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R es e ar c h Arti cl e i n Bi o c h e mi str y a n d M et a b olis m 1 

P h os p h oli p as e D ζ e n h a n c es di a c yl g l y c e r ol fl u x i nt o t ri a c yl gl y c er ol  2 

W e n y u Y a n g 1, 2 † , G eli a n g W a n g1, 3 † , Ji a Li1 , P hili p D. B at es4 , X u e mi n W a n g1, 3 * , D o u g K. All e n1, 2 *  3 
 4 
1 D o n al d D a nf ort h Pl a nt S ci e n c e C e nt er, 9 7 5 N ort h W ars o n R o a d, St . L o uis, Miss o uri 6 3 1 3 2  5 
2 U S D A- A R S, Pl a nt G e n eti cs R es e ar c h  U nit, 9 7 5 N ort h W ars o n R o a d, St. L o uis, Miss o uri 6 3 1 3 2 6 
3 D e p art m e nt of Bi ol o g y, U ni v ersit y of Miss o uri, S ai nt L o uis, Mis s o uri 6 3 1 2 1 7 
4 D e p art m e nt of C h e mistr y a n d Bi o c h e mistr y, U ni v ersit y of S o ut h er n Mississi p pi, H atti es b ur g, Mississi p pi 8 

3 9 4 0 6 9 

 1 0 
† E q u al c o ntri b uti o ns 1 1 

* F or c orr es p o n d e n c e 1 2 

D o u g K. All e n, X u e mi n W a n g 1 3 

D o n al d D a nf ort h Pl a nt S ci e n c e C e nt er, 9 7 5 N ort h W ars o n R o a d, St . L o uis, Miss o uri 6 3 1 3 2, p h: 3 1 4- 5 8 7-1 4 

1 4 6 0, f a x: 3 1 4- 5 8 7- 1 5 6 0 1 5 

 1 6 

A ut h o rs: 1 7 

W e n y u Y a n g    w e n y u 5 8 @ h ot m ail. c o m  1 8 

G eli a n g W a n g    g eli a n g w a n g @ g m ail. c o m 1 9 

Ji a Li      jli @ d a nf ort h c e nt er. or g 2 0 

P hili p D. B at es    p hili p. b at es @ us m. e d u 2 1 

X u e mi n W a n g    s w a n g @ d a nf ort h c e nt er. or g 2 2 

D o u g K. All e n    d o u g. all e n @ ars. u s d a. g o v 2 3 

 2 4 

A ut h o r C o nt ri b uti o ns:  D A a n d X W c o n c ei v e d t h e pr oj e ct a n d r es e ar c h pl a n. W Y, G W, a n d J L p erf or m e d 2 5 

e x p eri m e nts a n d al o n g wit h D A, P B a n d X W a n al y z e d d at a. W Y, P B,  X W a n d D A wr ot e t h e arti cl e.   2 6 

 2 7 

F u n di n g I nf o r m ati o n:  T h e a ut h ors a c k n o wl e d g e t h e U S D A- A R S, U S D e p art m e nt of E n er g y ( D E-2 8 

A R 0 0 0 0 2 0 2), a n d N ati o n al S ci e n c e F o u n d ati o n ( M C B 1 4 1 2 9 0 1; M C B 1 6 1 3 9 2 3 )  f or f u n di n g s u p p ort. 2 9 

 3 0 

O n e-s e nt e n c e s u m m a r y:  P h os p h oli p as e D i n cre as es t h e pr o d u cti o n of tri a c yl gl y c er ol i n  C a m eli n a s ati v a  3 1 

s e e ds. 3 2 
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W o r d C o u nt ( 1 2, 6 1 9): S u m m ar y ( 2 4 5), I ntr o d u cti o n ( 1 6 3 1), R es ults ( 3 1 4 7), Dis c u ssi o n ( 2 5 4 9), M at eri als 3 3 

a n d M et h o d s ( 1 7 0 9), A c k n o wl e d g e m e nts ( 8 0), T a bl e Titl es ( 1 0 4), Fi g ur e L e g e n d s ( 5 1 9), Lit er at ur e Cit e d 3 4 

( 2 6 3 5)  3 5 

 3 6 

R u n ni n g titl e:  P h o s p h oli p as e D e n h a n c es C a m eli n a  li pi d pr o d u cti o n 3 7 

K e y w o r ds: C a m eli n a s ati v a , oils e e d, li pi d m et a b olis m, 1 4 C-l a b eli n g, p h os p h oli p as e, m et a boli c 3 8 

e n gi n e eri n g 3 9 

 4 0 

S U M M A R Y 4 1 

Pl a nt s e e d s ar e t h e pri m ar y s o ur c e of tri a c yl gl y c er ols ( T A G) f o r f o o d, f e e d, f u el, a n d i n d ustri al a p pli c ati o n s. 4 2 

As T A G is pr o d u c e d fr o m di a c yl g l y c er ol ( D A G) s u c c essf ul e n gi n e eri n g str at e gi es t o e n h a n c e T A G l e v els 4 3 

h a v e f o c us e d o n t h e c o n v ersi o n of D A G t o T A G. H o w e v er, t h e pr o d u cti o n of T A G c a n b e li mit e d b y fl u x 4 4 

t hr o u g h t h e e n z y m ati c r e a cti o n s t h at s u p pl y D A G. I n t his st u d y, t w o Ar a bi d o p sis p h os p h oli p a s e D ζ g e n es 4 5 

(At P L D ζ 1  a n d  At P L D ζ 2 )  w er e  c o- e x pr ess e d  i n C a m eli n a  s ati v a   t o  t est  w h et h er  t h e  c o n v ersi o n  of 4 6 

p h os p h ati d yl c h oli n e ( P C) t o D A G i m p a cts T A G l e v els i n s e e ds. T h e r es ulti n g tr a n s g e ni c pl a nts pr o d u c e d 4 7 

2- 3 % m or e T A G as a c o m p o n e nt of t ot al s e e d bi o m ass a n d h a d i n cr e as e d 1 8: 3 a n d 2 0: 1 f att y a ci d l e v els 4 8 

r el ati v e t o wil d t y p e. I n cr e as e d D A G a n d d e cr e as e d P C l e v els w er e e x a mi n e d t hr o u g h t h e ki n eti cs of li pi d 4 9 

ass e m bl y  b y  [ 1 4 C] a c et at e  a n d  [ 1 4 C] gl y c er ol  i n c or p or ati o n  i nt o  gl y c er oli pi d s.  [ 1 4 C] a c et at e  w as  r a pi dl y 5 0 

i n c or p or at e d  i nt o  T A G  i n b ot h W T  a n d  o v er e x pr essi o n li n es,  i n di c ati n g  a  si g nifi c a nt  fl u x of n as c e nt  a n d 5 1 

el o n g at e d  a c yl- C o As  i nt o  t h e s n - 3  p o siti o n  of  T A G.  St er e o c h e mi c al  a n al ysis  r e v e al e d  t h at  n e wl y  5 2 

s y nt h esi z e d f att y a ci d s w er e pr ef er e nti all y i n c or p or at e d i nt o t h e s n- 2 p o siti o n of P C, b ut t h e s n- 1 p o siti o n 5 3 

of d e n o v o   D A G  a n d  i n di c at e d  si mil ar  r at es  of  n as c e nt  a c yl  gr o u p s  i nt o  t he  K e n n e d y  p at h w a y  a n d  a c yl 5 4 

e diti n g.  [ 1 4 C] gl y c er ol  st u di es  d e m o nstr at e d  P C- d eri v e d  D A G  is  t h e  m aj or  s o u r c e of D A G f or T A G 5 5 

s y nt h esis i n b ot h tiss u es. T h e r es ults e m p h asi z e t h at t h e i nt er c o n v ersi o ns of D A G a n d P C p o ols c a n i m p a ct 5 6 

oil pr o d u cti o n a n d c o m p o siti o n.  5 7 

 5 8 

SI G NI FI C A N C E  S T A T E M E N T:  Tri a c yl gl y c er ols  ( T A G)  fr o m   oils e e ds  ar e  a  si g nifi c a nt 5 9 

p er c e nt a g e of h u m a n a n d a ni m al di ets. P h os p h oli p as e D ζ o v er e x pr e s si o n i n C a m eli n a s ati v a  e n h a n c e d t h e 6 0 

pr o d u cti o n of T A G i n s e e ds b y 2- 3 %. 6 1 

  6 2 

A B B R E VI A TI O N S 6 3 

D A G,  di a c yl gl y c er ol;  D G A T,  di a c yl gl y c er ol  a c yltr a n sf er as e;  F A, n o n- est erifi e d  f att y  a ci d;  L P A, 6 4 

l ys o p h o s p h ati di c  a ci d;  a c yl- C o A,  a c yl- c o e n z y m e  A;  L P C,  l ys o p h osp h ati d yl c h oli n e;  L P C A T, 6 5 

l ys o p h o s p h ati d yl c h oli n e  a c yltr a nsf er as e;  M A G,  m o n o a c yl gl y c er ol;   O E,  o v er e x pr essi o n;  P A,  p h os p h ati di c 6 6 

a ci d;  P A P,  p h o s p h ati di c  a ci d  p h o s p h at as e;  P C,  p h o s p h ati d yl c h oli n e;  P D A T, 6 7 

p h os p h ati d yl c h oli n e: di a c yl gl y c er ol  a c yltr a nsf er as e;  P D C T,  p h os p h ati d yl c h oli n e: di a c yl gl y c er ol 6 8 
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c h oli n e p h os p h otr a n sf er as e;  P L D ζ,  p h os p h oli p as e  Dζ;  P U F A,  p ol y u ns at ur at e d  f att y  a ci d;  T A G, 6 9 

tri a c yl gl y c er ol; W T, wil d t y p e 7 0 

 7 1 

I N T R O D U C TI O N 7 2 

Pl a nt oils ar e a n i m p ort a nt s o ur c e of e n er g y f or h u m a n a n d a ni m al di ets a n d ar e r e g ul arl y u s e d i n 7 3 

pr o d u cti o n of bi of u els a n d i n d ustri al pr o d u cts ( L u et al., 2 0 1 1 ).  T h er ef or e, t h er e is c o nsi d er a bl e eff ort t o 7 4 

i n cr e as e t h e oil q u alit y a n d yi el d i n pl a nts t hr o u g h br e e di n g an d a p pli c ati o n of bi ot e c h n ol o g y ( T a n et al., 7 5 

2 0 1 1; S hi et al., 2 0 1 2; H asl a m et al., 2 0 1 3; V a n h er c k e et al., 2 0 1 3; v a n Er p et al., 2 0 1 4; Li et al., 2 0 1 5). 7 6 

T h o u g h  m a n y  of  t h e  i n v ol v e d  g e n es  h a v e  b e e n  c at al o g u e d  a n d  e n z y m e  a cti viti es  m e as ur e d,  a  b ett er 7 7 

u n d erst a n di n g  of  t h e  c o or di n at e d  m et a b oli c  n et w or k  ( Fi g ur e  1)  t h at  pr o d u c es  b ot h  m e m br a n e  li pi d s  a n d 7 8 

st or a g e oils is n e c ess ar y. Pl a nt oil (tri a c yl gl y c er ol, T A G) bi o s y nt h esis b e gi ns wit h g e n er ati o n of 1 6 a n d 1 8 7 9 

c ar b o n  f att y  a ci ds  ( F A)  i n  t h e  pl asti d  ( Li- B eiss o n  et  al.,  2 0 1 3 ;  All e n  et  al.,  2 0 1 5).  A c yl  c h ai n s  ar e 8 0 

tr a n s p ort e d  a cr o ss  t h e  pl asti d  en v el o p e  ( K o o  et  al.,  2 0 0 4;  Li  e t  al.,  2 0 1 5)  a n d  a cti v at e d  t o  a c yl- C o As 8 1 

( S h o c k e y et al., 2 0 0 2). T h e n t h e y c a n b e el o n g at e d t o l e n gt hs of 2 0 c ar b o n s or m or e ( K u nst et al., 1 9 9 2), 8 2 

s h uttl e d  dir e ctl y  i nt o  t h e  e n d o pl as mi c  r eti c ul u m  ( E R)  f or  d es at ur ati o n  o n  p h o s p h ati d yl c h oli n e  ( P C) 8 3 

( St y m n e  a n d  Gl a d,  1 9 8 1;  B at es  et  al.,  2 0 0 9),  or  u s e d  b y  K e n n e d y  p at h w a y  e n z y m es  t o  g e n er at e 8 4 

l ys o p h o s p h ati di c a ci d ( L P A) a n d s u bs e q u e ntl y p h o s p h ati di c a ci d ( P A) ( K or n b er g a n d Pri c er, 1 9 5 3; W eiss 8 5 

et al., 1 9 6 0; K e n n e d y, 1 9 6 1). P A is c o n v ert e d t o di a c yl gl y c er ol  ( D A G) b y P A p h os p h at as e ( E ast m o n d et al., 8 6 

2 0 1 0;  Mi et ki e ws k a  et  al.,  2 0 1 1; P as c u al  a n d  C ar m a n,  2 0 1 3;  Cr a d d o c k  et  al.,  2 0 1 5).  T his  “ d e  n o v o ” 8 7 

s y nt h esi z e d  D A G  c a n  t h e n  b e  utili z e d  f or  m e m br a n e  li pi d  s y nt h es is  or  c o n v ert e d  t o  T A G  i n  pl a nts  b y  a 8 8 

f urt h er  a c yl ati o n  at s n - 3  usi n g  eit h er  t h e  a c yl- C o A  d ep e n d e nt  di a c yl gl y c er ol  a c yltr a ns f er as e  ( D G A T) 8 9 

( B arr o n a n d St u m pf, 1 9 6 2; Griffit h s et al., 1 9 8 5; K at a vi c et al., 1 9 9 5; Z o u et al., 1 9 9 9), or b y t h e tr a nsf er of 9 0 

t h e s n- 2 F A fr o m P C t o D A G b y p h o s p h ati d yl c h oli n e: di a c yl gl y c er ol a c yltr a nsf er as e ( P D A T) ( D a hl q vist et 9 1 

al.,  2 0 0 0).  T h es e  m e c h a nis ms  of  pl a nt  T A G  bi os y nt h esis  s u m m ari z e d  i n  Fi g.  1.  h a v e  r e c e ntl y  b e e n 9 2 

r e vi e w e d i n e xt e nsi v e d et ail ( W es el a k e et al., 2 0 0 9; Z h a n g et al., 2 0 0 9; C h a p m a n a n d O hlr o g g e, 2 0 1 2; Li-9 3 

