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ABSTRACT

The p r o je c t  was s e t  up to  i n v e s t ig a te  th e  h o s t - p a r a s i t e  i n t e r f a c e  in  
powdery mildew in f e c te d  pea p la n t s .  The i n t e r f a c e  c o n s i s t s  o f a double  
membrane system  c o n ta in in g  b o th  h o s t and p a r a s i t e  membranes th rou gh  which 
a l l  th e  s o lu te s  r e q u ire d  by th e  pathog en  m ust p a s s .  As membranes c o n ta in  
l a r g e  amounts of p h o sp h o lip id  i t  was d ec id ed  to  look  f o r  changes in  th e  
p h o sp h o lip id  components w hich may become a p p a re n t  d u r in g  th e  developm ent 
o f th e  d i s e a s e .

I n i t i a l l y  a q u a n t i t a t i v e  e x t r a c t io n  and a n a l y t i c a l  p ro ced ure  was 
d ev e lo ped  f o r  p la n t  l i p i d s .  Once t h i s  sy stem  was d eve loped  a s tu d y  u sin g  
l i p i d  e x t r a c t s  from whole le a v e s  was u n d e rta k e n  which re v e a le d  no changes 
in  l i p i d  co m po sition  in  le a v e s  up to  21 days a f t e r  i n f e c t io n .  Epiderm al 
s t r i p s  w ere th en  used and i t  was seen  t h a t  i n f e c t io n  caused  a d ec re a se  in  
th e  c h lo r o p la s t  l i p i d s  PG, DGDG and MGDG and an in c re a s e  in  th e  
u n s a tu r a t io n  o f p o la r  l ip id -b o u n d  f a t t y  a c id s .  L a te r  s tu d ie s  showed th a t  
th e s e  changes were n o t caused  by th e  p re se n c e  o f fu n g a l l i p i d s  w ith in  th e  
e p id e rm a l c e l l s  bu t w ere a r e s u l t  o f p rem a tu re  sen escen ce  o f th e  t i s s u e .

When in d iv id u a l  membranes were i s o l a t e d  and ana lyzed  i t  was shown th a t  
th e s e  changes were c o n s is te n t  f o r  a l l  membranes in  th e  ep id erm a l c e l l s .

These r e s u l t s  d em on stra ted  th e  e f f i c i e n c y  o f th e  b io tro p h ic  
i n t e r a c t i o n  betw een th e  p a r a s i t e  and i t s  h o s t .  The re s u l ts  were d isc u sse d  
in  r e l a t i o n  to  membrane p e rm e a b ili ty  phenomena and p o s s ib le  mechanisms 
f o r  e a r ly  changes in  membrane s t r u c tu r e  r e s u l t i n g  in  n u t r i e n t  t r a n s f e r  
from  h o s t  to  p a r a s i t e  were sp e c u la te d  upon.
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1. I n t r o d u c t io n

The aim o f t h i s  p r o je c t  was to  exam ine th e  h o st p a r a s i t e  i n t e r f a c e  in  a 
p la n t  d is e a s e  caused by a b io t r o p h ic  fu n g a l p a r a s i t e .  The ex p e rim e n ta l 
sy stem  com prised  o f powdery mildew o f peas Pisum sa tiv u m  caused by 
E ry s ip h e  p i s i . The rea so n  f o r  ch o o sin g  t h i s  system  was t h a t  th e  powdery 
m ildew  h o s t  p a r a s i t e  i n t e r f a c e  i s  r e s t r i c t e d  to  th e  e p id e rm a l c e l l s .  T h is 
means t h a t  any method f o r  a n a ly s is  can be co n fin ed  to  a s in g le  t i s s u e ,  th e  
e p id e rm a l la y e r  e n a b lin g  a  c lo s e r  ex am in a tio n  o f th e  e f f e c t s  o f th e  
d is e a s e  on th e  h o s t .  A nother im p o rta n t c o n s id e r a t io n  in  th e  ch o ice  o f th e  
d is e a s e  system  was th e  f a c t  t h a t  a c o n s id e ra b le  amount o f work has been 
c a r r i e d  o u t on th e  m ic ro sco p ic  c h a r a c t e r i s t i c s  o f t h i s  h o s t  p a r a s i t e  
i n t e r f a c e  and i t  was a ls o  p o s s ib le  to  s e p a r a te  th e  h a u s t o r ia l  com plexes 
from  th e  ep id erm a l c e l l s .

The most im p o rta n t c h a r a c t e r i s t i c  o f any fu n g a l d is e a s e  i s  th e  f a c t  
t h a t  th e  fungus i s  a b le  to  d i r e c t  h o s t  m e ta b o li te s  from  th e  h o s t to  th e  
fu n g u s . In  o rd e r  to  f u l l y  u n d e rs ta n d  a d is e a s e  s i t u a t i o n  i t  i s  im p o rta n t 
to  uncover how t h i s  o c c u rs . The main o b je c t iv e  o f t h i s  s tu d y  was to  
o b s e rv e , c h e m ic a lly , th e  changes t h a t  ta k e  p la c e  in  th e  p la n t  membrane 
co m p o sitio n  th ro u g h o u t th e  co u rse  o f th e  d is e a s e  and in  t h i s  way to  come 
to  an u n d e rs ta n d in g  o f how th e  p athogen  a l t e r s  th e  p e rm e a b i l i ty  o f th e  
membranes in  o rd e r  to  o b ta in  n u t r i e n t s  from  th e  h o s t .  In  p a r t i c u l a r  the  
changes in  membrane l i p i d s  were s tu d ie d  as th e  b a r r i e r  p r o p e r t ie s  o f 
b io lo g ic a l  membranes depend to  a c o n s id e ra b le  e x te n t  on th e  n a tu re  o f th e  
hyd ro carb o n  ch a in s  o f th e  membrane l i p i d s .  S tu d ie s  u s in g  m onom olecular 
f i lm s  and liposom es have shown t h a t  a l t e r a t i o n s  in  th e  f i n e  s t r u c tu r e  o f 
p h o s p h o lip id s  has a p rofound e f f e c t  upon th e  p e rm e a b il i ty  of b io lo g ic a l  
membranes and so i t  was tho u gh t t h a t  an  i n v e s t ig a t io n  in to  th e  changes in  
p h o sp h o lip id  s t r u c tu r e  may re v e a l  some in fo rm a tio n  ab o u t th e  n a tu re  o f th e  
membrane p e rm e a b i l i ty  changes in  th e  d is e a s e  s t a t e .

2 L i t e r a t u r e  Review

2 .1  The Fungus

Powdery mildew o f peas caused by E ry s ip le  p i s i  has a w orld  wide 
occuijfence. I t  i s  found .on members o f th e  P a p ilo n a c e a e , m ainly  on the
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g e n e ra  Pi£um, Dorcynium , Mgdicago and V ic ia  and l e s s  f r e q u e n t ly  on Lupinus 
s p ,  Lens sp and T rifo liu m  dubium (K apoor, 1967). The.m ycelium  i s  v a r ia b le ,  
t h i n  o ffu se d  and a ra c h n o id , th e  c o n id ia ,  u s u a l ly  formed s in g ly  o r 
o c c a s io n a l ly  in  v e ry  s h o r t  c h a in s  a re  e l i p s o id  w h i l s t  th e  c l e i s t o t h e c i a  
a r e  g lo b o se .

T hree b io lo g ic  form s of E ry sip h e  p i s i  have been d e s c r ib e d  (Hammerlund, 
192 5 ); f .  sp . p i s i  on Pisum sa tiv u m  and Pisum a rv e n s e , f .  sp . m ed icagn is 
s a t iv a e  on Hedicago s a t iv a  and M edicago f u l c a t a  and f . sp . v ic io e  s a t iv a e  
on V ic ia  s a t i v a , V ic ia  sepium and V ic ia  s y l v a t i c a .

2 .2  The D isease

The fungus grows on bo th  l e a f  s u r f a c e s  and stem s as  powdery g re y is h  
w h ite  c o lo n ie s  which e v e n tu a l ly  c o a le s c e  (D ixon, 1 97 8 ). Mildew in f e c t io n  
a d v e rs e ly  a f f e c t s  th e  t o t a l  p la n t  w e ig h t, th e  number of pods p e r p la n t ,  
th e  p la n t  h e ig h t ,  th e  number o f nodes p e r p la n t ,  th e  w eight o f s h e l le d  
p ea s  and th e  numbers o f peas p e r pod. I n f e c t io n  a ls o  r a i s e s  th e  
" te n d e ro m e te r ’’ re a d in g  and th u s  d e p re s s e s  q u a l i ty  (G r i t to n  and E b e r t ,  
1975 ).

Oku e t  a l  (1975) d em on stra ted  p h y to a le x in  p ro d u c tio n  in  peas in f e c te d  
by E ry s ip h e  p i s i . The p h y to a le x in  so produced was p i s a t i n .

Developm ent on th e  h o s t has n o t been s tu d ie d  to  th e  same e x te n t  as has 
E ry s ip h e  g ram in is  b u t i t  does fo llo w  th e  same p a t t e r n  of m o rp h o lo g ica lly  
i d e n t i f i a b l e  s t a g e s ,  sp o re  g e rm in a tio n , fo rm a tio n  o f a p p r e s s o r ia l  
i n i t i a l s ,  m a tu ra tio n  o f a p p r e s s o r ia l  i n i t i a l s ,  m a tu ra tio n  of a p p r e s s o r ia ,  
fo rm a tio n  o f a p e n e tr a t io n  peg and fo rm a tio n  of h a u s to r ia  in  ep id erm al 
c e l l s .

2 .3  H a u s to r ia l  s t r u c tu r e  and fu n c t io n

The h au sto riu m  i s  d e f in e d  as a s p e c ia l i s e d  o u tg row th  o f fu n g a l c e l l s  
w hich fu n c t io n s  as  a  fe e d in g  c e l l  (B u sh n e ll,  1976). I t  i s  th e  on ly  
s t r u c t u r e  of th e  fungus which makes in i tm a te  c o n ta c t  w ith  h o st c e l l s .

The h a u s to r ia  in  E ry sip h e  p i s i  have an e l ip s o id  c e n t r a l  body w ith  s h o r t  
f i n g e r  l i k e  p r o je c t io n s  e x te n d in g  o ver the  s u r fa c e  o f th e  body (G il and

2



Gay, 1§77). The h au sto riu m  has a s in g le  n u c le u s  and i s  s e p a ra te d  from th e  
rem ain in g  h yphal - netw ork by a septum  in  th e  neck reg io n  n o rm a lly  
p e r fo ra te d  to  p ro v id e  hyphal c o n t in u i ty  th ro u g h o u t th e  colony  (B u s h n e ll ,  
1976). The h a u s to r ia l  cytoplasm  la c k s  a l a r g e  v acu o le  bu t commonly has 
s e v e r a l  sm a ll o n es , th e  cy toplasm  i s  u s u a l ly  r i c h  w ith  ribosom es and 
som etim es g ly cogen  g ra n u le s  a re  p re s e n t  ( P e r r e r a  and Gay, 1976). T here a re  
many m ito ch o n d ria  in  th e  lo b e s  and th e  p e r ip h e r a l  cy to p lasm .

The h au s to riu m  l i e s  w ith in  an e x t r a h a u s t o r i a l  membrane (E h r l ic h  and 
E h r l ic h ,  1971) w hich can be seen  u s in g  an e le c t r o n  m ic ro sco p e . The 
membrane i s  th o u g h t to  be an in v a g in a t io n  of th e  h o s t c e l l  plasm a 
membrane.

D ekhuizen (1966) was th e  f i r s t  to  a tte m p t to  i s o l a t e  h a u s to r ia  f o r  
s tu d ie s  on h o s t - p a r a s i t e  p h y s io lo g y . The s t r u c tu r e s  which he i s o l a t e d  
from  peas com prised  th e  h au sto riu m  p ro p e r  to g e th e r  w ith  a su rro u n d in g  
i n t a c t  e x t r a h a u s t o r i a l  membrane. When h a u s to r ia  a re  mounted in  w a te r  th e  
m a tr ix  re g io n  betw een th e  membranes und erg oes osm otic  sw e llin g  re v e a l in g  
t h a t  th e  two membranes a re  t i g h t l y  bound in  the  neck reg io n  (F ig .  1 ) . 
A lthough  i s o l a t e d  h a u s to r ia  a re  d e tach ed  from  th e  main hyphal netw ork  they  
r e t a i n  t h e i r  cy to p lasm  due to  th e  pore a t  th e  ju n c t io n  w ith  th e  neck 
s e a l in g  when th e  m ycelium i s  d is r u p te d .  A part from th e  rem oval o f th e  neck 
cy top lasm  i s o l a t i o n  does no t a l t e r  h a u s to r ia l  s t r u c tu r e  (B u sh n e ll and 
Gay, 1978).

The e x t r a h a u s t o r i a l  membrane d i f f e r s  s t r u c t u r a l l y  from th e  plasm a 
membrane l i n i n g  th e  c e l l  w a ll of th e  in f e c te d  c e l l  d e s p i te  being  
u l t im a te ly  d e r iv e d  from and co n tin u o u s w ith  i t .  The e x t r a h a u s to r i a l  
membrane in  b a r le y  i s  th ic k e r  th an  th e  norm al plasm a membrane (B ra c k e r , 
1968) and t h i s  has a ls o  been re p o r te d  f o r  peas (G il and Gay, 1977). The 
e x t r a h a u s t o r i a l  membrane r e s i s t s  tre a tm e n t  w ith  chem icals which 
s o lu b i l i z e  "n o rm a l” c e l l  membranes e .g .  T r i to n  x 100 and Teepol (G il  and 
Gay 1977).

F reeze  f r a c t u r e  s tu d ie s  of i s o l a t e d  and in f e c te d  ep id erm al c e l l s  have 
shown th a t  th e  s u r f a c e  o f the  e x t r a h a u s to r i a l  membrane which fa c e s  away 
from  th e  h o s t  cy to p la sm , th e  A s u r f a c e ,  shows c r a t e r  l i k e  s t r u c tu r e s  which
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F ig ure  1: An id e a l iz e d  hausto rium



Figure 1
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r e p r e s e n t  th e  edges of broken m i c r o v i l l i  p ro je c t in g  in to  the  
e x t r a h a u s t o r i a l  m a tr ix  (G il and Gay, 1977). T h is  s u r fa c e  d id  n o t c o n ta in  
th e  sm all p a r t i c l e s  found on th e  A s u r fa c e  o f th e  plasm a membrane of 
in f e c te d  c e l l s  which a re  th o u g h t to  be r e s p o n s ib le  f o r  m i c r o f i b r i l  
s y n th e s is  d u r in g  c e l l  w a ll d e p o s i t io n  (P r e s to n ,  1974).

G il and Gay (1977) have su g g es ted  t h a t  in  in f e c te d  p eas th e  
e x t r a h a u s t o r i a l  m a tr ix  p ro b ab ly  c o n ta in s  p e c t i c  and h e m ic e l lu lo s ic  
s u b s ta n c e s .  They found s ig n s  o f in t e n s iv e  G o lg i a c t i v i t y  in  a d ja c e n t  h o s t 
c y to p la sm , a long  w ith  s i t e s  on th e  e x t r a h a u s t o r i a l  membrane which 
su g g e s ted  fu s io n  w ith  G olgi v e s i c l e s .  They su g g e s te d  t h a t  h a u s to r ia  cause 
a derangem ent of c e l l  w a ll m etab o lism  w ith  an i n h i b i t io n  of c e l lu lo s e  
s y n th e s is  and an in c re a s e  o f G olg i m ed ia ted  s y n th e s is  of p e c t i c  and 
h e m ic e l lu lo s ic  su b s ta n c e s  which accum ulate  to  form th e  e x t r a h a u s to r i a l  
m a tr ix .

The s w e ll in g  of th e  e x t r a h a u s to r i a l  m a tr ix  o f i s o l a t e d  h a u s to r ia l  
com plexes in  w a te r o ccu rs  w ith o u t any s ig n  o f d is r u p t io n  o f th e  m a tr ix  
le a d in g  G il and Gay (1977) to  conc lu d e  t h a t  th e  e x t r a h a u s to r i a l  m a tr ix  was 
f l u i d  o r a t  l e a s t  a g e l

The e x t r a h a u s t o r i a l  m a tr ix  i s  s e p a ra te d  from  th e  a p o p la s t  o f th e  r e s t  
o f  th e  l e a f  by two a n n u la r  s t r u c tu r e s  in  th e  neck re g io n , th e  A and B 
b an d s . The A band a d jo in s  th e  in n e r  fa c e  o f th e  h o s t c e l l  w a ll o f in f e c te d  
c e l l s ,  t h i s  u s u a l ly  being th e  p o in t  where th e  neck b reak s when th e  
com plexes a re  i s o l a t e d  (G il and Gay, 1977). The B band i s  s e p a r a te  and 
n e a r e r  to  th e  h a u s to r ia l  body. I t  s e a ls  th e  e x t r a h a u s to r i a l  membrane to  
th e  h a u s t o r i a l  neck , th u s  c r e a t in g  th e  i s o l a t e d  a p o p la s t  r e f e r r e d  to  as 
th e  m a tr ix .  As a consequence o f t h i s  i s o l a t i o n  a l l  s o lu te s  e n te r in g  th e  
e x t r a  h a u s t o r i a l  m a tr ix  must do so  by t r a v e r s in g  one o f th e  two bounding 
m em branes.

S tu d ie s  u s in g  i s o l a t e d  h a u s to r ia l  com plexes have p rovided  ev id en ce  
t h a t  h a u s to r ia  have a r o le  in  th e  n u t r i t i o n  o f o b l ig a te  p a r a s i t e s .  
R a d io la b e l le d  su c ro se  was d e te c te d  in  h a u s to r ia l  com plexes i s o l a t e d  
im m ed ia te ly  a f t e r  exposure  o f in f e c te d  le a v e s  to  ^ C C ^ , thus 
d e m o n s tra tin g  th a t  p ro d u c ts  of p h o to s y n th e s is  were t r a n s p o r te d  to  th e

4



S p e n c e r - P h il l ip s  and Gay/ 1980 } found t h a t  th e  r a d io a c t iv e  is o to p e  
cou n t in  th e  lo b e s  was tw ice  t h a t  found in  th e  body and su g g e s ted  th a t  
t h i s  was due e i t h e r  to  a h ig h e r  r a t e  o f u p ta k e  a s i’.o c ia te d  w ith  th e  la rg e  
s u r fa c e  a re a  and abundant m ito c h o n d ria  o r ,  more l i k e l y ,  i t  i s  c o r r e la te d  
w ith  grow th as ex p re ssed  as an in c re a s e  in  the  number and le n g th  of 
h a u s t o r ia l  lo b e s  which o ccu rs  a s  h a u s to r ia  age . The e x t r a h a u s to r i a l  
membrane was h e a v ily  la b e l le d  a s  was th e  m a tr ix  su g g e s tin g  a h o s t o r ig in  
f o r  b o th .

S p e n c e r - P h il l ip s  and Gay, 1980, re c o g n is e d  th re e  d i s t i n c t  ty p e s  of 
h a u s t o r ia l  com plex; 1) h e a l th y ,  2) p re  n e c r o t i c  and 3) n e c r o t ic .  The f i r s t  
symptom of p re  n e c ro s is  seen under th e  e le c t r o n  m icroscope was an 
a l t e r a t i o n  o f th e  e x t r a h a u s to r i a l  membrane m a n ife s te d  as a re d u c t io n  in  
e x t r a h a u s t o r i a l  membrane f o ld in g .  O sm io p h ilic  s i t e s  appeared  on the  
e x t r a h a u s t o r i a l  and h o s t  c e l l  membranes w hich in d ic a te d  a change in  the 
membrane r a t h e r  than  a d e p o s i t io n  o f m a t e r i a l .  The s i t e s  a re  s im i l a r  to  
th o se  found on p la n t  l e a f  membranes damaged by f r e e z in g  o r o sm o tic  shock 
(P ie r c e  and M cdonald, 1977; S in g h , 1 9 7 9 ), where d e h y d ra tio n  o f th e  
membrane i s  th o u g h t to  be th e  d i r e c t  c a u se ; th e  p o s tu la te d  mechanism being 
a  t r a n s fo rm a t io n  from a b i la y e r  to  a m ic e l l a r  c o n firm a tio n  (Sim on, 1974).

T h is r e d u c t io n  in  c o n v o lu tio n  of th e  e x t r a h a u s to r i a l  membrane may 
r e s u l t  from a rea rran g em en t o f membrane com ponents and the  lo s s  of 
p h o sp h o lip id  which o ccu rs  in  se n e s in g  c e l l s  (F erguson  and Simon, 1973). 
The co n sequen t d e c re a se  in  membrane a re a  red uces th e  p assag e  of 
t r a n s lo c a t e s  and th e  d is o r g a n is a t io n  o f h o s t  cy toplasm  observed  may 
c o n t r ib u te  to  the  d ec rea sed  is o to p e  in c o rp o r a t io n  by p re  n e c r o t ic  
com plexes. I t  i s  l i k e l y  th a t  a p re c is e  m o lecu la r arrangem ent in  th e  
e x t r a h a u s t o r i a l  membrane i s  e s s e n t i a l  f o r  m e ta b o li te  p assage  and Manners 
(1979) has su g g es ted  t h a t  t r a n s p o r t  i s  an a c t i v e  f a c u l t a t i v e  p ro c e s s .

A n a ly s is  o f h a u s to r ia l  com plexes i s o l a t e d  from in f e c te d  le a v e s  
fo llo w in g  p u ls e -c h a s e  fe e d in g  o f s u g g e s ts  t h a t  su c ro se  i s  th e  m ajor

fu ngus. L i t t l e  la b e l was found in  su crose  a f t e r  a 20 hours chase w ith
u n la b e lled  CO2 which in d ica ted  th a t fu r th er  m etabolism  or tr a n s lo c a tio n
had occurred.
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compound w hich t r a v e r s e s  th e  e x t r a h a u s t o r i a l  membrarie (M anners, 1979). 
E v idence from  o th e r  b io t ro p h ic  a s s o c ia t io n s  su g g e s ts  th a t  su c ro se  i s  
p ro b ab ly  h y d ro ly sed  p r io r  to  u p tak e  by th e  fu n g i (Whipps and L ew is, 19b1)* 
However Edwards and A llen  (1966) showed, a f t e r  ex p o sin g  b a r le y  le a v e s  
in f e c te d  by E ry siph e  g ram in is  to  ^ C (>2 f o r  15 m in u te s , th a t  57% of the  
i s o to p e  in  th e  mycelium was su c ro se  • S ucrose  i s  t r a n s p o r te d  i n t a c t  a c ro s s  
many p la n t  c e l l  membranes (G ia q u in ta ,  1977) and f o r  powdery mildew a t  
l e a s t  th e  concensus view  fa v o u rs  th e  u p tak e  o f th e  i n t a c t  d is s a c h a r id e  
(Gay and M anners, 1981).

In  m ycelium  of E. p i s i  th e  p rim ary  s in k  f o r  p h o to sy n th a te s  i s  m an n ito l 
(M anners, 1979). I t  com prises a lm ost h a l f  o f th e  e x t r a c te d  from th e  
m ycelium  a f t e r  th e  p u lse  e x p o su re , b u t w ith in  th e  24 hour chase  th e  
p ro p o r t io n  o f r a d io a c t i v i t y  in  th e  p o ly  jI s d e c l in e s  and g lycogen  becomes 
th e  m ajor s in k .  G lycogen i s  a m ajor c o n s t i tu e n t  o f th e  c o n id ia  o f E. p i s i  
(M artin  and Gay, 1981).

A n a ly s is  of ^C 0 2  la b e l l e d  h a u s to r ia l  com plexes h y d ro ly sed  in  2M 
t r i f l u o r o a c e t i c  a c id  showed t h a t  they  c o n ta in e d  m ain ly  g lu co se  (88%) w ith  
sm a ll p ro p o r t io n s  o f g a la c to s e  (7%) and mannose (5%) and th u s  d if f e r e d  
s i g n i f i c a n t l y  from th e  h o s t f r a c t io n  (g lu c o s e , 54% and g a la c to s e ,  45%). 
The c e l l  w a l ls  of mycelium c o n ta in  g lu c o s e , g a la c to s e  and mannose in  a 
3 :1 :1  r a t i o .  Thus q u a l i t a t i v e l y  the  p o ly s a c c h a r id e s  o f the  complexes 
resem b led  th o se  o f th e  p a r a s i t e  w h ile  q u a n t i t a t i v e l y  an e x c e ss iv e  
p ro p o r t io n  of g lu co se  i s  p re s e n t  which su g g e s ts  th a t  p o ly s a c c h a r id e s  a re  
p re s e n t  In  th e  com plexes.

L ip id  a n a ly s is  of h a u s to r ia l  com plexes in d ic a te d  ap p ro x im a te ly  50% 
t r i g l y c e r i d e s  and 40% p o la r  l i p i d s .  The t r i g l y c e r i d e s  a re  tho u gh t to  
co rre sp o n d  to  th e  o sm io p h il ic  s p h e r ic a l  s t r u c tu r e s  observed  in  e le c t ro n  
m ic ro g rap h s  o f h a u s to r ia  (M anners, 1979).

The p o la r  l i p i d  found in  h a u s t o r ia l  com plexes i s  p ro b ab ly  d e r iv e d  from 
membrane c o n s t i t u e n t s .  The h a u s to r ia l  plasmalemma i s  e x te n s iv e ,  l in in g  
th e  many lo b e s  ex ten d in g  from the  body of th e  h au sto riu m  and th e  
e x t r a h a u s t o r i a l  membrane, i s  a h ig h ly  co n v o lu ted  s t r u c tu r e  (M anners, 
1979).
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S o lu te s  e n te r in g  th e  h a u s to r ia  a re  d i r e c te d  th ro u g h  the  ep id erm al 
c e l l s  w h ich , s in c e  th e y  c o n ta in  few c h lo r o p la s t s  a re  e s s e n t i a ly  p a r a s i t i c  
on th e  m cso p h y ll. P lasm odesm ata a re  in f r e q u e n t ly  found betw een m esophyll 
and e p id e rm a l c e l l s ,  th e r e f o r e  i t  i s  most l i k e l y  t h a t  th e  r a t e  o f e n try  
i n t o  ep id erm a l c e l l s  i s  in f lu e n c e d  by th e  c o n c e n tra t io n s  of 
p h o to s y n th a te s  in  th e  a p o p la s t  (Gay and M anners, 1981). Mildew in f e c t io n  
in c r e a s e s  th e  lo s s  o f e l e c t r o l y t e s  from l e a f  c e l l s  (A y res , 1977) b u t th e  
c o n c e n tr a t io n  of p h o to sy n th a te s  i s  s l i g h t l y  d ec rea sed  by i n f e c t io n  
(M anners, 1979).

The cy top lasm  of ep id erm al c e l l s  may p la y  an e s s e n t i a l  r o le  in  
t r a n s p o r t in g  a s s im i la te s  in to  powdery m ildew h a u s to r ia .  U n fo r tu n a te ly  th e  
e v id en c e  f o r  t h i s  i s  e q u iv o c a l s in c e  th e  ex p e rim e n ts  t h a t  su p p o rt i t  have 
r e l i e d  upon i s o l a t e d  h a u s to r ia l  com plexes and a re  open to  c r i t i c i s m  fo r  
two main re a s o n s .  F i r s t l y  i s o l a t e d  h a u s t o r ia l  com plexes la c k  th e  m ajor 
s in k  n o rm a lly  p ro v ided  by the  m ycelium . S econdly  th e  p ro cess  in v o lv e d  in  
rem oving h a u s to r ia l  com plexes, co ld  o sm o tic  shock and g ly c e ro l  
t r e a tm e n ts ,  remove c e r t a i n  c o n s t i tu e n t s  o f membranes (R u b e n s te in , Mahar 
and T o t t a r ,  1977). N e v e rth e le s s  Manners (1979) c a lc u la te d  th e  f lu x  of 
p h o to s y n th a te s  a c ro s s  th e  e x t r a h a u s to r i a l  membrane to  be much g r e a te r  
th a n  su c ro se  e f f lu x e s  c a lc u la te d  from p la n t  c e l l s  down la rg e  
c o n c e n tr a t io n  g r a d ie n ts  (Edelm an, S ch o o la r and B o rn a r, 1971) b u t was 
s i m i l a r  to  th e  ATP coup led  su c ro se  in f lu x  f o r  m aize sc u te llu m  (Humphreys, 
1978). Manners proposed  th a t  t r a n s p o r t  a c ro s s  th e  h a u s to r ia l  i n t e r f a c e  
was l im i te d  by an a c t iv e  o r fa c tt l  t a t i v e  p ro c e s s . Using an a l t e r n a t i v e  
app ro ach  S p e n c e r - P h i l l ip s  and Gay (1981) examined th e  d i s t r i b u t i o n  o f ATP 
a s e  and g ly c e ro p h o sp h a ta se  a c t i v i t i e s  a t  pH 5 .5  and 7 .2  in  in f e c te d  
c e l l s .  They found t h a t  th e  plasmalemma l in i n g  th e  ep id erm al w a ll  showed 
th e  h ig h  l e v e l  of ATP a se  a c t i v i t y  c h a r a c t e r i s t i c  o f th e s e  c e l l s  which th e  
p o r t io n  o f th e  membrane in v a g in a te d  around h a u s to r ia  was co m p le te ly  
d ev o id  o f any p h o sp h a tase  a c t i v i t y .  The t r a n s i t i o n  in  a c t i v i t y  o ccu rred  
w here th e  in v a g in a t io n  began and c o in c id ed  w ith  th e  edge o f th e  A 
n eck b an d .

Gay and M anners, 1981, proposed a model f o r  th e  mechanism of a s s im i la te  
t r a n s p o r t  a t  th e  i n t e r f a c e  as fo llo w s . E n try  in to  th e  ep id erm al c e l l s  i s  
presum ed to  be a lm ost e x c lu s iv e ly  by transm em brane im port and th e  h igh  ATP
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a se  a c t i v i t y  o f th e  plasmalemma su .- .je s ts  t h a t  th e  ep id erm al c e l l s  scavenge 
s o lu t e s  from th e  a p o p la s t .  The ATP a se  a c t i v i t y  o f th e  h a u s t o r ia l  
plasmalemma i s  assumed to  d e p le te  th e  s o lu te s  in  th e  e x t r a h a u s to r i a l  
m a tr ix  s im u lta n e o u s ly  and th u s a h ig h  c o n c e n tra t io n  g r a d ie n t  i s  
m a in ta in e d  a c ro s s  th e  e x t r a h a u s t o r i a l  membrane th u s c o n s t i tu t in g  a 
t r a n s p o r t  sy stem .
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2 .4  L ip id s

2 .4 .1  S t r u c tu r e  o f l i p i d s

L ip id s  a r e  d e f in e d  as su b s ta n c e s  w hich a re  in s o lu b le  in  w a te r ,  so lu b le  
in  non p o la r  o rg an ic  s o lv e n ts ,  c o n ta in  lo n g  cha in  hyd ro carbo n  groups in  
t h e i r  m o lecu le s  and a re  p re s e n t  in  o r d e r iv e d  from l iv in g  organism s 
(K a te s , 1972). T his d e f i n i t i o n  c o v e rs  a wide range  o f compounds and 
in c lu d e s  lo n g  ch a in  h y d ro ca rb o n s, a lc o h o ls ,  a ld e h y d e s , f a t t y  a c id s  and 
t h e i r  d e r i v a t i e s  e .g .  g ly c e r id e s ,  wax e s t e r s ,  p h o s p h o - l ip id s , g ly c o lip d s  
and s u lp h o l ip id s .  T h is d e f i n i t i o n  a ls o  in c lu d e s  s u b s ta n c e s  w hich belong 
to  o th e r  g roups of su b s ta n c e s  e .g .  f a t  s o lu b le  v ita m in s  A, D, E and K and 
t h e i r  d e r iv a t i v e s  as w e ll  as  c a r o te n o id s ,  s t e r o l s  and t h e i r  f a t t y  a c id  
e s t e r s .

W ith in  p la n t  c e l l s  th ey  a re  bound in  two d i s t i n c t  w ays, by weak Van d er 
W aals f o r c e s  by which non p o la r  n e u t r a l  l i p i d s  a re  bound by r e l a t i v e l y  
weak non c o v a le n t fo rc e s  and th ro u g h  hyd ro carbon  c h a in s  to  o th e r  l i p i d s  
and to  h yd ro pho b ic  re g io n s  o f p r o te i n s .

The l a r g e s t  group o f p la n t  a c y l  l i p i d s  a r e  th o se  based  on g ly c e r o l .  Of 
th e s e  th e r e  a re  th re e  main g ro u p s , th e  n e u t r a l  g ly c e r id e s ,  th e  
p h o sp h o g ly c e r id e s  and th e  g ly c o s y l d ig ly c e r id e s .  The n e u t r a l  g ly c e r id e s  
a re  r e p re s e n te d  m ain ly  by f u l l y  e s t e r i f i e d  t r ig ly c e r d e s  (F ig .  2 a ) ,  th e  
p r o p e r t i e s  o f which depend upon th e  f a t t y  a c id s  p r e s e n t ,  t h e i r  r e l a t i v e  
am ounts and p o s i t io n s  in  th e  m o lec u le .

