 FAIA pdetl S

5/

AR} pdetl Ipcat] Ipcat? A% A & A Ol
A= LPCAT & AHES-0] 93t acyl editing} PDCT
2 kol ol PCREE A E DAGZEE TAG 2
AA xR o] 5o 22 235 "HEsL USS
R A Bk Bates et al. 2012). Lhe 2] TAG of) Aot o}
S35} A WHAHPUFA : polyunsaturated fatty acid)+=PC-derived
DAG £} Phospholipase Dof] 2]&}] PCEHE o]=E 7}5A
o] UtKFig. 1E). A7]e} Zo] PCO| E3s} AH4to] TAG
2 o Bk L hF 4] A 7|KFolchMhaske ef
al. 2005). 2= AlEFARY] TAG off EA5k= A ¥H4ke] PC
ol % E34E] o] TAG 2 o] FEh A2 o}, Corfander
@} Thumberhia FZ}of] Al+= PC 2] acyl editingo]] 3] TAG
2 o5 sk= A4kl ¥z ¢lrk(Cahoon and Ohlrogge
1994; Schultz and Ohlrogge 2000). thF F£x}2] AL TAGRE
o) 5sh= A|HALS] ZHd)] 90% 0] acyl-editing 3= PC-derived
DAG 7)Z+o) 9J&f o]=% thBates et al. 2009). o 7| =
=2} FABIA Wl =2 F89] PC acyl editing (Tjellstrom
et al. 2012; Bates et al. 2012)2} PCoJ| A S-2= DAG of 9]
3 TAG 2 ZAZ-Fth(Bates and Browse 2011). A|sAS] &
S Eof| HMSh7h gl acyl editingof] SJ7F ARPAE o] 52 A
SAREFE AR AARS o]5e o oS Tjellstrom
etal. 2012). 54 a4 x| oA PCS -5k A A
O] TAG 28] Hght} Solx|ihite] Ajszuto s e A7
stof Alszute] H/dE AT 4= 2Ark(Bates and, Ohlrogge
2007).

for Mz

N

X 2ol ofsk= F 71x| DAGe| EX

ool A A @A AR 4] At de novo /el 2Rt
DAG 9f PC2RE /J%:= DAG poolo] = o] P4
E o] AA =S thBates et al. 2009). ESF T A& £9]
PCo A SolH oz HPH WA, sfo|=FA] A%
4b o] Y EHAE o] FolAARS AUt Q1A
off FA & 2] oL So|AHHEe] 90% o] 4] TAGS]| S4]
FcMillar et al. 2000). ©] F AXE Z3s|] & uj o=
AlEE TAG 2 o] F 5= A WHAF pool& A 229f QUAIE 9t
At FelE o] & 7hsAd = AAIBHL qlth olef &
A HARO] ol Fof thaf Al of 2] W] BFe A QLA oAl
T A3 A] W] k2 = QloflA(Shockey et al. 2006; Gidda
at al. 2011) SO]xAke] TAGR o] Fol #AT 7}54
o] AA)=] AL @l tHvan Erp et al. 2011; Kim et al. 2011; Li
et al. 2010; Burgal et al. 2008; Hu et al. 2012). TFF A 323
o] PCofl Al {2l DAG S} AY Z=of &3t de novo
DAG7} 74 02 Balso] olrhel PCE 4T A o]
A AdIY] 7 2ol A A/dE DAGSH= T2 DAG /ol
Hofst= e & 7HsAde] UrkFig. 1B, IE).
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EXt X 2¥ehs Xt

22424} FHo]| Zash ok Bl A ARAQIX} WRINKLED
(WRI1) (Cernac and Benning 2004) o] X AF &
(pyruvate dehydrogenase), ACCase 2} Y Z|HFANGHA] of] T
o5l= A AFARE, 12|aL fFEZ(glycolytic pathway)
o Tofat EoS Tl Holw 1572 maf A
& A wril SAROIAS] A A AL of
Aol HI3 80% 2 L3 0] SpZolA] WRIS] 3}
B FA A obE o] 30% oA Z7HIAe
o ol e 10% 9] Ak S BT sk
A7EA] WRITO] FALAR O] % *é°ﬂ Fa3% g2 st
o} At & A(acyltransferases) = TFE 2| Wo] Z3}o)
BBl BagAA] WAS 2PRThs B IE it
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