B eiss o n et al., 2 0 1 3; All e n et a l., 2 0 1 5; All e n, 2 0 1 6; B at es, 20 1 6).  9 4 

T h e  D A G  f or  T A G  s y nt h esis  c a n  als o  b e  d eri v e d  fr o m  t h e  E R  li pi d , P C ( B at es, 2 0 1 6). F A 9 5 

d es at ur ati o n  r e a cti o ns  m o dif y  a c yl  c h ai ns  t h at  ar e  est erifi e d  t o  P C,  t h us  t h e  fl u x  t hr o u g h  P C  l e a d s  t o  a n 9 6 

e n h a n c e d d e gr e e of u ns at ur at e d F A i n t h e P C- d eri v e d D A G p o ol r e l ati v e t o d e n o v o  D A G a n d c a n pr o vi d e 9 7 

a n  i n cr e as e d  s o ur c e  of  p ol y u ns at ur at e d  f att y  a ci d  ( P U F A)  f or  T A G  bi o s y nt h esis  ( Griffit h s  et  al.,  1 9 8 8; 9 8 

B at es  et  al.,  2 0 0 9;  B at es  a n d  Br o ws e,  2 0 1 2).  P C  is  pr o d u c e d  fr o m d e  n o v o   D A G  b y  C D P- c h oli n e: 1, 2-9 9 

di a c yl gl y c er ol c h oli n e p h os p h otr a n sf er as e ( C P T- D A G), w hi c h m a y b e r e v ersi bl e a n d c o ns e q u e ntl y pr o d u c e 1 0 0 

P C- d eri v e d D A G ( Sl a c k et al., 1 9 8 3; Sl a c k et al., 1 9 8 5). Alt er n ati v el y, fl u x fr o m d e n o v o  D A G t hr o u g h P C 1 0 1 

a n d b a c k t o P C- d eri v e d D A G m a y o c c ur t hr o u g h a p h os p h o c h oli n e h e a d gr o u p e x c h a n g e m e c h a nis m wit h 1 0 2 

p h os p h ati d yl c h oli n e: di a c yl gl y c er ol  c h oli n e p h os p h otr a nsf er as e  ( P D C T)  ( L u  et  al.,  2 0 0 9).  I n  Ar a bi d o psis, 1 0 3 

t h e  P D C T  m ut a nt  (r o d 1 )  r e d u c es  t h e  P U F A  c o nt e nt  of  T A G  b y  4 0 %,  e m p h asi zi n g  t h e  i m p ort a nt  r ol e  of 1 0 4 

D A G fl u x t hr o u g h P C f or a c yl d es at ur ati o n pri or t o i n c or p or ati o n i nt o T A G ( L u et al., 2 0 0 9).  1 0 5 
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Ot h er m e c h a nis ms als o p arti ci p at e i n s h uttli n g a c yl c h ai n s t hr o u g h P C t o pr o m ot e D A G a n d T A G 1 0 6 

f or m ati o n  wit h  gr e at er  c o n c e ntr ati o n s  of  d es at ur at es.  F or  e x a m pl e,  P C  c a n  b e  pr o d u c e d  t hr o u g h 1 0 7 

est erifi c ati o n  of  F A  t o  l ys o p h o s p h ati d yl c h oli n e  ( L P C)  wit h  l ys o p h o s p h ati d yl c h oli n e  a c yltr a nsf er as e 1 0 8 

( L P C A T) ( St y m n e a n d St o b art, 1 9 8 4; B at es et al., 2 0 1 2; W a n g et al., 2 0 1 2) a n d aft er m o difi c ati o n t h e F A 1 0 9 

is  r el e as e d  f or  r e e ntr y  i nt o  t h e  a c yl- C o A  p o ol,  r e g e n er ati n g  L PC  a n d  c o m pl eti n g  t h e  c y cl e  i n  a  pr o c ess 1 1 0 

c oi n e d  a c yl  e diti n g  ( Willi a ms  et  al.,  2 0 0 0;  B at es  et  al.,  2 0 0 9;   B at es  a n d  Br o w s e,  2 0 1 2;  Tj ellstr o m  et  al., 1 1 1 

2 0 1 2).  I n s o y b e a n a n d Ar a bi d o psis  it is esti m at e d t h at > 9 0 % of n as c e nt F A fl u x t hr o u gh P C b y a c yl e diti n g 1 1 2 

or as D A G c o m p o n e nts pri or t o i n c or p or ati o n i nt o T A G ( B at e s et al., 2 0 0 9; B at es a n d B r o w s e, 2 0 1 1; B at e s 1 1 3 

et al., 2 0 1 2). H o w e v er, t h e m e c h a nis ms i n v ol v e d i n t his a c yl fl u x h a v e n ot b e e n t h or o u g hl y e x pl or e d. F or 1 1 4 

e x a m pl e, k n o c k o uts of t h e m aj or e n z y m es i n v ol v e d i n Ar a bi d o psis  P C a c yl e diti n g ( L P C A T 1/ 2) a n d P C-1 1 5 

D A G e x c h a n g e ( P D C T) o nl y r e d u c e d t h e T A G d es at ur at e c o nt e nt b y 2/ 3( B at es  et  al.,  2 0 1 2).  T h e 1 1 6 

s u p pr essi o n of p h o s p h oli p as e D  ( P L D) i n s o y b e a n s p arti all y r e d u c e d t h e P U F A c o nt e nt of T A G ( L e e et al., 1 1 7 

2 0 1 1), i n di c ati n g a n alt er n ati v e m e c h a nis m t o P D C T b as e d P C- d er i v e d D A G pr o d u cti o n. P ossi bl y t h e fl u x 1 1 8 

of d e n o v o  D A G i nt o P C b y C P T, f oll o w e d b y P L D a n d P A p h o s p h at as e a cti vit y is n e c ess ar y t o pr o d u c e 1 1 9 

t h e D A G s u bstr at e f or T A G s y nt h esis. I n Ar a bi d o psis, t w o P L Dζ g e n es, At P L Dζ 1 a n d At P L Dζ 2, h a v e b e e n 1 2 0 

i d e ntifi e d t h at h y dr ol y z e P C t o pr o d u c e P A ( Qi n a n d W a n g, 2 0 0 2; Cr u z- R a mir e z et al., 2 0 0 6). Si n c e alt er e d 1 2 1 

l e v els of P A h a v e b e e n s h o w n t o sti m ul at e pr o d u cti o n of P C ( E ast m o n d et al., 2 0 1 0; Cr ad d o c k et al., 2 0 1 5); 1 2 2 
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w e h y p ot h esi z e d t h at i n cr e as e d P L D a cti vit y i n oils e e ds w o ul d e n h a n c e b ot h t h e fl u x of d e n o v o  D A G i nt o 1 2 3 

P C a n d t h e fl u x of P C- d eri v e d D A G i nt o T A G, l e a di n g t o e n h a n c e d  l e v els of T A G a n d t h e a c c u m ul ati o n of 1 2 4 

P U F A i n T A G.  1 2 5 

H er e w e s h o w t h at o v er e x pr essi o n of P L D ζs i n C a m eli n a s ati v a  (i. e. C a m eli n a), a cl os e r el ati v e of 1 2 6 

Ar a bi d o p sis,  h a d  e n h a n c e d  a c yl  fl u x  t o  T A G  t hr o u g h  a n  i n cr e as e i n  t h e  l e v els  of  D A G.  C a m eli n a  w as 1 2 7 

c h os e n f or o b vi o u s a d v a nt a g es, it c a n b e fl or al- di p tr a n sf or m e d  ( L u et al., 2 0 1 1), h as a s h ort lif e c y cl e,  a n d  1 2 8 

h as  oil  ri c h  s e e ds  ( 3 0- 4 0 %  of  s e e d  w ei g ht)  t h at  c o nt ai n  hi g h  l e v els  of  P U F As  ( > 5 0 %),  es p e ci all y  α-1 2 9 

li n ol e ni c a ci d ( 1 8: 3, > 3 0 % of tot al f att y a ci ds) ( C a m p b ell et a l., 2 0 1 3; Is k a n d ar o v et al., 2 0 1 3). R e c e ntl y 1 3 0 

p h os p h oli p as e A o v er e x pr essi o n i n C a m eli n a r es ult e d i n a n i n cr e as e i n t ot al oil ( Li et al., 2 0 1 5), a n d ot h er 1 3 1 

tr a n s g e ni cs h a v e r es ult e d i n T A G c o nt ai ni n g n o n- n ati v e F As ( L u a n d K a n g, 2 0 0 8; P etri e et al., 2 0 1 4; R ui z-1 3 2 

L o p e z  et  al.,  2 0 1 4;  Li u  et  al.,  2 0 1 5;  N g u y e n  et  al.,  2 0 1 5).  H o w e v er,  m e c h a nis ms  t h at  c o ntr ol  a c yl  fl u x 1 3 3 

t hr o u g h P C i nt o T A G h a v e n ot b e e n st u di e d as e xt e n si v el y i n C a meli n a as i n ot h er s p e ci es.  1 3 4 

I n  t h e  d es cri b e d  w or k,  t h e  h eter ol o g o u s  c o- e x pr essi o n  of  t w o Ar a bi d o psis  t h ali a n a  P L Dζ’s 1 3 5 

( At P L Dζ 1 a n d At P L Dζ 2)  i n  C a m eli n a  s e e d s r es ult e d  i n  a  3 %  i n cr e as e  i n T A G  a n d  f att y a ci d  c o m p o siti o n 1 3 6 

t h at  w as  el e v at e d  i n  li n ol e ni c  a n d  ei c o s e n oi c  a ci d s.  Pr o d u cti o n  of  a cti v e  f or ms  of  At P L Dζ 1 a n d At P L Dζ 2 1 3 7 

w er e  c o nfir m e d  b y  R T- P C R  a n d  e n z y m e  a cti vit y  ass a ys  wit h  mi cr o s o m es.  Diff er e n c es  i n  li pi d  a n d  a c yl 1 3 8 

c h ai n  c o m p ositi o n  fr o m  t h e  wil d  t y p e  w er e  c o n sist e ntl y  o bs er v e d   t hr o u g h o ut  s e e d  d e v el o p m e nt. 1 3 9 

[1 4 C] a c et at e  p uls e  l a b eli n g  i n di c at e d   n e wl y  s y nt h esi z e d  a c yl  gr o u ps  w er e  r a pi dl y  i n c or p or at e d  i nt o  T A G. 1 4 0 

T h e r at e  of [ 1 4 C] a c et at e  i n c or p or ati o n  as  f att y a ci ds  i nt o P C  a n d D A G w er e si m il ar  b ut  st er e o c h e mi c all y 1 4 1 

i n v ol v e d  diff er e nt  sit es  of  att a c h m e nt  o n  t h e  gl y c er ol  b a c k b o n e,  i n di c ati n g  a c yl  fl u x  t hr o u g h  diff er e nt 1 4 2 

br a n c h es of li pi d m et a b olis m ( Fi g. 1). [ 1 4 C] gl y c er ol l a b eli n g i n di c at e d a pr o mi n e nt r ol e of t h e P C- d eri v e d 1 4 3 

D A G  p at h w a y  i n  C a m eli n a,  b ut  si g nifi c a ntl y  m or e  fl u x  t hr o u g h  t h e  K e n n e d y  p at h w a y  r el ati v e  t o  ot h er 1 4 4 

oils e e ds s u c h as Ar a bi d o p sis ( B at es et al., 2 0 1 2) or s o y b e a n ( B at es et al., 2 0 0 9).  1 4 5 

  1 4 6 
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R E S U L T S 1 4 7 

At P L D ζ o v e r e x p r essi o n r es ults i n a hi g h oil p h e n ot y p e 1 4 8 

T w o P L D ζ g e n es, At P L D ζ 1  a n d At P L D ζ 2 , h a v e b e e n i d e ntifi e d i n t h e Ar a bi d o psis t h ali a n a  g e n o m e 1 4 9 

( Qi n a n d W a n g, 2 0 0 2; Li et al., 2 0 0 6). I n vitr o ass a ys i n di c at e d t h at At P L D ζ 1 s p e cifi c all y h y dr ol y z es P C t o 1 5 0 

pr o d u c e P A a n d c h oli n e ( Qi n a n d W a n g, 2 0 0 2). I n t h e pr es e nt st u d y, At P L D ζ 1  a n d At P L D ζ 2  c D N A O R Fs 1 5 1 

w er e pl a c e d b e hi n d t h e s e e d s p e cifi c gl y ci ni n a n d β- c o n gl y ci ni n  pr o m ot ers, r es p e cti v el y. C a m eli n a pl a nts 1 5 2 

w er e  tr a nsf or m e d  wit h  A g r o b a ct eri u m   c o nt ai ni n g  a  bi n ar y  v e ct or  f or  c o- e x pr essi o n  of At P L D ζ 1  a n d 1 5 3 

At P L D ζ 2 ,  a n d  D s R e d  s el e cti o n  m ar k er.  H om o z y g osit y  w as  i ns p e ct e d  b y  s cr e e ni n g  wit h  Ds R e d  a n d  t h e 1 5 4 

e x pr essi o n of b ot h At P L D ζ g e n es w as c o nfir m e d i n d e v el o pi n g s e e d s t hr o u g h R T- P C R ( Fi g. 2) . N o vis u al 1 5 5 

diff er e n c es i n pl a nt p h e n ot y p es w er e o bs er v e d b et w e e n W T a n d tr a n s g e ni c pl a nts.  I n vitr o ass a ys of P L Dζ 1 5 6 

a cti vit y  wit hi n  mi cr o s o m es  pr e p ar e d  fr o m  d e v el o pi n g  s e e d s  i n di c at e d  i n cr e as e d  P L D  a cti vit y  i n  t h e 1 5 7 

tr a n s g e ni c  li n es  ( 8 6  t o  2 6 9  p m ol/ h/ g)  r el ati v e  t o  W T  c o ntr ols  ( 6 5. 7 4  p m ol/ h/ g;  T a bl e  I).  M e as ur e a bl e 1 5 8 

a cti vit y i n t ot al pr ot ei n e xtr a cts w as n ot d et e ct e d, i n di c ati n g  t h at At P L Dζ is hi g hl y e nri c h e d i n mi cr o s o m es 1 5 9 

a n d  is  li k el y  ass o ci at e d  wit h  t h e  e n d o pl as mi c  r eti c ul u m  i n  d e v e l o pi n g  C a m eli n a  s e e ds,  h o w e v er,  t h e 1 6 0 

m e c h a nis m  of  E R  ass o ci ati o n  is  u n cl e ar  d u e  t o  t h e  l a c k  of  a  pr e di ct e d  tr a ns m e m br a n e  d o m ai n  i n  eit h er 1 6 1 