L ip id s  based on p h o s p h a tid ic  a c id  (PA) (F ig . 2b) a re  more p o la r  than  
th e  n e u t r a l  g ly c e r id e s  and ten d  to  be a s s o c ia te d  w ith  c e l l  membranes. 
P h o sp h a tid y l c h o lin e  (P C ), th e  c h o lin e  e s t e r  o f PA to g e th e r  w ith  
p h o s p h a tid y l e th an o lam in e  (PE) th e  e th an o lam in e  e s t e r  o f PA a re  th e  main 
p h o sp h o lip id  components o f n o n p h o to s y n th e t ic  t i s s u e s .
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F ig u re  2. G e n e ra lise d  S tr u c tu r e s  o f L ip id s

a ) .  T r ig ly c e r id e s
CH^.CO .R1
I

R2COO CH
ch2o . co . r3

b ) .  P h o sp h a tid ic  Acid
CH ^.CO .R1
I

R2COO CH
I 0
I (
ch2o p oh

OH

Key

R: F a t ty  a c id  ch a in
A m ajo r p h o sp h o lip id  o f th e  c h lo r o p la s t s  i s  p h o sp h a tid y l g ly c e r o l  (PG) th e  
g ly c e r o l  e s t e r  o f PA. O ther l e s s  abundan t p h o sp h o lip id s  in  p la n ts  in c lu d e  
p h o s p h a tid y l  i n o s i t o l  (P I)  and p h o sp h a tid y l s e r in e  (P S ). 
L y so p h o sp h o lip id s , l i p i d s  w ith  o n ly  one a c y l  c h a in , may be m inor n a tu r a l  
p l a n t  p h o sp h o lip id s  b u t t h i s  i s  d i f f i c u l t  to  a s s e s s  a s  th e y  may a ls o  be 
a r t  f a c t s  o f l i p i d  breakdown d u r in g  th e  e x t r a c t io n  p ro c e s s .

The th i r d  m ajor group of g ly c e r id e s ,  a s s o c ia te d  m ainly  w ith  
c h lo r o p la s t s  (Roughan and B a tt ,  1969) a re  th e  g ly c o s y ld ig ly c e r id e s ,  th e  
m ost im p o rta n t o f which a re  th e  mono- and d i  g a la c to s y l  d ig ly c e r id e s  (MGDG 
and DGDG r e s p e c t iv e ly )  which o ccu r i n  a wide v a r ie ty  o f  p la n t  t i s s u e s .  
Sm all amounts o f t r i -  and t e t r a -  g a la c to s y ld ig ly c e r id e s  have o c c a s io n a lly  
been  found (H itc h co c k , 1971).

The m ajor f a t t y  a c id s  found in  p la n ts  a re  long  ch a in  s a tu r a te d  o r 
u n s a tu r a te d  m onocarboxylic  a c id s  w ith  an even-num bered a l i p h a t i c  c h a in  
(H itc h co c k  and N ic h o ls , 1971), th e  more common f a t t y  a c id s  a re  o l e i c ,  
l i n o l e i c ,  l i n o l e n i c ,  m y r i s t ic ,  p a lm i t ic  and s t e a r i c  a c id s .  Some p la n ts  
a l s o  c o n ta in  sm a ll b u t s i g n i f i c a n t  am ounts o f u n u sual f a t t y  a c id s  e .g .  non 
c o n ju g a te d  e th y le n ic  a c id s  found in  c o n i f e r  le a v e s  (Jam ieson  and R e id ,
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1972)

H ig her p la n t  le a v e s  have a r e l a t i v e l y  low c o n te n t o f t o t a l  l i p i d  
betw een 7% and 10% of d ry  w e ig h t ( G a l l i a r d ,  1973) w hereas o i ly  seed s have 
a l i p i d  c o n te n t  o f up to  70% by w eig h t (N ic h o ls , 1964). N e u tra l l i p i d s  a r e  
th e  m ajo r l i p i d s  o f seed s  (N ic h o ls ,  1964) w hereas p o la r  l i p i d s  p redo m inate  
i n  l e a v e s .  S ince l e a f  l i p i d s  a re  th e  to p ic  o f th e  p re s e n t  s tu d y  t h e i r  
s t r u c t u r a l  c h a r a c t e r i s t i c s  w i l l  be d e s c r ib e d  in  d e t a i l .

W interm ans (1960) d em o n stra ted  t h a t  th e  m ajor l e a f  l i p i d  c la s s e s  a r e  
th e  g a la c to s y l  d ig ly c e r id e s ,  s u lp h o l ip id ,  PG, P I, PC and PE. However th e  
r e l a t i v e  c o n c e n tra t io n s  o f  d i f f e r e n t  l i p i d  c la s s e s  v a r ie s  g r e a t ly  betw een 
d i f f e r e n t  s p e c ie s  (Roughan and B a t t ,  1969). In  m aize le a v e s  th e  
c o m p o sitio n  i s  as  fo llo w s (u n i t s y u ,  m oles l i p i d / g  f r e s h  w e ig h t) MGDG 3 .1 ,  
DGDG 2 .3 ,  s u lp h o l ip id  0 .3 5 , PC 0 .4 5 , PE 0 .48  and PI 0 .1 2  w hereas in  tom ato 
le a v e s  i t  i s  MGDG 5 .1 ,  DGDG 2 .5 ,  s u lp h o l ip id  0 .3 ,  PC 1 .1 ,  PG 0 .4  and PI 
0 .1 .  In  a  l a t e r  s e c t io n  i t  w i l l  be shown th a t  r e l a t i v e  com position  can 
v a ry  g r e a t l y  depending  on th e  grow th  c o n d it io n s  and age o f th e  p la n t  even 
w ith in  a s in g le  s p e c ie s .

Dark-grow n e t i o l a t e d  le a v e s  c o n ta in  low er l e v e l s  o f g ly c o l ip id  and 
p o la r  l i p i d s  th an  l ig h t-g ro w n  le a v e s  (W interm an, 1960). In  g e n e ra l  p o la r  
l i p i d s  ten d  to  be a s s o c ia te d  w ith  membraneous s t r u c tu r e s  in  p la n t  c e l l s  
w hereas t r i g l y c e r i d e s  and waxes a re  n o t s t ro n g ly  membrane bound.

C h lo ro p la s ts  have a h ig h  l i p i d  c o n te n t  (ab o u t 50%) most o f which i s  
lo c a te d  in  th e  la m e lla e  and o s m io p h il l ic  g ra n a . The m ajor c h lo ro p la s t  
l i p i d s  a r e  MGDG, DGDG, s u lp h o l ip id  and PG ( G a l l i a r d ,  1973). Shibuya e t  a l  
(1965 ) found s u lp h o l ip id  lo c a l i z e d  in  la m e l la e .  Mck'ender and Leech (1974) 
found t h a t  g a l a c to l ip id s  w ere th e  m ajor components o f b o th  la m e lla r  and 
en v e lo p e  membranes o f c h lo r o p la s t s  from V ic ia  f a b a , how ever, th e  
g a l a c t o l i p i d :  p h o sp h o lip id  r a t i o  i s  h ig h e r  in  th e  la m e l la r  membrane th a n  
in  th e  e n v e lo p e . PC i s  th e  m ajor p h o sp h o lip id  in  th e  envelope w hereas PG 
was in  th e  la m e l la r  membrane.

S c h v e r tn e r  and B ia le  (1973) exam ining m ito ch o n d ria  from v a r io u s  p la n ts  
found t h a t  th ey  a l l  c o n ta in e d  PC, PE, P I , PG, DGDG and MGDG and t h a t  
p h o s p h o lip id s  composed 50-60% of th e  t o t a l  l i p i d  in  th e  m ito c h o n d ria .
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Musgrove e t  a l .  (1976) found t h a t  th e  m icrosom al f r a c t io n  from pea 
stem s c o n ta in e d  th e  fo llo w in g  l i p i d s  PC, PE, P I ,  PS, PG, PA, MGDG and DGDG 
P h o sp h o lip id s  com prised  64.4% o f th e  t o t a l  pea l i p i d s ,  g ly c o l ip id s  3.7%, 
th e  r e s t  b ein g  composed o f s t e r o l  l i p i d s .  The m ajor l i p i d s  w ere PC and PE. 
A ll  th e  l i p i d s  had a low er th an  u su a l  l i n o l e n i c  a c id  c o n te n t .  In  h ig h e r  
p la n t  le a v e s  th e  most abundant f a t t y  a c id s  a r e  l i n o l e n i c ,  l i n o l e i c  and 
p a lm i t ic  a c id s .  T ran s 3 h exadecano ic  a c id  i s  u b iq u ito u s  i n  g re en  le a v e s  
though  i t  i s  n o t found in  non -g reen  t i s s u e :  e t i o l a t e d  le a v e s  c o n ta in  no 
t r a n s -3 -h e x a d e c a n o ic  a c id  and a s m a lle r  p ro p o r t io n  o f p o ly u n s a tu ra te d  
f a t t y  a c id s  th a n  l ig h t-g ro w n  t i s s u e .

F a t ty  a c id s  a re  r a r e l y  d i s t r i b u t e d  a t  random betw een d i f f e r e n t  l i p i d  
c la s s e s  and f r e q u e n t ly  e x h ib i t  te n d e n c ie s  to  a s s o c ia te  w ith  s p e c i f i c  
l i p i d s .  A b so lu te  s p e c i f i c i t y  i s  r a r e  w ith  th e  n o ta b le  e x c e p tio n  o f t r a n s -  
3 -h ex ad ecan o ic  a c id  w hich i s  r e s t r i c t e d  to  PG (A llen  e t  a l . , 1964).

Most h ig h ly  u n s a tu ra te d  f a t t y  a c id s  have a marked ten den cy  to  
accu m u la te  in  th e  g a la c to s y l  d ig ly c e r id e s  f r a c t i o n s .  In  h ig h e r  p la n t  
l e a v e s ,  l i n o l e n ic  a c id  o f te n  com prises more than  90% o f th e  component 
f a t t y  a c id s  o f MGDG and more th an  80% in  DGDG. P h o sp h o lip id s  from h ig h e r  
p la n t  le a v e s  c o n ta in  l e s s  l in o le n ic  b u t more l i n o l e i c  a c id .  In  PC and PE 
s a tu r a t e d  f a t t y  a c id s  ten d  to  accum ulate  a t  th e  1 p o s i t io n  and u n s a tu ra te d  
f a t t y  a c id s  a t  th e  2 p o s i t io n ;  t h i s  i s  th e  same in  mammaliam 
p h o s p h o l ip id s .

2 .4 .2  B io s y n th e s is  o f G ly c e ro l ip id s

S e v e ra l rev iew  a r t i c l e s  have covered  t h i s  s u b je c t  (K ates & M a rsh a ll ,  
1975; Mudd and G a rc ia ,  1975).

F ig u re  3 shows th e  m ajor b io s y n th e t ic  seq u en ces . The key in te rm e d ia te  
in  t h i s  s e r i e s  o f r e a c t io n s  i s  PA. The g e n e ra l  scheme i s  t h a t  PG, PI and PS 
a r e  d e r iv e d  from CDP d ig ly c e r id e  w hich i s  i t s e l f  s y n th e s iz e d  from  PA and 
CTP PC and PE a re  m a in ly  sy n th e s iz e d  by th e  n u c le o t id e  pathway in v o lv in g
1 .2  d ig ly c e r id e  and CDP c h o lin e  o r CDP e th a n o lam in e . In  a d d i t io n  PC i s  
s y n th e s iz e d  by s te p w is e  m e th y la tio n  o f  PE by S -ad en osy l m e th io n in e . PE i s  
a l s o  s y n th e s iz e d  by a m inor ro u te  in v o lv in g  d e c a rb o x y la tio n  o f PS. MGDG i s  
form ed by g a l a c to s y la t io n  (u s in g  UDP g a la c to s e )  o f 1 .2  d ig ly c e r id e  and
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G a la c to l ip id  s y n th e s is  o ccu rs  i n  c h lo r o p la s t s  w h ile  m ost p h o sp h o lip id s  
a r e  sy n th e s iz e d  in  m icrosom es. Exchange of p h o sp h o lip id s  between 
m icrosom al and o th e r  membranes h as been  d em o n stra ted  (M a z lia k , 1975).

2 .4 ,3  F a t ty  Acid B io sy n th e s is

F a t ty  a c id  b io s y n th e s is  has been rev iew ed  by H itch co ck  and N ic h o lls
(1 9 7 1 ), Harwood (1975) and Stumpf (1 9 7 5 ) .

F a t ty  a c id  b io s y n th e s is  in  p la n ts  i s  i d e n t i c a l  to  t h a t  e s ta b l is h e d  f o r  
b a c te r i a  and o th e r  o rg an ism s. The u l t im a te  so urce  o f f a t t y  a c id s  i s  th e  
c o n d e n sa tio n  o f a c e ta te  u n i t s .  The com ponents o f th e  system  le a d in g  to  de 
novo fo rm a tio n  o f s a tu r a te d  f a t t y  a c id ,  p a lm ita te  and s t e a r a t e  from 
a c e ta te  (A c e ty l CoS c a rb o x y la se , f a t t y  a c id  s y n th e ta s e ,  a c y l  c a r r i e r  
p r o te in  and c o f a c to r  re q u ire m e n t)  w ere s tu d ie d  in  d e t a i l  by Stumpf (1 9 75 ).

F orm ation  o f u n s a tu ra te d  f a t t y  a c id s  by p la n ts  was shown to  be an
a e ro b ic  p ro c e ss  by James (1963) who fed  la b e l le d  f a t t y  a c id s  to  c a s to r
bean le a v e s  and o b ta in e d  e v id en c e  t h a t  th e  fo rm a tio n  o f th e  m ajor 
u n s a tu r a te d  f a t t y  a c id s  o f p l a n t s ,  o l e i c ,  l i n o l e i c  and l in o le n ic  a c id s  
was by s e q u e n t ia l  d e s a tu r a t io n  s t e a r i c  a c id  o le i c  a c id  —̂  l i n o l e i c  a c id

l i n o l e n i c  a c id .  N ich o ls  e t  a l .  (1967) who fed  C a c e ta te  to  C h lo re l la  
v u lg a r i s  found t h a t  PG, MGDG, PC and n e u t r a l  g ly c e r id e  had a h ig h e r
tu rn o v e r  r a t e  f o r  c e r ta i n  f a t t y  a c id s  than  was th e  case  fo r  DGDG, 
s u lp h o l ip id ,  PE and P I. They su g g e s te d  t h a t  l i p i d s  w ith  a r a p id  f a t t y  a c id  
tu rn o v e r  w ere in v o lv ed  in  d e s a tu r a t io n .

T re m o lie re s  and M azliak  (1974) who s tu d ie d  in  v iv o  and in  v i t r o
in c o r p o r ta t io n  o f *^C la b e l l e d  a c e t a t e ,  o le a te  and l i n o l e a t e  i n to  l i p i d s  
o f  d ev e lo p in g  pea le a v e s  showed t h a t  o le a t e  i s  d e s a tu ra te d  to  l i n o l e a t e  in  
m icrosom es w here i t  r e s id e d  m ain ly  in  PC, PG and PE.

N ich o ls  (1968) su g g ested  t h a t  o le a te  i s  t r a n s f e r r e d  d i r e c t l y  from 
l i p i d  to  a d e s a tu ra s e  enzyme and th e  l i n o le a t e  p roduced  was t r a n s f e r r e d  
back to  th e  l i p i d .  T h is mechanism would p erm it s im u ltan eo u s  ch a in

DGDG i s  d erived  from a second g a la c t o s y la t io n .  S u lp h o lip id  i s  sy n th esized
by a tr a n sfe r  o f a sulphoquinovose group to  a 1 .2  d ig ly c e r id e .
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e lo n g a t io n  and d e s a tu r a t io n  o f f a t t y  a c id s .  However, th e re  i s  s tro n g  
e v id e n c e  t h a t  d e s a tu r a t io n  o ccu rs  w h ile  th e  f a t t y  a c id  i s  s t i l l  e s t e r i f i e d  
to  l i p i d  (W illem ot & V e r re t ,  1973).

2 . A ,4 P la n t  L ip id  D eg rad ation

The enzym ic breakdown of p la n t  l i p i d s  can be d iv id e d  in to  h y d ro ly t ic  
and o x id a t iv e  p ro c e s s e s .

L ip ase  has been used lo o s e ly  a s  a term  f o r  an enzyme which l i b e r a t e s  
f r e e  f a t t y  a c id s  from a c y l l i p i d s .  A t r u e  l ip a s e  i s  an enzyme which 
h y d ro ly se s  e m u ls if ie d  t r i a c y lg l y c e r i d e s  a t  an o i l  w a te r i n t e r f a c e .

Numerous c la s s e s  o f p h o sp h o lip id  h y d ro ly s in g  enzym es, l i p o l y t i c  a cy l 
h y d ro la s e s  have been c h a r a c te r iz e d .  These enzymes d e a c y la te  g ly c e r o l ip id s  
w ith  th e  fo llo w in g  g e n re a l  form ula

0
ICH.-O-C-R

JR -C -0 -  CH
ICH2-0-X

A lthough  v a r io u s  a c y l h y d ro la se s  have been d e s c r ib e d  in  no case  has an 
a b s o lu te  s p e c i f i c i t y  been e s ta b l is h e d  e .g .  th e  g a la c to l ip id - h y d r o ly s in g  
enzyme found in  P haseo lu s v u lg a r is  ( S a s tr y  & K ates , 1964) shows a h ig h e r 
s p e c i f i c  a c t i v i t y  w ith  ly s o p h o s p h o lip id s  and m o n o -g ly ce rid es  as 
s u b s t r a t e s  th a n  w ith  d ig ly c e r id e s  and t r i g l y c e r i d e s  ( G a l l ia r d  and D ennis,
1974 ). W ith t h i s  p ro v iso  4 p h o sp h o lip a se s  have been d e s c r ib e d . The s i t e s  
o f a t t a c k  f o r  th e se  enzymes a re  shown b e lo w :-
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R"C0*0T
A

CH20 CO R

CHI i l
CH,0 P 0 CH,CH,N (CH,)Z/ / \  2  2  30 0

A ran ge  o f a c y l h y d ro la se s  w ith  v a r io u s  p o la r  l i p i d  s u b s t r a t e s  i s  
l i s t e d  in  ta b le  1,
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T able 1: P o la r  l i p i d  a c y l h y d ro la se s  from p la n ts

S u b s tra te s Source D e sc r ip tio n  
o f enzyme

P rod u cts  formed in  
a d d i t io n  of 
f a t t y  a c id s

O ther l i p i d s  
h yd ro ly sed R eference

MGDG and DGDG Bean le a v e s G a la c to llp a s e Mono and d ig a la c to s y l  
g ly c e r o l

PC d ig ly c e r id e S a s try  & K ates (1964)

MGDG + DGDG P o ta to  tu b e rs  
+ le a v e s

L ip o ly t ic  a c y l 
h y d ro la se

Mono and d ig a lo c to s y l  
g ly c e ro l

D iacy l l i p i d s G a l l ia rd  (1971)

S u lp h o lip id A lf a l f a  and 
co rn  ro o ts  
A lf a l f a  le a v e s

S u lp h o lip a se S u lph o q u in o v o sy ly ce ro l D iacy l phospho­
l i p i d s

Yagi & Benson (1962)

PC G erm inating  b a r le y P h o sp h o lip ase  B G ly cery lp h o sp h o ry l
c h o lin e

— Rebam & Acker (1973)

Mono a c y l and 
d ia c y l
pho sp ho lop id s

P o ta to  tu b e r  le a v e s L ip o ly t ic  a c y l 
h y ro la se

G ly cery lp h o sp h o ry l
e s t e r s

M onoglycerides G a l l ia rd  & Dennis 
(1974)



S u r p r i s in g ly  l i t t l e  a t t e n t i o n  h as  been paid  to  p h o sp h o lip id  a c y l 
h y d ro la se  enzymes in  p la n ts  compared w ith  an im als and m ic ro -o rg an ism s. 
U sing g e rm in a tin g  b a r le y  seed s  A cker and Bucking (1956) found an enzyme 
w hich  removed f a t t y  a c id s  from th e  1- and 2 - p o s i t io n s  o f PC and t h i s  th ey  
c h a r a c te r iz e d  a s  a p h o sp h o lip a se  B.

A l i p o l y t i c  a c y l h y d ro la se  w hich was p a r t i a l l y  p u r i f ie d  from p o ta to  
tu b e r s  c a ta ly s e d  th e  h y d ro ly s is  o f  b o th  p h o sp h o lip id s  and g a l a c to l ip id s .  
A d d it io n a l ly  th e  same enzyme p r e p a r a t io n  a ls o  d e a c y la te d  m onog lycerides 
and d ig ly c e r id e s  and some a r t i f i c a l  e s t e r s  o f long  ch a in  f a t t y  a c id s  
( C a l l i a r d ,  1971). The s p e c i f i c  a c t i v i t y  o f th e  p a r t i a l l y  p u r i f ie d  enzyme 
tow ards g a l a c to l ip id s  was sev en ty  tim es  g r e a t e r  th an  t h a t  of a  p u r i f ie d  
homogeneous g a la c to l ip a s e  enzyme from P haseo lu s m u l t i f lo r u s  le a v e s  
(H elm sing , 1969). S ince  the  P h a se o lu s  g a la c to l ip a s e  a ls o  showed some 
a c t i v i t y  tow ards PC ( G a l l i a r d ,  1973) and had p r o p e r t ie s  v ery  s im i la r  to  
th e  p o ta to  emzyme and s in c e  c ru d e  e x t r a c t s  o f b a r le y  d e a c y la te  b o th  
p h o s p h o lip id s  and g a l a c t o l i p i d s ,  i t  i s  p o s s ib le  t h a t  the  same low 
s p e c i f i c i t y  l i p o l y t i c  a c y l h y d ro la s e  enzyme i s  concerned  in  a l l  th e se  
t i s s u e s  and t h a t  a s p e c i f i c  d e s c r ip t io n  such a s  g a la c to l ip a s e  o r 
p h o sp h o lip a se  B i s  m is le ad in g  ( G a l l i a r d ,  1973).

P h o sp h o lip a se  A i s  th e  enzyme w hich removes an a c y l re s id u e  on th e  2 
p o s i t io n  o f a p h o sp h o g ly c e r id e , th e r e  i s  l i t t l e  ev id en ce  fo r  i t s  p re se n c e  
in  p la n ts  a s  ly so p h o sp h o lip id s  a re  o n ly  r a r e ly  found in  p la n t  e x t r a c t s .  
T h is  i s  n o t ,  however t o t a l l y  co n v in c in g  e s p e c ia l ly  in  view  of th e  a b i l i t y  
o f  p la n t  c e l l s  to  d eg rade mono a c y l complex l i p i d s  r a p id ly  (N ic h o ls , 
1971).

P h o sp h o lip a se  D i s  th e  o n ly  f u l l y  c h a ra c te r iz e d  enzyme from p la n t  
t i s s u e s  w hich a t t a c k s  th e  p o la r  g roups o f a c y l l i p i d s .  The r e a c t io n  
c a ta ly s e d  by th e  enzyme can be g e n e ra l i s e d  a s  fo llo w s
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The enzyme was f i r s t  d e s c r ib e d  from c a r r o t  ro o t  and cabbage le a v e s  
(Hanahan and C h a ik o f f , 1947). I t  was o r i g i n a l l y  th o u g h t to  be lo c a l i s e d  in  
p l a s t i d s  (K a te s , 1954) but th e re  i s  no ev id en ce  th a t  th e  enzyme i s  p re s e n t  
m ain ly  in  non p a r t i c u l a t e  f r a c t io n s  o f e x t r a c t s  (Q u arle s  and Dawson, 
1969). I t  i s  c o m p le te ly  ab sen t from c h lo r o p la s t s  o f m aize and sp in ach  
le a v e s  when th e se  o rg a n e lle s  a re  p rep a red  under c o n d it io n s  w hich 
e l im in a te  c o n tam in a tio n  by o th e r  s u b c e l lu l a r  f r a c t io n s  (C lerm ount and 
Douce, 1970). S im ila r  o b s e rv a tio n s  w ere made w ith  m ito ch o n d ria  from 
c a u l if lo w e r  in f lo re s c e n c e  and h y p o co ty ls  from P h aseo lu s a u re u s .
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F igu re 3: Pathways o f G ly cero lip id  B io sy n th e s is
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The s p e c i f i c i t y  of th e  enzyme has n o t been u n e q u iv o c a lly  d e te rm in ed , 
i t s  a c t i v i t y  in  v i t r o  on a g iv en  s u b s t r a t e  i s  a f f e c te d  by th e  p re sen ce  o r 
absen ce  o f  o rg a n ic  s o lv e n ts  and d e te r g e n ts  e .g .  d ie th y l  e th e r  s t im u la te s  
th e  h y d ro ly is  o f PC by p h o sp h o lip a se  D from most p la n t  t i s s u e s .

In  a d d i t io n  to  h y d ro ly s is  th e  enzyme a ls o  c a ta ly s e s
2+t r a n s p h o s p h a t id iz a t io n  r e a c t io n s  w hich a re  Ca dependent ( G a l l i a r d ,

1975) e .g .  PC + g ly c e ro l  ~^PG + c h o l in e .

The o th e r  p h y s io lo g ic a l ly  s i g n i f i c a n t  enzymes in v o lv ed  in  l i p i d  
d e g ra d a t io n s  a re  o x id a t iv e  in  n a tu r e .  Enzymic o x id a t io n  u s u a l ly  in v o lv e s  
th e  p r io r  r e l e a s e  o f f a t t y  a c id s  from  l i p i d s .  These a re  6 d i f f e r e n t  ty p e s  
o f r e a c t io n  in v o lv ed  in  th e  o x id a t io n  and o xy g en a tio n  o f f a t t y  a c id s  by 
p l a n t s ;  o x id a t io n ,  |? o x id a t io n ,  U) o x id a t io n ,  p  h y d ro x y la tio n , i n -  
c h a in  h y d ro x y la tio n  and p e ro x id a t io n  ( G a l l i a r d ,  1975).

There a re  two d i f f e r e n t  p ro c e s s e s  o f oc o x id a t io n  in  p la n ts .  In  b o th
c a s e s  a f r e e  f a t t y  a c id  i s  o x id is e d  a t  th e  te rm in a l  end lo s in g  1 carbon
u n i t  to  become th e  a ldehyde o f th e  c o rre sp o n d in g  Cn * a c id  and f u r t h e r

O- l
o x id a t io n  o f th e  aldehyde y ie ld s  a C f a t t y  a c i d . i n i t i a l l y  i t  was 
th o u g h t t h a t  th e r e  were two s e Pa r a t e  sy s tem s. One system  was a p e ro x id a se  
p ro c e ss  w here th e  hydrogen p e ro x id e  g e n e ra tin g  system  was re q u ire d
(M arkonetz e t  a l . , 1972) in  p ean u t c o ty le d o n s . The o th e r  system  found in  
peanu t le a v e s  d id  n o t r e q u ir e  hydrogen  p ero x id e  b u t used m o lecu la r oxygen 
(H itch co ck  and N ic h o ls , 1971). More r e c e n t ly  Shine and Stumpf (1974) have
shown t h a t  a common system  e x i s t s  in  b o th  ( f ig u r e  4 ) .

Reviews on p o x id a t io n  in  p la n ts  in c lu d e  th o se  by H itchcock  and 
N ich o ls  (1971) and G a l l ia rd  (1 9 7 5 ). Two d i f f e r e n t  r o le s  have been 
su g g e s ted  f o r  p o x id a t io n ,  one in  seeds which c o n ta in  s to ra g e  l i p i d s  
w here p  o x id a t io n  i s  in v o lv ed  in  th e  c o n v ers io n  o f seed  o i l  v ia  a c e ty l  Co 
A to  th e  p ro d u c ts  o f th e  g ly o x y la te  c y c le  g iv in g  a n e t  co n v e rs io n  o f 
l i p i d s  to  c a rb o h y d ra te .  The o th e r  r o l e  i s  t h a t  of energ y  p ro d u c tio n  w hich 
i s  a s s o c ia te d  w ith  m ito c h o n d ria .

U  o x id a t io n  concerns f a t t y  a c id s  w ith  an oxygen fu n c t io n  (H yd ro x y l, 
k e to  and c a rb o x y l g ro up s) a t  th e  U3 p o s i t io n  such a s  occu r in  some seed  
o i l s  and c u t in  and s u b e r in .  These f a t t y  a c id s  a re  h y d ro x y la ted  by in - c h a in
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r e a c t io n s  which in v o lv e  a mixed fu n c t io n  oxygenase and coenzyme A 
t h i o l e s t e r  ( G a l l i a r d ,  1975).

L ipoxygenase c a ta ly s e s  p e r o x id a t io n  of f a t t y  a c id s .  L ipoxygenases a re  
d i s t r i b u t e d  w id e ly  th ro u g h o u t h ig h e r  p la n ts  (G ro sch , 1972). The enzymes 
from  d i f f e r e n t  so u rces  d i f f e r  in  s e v e r a l  a s p e c ts  in c lu d in g  s u b s t r a te  
s p e c i f i c i t y ,  pH o p tim a, th e  e f f e c t s  o f i n h i b i t i o n  and th e  iso m e ric  form of 
th e  p ro d u c ts  ( G a l l i a r d ,  1975).

R CH2CH2C00H

Fatty Acid

Peroxidase

RCH2CH20H
rch2cooh
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Figure 5: Mechanisms o f p  O xidation
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A ll lip o x y g e n a se  enzymes s p e c i f i c a l l y  a t t a c k  f a t t y  a c id s  w ith  c i s ,  c i s  
- 1 ,4  p e n ta d ie n e  s t r u c tu r e s  and c o n v e r t them to  c is  t r a n s  d ie n e  
h y d ro p e ro x id e s . The d e ta i l e d  mechanism o f a c t io n  o f lip o x y g en ase  has n o t 
been e lu c id a t e d .  Recent developm ents su g g e s ts  t h a t  th e  lip o x y g e n a se  
r e a c t io n  i s  a f r e e  r a d ic a l  p ro c e ss  in v o lv in g  a n ov e l type of i n t e r a c t i o n  
betw een b o th  th e  s u b s t r a te  and oxygen and th e  enzyme.

The r o l e  o f lip o x y g en ase  in  p la n ts  i s  u n c le a r .  L ev e ls  o f th e  enzyme a re  
known to  f a l l  d u rin g  th e  e a r ly  s ta g e s  o f g e rm in a tio n  and in c re a s e  l a t e r  on 
(A nstey  & F r ie n d , 1974). I t  may fu n c t io n  a s  a d e fen ce  mechanism as i t s  
a c t i v i t y  in c r e a s e s  in  damaged t i s s u e  (L ip e tz ,  1970). I t s  a c t i v i t y  a ls o  
in c r e a s e s  d u r in g  th e  r ip e n in g  o f c l im a c te r ic  f r u i t s  such a s  a p p le s ,  a t  th e  
same s ta g e  a s  th e  e v o lu t io n  o f v o l a t i l e  f la v o u r  compounds and e th y le n e  
(W oolerton  e t  a l . , 1965) and th e  lo s s  o f endogenous g a l a c t o l i p i d s , r i c h  in  
l i n o l e i c  and l i n o l e n ic  a c id s  ( G a l l i a r d ,  1968). V o la t i le  a ld ehy d es w ith  
c h a r a c t e r i s t i c  f la v o u rs  a re  formed from lip o x y g en ase  s u b s t r a te s  in  
damaged p la n t  t i s s u e .
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F a t ty  a c id  h y d ro p e ro x id es  formed by th e  a c t io n  o f lip o x y g e n a se  a re
to x ic  to  l iv in g  i s s u e s .  P la n ts  a re  known to  c o n ta in  system s which
m e ta b o lis e  th e se  h y d ro p e ro x id es  to  th e  co rre sp o n d in g  hydroxyd iene
d e r iv a t i v e s  e .g .  Soyabean (G ro sch , 1972) and p o ta to  tu b e rs  ( G a l l ia r d  e t
a l . , 1975). I t  i s  th o u g h t t h a t  re d u c t io n  may be non enzym ic as f a t t y  a c id

2+ 34-h y d ro p e ro x id e s  a r e  red uced  by Fe io n s  o r  by Fe io n s  in  th e  p re s e n s e  o f 
t h i o l s ,  though  th e  y ie ld  of h yd roxyd iene i s  low compared w ith  o th e r  
p ro d u c ts .

L ip o p e ro x id a se  has been d e s c r ib e d  in  p l a n t s .  Hieman e t  a l .  (1973) 
d e s c r ib e d  a h yp o perox id ase  from  o a ts  which reduced f a t t y  a c id  
h y d ro x y p ero x id es  to  co rre sp o n d in g  h y d ro x y ac id s  in  the  p re sen ce  o f 
phen y ld iam in e  but th ey  were u n ab le  to  s e p a r a te  th e  p e ro x id a se  and 
lip o x y g e n a se  fu n c t io n s  and th e r e f o r e  proposed  t h a t  a m ultienzym e complex 
was in v o lv e d .

2 .4 .5  Fungal L ip id s

The l i p i d  c o n te n t o f v e g e ta t iv e  hyphae v a r ie s  betw een 1 and 50% of th e  
d ry  w eig h t depend ing  on th e  s p e c ie s ,  developm ent s ta g e  o f grow th  and 
c u l t u r a l  c o n d i t io n s .  A lthough many fu n g i have a h ig h  c a p a c ity  f o r  l i p i d  
p ro d u c tio n ,  most m y c e lia l  s p e c ie s  c o n ta in  betw een 6% and 9% l i p i d  when 
grown u nd er fa v o ra b le  c o n d it io n s  (W eete, 1980). Fungal sp o re  l i p i d  
abundancy a ls o  v a ry  c o n s id e ra b ly  depend ing  on th e  sp e c ie s  b u t ran ge  
betw een 1% and 35% of th e  sp o re  d ry  w e ig h t. The a b i l i t y  o f sp o re s  to  
g e rm in a te  w ith o u t an exogenous carbo n  so u rce  a p p ea rs  to  be r e l a t e d  to  th e  
abundance o f  re s e rv e  l i p i d .

The fu n g a l c e l l  w a ll  c o n s is t s  of 80-90% p o ly sa c c h a r id e  w ith  th e  
rem a in d e r c o n s is t in g  o f p ro te in  and l i p i d s .  Fungal c e l l  w a ll p r e p a ra t io n s  
c o n s i s t  o f b o th  f r e e ly  e x t r a c t a b le  and bound l i p i d s  (K e s s le r  and 
N ic k e rso n , 1959). C a re , sh o u ld , how ever, be tak en  when lo o k in g  a t  th e  
a n a ly s i s  o f  fu n g a l c e l l  w a ll  l i p i d s  s in c e  i t  has been shown th a t  c a r e f u l l y  
I s o l a te d  c e l l  en v e lo p es of y e a s t  c o n ta in  plasm a membrane frag m en ts  
(S uom alainen  and Nurm inen, 1970). Suom alainen (1969) re p o r te d  t h a t  y e a s t  
c e l l  w a ll l i p i d s  a re  composed o f n e u t r a l  l i p i d s ,  p h o sp h o lip id s  and t h a t  
th e  p redom inan t f a t t y  a c id s  a re  p a lm i to le ic  a c id  and o le i c  a c id .
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A m ajor p o r t io n  o f th e  i n t r a c e l l u l a r  l i p i d s  o f fu n g i a re  in  the  
membranes. However a t  v a r io u s  g row th  s ta g e s ,  some l i p i d  accu m u la tes  as 
d r o p le t s  o r g lo b u le s  in  th e  cy to p la sm . These g lo b u le s  a re  th o u g h t to  
c o n s i s t  o f  m ain ly  t r i g l y c e r i d e s .

P r o to p la s t  membranes from  Saccharom yces c e r e v i s ia e  acco u n t f o r  13-20% 
o f th e  d ry  c e l l  w eight and c o n ta in  39% l i p i d ,  49% p r o te in ,  6% s t e r o l  and 
t r a c e s  o f RNA and ca rb o h y d ra tes!. The p r in c ip a l  s t r u c t u r a l  l i p i d  
com ponents w ere p h o sp h o lip id s  v a ry in g  betw een 15% and 25% o f th e  membrane. 
The p r in c ip a l  f a t t y  a c id s  were P a lm i t ic ,  P a lm i to le ic  and O le ic  a c id .  The 
membranes a ls o  co n ta in ed  mono-, d i -  and t r i g l y c e r i d e s ,  f r e e  s t e r o l s ,  
s t e r o l  e s t e r s ,  PC, PE, P I , PS and LPC (Longley e t  a l . , 1968).

A nderson e t  a l .  (1964) found l i p i d  co m p o sitio n  o f C lav icep s  p u rp u rea  
m ito c h o n d ria  was th e  same as  t y p i c a l  mammalian and p la n t  m ito c h o n d ria .

P h o sp h o lip id  d i s t r i b u t i o n s  i n  v a r io u s  o rgan ism s have been rev iew ed by 
Weete (1 9 8 0 ). PC i s  th e  most abundan t p h o sp h o lip id  in  b o th  y e a s t  and 
m y c e lia l  form s o f fu n g i .  T o ta l  PC c o n c e n tra t io n s  ran g e  from 35-50% of th e  
t o t a l  p h o sp h o lip id  f r a c t io n .  The n ex t most abundant p h o sp h o lip id  in  many 
fu n g i i s  PE w hich ran ges from 14-35% of th e  t o t a l  f r a c t i o n .  PI and PS have 
been found in  most fu n g i s tu d ie d  and g e n e r a l ly  r e p re s e n t  l e s s  th a n  25% of 
th e  p h o sp h o lip id  f r a c t i o n ,  PS from 4%-20% and PI from 8-23%.

In  g e n e ra l  f a t t y  a c id  d i s t r i b u t i o n  in  fu n g i a re  v e ry  s im i la r  to  tho se  
o f  o th e r  b io lo g ic a l  sy s tem s . The m ajor com ponents a re  p a lm i t ic ,  
p a l m i t o l e ic ,  s t e a r i c ,  o l e i c ,  l i n o l e i c  and l i n o l e n ic  a c id s .  O ther f a t t y  
a c id s  a re  found and th ey  v ary  from s p e c ie s  to  s p e c ie s .

The m etabo lism  of l i p i d s  and f a t t y  a c id s  i n  fu n g i i s  s im i la r  to  t h a t  in  
p la n t s  w ith  a few s p e c i e s - s p e c i f i c  d i f f e r e n c e s  e .g .  in  y e a s t  th e  f a t t y  
a c id  s y n th e ta s e  enzyme w h ile  p erfo rm ing  th e  same fu n c t io n  a s  th e  same 
enzyme in  p la n t  and b a c t e r i a l  c e l l s  i s  s t r u c t u r a l l y  v ery  d i f f e r e n t .  
However in  g e n e ra l  th e  m e ta b o lic  pathways a re  the  same.

The p re se n se  of p h o sp h o lip a se  enzymes in  p h y to p a th o g en ic  fu n g i i s  
d is c u s s e d  in  S e c tio n  2 7 . 5 .
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2 .5  Function o f L ip ids

There a re  two m ajor fu n c t io n s  o f l i p i d s ,  f i r s t l y  as s t r u c t u r a l  
com ponents o f a l l  membranes and se c o n d ly  f o r  energ y  s to ra g e  p a r t i c u l a r l y  
in  s e e d s .

For th e  p u rp o ses  o f t h i s  s tu d y  o n ly  th e  r o le  o f  l i p i d s  as  s t r u c t u r a l  
com ponents o f c e l l  membranes w i l l  be exam ined in  d e p th . Membranes c o n s is t  
95% o f l i p i d s  and p ro te in s  (K otyk , 1977). The most w id e ly  a c ce p te d  model 
of membrane s t r u c tu r e  i s  t h a t  o f S in g e r and N ich o lso n  (1972) in  which 
p r o te in s  a r e  more o r l e s s  embedded in  th e  l i p i d  b i l a y e r .  Some p ro te in s  
ex ten d  th ro u g h  th e  membrane, i n t e g r a l  p r o te i n s ,  w h i ls t  o th e r s  a re  
co n fin ed  to  one s id e  o f th e  membrane o n ly , p e r ip h e r a l  p r o te in s .  Membrane 
p r o te in s ,  l i k e  th e  p h o sp h o lip id s  a re  am p h ip a th ic  and i t  i s  t h i s  p ro p e r ty  
t h a t  d e f in e s  t h e i r  lo c a t io n  in  th e  membrane; t h e i r  p o la r  and io n ic  groups 
p r o je c t  i n t o  th e  aqueous i n t e r i o r ,  w h ile  t h e i r  hydrophobic  re g io n s  rem ain 
embedded w ith in  th e  membrane in  a s s o c ia t io n  w ith  th e  non p o la r  hydrocarbon  
c h a in s  o f th e  p h o sp h o lip id .

S ince  th e  le a k a g e  o f s u b s ta n c e s  th ro u g h  membranes i s  im p l i c i t  in  th e  
n u t r i t i o n  o f o b l ig a te  p la n t  p a th o g e n s , th e  d e t a i l s  of membrane 
c o n s t r u c t io n  a re  im p o rta n t in  so f a r  as  th ey  can show th e  ways by which 
p e rm e a b i l i ty  co u ld  become a l t e r e d .  A ccording to  th e  model o f S in g e r and 
N ich o lso n  (1972) p h o sp h o lip id  and p r o te in  b o th  c o n t r ib u te  to  th e  
s t r u c tu r e  o f th e  membrane so  t h a t  a c y to p la sm ic  s o lu te  m ight be p rev en ted  
from d i f f u s in g  th ro u g h  a membrane by p h o sp h o lip id s  in  one re g io n  o r by 
p r o te in  m o lec u le s  in  a n o th e r .  I t  fo llo w s  t h a t  th e  m o d if ic a tio n  o f e i t h e r  
component m ight enhance membrane p e r m e a b i l i ty ,  e f f e c t i v e l y  th e re  being  
two ch an n e ls  in  p a r a l l e l .

Many p e r m e a b i l i ty  s tu d ie s  o f membranes have been conducted  on one o f 
two a r t i f i c i a l  model sy s tem s, e i t h e r  o p t i c a l l y  b la c k  f i lm s  o r  lip o so m es. 
These s tu d ie s  have been th e  s u b je c t  o f a rev iew  by F e t t ip l a c e  and Haydon 
(1 9 8 0 ). Two m ethods have been used to  m easure th e  w a te r p e rm e a b ili ty  o f 
membranes. In  one th e  d i f f u s io n a l  p e rm e a b il i ty  c o e f f i c i e n t  (Pd) has been 
dete rm in ed  by m easuring  th e  exchange o f r a d i o a c t i v i l y  l a b e l l e d  w ate r 
betw een th e  c e l l  and i t s  su r ro u n d in g s . A l te r n a t iv e ly  a p e rm e a b ili ty
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c o e f f i c i e n t  (P I )  has been o b ta in e d  from th e  h y d ra u lic  c o n d u c t iv i ty  o f th e  
membrane, th e  l a t t e r  b eing  in f e r r e d  from  th e  n e t  w a te r f lu x  g e n e ra te d  by a 
g iv e n  g r a d ie n t  o f an o sm o tic  o r a h y d r o s t a t i c  p r e s s u r e .  T h is  u s u a l ly  
in v o lv e s  m easuring  th e  r a t e  o f change o f volume o f a c e l l  when i t  i s  
immersed in  a non i s o to n ic  s o lu t io n .  There have been d i f f i c u l t i e s  in  
i n t e r p r e t i n g  r e s u l t s  u s in g  th e s e  te c h n iq u e s , based  upon d o u b ts  a s  to  
w hether th e  c e l l  membrane r e a l l y  c o n s t i t u t e s  th e  r a t e  l im i t in g  s t e p  in  th e  
t r a n s p o r t  o f w a te r and s o lu t e s .  I t  h as  been a rgued  t h a t  th e  d i f f u s io n  o f 
w a te r b o th  w ith in  th e  cy to p lasm  (D ick , 1964) and in  u n s t i r r e d  la y e r s  
o u ts id e  th e  c e l l  (D a in ty , 1963) may pose e x t r a  l im i t a t i o n s  to  t r a n s p o r t .

A b la c k  f i lm  i s  formed by e x te n d in g  a s o lu t io n  o f a l i p i d  in  a non p o la r  
s o lv e n t  a c ro s s  a h o le  in  a s u i t a b le  s u p p o r t ,  under an aqueous s o lu t io n  
( f ig u r e  6 ) .  T h is  b la c k  f i lm  i s  n ev e r q u i te  com parable to  th e  l i p i d  l e a f l e t  
found in  b io lo g ic a l  membranes a s  th e r e  i s  alw ays some r e s id u a l  n o n -p o la r  
s o lv e n t  in  th e  membrane ( F e t t i p l a c e  and Haydon, 1980). I t  has been 
p o s s ib le  to  s tu d y  th e  p e rm e a b il i ty  o f l i p i d  b i l a y e r s  u s in g  t h i s  method as 
i t  a llo w s th e  p ro d u c tio n  o f a r t i f i c i a l  membrane system s o f d i f f e r e n t  
c o m p o s itio n s . I f  th e  b a r r i e r  to  th e  movement o f w a te r a c ro s s  l i p i d  
b i l a y e r s  i s  th o u g h t to  be n o n -p o la r  i n t e r i o r  v a r ia t io n s  in  th e  l i p i d  th a t  
would a l t e r  th e  f l u i d i t y  and th ic k n e s s  o f th e  hyd rocarbo n  c o re  m ight be 
ex p ec ted  to  p roduce p e rm e a b i l i ty  ch an g es. In c re a s in g  th e  d eg re e  o f 
u n s a tu r a t io n  o f th e  a c y l c h a in s  o f  th e  l i p i d  in c re a s e s  th e  w ater 
p e rm e a b i l i ty  ( F e t t i p l a c e ,  1978). C o n v erse ly  h y d ro g en a tin g  th e  l i p i d  o r 
u s in g  a n a lo g u es  w ith  s a tu r a te d  ch a in s  can reduce  th e  p e rm e a b il i ty  
( F e t t i p l a c e ,  1978).
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F ig u re  6: C ro ss S e c tio n  th ro u g h  a b lack  l i p i d  f i lm  in  aqueous s o lu t io n

27



Figure 6

Aqueous

Solution

> w \  > w o
/ W C

3 w s , /WSD 
DVV\ >vV>C 
DVA /VVO
*<— 40A-V



The maximum v a r ia t io n  o bserved  by a l t e r i n g  th e  u n s a tu r a t io n  i s  o f th e  
o rd e r  o f 50%. In c re a s in g  th e  le n g th  o f th e  ch a in s  a ls o  d e c re a se s  
p e rm e a b i l i ty  ( F e t t i p l a c e ,  1978).

Membrane f l u i d i t y  and w a te r p e rm e a b i l i ty  p r o p e r t ie s  can a ls o  be 
in f lu e n c e d  by i n t e r a c t i o n s  betw een l i p i d  head g ro u p s . Graham and Lea
(1972) have shown th a t  th e  p e rm e a b il i ty  o f PS f i lm s  i s  a fu n c t io n  o f th e  
pH o f th e  aqueous phase (0 .1  M Na C l) .  In c re a s in g  th e  pH from 3 to  9 w hich 
r e s u l t s  in  a change in  th e  head group i o n iz a t io n  p roduces an in c re a s e  in  
th e  w a te r p e r m e a b i l i ty .

The a d d i t io n  o f c h o le s te r o l  to  membranes r e s u l t s  in  a 3 to  5 fo ld  
re d u c t io n  in  th e  p e r m e a b i l i t ie s  o f membranes formed from PC and o th e r  
l i p i d s  ( F in k e l s te in  and C ass , 1967).

As w e ll  as  w a te r p e r m e a b i l i ty ,  th e  p e rm e a b il i ty  o f non e l e c t r o l y t e s  
such  as  u re a  (L ip p e , 1969) g ly c e ro l  (Wood, W irth  and Morgan, 1968), 
e r y t h r i t o l  and form am ide (P o zn ansh i e t  a l » , 1976) has been s tu d ie d .  For 
a l l  th e s e  s u b s ta n c e s  th e  p e r m e a b i l i t ie s  a re  c o n s id e ra b ly  low er th an  t h a t  
f o r  w a te r b u t ,  l i k e  th e  w a te r p e rm e a b il i ty  depend on th e  l i p i d  co m po sitio n  
o f  th e  membrane (L ip p e , 1969).

The o th e r  s t r u c t u r a l  system  f o r  s tu d y in g  l i p i d  p e rm e a b i l i ty ,  
lip o so m es , a re  composed o f p h o sp h o lip id s  in  aqueous s a l t  s o lu t io n s  which 
become sp o n ta n e o u s ly  o rg an ized  to  form  s a l t - c o n ta in in g  com partm ents 
l im i te d  by b im o le c u la r  membranes.

From com parisons o f i n i t a l  sh rin k a g e  r a t e s  o f liposom es f o r  a wide 
ran g e  o f sy stem s B ittm an  and Blau (1972) reach ed  a number of c o n c lu s io n s  
co n ce rn in g  p e rm e a b il i ty  to  w a te r . For d ip a lm ito y l  PC th e  w a te r 
p e rm e a b i l i ty  ap p e a rs  to  in c re a s e  more than  20 fo ld  between 38°C and 4 5 °C 
a s  th e  l i p i d  p a s se s  th ro u g h  i t s  phase t r a n s i t i o n  te m p e ra tu re . They a ls o  
found th a t  add ing  d ip a lm ito y l  PC to  d io le o y l  PC a t  25°C caused a marked 
re d u c t io n  in  th e  w a te r p e rm e a b il i ty  w hich was a t t r i b u t e d  to  th e  d e c re a se  
in  th e  c o n c e n tr a t io n  o f d ou b le  bonds in  th e  membrane.

De G ier e t  a l .  (1968) u s in g  lip o som es from s y n th e t ic  PC found t h a t  
p e rm e a b i l i ty  to  th e  non e l e c t r o l y t e s ,  g ly c e r o l  and e r y t h r i t o l  was
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enhanced b o th  by th e  p re sen ce  o f d o u b le  bonds in  th e  f a t t y  a c id  re s id u e s  
and by d e c re a s in g  th e  f a t t y  a c id  ch a in  le n g th .

Boggs and H sai (1972) re p o r te d  t h a t  h y d ra ted  egg PC c o n ta in in g  
u n s a tu r a te d  f a t t y  a c id s  formed a f l u i d  l i q u id  c r y s t a l l i n e  phase w h i ls t  
f u l l  s a tu r a t e d  PC formed a l e s s  f l u i d  g e l - l i k e  p h ase . In  a d d i t io n  to  
u n s a tu r a t io n ,  b ran ch in g  in  a c y l c h a in s  app eared  to  im p art f l u i d i t y  on the  
membrane.

The n a tu r e  o f th e  p o la r  head g roup  in f lu e n c e s  th e  s t r u c tu r e  and 
p r o p e r t i e s  o f th e  p h o sp h o lip id  b i l a y e r .  Papakadopoulus and H i l l e r  (1967) 
showed t h a t  th e  s t r u c t u r a l  c h a r a c t e r i s t i c s  of a r t i f i c i a l  membranes 
p re p a re d  from  th e  p u r i f ie d  l i p i d s  PC, PE, PS, PA and PI d i f f e r e d  as  d id  
t h e i r  p e rm e a b i l i ty  c h a r a c t e r i s t i c s .  PE a lo n e  formed in c o m p le te ly  se a le d  
lip o so m es ; p a r t i a l  a d d i t io n  o f o th e r  p h o sp h o lip id s  r e s u l te d  in  the  
f o l i a t i o n  o f c lo se d  s t r u c t u r e s .  Cl io n s  d if f u s e d  f a s t e r  th ro u g h  membranes 
p rep a red  from  th e  a c id ic  l i p i d s  PA and P I .

H opfer e t  a l .  (1970) showed t h a t  a r t i f i c i a l  membranes o f l y s y l  PG were 
a lm ost c o m p le te ly  Cl s e l e c t iv e  and membranes from PG and DPG w ere h ig h ly  
c a t io n  s e l e c t i v e .  Membranes p rep a red  from d ig lu c o s y l  d ig ly c e r id e  
(u n ch a rg ed ) o r  PE (Z w it te r io n ic )  showed s l i g h t  c a t io n  s e l e c t i v i t y .  
S c h r ie r -M u c i l lo  e t  a l . (1973) found th e  n e u t r a l  g ly c e r id e s  had a 
r e s t r i c t e d  a b i l i t y  to  form o rg an ized  l iq u id  c r y s t a l l i n e  s t r u c t u r e s .  They 
a ls o  found t h a t  th e  p re sen ce  o f a n e t  charge  in  th e  head group  d ec rea sed  
th e  d eg ree  o f o rd e r  o f th e  b i l a y e r s  and t h a t  bulky  head g roups fav ou red  
th e  fo rm a tio n  o f h ig h ly  o rg a n ise d  b i l a y e r s .

O ther f a c to r s  a b le  to  m odify th e  l i p i d  b i l a y e r  a ls o  in f lu e n c e  th e  
p e r m e a b i l i ty .  C h o le s te ro l  i n t e r a c t s  d i r e c t l y  w ith  p h o sp h o lip id  and 
m o d ified  th e  p r o p e r t i e s  o f liposom es (Bangham e t  a l . , 1965). C h o le s te ro l  
and e r g o s te r o l  d e c re a se  th e  p e rm e a b il i ty  o f lip o som es to  g lu c o se  (Demel e t  
a l . , 1 968). Boggs and H sai (1972) found t h a t  c h o le s te r o l  added up to  a 
c e r t a i n  l e v e l  d ec re a se d  th e  f l u i d i t y  o f b i la y e r s  p rep a red  from some 
n a tu r a l  and s y n th e t i c  l e c i t h i n s  w h ile  th e  a d d i t io n  o f f u r th e r  c h o le s te r o l  
in c re a s e d  th e  f l u i d i t y .  C h o le s te ro l  a c t s  by in s e r t i n g  betw een the  
hyd ro carbo n  c h a in s  o f l i p i d  b i l a y e r s  which a re  a lre a d y  in  th e  l iq u id
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c r y s t a l l i n e  s t a t e  condensing  th e  la y e r s  and making them l e s s  p erm eab le ; in  
a d d i t io n  c h o le s te r o l  has a l iq u i f y i n g  e f f e c t  on b i l a y e r s  which a re  in  an 
o rd e red  g e l  s t a t e  making them more m obile (de K ru y ff , 1976).

The p e rm e a b i l i ty  o f lip o som es i s  tem p e ra tu re  dep end en t (De G ie r e t  a l . , 
1968) p ro b a b ly  because th e  in c re a s e d  th e rm a l m o b il i ty  o f th e  a c y l  ch a in s  
in  th e  l i p i d  b i la y e r  enhances p e r m e a b i l i ty .

L ip id s  a f f e c t  th e  a c t i v i t i e s  o f membrane bound enzymes (K otyk, 1977). 
When th e  amount o f u n s a tu ra te d  f a t t y  a c id  in  y e a s t  m ito c h o n d ria  i s  low th e  
amount o f o x id a t iv e  p h o sp h o ry la tio n  i s  c o rre sp o n d in g ly  low .

Changes in  membrane l i p i d s  c o r r e la t e  w ith  some changes in  
p h y s io lo g ic a l  p r o p e r t i e s .  T em peratu re  induced  phase changes in  membrane 
l i p i d s  a f f e c t  oxygen u p take  by y e a s t  ( E l e t r  e t  a l . , 1974). Wade e t  a l . 
(1974) d em on stra ted  phase changes from l iq u id  c r y s t a l l i n e  to  s o l id  g e l  
s t a t e s  i n  m ito c h o n d ria l mem branes, glyoxysom es and p ro  p l a s t i d s  from  
g e rm in a tin g  c a s to r  bean endosperm  and in  a r t i f i c i a l  membranes made from 
th e  l i p i d s  o f th e se  o r g a n e l l e s .  The phase changes c o in c id e d  w ith  th e  
te m p e ra tu re  range (around  10°C) where c h i l l i n g  s e n s i t i v e  p la n ts  s u f f e r  
from  c h i l l i n g  in ju r y .

Sum m arizing bo th  b la c k  l i p i d  f i lm s  and liposom es y ie ld  s im i la r  
r e s u l t s .  The advantage  o f b la c k  l i p i d  f i lm s  i s  t h a t  th e y  have a c c u r a te ly  
known a re a s  and th e r e f o r e  p r e c i s e ly  c a lc u la b le  p e r m e a b i l i t i e s :  th e  c h ie f  
d is a d v a n ta g e s  a re  t h a t  t h e i r  l i p i d  com po sitio n  i s  r e s t r i c t e d  by th e  
re q u ire m e n t th a t  th ey  form s t a b le  membranes, t h a t  th e  amount o f th e  
v a r io u s  l i p i d s  p re s e n t in  m ulticom ponent membranes i s  n o t easy  to  
e s t im a te ,  and th a t  by n e c e s s i ty  th e y  c o n ta in  r e s id u a l  o rg a n ic  s o lv e n t .  
L iposom es overcome th e se  d is a d v a n ta g e s  b u t in tro d u c e  problem s o f t h e i r  
own. In  o sm o tic  ex p e rim en ts  th e r e  a re  in c o m p le te ly  u n d e rs to o d  g e o m e tr ic a l  
chan ges such  th a t  liposom e volume has to  be s tu d ie d  by e s s e n t i a l l y  o p t i c a l  
m etho d s. F u rth erm ore  u n c e r ta in ty  co n ce rn in g  th e  number o f la y e r s  o f l i p i d  
in v o lv e d  in  t h e i r  s t r u c tu r e  p re c lu d e s  th e  c a lc u la t io n  o f a c c u ra te  
p e r m e a b i l i t i e s .

D e sp ite  th e se  problem s th e r e  i s  broad q u a l i t a t i v e  agreem ent co n ce rn in g  
th e  in f lu e n c e  o f l i p i d  co m p o sitio n  on membrane p r o p e r t i e s ,  i t  i s  in  th e
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P ro te in s  a ls o  c o n t r ib u te  to  th e  p e r m e a b i l i ty  o f membranes i n  s e v e ra l  
w ays, w hich can be a f f e c te d  to  a g r e a t e r  o r  l e s s e r  e x te n t  by th e  l i p i d s  in  
th e  membrane. They c o n t r ib u te  to  th e  p a s s iv e  movement o f s o lu te s  by 
fo rm ing  c h a n n e ls  in  th e  membrane e .g .  g ra m ic id in  form s p o res  i n  membranes 
w hich a llo w s  th e  p assag e  o f sm a ll m o le c u le s . In  o th e r  c a se s  membrane 
perm eable  p r o te in s  b in d  to  c a t io n s  and t r a n s p o r t  them a c ro s s  th e  membrane 
p a s s iv e ly  e . g .  v a lin o m y c in . These mechanisms a re  h ig h ly  dependen t on th e  
l i p i d  co m p o sitio n  o f th e  membrane. T here a re  o th e r  exam ples o f t h i s  
f a c u l t a t i v e  d i f f u s io n  system  however in  m ost c a se s  th e  p r o te in  has no t 
been i d e n t i f i e d  and can o n ly  be assumed to  e x i s t  by r e fe re n c e  to  th e  
d i f f u s io n  k i n e t i c s .  These system s o n ly  work under th e  in f lu e n c e  o f a 
c o n c e n tr a t io n  g r a d ie n t .

In  many c a se s  th e  u p tak e  o f s o lu te s  goes a g a in s t  th e  c o n c e n tra t io n
g r a d ie n t  and in  th e s e  c a se s  a c t iv e  t r a n s p o r t  system s in v o lv in g  p ro te in s
a r e  in v o lv e d . Group t r a n s lo c a t io n  sy stem s in v o lv e  th e  chem ical
m o d if ic a t io n  o f th e  perm eant a s  i t  i s  t r a n s p o r te d .  Such system s have been
w e ll  c h a ra c te r iz e d  in  m icro  o rgan ism s b u t a re  l e s s  w e ll  e s ta b l is h e d  in
h ig h e r  o rg an ism s. ATP p ro v id e s  th e  energ y  f o r  t r a n s p o r t in g  some perm eants

+ + 2+an d , in  th e  case  o f th e  a c t iv e  pumping o f Na , K and Ca the  t r a n s p o r t e r  
p r o te in  has ATP—a se  a c t i v i t y .  Many b a c t e r i a l  t r a n s p o r t  system s a re  a ls o  
depend en t on ATP, b u t t h e i r  mechanisms have n o t been e lu c id a te d .  M itc h e l ls  
chem iosm otic  h y p o th e s is  p ro v id e s  fo r  th e  co u p lin g  of th e  p o t e n t i a l  energy 
o f  trans-m em brane e le c tro c h e m ic a l  g r a d ie n ts  to  s p e c i f i c  t r a n s p o r t  
sy s tem s. P ro to n  g r a d ie n ts  p a r t i c u l a r l y  a r e  w e ll  used  in  b o th  p ro k a ry o tic  
and e u k a ry o t ic  c e l l s .

S tu d ie s  o f th e  i n a c t i v a t i o n  o f t r a n s p o r t  system s in  membranes by 
m o d if ic a t io n  of th e  l i p i d  environm ent and t h e i r  su b seq u en t r e a c t i v a t i o n  
by r e s t o r a t i o n  o f a p p ro p r ia te  l i p i d s  has su g g es ted  s p e c i f i c  l i p i d  
re q u ire m e n ts  f o r  some t r a n s p o r t  a c t i v i t i e s  e .g .  re q u irem en t f o r  PG to  
s u s t a in  th e  a c t i v i t y  o f c e r ta in  p hosp ho eno lpy ru va te  l in k ed  
p h o s p h o tra n s fe ra s e s .  In  th e  case  o f Na /K ATP a se  th e r e  i s  c o n f l i c t i n g  
e v id en ce  f o r  on th e  one hand , a s p e c i f i c  req u irem en t f o r  a n io n ic  l i p i d s  
a n d , on th e  o th e r  sim p ly  a req u irem en t f o r  a f l u i d  l i p i d  environm ent

p r e c ise  magnitude o f the e f f e c t s  th at d isagreem ent e x i s t s .
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(F in e a n , Coleman and M itc h e l l ,  1978). A s t i l l  more d e t a i l e d  a ssessm en t o f
2+th e  in f lu e n c e  o f l i p i d  env ironm ent has been made f o r  the  Ca t r a n s p o r t

sy stem  where th e  s u b s t i t u t i o n  o f a co m p le te ly  a r t i f i c i a l  membrane
en v iro n m en t around th e  p r o te in  m o lecu le  has d is t in g u is h e d  two
re q u ire m e n ts ,  one f o r  th e  ATP a se  a c t i v i t y  and one f o r  s e a l in g  th e

2+v e s i c l e s  to  ach iev e  e f f e c t iv e  Ca a c c u m u la tio n s . In  th e s e  ex p e rim en ts
2 4 -maximum Ca dependent ATP a se  a c t i v i t y  was ach iev ed  w ith  a s y n th e t ic

2+d io le o y lp h o s p h a t id y l  e th an o lam in e  b u t e f f i c i e n t  r e t e n t io n  o f Ca in  th e  
v e s i c l e s  a ls o  re q u ire d  d io le o y lp h o s p h a t id y lc h o lin e .  I t  i s  p erhaps 
s i g n i f i c a n t  t h a t  PC and PE a re  th e  p r in c ip a l  p h o sp h o lip id s  o f  sa rc o p la sm ic  
re t ic u lu m .
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2 . 6 E nvironm ental e f f e c t s  on L ip id s  i n  p la n t s

2 .6 .1  V a r ie ta l  and M anu ria l e f f e c t s

K uiper (1968) compared th e  l i p i d s  o f th e  ro o ts  o f f i v e  g rap e  c u l t i v a r s  
w hich d i f f e r e d  in  th e  e x te n t  to  which th e y  p e rm itte d  c h lo r id e  a c cu m u la tio n  
in  th e  le a v e s .  The MGDG c o n te n t o f r o o ts  was p o s i t iv e ly  r e l a t e d  to  th e  
c h lo r id e  t r a n s p o r t  to  th e  le a v e s  and v a r ie d  from 9.5% to  39% o f th e  t o t a l  
l i p i d  co m p o sitio n . T h is  l i p i d  p e rm its  th e  g r e a t e s t  c h lo r id e  d i f f u s io n  in  
membrane m odels. PC and PE c o n te n t was in v e r s e ly  r e l a t e d  to  c h lo r id e  
a c c u m u la tio n , th e  l e v e l s  o f th e se  l i p i d s  b e in g  13% and 21% r e s p e c t iv e ly  in  
th e  most r e s i s t a n t  c u l t i v a r  and 4% and 6% in  th e  most s e n s i t i v e  c u l t i v a r .  
F u rth e rm o re  th e  most s e n s i t i v e  c u l t i v a r  had an u n u su a lly  low s t e r o l  
c o n te n t  in  th e  r o o t s ,  9% compared w ith  16-22% in  th e  r o o ts  o f th e  o th e r  
f o u r .  The im p ortan ce  o f long  cha in  s a tu r a t e d  f a t t y  a c id s  f o r  c h lo r id e  
t r a n s p o r t  was a ls o  n o te d . The amount o f l ig n o c e r ic  a c id  p re s e n t  in  th e  
r o o t s  d e c re a se d  from  12% in  the  most r e s i s t a n t  c u l t i v a r  to  1% in  th e  most 
s e n s i t i v e  one. T h is f a t t y  a c id  was m a in ly  observed  in  th e  PC and PE 
f r a c t i o n s .  K uiper (1968) concluded t h a t  charged l i p i d s  c o n tr ib u te d  
s i g n i f i c a n t l y  to  th e  observed  low c h lo r id e  t r a n s p o r t  to  th e  stem  and 
le a v e s  and t h a t  th e  p re se n se  o f long  c h a in  f a t t y  a c id s  a ls o  c o n tr ib u te d  to  
low  p e rm e a b i l i ty  o f c h lo r id e .  I t  i s  n o t p o s s ib l e ,  from th e s e  e x p e r im e n ts , 
to  s t a t e  which f a c t o r  was re s p o n s ib le  f o r  th i s  change in  c h lo r id e  
p e r m e a b i l i ty .

When b a r le y  ro o ts  a r e  exposed to  in c r e a s in g  c o n c e n tra t io n s  o f  NaCl th e  
t o t a l  l i p i d s  c o n te n t  and in  p a r t i c u l a r  p h o sp h o lip id  c o n te n t i n c r e a s e s .  
The most marked in d iv id u a l  in c re a s e  in  p h o sp h o lip id  i s  in  PC (F e rg u so n , 
1966).