At P L D ζ i s of or m.  F o ur  tr a ns g e ni c  li n es  o v er e x pr essi n g  b ot h  P L Dζ  is of or ms  (s u b s e q u e ntl y  r ef err e d  t o  as 1 6 2 

P L D ζ 1- 4) c o nt ai n e d 1. 9- 3. 5 % m or e oil t h a n W T o n a dr y w ei g ht b asis a cr oss s e e d d e v el o p m e nt, a n d 1. 9- 3 % 1 6 3 

i n m at ur e s e e ds ( T a bl e 1). T his is e q ui v al e nt t o a n a v er a g e 1 2.7 % i n cr e as e i n t ot al oil c o nt e nt r el ati v e t o 1 6 4 

W T at 1 2 D A F, a n d 9. 5 % i n cr e as e i n m at ur e s e e ds.  1 6 5 

P L D ζs alt e r a c yl li pi d a n d f att y a ci d p r ofil es 1 6 6 

T ot al  li pi d  e xtr a ct e d  fr o m  t h e  d e v el o pi n g  s e e ds  w as  a n al y z e d  f o r  c h a n g es  i n  gl y c er oli pi d 1 6 7 

distri b uti o n a n d f att y a ci d c o m p ositi o n. P ol ar li pi d s ( p h os p h ol i pi ds a n d g al a ct oli pi d s, P L/ G L) a n d n e utr al 1 6 8 

li pi d s i n cl u di n g D A G a n d T A G w er e s e p ar at e d usi n g sili c a t hi n la y er c hr o m at o gr a p h y ( T L C) a n d t h e f att y 1 6 9 

a ci d pr ofil es w er e a n al y z e d i n W T a n d t h e tr a ns g e ni c P L D ζ li n e 1 (s u b s e q u e ntl y r ef err e d t o as P L Dζ). T A G 1 7 0 

a n d  D A G  l e v els  i n cr e as e d  t hr o u g h o ut  d e v el o p m e nt  i n  t h e  tr a ns g e n i c li n es ( Fi g. 3 A, 3 B) w h er e as p ol ar 1 7 1 

li pi d s d e cr e as e d ( Fi g. 3 C). T h e r es ults i n di c at e d t h at P L Dζ alt er e d t h e e q uili bri u m b et w e e n st e a d y st at e p o ol 1 7 2 

l e v els t o f a v or t h e pr o d u cti o n of D A G a n d T A G r el ati v e t o p ol ar li pi d s s u c h as P C w hi c h is t h e pri m ar y 1 7 3 

p h os p h oli pi d i n s e e d s. I n a d diti o n, t h e c o m p o siti o n of f att y a c i d s i n t ot al li pi d e xtr a cts w as alt er e d i n P L Dζ 1 7 4 

t hr o u g h o ut  s e e d  d e v el o p m e nt  ( Fi g.  4).  P al miti c  ( 1 6: 0),  st e ari c ( 1 8: 0),  a n d  li n ol ei c  a ci ds  ( 1 8: 2)  w er e 1 7 5 

r e d u c e d  i n  t h e  tr a ns g e ni c  li n e  w h er e as  li n ol e ni c  ( 1 8: 3)  a n d  ei cos e n oi c  a ci d s  ( 2 0: 1)  i n cr e as e d.  Ol ei c  a ci d 1 7 6 

( 1 8: 1) ( Fi g. 4 C) a n d mi n or f att y a ci d s i n cl u di n g ar a c hi di c a ci d  ( 2 0: 0),  ei c os a di e ni o c  a ci d  ( 2 0: 2), 1 7 7 

ei c os atri e ni o c  a ci d  ( 2 0: 3),  d o c os a n oi c  a ci d  ( 2 2: 0),  a n d  er u ci c a ci d  ( 2 2: 1)  ( Fi g.  S 1)  s h o w e d  s m all er 1 7 8 

diff er e n c es b et w e e n t h e li n es.  1 7 9 

T h e f att y a ci d c o m p o siti o n s of i n di vi d u al a c yl li pi d s w er e als o  e v al u at e d d uri n g d e v el o p m e nt t o 1 8 0 

est a blis h  t h e  r el ati o n s hi p  b et w e e n  gl y c er oli pi d  i nt er m e di at es.  T h e  a c yl  li pi d  f att y  a ci d  pr ofil es  of  T A G, 1 8 1 

D A G a n d p h os p h oli pi ds b et w e e n d e v el o pi n g W T a n d P L D ζ s e e d s ( Fi g. 5) w er e q u alit ati v el y si mil ar t o t h e 1 8 2 
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t ot al  li pi d  f att y  a ci d  c h a n g es  ( Fi g. 4),  t h o u g h  s h o w e d  s o m e  st atisti c al  diff er e n c es ( p < 0. 0 5) wit h  t h e  m o st 1 8 3 

n ot a bl e c h a n g es i n 1 8: 3 a n d 1 8: 2 li pi d fr a cti o ns of e a c h li pi d cl ass.  1 8 4 

I n vi v o [ 1 4 C] a c et at e l a b eli n g of C a m eli n a W T a n d P L D ζ e m b r y os i n di c at es 1 8 5 

si g nifi c a nt P C a c yl e diti n g a n d  D G A T a cti vit y utili zi n g a P C- d e ri v e d D A G p o ol 1 8 6 

Pr o d u cti o n of pl a nt oil c o nt ai ni n g P U F A s r e q uir es a c yl fl u x t hr o u g h P C, t h e sit e f or E R l o c ali z e d 1 8 7 

f att y a ci d d es at ur ati o n. B as e d o n t h e P U F A a m o u nts i n T A G h ar v est e d fr o m d e v el o pi n g s e e ds ( 2 0 D A F), 1 8 8 

a p pr o xi m at el y 5 6 % of a c yl gr o u p s fl u x t hr o u g h P C i n b ot h W T a n d  P L Dζ C a m eli n a. H o w e v er, n ot all f att y 1 8 9 

a ci ds  ar e  f urt h er  d es at ur at e d  w h ilst  o n  P C,  t h us  t h e  c al c ul at e d  fl u x  t hr o u g h  t his  m et a b oli c  p o ol  is  a n 1 9 0 

u n d er esti m at e  ( B at es  a n d  Br o ws e,   2 0 1 2;  B at es,  2 0 1 6).  T o  d et er min e t h e eff e ct of P L D ζ  o n  a c yl  fl u x 1 9 1 

t hr o u g h  P C,  e u k ar y oti c  gl y c er oli pi d  ass e m bl y  w as  i n v esti g at e d  wit h  [1 4 C] a c et at e  l a b eli n g  ( All e n  et  al., 1 9 2 

2 0 1 5).  D e v el o pi n g  e m br y o s  of  W T  a n d  P L D ζ  i n c or p or at e d  [1 4 C] a c et at e- d eri v e d  f att y   a ci ds  li n e arl y  i nt o 1 9 3 

gl y c er oli pi d s o v er a 3 h p eri o d ( Fi g. S 2) i n cl u di n g P C, D A G a n d T A G ( Fi g. 6 A, 6 B). T h e i niti al r at e of 1 9 4 

n as c e nt [ 1 4 C]f att y a ci d i n c or p or ati o n i nt o T A G w as t h e s a m e or gr e at er t h a n f or P C a n d D A G i n b ot h W T 1 9 5 

a n d  t h e  P L D ζ,  i n di c ati n g  t h at  l a b el e d  P C  or  D A G  w as  n ot  t h e  i niti all y  l a b ele d  pr e c urs or  f or  T A G 1 9 6 

bi o s y nt h esis i n C a m eli n a  s e e ds ( Fi g. 6 C, 6 D). T h us, t h e T A G  w as li k el y e nri c h e d b y dir e ct i n c or p or ati o n of 1 9 7 

[1 4 C] a c yl c h ai ns i nt o t h e s n - 3 p o siti o n of u nl a b el e d D A G wit h D G A T. T A G a n d D A G l a b eli n g w as gr e at er 1 9 8 

i n t h e tr a n s g e ni cs b y t h e c o n cl u si o n of t h e e x p eri m e nt a n d m a y r efl e ct t h e l ar g er p o ol of D A G ( Fi g. 3) i n 1 9 9 

t h e tr a n s g e ni c li n e t h at is a v ail a bl e f or s n - 3 a c yl ati o n wit h n as c e nt f att y a ci ds w h er e as P C e nri c h m e nt w as 2 0 0 

n ot st atisti c all y diff er e nt b et w e e n li n es, a n d li k el y r e pr es e nt s t h e i nt er m e di at e r ol e of P C wit hi n f att y a ci d 2 0 1 

fl u x  i nt o  T A G.    Ot h er  mi n or  p h o s p h oli pi ds  i n cl u di n g  P A,  PI,  P E/P G a n d t h e g al a ct oli pi d 2 0 2 

m o n o g al a ct o s yl di a c yl gl y c er ol  ( M G D G)  w er e  als o  l a b el e d  i n  b ot h  l i n es  t h o u g h  g e n er all y  l ess  e nri c h e d  i n 2 0 3 

P L D ζ ( Fi g. S 3).  2 0 4 

[1 4 C]f att y a ci ds w er e pr ef er e nti all y i n c or p or at e d i nt o t h e s n - 2 p o siti o n of P C w hi c h is c o nsist e nt 2 0 5 

wit h  i niti al  i n c or p or ati o n  t hr o u g h  a c yl  e diti n g  r at h er  t h a n  t hr o u g h  t h e  K e n n e d y  p at h w a y  as  h as  b e e n 2 0 6 

pr e vi o usl y  d es cri b e d  i n  p e a  l e a v es,  s o y b e a n  d e v el o pi n g  e m br y o s,   Ar a bi d o psis  d e v el o pi n g  s e e d s  a n d  c ell 2 0 7 

s us p e nsi o ns  ( B at es  et  al.,  2 0 0 7; B at es  et  al.,  2 0 0 9;  B at es  et  a l.,  2 0 1 2;  Tj ellstr o m  et  al.,  2 0 1 2). 2 0 8 

St er e o c h e mi c al a n al ys es i n di c at e d  si mil ar v al u es f or W T a n d P L Dζ, i niti all y ~ 6 0 % of n as c e nt f att y a ci d s at 2 0 9 

t h e s n - 2 p o siti o n of P C at 5 mi n w hi c h e q uili br at e d t o ~ 5 5 % b y 6 0 mi n ( Fi g. 7 A, 7 B). T his r e gi o s p e cifi c 2 1 0 

i n c or p or ati o n of a c yl c h ai ns o n t h e gl y c er ol b a c k b o n e is m or e bal a n c e d b et w e e n s n - 1 a n d s n- 2 i n C a m eli n a 2 1 1 
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r el ati v e t o s o y b e a ns or Ar a bi d o p sis s e e d s t h at i niti all y l a b el t h e P C s n - 2 p o siti o n at o v er 7 0- 8 0 % b ut t h e n 2 1 2 

e q uili br at e  t o  5 0- 6 0 %  wit h  ti m e  ( B at es  et  al.,  2 0 0 9;  B at es  et  a l.,  2 0 1 2).  D A G  s h o w e d  a  diff er e nt  tr e n d 2 1 3 

u nli k e P C, t h e st er e o c h e m i c al i n c or p or ati o n of [1 4 C]f att y a ci d s i nt o D A G ( Fi g. 7 C, 7 D) i n di c at e d a gr e at er 2 1 4 

pr ef er e n c e f or t h e s n- 1 p o siti o n. 5 5- 6 0 % of n as c e nt [ 1 4 C]f att y a ci ds w er e i n c or p or at e d i nt o t h e s n- 1 p o siti o n 2 1 5 

of D A G i n W T a n d P L D ζ  li n es.  T h e  pref er e n c e  f or s n- 1  l a b eli n g  i n  C a m eli n a  D A G  is  c o m p ar a bl e  wit h 2 1 6 
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o bs er v ati o ns  i n Ar a bi d o p sis,  w h er e s n - 1 is o v er 6 0 % l a b el e d ( T a yl or et al., 1 9 9 5; B at es et al., 2 0 1 2) b ut 2 1 7 

disti n ct fr o m d e v el o pi n g s o y b e a n e m br y o s t h at i n c or p or at e n e arl y e q u al a m o u nts of n as c e nt [ 1 4 C]f att y a ci d s 2 1 8 

i nt o s n - 1 a n d s n - 2 p o siti o n s ( B at es et al., 2 0 0 9).  P A l a b eli n g w as q u alit ati v el y si mil ar t o D A G, s u g g esti n g 2 1 9 

t h at  at  t h es e  ti m e  p oi nts  t h e  l ab el e d  P A  a n d  D A G  m e as ur e d  is  li k el y  pr o d u c e d  c o n s e c uti v el y  wit hi n  t h e 2 2 0 

K e n n e d y p at h w a y ( Fi g. 7 E, 7 F). T h e c o ntr ast i n l a b eli n g b et w e e n  P C a n d P A s u g g ests t h at P C c o ntri b ut es 2 2 1 



1 0 
 

l ess t o o v er all P A l a b eli n g pr o b abl y b e c a us e t h e p o ol of P A d er i v e d fr o m P C is q uit e s m all a n d is mi x e d 2 2 2 

wit h t h e d e n o v o  p o ol d eri v e d dir e ctl y fr o m L P A or fr o m ot h er p arts of m e m br a n es. 2 2 3 

[1 4 C]-l a b el e d  T A G  w as  a n al y z e d  r e gi o c h e mi c all y  ( Fi g.  S 4)  t o  est a bl is h  w h et h er  t h e  r a pi d  i niti al 2 2 4 

l a b eli n g ( Fi g. 6) w as d u e t o dir e ct i n c or p or ati o n of n as c e nt [1 4 C]f att y a ci d s i nt o s n - 3 p o siti o n of n o n-l a b el e d 2 2 5 