In  c o t to n , s a l t  s t r e s s  s t im u la te s  b o th  flo w er and b o l l  developm ent. 
Twersky and F e lh e n d le r  (1973) found t h a t  d u r in g  the  f r u i t i n g  s ta g e  bo th  
th e  t o t a l  l i p i d  c o n te n t  and th e  p h o sp h o lip id  c o n ten t was low er in  th e  
b ra c k is h  w a te r - t r e a te d  p la n t s .  Kuipur (1975) showed t h a t  in  w heat and o a t 
r o o ts  th e  l e v e l  o f PC i s  r e la te d  to  th e  Mg^+ and Ca^+ s t im u la te d  ATP ase  
a c t i v i t i e s  by in c r e a s in g  th e  c o n c e n tra t io n  o f th e  n u t r i e n t  s o lu t io n s  and 
o b se rv in g  an in c re a s e  in  the  le v e l  o f PC a s  w e ll as an in c re a s e  in  enzyme
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a c t i v i t y .

2 .6 .2  T em peratu re  e f f e c t s

S tu d ie s  lo o k in g  a t  th e  e f f e c t  o f te m p e ra tu re  changes on p la n t  l i p i d s  
have re v e a le d  some im p o rta n t in fo rm a tio n .  The s t r u c tu r e  and p e rm e a b ili ty  
p r o p e r t i e s  o f membranes a re  s t r o n g ly  in f lu e n c e d  by te m p e ra tu re . Thermal 
a g i t a t i o n  im p a r ts  g r e a t e r  m o lecu la r m o b i l i ty  on l i p i d s ,  b u t t h i s  freedom 
o f movement i s  r e s t r a in e d  by th e  re q u ire m e n t f o r  th e  p o la r  head group to  
rem ain  o r ie n te d  tow ards th e  boundary aqueous p h ase . C o n seq uen tly  i t  i s  th e  
hyd ro carbo n  c h a in s  w hich e x h ib i t  th e  g r e a t e s t  re sp o n se s  to  change in  
te m p e ra tu re .

In  p u re  s y n th e t ic  p h o sp h o lip id s  t h i s  change from th e  more o rd ered  g e l  
s t a t e  to  th e  l iq u id  — c r y s t a l l i n e  s t a t e  o c c u rs  over a  narrow  tem p e ra tu re  
ra n g e .  However, in  n a tu r a l  membranes s e v e r a l  d i f f e r e n t  l i p i d  c la s s e s  
e x i s t  and w ith in  each  c la s s  a v a r i e t y  o f  f a t t y  a c id  p e rm u ta tio n s  may 
e x i s t .  A f u r t h e r  c o m p lica tio n  i s  t h a t  th e  v a r io u s  l i p i d  c la s s e s  a re  
u n l ik e ly  to  be d i s t r i b u t e d  e v e n ly . The n e t  im p lic a t io n  fo r  n a tu r a l ly  
o c c u r in g  l i p i d s  i s  t h a t  th e  t r a n s i t i o n  p ro c e s s  (m e lt in g )  may occupy a 
te m p e ra tu re  ran ge  o f a s  much as 10°-40° ( S t e i n ,  1972).

When te m p e ra tu re  i s  reduced below 10°C i n  p la n ts  th e  membrane l i p i d s  
undergo  a change in  p h ase . As w e ll  a s  t h i s  change in  th e  p h y s ic a l  s t a t e  o f 
th e  l i p i d s  m ajor changes a re  a ls o  o b se rv ed  in  the  A rrh en iu s  a c t iv a t io n  
e n e rg y  (E a) of a number o f key , m em b ran e-assoc ia ted  enzyme system s and in  
th e  p e rm e a b il i ty  p r o p e r t i e s  and a c t iv e  t r a n s p o r t  system s o f th e  membrane. 
An exam ple o f th e  e f f e c t  phase changes have on the  fu n c t io n in g  o f membrane 
p r o te in s  can be seen  by s tu d y in g  th e  Ea o f each  o f th e  enzymes in v o lv ed  in  
e le c t r o n  t r a n s p o r t .  Each o f th e s e  enzymes e x h ib i t s  an in c re a s e  in  Ea a t  
th e  same te m p e ra tu re  (R a iso n , Lyons and Thomson, 1971). T h is  change can be 
a b o lis h e d  by t r e a t i n g  m ito ch o n d ria  w ith  d e te rg e n ts  w h ile  an enzyme which 
does n o t show t h i s  change , monoamino o x id a s e ,  i s  u n a ffe c te d  by d e te r g e n ts .  
E le c t ro n  sp in  re so n an ce  ( e . s . r . )  s p e c t r a  showed th a t  th e r e  was a membrane 
f l u i d i t y  change whose tem p e ra tu re  ran ge  co rresp o n d ed  w ith  th e  change in  Ea 
o f  th e  enzymes (Melfeourn and Kxii-th, 1 972 ). The ev id en ce  s u p p o rts  a l i p i d  
m ed ia ted  mechanism f o r  th e  tem p e ra tu re  — induced change in  th e  k in e t i c s
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o f membrane a s s o c ia te d  enzymes w hich i s  n o t th e r e f o r e  an i n t r i n s i c  
p ro p e r ty  o f th e se  enzym es. T h is  h o ld s  t r u e  f o r  most membrane bound enzymes 
(R a is o n , 1972).

Changes in  th e  p h y s ic a l  p r o p e r t i e s  o f membranes ind u ced  by low er 
te m p e ra tu re s  can a f f e c t  th e  b in d in g  o f enzymes and th e  p e rm e a b il i ty  o f 
m em branes. U r i t a n i ,  Hyodo and Kuwano (1 9 7 1 ), d em o n stra ted  a lo s s  o f 
cytochrom e C and m a la te  dehydrogenase  from m ito c h o n d ria  i s o l a t e d  from 
sw eet p o ta to  m a in ta in ed  a t  abou t 1°C. In  r e l a t e d  s tu d ie s  Yamaki and 
U r i t a n i  (1972) no ted  a p ro g re s s iv e  lo s s  o f p h o sp h o lip id s  su ch  a s  PE and PC 
from  m ito c h o n d r ia l  membranes d u rin g  s to ra g e  a t  c h i l l i n g  tem p e ra tu re s  
i n d i c a t in g  a p ro g re s s iv e  breakdown o f membrane i n t e g r i t y .  Thus as  w e ll as 
changing  th e  p e rm e a b il i ty  c h a r a c t e r i s t i c s  o f th e  membrane, changes in  th e  
l i p i d  co m p o sitio n s  o f th e  membrane a ls o  a f f e c t  th e  s t r u c t u r e  and fu n c t io n  
o f th e  membrane p r o te in s .

As a lr e a d y  d is c u s s e d  tem p e ra tu re  m arkedly  a f f e c t s  membrane l i p i d  phase 
c h a r a c t e r i s t i c s .  L ip id  com po sitio n  h as an e q u a lly  d ra m a tic  e f f e c t  and 
th e r e  i s  ev id en ce  t h a t  some p la n ts  ( c h i l l i n g  s e n s i t i v e )  can com pensate f o r  
th e  e f f e c t s  o f low te m p e ra tu re  by m od ify ing  th e  membrane c h e m is try . For 
exam ple th e  amount o f each  o f th e  p r i n c i p a l  p h o sp h o lip id s  in  le a v e s  o f 
cucumber and c o t to n  d e c l in e s  d u rin g  c h i l l i n g  a t  5°C and 85% r e l a t i v e  
h u m id ity  b u t n o t in  c h i l l  r e s i s t a n t  c u l t i v a r s  (W right and Simon, 1973). In  
a l f a l f a  th e  f a t t y  a c id  co m po sitio n  o f th e  ro o ts  changes d u r in g  harden ing  
and th e r e  i s  an accu m u la tio n  o f p o ly u n s a tu ra te d  l i p i d s  (G e r lo f f  e t  a l . , 
1 96 6 ). T h is  change in  l i p i d  s a tu r a t io n  was accom plished  in  a l f a l f a  by a  
change in  l i p i d  co m p o sitio n . L ip id s  l i k e  MGDG, DGDG, PC and PE which a re  
p re d o m in an tly  e s t e r i f i e d  w ith  l i n o l e i c  and l in d e n ic  a c id s  in c re a s e  and 
r e p la c e  th e  more s a tu r a te d  l i p i d s  l i k e  PG, PI and s u lp h o l ip id  (K u ip er, 
1970).

Wheat s e e d l in g s  grown a t  2°C a re  c a p a b le  of d e v e lo p in g  c o n s id e ra b le  
c o ld  h a rd in e s s  which i s  a s s o c ia te d  w ith  a h ig h  le v e l  o f u n s a tu ra te d  f a t t y  
a c id s  (de l a  Roche e t  a l . , 1973). The p h o sp h o lip id  com po sitio n  of 
s e e d l in g s  grown a t  2°C and a t  24°C was s im i la r  in d ic a t in g  th a t  th e  
in c re a s e d  u n s a tu r a t io n  a t  2°C i s  th e  r e s u l t  of an in c re a s e d  d e s a tu ra t io n  
a c t i v i t y  and n o t due to  d i f f e r e n c e s  in  p h o sp h o lip id  s y n th e s i s .
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Sm olenska and K uiper (1977) exam ining  th e  e f f e c t  o f  low tem p e ra tu re  
upon th e  l i p i d  co m p o sitio n  of r o o ts  and le a v e s  o f w in te r  rap e  showed t h a t  
t r a n s f e r  o f p la n ts  to  5°C led  to  an in c r e a s e  in  th e  l e v e l  o f l in o l e n ic  
a c id  in  th e  le a v e s  and r o o t s .  T h is  in c r e a s e  was most e v id e n t  in  th e  PC and 
PE f r a c t i o n s  o f th e  le a v e s  and in  th e  n e u t r a l  l i p i d s .  I t  was concluded 
t h a t  upon t r a n s f e r  o f th e  p la n ts  to  5°C a g e n e ra l  and n o n - s p e c if ic  
in c r e a s e  in  l i n o l e n ic  a c id  c o n tr ib u te d  to  th e  fu n c t io n in g  o f th e  
p la n t s  a t  low te m p e ra tu re .

In  V ic ia  fab a  th e  t r a n s i t i o n  te m p e ra tu re  i s  v ery  h ig h  (20°C) so i t  i s  
norm al to  grow p la n ts  under u n s a tu r a t io n  enhancing  c o n d i t io n s .  Lem e t  a l . , 
(1980) found th a t  f o r  V ic ia  fab a  p la n ts  grown a t  te m p e ra tu re s  below 20°C 
th e r e  was l i t t l e  e f f e c t  o f f r o s t  o r  c h i l l  h arden in g  on th e  f a t t y  a c id  
l e v e l s  o f g a l a c t o l i p i d s . Above th e  optimum grow th te m p e ra tu re  th e  le v e l  of 
l i n o l e n i c  a c id  d e c re a s e s  in  th e  g a l a c to l ip id s  su g g e s tin g  th a t  th e  change 
in  th e  l i n o l e n ic  a c id  i s  a fu n c t io n  o f h ig h  te m p e ra tu re . When p la n ts  were 
t r a n s f e r r e d  to  a low er tem p e ra tu re  th e n  d e s a tu r a t io n  o f l i n o l e i c  to  
l i n o l e n i c  a c id  o cc u re d .

Lem e t  a l , (1980) su g g ested  t h a t  d e s a tu r a t io n  o f f a t t y  a c id s  in  V ic ia  
fa b a  was c o n tro l le d  by b o th  l i g h t  and te m p e ra tu re . L ig h t m ain ly  a f f e c te d  
th e  l e v e l s  o f p a lm i to le ic  a c id  in  PG and i t  appeared  t h a t  l i g h t  i n t e n s i t y  
and n o t d u r a t io n  was th e  im p o rta n t c o n t r o l l in g  f a c t o r .  The f a t t y  a c id  
co m p o sitio n  d id  n o t change s i g n i f i c a n t l y  d u rin g  days o f co n tin u o u s 
d a rk n e s s  su g g e s tin g  t h a t  l i p i d s  do n o t tu r n  over r a p id ly .

2 .6 .3  L ip id s  and S enescence

S e v e ra l  s tu d ie s  on th e  e f f e c t  o f sen escen ce  on l i p i d  com position  in  
p la n t s  have been made. D eg en e ra tiv e  changes have been observed  a t  th e  
u l t r a s t r u c t u r a l  l e v e l .  B arton  (1966) showed in  P h aseo lu s  v u lg a r is  le a v e s  
c h lo r o p la s t s  d ec re a se d  in  s i z e ,  th y la k o id s  and s tro m a l ribosom es 
d i s i n t e g r a t e d  and o sm io p h ilic  g lo b u le s  ( s im i la r  to  th o se  found in  
h a u s to r ia )  accu m u la ted . I t  was su g g e s te d  th a t  th e se  w ere th e  r e s u l t  o f th e  
a c cu m u la tio n  o f l i p i d s  a r i s in g  from  th y la k o id  breakdow n, a lth o u g h  such 
g lo b u le s  a re  a ls o  a f e a tu r e  o f th e  p l a s t i d s  o f norm al p la n ts  (Greenwood e t  
a l . , 1963). B u tle r  and Simon (1971) su g g es ted  th a t  th e s e  g lo b u le s  c o n s is t
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of bo th  membrane breakdown p ro d u c ts  and s t i l l  accu m u la ting  l i p i d  
p re c u rs o r s  o r t h a t  th e y  could  r e p r e s e n t  a g e n e ra l  r e s e r v o i r  o f e x c e ss  
l i p i d  n o t n e c e s s a r i l y  connected  to  membrane fu n c t io n  and breakdow n.

D raper (1969) o bse rv ed  th a t  d u rin g  th e  y e llo w in g  o f cucumber co y led o n s 
th e  amount o f g a l a c t o l i p i d , s u lp h o l ip id  and PG d ec rea sed  w h ile  th e  l e v e l s  
o f  PC and PE rem ained  c o n s ta n t  su g g e s tin g  t h a t  p h o to s y n th e tic  l i p i d s  were 
b e in g  d eg rad ed . D uring th e  l a t t e r  s ta g e s  o f se n escen se  th e re  was a 
d e c re a s e  in  a l l  l i p i d s .  D uring th e  d e g re d a t io n  o f c h lo r o p la s t  l i p i d s  th e re  
was a c o rre sp o n d in g  in c re a s e  in  l i n o l e n i c  a c id  in  th e  f r e e  f a t t y  a c id  
f r a c t i o n .  T h is was confirm ed  by F erguson  and Simon (1973) who a ls o  
o b se rv ed  t h a t  lo s s e s  from the  p h o sp h o lip id  f r a c t io n  c o in c id ed  w ith  an 
in c r e a s e  in  th e  a p p a re n t f r e e  space and lo s s  from t i s s u e s  o f w a te r and 
e l e c t r o l y t e s .

McKersie e t  a l .  (19 78 ) s tu d ie d  th e  e f f e c t s  o f sen escen ce  in  P h aseo lu s  
v u lg a r i s  c o ty le d o n s  on the co m p o sitio n  and p h y s ic a l  p r o p e r t i e s  o f 
membrane l i p i d s .  They found th a t  th e  p h o sp h o lip id  c o n te n t  of rough and 
sm ooth m icrosom al membrane f r a c t io n s  from c o ty le d o n s  o f g e rm in a tin g  bean 
d e c l in e d  as th e  t i s s u e  became s e n e s c e n t.  Both ty p e s  o f membrane c o n ta in  
com parable p ro p o r t io n s  o f  th re e  m ajor p h o s p h o lip id s , PC, PE and PI w hich 
c o l l e c t i v e l y  com prise  ab o u t 90% of th e  t o t a l  which d id  n o t change d u r in g  
s e n e s c e n c e . The u n s a tu r a te d :  s a tu r a te d  f a t t y  a c id  r a t i o  f o r  t o t a l  
e x t r a c te d  l i p i d  d e c l in e d  on ly  s l i g h t l y  i n  b o th  membrane sy stem s. The m ajor 
d i f f e r e n c e  n o ted  in  t h i s  s tu d y  was t h a t  w ith  advancing  sen escen ce  th e re  
was a co rre sp o n d in g  in c re a s e  in  th e  s t e r o l :  p h o sp h o lip id  r a t i o  by ab o u t 
50% f o r  rough m icrosom es and 400% f o r  smooth m icrosom es, t h i s  was th o u g h t 
to  be p a r t l y  a lth o u g h  n o t w holly  caused  by th e  d e c re a se  in  p h o sp h o lip id .

The p h y s ic a l  s t a t e  o f  th e  membrane was a s s e s se d  by th e  use o f e le c t r o n  
s p in  re so n an ce  s t u d i e s .  The A rrh en iu s  a c t i v a t i o n  energ y  in c re a s e d  d u r in g  
sen escen ce  f o r  b o th  rough  and smooth m icrosom es and th u s  th e  p h y s ic a l  
s t a t e  of th e  membrane l i p i d  i s  m o d ified  by sen escen ce  and t h i s  i s  
r e f l e c t e d  by an in c r e a s e  in  f l u i d i t y .  I t  i s  most l i k e l y  t h a t  t h i s  change 
was caused  by th e  in c re a s e d  p ro p o r tio n  o f s t e r o l s  in  th e  membrane.
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The c o n c lu s io n s  from s tu d ie s  w ith  e t i o l a t e d  and se n e s c e n t le a v e s  a re  
t h a t  th e re  i s  a n e t  d ec re a se  in  th e  amount o f membrane l i p i d  and an 
in c r e a s e  in  f r e e  f a t t y  a c id s  cau sed  by t h i s  ( G a l l i a r d ,  1980). The 
rem a in in g  l i p i d  bound f a t t y  a c id s  show a  n e t  in c re a s e  in  f a t t y  a c id  
s a t u r a t i o n  in  th e  e a r ly  s ta g e s  o f se n esce n ce  due to  th e  i n i t i a l  breakdown 
o f c h lo r o p la s t  l i p i d s .  Most o f th e  e a r ly  s tu d ie s  on membrane l i p i d  f a t t y  
a c id  co m p o sitio n  d u rin g  sen escen ce  rea c h e d  th e  c o n c lu s io n  t h a t  th e r e  was a 
d e c re a se  in  th e  l e v e l s  of l i p i d  bound u n s a tu ra te d  f a t t y  a c id s ,  however 
th e s e  r e s u l t s  o n ly  r e f l e c te d  th e  l o s s  o f c h lo r o p la s t  l i p i d s  and gave no 
i n d ic a t io n  o f  th e  e f f e c t  on th e  membrane l i p i d s .  El H ussein  (1977) was 
a b le  to  show t h a t  senescence  ca u se s  a s i g n i f i c a n t  in c r e a s e  in  th e  l e v e ls  
o f u n s a tu r a t io n  in  th e  f a t t y  a c id s  from  PC, PE, PI and PS.

T h is s e c t io n  shows th a t  th e  env iro nm en t has a l a r g e  e f f e c t  upon th e  
l i p i d  and f a t t y  a c id  com position  o f p la n t  t i s s u e .  P la n ts  can respond  to  
changes in  t h e i r  n u t r i t i o n a l  s t a t u s  by a l t e r i n g  th e  co m po sitio n  o f th e  
m em branes. The tem p e ra tu re  t h a t  th e  p la n t  i s  growing in  has a profound 
e f f e c t  upon th e  p h y s ic a l  s t r u c tu r e  o f th e  membrane and th u s  th e  w orking o f 
t h a t  membrane. Some p la n ts  a re  a b le  to  ad ap t to  g row th  in  d i f f e r e n t  
te m p e ra tu re s  by a l t e r i n g  th e  co m p o sitio n  o f th e  membrane l i p i d s  w h i ls t  
o th e r s  a re  u n a b le  to  do t h i s .

S enescence has a d r a s t i c  e f f e c t  on p la n t  membranes cau sin g  a g e n e ra l  
d e g ra d a t io n  o f  th e  membranes and a ls o  a change in  th e  s a tu r a t io n  o f th e  
l i p i d  bound f a t t y  a c id s .

2 .7 ,  The e f f e c t  o f  i n f e c t io n  on l i p i d s  in  p la n ts

2 .7 .1 .  P e rm e a b ili ty

Amongst th e  e a r l i e s t  i n v e s t ig a t io n s  o f th e  e f f e c t  o f p la n t  pathogens on 
th e  p e rm e a b i l i ty  o f p la n t  membranes was th e  work o f T h a tch e r (1942, 1943). 
From h is  s tu d ie s  on r u s t s ,  powdery m ildew s, s o f t  r o t s  and d ry  r o t s  he 
conc lu ded  t h a t ,  a )  c e l l s  o f fu n g a l pathog ens have a h ig h e r  o sm o tic  
p o t e n t i a l  th a n  t h e i r  h o s ts ,  b) a l t e r e d  p e rm e a b ili ty  o f h o s t c e l l s  i s  a 
r e g u la r  f e a tu r e  o f d is e a s e  and c) t h a t  an in c re a s e  in  h o s t c e l l  
p e r m e a b i l i ty  i s  a c h a r a c t e r i s t i c  o f s u s c e p t i b i l i t y  w hereas a d e c re a se  i s
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found w ith  r e s i s t a n t  r e a c t io n s .  W hile a g re e in g  w ith  th e  f i r s t  two 
c o n c lu s io n s  W heeler and Hanchey (1968) argued t h a t  problem s w ith  
m ethodology  ren d e red  th e  t h i r d  c o n c lu s io n  u n te n a b le  in  T h a tc h e r 's  
e x p e r im e n ts ,  th e  com parisons betw een r e s i s t a n t  and s u s c e p t ib le  p la n ts  
w ere made long  a f t e r  th e  im p o rta n t e a r ly  s ta g e s  o f p a th o g e n e s is  d u rin g  
w hich th e  outcome o f in e c t io n  was d e c id e d .

Hoppe and H e ite fu s s  (1974a) in  a p re lim in a ry  s tu d y  compared th e  leak ag e  
o f e l e c t r o l y t e s ,  amino a c id s  and su g a rs  from  r u s t  in f e c t e d  l e a f  h a lv e s ,  
a d ja c e n t  u n in fe c te d  l e a f  h a lv e s  and h e a l th y  p rim ary  le a v e s .  In f e c t io n  
caused  an in c re a s e  in  th e  leak ag e  o f io n s ,  amino a c id s  and su g a rs  which 
was e v id e n t  by 4 days a f t e r  in o c u la t io n  and in c re a se d  th ro u g h o u t th e  
c o u rs e  o f th e  ex p e rim en t. No d i f f e r e n c e s  were o b se rv ed  between th e  
u n in fe c te d  l e a f  h a lv e s  and th e  c o n t r o ls  up to  8 days a f t e r  in o c u la t io n ,  
b u t l a t e r  (10 and 12 days a f t e r  in o c u la t io n )  th e  le a k a g e  from u n in fe c te d  
l e a f  h a lv e s  was h ig h e r .  From th e se  r e s u l t s  th e  a u th o rs  p o s tu la te d  th a t  th e  
membrane p e rm e a b i l i ty  was a l t e r e d  by th e  p a th o g en .

These s tu d ie s  i n d ic a te  th a t  a l t e r e d  p e rm e a b il i ty  o f t i s s u e s  to  w ate r 
and s o lu te s  i s  a c h a r a c t e r i s t i c  o f fu n g a l d is e a s e  in  p l a n t s .  The p re c is e  
m echanism s by w hich t h i s  i s  b rought abou t a re  however l e s s  c l e a r .  S tu d ie s  
to  r e v e a l  th e  cause  have c o n c e n tra te d  f i r s t l y  on u l t r a s t r u c t u r a l  changes 
r e s u l t i n g  from i n f e c t io n  and secon d ly  on a n a ly s is  o f changes in  membrane 
l i p i d  co m p o sitio n .

2 .7 .2 .  U l t r a s t r u c t u r a l  S tu d ie s

U l t r a s t r u c t u r a l  s tu d ie s  o f v i c t o r i n - t r e a t e d  o a t p la n ts  have re v e a le d  
damage to  c h lo r o p la s t  membranes in  le a v e s  and to  membranes o f th e  n u c le u s , 
v a c u o le ,  endo p lasm ic  re t ic u lu m  and o th e r  o rg a n e l le s  in  th e  ro o t  cap c e l l s  
(L u k e , War and Hanchey, 1966). O th er u l t r a s t r u c t u r a l  s tu d ie s  have 
r e s u l t e d  in  th e  o b s e rv a t io n s  t h a t  riboso m es (W illiam s and Mqnobola, 1967) 
m ito c h o n d ria  (Hanchey e t  a l , 1967) and c h lo r o p la s t s  (Luke e t  a l , 1966) 
undergo  m o d if ic a t io n s  in  d ise a se d  p l a n t s .

H is lo p  e t  a l  (1979) s tu d y in g  th e  e f f e c t  o f p e c t in  ly a s e  from M o n ilin ia  
f r u c t ig e n a  on th e  u l t r a s t r u c t u r e  o f c u l tu r e d  app le  c e l l s  found th a t  th e  
u l t r a s t r u c t u r e  o f h e a l th y  c e l l s  was m o d ified  by enzyme t re a tm e n t .  The
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endo p lasm ic  re t ic u lu m  showed d i l a t i o n  and v e s ic u la t io n  and th e  s t a in in g  
c h a r a c t e r i s t i c s  o f cy top lasm  were a l t e r e d .  Many cel is  t r e a t e d  w ith  l e t h a l  
am ounts o f p e c t ic  ly a s e  showed pseudo p la s m o ly s is .  Some sm all changes 
o ccu red  in  th e  plasmalemma o f in ju re d  c e l l s  b u t th e  u n i t  s t r u c tu r e  o f th e  
membrane was s t i l l  in  e v id en c e . M ito ch o n d ria  app eared  sw o llen  in  in ju re d  
c e l l s  and were alw ays l e s s  e a s i l y  re c o g n is e d  w hereas n u c le i  showed v ery  
few chan g es. The sw e ll in g  o f th e  end o p lasm ic  re t ic u lu m  has I s o  been found 
in  tob acco  ro o ts  in f e c te d  by P h y to p th c ra  p a r a s i t i c a  v a r  n ic o t ia n a e  
(Hanchey and W heeler 1971). The h y p e r s e n s i t iv e  re sp o n se  o f bean le a v e s  to  
b a c t e r i a  in v o lv e s  m u l t i - v e s ic u la t io n  and accu m u la tio n s  o f  o sm io p h ilic  
d r o p l e t s .

One o f th e  e a r l i e s t  m a n if e s ta t io n s  o f d is e a s e  i s  th e  change in  th e  
n a tu re  o f c e l l  membranes, m easured e x p e r im e n ta l ly  a s  e le c t r o y t e  r e l e a s e ;  
some i n t e r e s t i n g  work has been u n d e rtak e n  on th e  r e le a s e  o f  enzymes from 
ly so so m es. H is to ch em ica l m ethods u sed  by P i t t  and Coombes (1968) 
d em o n stra ted  th e  e x is ta n c e  in  p o ta to  tu b e r  t i s s u e s  o f s u b - c e l lu la r  
p a r t i c l e s  r i c h  in  lysosom al a c id  h y d ro la s e s .  I n f e c t io n  o f  p o ta to  tu b e rs  by 
P h y to p th o ra  e r y th r o s e p t ic a  was accom panied by s w e ll in g  and d is r u p t io n  of 
th e  h o s t  p a r t i c l e s ,  a s  observed  in  s e c t io n s  s ta in e d  f o r  a c id  p ho sp ha tase  
a c t i v i t y .  P a r t i c u l a r l y  i n t e r e s t i n g  was th e  w id esp read  and heavy 
c y to p la sm ic  s t a in in g  o f t h i s  enzyme in  in f e c te d  t i s s u e s .  I t  has n o t been 
p o s s ib le  to  su p p o rt th e se  o b s e rv a t io n s  b io c h e m ic a lly  due to  the  
m echan ica l problem s in  hom ogenising th e  t i s s u e  and to  b io chem ica l 
p roblem s due to  h ig h  a c t i v i t y  o f endogenous p h o sp h o lip a se s  and 
lip o x y g e n a se s  ( G a l l ia r d  1971).

A lthough  th e s e  r e s u l t s  r e v e a l  t h a t  i n f e c t io n  i s  accom panied by 
d ec re a se d  p a r t i c u l a t e  a c t i v i t y  o f h y d ro la s e s  w ith  a s im u ltan eo u s  r i s e  in  
th e  enzyme a c t i v i t y  o f th e  s o lu b le  p h a se , t h i s  may n o t n e c e s s a r i ly  be due 
to  th e  r e le a s e  o f enzymes from ly so so m es. I t  cou ld  be th a t  i n f e c t io n  
r e s u l t s  in  s p e c i f i c  i n a c t iv a t io n  o f p a r t i c u l a t e  h y d ro la se s  by an 
i n h i b i t o r  o f fungus o r h o s t  o r i g i n .  In  a d d i t io n  i t  i s  known th a t  fu n g i 
c o n ta in  p a r t i c u l a t e  h y d ro la se s  ( P i t t ,  1968) and t h a t  th e s e  may be s e c re te d  
and c o n t r ib u te  to  th e  s o lu b le  enzyme a c t i v i t y .
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2 .7 .3 .  P h o sp h o lip id  and P o la r L ip id s

V ario us r e s e a r c h e r s  have in v e s t ig a te d  th e  v e g e ta t iv e  b io t ro p h ic  phase 
o f  m y c e lia l  grow th  by p a r a l l e l  a n a ly s i s  o f in f e c te d  and u n in fe c te d  h o s t 
t i s s u e .  M uckerjee and Shaw (1962) found in c re a s e d  l e v e l s  o f l i p i d  
p h o sp h a te  in  w heat le a v e s  in f e c te d  w ith  P u c c in ia  g ra m in is . W illiam s e t  a l  
(1 9 68 ) re c o rd e d  in c re a s e d  t o t a l  l i p i d s  in  cabbage h y p o co ty ls  in f e c te d  
w ith  P lasm odiophora  b r a s s i c a e .

In  a s i g n i f i c a n t  s e r i e s  o f ex p e rim e n ts  Hoppe and H e ite fu s s  (1974)
32s tu d ie d  changes in  l i p i d  c o n c e n tra t io n  and P in c o rp o r a t io n  in to

p h o s p h o lip id s  and found t h a t  th e  amount o f PC, PE, PI and s u lp h o l ip id  in
le a v e s  d id  n o t a l t e r  a s  a r e s u l t  o f  i n f e c t io n  b u t in f e c te d  p la n ts  d id
e x h i b i t  a d e c re a se  in  th e  amount o f MGDG, DGDG and PG and an in c re a s e  in  PS
and PA. These changes were f i r s t  n o t ic e d  4 days a f t e r  in f e c t io n  v/hich
co rre sp o n d ed  w ith  th e  in c re a s e  in  le a k a g e  observed  in  t h e i r  p re v io u s
e x p e rim e n ts  (1 9 7 4 a ). The d i f f e r e n c e s  w ere r e s t r i c t e d  to  th e  re g io n  around
th e  p u s tu le  and were n o t observed  in  th e  su rro u n d in g  m y celiu m -free  t i s s u e .
The amount o f a l l  p h o sp h o lip id s  and g ly c o l ip id s  in  th e  u n in fe c te d  l e a f
h a lv e s  was s l i g h t l y  low er than  in  th e  c o n t r o ls .  N e ith e r  germ inated  n o r
u n g erm in a ted  u red o sp o res  o f th e  p a r a s i t e  c o n ta in e d  MGDG, DGDG,
s u lp h o l ip id  o r PG in d ic a t in g  th a t  th e  d e c re a se  in  th e s e  l i p i d s  cou ld  have
been  th e  r e s u l t  of an in c re a s in g  p ro p o r t io n  o f fu n g a l l i p i d  in  th e
e x t r a c te d  t i s s u e .  However, th e  e x te n t  o f th e se  d e c re a s e s  ren d e red  such an

32e x p la n a t io n  u n l ik e ly .  The in f e c te d  l e a f  h a lv e s  showed an in c re a s e  in  P
in c o r p o r a t io n  in to  c e l l  p h o sp h o lip id s  e s p e c ia l ly  PS, b u t d i f f e r e n c e s  in  
32 P in c o r p o r a t io n  betw een th e  u n in fe c te d  l e a f  h a lv e s  and th e  c o n tro ls  was 
o n ly  sm a ll .  From th e s e  r e s u l t s  th e  a u th o rs  proposed t h a t  th e  in c re a s e  in  
PS c o n te n t  co u ld  be in v o lv ed  in  th e  in c re a s e d  leak ag e  o f io n s  a c ro s s  th e  
membrane. T hat t h i s  in c re a s e  cou ld  be accounted  f o r  by th e  p re sen se  o f 
fu n g a l  m a te r ia l  in  th e  le a v e s  was ru le d  o u t a s  i t  was c a lc u la te d  th a t  th e  
fu n g u s would have to  c o n tr ib u te  40% o f th e  d ry  m a tte r  o f th e  h o s t : p a r a s i t e  
com plex i f  th e  PS in c re a s e  was to  be e x p la in e d  s o le ly  by fu n g a l l i p i d s  and 
th e y  conc luded  t h a t  th e  p a r a s i t e  cou ld  n o t c o n t r ib u te  to  t h i s  e x te n t .  
However Brennan and L ose l (1978) su g g es ted  t h a t  t h i s  c o n c lu s io n  may n o t 
have been a c c u ra te  as  L ose l and Lewis (1974) had shown t h a t  t h i s  amount o f 
fu n g a l  m a te r ia l  was found in  P u c c in ia  poarum -in f e c te d  T u ss ila g o  as
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in d ic a te d  by c h i to s a n  e s t im a t io n s  and m ic ro sc o p ic  o b s e r v a t io n s .  The work 
o f L o se l and Lewis w as, how ever, on i s o l a t e d  a e c ia l  p u s tu le s  w hereas t h a t  
o f  Hoppe and H e ite fu s s  was on l e a f  h a lv e s  o f a d i f f e r e n t  s p e c ie s  and so i t  
i s  n o t p o s s ib le  d i r e c t l y  to  compare th e s e  e x p e r im e n ts . From t h e i r  
e x p e rim e n ts  Hoppe and H e ite fu s s  (1974b) concluded t h a t  th e  i n f e c t io n  
caused  a d e c l in e  in  c h lo r o p la s t  l i p i d s  in  bean le a v e s  b u t th e  l e v e l s  o f PS 
and PA in c re a s e d .

L o se l re p o r te d  t h a t  th e re  w ere in c re a se d  am ounts and a l t e r e d  
p r o p o r t io n s  o f PE, PC and PA in  in f e c te d  t i s s u e s  o f th e  a l t e r n a t e  h o s ts  o f 
P u c c in ia  poarum. These w ere a l l i e d  to  an in c re a s e  in  th e  amount o f PS 
w hich  tended  to  be more im p o rta n t in  fu n g a l t i s s u e  and in  g reen  p la n t  
t i s s u e  co rre sp o n d in g  to  th e  a re a  o f den se  fu n g a l g row th  in  the  r u s t  
in f e c t e d  l e a f .

Hoppe and H e ite fu s s  (1974c) found t h a t  th e  PC and PE from  in f e c te d  l e a f  
h a lv e s  showed a h ig h e r  d eg ree  o f u n s a tu r a t io n  th a n  th e  l i p i d s  from 
u n in fe c te d  l e a f  h a lv e s  and u n in fe c te d  le a v e s .  The PE and PC o f fu n g a l 
u re d o sp o re s  were more u n s a tu ra te d  th a n  th e  l i p i d s  from  u n in fe c te d  l e a f  
h a lv e s  and u n in fe c te d  le a v e s .  The PE and PC of fu n g a l u re d o sp o re s  were 
more u n s a tu ra te d  th an  th e  l i p i d s  from  bean le a v e s .  The changes in  th e  
f a t t y  a c id  co m p o sitio n  in  PG, MGDG, and DGDG was sm a ll and i n s i g n i f i c a n t .  
T hese d i f f e r e n c e s  i n  f a t t y  a c id  co m p o sitio n  were r e s t r i c t e d  to  th e  a re a  o f 
th e  p u s tu le ,  th e  a d ja c e n t  fu n g u s - f re e  h o s t t i s s u e  was a f f e c te d  o n ly  to  a 
sm a ll  e x t e n t .  They concluded  th a t  th e s e  h ig h e r  l e v e ls  o f u n s a tu r a t io n  in  
d is e a s e d  le a v e s  m ight be re s p o n s ib le  f o r  th e  in c re a s e  in  leak ag e  o f non­
e l e c t r o l y t e s  as  b o th  began 4 days a f t e r  in o c u la t io n .  The in c re a se d  
u n s a tu r a t io n  was u n l ik e ly  to  r e s u l t  s o le ly  from th e  fu n g a l c o n t r ib u t io n  
s in c e  an in c re a s e  was a ls o  found to  a sm a lle r  e x te n t ,  in  u n in fe c te d  l e a f  
h a l v e s .

S ch ipp e r and M irocha (1970) a ls o  in v e s t ig a t in g  th e  t o t a l  f a t t y  a c id  
co m p o sitio n  o f P h aseo lu s  v u lg a r is  in f e c te d  by Uromyes p h a s e o li  found an 
in c r e a s e  in  s y n th e s is  o f p a lm i t ic ,  s t e a r i c  and o le i c  a c id s  betw een 6 and 9 
days a f t e r  i n f e c t io n .  T h is  r e s u l t ,  how ever, i s  n o t com parable w ith  t h a t  o f 
Hoppe and H e ite fu s s  (1974c) b ecause  th e  in d iv id u a l  p h o sp h o lip id  f a t t y  
a c id  com ponents were n o t s tu d ie d  and th e  t o t a l  f a t t y  a c id  ana ly sed
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in c lu d ed  n eu tra l l ip id s

Hoppe and H e ite fu s s  (1975a) looked  a t  p h o sp h o lip id s  and p h o sp h o lip id  
f a t t y  a c id s  in  h e a l th y  and r u s t  i n f e c t e d  bean le a v e s  o f c u l t i v a r s  
r e s i s t a n t  o r  s u s c e p t ib le  to  r u s t .  In  s u s c e p t ib le  c u l t i v a r s ,  a s  ex p ec ted , 
i n f e c t i o n  r e s u l te d  in  an in c re a s e  in  PS and a d e c l in e  i n  PG, and PC and PE 
c o n ta in e d  h ig h e r  amounts o f u n s a tu r a te d  f a t t y  a c id s  th a n  d id  l i p i d s  from 
c o n t r o l  l e a v e s .  T h is d id  n o t o ccu r in  r e s i s t a n t  c u l t i v a r s  whose l i p i d  
p r o f i l e  was th e  same as  th e  c o n tro l  p l a n t s .  There were a ls o  no s i g n i f i c a n t  
d i f f e r e n c e s  in  th e  l i p i d  o r f a t t y  a c id  co m p o sitio n  betw een r e s i s t a n t  and 
s u s c e p t ib l e  c u l t i v a r s .

S e d r in a ,  Askerova and K h a rtin a  (1981) s tu d ie d  th e  changes in  bean ro o t  
m ito c h o n d r ia l  membranes d u rin g  i n f e c t io n  by R h iz o c to n ia  s o la n i  and showed 
t h a t  th e  c o n te n t  of p h o sp h o lip id s  and n e u t r a l  l i p i d s  p e r  u n i t  o f membrane 
p r o te in  n i t ro g e n  in c re a se d  fo llo w in g  i n f e c t i o n .  However, th e se  changes 
o c c u rre d  uneven ly  in  d i f f e r e n t  l i p i d  c l a s s e s .  Thus PC and PE in  the  
p h o sp h o lip id  f r a c t io n  in c re a s e d  by 15-18%, PG by more than  60%, th e  
t r i g l y c e r i d e s  by 100%, d ig ly c e r id e s  by 20% w h ile  th e  m onoglyceride 
c o n te n t  d e c l in e d . LPC was a ls o  found in  m ito c h o n d ria l  membranes in  
in f e c te d  p la n ts  o n ly  and t h i s  was m irro re d  by an in c r e a s e  in  th e  a c t i v i t y  
o f  p h o sp h o lip a se  A. In f e c t io n  a ls o  caused  a d e c re a se  in  f a t t y  a c id  
u n s a tu r a t io n  in  m ito c h o n d ria l  l i p i d s  a g re e in g  w ith  th e  d a ta  of Koshanova 
e t  a l  (1 9 7 7 ) . S ed rin a  e t  a l  (1981) a ls o  found t h a t  th e s e  changes were 
p a r a l l e l e d  by a d e c re a se  in  th e  a c t i v i t y  o f  m ito c h o n d r ia l  enzymes. The 
r i g i d i t y  o f th e  membrane was f u r t h e r  in c re a s e d  by a d e c l in e  in  the  
p h o s p h o l ip id i s t e r o l  r a t i o .  There a re  some d o u b ts  re g a rd in g  the  
e x p e r im e n ta l  method employed in  t h i s  s tu d y  s in c e  th e  in f e c te d  t i s s u e  had 
to  be ta k e n  from a p a r t  o f th e  r o o t  from w hich th e  pathogen  was a b s e n t .  The 
re a so n  f o r  t h i s  was tw o fo ld , f i r s t l y  to  av o id  problem s w ith  fu n g a l l i p i d  
c o n ta m in a tio n  and seco n d ly  because  th e  p a r a s i t e  concerned  in  t h i s  s tud y  
c a u se s  a n e c ro tro p h ic  d is e a s e  and so th e  in f e c te d  t i s s u e  i s  dead . The 
e f f e c t s  observed  cou ld  th e r e f o r e  be th e  r e s u l t  o f sen escen ce  and ca re  
sh o u ld  be tak e n  in  i n t e r p r e t i n g  th e  r e s u l t s .

Lewis and L osel (1974) s tu d y in g  th e  e f f e c t  o f P u c c in ia  poarum on both  
i t s  p y c n ia l - a e c i a l  h o s t T u ss ila g o  f a r f a r a  and i t s  u r e d i a l - t e l i a l  h o s t Poa
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p r a t e n s i s  re p o r te d  an in c re a s e  in  th e  l i p i d  c o n ten t o f  in f e c te d  t i s s u e s  
w hich co rre sp o n d ed  to  a d iv e r s io n  o f m e ta b o li te s  from u n in fe c te d  p a r t s  o f 
th e  same l e a f  o r from p a r t  o f  th e  h o s t p la n t  rem ote from  i n f e c t io n  s i t e s  
a s  w e ll  a s  to  changes in  th e  d e s t i n a t i o n  o f c u r r e n t  p h o to s y n th a te .

Com parison o f th e  d i s t r i b u t i o n  o f i n  in f e c te d  and h e a l th y  h o s ts  
o f  P u c c in ia  poarum im m edia tely  a f t e r  ex p o su re  to  th e  l a b e l  in  th e  l i g h t  
and fo llo w in g  a su bseq u en t d ark  ch ase  showed th a t  much o f th e  a c t i v i t y  
i n i t i a l l y  in c o rp o ra te d  in to  su g a rs  was l o s t  d u rin g  th e  d a rk  p e r io d ,  w h ile  
l a b e l  in c o rp o ra te d  in to  l i p i d s  in  a l l  in f e c te d  t i s s u e s  ro s e  s e v e r a l  tim es 
(B rennan  and L o se l, 1978). The a c t i v i t y  in  l i p i d s  o f h e a l th y  le a v e s  
from  d is e a s e d  p la n ts  h a rd ly  changed d u r in g  t h i s  p e r io d .  In  r u s t  in f e c te d  
t i s s u e  d u r in g  th e  "chase*’ p e r io d ,  th e  i n i t i a l l y  h ig h e r  p ro p o r t io n  o f 
a c t i v i t y  in  p o la r  l i p i d s  o f d is e a s e d  t i s s u e  d e c re a s in g  a s  a g r e a te r  amount 
o f l a b e l  accum ulated  in  n e u t r a l  l i p i d s .  Im m ediately  fo llo w in g  
p h o to s y n th e s is  th e  a c t i v i t y  o f l i p i d  f r a c t io n s  from b o th  h e a l th y  and 
d is e a s e d  p la n ts  was m ain ly  in  d ia c y lg ly c e r id e s  c h lo r o p la s t  g ly c o l ip id s ,  
PG and PA. D uring th e  d a rk  p e r io d ,  lo s s  o f th e  i n i t i a l l y  h ig h  a c t i v i t y  o f 
d i a c lg l y c e r o l s  and p o la r  l i p i d s  a d ja c e n t  to  p u s tu le s  was accom panied by 
in c r e a s e s  i n  o th e r  c la s s e s  o f n e u t r a l  l i p i d  and membrane l i p i d s  w ith in  th e  
fu n g a l  p u s tu le  t i s s u e s .

2 .7 .4 .  S to ra g e  and N e u tra l L ip id s

L ip id  in c lu s io n s  have been found b o th  in  p la n t  t i s s u e s  in f e c te d  by 
b io t r o p h ic  fu n g i and in  hyphae o r  sp o re s  o f th e  fu n g a l p a r tn e r .  They have 
been  re p o r te d  from th e  m ycelium , m ature  h a u s to r ia  and c o n id ia  o f E ry sip h e  
g r a m in is , from  th e  h a u s to r ia  o f E. c ich o racearu m  (Mckeen e t  a l , 19b6) and 
from  E» p i s i  (M anners, 1979). A l i s t  o f l i p i d  in c lu s io n s  found in  p la n t  
t i s s u e s  in f e c te d  by b io t ro p h ic  fu n g i  can be found in  Brennan and L ose! 
(1 9 7 8 ) .

D if f e re n c e s  have been seen  in  th e  d i s t r i b u t i o n  o f s t a in a b le  l i p i d  in  
th e  r u s t  P u c c in ia  poarum and l e a f  t i s s u e  o f i t s  two h o s ts  T u ss ila g o  
f a r f a r a  (L o se l and L ew is, 1974) and Poa p r a te n s i s  (L o s e l ,  1978). H a u s to r ia  
a r e  r a r e  in  th e  a e c i a l  h o s t ,  T u ss ila g o  f a r f a r a  b u t a dense fu n g a l 
p la ten chy m a f i l l s  th e  i n t e r c e l l u l a r  sp aces  o f the  m eso p h y ll. O il d ro ps a re
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found  in  h o s t c e l l s  n e a r  d ev e lo p in g  i n t e r c e l l u l a r  mycelium o n ly  d u r in g  th e  
e a r l y  s t a g e s .  As th e  a e c i a l  p u s tu le  d e v e lo p s , o i l  d rops become abundan t in  
th e  fu n g a l t i s s u e ,  from  which th ey  l a t e r  d is a p p e a r .  In  Poa p r a te n s i s

h a u s t o r ia  w ith  which one o r more o i l  d ro p s a r e  a s s o c ia te d  in  th e  h o s t c e l l  
(L o s e l ,  1978). These o i l  d r o p le ts  rem ain  abundant f o r  a s  long  a s  th e  
p a r a s i t e  i s  a c t i v i l y  g row ing . Thus p la n ts  re sp o n d , in  some in s ta n c e s ,  to  
th e  p re se n se  o f fu n g a l hyphae by p ro d u c in g  l i p i d  b o d ie s  (B rennan and 
L o s e l ,  1978).

The fo u r  m ajor component s t e r o l s  in  h e a lth y  bean le a v e s  a re

s u s c e p t ib l e  c u l t i v a r s  two unknown a d d i t io n a l  s t e r o l s  a r e  found (Hoppe and 
H e i t e f u s s ,  1975b) one o f which i s  th e  m ajor compound of g erm in a ted  
u re d o s p o re s , 7 -s tig m a st$ n  -3^3 — o l .

The changes in  s t e r o l  c o n te n t o cc u rin g  in  th e  in f e c te d  s u s c e p t ib le  
le a v e s  can be p a r t i a l l y  accounted  f o r  by fu n g a l s t e r o l s .  The p resen4 e  o f 7 
s t ig m a s te n  - 3 ^ — o l and th e  in c re a s e  in  s t ig m a s te r o l  c o n te n t in  th e  
in f e c te d  le a v e s  app eared  to  be c o r r e la te d  w ith  th e  amount o f fu n g a l t i s s u e  
in  t h a t  h o s t ,  b u t an in c re a s e  in  c a m p e s te ro l and the  presence* o f a second 
unknown s t e r o l  cann o t be e x p la in e d  by th e  p re se n se  o f fu n g a l s t e r o l s  and 
th e r e f o r e  some p la n t  m ed ia ted  changes must a ls o  be o c c u r in g .

2 .7 .5 .  Enzymes and T oxins

V ario u s  w orkers have in v e s t ig a te d  th e  p o s s i b i l i t y  o f p h o sp h o lip ase  
b e in g  an im p o rta n t f a c to r  in  p a th o g e n e s is .  The o b s e rv a t io n s  o f Lumsden and 
Bateman (1968) of p h o sp h o lip a se  a c t i v i t y  in  P haseo lu s v u lg a r is  in f e c te d  
w ith  T h ie la v io p s is  b a s ic o la  was fo llo w ed  by Lumsden’s (1970)

ivrd e m o n s tra t io n  o f p h o sp h o lip a se  p ro d u c tio n  by S c l e r o t i n ia  s c le ro t iu m  bo th  
i n  c u l tu r e  and in  bean t i s s u e .  Hoppe and H e ite fu s s  (1974b) found in c re a s e d  
p h o sp h o lip a se  a c t i v i t y  in  r u s t - i n f e c t e d  h a lv e s  o f bean le a v e s  compared 
w ith  u n in fe c te d  h a l f  le a v e s  and c o n tro l  le a v e s ,  th e  enzyme re a c h in g  a 
maximum 6-8 days a f t e r  i n f e c t io n ,  a tim e c o rre sp o n d in g  to  maximum 
s p o r u la t io n  by th e  fu n g u s . They s p e c u la te d  th a t  in c re a s e d  p h o sp h o lip a se  
a c t i v i t y  m ight damage m ito ch o n d ria  in  in f e c te d  l e a f  t i s s u e  but had to

a lm o s t a l l  th e  c e l l s  i n  th e  re g io n  o f th e  u red o so ru s  a r e  p e n e tr a te d  by

c a m p e s te ro l ,  c h o l e s t e r o l ,  s t ig m a s te ro l  and In  in f e c te d
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conceed  t h a t  in  t h e i r  system  damage to  m ito c h o n d ria  and uncoupling  of 
r e s p i r a t i o n  occured a t  a much l a t e r  s ta g e  o f i n f e c t io n  than  th e  
p h o sp h o lip a se  maximum.

S tu d ie s  on the  e f f e c t s  o f fu n g a l to x in s  on membrane s t r u c tu r e  have 
r e v e a le d  some i n t e r e s t i n g  r e s u l t s .  When p la n ts  a re  t r e a te d  w ith  
sy rin g o m y cin  th e  c e l l s  show a d e t e r g e n t - l i k e  l y s i s  o f c e l l u l a r  membranes. 
T is s u e s  t r e a t e d  w ith  la b e l l e d  to x in  show a l o c a l i z a t i o n  o f th e  la b e l  
o v e r  th e  plasm a and n u c le a r  m em branes. These e f f e c t s  a re  re v e rse d  by 
s t e r o l s  and p h o sp h o lip id s  (Backmann and be Vay, 1 97 1 ). O ther p a th o g en ic  
m e ta b o l i te s  which a f f e c t  membrane p e rm e a b i l i ty  in c lu d e  th e  e n n ia t in s  A 
and B. These compounds uncouple o x id a t iv e  p h o s p h o ry la tio n  and s t im u la te  
an  energ y  dependent u p take  o f p o ta ss iu m  ( G o t t l i e b ,  1 97 2 ). The in d u c tio n  o f 
w a te r  soaked le s io n s  by h ig h  m o le c u la r  w eig h t lip o m u co p o ly sacch a rid e s  
from  Pseudomonas la c  rymans was e x p la in e d  by fo rm a tio n  o f a coup le  w ith  
p r o te in s  which ren d e red  th e  plasm a membrane more perm eable to  w ater 
(W illia m s and Keen, 1971).

S e v e ra l  p h y to to x ic  compounds cause  an in c r e a s e  in  membrane 
p e r m e a b i l i ty :  a s c o c h i t in e  (Ofcu and N a k a n isk i, 1966), c i t r i n i n  ( G o t t l i e b ,  
197 2 ), h e lm in th o sp o ra l (W hite and Tantguchi, 1972), is o m a n tic in  (D orn, 
1 97 4 ), o p h io b o lin  A and B (C hain  e t  a l , 1971) and Z in n io l (W hite and 
S ta r r a t t ;  1967).

P h a se o to x in  from Psuedomonas p h a s e o lic o la  c a u se s  a d ec re a se  o f 
e l e c t r o l y t e  leak ag e  accom panied by an in c re a s e  in  o sm o tic  v a lu e . I t  was 
su g g e s te d  th a t  t h i s  e f f e c t  c o u n te ra c ts  an in c r e a s e  in  membrane 
p e r m e a b i l i ty  which i s  common f o r  th e  r e s i s t a n t  r e a c t io n  ( Z e l le r  and 
R udolph , 1972). T his h y p o th e s is  would e x p la in  the  f a c t  t h a t  th e  to x in  can 
b re a k  th e  r e s i s t a n c e  o f bean c u l t i v a r s  to  h a lo  b l i g h t  (R udolph, 1972). 
Z e l l e r  e t  a l  (1976) i n f i l t r a t e d  young sw iss  chard  le a v e s  w ith  t h i s  to x in  
and t h i s  le d  to  changes in  f a t t y  a c id  com p o sitio n  nam ely a d ec re a se  in  th e  
l e v e l s  of u n s a tu r a t io n .  T h is e f f e c t  was most pronounced in  th e  c h lo ro p la s t  
l i p i d s  (MGDG, DGDG and PG). S im ila r  bu t l e s s e r  changes were observed  in  
th e  t y p i c a l  membrane l i p i d s ,  PC and PE, and i t  was concluded  th a t  th e se  
changes w ere c lo s e ly  connected  w ith  th e  to x in - in d u c e d  c h lo r o s is .  Swiss 
c h a rd  le a v e s  which had been e t i o l a t e d  f o r  14 days showed a s l i g h t  but n o t
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s i g n i f i c a n t  in c re a s e  in  membrane p e r m e a b i l i ty .  S ince  e t i o l a t e d  le a v e s  a r e  
g e n e r a l ly  c h a ra c te r iz e d  by changes i n  th e  l i p i d  bound f a t t y  a c id s  s im i l a r  
to  th o se  found in  t o x in - t r e a t e d  l e a v e s ,  i t  was concluded  t h a t  th e  d e c re a se  
in  membrane p e rm e a b il i ty  was caused  by mechanisms o th e r  than  changes in  
th e  l i p i d  com po sitio n  o f  th e  p lasm a membrane.

Lupu e t  a l , (1980) u s in g  to b acco  le a v e s  in f e c te d  by E ry sip h e  
c ich o racea ru m  found an in c re a s e  in  lip o x y g en ase  a c t i v i t y  in  in f e c te d  
p la n t s  compared w ith  u n in fe c te d  p la n ts  and th ey  su g g e s ted  t h a t ,  a s  
lip o x y g e n a se  a c t i v i t y  was a s s o c ia te d  w ith  membrane dam age, t h i s  enzyme 
was one o f th e  p rim ary  f a c to r s  le a d in g  to  enhanced le a k a g e . Lupu e t  a l  
(1980) s p e c u la te d  t h a t  endogenous a n t io x id a n ts  found in  l e a f  hom ogenates 
w ere produced by th e  p la n ts  to  p re v e n t th e  d is r u p t io n  o f c e l l  membrane 
i n t e g r i t y .  T h is  h y p o th e s is  was su p p o rted  by th e  e v id en c e  th a t  exogenous 
a p p l ic a t io n  o f to c o p h e ro l ,  a n a tu r a l  a n t io x id a n t ,  su pp ressed  b o th  
lip o x y g e n a se  a c t i v i t y  and mildew grow th on le a v e s .  However, they  d id  no t 
show l i p i d  p e ro x id a t io n  in  v iv o , n o r d id  th ey  d em o n stra te  the  so urce  o f 
th e  l ip o x y g e n a se , so  t h i s  h y p o th e s is  a lth o u g h  a t t r a c t i v e  must rem ain  
u n p ro v en .
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3* M ateria ls and Methods

3 .1  P la n ts

The fo llo w in g  pea c u l t i v a r s  w ere used  a t  d i f f e r e n t  s ta g e s  d u rin g  th e
e x p e rim e n ta l w ork: Onward, Feltham  F i r s t  and H urst Green S h a f t .  B efo re
g e rm in a tin g  th e  seed s  were s t e r i l i s e d  f o r  5 m inu tes i n  10% (W/V) sodium
h y p o c h lo r i te .  A f te r  r in s in g  in  s t e r i l e  d i s t i l l e d  w a te r ,  th e  seed s  were
g erm in a ted  in s id e  p ersp ex  boxes on m o is t t i s s u e  p a p e r . A f te r  3 days a t  25°
th e  germ ina ted  seed s  were p la n te d  in  John In n es No. 2 p o t t in g  compost in
5" sq u a re  p o ts  w ith  5 seed s  in  each p o t .  The p la n ts  were grown in  a F iso n s
g row th  c a b in e t  model 600G3 THTL a t  18°C u n d er a l i g h t  i n t e n s i t y  o f 150 

—2 —1m icro  e in s t e in s  m sec  w ith  a 16 hour day p h o to p e r io d .

Four week o ld  p la n ts  were in o c u la te d  by d u s tin g  w ith  sp o re s  shaken from 
14 day o ld  i n f e c t io n s  o f a p re v io u s  b a tc h  o f p l a n t s .  Newly in o c u la te d  
p la n t s  were i s o l a t e d  in  a s e p a ra te  c a b in e t  and grown under th e  same 
c o n d it io n s  a s  b e f o r e .  Mildew was a llo w ed  to  dev e lo p  fo r  th e  p e r io d  
re q u ire d  by th e  e x p e rie m n ts . U n in fec ted  p la n ts  o f th e  same age grown under 
i d e n t i c a l  c o n d it io n s  were used as c o n t r o l s .

3 .2  Inoculum  so u rce

E ry siph e  p i s i  c o lo n ie s  were m a in ta in e d  on th e  s u s c e p t ib le  pea 
c u l t i v a r ,  Onward, which were s u p p lie d  on a f o r t n i g h t l y  b a s is  by th e  
U n iv e rs i ty  o f  London B o tan ic  G arden. They were p laced  in  a g reenhouse  
com partm ent and in f e c te d  by shaking  p la n ts  b ea rin g  14 d ay -o ld  sp o r in g  
c o lo n ie s  over them .

3 .3  E x perim en ta l M a te r ia l

When th e  le a v e s  w ere used fo r  l i p i d  a n a ly s is  th e  3r  , 4 L and 5L l e a f  
p a i r s  were u se d . O therw ise  stem e p id e rm is  was used and was s t r ip p e d  from 
p la n ts  a f t e r  p la sm o ly s is  in  0 .5  M m an n ito l f o r  1 h o u r.

When in f e c te d  t i s s u e  was re q u ire d  fo r  a n a ly s is  th e  sp o re s  were 
d is lo d g e d  by sh ak in g  and mycelium was removed by ru b b in g  the  s u r fa c e  o f 
th e  p la n t  w ith  f o r e f in g e r  and thumb w h ile  w earing  s u r g ic a l  g lo v e s . The
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mycelium so obtained was analysed fo r  l ip i d s  s e p a r a te ly

3 .4  G eneral P re c a u tio n s  d u rin g  l i p i d  a n a ly s i s

At a l l  p o in ts  d u rin g  l i p i d  e x t r a c t io n  and a n a ly s is  p re c a u tio n s  were 
ta k e n  to  p re v e n t th e  o x id a t io n  o f th e  l i p i d .  B u ty la te d  hydroxy to lu e n e  
(BHT) a t  a c o n c e n tra t io n  o f 50 yu^g l ” * was r o u t in e ly  added to  a l l  s o lv e n ts  
u sed  in  e x t r a c t io n ,  s to ra g e  and chrom atography to  p re v e n t o x id a t io n . BHT 
i s  ex trem e ly  v o l a t i l e  and i s  th e r e f o r e  l o s t  d u r in g  s o lv e n t  e v a p o ra tio n . 
The o th e r  ro u t in e  p re c a u tio n  was th e  u se  o f oxygen f r e e  n it ro g e n  f o r  the  
e v a p o ra t io n  o f f i n a l  t r a c e s  o f s o lv e n t s .

L ip id s  w ere s to re d  in  s o lu t io n s  c o n ta in in g  BHT under a la y e r  o f oxygen 
f r e e  n it ro g e n  a t  4°C in  th e  d a rk .

A ll  g la ssw a re  used in  th e  l i p i d  e x t r a c t io n  and a n a ly t i c a l  work was 
washed w ith  chrom ic a c id ,  r in s e d  i n i t i a l l y  w ith  d i l u t e  HC1 and th en  w ith  
d e io n is e d  w a te r .

3 .5  Chem icals

A ll chem ica ls  used ro u t in e ly  w ere fA n a la r ' g rade  and were o b ta in ed  from 
B r i t i s h  Drug Houses (BDH) L td , P o o le , D o rs e t .

The p h o sp h o lip id s  and f a t t y  a c id  p u re  sam ples w ere o b ta in ed  from Sigma 
(London) Chem ical Company.

3 .6  E x tr a c t io n  o f p la n t  l i p i d s

The v a r io u s  e x t r a c t io n  m ethods a s s e s s e d  a re  d e s c r ib e d  in  s e c t io n  
3 .1 .8 .  T h is  s e c t io n  d e s c r ib e s  th e  method re g a rd e d  a s  o p tim a l and was used 
r o u t in e ly  u n le s s  o th e rw ise  s p e c i f i e d v 0 . 5g t i s s u e  ( f r e s h  w e ig h t) ,  
0 .0 5 2 (0 .0 1 2 g  dry  w eigh t e q u iv a le n t)  was p laced  in  15 ml of b o i l in g  
iso p ro p a n o l f o r  2 m in u tes to  d e a c t iv a te  l ip id - d e g r a d in g  enzymes. The 
iso p ro p a n o l was r e ta in e d  and th e  t i s s u e  removed and p laced  in  15 ml o f 
ch lo ro fo rm : m ethanol ( 2 .1 ,  V/V). The t i s s u e  was ground w ith  a m o rta r and 
p e s t l e  fo r  5 m in u te s , th e  homogenate was th e n  f i l t e r e d  under a vacuum 
th ro u g h  Whatman No. 1 f i l t e r  p a p e r . The f i l t r a t e  was added to  th e
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is o p ro p a n o l  and s to re d  under n i t r o g e n .  The re s id u e  was r e - e x t r a c t e d  tw ic e  
w ith  f u r th e r  15 ml volum es of ch lo ro fo rm  m e th an o l.

3 .7  Removal o f n o n - l ip id  m a te r ia l

The method was based on th a t  o f F o lc h , Lees and S lo a n e -S ta n le y  (1 9 5 7 ). 
The w a te r - s o lu b le  n o n - l ip id  co n tam in an ts  were removed from  th e  e x t r a c t  by 
sh ak in g  th e  c h lo ro fo rm : m ethanol ( 2 .1 ,  V/V) sam ple w ith  o .2  volumes o f 0 .1  
M NaCl in  a t e s t  tu b e . The m ix tu re  was a llo w ed  to  e q u i l i b r a t e y a f t e r  w hich 
th e  upper phase was removed w ith  m inim al d is tu rb a n c e  by P a s te u r  p i p e t t e .  
U su a lly  a sm a ll re s id u e  o f the  upper phase rem ained in  th e  tu b e , in  w hich 
c a se  s u f f i c i e n t  m ethanol was added to  u n ify  th e  two p h a se s .

3 .8  Removal o f w a te r from th e  e x t r a c t

E x tr a c ts  w ere d r ie d  by th e  a d d i t io n  o f anhydrous Mix bo th
d i r e c t l y  to  th e  e x t r a c t  and a ls o  by f i l t r a t i o n  th rou gh  a f u r th e r  q u a n t i ty  
o f th e  dry  s a l t  h e ld  in  a f lu te d  f i l t e r  p a p e r . O rgan ic  s o lv e n t  was th e n  
removed by r o t a r y  e v a p o ra tio n  under reduced  p re s s u re  in  an a l l  g la s s  
a p p a r a tu s .

3 .9  Column chrom atography

The r e s id u e  from  r o ta r y  e v a p o ra tio n  was washed w ith  2 x 5 ml volum es o f 
d i e t h y l  e t h e r ,  3 x 5 ml volumes o f ch lo ro fo rm , 3 x 5  ml volum es of 
ch lo ro fo rm  m ethanol (2 :1  V/V) and f i n a l l y  3 x 5 ml volum es o f m e th an o l. 
A ll  th e  w ash ings ex cep t th e  2 x 5 ml volumes o f d ie th y l  e th e r  were 
combined and s to re d  under n i t r o g e n .  The d ie th y l  e th e r  w ashings were 
chrom atographed  a s  d e s c r ib e d  below on a column of s i l i c a  g e l  (60-120  mesh 
5cm ) a c t iv a te d  f o r  1 hour a t  100°C, suspended in  d ie th y l  e th e r  and packed 
in  a 20 ml s y r in g e  body f i t t e d  w ith  a s i l i c o n e  ru b b e r- tu b e  c lo se d  by a 
c lam p. The sam p le , d is s o lv e d  in  d ie th y l  e t h e r ,  was th en  added to  th e  top  
o f th e  column and e lu te d  w ith  f iv e  column volum es (5 ml) o f d ie th y l  e th e r ,  
5 column volum es o f ch lo ro fo rm , 5 column volum es o f ch lo ro fo rm  m ethanol 
2 :1 ,  V/V) and 20 column volumes o f m ethanol a t  a flow  r a t e  of 2 ml min *.

The d ie th y l  e th e r  e lu te d  f r a c t io n  was tak en  to  d ry n ess  under vacuum a t  
35°C, r e d is s o lv e d  in  0 .5  ml of d ie th y l  e th e r  and used f o r  the  s e p a r a t io n
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of n e u t r a l  l i p i d s  by t . l . c .

i

The ch lo ro fo rm  and ch lo ro fo rm  m ethanol (2 :1  V/V) f r a c t io n s  were tak en  
to  d ry n ess  s e p a r a te ly ,  r e - d is s o lv e d  in  0 .5  ml ch lo ro fo rm  and c lo ro fo rm : 
m ethanol (2 :1  V/V) r e s p e c t iv e ly  and used fo r  th e  s e p a r a t io n  o f p o la r  
l i p i d s  t . l . c .