D A G or fr o m l a b el e d d e n o v o  D A G pr o d u c e d b y t h e K e n n e d y p at h w a y ( Fi g. 7). Cl e a v a g e of s n- 1 a n d s n - 3 2 2 6 

p ositi o n s  of  T A G  wit h R hiz o m u c o r  mi e h ei   li p as e  pr o d u c e d s n- 2  m o n o a c yl gl y c er ol ( M A G) w hi c h w as  2 2 7 

l a b el e d at l o w l e v els r el ati v e t o t h e r el e as e d f att y a ci ds ( Fi g. S 4). W h e n c o nsi d er e d wit h t h e st er e o c h e mi c al 2 2 8 



1 1 
 

a n al ys es of l a b el e d D A G t h at i n di c at e d 5 5/ 4 5 s n- 1/s n - 2 r ati o of l a b eli n g ( Fi g. 7 C, 7 D), t h es e r es ults s u g g est 2 2 9 

t h at m o st l a b eli n g i n T A G is d u e t o i n c or p or ati o n of a [1 4 C]f att y a ci d at t h e s n- 3  p o siti o n of a n u nl a b el e d 2 3 0 

D A G.  C a m eli n a  s e e d s  c o nt ai n  a p pr o xi m at el y  1 2 %  ei c os e n oi c  a ci d  ( Fi g.  4 F),  a n d  v er y  l o n g  c h ai n  f att y 2 3 1 

a ci d s s u c h as C 2 0: 1 h a v e hi g h er s p e cifi c a cti viti es fr o m l a b eli n g e x p eri m e nts b e c a us e t h e y ar e el o n g at e d i n 2 3 2 

t h e c yt o s ol w hi c h c o nt ai n s a n a c yl- C o A wit h a hi g h er 1 4 C s p e cifi c a cti vit y t h a n i n t h e pl asti d ( B a o et al., 2 3 3 

2 0 0 0). T h e r a pi d s n- 3 T A G l a b eli n g is q u alit ati v el y c o n sist e nt wit h pr e vi o u s st u dies i n C a m eli n a ( P oll ar d et 2 3 4 

al., 2 0 1 5) a n d Ar a bi d o psis t h ali a n a  d e v el o pi n g s e e ds ( B at es et al., 2 0 1 2) t h at als o c o nt ai n hi g hl y  l a b el e d 2 3 5 

2 0: 1 i n t h e s n- 3 p o siti o n of T A G ( T a yl or et al., 1 9 9 5; B at es et al., 2 0 1 2). Ver y l o n g c h ai n f att y a ci d s ar e 2 3 6 

pr e d o mi n a ntl y i n c or p or at e d i nt o T A G b y D G A T r at h er t h a n P D A T ( K at a vi c et al., 1 9 9 5; Z h a n g et al., 2 0 0 9; 2 3 7 

X u et al., 2 0 1 2).  2 3 8 

I n  vi v o  gl y c e r oli pi d  b a c k b o n e  l a b eli n g  i n di c at es  P L D ζ  e n h a n c es  fl u x  t h r o u g h  t h e 2 3 9 

P C- d e ri v e d D A G p at h w a y of T A G bi os y nt h esis  2 4 0 



1 2 
 

T h e i niti al st e p s i n e u k ar y oti c gl y c er oli pi d ass e m bl y  i n W T a n d  P L Dζ d e v el o pi n g e m br y os w er e 2 4 1 

f urt h er i n v esti g at e d wit h [1 4 C] gl y c er ol ki n eti c l a b eli n g. D e v el o pi n g e m br y o s of W T a n d P L D ζ i n c or p or at e d 2 4 2 

[1 4 C] gl y c er ol li n e arl y i nt o gl y c er oli pi d s at si mil ar r at es o v er a t hr e e h o ur ti m e c o urs e ( Fi g. S 5). T h e m aj or 2 4 3 

l a b el e d  li pi d s  w er e  D A G,  P C,  a n d  T A G  ( Fi g.  S 6),  a n d  ot h er  p h o s ph oli pi d s  i n cl u di n g  P A/ PI,  P E/ P G  a n d 2 4 4 

M G D G,  w er e  l a b el e d  t o  l o w  l e v els  i n  b ot h  li n es  ( Fi g.  S 7).  [ 1 4 C] gl y c er ol  m et a b oli z e d  b y  t h e  d e v el o pi n g 2 4 5 

e m br y o s w as i n c or p or at e d i nt o t h e b a c k b o n e of li pi d s t hr o u g h c a r b o n s i n gl y c er ol- 3- p h o s p h at e ( G 3 P) a n d 2 4 6 

t o a l ess er e xt e nt i nt o t h e a c yl c h ai n s b y gl y c ol yti c r e a cti o n s t h at c o n v ert gl y c er ol t o a c et yl- C o A. I n b ot h 2 4 7 

W T a n d P L D ζ,  D A G  w as  b a c k b o n e  l a b el e d  fr o m  [1 4 C] gl y c er ol at a f ast er r at e t h a n P C or T A G ( Fi g. 8).  2 4 8 



1 3 
 

T his  d es cri pti o n  is  c o nsist e nt  wit h  t h e  r ol e  of d e n o v o D A G  f or  t h e  pr o d u cti o n  of  b ot h  P C  a n d  T A G  i n 2 4 9 

d e v el o pi n g  C a m eli n a  s e e d s  [ Fi g.  1,  ( B at es  a n d  Br o w s e,  2 0 1 2)].  D A G  l a b eli n g  w as  m or e  r a pi d  i n  P L D ζ 2 5 0 

p ossi bl y r efl e cti n g t h e i n cr e as e d K e n n e y p at h w a y fl u x i nt o d e n o v o  D A G t h at is n e c ess ar y t o pr o d u c e m or e 2 5 1 

T A G. T h e i niti al l a b eli n g of P C w as li n e ar i n di c ati n g t h e d e n o v o  D A G pr e c urs or p o ol t o P C s y nt h esis w as 2 5 2 

r a pi dl y fill e d, a n d t h at t h e c o nti n u al i n cr e as e i n D A G a c c u m ul a ti o n r e pr es e nts filli n g of a D A G p o ol ot h er 2 5 3 

t h a n  t h at  r e q uir e d  f or  P C  s y nt h esis.  T A G  l a b eli n g  f oll o w e d  a n  e x p o n e nti al  p att er n  wit h  sl o w  l a b eli n g 2 5 4 

i niti all y  b e c a us e  pr e c urs or  s u p pli es  of  l a b el e d  D A G  h a d  n ot  b e e n  t ur n e d  o v er  s uffi ci e ntl y  t o  l a b el  T A G. 2 5 5 

Aft er 6 0 mi n T A G l a b eli n g a p pr o a c h e d a l e v el t h at w as si mil ar t o D A G a n d b y 3 h T A G l a b eli n g w a s t wi c e 2 5 6 

t h at  of  D A G.  T h e  d el a y  i n  T A G  l a b eli n g  r el ati v e  t o  P C  i n di c at es  a  l ar g er  pr e c ur s or  p o ol  f or  t h e  fl u x  of 2 5 7 

e nri c h e d b a c k b o n e i nt o T A G. S u c h a p att er n is c o nsist e nt wit h P C s y nt h esis dir e ctl y fr o m i niti all y l a b el e d 2 5 8 

d e n o v o   D A G  a n d  T A G  l a b eli n g  at  a  r e d u c e d  r at e  as  t h e  [1 4 C] gl y c er ol- b a c k b o n e  tr a nsiti o ns  t hr o u g h  P C, 2 5 9 

a n d P C- d eri v e d D A G p o ols ( All e n et al., 2 0 1 5).  2 6 0 

[1 4 C] gl y c er ol  w as  als o  i n c or p or at e d   i nt o  f att y  a ci ds  b y  c o n v er si o n t o [1 4 C] a c et yl- C o A  t hr o u g h 2 6 1 

gl y c ol ysis  a n d  p yr u v at e  d e h y dr o g e n a s e  ( Fi g.  9,  S 8).  T h e  [ 1 4 C] a c yl  c h ai ns  o bt ai n e d  fr o m  li pi ds  w er e 2 6 2 



1 4 
 

a n al y z e d i n d e p e n d e nt of t h e gl y c er ol- b a c k b o n e. R el ati v e t o t h e t ot al l a b el i n c or p or ati o n, a p pr o xi m at el y 5-2 6 3 

3 5 % w as i n c or p or at e d i nt o f att y a ci ds i n a li pi d cl ass s p e cifi c  m a n n er d uri n g t h e ti m e c o ur s e e x p eri m e nts 2 6 4 

wit h t h e r e m ai n d er g oi n g i nt o gl y c er oli pi d b a c k b o n e m et a b olis m i n v ol vi n g t h e K e n n e d y p at h w a y ( Fi g. 9). 2 6 5 

T h e  l a b eli n g  i n  t h e  a c yl  c h ai n  r el ati v e  t o  t h e  gl y c er ol  b a c k b o n e  w as  si mil ar  w h e n  P C  w as  c o m p ar e d  t o 2 6 6 

D A G ( ~ 5- 1 0 % a cr oss t h e ti m e c o ur s e) a n d i n di c at e d t h at t h e pr e c urs or p o ols f or t h es e i nt er m e di at es (i. e. 2 6 7 

G 3 P, L P A, P A) ar e r a pi dl y e q uili br at e d wit h b ot h f or ms of l a b el  ( B at es et al., 2 0 0 9). H o w e v er, t h e fr a cti o n 2 6 8 

of a c yl l a b eli n g i n T A G (r el ati v e t o T A G b a c k b o n e l a b eli n g) c h a n g e d m or e dr a m ati c all y ( d e cr e a si n g fr o m 2 6 9 

~ 3 0 % t o ~ 1 5 % d uri n g t h e ti m e c o urs e), i n di c ati n g t h at o v er ti m e  t h e gl y c er ol b a c k b o n e r e pr es e nt e d m or e 2 7 0 

of t h e t ot al l a b eli n g. T h e disti n ct l a b eli n g i n T A G r efl e cts t h e  i niti al  i n c or p or ati o n  of s n-3  l a b el e d  f att y 2 7 1 

a ci ds  o nt o  a n  u nl a b el e d  D A G  b a c k b o n e  as  pr e vi o usl y  d es cri b e d.  O v er  ti m e  t his  c o ntri b uti o n  w as 2 7 2 

di mi nis h e d as t h e [ 1 4 C] gl y c er ol- b a c k b o n e l a b eli n g i n cr e as e d i n pr e c urs or p o ols f or T A G s y nt h esis. T h es e 2 7 3 

o bs er v e d c h a n g es i n T A G l a b eli n g r el ati v e t o P C ar e c o n sist e nt wit h t h e pr e s e n c e of a l ar g er pr e c ur s or p o ol 2 7 4 

f or b a c k b o n e l a b eli n g of T A G t h a n t h at of P C a n d ar e t h u s i n a gr e e m e nt  wit h  b ot h  t h e  [1 4 C] a c et at e  a c yl 2 7 5 

l a b eli n g ( Fi g. 6) a n d r at e of [1 4 C] gl y c er ol i n c or p or ati o n i nt o t h e b a c k b o n e of T A G ( Fi g. 8).  2 7 6 

B ot h P C a n d T A G c a n b e s y nt h esi z e d fr o m d e n o v o  D A G, y et T A G c a n als o b e pr o d u c e d fr o m 2 7 7 

P C- d eri v e d D A G  ( Fi g. 1).  T h e  r el ati v e  i niti al  r at es  of  P C  a n d  T A G  [ 1 4 C] gl y c er ol  b a c k b o n e  l a b eli n g  (i. e. 2 7 8 

wit h o ut  a c yl  l a b eli n g)  at  s h ort  ti m e  p oi nts  ( e. g.  ≤  1 0  mi n)  pr e d o mi n a ntl y  r e pr es e nt  t h e  c o m p etiti o n  f or 2 7 9 



1 5 
 

i niti all y  s y nt h esi z e d d e  n o v o   D A G,  w h er e as  at  l o n g er  ti m e  p oi nts  t h e  l a b eli n g  i n  T A G  als o  i n cl u d es 2 8 0 

c o ntri b uti o n s fr o m P C- d eri v e d D A G. T h e i niti al r el ati v e r at e of  P C/ T A G s y nt h esis fr o m d e n o v o  D A G w as 2 8 1 

a p pr o xi m at el y 3. 9/ 1 a n d 4. 3/ 1, i n wil d-t y p e a n d P L D ζ r es p e cti v el y ( T a bl e S 1). C o nsi d eri n g t h at P L Dζ m a y 2 8 2 

b e  r a pi dl y  t ur ni n g  o v er  t h e  l a b el e d  P C,  t h e  a ct u al  r ati o  of  P C/ T A G  s y nt h esis  i n  P L D ζ  li n e  c o ul d  b e  a n 2 8 3 

u n d er esti m at e.  D e v el o pi n g  e m br y o s  pr e d o mi n a ntl y  a c c u m ul at e  T A G n ot  P C,  t h u s  t h e  hi g h er  r at e  of  P C 2 8 4 

s y nt h esis  s u g g ests  t h at  m o st  of  t h e  P C  will  e v e nt u all y  t ur n o v er   f or  pr o d u cti o n  of  P C- d eri v e d  D A G,  a n d 2 8 5 

t h e n  T A G.  T h e  hi g h er  r ati o  of  i niti al  P C/ T A G  s y nt h esis  r at es  fro m d e n o v o  D A G i n P L Dζ  s u g g ests  t h at 2 8 6 

t ur n o v er  of  P C  b y  P L Dζ  a cti vit y  m a y  i n d u c e  fl u x  t hr o u g h  t h e  P C- d eri v e d  D A G  p at h w a y,  le a di n g  t o  t h e 2 8 7 

hi g h er o v er all oil l e v els. 2 8 8 

  2 8 9 

  2 9 0 



1 6 
 

DI S C U S SI O N 2 9 1 

T h e o bj e cti v e of t his st u d y w as t o i n v esti g at e t h e e n d o g e n o us pat h w a ys of a c yl fl u x i nt o T A G of 2 9 2 