The m ethanol f r a c t io n  was d iv id e d  in to  two, one c o n ta in in g  th e  f i r s t  15 
column volumes and th e  o th e r  c o n ta in in g  the  l a s t  5 column volumes of 
m ethan o l. The two f r a c t io n s  were ta k e n  to  d ry n ess  and re d is s o lv e d  in  0 .5  
ml m ethanol which was used f o r  th e  s e p a r a t io n  o f p o la r  l i p i d s  by t . l . c .  
These f r a c t io n s  were k ep t s e p a r a te  to  check w hether a l l  th e  l i p i d  was 
being e lu te d  from th e  column.

3 .10  Thin Layer Chromotography

L ip id s  were se p a ra te d  by a sc en d in g  t . l . c .  u s in g  p re -c o a te d  t i c  p la te s  
(Whatman LPK5 s i l i c a  p la te s  20 cm x 20 cm, 500yu.»*vthick). The sam ples from 
s e c t io n  2 .9  w ere a p p lie d  to  th e  t i c  p la t e s  in  bands u s in g  a m ic ro p ip e t te .  
To e n su re  t h a t  no l i p i d  was l o s t  a t  t h i s  s ta g e ,  th e  tu b e s  c o n ta in in g  th e  
l ip i d  e x t r a c t s  were washed tw ice  w ith  0 .5  ml o f th e  a p p ro p r ia te  s o lv e n t 
and th e s e  were a p p lie d  to  th e  t i c  p l a t e s  on the  same s t r e a k s .

Chromatograms were developed  a t  room tem p e ra tu re  in  a Shandon 
Chromatank a f t e r  e q u i l i b r a t i o n  in  a s o lv e n t  s a tu r a te d  atm osphere fo r  1-2 
h o u rs . Two d i f f e r e n t  s o lv e n t tan k  m ix tu re s  were u s e d : -

a ) To s e p a ra te  p o la r  l i p i d s  — C hloroform  : m ethanol : a c e t i c  a c id  : 
w a te r (6 5 :2 5 :1 0 :8 , V/V)

b) To s e p a ra te  n e u t r a l  l i p i d s  — D ie th y l e th e r  : to lu e n e  : e th a n o l : 
a c e t i c  a c id  (4 0 :2 :0 .2 ,  V/V) fo llo w ed  by d ie th y l  e th e r  : hexane (6 :9 4 , 
V/V) (Freeman and W est, 1966)

The p la t e s  were developed  u n t i l  th e  s o lv e n t f r o n t  reached  3 cm from the  
to p .
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3 .1 0 .1  D e te c tio n  o f l i p i d s  on t i c  p la te s

Three g e n e ra l d e te c t io n  m ethods were used

a ) Io d in e  vapour (Mangold and M a lin s , 1960)

A few io d in e  c r y s t a l s  w ere p laced  on th e  bottom  o f a chrom atography 
tan k  in to  which chrom atogram s w ere p la c e d . A f te r  a few m in u tes l i p i d s  
appear as  brown s p o ts  on a p a le  y e llow  back grou n d . As l i t t l e  as 3 ^ . g  o f 
l i p i d  can be d e te c te d  in  t h i s  way (Mangold and M a lin s , 1960).

b) Rhodamine 6G (Mangold 1961)

0.01% Rhodamine 6G was sp ray ed  onto  th e  chrom atogram  and view ed under 
UV l i g h t  (270 nm). The l i p i d s  appear as y e llo w  f lu o r e s c e n t  s p o t s .  The 
low er d e te c t io n  l im i t  i s  1 yu.g l i p i d  (M angold, 1961).

c ) D ic h lo ro f lu o re s c e in  (M angold, 1961)

0 . 01% 2*7* d ic h lo r o f lu o r e s c e in  in  m ethanol was sprayed  o n to  the
chrom atogram and viewed under UV l ig h t  (270 nm ). L ip id s  ap p ear as dark  
sp o ts  on a f lu o r e s c e n t  background . The low er d e te c t in g  l im i t  i s  1 - 5 ^  g 
l i p i d  (M angold, 1961).

The fo llo w in g  s p e c i f i c  t e s t s  were u sed .

a ) P hosphate  S ta in  (Wagner e t  a l . , 1961)

R eagent: S o lu tio n  (a )  8g o f ammonium m olybdate in  60 ml o f w a te r ;  
S o lu tio n  (b ) To 20 ml c o n c e n tra te d  HCL, 5 ml o f m ercury and A0 ml of 
s o lu t io n  (a )  was added , t h i s  was a g i ta te d  f o r  30 m inutes and f i l t e r e d .

Spray R eagent: To th e  rem ain d er of s o lu t io n  a )  100 ml 18 M I^SO^ 
a l l  o f s o lu t io n  b was added . T h is was a llow ed  to  coo l and th en  d i lu te d  to  
500 ml w ith  w a te r .

The re a g e n t was sp ray ed  o n to  the  chrom atogram  and the  p h o sp h o lip id s  
appeared  as b lu e  s p o ts  on a w h ite  background a f t e r  a few m in u te s . In  t h i s  
way i t  was p o s s ib le  to  d e te c t  as l i t t l e  as 1 jLtg l i p i d  (Wagner e t  a l . ,
1961) .
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b) N in hy d rin  s t a i n  (S k ip sk i e t  a l . , 1962)

0 .2% ninhydrin in  butanol sa tu ra te d  w ith water was sprayed onto the  

chromatogram which was then heated a t  100°C fo r  5 minutes. L ip id s w ith a 

fre e  amino group appear as red sp ots on a white background. The l im it  to  

d e te c tio n  was 10 (Mangold, 1 9 6 1 ).

c ) S ta in  f o r  s t e r o l  and s t e r o l  e s t e r s

18 M s u lp h u r ic  a c id  : g l a c i a l  a c e t i c  a c id  ( 1 :1 ,  V/V) was sp ray ed  onto  
th e  chrom atogram  which was th en  h ea te d  a t  90°C for 15 m in u te s . S te r o l  and 
s t e r o l  e s t e r s  ap p ea r as  red  s p o ts  on a w h ite  background.

3 .1 0 .2  E lu t io n  from  l i p i d s  o f s i l i c a  g e l

a ) P o la r  L ip id s

The a re a  to  be e lu te d  was marked on th e  t i c  p la t e  and m o isten ed  w ith  
w a te r . T h is  e n a b le s  th e  s i l i c a  g e l  from  th e  whole of t h i s  a re a  to  be 
rem oved. The s i l i c a  g e l  was p laced  in  a ta p e re d  c e n t r i fu g e  tu b e ,  3 ml 
ch lo ro fo rm  was added to  th e  tub e  and t h i s  was a g i t a te d  on a v o r te x  m ixer 
fo r  1 m in u te . The tub e  was th en  c e n t r i fu g e d  a t  200g f o r  3 m inu tes to  
sed im en t th e  s i l i c a  g e l .  The s u p e rn a ta n t  was removed and s to re d  under 
n it ro g e n  a t  0°C. The s i l i c a  g e l  was washed w ith  2 f u r th e r  5 ml volumes o f 
c h lo ro fo rm , 3 w ashings w ith  5 ml ch lo ro fo rm im eth an o l ( 2 :1 ,  V/V) and 
f i n a l l y  3 w ash ings w ith  5 ml m e th an o l. A ll  w ashings were bulked  to g e th e r .

b) N e u tra l L ip id s

The n e u t r a l  l i p i d s  were e lu te d  from  s i l i c a  g e l as d e s c r ib e d  above 
ex cep t t h a t  th e  s o lv e n ts  used were as fo l lo w s :  3 x 5 ml volumes o f d ie th y l  
e th e r  fo llo w ed  by 2 x 5 ml volumes o f ch lo ro fo rm rm eth ano l ( 2 :1 ,  V/V).

3 .1 0 .3  Q u a n t i t a t iv e  a n a ly s is  o f l i p i d s  from t i c  p la t e s

A ll th e s e  m ethods can be used in  th e  p re se n c e  o r absence o f s i l i c a  g e l .  
L ip id s  in  s o lu t io n  were f i r s t  d r ie d  und er reduced  p re s s u re  a t  35°C
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a )  R ed u c tio n  o f d ich ro m ate  (Amenta, 1964)

F or sam ples c o n ta in in g  40-250 f^g o f  l i p i d ,  2 ml. of d ich ro m ate  s o lu t io n  
(p re p a re d  by d is s o lv in g  2 .5g  K ^ C ^ O ^ n  1 1  18 jf^l^SO^) was added to  th e  
d r ie d  l i p i d  sam ples in  g la s s  s to p p e re d  t e s t  tu b e s .  I f  s i l i c a  g e l  was 
p re s e n t  th e  t e s t  tu b es were a g i t a t e d  on a v o r te x  m ixer u n t i l  i t  formed a 
f in e  su s p e n s io n . The tu b es  were h ea te d  in  a w a te r b a th  a t  100°C f o r  45 
m in u tes  and w e ll mixed 3 tim es d u rin g  t h i s  p e r io d .  The tu b e s  were allow ed  
to  c o o l and th en  c e n tr ifu g e d  a t  200g f o r  5 m in u te s . 1 ml o f s u p e rn a ta n t  
was p ip e t t e d  in to  a t e s t  tu b e  and d i lu te d  to  10 ml w ith  w a te r .  A bsorbance 
was re a d  a t  350 nm on a Beckman model 35 sp e c tro p h o to m e te r a g a in s t  a 
d i s t i l l e d  w a te r b lan k . The amount o f l i p i d  in  an unknown m ix tu re  was 
e s t im a te d  a g a in s t  c a l i b r a t i o n  cu rv es  o b ta in e d  u s in g  pure l i p i d  sam ples. 
T h is  method depends upon th e  re d u c t io n  o f d ich ro m ate  and i s  s e n s i t i v e  down 
to  10 g o f l i p i d  i f  th e  amount o f d ich ro m a te  i s  reduced  to  0 .5  m l. The 
re sp o n se  i s  l i n e a r  up to  1 j*. ^ l i p i d  i f  5 ml re a g e n t i s  u sed .

b ) Method o f Marsh and Wei n s te in  (1966)

2 ml o f 18 M H2SO4 was addec’ to  sam ples in  t e s t  tu b e s .  I f  s i l i c a  g e l  was 
p r e s e n t  th e  t e s t  tu b e s  w ere mixed on a v o r te x  m ixer u n t i l  th e  s i l i c a  g e l  
formed a f i n e  su sp e n s io n , i f  none was p re s e n t  th e  tu b e s  w ere mixed fo r  a 
s ta n d a rd  1 m in u te .

The tu b e s  were p laced  in  an oven a t  180°C f o r  20 m in u tes a f t e r  which 
th ey  w ere a llow ed  to  coo l and 3 ml o f d i s t i l l e d  w ate r was added. A f te r  
s ta n d in g  to  d is p e r s e  a i r  b ub b les  any s i l i c a  g e l  p re s e n t  was sed im ented  by 
c e n t r i f i g a t i o n  th e  abso rban ce  o f th e  s u p e r n a ta n ts  was read  a t  375 nm on a 
Beckman model 35 sp e c tro p h o to m e te r a g a in s t  a b lan k  t r e a t e d  as above b u t 
w ith  no l i p i d  p r e s e n t .  Amount o f l i p i d  in  an unknown m ix tu re  was e s t im a te d  
a g a in s t  c a l i b r a t i o n  cu rv es o b ta in e d  w ith  a s e r i e s  o f a p p ro p r ia te  
s ta n d a r d s .  The d e te c t io n  l im i t  was 5 /U.g and th e  p lo t s  rem ain l i n e a r  up to

c ) P ho sphate  a n a ly s is  (B a r t le t t ,  1959)

1 ml o f 60% p e r c h lo r ic  a c id  was added to  th e  sam ples o f p h o sp h o lip id s  
in  t e s t  tu b e s .  P h o sp h o lip id s  were d ig e s te d  in  1 ml of 60% p e r c h lo r ic  a c id

20C (S e c t io n  4 .1 .5 )
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by r e f lu x in g  a t  170°C f o r  30 m in u tes  u s in g  a d ry  h e a t in g  b lo c k . The t e s t  
tu b e s  w ere coo led  and 8 .3  ml o f w a te r was added fo llo w ed  by 1 .5  ml o f 2.5% 
(W/V) aqueous ammonium m olybdate s o lu t io n  and 0 .2  ml red u c in g  s o lu t io n  
(10%, W/V, a s c o r b ic  a c id ) .  The tu b e s  w ere l e f t  a t  room te m p e ra tu re  f o r  30 
m in u te s  to  a llo w  th e  c o lo u r to  d e v e lo p . I f  s i l i c a  g e l  was p re s e n t  th e  
sam ples w ere c e n tr i fu g e d  a t  200g f o r  5 m in u tes  and th e  s u p e rn a ta n ts  were 
removed p r i o r  to  re a d in g  th e  ab so rb an ce  a t  695 nm on a Beckman model 35 
sp e c tro p h o to m e te r . The amount o f p h o sp h o lip id  p re s e n t  was e s t im a te d  
a g a in s t  c a l i b r a t i o n  cu rves produced  w ith  e i t h e r  s ta n d a rd  p h o sp h o lip id  
sam ples o r in o rg a n ic  p hosphorous.

3 .1 1  Gas L iqu id  Chrom atography

3 .1 1 .1  P re p a ra t io n  o f f a t t y  a c id  m ethy l e s t e r s  (FAMES)

A reas co rre sp o n d in g  to  each  p h o sp h o lip id  on t i c  p la te s  were sc rap ed  
o n to  b o a ts  and t r a n s f e r r e d  to  g la s s  tu b e s  f i t t e d  w ith  t e f l o n —lin e d  screw  
c a p s . 0 .5  ml o f 14% Boron t r i f l u o r i d e  in  m ethanol was added to  each  tu b e . 
The tu b e s  w ere f lu s h e d  w ith  n i t r o g e n ,  s e a le d  f irm ly  and p laced  in  a w ate r 
b a th  a t  100°C f o r  30 m in u te s . The tu b e s  were allow ed to  coo l and 0 .1  ml of 
an i n t e r n a l  s ta n d a rd ,  m ethyl p e n tad e c an o a te  ( 0 . 039yiunoles in  0 .1  ml 
hexane) and 2 ml hexane was added . The c o n te n ts  o f th e  tu b es  were mixed 
th o ro u g h ly , and c e r t r i f u g e d  a t  200g f o r  2 m in u te s . At t h i s  s ta g e  two 
p h ase s  were p r e s e n t ,  th e  upper phase c o n ta in in g  th e  FAMES d is s o lv e d  in  
hexane was removed and t r a n s f e r r e d  to  w h ite  s o d a -g la s s  screw  neck  v i a l s  
w ith  alum inium  f o i l - l i n e d  c a p s . The low er m e th a n o lic  phase was washed w ith  
a f u r t h e r  2 ml o f hexane which was removed and pooled w ith  th e  f i r s t  
e x t r a c t .  The FAMES sam ples d is s o lv e d  in  hexane were tak en  to  d ry n e ss  under 
a s tre am  of n i t ro g e n  on a d ry  h e a t in g  b lo ck  a t  35°C. The sam ples were 
r e d is s o lv e d  in  10 ml of hexane in  p r e p a r a t io n  fo r  g lc .

T h is  method was used f o r  m o n o g ly c e rid e s , d ig ly c e r id e s  and f r e e  f a t t y  
a c id s  as  w e ll  as  f o r  p o la r  l i p i d s .  In  o rd e r  to  m e th y la te  t r i g l y c e r i d e s  25% 
to lu e n e  and 14% boron t r i f l u o r i d e  in  m ethanol re p la c e d  the 14% boron 
t r i f l u o r i d e  in  m ethanol and f o r  s t e r o l  e s t e r s  30% to lu e n e  and 14% boron 
t r i f l u o r i d e  in  m ethanol was u se d .
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3 .1 1 .2  S e p a ra tio n  of f a t t y  a c id  m ethy l e s t e r s

FAMES w ere se p a ra te d  in  a P e rk in  Elmer Sigma 2b g as chrom atograph 
equiiped w ith  a flam e io n i s a t i o n  d e te c to r  and a Sigma 10b d a ta  s t a t i o n .
1 iaJl o f th e  FAMES sample d is s o lv e d  in  hexane was in je c te d  in to  a
2 M x 3 mm l . d .  column of 15% R eoplex 400 on chrom osorb W. HP 100/120 
m esh, ru n  i s o th e r m ic a l ly  a t  195°C. I n j e c t o r s  and d e te c to r s  were a t  210°C. 
N itro g e n  a t  a flow  r a t e  of 35 m is min” * was used as  a c a r r i e r  g a s . The 
f a t t y  a c id s  m ethy l e s t e r s  were re c o g n is e d  by com paring th e  r e t e n t io n  tim es 
w ith  th o se  o f a u th e n t ic  s ta n d a rd s .

A re sp o n se  f a c to r  f o r  each  f a t t y  a c id  was c a lc u la te d  by a n a ly s in g  known 
am ounts o f each  f a t t y  a c id  and c a lc u la t in g  th e  r a t i o  betw een the  peak a re a  
o f i n t e r e s t  and th a t  o f th e  s ta n d a rd ,  m ethyl p e n ta d e c a n o a te . Amounts o f 
f a t t y  a c id s  p re s e n t  were c a lc u la te d  from  th e  fo llo w in g  e q u a t io n : -

R e la t iv e  re sp o n se  f a c to r  
fo r  in d iv id u a l  f a t t y  
a c id

0 .039

A rea under th e  peak 
fo r  in d iv id u a l  f a t t y  
a c id s----------------------------------  x
A rea under th e  peak 
f o r  m ethy l p e n ta ­
d ecan o a te
(0.039yLtmal in 0 .1  ml)

T h is  g iv e s  a v a lu e  in  ja.m oles p e r sam ple.

t~To s e p a r a te  b o th  s h o r t  c h a in  ( 14 cabon atom s) and long ch a in  ( 18 
carbon  a tom s) f a t t y  a c id s  1 jxl o f th e  FAMES sam ple d is s o lv e d  in  hexane was 
re s o lv e d  on a 2 M x 3 m m  l . d .  column of 15% DEGS on chrom osorb W 
te m p e ra tu re  programmed a t  150°C f o r  15 m in u tes in c re a s in g  4°C * to  190°C 
and f i n a l l y  is o th e rm a l ly  f o r  a f u r t h e r  15 m in u te s . I n j e c t o r s  and d e te c to r s  
w ere a t  210°C and n i t ro g e n  a t  a flow  r a t e  o f 35 ml min * was used as 
c a r r i e r  g a s .  The r e t e n t io n  t im e s , r e l a t i v e  re sp o n se  f a c to r s  and amounts o f 
each  f a t t y  a c id  were c a lc u la te d  as  p re v io u s ly  d e s c r ib e d .

The amount o f each l i p i d  p re s e n t  was c a lc u la te d  from the  f a t t y  a c id  
d a ta .
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Figure 7: Flow diagram of Lipid extractions, purifications and separation
techniques

0.5g fresh weight tissue (leaves, epidermal strips) boiled in 
isopropanol for 2 minutes.

LIPID EXTRACTION
Isopropanol retained. Tissue removed and placed in 15ml 
chloroform :methanol (2:1, V:V) and ground with a mortar 
and pestle. The homogenate filtered through Whatman No. 1 
filter paper under vacuum. The filtrate added to isopropanol 
and stored, the residue placed in 15ml chloroform: methanol 
(2:1, V:V) and the process repeated twice.

PROTEOLIPIl) COMPLEXES The combined extract taken to dryness and resuspended in
BROKEN DOWN 10ml of chloroform:methanol (2:1, V:V).

NON-LIPID 2ml 0.1 M NaCl added to the extract, mixture allowed
MATERIAL REMOVED to equilibrate after which upper phase removed.

WATER REMOVED Lower phase filtered through rosetted Whatman No. 1 filter paper 
containing dry (NH^SO^into rotary evaporator flask.

Extract taken to dryness in rotary evaporator and resuspended

SEPARATION OF in 2 x 5ml volumes diethyl ether
NEUTRAL LIPIDS 3 x 5ral volumes chloroform
FROM POLAR 3 x 5ml volumes chloroform:methonal (2:1, V:V)
LIPIDS 3 x 5ml volumes of methanol.

Washing^with the exception of the diethyl ether washings were 
combined and stored at A°C under nitrogen

Column chromatography: The diethyl ether washings were 
placed in a column of silica gel and the lipids were 
separated using the following solvents and a flow rate 
of 2ml min~*.

5 Column volumes Diethyl ether 

5 Column volumes Chloroform
5 Column volumes Chloroform: methanol (2:1, V:V)

20 Column volumes Methanol

The diethyl ether, fraction was taken to dryness, redissolved
e ik & Cin 0.5ml diethyl and used for the separations of neutral 

lipids by tic.

The other fractions were taken to dryness, redissolved 
in 0.5ml; choroform, chloroform methanol (2:1, V:V) or methanol 
and used for the separation of phospholipids by tic.



3 .12  E x tr a c t io n  of fu n g a l l i p i d

40-50 mg d ry  w eight o f mycelium was p laced , in  a g la s s  s to p p e re d  t e s t  
tu b e  to  w hich 5 ml o f b o i l in g  iso p ro p a n o l was added and l e f t  f o r  2 
m in u te s . 10 mis of c h lo ro fo rm : m ethanol ( 2 :1 ,  V:V) was added to  th e  tu b e  
w hich was l e f t  a t  room tem p e ra tu re  fo r  4 h o u rs  w ith  i n t e r m i t t e n t  s h a k in g . 
The sam ple was ground in  a ground g la s s  hom ogeniser 3 t im es  in  
ch lo ro fo rm :m eth an o l ( 2 :1 ,  V:V) and th en  f i l t e r e d  th rou gh  Whatman No. 1 
f i l t e r  p a p e r , tak en  to  d ry n ess  under red uced  p re s s u re  a t  35°C and th e  
re s id u e  was resu sp en d ed  in  a sm all volume o f ch lo ro fo rm : m ethanol (2 :1 ,  
V :V). L ip id s  from h a u s to r ia l  co m p lex -en rich ed  f r a c t io n s  w ere a ls o  
e x t r a c te d  in  t h i s  way.

3 .13  E x tr a c t io n  of t i s s u e  fo r  amino a c id  and c h lo ro p h y ll  e s t im a t io n

Samples f o r  a n a ly s is  c o n s is te d  e i t h e r  o f 5 l e a f  d is c s  (0 .2 5  cm 
d ia m e te r)  punched from  each o f 4 le a v e s  ( th e  t h i r d  and fo u r th  l e a f  p a i r s )  
o r 0 .1  g f r e s h  w eigh t (0 .0 1 5  g d ry  w eig h t e q u iv a le n t )  o f e p id e rm is . The 
sam ples were p laced  in  5 ml of m ethanol and b o ile d  fo r  15 m in u te s , coo led  
and s to re d  a t  0°C. C h lo ro p h y ll was e s t im a te d  d i r e c t l y  by m easurem ent o f 
th e  ab so rb an ce  a t  670 nm.

3 .14  Amino a c id  e s t im a t io n  (Yem and C ocking , 1955)

0 .5  ml o f 0 .2  M c i t r a t e  b u f fe r  pH5 was mixed w ith  1 ml o f sam ple 
c o n ta in in g  0 .0 5  — 5 .6  g amino n i t r o g e n .  0 .2  ml o f 5% (W/V) n in h y d r in  in  
2 m ethoxyethanol and 1 ml of 0.01 M KCN was then  added. The tu b e s  were 
h ea ted  f o r  15 m inu tes a t  100°C and th en  coo led  fo r  15 m inu tes in  ta p  
w a te r .  The s o lu t io n  was made up to  5 ml w ith  e th a n o l and th e  ab so rb an ce  
was read  a t  570 nm.

The amount o f amino n itro g e n  was e s t im a te d  from a s ta n d a rd  curve 
p rep a red  by u s in g  d i l u t i o n s  o f an equ im o la r m ix tu re  of a la n in e ,  g lu tam in e  
and l y s in e .
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3 .15  P ro te in  e s t im a tio n

P ro te in  was measured u s in g  F o lin  and C io c a lte u  re a g e n t fo llo w in g  th e  
method o f Lowry, Rosborough, F a r r  and R an d a ll (1 9 5 1 ).

R eagents

S o lu tio n  A 2% (W/V) Na2C03 ,n 0 .1  M NaOH

S o lu tio n  B 0.5% (W/V) CuSO^Sl^O in  1% (W.V) tr is o d iu m  c i t r a t e

S o lu tio n  C was made by m ixing 50 ml o f A w ith  1 ml of B j u s t  b e fo re  u se .

F o lin  and C io c a l te u 's  phenol re a g e n t was d i lu te d  1 :1 .5  w ith  d i s t i l l e d  
w ate r to  make a 1 M a c id ic  s o lu t io n .  The q u a n t i ty  o f w ater n e c e s s a ry  was 
dete rm ined  by t i t r a t i o n  a g a in s t  1M NaOH w ith  p h e n o lp h th a le in  as 
i n d i c a t o r .

P rocedure

5 ml o f s o lu t io n  C was mixed w ith  1 ml o f sam ple and in c u b a ted  a t  room 
tem p e ra tu re  f o r  10 m in u te s . 0 .5  ml o f d i l u te d  F o lin  and C io c a l te u 's  
re a g e n t was added w ith  m ixing and the  tu b e s  in cu b a ted  fo r  a f u r th e r  30 
m inutes a t  room tem p e ra tu re  in  th e  d a rk . The abso rban ce  a t  500 nm was then 
m easured on a Beckman model 35 sp e c tro p h o to m e te r  and th e  p ro te in  
c o n c e n tra t io n  e s tim a te d  from a s ta n d a rd  p lo t  p rep a red  u s in g  bovine serum 
album in (S igm a, London). The re sp o n se  was l i n e a r  from 0 .200  g ml  ̂ of 
bovine serum  alb u m in .

3 .16  M easurement o f c e l l  v i a b i l i t y

P la n t  t i s s u e  was p laced  in  n e u t r a l  red  s o lu t io n  (0.1% n e u t r a l  red  in  1 
M KN03 ,n 0 .1  M phosphate  b u f fe r  pH7) f o r  20 m in u tes and then  washed in  the  
same s o lu t io n  minus n e u t r a l  r e d .  The n e u t r a l  red  rem ains in  th e  v acu o les  
of v ia b le  c e l l s  and p e rce n ta g e  v i a b i l i t y  was a sse sse d  by co u n tin g  10 
groups o f 100 c e l l s  u s in g  an Olympus b in o c u la r  l i g h t  m icroscope a t  xAOO 
m a g n i f ic a t io n .
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3 .17  E s tim a tio n  of th e  freq u en cy  o f h a u s to r ia

The num bers of h a u s to r ia  p e r c e l l  were e s tim a te d  by p e e lin g  low er 
ep iderm es and m ounting them in  w a te r and o b se rv in g  a t  x400 on an Olympus 
b in o c u la r  l i g h t  m icroscop e .

3 .1 8  I s o l a t i o n  of h a u s to r ia l  com plexes

The method used fo r  i s o l a t i n g  h a u s to r ia l  com plexes was th a t  o f Manners 
(1 9 7 cl) g iv en  in  o u t l in e  in  f i g .  9 .  The co m p o sitio n  of th e  i s o l a t i o n  medium 
was 0 .2  M s u c ro s e ,  3 mM Mg SO  ̂ and 0 .1  M pho sp hate  b u f fe r  pH 6 .8 .

In  an a tte m p t to  red uce  th e  l e v e l  o f c h lo r o p la s t  c o n tam in a tio n  in  th e  
f i n a l  e x t r a c t ,  f r a c t io n  2 was s y r in g e  f i l t e r e d  th rou gh  5y .̂m nylon  mesh and 
th e  h a u s t o r i a l  com plexes were washed from th e  nylon  mesh a f t e r  f i l t r a t i o n .  
At t h i s  s ta g e  an e s t im a te  o f th e  c o n tam in a tio n  was made.

3 .1 9  I s o l a t i o n  of membrane f r a c t io n s  ( a f t e r  Leonard and Van Der Wounde,
1976)

10-20 g o f lea v e s  o r stem  segm ents were r in s e d  in  co ld  d i s t i l l e d  w a te r; 
t h i s  and a l l  subseq uen t o p e ra t io n  ta k in g  p la c e  a t  4°C. The r in s e d  t i s s u e  
was c u t  i n to  2 cm segm ents and ground in  a p r e - c h i l le d  m o rta r and p e s t l e .  
The g r in d in g  medium c o n s is te d  o f 250mM s u c ro s e ,  3mM EDTA and 25mM T r is  — 
MES (pH 7 .2 )  and was used a t  4 ml: 1 g f r e s h  w eight of t i s s u e .

The hom ogenate was f i l t e r e d  th ro u g h  4 la y e rs  of c h e e s e c lo th  and 
s u c c e s s iv e ly  c e n tr ifu g e d  on a Beckman LB55 c e n t r i f u g e  u s in g  an 8 x 50 ml 
a n g le  r o t o r ,  a t  1000 g f o r  10 m in u te s , 8 ,000 g fo r  15 m in u te s , 13,000 g fo r  
15 m in u te s , 40,000 g f o r  30 m inutes and 80,000  g fo r  30 m in u te s . P e l l e t s  
from th e s e  c e n t r i f u g a t io n s  were resusp en d ed  in  th e  b u ffe re d  su c ro se  and 
assay ed  f o r  p ro te in  (S e c t io n  3 .1 0 ) and v a r io u s  enzymes (S e c tio n  3 .2 0 ) .  
When l i p i d  e x t r a c t io n s  were re q u ire d  th e  p e l l e t s  were p laced  in  b o i l in g  
iso p ro p a n o l and th e  l i p i d s  were e x t r a c te d  u s in g  th e  method of S ec tio n  
2 . 1 2 .
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F ig u re  8 : Flow d iagram  f o r  the  i s o l a t i o n  o f h a u s to r ia l  com plexes from 
Pisum sa tivu m  in f e c te d  w ith  E ry siph e  p i s i  (A f te r  M anners, 1979)

Pea p la n ts  removed 7 days a f t e r  i n o c u la t io n ,  k e p t in  d ark  f o r  30 h .

In fe c te d  le a v e s  (4 0 -1 00  g . )

Leaves b rushed  w ith  an e l e c t r i c  r o ta r y  c o t to n  mop and m ycelium d is c a rd e d .

1Leaves w ashed, 3 tim es  in  ta p  w a te r a t  4 °.
3 tim es  in  d i s t i l l e d  w ate r a t  4 ° .

lOg b a tc h e s  o f le a v e s  comminuted in  200ml i s o l a t i o n  medium,
4° a t  8 ,0 0 0  rpm f o r  30 seconds in  S o rv a l l  Omnimixer.

1
45^un f i l t e r

F i l t r a t e s
combined

rF i l t r a t e  1

F i l t r a t e  2

LS
COritv\0£ cX

B re i re su sp en d ed  in  
medium, comminuted 
16,000 rpm f o r  30 sec

V45 m f i l t e r  
B re i resu sp en d ed  in  
medium, comminuted 
'16,000 rom f o r  1 min

4 5^m  f i l t e r

1
COftK‘r\oe,A-
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d is c a rd e d i s o l a t io n  medium 4

l/3 x 15M.m f i l t e rl  '  .10ml la y e re d  o v er 15ml B re i d is c a rd e d  
g ly c e ro l  g r a d i e n t ,  (80% 
v /v  w ith  i s o l a t i o n  medium 
a t  4 ° , C e n tr ifu g e d  f o r  10 
min a t  200g, 4'

G ly c e ro l  l a y e r  mixed w ith  
30ml i s o l a t i o n  medium and 
c e n t r i f u g e d ,  5 ,000g f o r  5 min

Upper l a y e r  removed by 
a s p i r a t i o n  and d isc a rd e d

S u p e rn a tan t d isc a rd e d

P e l l e t  washed 3 tim es by c e n t r i f u g a t io n  
in  0 .1  M p ho sp h a te  b u f f e r ,  pH 6 .8 ,  4° 
a t  3 ,000g f o r  5 m in.IP e l l e t  re su sp en d ed  in  1ml o f b u f f e r .  
H a u s to r ia l  complex ( f r a c t i o n  1 -1 )

Cor\tifn3*-c\
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ILayered over d isc o n tin u o u s  su c ro se  g r a d ie n t .  
C e n tr ifu g e d , 100g, 10 min, 4°

H a u s to r ia l  complex
( f r a c t i o n  1 ) . 0 .2m l.

50% (w/w) s u c ro s e , 1ml,

70% (w/w) s u c ro s e , 1ml,

H a u s to r ia l  com plexes 
and c e l l  w a lls  removed 
by a s p i r a t i o n  and 
resusp en d ed  in  5ml b u f fe r  
c e n tr ifu g e d  3 tim es in  
b u f f e r ,  3 ,000g  a t  4°

P e l l e t  re su sp en d ed  in  0.5ml 
H a u s to r ia l  complex ( f r a c t i o n  -2 )

3.20 Enzyme A ssays

a ) ATP a se  (Hodges and Leonard, 1974)

A ll  ATP a se  a ssa y s  were perfo'med a t  38°C in  a t o t a l  volume o f 1 ml. The 
pH o f th e  a ssay  was e i t h e r  6 o r 9.

The d isod ium  s a l t  o f ATP (sigm a) was co n v erted  to  th e  t r i s  s a l t  so t h a t
io n - s t im u la te d  a c t i v i t y  could  be m easured. T h is co n v e rs io n  was
accom plished  by add ing  s u f f i c i e n t  Dowex 50-w io n  exchange r e s in  (H+ form ) 
to  th e  ATP disodium  s a l t  to  g iv e  a pH between 1 and 2. The r e s i n  was
removed by f i l t r a t i o n  on a M il l ip o re  f i l t e r .  The s o lu t io n  was b rought to
th e  d e s ir e d  pH ( e i t h e r  6 o r 9) by th e  a d d i t io n  o f t r i s  c r y s t a l s  th e  
s u b s t r a t e  was fro z e n  u n t i l  re q u ire d .

R eagen ts

S u b s t r a te  s o lu t io n :  3,33 mM ATP t r i s  s a l t  (pH 6 o r 9 ), 1.67 mM Mg S0^,
55.5 mM KC1 ( i f  K+ s t im u la te d  ATP a se  m easu red), 36.7 mM Tris-MES b u f fe r  a t  
pH 6 o r 9.

63



T e rm in a tio n  re a g e n t:  1% (W/V) ammonium m olybdate in  1 M ^S O ^

R educing re a g e n t:  1 amino -  2 t ia p h th o l -  4 s u lp h u r ic  a c id  (F isk e  and 
Subba Row, 1925)

0.1 ml o f membrane f r a c t io n  c o n ta in in g  10.50 mg p r o te in  was added to
0.9 ml o f th e  a p p ro p r ia te  s u b s t r a te  s o lu t io n .  The r e a c t io n  was allow ed to  
p ro ce e d , f o r  30 m inutes (depending  on th e  amount o f s u b s t r a te  to  be 
h y d ro ly se d )  and th en  stop ped  by add ing  2 ml o f ic e  co ld  s to p p in g  re a g e n t 
and p la c in g  th e  tu b e s  on ic e .  To d e te rm in e  the  amount o f phosphate  
r e le a s e d  0.4 ml o f re d u c in g  agen t was added, th e  r e a c t io n  m ix tu re  was mixed 
th o ro u g h ly  and then  was in c u b a te d  f o r  35 m in u tes a t  room tem p e ra tu re .

The abso rb an ce  was read  a t  660 nm and th e  amount o f phosphorous was 
e s t im a te d  from  a s ta n d a rd  curve  o b ta in e d  u s in g  in o rg a n ic  pho sp hate .

b ) Cytochrome C o x id ase  (Hodges<>n:d L eonard , 1974)

Cytochrom e C o x id ase  was assay ed  by m easuring  th e  o x id a t io n  of reduced  
cytochrom e C. Cytochrome C was c h e m ic a lly  reduced by add ing  a few c r y s t a l s  
o f sodium  d i th io n a te ,  th e  e x cess  d i th io n a te  being removed by p ass in g  a i r  
th ro u g h  th e  s o lu t io n  f o r  a few m in u te s . The r e a c t io n  m ix tu re  c o n s is te d  of
0.1 ml enzyme sam ple (10 -5 0  mg p r o te in ) ,  0.1 ml of 0.3% (W/V) d ig i to n in  and
2.7 ml o f 50 mM p ho sp hate  b u f fe r  pH 7.5. The r e a c t io n  was s t a r t e d  by th e  
a d d i t i o n  o f 0.1 ml of reduced  cytochrom e C. One drop o f s a tu r a te d  p o ta ssiu m  
f e r r i c y a n id e  was added a t  th e  end o f th e  a ssay  to  d e te rm in e  th e  abso rbance  
o f th e  co m p le te ly  o x id is e d  cytochrom e C.

The r a t e s  of cytrochrom e C o x id a t io n  were dete rm in ed  from the  i n i t i a l  
l i n e a r  r a t e s  and th e  amount o f cytochrom e C u t i l i s e d  was m easured u s in g  an 
e x t i n c t io n  c o e f f i c i e n t  f o r  cytochrom e C o f 18.5 mM * cm * a t  550 nm.

S t a t i s t i c s

U n less  o th e rw ise  s t a te d  in  th e  r e s u l t s  s e c t io n  a l l  v a lu e s  p re se n te d  a re  
th e  means from  fo u r r e p l i c a t e s  and th e  co n fid en ce  l i m i t s  quoted a re  95% 
c o n fid e n c e  l i m i t s  c a lc u la te d  by u s in g  S tu d en ts  t  t e s t .  A ll d a ta  in  
p e rc e n ta g e  form were su b je c te d  to  a rc  s in  t ra n s fo rm a tio n  p r io r  to
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s t a t i s t i c a l  a n a ly s is
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4. R e s u lts  S e c tio n

4 .1  Development o f l i p i d  e x t r a c t io n  and a n a l y t i c a l  p ro ce d u re s

Method of developm ent has been in c lu d e d  to  i l l u s t r a t e  th e  problem s 
e n c o u n te red  in  l i p i d  a n a ly s is  and to  show how th e  q u a n t i t a t i v e  a n a l y t i c a l  
p ro ce d u re s  used  in  t h i s  s tu d y  were d e r iv e d .  T h is s e c t io n  has been w r i t t e n  
in  c h ro n o lo g ic a l  o rd e r  to  d em o n stra te  th e  problem s a s  th ey  a ro se  and to  
show th e  m easures u n d e rtak en  to  overcom e them . A lthough l i p i d  a n a ly s is  i s  
r o u t in e  fo r  many b io c h e m is ts , few o f th e  te c h n iq u e s  have been e s p e c ia l ly  
deve lop ed  f o r  p la n t  t i s s u e s  and v i r t u a l l y  none a re  a p p l ic a b le  w ith o u t 
m o d if ic a tio n  to  th e  v e ry  sm all am ounts o f t i s s u e  i t  was d e s ir e d  to  a n a ly se  
f o r  t h i s  p r o j e c t .

4 .1 .1 .  S e p a ra tio n  o f l i p i d s  by th in  l a y e r  chrom atography

An i n i t i a l  s tu d y  was conducted  u s in g  a u th e n t ic  p h o sp h o lip id  s ta n d a rd s ,  
to  d e te rm in e  w hich t i c  so lv e n t system  gave th e  most r e l i a b l e  s e p a r a t io n  o f 
a l l  th e  m ajor p h o sp h o lip id  c l a s s e s .  Both one and two d im en sio n a l 
chrom atography was t e s t e d ,  f o r  a lth o u g h  a one d im en sio n a l system  would be 
p r e f e r a b le  due to  ease  and speed o f u s e ,  th e re  was some doubt as to  
w hether a s in g le  s o lv e n t could  g iv e  th e  degree  o f  s e p a r a t io n  d e s i r e d .  
I n i t i a l l y  th e  s o lv e n t  system s t e s te d  w ere th o se  used by p re v io u s  w o rk e rs .

In  th e  o r i g i n a l  exp erim en ts  a sam ple of each  p h o sp h o lip id  was 
chrom atographed  a lo ng  w ith  a m ix tu re  c o n ta in in g  a l l  th e  p h o s p h o lip id s . 
T h is  en ab led  Rf v a lu e s  to  be d e te rm in ed  and any in t e r f e r e n c e  between 
compounds to  be d e te c te d .  When l e a f  e x t r a c t s  were a n a ly sed  some l i p i d s  in  
th e  e x t r a c t s  seemed to  a f f e c t  th e  Rf v a lu e s  of o th e r s .  S ev e ra l o f th e  
s o lv e n t  sy stem s t h a t  were used i n i t i a l l y  w ere th e re fo re  r e t e s te d  w ith  l e a f  
e x t r a c t s  (S e c t io n  3 .3 )  and c o n s t i tu e n t s  w ere re c o g n ised  by u s in g  s p e c i f i c  
s p ra y s  (S e c t io n  3 .1 0 .1 ) .

The r e s u l t s  o f th e s e  ex p e rim en ts  a r e  shown in  t a b le  2 and f i g u r e ^ .  The 
two d im en sio n a l system s in  g e n e ra l  gave b e t t e r  s e p a r a t io n .  The b e s t  
s e p a r a t io n s  w ith  th e  one d im en sio n a l system s employed C hloroform : 
M ethanol : A c e tic  a c id :  W ater (65 : 15: 10 : 4 V:V) (system  3) 
(6 5 :2 5 :1 0 :4 )  (sy stem  5) and (6 5 :2 5 :1 0 :8 ,  V:V) (System  6 ) .  The f i r s t  o f
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th e s e  system s would be s u i t a b le  bu t f o r  th e  c lo s e n e s s  o f th e  PG and PE 
bands (Rf v a lu e s  0 .49  and 0.51 r e s p e c t i v e l y ) .  R e so lu tio n  was im proved by 
th e  a d d i t io n  o f more m ethanol as i n  system  5 , however t h i s  d id  n o t so lv e  
th e  p ro x im ity  o f PC and MGDG (Rf v a lu e s  0 .3 3  and 0 .2 8  r e s p e c t i v e l y ) .  The 
s e p a r a t io n  was im proved by th e  a d d i t io n  o f more w a te r a s  in  system  6 which 
was th e  system  f i n a l l y  chosen fo r  r o u t in e  u s e . A lthough  PG, DGDG and MGDG 
a r e  p re d o m in an tly  c h lo ro p la s t  l i p i d s  and th e r e f o r e  w ere l a r g e ly  a b s e n t 
from  ep id erm a l e x t r a c t s ,  i n i t i a l  ex p e rim e n ts  d id  in v o lv e  whole le a v e s ,  
and th e  p o s s i b i l i t y  t h a t  th e se  l i p i d s  may be p re s e n t  in  f i n a l  e x t r a c t s  
m eant t h a t  t h i s  system  was th e  most s u i t a b le  o v e r a l l .

The number o f p la t e s  t h a t  cou ld  be chrom atographed b e fo re  th e  Rf v a lu e s  
w ere a l t e r e d  was t e s te d  by u s in g  a s e r i e s  o f p la t e s  c a r ry in g  p h o sp h o lip id s  
chrom atographed  c o n s e c u tiv e ly  w ith  th e  same s o lv e n t m ix. The r e s u l t s  from 
t h i s  ex p erim en t ( t a b l e  3) show t h a t  by th e  tim e th e  fo u r th  p la te  was 
chrom atographed  P I , PS and DGDG w ere s c a rc e ly  s e p a r a t in g  as were PG and 
PE. These r e s u l t s  were o b ta in ed  by chrom atograph ing  th e  t i c  p la t e s  w ith  
f r e s h l y  mixed s o lv e n t  a f t e r  one h ou rs  e q u i l i b r a t i o n  in  th e  tan k .

The maximum amount o f m a te r ia l  t h a t  cou ld  be chrom atographed w h i ls t  
r e t a i n in g  good s e p a r a t io n  was e q u iv a le n t  to  2g f r e s h  w eight o f l e a f  
m a t e r i a l .

For ro u t in e  a n a ly s is  of l i p i d  n o n -d e s tr u c t iv e  d e te c t io n  m ethods were 
u se d . Chem ical s e l e c t i v i t y  was u n n e ce ssa ry  because th e  o rd e r  of th e  l i p i d  
bands was a lr e a d y  known. The th r e e  n o n -d e s tr u c t iv e  re a g e n ts  used 
r e g u la r ly  were io d in e  vapour and sp ra y s  o f d ic h lo r o f lu o r e s c e in  and 
rhodam ine 6G. The d e te c t io n  l im i t  f o r  each  method was Jyyj^which meant t h a t  
th e y  were a l l  of s u f f i c i e n t  s e n s i t i v i t y  f o r  ro u tin e  use^ in  q u a n t i t a t i v e  
work d ic h lo r o f lu o r e s c e in  and rhodam ine 6G were u sed .
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Table 2: Thin Layer chromatography o f Polar L ip ids

L ip id  Rf Value in  S o lv en t System s
1 2 3 4 5 6

PC 0 .3 3 0 .27 0 .34 0 .2 3 0 .33 0 .3 7
PE 0 .83 0 .4 5 0.51 0 .4 6 0 .6 7 0 .7 4
PG 0 .7 6 0.41 0.49 0 .5 7 0 .59 0 .61
PI 0 .49 0 .1 5 0 .10 0 .2 6 0 .2 0 0 .2 5
PS 0 .58 0 .1 9 0.27 0 .1 2 0 .25 0 .31
PA 0 .90 0 .63 0.64 0 .0 4 0 .72 0 .8 0
LPC 0 .14 0 .1 0 0 .05 0 .0 8 0.01 0 .1 0
MGDG 0.85 0 .8 6 0.72 0 .8 5 0 .9 0 0 .8 6
DGDG 0 .3 5 0 .3 6 0 .2 0 0.51 0 .28 0 .2 9

A ll th e  Rf v a lu e s a re  th e means o f 3 r e p l i c a t e s
S o lv e n t sy stem s
1.
2.
3 .
4 .
5 .
6 .

C hloroform :
C hloroform :
C hloroform :
C hloroform :
C hloroform :
C hloroform :

M ethano l: 
M e th an o l: 
M eth an o l: 
M e th ano l: 
M eth an o l: 
M e th an o l:

A ce tic  a c id :  W ater 
W ater
A c e tic  a c id :  W ater 
Ammonium h yd ro x id e  
A c e tic  a c id :  W ater 
A ce tic  a c id :  W ater

2 5 :1 5 :4 0 :2  V:V 
6 5 :2 5 :4  V:V 
6 5 :1 0 5 :10;4 
7 5 :2 5 :3  
6 5 :2 5 :1 0 :4  
6 5 :2 5 :1 0 :8

A s im i la r  p ro ced u re  was adop ted  f o r  n e u t r a l  l i p i d s  ex cep t t h a t  h ig h e r  
p l a t e  lo a d in g s  w ere re q u ire d  to  re c o g n is e  some of th e  c l a s s e s .  The r e s u l t s  
a r e  shown in  t a b l e  4 . The m ajor problem  w ith  th e  s e p a r a t io n  of th e  n e u t r a l  
l i p i d s  was to  d i f f e r e n t i a t e  th e  d ig ly c e r id e s  from th e  s t e r o l s ,  hone o f th e  
s in g le  s o lv e n t  sy stem s t e s te d  gave a s u i t a b le  s e p a r a t io n  so th e  d ou b le  
s o lv e n t  system  d ev ise d  by Freeman and West (1966) was used fo r  r o u t in e  
a n a ly s i s  as t h i s  gave a re a so n a b le  s e p a r a t io n  of a l l  th e  n e u t r a l  l i p i d  
c l a s s e s .

The maximum amount o f l i p i d  f o r  e f f i c i e n t  s e p a r a t io n  was n o t t e s te d  as 
th e  0 .5 g  f r e s h  w e ig h t e q u iv a le n t  o f le a v e s  t h a t  was found in  th e  ca se  o f 
th e  p o la r  l i p i d s  d id  no t cause any o v e rlo ad in g  o f th e  n e u t r a l  l i p i d  
p l a t e s .

The r e p r o d u c ib i l i t y  of th e  s e q u e n t ia l  s o lv e n t system  was a ls o  t e s te d  
(T ab le  5 ) ,  fo u r  p l a t e s  could  be developed  c o n s e c u t iv e ly  u s in g  t h i s  system  
b e fo re  th e  Rf v a lu e s  were a f f e c te d .
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T ab le  3: The e f f e c t  o f chrom atography on c o n se c u tiv e  p la t e s  on th e  Rf
v a lu e s  of p o la r  l i p i d s  u s in g  S o lv en t system  C hloroform : 
M ethano l: A c e tic  a c id :  w a te r (6 5 :2 5 :1 0 :8 , V:V)

Rf Value a f t e r  run  number
L ip id 1 2 3 4
PC 0 .37 0 .38 0.41 0 .5 0
PE 0 .74 0 .73 0 .77 0 .8 5
PG 0.61 0.64 0 .68 0.81
P I 0 .2 5 0 .20 0 .24 0 .3 4
PS 0.31 0.31 0 .34 0 .3 4
PA 0.81 0 .85 0 .86 0 .91
LPC 0 .1 0 0 .08 0 .15 0 .2 4
MGDG 0 .86 0 .88 0 .88 0 .9 0
DGDG 0 .29 0.27 0.31 0 .3 5

A ll Rf v a lu e s  a re  th e  means o f 3 r e p l i c a t e s  
T ab le  4: Thin Layer Chrom atography o f N eu tra l L ip id s

L ip id
1

Rf Value in  
2

S o lv en t System 
3 4

S te r o l  e s t e r s 0 .87 0.92 0 .9 3 0 .83
F a t ty  a c id  m ethy l e s t e r s 0 .08 0 .63 0 .7 4 0 .74
T r ig ly c e r id e s 0 .13 0.37 0 .6 2 0 .59
F a t ty  a c id s 0 .04 0 .18 0 .4 0 0 .25
S te r o l s 0 .00 0.09 0 .1 8 0 .40
D ig ly c e r id e s 0 .0 0 0 .09 0 .2 0 0.51
M onoglycerides 0 .0 0 0 .00 0 .02 0 .12

A ll  th e  Rf v a lu e s  a re  means o f th r e e  r e p l i c a t e s  
S o lv en t System s

1. H eptane: T o luene 9:1
2 . L ig h t P e tro leu m  (B .P t 6 0 .7 0 ) : D ie th y l e th e r :  A c e t ic  a c id  9 0 :1 0 :1
3. L ig h t P e tro leu m  (B .P t 6 0 .7 0 ) D ie th y l e th e r :  A c e tic  a c id  8 0 :2 0 :1
4 . D ie th y l e th e r :  T o luene: E th a n o l:  A c e tic  a c id  4 0 :5 0 :2 :0 .2

fo llow ed  by D ie th y l e th e r :  HexaAe. 
(Freeman & W est, 1966)
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T ab le  5: The e f f e c t  o f d ev e lo p in g  c o n se c u tiv e  p l a t e s  on th e  Rf v a lu e s  o f 
n e u t r a l  l i p i d s  u s in g  S o lv en t system : D ie th y l e th e r :  T o lu ene : 
E th a n o l:  A c e tic  a c id  ( 4 0 :5 0 :2 :0 .2 ,  V:V) fo llo w ed  by b ie th y l  
e th e r :  Hexamine (6 :9 4 , V:V)

Rf Value a f t e r  Run number
L ip id 1 2 3 4 5
S te r o l  e s t e r s 0 .83 0 .8 3 0 .73 0.73 0 .5 8
F a t ty  a c id  m ethy l e s t e r s 0 .74 0 .7 4 0 .68 0 .68 0 .4 7
T r ig y lc e r id e s 0 .59 0 .5 9 0 .57 0.57 0 .3 5
F a t ty  a c id s 0 .2 5 0 .2 5 0 .2 5 0 .25 0 .1 5
S te r o l s 0 .4 0 0 .4 0 0.41 0.41 0 .31
D ig ly c e r id e s 0.51 0 .51 0 .4 5 0 .45 0 .3 0
M onoglycerides 0 .1 2 0 .1 2 0 .14 0 .14 0 .1 0

A ll th e  Rf v a lu e s  a re  th e  means o f th r e e  r e p l i c a t e s
P la te s  1 & 2 and 3 & 4 were developed  to g e th e r  th e r e f o r e  th e  Rf v a lu e s  
a r e  th e  same.

T ab le  6: S o l u b i l i t y  o f l i p i d  in  s o lv e n t  w ash ings o f d r ie d  crude  l i p i d
e x t r a c t .

Wash T o ta l L ip id %
(̂ ugi ) C om position

C hloroform  1 841 + 2 2 .3 39.35
C hloroform  2 131 + 12.7 6 .1 3
C hloroform  3 11 + 3 .8 0.51
C hloroform  4 11 + 0 .4 0 .0 5
C hlo ro fo rm : M ethanol (2 :1 , V: V) 643 + 13.7 30.09
C hlo ro fo rm : M ethanol ( 2 :1 , V: V) 2 298 + 12.9 13.94
C hlo ro fo rm : M ethanol (2 :1 , V: V) 3 8 + 2 .1 0 .37
C hlo ro fo rm : M ethanol (2 :1 , V: V) 4 0 -
M ethanol 1 194 + 15.1 9 .0 8
M ethanol 2 10 ± 0 .7 0 .4 7
M ethanol 3 0 -

These r e s u l t s  a re  th e  means of 4 r e p l i c a t e s  ± 95% co n fid en ce  l i m i t s

4 .1 .2  Removal o f n o n - l ip id  co n tam in an ts  from l i p i d  e x t r a c t s

When l i p i d s  a re  e x t r a c te d  from pea le a v e s  in  ch lo ro fo rm : m ethanol ( 2 :1 ,  
V:V) th e  r e s u l t a n t  e x t r a c t  tak en  to  d ry n e ss  and resusp en d ed  in  c h lo ro fo rm : 
m ethanol ( 2 :1 ,  V:V) does n o t s e p a ra te  i n to  c l e a r l y  d is c e rn a b le  bands when 
examined by t . l . c .  w ith  a p o la r  s o lv e n t  sy stem . T h is i s  due to  n o n - l ip id  
com ponents in  th e  e x t r a c t ,  whose p re sen ce  r e s u l t s  from th e  use o f m ethano l 
in  th e  e x t r a c t a n t .  M ethanol i s  an e s s e n t i a l  p a r t  of th e  e x t r a c t io n  
p ro ced u re  due to  th e  need to  b reak  hydrogen bonds and e l e c t r o s t a t i c  
ch a rg es  betw een p r o te in s  and l i p i d s  i n  membranes. M ethanol a ls o  e x t r a c t s
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One method f o r  removing th e s e  n o n - l ip id  components i s  to  ta k e  th e  
sam ples to  d ry n e ss  under vacuum in  a r o ta r y  e v a p o ra to r  a t  40°C. The 
re s id u e  i s  th e n  suspended in  ch lo ro fo rm  in  which o n ly  th e  l i p i d s  a r e  
s o lu b le .  T h is  method r e l i e s  upon th e  ru p tu re  o f l i p i d - p r o t e i n  com plexes 
d u rin g  s o lv e n t  rem o v al, so re n d e r in g  th e  l i p i d  s o lu b le  in  ch lo ro fo rm . The 
n o n - l ip id  com ponents t h a t  a re  in s o lu b le  in  ch lo ro fo rm  would th e n  be l e f t  
u n d is s o lv e d . T h is  method was t e s te d  by making su c c e s s iv e  5 ml ch lo ro fo rm  
w ashes o f th e  r e s id u e  u n t i l  no f u r t h e r  l i p i d  was e x t r a c te d .  The f i g s  k. was 
th e n  washed w ith  su c c e s s iv e  5ml volume of ch lo ro fo rm :m eth an o l ( 2 :1 ,  V:V) 
u n t i l  no l i p i d  was l e f t  in  th e  w ashes and f i n a l l y  w ith  s u c c e s s iv e  5ml 
volum es o f m e th a n o l. The t o t a l  l i p i d  c o n te n t  o f each  w ash, m easured by th e  
method o f Amenta (1964) i s  shown in  t a b le  6 .

Only 46.04% of the  t o t a l  l i p i d  r e d is s o lv e d  in  c h lo ro fo rm , 
s o l u b i l i z a t i o n  o f th e  rem aind er re q u ire d  a d d i t io n a l  m e th an o l. Once 
m ethanol i s  used  th e  n o n - l ip id  com ponents a r e  a ls o  p a r t l y  r e d is s o lv e d .  
A lthough s e l e c t i v e  s o lv e n t s o l u b i l i t y  does n o t p ro v id e  s u f f i c i e n t  
p u r i f i c a t i o n ,  th e  d ry in g  p ro ced u re  i s  s t i l l  b e n e f ic ia l  as  i t  does 
breakdown th e  l i p i d :  p ro te in  com plexes so th a t  in  th e  n ex t phase 
s e p a r a t io n  s ta g e  th e se  com plexes do n o t a g g re g a te  a t  the  i n t e r f a c e  and 
th e re b y  h in d e r  re c o v e ry  of l i p i d s .

The s ta n d a rd  method fo r  rem oving th e  n o n - l ip id  co n tam in an ts  from th e  
l i p i d  e x t r a c t s  is a phase t r a n s i t i o n  tech n iq u e  (F o lc h , Lees and S lo a n e - 
S ta n le y , 1 957). T h is can be done in  two ways e i t h e r  as d e s c r ib e d  in  th e  
m ethods s e c t io n  o r combined w ith  th e  e x t r a c t io n  tech n iq u e  as  in  s e c t io n  
4 .1 8 . T h is s e c t io n  o n ly  d e a ls  w ith  th e  fo rm er.

To i n v e s t ig a t e  th e  p o s s i b i l i t y  t h a t  l i p i d  was l o s t  in  th e  u p p er phase 
w ith  th e  n o n - l ip id  c o n tam in a n ts , b o th  th e  upper and low er p hases were 
d r ie d  and a n a ly s e d  f o r  t o t a l  l i p i d s  u s in g  th e  method o f Amenta (1 9 6 6 ). 
A lthough o n ly  4.92+0.84%  of th e  l i p i d  was p re s e n t  in  th e  upper phase when 
an a ly sed  by c l a s s  th e  lo s s  fo r  some of them was more m arked. Thus a lth o u g h  
th e re  was no d i f f e r e n c e  in  th e  f a t t y  a c id  com positio n  betw een th e  two

su g a rs , amino a c id s  and s a l t s  and i t  i s  th ese  which have to  be removed
before fu r th er  a n a ly s is  i s  a ttem pted.
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p h ases  ( t a b l e  7) up to  28.9% of th e  t o t a l  PI was p re s e n t  in  the  m ethanol 
p h ase .

To e l im in a te  t h i s  lo s s  th e  method o f F olch  e t  a l  (1957) was fo llo w ed  
and th e  e f f e c t  o f d i f f e r e n t  c o n c e n tra t io n s  o f NaCl s o lu t io n s  in  th e  
s e p a r a t io n  p ro ced u re  r a th e r  th an  w a te r was t e s t e d .  F ig u re  10 shows t h a t  
betw een 0 and 0450 M th e re  i s  an ap p ro x im ate ly  l i  o ea r and in v e rs e  
r e l a t i o n s h i p  betw een s a l t  and l i p i d  in  th e  aqueous p h ase . At 50mM th e  
l i p i d  l o s t  in  th e  upper phase i s  0.93%. I t  was .decided  t h a t  t h i s  was an 
a c c e p ta b le  l o s s  and t h i s  s a l t  c o n c e n tra t io n  was used r o u t in e ly .  A 
s u b s t a n t i a l  amount of n o n - l ip id  m a te r ia l  rem ained i n  th e  low er phase which 
s t i l l  a f f e c te d  th e  e f f i c ie n c y  o f th e  t i c  s e p a r a t io n .  By adding  0.05M NaCl 
d is s o lv e d  in  m ethano l: c h lo ro fo rm : w a te r (3 :4 8 :4 7  by vo lum e), which
c o rre sp o n d s  to  th e  com po sitio n  o f th e  upper phase (F o lch  e t  a l , 1957), i t  
was p o s s ib le  to  remove a s u b s t a n t i a l  amount o f t h i s  non l i p i d  m a te r ia l .  
The method i s  d e s c r ib e d  in  s e c t io n  3 .7 .  The use o f th e s e  su b seq u en t w ashes 
d id  n o t in c r e a s e  th e  amount o f l i p i d  l o s t  in  th e  upper phase and a f t e r  th e  
second wash i t  was p o s s ib le  to  s e p a r a te  a l l  th e  m ajor l i p i d  c la s s e s  
c l e a r l y .
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Figure 9: Two dim ensional th in  la y er  chromatogram of t o t a l  l ip id  from pea
le a v e s
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Figure 9: Two dim ensional th in  la y er  chromatogram o f to t a l  l ip id  from pea lea v es

S o lv en t System : V e r t i c a l  d i r e c t io n  C hloroform : M ethanol: Ammonium h yd ro x id e  (7 5 :2 5 :3 , V:V)
H o r iz o n ta l  d i r e c t io n  C hloroform : M ethanol: A ce tic  a c id :  W ater (1 7 0 :2 5 :2 5 :4 , V:V)



Figure 10: The e f f e c t  of NaCl co n cen tra tio n  on l ip id  r e te n tio n  in  the
aqueous phase during so lv e n t p a r t it io n in g
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Figure 10: The e f f e c t  o f NaCl co n cen tra tion  on l ip id  r e te n tio n  in  the aqueous phase during so lv e n t p a r t it io n in g
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T a b le  7 a :  L i p i d  c o m p o s it io n  o f  th e  lo w e r  and u p p e r  p h a s e s  i n  th e  p h a se  

s e p a r a t io n  p r o c e d u r e .

L i p i d

P h o s p h a t id y l  c h o l i n e  
P h o s p h a t i d y l  e t h a n o la m in e  
P h o s p h a t i d y l  g l y c e r o l  
P h o s p h a t i d y l  i n o s i t o l  
P h o s p h a t i d y l  s e r i n e  
P h o s p h a t i d ic  a c i d  
M o n o g a la c t o s y l  d i g l y c e r i d e  
D i g a l a c t o s y l  d i g l y c e r i d e  
L y s o p h o s p h a t i d y l  c h o l in e  
N e u t r a l  L i p i d  
S u l p h o l i p i d

T o t a l  l i p i d

Low er P h ase  

3 6 1 .5 8  ±  1 6 .7 1 1 3 .4 0 2
1 9 5 .0 7 + 1 0 . 1 0 7 . 2 3 2
2 0 6 .6 2 + 1 2 . 1 3 7 .6 6 2

8 7 . 1 3 + 4 . 2 1 3 . 2 3 2
1 5 .6 2 + 1 .2 1 0 . 5 8 2
1 1 .1 4 + 1 . 0 5 0 . 4 1 2

7 7 9 .5 0 + 2 1 . 0 9 2 8 .8 9 2
5 5 8 .8 0 + 1 8 .3 1 2 0 . 7 1 2

1 0 .0 1 + 0 . 6 5 0 . 3 7 2
3 3 1 .6 6 + 1 2 .3 1 1 2 .2 9 2
1 4 0 .6 7 + 7 . 1 8 5 . 2 2 2

2698 + 31 '. 0 4 9 5 .1 8 2

U p p er Phase

1 7 . 51 + i .,3 0 1 2 . 9 8 2
9.,62 + 0. 71 7 . 13 2
8.,16 ± 0..68 6 .0 6 2

3 5 .,49 ± 1.,78 2 6 . 3 1 2
0.,82 ± 0.,12 0 . 6 1 2
0.,00 0 . 0 0 2

3 3 ..01 ± 1.,01 2 4 . 4 7 2
2 3 .,36 ± 1.,3 4 1 7 . 3 2 26 0 . 0 0 2

0 0 . 0 0 2
6.,85 + 0..7 4 5 . 0 8 2

13 4..82 + 2..51 4 . 9 22

A l l  t h e s e  r e s u l t s  a r e  th e  m eans o f  4 r e p l i c a t e s

S e p a r a t io n  by t i c  u s in g :  c h lo r o f o r m :  M e t h a n o l:  A c e t i c  a c i d :  w a t e r  
( 6 5 . 2 5 : 1 0 : 8 ,  V :V )

T a b le  7 b  P e r c e n t a g e  c o m p o s it io n  o f  f a t t y  a c i d s  r e c o v e r e d  fro m  th e  lo w e r  

and u p p e r p h a s e s  i n  th e  p h a se  s e p a r a t i o n  p r o c e d u r e .

F a t t y  A c id Low er Phase U p p e r P h a se

P a l m i t i c  a c i d  
P a l m i t o l e i c  a c i d  
S t e a r i c  a c i d  
O l e i c  a c i d  
L i n o l e i c  a c i d  
L i n o l e n i c  a c i d

1 1 . 7  +  1 . 2  
6 .9  ±  0 . 8  
3 . 2  + 0 . 7  
3 . A +  0 . 7

1 4 . 3  ±  1 .1
5 6 .4  +  4 . 6

1 2 . 5  +  1 . 0
5 . 8  + 0 . 6
3 . 7  ±  0 . 7
2 . 9  ±  0 . 4

1 4 .7  ±  1 . 3  
6 0 .4  + 4 . 1

The f i g u r e s  a f t e r  th e  means a r e  9 52 c o n f id e n c e  l i m i t s  c a l c u l a t e d  by  
S t u d e n t s  t t e s t

A t e a c h  s t a g e  i n  t h i s  p h a se  s e p a r a t io n  p r o c e s s  th e  u p p e r p h ase was 

rem o ved  by p a s t e u r  p i p e t t e .  Due t o  t h e  d i f f i c u l t y  o f  t o t a l  p h a se  

s e p a r a t i o n  u s in g  t h i s  t e c h n iq u e  th e  f i n a l  t r a c e s  o f  t h e  l a s t  u p p e r p h a se  

w ash  w e re  d i s p e r s e d  in  th e  lo w e r p h ase by a d d i t i o n  o f  m e t h a n o l.  T h is  h a s  

t h e  e f f e c t  o f  r a i s i n g  th e w a t e r  c o n t e n t  o f  t h e  lo w e r  p h a se  ( e q u i l i b r i u m  

c o m p o s it io n  was a l r e a d y  8 6 : 4 1 : 1  by v o lu m e  c h lo r o f o r m :  m e t h a n o l:  w a t e r )  

and p r i o r  to  f u r t h e r  a n a l y s i s  re m o v a l o f  t h i s  w a t e r  w as r e q u i r e d .  T h is  was 

a c h ie v e d  by a d d in g  d r y  Sephadex G25 t o  th e  e x t r a c t  w h ic h  was th e n  d r ie d  on 

a r o t a r y  e v a p o r a t o r  u n d e r a vacuum  a t  3 5 ° C  t o  rem ove th e  o r g a n ic  s o lv e n t s  

i n  w hose p r e s e n s e  Sephadex G25 a b s o r b s  w a t e r  o n ly  f e e b l y .  C h lo r o fo r m  was 

th e n  add ed  t o  th e  f la s k ,  and e v a p o r a t e d  a g a in  t o  e n s u r e  t h a t  t o t a l
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ab sorp tio n  o f the water by the Sephadex.