C a m eli n a  s e e ds,  a n d  t o  e x a mi n e  h o w  T A G  a c c u m ul ati o n  is  aff e ct e d   i n  s e e ds  of  tr a ns g e ni c  C a m eli n a 2 9 3 

e x pr essi n g Ar a bi d o psis  t h ali a n a  At P L D ζ 1  a n d At P L D ζ 2   t o  alt er  a c yl  fl u x  t hr o u g h  P C.  I n  oils e e ds,  t w o 2 9 4 

f a mili es  of  e n z y m es  ar e  m ai nl y  r es p o n si bl e  f or  T A G  ass e m bl y:  ( 1 )  D G A Ts  t h at  c at al y z e  pr o d u cti o n  of 2 9 5 

T A G b y u si n g D A G a n d a c yl- C o As, a n d ( 2) P D A Ts t h at pr o d u c e T A G usi n g D A G wit h a n a d diti o n al a c yl 2 9 6 

gr o u p d o n at e d b y P C. H o w m u c h e a c h of t h es e t w o gr o u p s of e n z y m es c o ntri b ut es t o T A G ass e m bl y v ari es 2 9 7 

wit h pl a nt s p e ci es a n d tiss u es ( St y m n e a n d St o b art, 1 9 8 7; Z h a n g   et  al.,  2 0 0 9;  B a n as  et  al.,  2 0 1 3).  Si n c e 2 9 8 

b ot h e n z y m es r e q uir e a s u p pl y of D A G as a c o m m o n pr e c urs or f or T A G s y nt h esis, d e n o v o  D A G m u st b e 2 9 9 

pr o d u c e d  b y  t h e  K e n n e d y  p at h w a y  t hr o u g h  s e q u e nti al  a c yl ati o n  of   G 3 P.  H o w e v er  gi v e n  t h e  hi g h 3 0 0 

p er c e nt a g e  of  u ns at ur at e d  a c yl  c h ai ns  i n  T A G,  a d diti o n al  st e ps t h at  m o v e  f att y  a ci ds  t hr o u g h  P C  ar e 3 0 1 

n e c ess ar y. A c yl e diti n g a n d t h e i nt er c o n v ersi o n of D A G wit h P C r es ults i n a s e c o n d p o ol of D A G t h at is 3 0 2 

P C- d eri v e d a n d is t h e dir e ct s o u r c e  f or  T A G  pr o d u cti o n  ( B at es  an d  Br o ws e,  2 0 1 2).  T h e  pr o d u cti o n  of 3 0 3 

hi g h er  l e v els  of  T A G  i n  oils e e ds  r e q uir es  a  b al a n c e  of:  i)  e n h a n c e d  s y nt h esis  of  n as c e nt  f att y  a ci d s,  ii) 3 0 4 

i n cr e as e d pr o d u cti o n of D A G a n d iii) e n o u g h fl u x t hr o u g h P C t o pr o d u c e a vi a bl e c o m bi n ati o n of s at ur at e d 3 0 5 

a n d u n s at ur at e d c h ai n s.  3 0 6 

P L D ζ alt e rs t h e st e a d y st at e p o ol si z es of P C a n d D A G l e a di n g t o e nh a n c e d D A G 3 0 7 

a c c u m ul ati o n 3 0 8 

T his st u d y i n di c at e d t h at c o- e x pr essi o n of t w o p h os p h oli p as es, P L D ζ 1 a n d P L D  ζ 2 , t h at c o n v ert P C 3 0 9 

t o  P A  ( T a bl e  1)  h as  t h e  c o ns e q u e n c e  of  alt eri n g  t h e  st e a d y  st ate  p o ol  c o n c e ntr ati o ns  of  D A G  a n d  P C  i n 3 1 0 

tr a n s g e ni c li n es ( Fi g. 3). T h e en h a n c e d  D A G  p o ol  si z e  l e a ds  t o  a n  i n cr e as e  i n  T A G  a c c u m ul ati o n 3 1 1 

t hr o u g h o ut d e v el o p m e nt a n d r es ults i n 3 % m or e T A G ( as a p er c e nt of t ot al bi o m ass) i n m at ur e C a m eli n a 3 1 2 

s e e ds  ( T a bl e  1).  I n  a d diti o n,  t h e  f att y  a ci d  pr ofil e  w as  alt er e d  wit h  i n cr e as e d  1 8: 3  a n d  2 0: 1  a n d  r e d u c e d 3 1 3 

l e v els  of  ot h er  a c yl  gr o u p s.  Ti m e  c o urs e  l a b eli n g  e x p eri m e nts  wit h  [1 4 C] a c et at e  r es ult e d  i n  a  l a b el e d  P C 3 1 4 

p o ol t h at w as a p pr o a c hi n g a n as y m pt oti c m a xi m u m i n t h e tr a n s g e n i c li n e, i n di c ati n g t h e a cti v e P C p o ol w as 3 1 5 

n e arl y  c o m pl et el y  l a b el e d  wit hi n  t h e  ti m e  p eri o d  ( Fi g.  6).  [ 1 4 C] gl y c er ol  ki n eti c  i n c or p or ati o n  ( Fi g.  8) 3 1 6 

i n di c at e d t h at D A G w as m or e l a b el e d t h a n P C at e arl y ti m e p oi nt s a n d w as o nl y s ur p ass e d b y P C i n t h e W T 3 1 7 

l at er i n ti m e d u e t o t h e l ar g er a cti v e P C p o ol si z e. P C i n t h e tr a n s g e ni cs b e c a m e m a xi m all y l a b el e d m or e 3 1 8 

q ui c kl y a n d c orr es p o n d e d t o a m or e r a pi d a c c u m ul ati o n of gl y c er ol-l a b el e d T A G. T a k e n t o g et h er wit h t h e 3 1 9 

m e as ur e d c h a n g es i n D A G a n d P C p o ol si z es, a n d [ 1 4 C] a c et at e a c yl l a b eli n g, t h e r es ults i n di c at e t h at P C 3 2 0 

w as b ei n g t ur n e d o v er m or e r a pi dl y t o pr o d u c e D A G. T h u s t h e r ol e of t h e P L D ζ e n z y m e m a y b e t o i n cr e as e 3 2 1 

t h e  a v ail a bl e  s u b str at e f or T A G pr o d u cti o n. Al o n g wit h  a  li mit ed  n u m b er of d es cri pti o ns of  si g nifi c a ntl y 3 2 2 

e n h a n c e d T A G i n oils e e ds ( L ar di z a b al et al., 2 0 0 8; W es el a k e et al., 2 0 0 9; O a k es et al., 2 0 1 1), t h e c urr e nt 3 2 3 

st u d y s u g g ests t h at t h e l ast st e ps i n T A G bi os y nt h esis ar e b ott l e n e c k s t o its pr o d u cti o n. B y c o n v erti n g P C 3 2 4 

t o D A G m or e eff e cti v el y, P L Dζ m a y e n h a n c e D G A T a cti vit y f or TA G pr o d u cti o n i n C a m eli n a s e e d s . It is 3 2 5 

u n cl e ar fr o m t h es e e x p eri m e nts if t h e i n cr e as e i n D A G c o n c e ntr a ti o n o bs er v e d i n P L Dζ is a c o ns e q u e n c e of 3 2 6 



1 7 
 

D G A T a cti vit y t h at m a y n o w b e li miti n g f urt h er i n cr e a s e s i n oil  pr o d u cti o n. P ossi bl y t h e c o- e x pr essi o n of a 3 2 7 

D G A T wit h P L D ζ c o ul d l e a d t o m or e si g nifi c a nt oil l e v els i n t h e f ut ur e. 3 2 8 

C a r b o n fl u x b et w e e n D A G a n d P C a r e hi g hl y i nt e r c o n n e ct e d i n C a m eli a, b ut h a v e 3 2 9 

disti n ct diff e r e n c es f r o m ot h e r  oils e e ds a n d a r e e n h a n c e d b y P LD  3 3 0 

I nt er c o n v ersi o n  of  t h e  D A G  m oi et y  b et w e e n  P C  a n d  D A G  p o ols  is  a  c e ntr al  pr o c ess  i n  T A G 3 3 1 

ass e m bl y of m a n y oils e e d s a n d pr o vi d es a p o ol of D A G f or T A G s y nt h esis t h at c o nt ai ns m or e u n s at ur at e d 3 3 2 

f att y a ci ds t h a n d e n o v o  D A G ( B at es a n d Br o ws e, 2 0 1 2); ho w e v er t h e q u a ntit ati v e r ol es o f e n z y m es t h at 3 3 3 

pr o vi d e  t his  c o n n e cti o n  h a v e  b e e n  diffi c ult  t o  ass ess  a n d  c a n n o t  b e  d et er mi n e d  b as e d  o n  T A G  f att y  a ci d 3 3 4 

c o m p ositi o n  al o n e.  T h e  r a pi d  i n c or p or ati o n  of  [ 1 4 C] a c et at e  l a b el e d  f att y  a ci ds  pr e d o mi n a ntl y  i nt o s n - 3 3 3 5 

p ositi o n of T A G, t h e P C- T A G pr e c urs or- pr o d u ct ki n eti cs of [ 1 4 C] gl y c er ol l a b eli n g, a n d  t h e r ati o of gl y c er ol 3 3 6 

b a c k b o n e t o a c yl gr o u p l a b eli n g fr o m [ 1 4 C] gl y c er ol all s u p p ort a pr e d o mi n a ntl y P C- d eri v e d D A G p at h w a y 3 3 7 

of T A G s y nt h esis. Q u a ntit ati v el y, t h e i niti al r el ati v e r at e of P C/ T A G s y nt h esis fr o m [ 1 4 C] gl y c er ol b a c k b o n e 3 3 8 

l a b el e d d e n o v o  D A G w as a p pr o xi m at el y 3. 9/ 1 a n d 4. 3/ 1, i n wil d-t y p e a n d P L Dζ r es p e cti v el y ( T a bl e S 1). 3 3 9 

B as e d o n t h e i niti al r at es of [ 1 4 C] gl y c er ol l a b eli n g i nt o P C/ T A G t his w o ul d s u g g e st t h at a p pr o xi m at el y 8 0 % 3 4 0 

of T A G i n wil d-t y p e C a m eli n a is pr o d u c e d fr o m P C- d eri v e d D A G wi t h t h e r e m ai ni n g fl u x dir e ctl y t hr o u g h 3 4 1 

t h e K e n n e d y p at h w a y u si n g d e n o v o  D A G f or T A G bi o s y nt h esis. F or c o m p aris o n, t h e r el ati v e i niti al r at es 3 4 2 

of  P C/ T A G  s y nt h esis  ar e  a p pr o xi m at el y  1 4/ 1  i n  Ar a bi d o psis,  i n di c ati n g  gr e at er  t h a n  9 3 %  of  T A G  is 3 4 3 

s y nt h esi z e d  fr o m  P C- d eri v e d  D A G  ( B at es  a n d  Br o ws e,  2 0 1 1).  C o nsi d eri n g  t h at  t h e  m e m br a n e  li pi d  P C 3 4 4 

t y pi c all y d o es n ot a c c u m ul at e u n us u al F As ( Mill ar et al., 2 0 0 0), a n d t h e fl u x of u n u s u al F As t hr o u g h P C 3 4 5 

h as b e e n i n di c at e d as a b ottl e n e c k i n oils e e d e n gi n e eri n g ( B at e s a n d Br o ws e, 2 0 1 1; B at es et al., 2 0 1 4), t h e 3 4 6 

r el ati v el y  l ar g er  pr o p orti o n  of  a c yl  fl u x  t hr o u g h  t h e  K e n n e d y  pat h w a y  i n  C a m eli n a  m a y  e x pl ai n  t h e 3 4 7 

e n h a n c e d  a c c u m ul ati o n  of  s o m e  u n us u al  F As  i n  T A G  of  tr a ns g e ni c C a m eli n a  ( R ui z- L o p e z  et  al.,  2 0 1 4) 3 4 8 

r el ati v e t o t h e tr a ns g e ni c Ar a bi d o p sis ( R ui z- L o p e z et al., 2 0 1 3) e n gi n e er e d wit h t h e s a m e g e n es.  3 4 9 

Fl u x es  b et w e e n  D A G  a n d  P C  ar e  a c hi e v e d  r e v ersi bl y  t hr o u g h  D A G- C P T  a n d  P D C T  a n d 3 5 0 

u ni dir e cti o n all y  fr o m  P C  t o  D A G  b y  p h os p h oli p as e  C  or  t hr o u g h  a   c o m bi n ati o n  of  P L D  a n d  P A P.  I n 3 5 1 

Ar a bi d o psis t h ali a n a , P D C T is r es p o n si bl e f or a p pr o xi m at el y 4 0 % of t h e fl u x of P U F As fr o m P C i nt o P C-3 5 2 

d eri v e d    D A G  f or  T A G  s y nt h esis  ( L u  et  al.,  2 0 0 9),  b ut  t h e  Ar a bi d o p sis l p c at 1 l p c at 2 r o d 1  tri pl e  m ut a nt 3 5 3 

w hi c h a b olis h es b ot h a c yl e diti n g a n d P D C T a cti vit y still c o nt a i ns 1/ 3 of wil d-t y p e P U F A l e v els i n T A G 3 5 4 

( B at es et al., 2 0 1 2). T h e r e m ai ni n g fl u x of P U F A fr o m P C t o T A G  m a y  i n v ol v e  P C  ass o ci at e d  wit h 3 5 5 

p h os p h oli p as e- b as e d  pr o d u cti o n  of  P C- d eri v e d  D A G.  Wi d es pr e a d  e v i d e n c e  f or  t h e  c o n c ert e d  a cti o n  of 3 5 6 

P L D  a n d  P A P  i n cl u d es  r e p orts  i n  m a m m ali a n  lit er at ur e  t h at  d e m o n str at e  D A G  pr o d u cti o n  fr o m 3 5 7 

e n d ot h eli al- d eri v e d  P C  ( M arti n,  1 9 8 8)  a n d  e n d o g e n o u s  D A G  g e n er a ti o n  i n  h u m a n  p ol y m or p h o n u cl e ar 3 5 8 

l e u k o c yt es  w h er e  D A G  sti m ul at e d  5-li p o x y g e n as e  e nz y m e  a cti vit y a n d  f u n cti o n  ( Al b ert  et  al.,  2 0 0 8).  I n 3 5 9 

pl a nts,  is ol at e d  pr ot ei n  b o di es  fr o m  s e e dli n g s  s h o w  b ot h  a cti vi ti es of P L D a n d P A P ( H er m a n a n d 3 6 0 

C hris p e els,  1 9 8 0)  a n d  st u di es  of  At P L D ζ 1  a n d  At P L Dζ 2  s u g g est  t h e  s u p pl y  of  D A G  f or  g al a ct oli pi d 3 6 1 

s y nt h esis is d e p e n d e nt o n t his p at h w a y a n d als o s u b v erts p h os p h or u s st ar v ati o n ( Cr u z- R a mir e z et al., 2 0 0 6; 3 6 2 

Li et al., 2 0 0 6).  It h as b e e n s h o w n t h at k n o c k- d o w n of P L D α i n  s o y b e a n l e a d s t o r e d u c e d P U F As i n T A G 3 6 3 
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( L e e et al., 2 0 1 1) i m pli c ati n g a fl u x fr o m P C t o T A G t hr o u g h P LD- P A P wit h o ut a r e q uir e m e nt f or P D C T 3 6 4 

i n v ol v e m e nt.  T h us  a  n u m b er  of  me c h a nis ms  e xist  t h at  c o ntri b ut e D A G  d eri v e d  fr o m  P C  t h at  is  ri c h  i n 3 6 5 

P U F A  w hi c h  a c c u m ul at es  i n  T A G.  O u r  r es ults  c a n n ot  c o n cl u si v el y disti n g uis h  b et w e e n  t h e  m e c h a nisti c 3 6 6 

diff er e n c es i n W T C a m eli n a a n d Ar a bi d o p sis or ot h er w ell-st u di e d oils e e ds b ut t o g et h er t h e st u di es s u g g est 3 6 7 

a c o m bi n ati o n of P L D a n d p ossi bl y P D C T e n z y m e a cti viti e s m a y b e  r es p o nsi bl e. 3 6 8 

H er e, w e d e m o nstr at e d t h at P L D ζ e n h a n c es st e a d y st at e l e v els of D A G fr o m P C, t h us a p p ar e ntl y 3 6 9 

h o m e ost ati c  m e c h a nis ms  i n v ol vi n g  P A P  f a v ors  c o n v ersi o n  of  t h e  p r o d u c e d  P A  t o  D A G.  T h e  i n cr e as e  i n 3 7 0 

P C- d eri v e d D A G ( Fi g. 8) c o n si d er a bl y alt er e d T A G a c c u m ul ati o n ( u p t o 3 % oil i n cr e as e) s u p p orti n g t h at 3 7 1 

a c yl  fl u x  t hr o u g h  P C  m a y  b e  a  r e g ul at or  of  t ot al  f att y  a ci d  s y n t h esis  ( B at es  et  al.,  2 0 1 4;  B at es,  2 0 1 6). 3 7 2 

H o w e v er, it w as s ur prisi n g t h at n o si g nifi c a nt diff er e n c e w as o bs er v e d i n t h e st er e o c h e mi c al l a b eli n g of P C, 3 7 3 

w hi c h is a m ar k er of a c yl fl u x t hr o u g h a c yl e diti n g vs t h e K e n n e d y p at h w a y. St er e os p e cifi c a n al ys es of t h e 3 7 4 

a c yl  c h ai ns  fr o m  [ 1 4 C] a c et at e  l a b eli n g r e v e al e d  t h at  D A G ( as w ell  as  P A) w as  m or e  e nri c h e d  at  t h e s n - 1 3 7 5 

p ositi o n  ( Fi g.  7)  w h er e as  P C  f a v or e d s n- 2   i n c or p or ati o n.  A  l a c k  of  si g nific a nt  c h a n g es  i n  r e gi o c h e mi c al 3 7 6 

li pi d l a b eli n g b et w e e n t h e li n es i n di c at es t h at t h e distri b uti on of n as c e nt f att y a ci ds i nt o diff er e nt br a n c h es 3 7 7 

of  t h e  li pi d  m et a b oli c n et w or k  ( Fi g. 1)  m a y  n ot b e  si g nifi c a ntl y  alt er e d  b y  P L D ζ  a cti vit y.  I n  t his  c as e  a n 3 7 8 

i n cr e as e d fl u x of a c yl gr o u ps i nt o d e n o v o  D A G f or s u bs e q u e nt P C, a n d P C- d eri v e d D A G s y nt h esis m u st 3 7 9 

b e b al a n c e d b y a n i n cr e as e d fl u x of a c yl gr o u ps i nt o P C b y a c yl  e diti n g. T h e n t h e r e gi o c h e mi c al l a b eli n g of 3 8 0 

P C  w o ul d  n ot  c h a n g e  si g nifi c a ntl y  b et w e e n  li n es.  T his  r es ult  is   c o n sist e nt  wit h  pr e vi o u s  h y p ot h es es  t h at 3 8 1 

s u g g est P C is a c e ntr al i nt er m e di at e, a n d “f att y a ci d or D A G c a rri er ” t hr o u g h t h e E R m e m br a n e pri or t o 3 8 2 

T A G s y nt h esis ( All e n et al., 2 0 1 5; S h o c k e y et al., 2 0 1 6). T o g et h er t h es e a c yl li pi d fl u x e x p eri m e nts pr o vi d e 3 8 3 

n o v el r es ults t h at C a m eli n a utili z es a hi g h er pr o p orti o n of dir e ct K e n n e d y p at h w a y t h a n ot h er r el at e d pl a nts, 3 8 4 

a n d  t h at  t h e  fl u x  t hr o u g h  t h e  P C- d eri v e d  D A G  p at h w a y  c a n  b e  e n h a n c e d  t hr o u g h  m o d ul ati o n  of  P L D 3 8 5 

a cti vit y.  3 8 6 

I n c r e as e d P L D ζ a cti vit y m a y e n h a n c e D G A T o v e r PD A T a cti vit y f o r T A G s y nt h esis . 3 8 7 

T h e a c yl ati o n of D A G t o m a k e T A G i n v ol v es o n e of t w o e n z y m ati c r o ut es. P D A T u s es t h e s n- 2 3 8 8 

a c yl c h ai n of P C al o n g wit h D A G t o m a k e T A G, w h er e as D G A T pr o d u c es T A G fr o m a c yl- C o A a n d D A G 3 8 9 

s u bstr at es.  P D A T  a cti vit y  c a n  l e a d   t o  s y nt h esis  of  T A G  ri c h  i n u n s at ur at e d  f att y  a ci ds  at s n - 3  p o siti o n 3 9 0 

( D a hl q vist et al., 2 0 0 0; St a hl et al., 2 0 0 4; X u et al., 2 0 1 2) th o u g h t h e diff er e n c es i n s u bstr at e s p e cifi citi es 3 9 1 

f or  D G A T  a n d  P D A T  e n z y m es  m a y  n ot  b e  si g nifi c a nt  a n d  h a v e  n ot  be e n  c h ar a ct eri z e d  i n  a  n u m b er  of 3 9 2 

oils e e d s.  O ur  r es ults  i n di c at e  c h a n g es  i n  1 8: 3  a n d  2 0: 1  i n v o k e d  b y P L Dζ  a cti vit y.  D G A T 1  is  a p p ar e ntl y 3 9 3 

r es p o n si bl e f or m u c h of t h e 2 0: 1 i n c or p or ati o n i nt o s n - 3 of T A G i n Ar a bi d o p sis t h ali a n a  w h er e as D G A T 2 3 9 4 

h as  b e e n  i m pli c at e d  i n  t h e  i n c or p or ati o n  of  ot h er  m o difi e d  f att y  a ci d s  i nt o  T A G  ( Kr o o n  et  al.,  2 0 0 6; 3 9 5 

S h o c k e y et al., 2 0 0 6). W h e n C a m eli n a e m br y o s w er e l a b el e d wit h [1 4 C] a c et at e t h e m o st r a pi d l a b eli n g w as 3 9 6 

s e e n  i n  T A G  ( Fi g.  6).  T his  is  c o nsist e nt  wit h  st u di es  of  Ar a bi d o psis  s e e ds  ( B at es  et  al  2 0 1 2)  t h at  als o 3 9 7 

c o nt ai n  a  si g nifi c a nt  fr a cti o n  of   el o n g at e d  f att y  a ci ds.  It  is w ell- k n o w n  t h at  t h e  el o n g ati o n  pr o c ess  t h at 3 9 8 

o c c urs o utsi d e of t h e pl asti d r es ults i n hi g h er s p e cifi c a cti vi ti es f or t h es e f att y a ci ds r el ati v e t o t h os e of 1 8 3 9 9 

c ar b o n s or s h ort er c h ai ns ( B a o et al., 2 0 0 0). I n c o ntr ast, s o y b e a n s e e d s h a v e v er y l o w l e v els of el o n g at e d 4 0 0 
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f att y  a ci d s  a n d  i n  c o m bi n ati o n  wit h  a  hi g h  d e gr e e  of  a c yl  e ditin g  r es ult  i n  m or e  r a pi d  P C  l a b eli n g  wit h 4 0 1 

n as c e nt  F A  t h a n  T A G  ( B at es  et  al.,  2 0 0 9).  W h e n  T A G  l a b el e d  fr o m  [1 4 C] a c et at e  w a s  r e gi o c h e mi c all y 4 0 2 

a n al y z e d t hr o u g h e n z y m ati c cl e a v a g e of t h e s n - 1 a n d s n - 3 p o siti o n s ( Fi g. S 4) a n d c o m p ar e d t o t h e s n - 1 a n d 4 0 3 

s n - 2  p o siti o n s  of  D A G,  t h e  l a b eli n g  diff er e n c e  w as  attri b ut a bl e  to s n - 3,  c o n sist e nt  wit h  b ot h  t h e 4 0 4 

i n c or p or ati o n of el o n g at e d f att y a ci d s at t his p o siti o n a n d t h e gr e at er l e v el of 2 0: 1 i n T A G r el ati v e t o P C or 4 0 5 

D A G ( Fi g. 5). If t h e s n - 3 l a b eli n g w as d u e pri m aril y t o P D A T w e w o ul d e x p e ct t o s e e a pr e c urs or- pr o d u ct 4 0 6 

r el ati o n s hi p wit h s n - 2 P C t o s n - 3 T A G, w hi c h w as n ot e vi d e nt. 4 0 7 

A si g nifi c a nt c h all e n g e t o pr o d u ci n g i n cr e as e d l e v els of li pi d s  i n pl a nts is t h at m a n y of t h e g e n es 4 0 8 

p ut ati v el y assi g n e d b y g e n o m e st u di es as b ei n g i n v ol v e d i n li pi d m et a b olis m h a v e n ot b e e n c h ar a ct eri z e d. 4 0 9 

F urt h er m or e t h e o p er ati o n of a n e n z y m e wit hi n a m et a b oli c n et w o r k is c o nt e xt-s p e cifi c ( All e n, 2 0 1 6) a n d 4 1 0 

m a y  diff er  b et w e e n  s p e ci es,  tiss u es,  e n vir o n m e nts,  or  w h e n  i ntr o d u c e d  tr a ns g e ni c all y.  T h er ef or e,  t h e 4 1 1 

o p er ati o n  of  a  c ell ul ar  n et w or k i n  pl a nt a  r e q uir es  d y n a mi c  a n al ys es  of  fl u x  wit h  is ot o p es  t o  ass ess  t h e 4 1 2 

u n d erl yi n g  c h a n g es  i n  m et a b olis m  r es p o n si bl e  f or  a n  alt er e d  p h e n ot y p e.  Gi v e n  t h e  c e ntr al  r ol e  of  P C  i n 4 1 3 

li pi d m et a b olis m ( All e n, 2 0 1 6; B at es, 2 0 1 6), w e h y p ot h esi z e d t hat o v er e x pr essi n g a p h os p h oli p as e t h at a ct s 4 1 4 

s p e cifi c all y  o n  P C  ( P L D ζ)  w o ul d  i nfl u e n c e  t h e  e x c h a n g e  a n d  fl u x  b et w e e n  P C  a n d  D A G  a n d p ot e nti all y 4 1 5 

alt er  T A G  pr o d u cti o n.  T hr o u g h  c o m bi n e d  o v er e x pr essi o n  of  t w o  Ar a bi d o psis  P L D ζ  g e n es  i n  C a m eli n a, 4 1 6 

T A G  l e v els,  P U F A  c o n c e ntr ati o n  a n d  el o n g at e d  f att y  a ci d  c o nt e nt   w er e  all  i n cr e as e d.  P C  l e v els  w er e 4 1 7 

r e d u c e d a n d D A G l e v els w er e i n cr e as e d pr es u m a bl y d u e t o t h e alter e d i nt er c h a n g e of t h es e li pi ds b y t h e 4 1 8 

P L D ζ a cti vit y. L a b eli n g wit h [1 4 C] a c et at e a n d [ 1 4 C] gl y c er ol pr o vi d e d n e w i n si g hts i nt o li pi d m et a b olis m i n 4 1 9 

C a m eli n a s p e cifi c all y i n di c ati n g a hi g h er fl u x t hr o u g h t h e K e n n e d y p at h w a y as c o m p ar e d t o Ar a bi d o p sis, 4 2 0 

b ut  still  pr e d o mi n a ntl y  c o m p o s e d  of  a  P C- d eri v e d  D A G  p at h w a y  of   T A G  s y nt h esis  w hi c h  w as  f urt h er 4 2 1 

e n h a n c e d b y P L D ζ e x pr essi o n. W h e n c o m bi n e d wit h ot h er c h a n g es t h at c o ul d f urt h er alt er t h e F A pr ofil e of 4 2 2 

T A G ( e. g. s u p pr essi o n of F A D 2/ 3 f or a c c u m ul ati o n of m o n os at ur at es), t h e o v er e x pr essi o n of P L D ζ m a y b e 4 2 3 

p art of a n e n gi n e eri n g str at e g y t o e n h a n c e s e e d oil c o nt e nt f or bi of u els or i n d u stri al c h e mi c als.  4 2 4 

 4 2 5 

 4 2 6 

M A T E RI A L S A N D M E T H O D S 4 2 7 

Pl a nt M at e ri als a n d C h e mi c als 4 2 8 

C a m eli n a  s ati v a   wil d  t y p e  ' S u n es o n'  ( M T 5)  a n d  At P L Dζ  o v er e x pr essi n g  li n es  w er e  gr o w n  i n 4 2 9 

gr e e n h o u s es  at  2 0 ° C/ 2 1 ° C  u n d er  s u p pl e m e nt al  li g ht  t o  e n s ur e  a  c o nsist e nt  1 6  hr/ 8  hr  d a y/ ni g ht  c y cl e 4 3 0 

at  > 5 0 0  µ m ol es/ c m 2 /s e c  i n  St  L o uis,  Miss o uri  ( 3 8. 6 3 ° N,  9 0. 2 0 ° W).  D e v el o pi n g  sili qu es  w er e  h ar v est e d 4 3 1 

fr o m pl a nts at v ari o us ti m es t hr o u g h o ut d e v el o p m e nt f or li pi d an al ysis or r a di o a cti v e l a b eli n g.   4 3 2 

Or g a ni c  s ol v e nts,  pri m uli n e,  p h o s p h oli p as e  A 2   fr o m N aj a  m oss a m bi c a  m oss a m bi c a ,  a n d 4 3 3 

R hiz o m u c or mi e h ei  li p as e, w er e p ur c h as e d fr o m Si g ma- Al dri c h ( htt p:// w w w.si g m a al d ri c h. c o m/); t hi n l a y er 4 3 4 

c hr o m at o gr a p h y ( T L C) pl at es sili c a g el 6 0 Å w er e fr o m E M D Milli p or e ( htt p:// w w w. e m d milli p or e. c o m/); 4 3 5 

Hi o ni c  Fl u or  li q ui d  s ci ntill ati o n  c o c kt ail  w as  fr o m  P er ki n El m er   ( w w w. p er ki n el m er. c o m/);  b ut yl at e d 4 3 6 
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h y dr o x yt ol u e n e  w as  fr o m  M P  Bi o c h e mi c als,  L L C  ( w w w. m p bi o c h e mi c al s. c o m/);  [ 1- 1 4 C] a c et at e  (s p e cifi c 4 3 7 

a cti vit y,  5 9  m Ci  m m ol - 1)  a n d  [ 1, 3-1 4 C]  gl y c er ol  (s p e cifi c  a cti vit y  5 6  m Ci/ m m ol)  w er e  p ur c h as e d  fr o m  4 3 8 

A m eri c a n R a di ol a b el e d C h e mi c als ( htt p:// w w w. a r c-i n c. c o m/).  4 3 9 

V e ct o r C o nst r u cti o n a n d Pl a nt T r a nsf o r m ati o n 4 4 0 

T h e f ull-l e n gt h c D N A c o di n g r e gi o n s of At P L D ζ 1  a n d  At P L Dζ 2  w er e a m plifi e d b y P C R u si n g t h e 4 4 1 

c D N A li br ar y pr e p ar e d fr o m Ar a bi d o psis t h ali a n a  C ol- 1. T h e At P L D ζ 1 c o di n g r e gi o n w as pl a c e d b e hi n d a 4 4 2 

gl y ci ni n  pr o m ot er  o n  v e ct or  p Gl y- Ds R e d  ( g e n er ati n g  p Gl y- Ds R e d- ζ 1).  T h e At P L D ζ 2  c o di n g  r e gi o n  w as 4 4 3 

i ns ert e d  b e hi n d  a  β- c o n gl y ci ni n  pr o m ot er  o n  a  s e p ar at e  cl o ni n g v e ct or.  T h e n,  t h e At P L D ζ 2  e x pr essi o n 4 4 4 

c ass ett e  i n cl u di n g  t h e  β- c o n gl y ci ni n  pr o m ot er,  t h e  c o di n g  r e gi o n  of At P L D ζ 2  a n d  t h e  t er mi n at or  w as 4 4 5 

a m plifi e d  wit h  P C R,  a n d  t h e  pr o d u ct  w as  t h e n  cl o n e d  i nt o  t h e  bi n ar y  v e ct or  p Gl y- Ds R e d- ζ 1  c o nt ai ni n g 4 4 6 

Ds R e d a n d h y gr o m y ci n s el e cti o n m ar k ers ( g e n er ati n g p Gl y- Ds R e d- ζ 1-  ζ 2 ).  T h e bi n ar y v e ct or c o nt ai ni n g 4 4 7 

b ot h At P L D ζ 1  a n d  At P L D ζ 2 c a ss ett es,  p Gl y- Ds R e d- ζ 1-  ζ 2,   w as  i ntr o d u c e d  i nt o A g r o b a ct eri u m str ai n 4 4 8 

G V 3 1 0 1 b y  a  fr e e zi n g  a n d  t h a wi n g  m et h o d.   C a m eli n a s ati v a   ' S u n es o n' w as  tr a nsf or m e d  wit h  t h e a b o v e  4 4 9 

A gr o b a ct eri u m G V 3 1 0 1  b y  fl or al  di p pi n g  ( L u  a n d  K a n g,  2 0 0 8).  Tr a n s g e ni c  pl a nts   w er e  s el e ct e d  o n  1 0 4 5 0 

m g/ L h y gr o m y ci n gr o wt h m e di a a n d c o nfir m e d b y di git al i m a gi n g o f Ds R e d e x pr essi o n.        4 5 1 

R N A E x p r essi o n A n al ysis 4 5 2 

T ot al R N A w as is ol at e d fr o m d e v el o pi n g s e e ds u si n g Tri P ur e Is ol ati o n R e a g e nt ( R o c h e). c D N A 4 5 3 

w as o bt ai n e d usi n g Tr a n s cri pt or First Str a n d c D N A S y nt h esis Kit  ( R o c h e). P C R r e a cti o ns w er e p erf or m e d 4 5 4 

usi n g E x T a q Pr e mi x p ol y m er as e ( Cl o nt e c h L a b or at ori es I n c) wit h  3 0 c y cl es of a m plifi c ati o n. Pri m ers us e d 4 5 5 

f or At P L D ζ 1  , At P L D ζ 2  a n d u bi q uiti n w er e as f oll o ws:  At P L D ζ 1  , f or w ar d  5'- A T G G C A T C T G A G C A G 4 5 6 

T T G A T G T C T C C C - 3',  r e v ers e  5'- C T G G T G A G A A T G A C A A C A T C G A A A C C T C C - 3'; At P L D ζ 2 , 4 5 7 

f or w ar d  5'- T A A C G G C G T T A A G T C A G A C G G A G T C A T C - 3', r e v ers e 5'- G G A A C T T G C A G A 4 5 8 

C C T C T T T G G A G T T - 3'; u bi q uiti n  ( h o m ol o g of Ar a bi d o p sis u bi q uiti n 1 0 g e n e),  f or w ar d: 5'- A A G A T G 4 5 9 

G C C G C A C C T T G G C T G A T T A C - 3', r e v ers e  5'- T C T C A A C C T C C A A A G T G A T G G T T T T A C - 3'.   4 6 0 

At P L D ζ 1 A cti vit y Ass a y 4 6 1 

D e v el o pi n g  s e e ds  w er e  gr o u n d  i n  li q ui d  nitr o g e n,  a n d  t h e n  e xtr a ct e d  wit h  b uff er  c o nt ai ni n g  5 0 4 6 2 

m M Tris- H Cl, p H 8. 0, 1 0 m M K Cl, 1 m M E D T A, 2 m M D T T a n d 0. 5 m M P M S F. Aft er c e ntrif u g ati o n at 4 6 3 

1 2, 0 0 0 g   f or  1 0  mi n  at  4 ° C,  t h e  s u p er n at a nt  c o nt ai ni n g  t h e  s ol u bl e  pr otei n  fr a cti o n  w as  c e ntrif u g e d  at 4 6 4 

1 0 0, 0 0 0 g f or 3 0 mi n at 4 ° C t wi c e t o o bt ai n t h e mi cr o s o m al pr ot ei n fr a ctio n. At P L D ζ 1 a cti vit y w as ass a y e d 4 6 5 

usi n g  r a di ol a b el e d  P C,  L- a- di p al mit o yl  [ 2- p al mit o yl- 9, 1 0- 3 H( N)  ( 1  m Ci/ ml  a n d  6 0  Ci/ m m ol)  ( A m eri c a n 4 6 6 

R a di ol a b el e d C h e mi c als) as d es cr i b e d i n ( Qi n a n d W a n g, 2 0 0 2). Aft er t w o h o ur r e a cti o ns at 3 0 ° C, li pi ds 4 6 7 

w er e e xtr a ct e d fr o m t h e r e a cti o n mi xt ur e wit h 1 m L c hl or of or m/ m et h a n ol ( 2: 1, v/ v), a n d t h e n s e p ar at e d o n 4 6 8 

sili c a  g el  6 0  Å  T L C  pl at es  wit h  a  d e v el o pi n g  s ol v e nt  s yst e m  of c hl or of or m/ m et h a n ol/ 3 0 %  a m m o ni u m 4 6 9 

h y dr o xi d e ( 6 5: 2 5: 4, v/ v/ v). Li pi d s p ots f or P A w er e s cr a p e d fr o m t h e pl at e a n d c o u nt e d b y s ci ntill ati o n.  4 7 0 

 [1 4 C] A c et at e a n d [ 1 4 C] Gl y c e r ol L a b eli n g  4 7 1 



2 1 
 

C a m eli n a s e e ds w er e r e m o v e d fr o m d e v el o pi n g p o d s ( 2 0 d a ys aft er  fl o w eri n g) a n d e m br y o s w er e 4 7 2 

diss e ct e d fr o m t h e s e e d c o ats a n d  c ult ur e d i n m e di u m c o nt ai ni n g 5 m M M E S, p H 5. 8, 0. 5 % s u cr o s e, a n d 4 7 3 

0. 5 x  M ur as hi g e  a n d  S k o o g  s alts  ( B at es  a n d  Br o ws e,  2 0 1 2).  Aft er pr ei n c u b ati o n  of  e m br y o s  f or  2 0  mi n 4 7 4 

u n d er li g ht of 3 5 µ m ol e s/ c m 2 / s e c, t e m p er at ur e at 2 4 ° C, r el ati v e h u mi dit y of 3 5 % wit h c o n st ant s h a ki n g, t h e 4 7 5 

l a b eli n g of t w e nt y si x e m br y o s p er s a m pl e w as st art e d b y r e pl a ci n g t h e 1 m L pr ei n c u b ati o n m e di u m wit h 1 4 7 6 

m L  fr es h  c ult ur e  m e di u m  c o nt ai ni n g  [ 1- 1 4 C]- a c et at e  ( 0. 5  m M)  or  [ 1, 3- 1 4 C]  gl y c er ol  ( 0. 2  m M)  i n  a  2- m L 4 7 7 

E p p e n d orf  t u b e.  F or  e a c h  ti m e  p oi nt,  t h e  l a b eli n g  r e a cti o n  w as st o p p e d  b y  r e m o vi n g  t h e  1. 0  m L  c ult ur e 4 7 8 

m e di u m  c o nt ai ni n g  r a di o a cti v e  s u bstr at e  a n d  fr e e zi n g  t h e  e m br y o s  i n  t h e  t u b e  i m m e di at el y  i n  li q ui d 4 7 9 

nitr o g e n. F or [ 1 4 C] gl y c er ol-l a b el e d li pi d cl ass es  i n cl u di n g P C, D A G a n d T A G, t h e pr o p orti o n of l a b el i n t h e 4 8 0 

a c yl c h ai n s v ers u s t h e b a c k b o n e w as d et er mi n e d b y b as e- c at al y z e d tr a ns m et h yl ati o n of  T L C-s e p ar at e d a n d 4 8 1 

p urifi e d li pi d s a n d s ci ntill ati o n c o u nti n g of t h e s e p ar at e d or g a ni c a n d a q u e o us p h as es (I c hi h ar a et al., 1 9 9 6).   4 8 2 

Li pi d A n al ysis 4 8 3 

T ot al li pi d s of d e v el o pi n g s e e d s or e m br y os w er e e xtr a ct e d u si n g a m o difi e d m et h o d b as e d o n a 4 8 4 

pr ot o c ol  b y  K a n s as  Li pi d o mi cs  R es e ar c h  C e nt er  ( htt p:// w w w. k-st a t e. e d u/li pi d/li pi d o mi cs/ pr ot o c ols. ht m). 4 8 5 

Bri efl y, s e e ds or e m br y o s w er e q ui c kl y tr a nsf err e d t o a n 8- m L g l ass t u b e c o nt ai ni n g h ot is o pr o p a n ol wit h 4 8 6 

0. 0 1 % b ut yl at e d h y dr o x yt ol u e n e ( at 7 5 ° C), a n d i n c u b at e d at 7 5 ° C  f or 1 5 mi n. T h e n, s e e d s or e m br y os i n 4 8 7 

is o pr o p a n ol  w er e  h o m o g e ni z e d  t h or o u g hl y  wit h  gl ass  r o d  b ef or e  ad di n g  1. 0  m L  c hl or of or m  a n d  1. 0  m L 4 8 8 

m et h a n ol a n d 0. 8 m L w at er. Aft er v ort e xi n g, 1. 0 m L c hl or of or m a n d 1. 0 m L w at er w er e a d d e d.  T h e n t h e 4 8 9 

mi xt ur e w as p artiti o n e d i nt o t w o p h as es b y c e ntrif u g ati o n. T h e c hl or of or m p h as e wit h li pi d s w as m o v e d t o 4 9 0 

a s e p ar at e gl ass t u b e, a n d t h e r e m ai ni n g mi xt ur e w as t wi c e e xtr a ct e d b y a d di n g 1. 0 m L c hl or of or m, s h a ki n g, 4 9 1 

c e ntrif u g ati o n, a n d c o m bi ni n g t h e c hl or of or m p h as es. T h e t ot al li pi d e xtr a ct w as w as h e d o n c e b y a d di n g a 4 9 2 

s m all a m o u nt ( 0. 5 m L) of 1 M K Cl. Li pi ds w er e dri e d u n d er nitr o g e n g as fl o w, a n d s u s p e n d e d t o a s m all 4 9 3 

v ol u m e  i n  c hl or of or m.  F att y  a ci d  m et h yl  e st ers  w er e  pr e p ar e d  b y   t h e  a ci d  tr a n s m et h yl ati o n  pr o c e d ur e  as 4 9 4 

d es cri b e d ( C a h o o n et al., 2 0 0 2), a n d q u a ntifi e d b y g as c hr o m at o gr a p h y usi n g a fl a m e i o ni z ati o n d et e cti o n 4 9 5 

( F o c u s G C, T h er m o S ci e ntifi c) a n d a H P-I N N O W A X c a pill ar y c ol u m n  ( 3 0 m l e n gt h x 0. 2 5 m m i. d., 0. 2 5 4 9 6 

µ m fil m t hi c k n ess, A gil e nt J & W G C C ol u m n s, A gil e nt T e c h n ol o gi es ).  4 9 7 

R a di o a cti vit y i n t h e t ot al li pi d s a m pl es, a n d i n di vi d u all y p uri fi e d li pi ds, w er e q u a ntifi e d b y li q ui d 4 9 8 

s ci ntill ati o n  c o u nti n g.  R a di o a cti vit y  o n  T L C  pl at es  w as  vis u ali z e d  a n d  i m a g e d  b y  el e ctr o ni c  r a di o gr a p h y 4 9 9 

( P a c k ar d  A 2 0 2 4 0  I n st a nt  I m a g er;  P a c k ar d  I nstr u m e nt).  P ol ar  li pi d  s e p ar ati o n  b y  T L C,  r e c o v er y  of  p ol ar 5 0 0 

li pi d s  fr o m  T L C  pl at es,  a n d  p o siti o n al  a n al ysis  of  P C  a n d  P A  a cyl  gr o u p s  u si n g  p h os p h oli p as e  A 2  w er e 5 0 1 

c o n d u ct e d  as  d es cri b e d  ( B at es  et  al.,  2 0 0 7).  F or  a c yl  c h ai n  f at t y  a ci d  c o m p ositi o n  i n  D A G  a n d  T A G, 5 0 2 

R hiz o m u c or  mi e h ei   li p as e  w as  u s e d  f or  di g esti o n  as  d es cri b e d  si mil ar  t o  pr ot o c ol  d es cri b e d  f or  p or ci n e 5 0 3 

p a n cr e ati c li p as e h y dr ol ysis of T A G ( C hristi e a n d H a n, 2 0 0 3; C a h o o n et al., 2 0 0 6).  Bri efl y, a n ali q u ot of 5 0 4 

D A G or T A G w as dri e d u n d er nitr o g e n g as fl o w, a n d s u s p e n d e d i n 1. 0 m L di et h yl et h er. T h e n, 0. 6 0 m L of 5 0 5 

a r e a cti o n b uff er c o nt ai ni n g 5 0 m M Tris- H Cl, p H 8. 0, 5 m M C a Cl 2 , a n d 2 0 0 µ L R hiz o m u c or mi e h ei  li p as e 5 0 6 

w er e  a d d e d  t o  t h e  li pi d  i n  di et h yl  et h er.    R e a cti o ns  w er e  i n c u b at e d  at  3 7 ° C  f or  1 ~ 3  h  wit h  s h a ki n g.  5 0 7 

R e a cti o ns w er e st o p p e d b y a d di n g 0. 3 m L 6 N h y dr o c hl ori c a ci d a n d t h e di et h yl et h er p h as e w as e v a p or at e d 5 0 8 
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u n d er  nitr o g e n  g as  fl o w.  Li pi d s i n  t h e  r e a cti o n  w er e  e xtr a ct e d wit h  c hl or of or m/ m et h a n ol  ( 2: 1,  v/ v).  T h e 5 0 9 

li pi d e xtr a ct w as dri e d u n d er nitr o g e n g as fl o w, a n d s u s p e n d e d i n s m all v ol u m e of c hl or of or m b ef or e b ei n g 5 1 0 

s e p ar at e d  b y  T L C  pl at e  Sili c a  g el  6 0  Å  t o g et h er  wit h  st a n d ar d s.   T L C  pl at es  w er e  d e v el o p e d  wit h 5 1 1 

h e x a n e/ di et h yl  et h er/ a c eti c  a ci d  ( 7 0: 3 0: 1,  v/ v/ v)  t o  s e p ar at e  n e utr al  li pi d  cl ass es  a n d  i n di vi d u al  n e utr al 5 1 2 

li pi d s w er e el ut e d fr o m T L C silic a wit h c hl or of or m/ m et h a n ol ( 2: 1, v/ v) a n d b a c k- e xtr a ct e d wit h c hl or of or m. 5 1 3 

All T L C s ol v e nts c o nt ai n e d 0. 0 1 % ( w/ v) b ut yl at e d h y dr o x yt ol u e n e . P h o s p h oli pi d s fr o m t h e T L C pl at e w er e 5 1 4 

el ut e d  wit h  c hl or of or m/ m et h a n ol/ 0. 9 %  K Cl  ( 2: 1: 1,  v/ v/ v),  a n d  t h e n  t h e  a q u e o us  p h as e  w as  r e- e xtr a ct e d 5 1 5 

wit h c hl or of or m a n d li pi d s c o m bi n e d pri or t o f urt h er a n al ysis. 5 1 6 

P ol ar  li pi d  cl ass es  w er e  s e p ar at e d  b y  a  s ol v e nt  s yst e m  of  c hl or of or m/ m et h a n ol/ 3 0 %  a m m o ni u m 5 1 7 

h y dr o xi d e ( 6 5: 2 5: 4, v/ v/ v) t h at w as u s e d t o est a blis h t h e fr a ct i o n of l a b eli n g i n P C r el ati v e t o ot h er p ol ar 5 1 8 

c o m p o n e nts.  Li pi d  s p ots  o n  t h e  T L C  pl at e  w er e  vis u ali z e d  u n d er U V  li g ht  aft er  st ai ni n g  wit h  pri m uli n e. 5 1 9 

E a c h li pi d w as el ut e d fr o m t h e sili c a pl at e as d es cri b e d ( B at es  et al., 2 0 0 7).  P C a n d P A st er e o c h e mistr y 5 2 0 

w as  d et er mi n e d  b y  a  m o difi e d  m et h o d  of  p h o s p h oli p as e  A 2   di g esti o n  b as e d  o n  m et h o ds  d es cri b e d 5 2 1 

pr e vi o u sl y  ( B at es  et  al.,  2 0 0 7).  Bri efl y,  P C  or  P A  i n  1  m L  di et h yl  et h er  w as  i n c u b at e d  wit h  0. 5  m L  of 5 2 2 

r e a cti o n b uff er c o nt ai ni n g 5 0 m M b or at e, p H 7. 5, 4 m M C a Cl2  a n d 5 U P L A2  at 2 5 ° C f or 2 0 mi n. Pr o d u cts 5 2 3 

w er e e xtr a ct e d a n d s e p ar at e d b y T L C u si n g a d e v el o pi n g s yst e m o f c hl or of or m/ m et h a n ol/ 3 0 % a m m o ni u m 5 2 4 

h y dr o xi d e  ( 6 5: 2 5: 4,  v/ v/ v).  D A G  a n d  T A G  r e gi o c h e mistr y  w as  d et e r mi n e d  b y R hiz o m u c or mi e h ei  li p as e 5 2 5 

di g esti o n  a n d  T L C  ( C a h o o n  et  al.,  2 0 0 6).  Gr a p h P a d  Pri z m  ( v ersi o n  6)  w as  u s e d  t o  p erf or m  li n e ar 5 2 6 

r e gr essi o n a n al ysis o n i niti al r at e d at a ( T a bl e S 1). 5 2 7 

 S e e d oil c o nt e nt w as d et er mi n e d b y f att y a ci d m et h yl ati o n a n alysis. T h e d e v el o pi n g s e e ds w er e 5 2 8 

l y o p hili z e d t h e n tr a n s m et h yl at e d b y t h e a ci d tr a ns m e yt hl ati o n pr o c e d ur e as d es cri b e d ( C a h o o n et al., 2 0 0 2). 5 2 9 

Bri efl y, m et h a n ol c o nt ai ni n g 2. 5 % s ulf uri c a ci d, 0. 0 1 % ( w/ v) b u t yl at e d h y dr o x yt ol u e n e, 2 0 % t ol u e n e, a n d 5 3 0 

T A G- 1 7: 0 i nt er n al st a n d ar d w er e a d d e d t o a gl ass vi al c o nt ai ni n g s e e d s.  T h e s e e ds w er e cr us h e d wit h gl ass 5 3 1 

r o d a n d t h e n h e at e d at 9 0 C f or 1 h. Tr a ns m et h yl ati o n w as q u e n ch e d t hr o u g h a d diti o n of 1 M N a Cl, pri or t o 5 3 2 

e xtr a cti o n wit h h e x a n e. T h e h e x a n e fr a cti o n w as tr a nsf err e d t o a G C vi al a n d t h e f att y a ci d m et h yl est ers 5 3 3 

w er e a n al y z e d b y G C- FI D. T h e oil c o nt e nt w as d et er mi n e d b y c o m p aris o n of t h e d et e ct or r es p o ns e fr o m 5 3 4 

s e e d- d eri v e d f att y a ci d m et h yl est ers r el ati v e t o m et h yl h e pt a d e c a n o at e fr o m t h e tri h e pt a d e c a n oi n i nt er n al 5 3 5 

st a n d ar d.   5 3 6 

  5 3 7 

S U P P L E M E N T A L D A T A 5 3 8 

T h e f oll o wi n g s u p pl e m e nt al m at eri als ar e a v ail a bl e. 5 3 9 

S u p pl e m e nt al Fi g. S 1.  Mi n or f att y a ci d c o m p o siti o n i n W T a n d P L D ζ  5 4 0 

S u p pl e m e nt al Fi g. S 2.  T ot al [1 4 C] i n c or p or a ti o n fr o m l a b el e d a c et at e 5 4 1 

S u p pl e m e nt al Fi g. S 3.   [1 4 C] i n c or p or ati o n i n t o mi n or p ol ar  li pi d s fr o m l a b el e d a c et at e 5 4 2 

S u p pl e m e nt al Fi g. S 4.  [1 4 C] r e gi o c h e mi c al a n al ysi s of T A G fr o m a c et at e  5 4 3 

S u p pl e m e nt al Fi g. S 5.  T ot al [1 4 C] i n c or p or ati o n fr o m l a b el e d gl y c er ol 5 4 4 

S u p pl e m e nt al Fi g. S 6.  [1 4 C] i n c or p or ati o n i n t o P C, D A G a n d T A G fr o m l a b el e d gl y c er ol 5 4 5 
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S u p pl e m e nt al Fi g. S 7.  [1 4 C] i n c or p or ati o n i n t o mi n or p ol ar li pi d s fr o m l a b el e d gl y c er ol  5 4 6 

S u p pl e m e nt al Fi g. S 8. I n c or p or ati o n of [1 4 C]- gl y c er ol i nt o a c yl c h ai ns of gl y c er oli pi d s  5 4 7 

 5 4 8 

S u p pl e m e nt al T a bl e S 1. I niti al l a b eli n g of gl y c er ol b a c k b o n e 5 4 9 

 5 5 0 

A C K N O W L E D G E M E N T S  5 5 1 

A n y  pr o d u ct  or  tr a d e m ar k  m e nti o n e d  h er e  d o es  n ot  i m pl y  a  w arr a n t y,  g u ar a nt e e,  or  e n d ors e m e nt  b y  t h e 5 5 2 

a ut h ors or t h eir affili ati o n s o v er ot h er s uit a bl e pr o d u cts. 5 5 3 

 5 5 4 

5 5 5 
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T A B L E S  5 5 6 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 5 7 
T a bl e I. Oil c o nt e nt i n d e v el o pi n g a n d m at ur e s e e d s of W T a n d P L D ζ li n es, a n d P L Dζ a cti vit y m e as ur e d i n 5 5 8 
d e v el o pi n g s e e ds of W T a n d P L D ζ li n es at 2 0 D A F. V al u es ar e m e a ns + S D ( n = 3). Ast eris ks i n di c at e t h at 5 5 9 
t h e v al u es w er e st atisti c all y sig nifi c a ntl y diff er e nt fr o m t h e wil d t y p e at p < 0. 0 5 b as e d o n St u d e nt's  T t est. 5 6 0 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 6 1 
 5 6 2 
         W T        1       2                 3                4 5 6 3 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 6 4 
 5 6 5 
Oil l e v el ( % D W) 5 6 6 
 5 6 7 
           1 2 D A F     1 5. 7 6 + 0. 9 1     1 7. 6 7 + 0. 4 8 *    1 7. 0 0 + 0. 1 3 *    1 7. 2 1 + 0. 0 8 *    1 9. 3 0 + 0. 1 1 *  5 6 8 
           2 0 D A F     2 2. 6 4 + 0. 7 1     2 5. 8 4 + 0. 4 2 *    2 4. 6 1 + 0. 3 5 *    2 7. 0 3 + 0. 6 6 *    2 5. 9 2 + 0. 6 5 *     5 6 9 
           m at ur e       2 4. 9 0 + 0. 6 0     2 7. 9 6 + 0. 6 0 *    2 6. 8 6 + 1. 0 0 *    2 7. 4 7 + 1. 8 6 *    2 6. 8 0 + 0. 6 8 * 5 7 0 
 5 7 1 
P L D ζ a cti vit y ( p m ol/ h/ g)      5 7 2 
 5 7 3 
           2 0 D A F   6 5. 7 4 + 1 2. 5 8  1 0 4. 6 7 + 1 9. 9 2 *  8 6. 0 1 + 1 0. 30 *  2 6 9. 1 3 + 4 1. 9 7 *   1 0 1. 2 4 + 2 0. 5 9 *  5 7 4 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 7 5 

5 7 6 
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FI G U R E L E G E N D S  5 7 7 
 5 7 8 
Fi g. 1. Si m plifi e d m et a b oli c n et w or k d es cri pti o n of a c yl c h ai n i n c or p or ati o n i nt o T A G i n oils e e d s. 5 7 9 
E n z y m es ar e l a b el e d i n it ali cs. G 3 P, gl y c er ol- 3- p h os p h at e; L P A,  l ys o p h o s p h ati di c a ci d; P A, p h os p h ati di c 5 8 0 
a ci d; P C, p h os p h ati d yl c h oli n e; D A G, di a c yl gl y c er ol; T A G, tri a c y l gl y c er ol; L P C A T, l ys o- P C 5 8 1 
a c yltr a nsf er as e; P L A, p h os p h oli p as e A; G P A T, gl y c er ol- 3- p h o s p h a t e a c yltr a nsf er as e; L P A A T, l ys o- P A 5 8 2 
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