The method fo r  reco v e ry  o f l i p i d  abso rbed  by th e  Sephadex ( s e c t io n  3 .9 )  
was t e s te d  by a n a ly s in g  sam ples o f known l i p i d  and f a t t y  a c id  co m p o sitio ns 
u s in g  t i c  and g lc .  There was a 97.21 ± 0.31% reco v e ry  o f l i p i d  from the  
o r i g i n a l  e x t r a c t  and t h i s  was c o n s i s te n t  b o th  in  p h o sp h o lip id  and f a t t y  
a c id  co m p o sitio n .

4 .1 .3  E xam ination  o f ch rom ato g rap h ic  sy stem s used to  s e p a r a te  n e u t r a l  
l i p i d s  and p o la r  l i p i d s

L ip id  e x t r a c t s ,  once fre e d  from n o n - l ip id  components w ere examined by 
t i c  u s in g  s o lv e n ts  s u i t a b l e  fo r  p o la r  l i p i d s .  However, r e s o lu t io n  was poor 
due to  d rag  e f f e c t s  on th e  p la t e s  caused  by th e  p re sen ce  o f la r g e  amounts 
o f  p igm ents and n e u t r a l  l i p i d s  m ig ra tin g  w ith  th e  s o lv e n t  f r o n t .  Two 
d i f f e r e n t  m ethods were employed to  remove th e s e  n e u t r a l  l i p i d s ,  f i r s t l y  
column chrom atography on s i l i c a  g e l  and seco n d ly  p re  ru n n ing  th e  t i c  
p l a t e s  w ith  a s t ro n g ly  h yd ro ph o b ic  s o lv e n t  m ix tu re .

a )  Column Chrom atography

The method o u tl in e d  in  s e c t io n  3 .7 ,  i s  d ependen t on l i p i d s  b in d in g  to  
s i l i c i l i c  a c id  by p o la r  and io n ic  forces and to  a l im ite d  e x te n t  by non­
p o la r  and Van d er Waals f o r c e s .  S e p a ra tio n  ta k e s  p la c e  by e lu t io n  u s in g  a 
s e r i e s  o f s o lv e n ts  o f in c re a s in g  p o l a r i t y ,  com plete s e p a r a t io n  of the  
p o la r  p h o sp h o lip id s  by s in g le  column chrom atography i s  im p o ss ib le  because 
o f o v e r la p p in g  p o l a r i t i e s .

Columns were p rep a red  as  in  s e c t io n  3 .9  and i n i t i a l l y  th r e e  s o lv e n t  
sy stem s were t e s te d ,  lo o s e ly  based on th e  m ethods o f N icho ls (1 9 6 3 ), 
R o u se r, K ritc se v k sy  and Yamamoto (1967) and Lepage (1966) r e s p e c t iv e ly  
( t a b l e  8 ) .

A l i p i d  e x t r a c t  from 0 .5 g  f r e s h  w eigh t e q u iv a le n t  o f whole pea le a v e s  
was used to  t e s t  th e s e  sy stem s. Once th e  s e p a ra te  f r a c t io n s  had been 
c o l l e c te d  th ey  were a n a ly se d  fo r  t h e i r  l i p i d  com po sitio n  by t i c ,  bu t n o t 
q u a n t i f i e d .
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W ith th e  f i r s t  system  th e  ch lo ro fo rm  e lu te d  a l l  th e  n e u t r a l  l i p i d  and 
t r a c e  am ounts o f PE. The f i r s t  ch lo ro fo rm : m ethanol f r a c t io n  co n ta in ed  
sm a ll am ounts o f n e u t r a l  l i p i d  and most o f th e  im p o rta n t p o la r  l i p i d  
c l a s s e s ,  w hereas th e  fo llo w in g  ch lo ro fo rm : m ethanol and m ethanol 
f r a c t i o n s  c o n ta in e d  p o la r  l i p i d s  a lo n e .

W ith th e  second s o lv e n t  system  th e  ch lo ro fo rm : a ce to n e  f r a c t io n  e lu te d  
some PE, PC and MGDG. A cetone a lo n e  e lu te d  more PE, PC and DGDG and 
m ethano l e lu te d  th e  r e s t  o f th e  p h o s p h o lip id s .

W ith th e  t h i r d  system  a l l  n e u t r a l  l i p i d  was e lu te d  by d ie th y l  e th e r  and 
none o f th e  p o la r  l i p i d s  were found in  th e s e  f r a c t i o n s ,  w hereas p o la r  but 
no n e u t r a l  l i p i d s  w ere found in  th e  ch lo ro fo rm : m ethanol f r a c t i o n s .

T ab le  8 S o lv en t System s used to  s e p a r a te  n e u t r a l  from p o la r  l i p i d s .
System  1

100% C hloroform 5 Column Volumes
80% C hloroform  20% M ethanol 2 Column Volumes
50% C hloroform  50% M ethanol 2 Column Volumes
20% C hloroform  80% M ethanol 2 Column Volumes

100% M ethanol 5 Column Volumes
System

100%
2
C hloroform 5 Column Volumes

50% C hloroform  50% A cetone 5 Column Volumes
100% A cetone 5 Column Volumes
90% A cetone 10% W ater 5 Column Volumes

100% M ethanol 5 Column Volumes
System

100%
3
Hexane 5 Column Volumes

90% Hexane 10% D ie th y l e th e r 2 Column Volumes
50% Hexane 50% D ie th y l e th e r 2 Column Volumes

100% D ie th y l e th e r 2 Column Volumes
100% C hloroform 5 Column Volumes

90% C hloroform  10% M ethanol 5 Column Volumes
50% C hloroform  50% M ethanol 5 Column Volumes

These r e s u l t s  su g g es ted  a system  t h a t  would s a t i s f a c t o r i l y  s e p a r a te  
th e  n e u t r a l  l i p i d s  from  th e  p h o s p h o lip id s . F u r th e r  t r i a l s  showed t h a t  a l l  
n e u t r a l  l i p i d s  cou ld  be e lu te d  u s in g  5 column volumes o f d ie th y l  e th e r .  
P re v io u s ly  a l l  th e  sam ples had been added to  the  column d is s o lv e d  in  
c h lo ro fo rm  so t h i s  new method n e c e s s i t a te d  changes in  th e  p ro c e d u re . D ried  
l i p i d  e x t r a c t  was f i r s t  d is s o lv e d  in  2 x 5ml volumes o f d ie th y l  e th e r  and 
t h i s  was r e ta in e d  f o r  column chrom atography. The e v a p o ra to r  f l a s k  was th en  
washed w ith  3 x 5ml volum es o f c h lo ro fo rm , 3 x 5ml volumes o f ch lo ro fo rm :
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m ethanol ( 2 :1 ,  V:V) and f i n a l l y  3 x 5ml volumes o f m e th an o l. These 
w ash ing s were n o t s u b je c te d  to  column chrom atography s in c e  a lth o u g h  
d ie t h y l  e th e r  w ashings co n ta in ed  no n e u t r a l  l i p i d  and a ls o  when combined 
w ith  th e  d ie th y l  e th e r  w ashing gave a 100.3 + 0.7% (from  4 r e p l i c a t e s )  
r e t u r n  in  th e  amount o f l i p i d  in  th e  e x t r a c t .

A f te r  3 column w ashes o f d ie th y l  e th e r  had passed th ro u g h  th e  column 
th e  p ro ced u re  was com pleted by e lu t in g  w ith  5 column volum es of 
c h lo ro fo rm , 5 column volum es o f ch lo ro fo rm : m ethanol ( 2 :1 ,  V:V) and 4 x 5  
column volum es of m eth an o l. These l a s t  f r a c t io n s  were k e p t s e p a r a te ly  to  
check by t i c  th a t  th e  l a s t  m ethanol f r a c t i o n s  c o n ta in ed  no p h o sp h o lip id . 
T h is  en su red  v i r t u a l  t o t a l  re c o v e ry .

b) T hin  L ayer Chrom atography

N e u tra l  l i p i d s  w ere s e p a ra te d  from p o la r  l i p i d s  by developm ent of 
p l a t e s  w ith  a m ix tu re  o f a c e to n e :  l i g h t  p e tro leu m  ( 3 :1 ,  V:V) in  which 
n e u t r a l  l i p i d s  m ig ra te  w ith  th e  s o lv e n t  f r o n t .  This was t e s te d  and found 
to  o c c u r ,  however th e  sub seq u en t s e p a r a t io n  o f p o la r  l i p i d s  on t i c  was 
a f f e c t e d  on some o c c a s io n s . I t  was due to  t h i s  in c o n s is te n c y  t h a t  column 
chrom atography  was used to  s e p a r a te  n e u t r a l  from p o la r  l i p i d s .

4 .1 .4  E lu t io n  o f l i p i d s  from s i l i c a  g e l

On many o cc a s io n s  d u rin g  a n a ly s is  i t  was n ec e ssa ry  to  e lu t e  l i p i d s  from 
s i l i c a  g e l ,  th e  g e n e ra l  method fo r  w hich i s  d e sc r ib e d  in  s e c t io n  3 .1 0 .2 .  
In  a r r iv in g  a t  t h i s  p ro ced u re  two p ro to c o ls  were t e s t e d ,  a m o d ified  
v e r s io n  of t h a t  used by S k ip sk i and B arc lay  (1969) and a new developm ent. 
In  th e  f i r s t  method e lu t io n  i s  s u c c e s s iv e ly  w ith  5ml o f th e  so lv e n t 
m ix tu re  used fo r  t i c  (c h lo ro fo rm : m ethan o l: a c e t i c  a c id :  w a te r;
6 3 :2 5 :1 0 :8 , by vo lum e), 5ml of m ethanol and f i n a l l y  5ml m ethan o l: a c e t i c  
a c id :  w a te r (9 4 :1 :5 ,  by volum e). In  th e  second method ch lo ro fo rm  i s  used 
f o r  th e  f i r s t  th r e e  e lu t io n s ,  f o r  th e  n ex t th re e  5ml volum es of 
c h lo ro fo rm : m ethanol ( 2 :1 ,  V:V) a re  employed and f i n a l l y  th r e e  5ml volumes 
o f m ethan o l (a s  used in  s e c t io n  4 .1 .2 ) .

These m ethods were t e s te d  on p h o sp h o lip id  s ta n d a rd s  and th e  r e s u l t s  a re  
shown in  ta b le  9. The second method gave s l i g h t l y  though n o t s t a t i s t i c a l l y
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s i g n i f i c a n t  b e t t e r  re c o v e ry  r a t e s  and i s  a ls o  s im p le r  and hence was 
em ployed a s  ro u tin e*

For th e  e lu t io n  o f n e u t r a l  l i p i d s  from  s i l i c a  g e l  th e  method d e s c r ib e d  
by S k ip s k i and B a rc lay  (1969, S e c tio n  3 .1 0 .2 )  proved a d e q u a te . T able 10 
shows th e  reco v e ry  o f  l i p i d  o b ta in e d  when s ta n d a rd s  were e lu te d  from 
p l a t e s .

T ab le  9: Recovery o f p h o sp h o lip id s  e lu te d  from s i l i c a  g e l  a f t e r  t i c

P h o sp h o lip id Amount a p p l ie d Amount reco v e red % R ecovery
(Mg) (fjg) (Am enta,1964)

P h o s p h a tid y l c h o lin e 250 243 .75  ± 9 .5 97.5  ± 3 .8
P h o sp h a tid y l e th an o lam in e 250 247 .25  ± 4 .2 98.9  ± 1 .7
P h o s p h a tid y l i n o s i t o l 100 100.50  + 4 .7 100.5 ± 4 .7
P h o sp h a tid y l s e r in e 100 97.90  ± 1 .2 97.9  + 1 .2
P h o sp h a tid y l g ly c e r o l 100 100.00  ± 4 .9 100.0 ± 4 .9
L y so p h o sp h a tid y l c h o lin e 250 249 .00  ± 7 .0 99 .6  ± 2 .8

A ll  th e  r e s u l t s  a r e  th e  means o f 4 r e p l i c a t e s  ± 93% co n fid en ce  l i m i t s

T ab le  10: Recovery o f n e u t r a l  l i p i d s  from  s i l i c a  g e l  a f t e r  t i c

N e u tra l  L ip id Amount a p p lie d Amount Recovered % Recovery
(Ag) <Ag) (A m enta,1964)

T r ip a lm i t in 250 254 .95  + 8 .4 101.98 ± 3 .37
D ip a lm itin 250 245.57  ± 5 .3 98.23 ± 2 .14
P a lm i t ic  a c id 250 250.37  ± 4 .9 100.15 + 1.96
C h o le s te ro l  o le a te 250 249.82  + 9 .1 99.93 + 3 .66
C h o le s te ro l 250 247 .12  ± 9 .9 98.85 ± 3 .95
A ll  th e  r e s u l t s  a re : th e  means of fo u r  r e p l i c a t e s  ± 95% co n fid en ce  l im it ;

4 .1 .5 .  A ssessm ent o f q u a n t i t a t i v e  a n a ly s e s  in v o lv in g  sp ec tro p h o to m etry

T h is  s e c t io n  e v a lu a te s  th e  sp e c tro p h o to m e tic  m ethods used to  q u a n ti fy  
l i p i d s .  They g iv e  no in d ic a t io n  o f th e  typ e  o f l i p i d  o r  o f i t s  s t r u c t u r e .  
The m ethods l i s t e d  were th o se  o f Amenta (1 9 6 4 ), Marsh and We i s t e i n  (1966) 
and B a r t l e t t  (1959) a l l  of which have been used e x te n s iv e ly  in  
q u a n t i t a t i v e  l e a f  l i p i d  a n a ly s i s .  These m ethods a re  a l l  d e sc rib e d  in  
s e c t io n  3 .1 0 .3 .  Using s ta n d a rd  l i p i d  sam ples th e  low er l im i t s  of d e te c t io n  
and th e  upper l i m i t s  to  l i n e a r i t y  were e s t im a te d .
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R eduction  o f dichrom ate (Amenta, 1963)

U sing th e  p ro c e d u re , d e s c r ib e d  in  s e c t io n  3 .1 0 .3  th e  l i m i t s  of 
d e t e c t i o n  f o r  a l l  th e  l i p i d s  l i e s  betw een 40 and 250^g, however i f  th e  
amount o f d ich ro m ate  re a g e n t used in  th e  a ssa y  i s  d e c re a se d  to  0 .5m l th en  
i t  i s  p o s s ib le  to  d e t e c t  as l i t t l e  a s  10y**g of l i p i d  ( f ig u r e  1 2 ). S im i la r ly  
i f  th e  amount o f d ich ro m ate  i s  in c re a s e d  to  5ml i t  i s  p o s s ib le  to  d e te c t  
a c c u r a te ly  up to  lOOO^g of l i p i d .
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Figure 11: C a lib ra tio n  curves fo r  d if f e r e n t  l ip i d s  u sin g  the redu ction  of
dichromat^ method using  2ml dichromate
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Figure 11: C a lib ra tio n  curves fo r  d if f e r e n t  l ip id s  u sin g  the red u ction  o f dichrom ate methanol u sin g  2/iqI dichromgdiW
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F igure 12: C a lib ra tio n  curves fo r  l ip i d s  using the red u ctio n  of dichrom ate
method (0 .5m l o f reagen t)
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Figure 12; C a lib ra tio n  curves fo r  l ip id s  u sin g  th e red u ction  o f dichrom ate method (0.5m l o f reagen t)
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Figure 13: C a lib ra tio n  curve fo r  l ip i d s  using the method of Amenta (1964)
employing 5ml dichromate
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Figure 13: C a lib ra tio n  curve fo r  l ip id s  u sin g  th e method o f Amento (1964) employing 5ml dichrom ate
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F ig u re s  12 and 13 show th e  c a l i b r a t i o n  cu rves, o b ta in e d  when a l i p i d  
m ix tu re  was u se d , w hereas f ig u r e  11 shows th e  c a l i b r a t i o n  cu rv es o b ta in e d  
u s in g  d i f f e r e n t  l i p i d  s ta n d a rd s .  A ll  l i p i d s  g iv e  a l i n e a r  re sp o n se  o v er 
th e  same ra n g e , however th e  cu rve  f o r  each  l i p i d  has a d i f f e r e n t  g r a d ie n t .  
C o n seq u en tly  when a n a ly s in g  a n a tu r a l  sam ple o f unknown co m po sitio n  a 
s ta n d a rd  cu rve  o b ta in e d  u s in g  a m ix tu re  o f s ta n d a rd s  shou ld  g iv e  th e  most 
a c c u ra te  r e s u l t s .  The d eg ree  o f i a t t y  a c id  u n s a tu r a t io n  a ls o  has an e f f e c t  
upon th e  s lo p e  of th e  c u rv e , w hich means t h a t  s ta n d a rd  cu rv es  f o r  
in d iv id u a l  l i p i d s  a re  im p o ss ib le  to  o b ta in  due to  th e  v a r ia t io n  in  
s a t u r a t i o n  in  n a tu r a l  l i p i d s .  T h is method was o n ly  used w here such 
a p p ro x im a tio n  cou ld  be t o l e r a t e d .

A nother problem  w ith  t h i s  p ro ced u re  was t h a t  th e  methods used to  lo c a te  
l i p i d s  fo llo w in g  t i c  in c re a s e  th e  ab so rb an ce  r e a d in g s ,  in  th e  c ^ s c  o f 
io d in e  by 10 .3  ± 1.8/. and d ic h lo r o f lu r e o s c e in  by 9 .A + 2.1% (v a lu e s  tak en  
from fo u r  r e p l i c a t e  a n a ly s e s  o f t o t a l  l i p i d s ) .  T h is problem can be 
overcome by u s in g  as  s ta n d a rd s  sam ples which have been se p a ra te d  by t i c  
and d e te c te d  u s in g  th e  same re a g e n ts  a s  th e  unknown sam p les.
M arsh and Wei n s te in

T h is  m ethod, d e s c r ib e d  in  s e c t io n  3 .1 0 .2 ,  r e l i e s  upon c h a r r in g  o f 
l i p i d s  by s u lp h u r ic  a c id  and l ik e  th e  p re v io u s  one i s  n o t s p e c i f i c .  F ig u re  
1A shows th e  s ta n d a rd  cu rv es  o b ta in e d  u s in g  a ran g e  o f d i f f e r e n t  l i p i d s .  
The d e te c t io n  l im i t  fo r  t h i s  method was 5pg and th e  p lo t s  rem ained l i n e a r  
up to  200jug, a f t e r  which a s e m il in e a r  r e l a t i o n s h i p  became a p p a re n t f o r  
some o f th e  sam p les.
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Figure 14: C a lib ra tio n  curves fo r  variou s l ip i d s  using the method o f Marsh
and W einstein  (1966)
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Figure 14: C a lib ra tio n  curves fo r  v ar iou s l ip id s  u sin g  the method o f Marsh and W einstein  (1966)

g l i p i d  (p e r sam ple)



A ll  th e  problem s a s s o c ia te d  w ith  th e  p re v io u s  method were a l s o  found 
w ith  t h i s  m ethod, however th e  method has th e  adv an tage  over t h a t  o f  Amenta 
(1964 ) in  t h a t  i t  h as  a low er d e te c t io n  l i m i t  and s e n s i t i v i t y  does n o t 
r e l y  upon changing  th e  amount o f re a g e n t u s e d , an awkward c o m p lic a tio n  f o r  
r o u t in e  a n a ly s i s .

T h is  method could  be used b o th  w ith  and w ith o u t s i l i c a  g e l  p ro v id in g  
t h a t  i t  was removed p r i o r  to  sp e c tro p h o to m e try .

P hosphate  d e te rm in a t io n  ( B a r t l e t t ,  1959)

P h o sp h o lip id s  w ere d ete rm in ed  by m easuring  t h e i r  phosphorous c o n te n t ,  
th e  method i s  d e s c r ib e d  in  s e c t io n  3 .1 0 .3 .  F ig u re  13 shows s ta n d a rd  curves 
f o r  known p h o sp h o lip id s  and in o rg a n ic  pho sp ho ro u s.
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F ig u re  15: C a l ib r a t io n  curve f o r  pho sp hate  a n a ly s is
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The main problem  w ith  t h i s  m ethod, o th e r  than  s a f e ty  a s p e c ts  in v o lv ed  
u s in g  p e r c h lo r ic  a c id  on a ro u t in e  b a s i s ,  was th e  developm ent o f sp u r io u s  
c o lo u rs  in  p a r t i c u l a r  when io d in e  was used  fo r  l i p i d  i d e n t i f i c a t i o n .  
Io d in e  b eing  v o l a t i l e ,  shou ld  sublim e from  th e  t i c  p la t e s  when exposed to  
a i r  how ever, in e v i t a b ly  on o cc a s io n s  some io d in e  i s  l e f t  on th e  p l a t e s  and 
t h i s  c au se s  th e  h ig h  abso rban ce  r e a d in g s .  The o th e r  l i p i d  r e c o g n it io n  
m ethods such  as  d ic h lo r o f lu o r e s c e in  a ls o  cau se  s im i la r  p rob lem s.

The o th e r  cause o f v a r ia t io n  w ith  t h i s  method was th e  p e r c h lo r a te  — 
s e n s i t i v i t y  o f c o lo u r developm ent. F ig u re  16 shows th e  e f f e c t  o f v a ry in g  
th e  amount o f p e r c h lo r ic  a c id  used in  th e  d ig e s t io n  on th e  abso rban ce  
re a d in g s  f o r  d i f f e r e n t  l e v e ls  of in o rg a n ic  phosphorous. Sm all changes in  
th e  l e v e l s  o f p e r c h lo r ic  a c id  can g iv e  g r e a t  changes in  th e  a p p a re n t l e v e l  
o f pho sp ho ro u s. These v a r ia t io n s  a re  w e ll  w ith in  th e  l e v e l  o f e x p e rim e n ta l 
e r r o r  and cou ld  e x p la in  th e  sp u r io u s  c o lo u rs  o b ta in ed  on o c c a s io n s  u sin g  
t h i s  m ethod.

The method i s  l i n e a r  f o r  0.15ywg P o r  0 .1 2 ^ g  of p h o s p h o lip id . T ichy
(1973 ) found th a t  when in o rg a n ic  phosphorous from p h o sp h o lip id  was 
d e te rm in ed  in  the  p re se n se  of s i l i c a  g e l ,  h ig h e r  a c t i v i t i e s  were re q u ire d  
to  p re v e n t a u to re d u c tio n  o f m olybdate w hich occured abou t pHl and fo r  
w hich s i l i c a  g e l  a c te d  a s  a b u f f e r .  However, t h i s  d id  n o t app ly  in  th e se  
e x p e rim e n ts  as  th e  pH n ev e r went above pHl and the  p resen ce  o f s i l i c a  g e l  
had no e f f e c t  on c o lo u r developm ent.

T h is method was o n ly  used w h ile  th e  e x t r a c t io n  and a n a l y t i c a l  
p ro c e d u re s  were bein g  t e s t e d .  Once th e  l i p i d  d e te rm in a tio n  methods were 
o p t im is e d ,  q u a n t i f i c a t i o n  by GLC and th e  methods o f Amenta (1964) and 
M arsh and W ernste in  (1966) were used in  p re fe re n c e ,  f o r  a lth o u g h  th e se  
l a t t e r  m ethods a re  n o t s p e c i f i c  f o r  p h o sp h o lip id s  th ey  do g iv e  more 
c o n s i s t e n t  r e s u l t s  and a re  e a s i e r ,  q u ic k e r  and s a fe r  to  u se .

4 .1 .6 .  E xperim en ts to  o p tim ize  th e  th e  c o n d it io n s  n e c e s sa ry  to  produce 
f a t t y  a c id  m ethyl e s t e r s  (FAMES) from l i p i d  sam ples

In  o rd e r  f o r  th e  f a t t y  a c id s  in  l i p i d s  to  be an a ly sed  s u c c e s s f u l ly  by 
g as  chrom atography th ey  must f i r s t  be co n v e rte d  to  t h e i r  m ethyl e s t e r s .  
T h is  i s  g e n e ra l ly  ach iev ed  by u s in g  14% boron t r i f l u o r i d e  in  m ethano l.
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However, b e fo re  ro u t in e  use the  o p tim a l c o n d it io n s  f o r  m ethyl 
e s t e r i f i c a t i o n  were so u g h t. The method i s  d e s c r ib e d  in  S e c tio n  3 .1 1 .1 .  The 
fo llo w in g  s ta n d a rd s  were e x a m in e d - t r ip a lm i t in , d ip a lm i t in ,  p a lm i t ic  a c id ,  
p h o s p h a tid y l  c h o lin e  d ip a lm ity l  and c h o le s te r y l  o le a t e .  The s ta n d a rd s  
w ere a p p l ie d  to  t i c  p l a t e s  and s e p a r a te d ,  th e  amount o f each  l i p i d  a p p lie d  
b eing  a d ju s te d  to  g iv e  10(ju.g o f f a t t y  a c id .
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F ig u re  16: The e f f e c t  o f v a ry in g  amounts o f p e r c h lo r ic  a c id  on phosphorous 
d e te rm in a t io n  by th e  B a r t l e t t  method
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F ig u re  16: The e f f e c t  o f v a ry in g  amounts o f p e r c h lo r ic  a c id  on phosphorous d e te rm in a tio n
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F igure 17: M eth ylation s o f fa t ty  acid  from d if f e r e n t  l ip id s
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F igu re 17: M eth ylation s o f f a t t y  acid  from d if f e r e n t  l ip id s
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The r e s u l t s  o f th e se  ex p e rim en ts  a re  found in  f ig u r e  17. The 
m e th y la t io n  o f m o n o g ly ce rid es , d ig l y c e r i d e s ,  p h o sp h o lip id s  and f a t t y  
a c id s  i s  com plete in  ap p ro x im ate ly  10 m in u te s . The sam ples rem ain s t a b l e  
i f  th e y  a re  k ep t f o r  a t  l e a s t  2 .5  h o u rs ,  how ever, f o r  t r i g l y c e r i d e s  
e s t e r i f i c a t i o n  r e q u i r e s  two h o u rs .

In  th e  o r i g i n a l  d e s c r ip t io n  o f t h i s  method M orrison  and Sm ith (1964) 
found th a t  i f  th e  14% boron t r i f l u o r i d e  in  m ethanol co n ta in ed  20% (V/V) 
benzene th e  tim e re q u ire d  f o r  m e th y la tin g  was reduced  to  25 m in u te s . In  
th e  p re s e n t  s tu d y  to lu e n e  re p la c e d  benzene due to  th e  t o x i c i t y  of th e  
l a t t e r .  The in f lu e n c e  o f a p ro p o r tio n  o f to lu e n e  on m e th y la tio n  i s  shown 
in  f ig u r e  18. The s h o r te s t  tim e f o r  100% m e th y la tio n  o f t r i p a l m i t i n  was 20 
m in u tes  in  th e  p re se n c e  o f 25% to lu e n e .

S te r o l  e s t e r s  a r e  n o t m e th y la ted  a t  a l l  by 14% boron t r i f l u o r i d e  in  
m ethan o l because o f i n s o l u b i l i t y .  I f  to lu e n e  i s  added to  th e  r e a c t io n  th e  
s t e r o l  e s t e r s  a re  s o lu b i l iz e d  and can be m e th y la te d . Using c h o le s te r y l  
o le a te  as  a s ta n d a rd  and v a ry in g  th e  c o n c e n tra t io n  o f to lu e n e  in  th e  
r e a c t io n  a s  b e fo re  an optimum tim e f o r  m e th y la tio n  o f 45 m inutes was found 
w ith  30% to lu e n e  (F ig u re  19).
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F ig u re  18: The e f f e c t s  of d i f f e r e n t  c o n c e n tra t io n s  of to lu e n e  on
t r i p l a m i t i n  m e th y la t io n

93



I j k J . ? . 181 .The e f f e c t s  o f d i f f e r e n t  c o n c e n tra t io n s  o f to lu e n e  on t r i p a l m i t i n  m e th y la tio n

1 0 0 -

% H e th y la t io n

50

O------O'« ---o-

»/ 
to

,y/ /
.'•'n--®------

-------

__ Q-
__ A-‘

50
--- r-
100

3

°  25% Toluene 

A 10% Toluene 

□  50% Toluene

a q7» T oluene

150 200

Time (mins)



F ig u re  19: The e f f e c t s  of d i f f e r e n t  c o n c e n tra t io n s  o f to lu e n e  on
c h o l e s te r y l  o le a te  m e th y la tio n
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Figure 19: The e f f e c t s  of d i f f  eren t con cen tra tion s o f to lu en e  on c h o le s te r y l  o le a te  m eth ylation
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FAMES must be p a r t i t io n e d  i n t o  hexanes i n  p re p a ra t io n  fo r  a n a ly s i s  by 
G.LC (S e c tio n  3 .1 1 .1 ) .  E x tr a c t io n  e f f i c i e n c y  o f th e  method was t e s t e d  w ith  
th e  fo llo w in g  s ta n d a rd  f a t t y  a c id s ;  p a lm i t ic  a c id ,  s t e a r i c ,  o l e i c ,  
l i n o l e i c  and l i n o l e n ic  in  a m ix tu re  c o n ta in in g  5C^g o f e ach . These were 
m e th y la ted  and th e  two s e p a r a te  2ml volum es o f hexane used  fo r  
p a r t i t i o n in g  th e  f a t t y  a c id  and m ethy l e s t e r s  were t e s te d  fo r  t h e i r  f a t t y  
a c id  com po sitio n  by GLC. The mean f a t t y  a c id  r e tu r n  was 99 .3  + 1.2% and 
th e  r e tu r n s  f o r  th e  two hexane volum es were 78 .2  + 1.9% and 21.1 + 1.4%.

D e te r io r a t io n  upon s to ra g e  co u ld  have caused  problem s w ith  th e  
a n a ly s is  o f FAMES. To in v e s t ig a te  t h i s  a m ix tu re  o f f a t t y  a c id s ;  a s  above, 
was s to re d  a t  4°C under n it ro g e n  w ith  0.05% BHT f o r  a m onth. Sam ples were 
removed a t  w eekly i n t e r v a l s .  None showed any change in  co m p o sitio n  up to  
one month a f t e r  e s t e r i f i c a t i o n  and as  none of th e  sam ples used f o r  
a n a ly s is  w ere s to r e d  t h i s  long  f a t t y  a c id  d e t e r i o r a t i o n  a t  t h i s  s ta g e  was 
n o t  a problem .

The d eg ree  o f f a t t y  a c id  s a t u r a t i o n  m ight e f f e c t  th e  m e th y la tio n  y ie ld .  
T able  11 shows t h a t  th e re  i s  a s i g n i f i c a n t  (pcs 0.01%) d i f f e r e n c e  between 
f a t t y  a c id s ,  th e  tim es and t h e i r  i n t e r a c t i o n s  when th e  f u l l  a n a ly s is  i s  
made fo r  th e  d a ta  up to  two h o u rs .  For th e  f i n a l  30 m in u tes , how ever, 
th e r e  a re  no s i g n i f i c a n t  d i f f e r e n c e s  betw een f a t t y  a c id s ,  which confirm s 
th e  s u i t a b i l i t y  o f t h i s  s h o r te r  p e r io d  f o r  m e th y la t io n . S te ro l  e s t e r s  have 
a m e th y la tio n  tim e o f 45 m in u te s , however i f  th e re  a re  any d if f e r e n c e s  in  
th e  f a t t y  a c id  com po sitio n  caused  by m e th y la tio n  f o r  t h i s  tim e i t  i s  
r e l a t i v e l y  u n im p o rta n t as  s t e r o l  e s t e r s  a re  n o t m ajor components o f th e  
e x t r a c t s  under s tu d y . A f u r t h e r  p o in t  i s  th a t  th e  d eg ree  o f accu racy  
ach iev ed  in  th e  p i l o t  s tu d ie s  i s  in  e x cess  o f r o u t in e  re q u ire m e n t. Because 
th e  main s tu d y  in v o lv e s  a com parison  o f d i f f e r e n t  e x t r a c t s  and p ro v id in g  
t h a t  a n a l y t i c a l  e r r o r s  a re  c o n s ta n t  no o v e r a l l  b ia s  sh ou ld  be in tro d u c e d  
in t o  th e  r e s u l t s .
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T ab le  11: Recovery r a t e s  of f a t t y  a c id  m ethy l e s t e r s  a f t e r  d i f f e r i n g  
tim es  o f m e th y la tio n  a t  10Q°C

F a t ty  Acid M ethyl E s te r 10 30
Times

60 90 120
P a lm i t ic  a c id 98 .3 9 9 .2 98.7 9 7 .5 98.3
S te a r i c  a c id 99.2 9 8 .6 99.1 9 8 .5 97.9
O le ic  a c id 98.7 98 .7 98.3 95 .9 93.6
L in o le ic  a c id 98 .9 9 9 .6 97 .6 91.7 90.4
L in o le n ic  a c id 99 .3 9 8 .8 93.4 91 .8 89 .6

A ll  th e  r e s u l t s  a re  th e  means o f fo u r  r e p l i c a t e s

A n a ly s is  o f V ariance  o f th e  whole t a b l e
Item D egrees o f Sum of Mean V ariance P r o b a b i l i ty

Freedom S quares Square R a tio
F a t ty  Acid (F ) 4 278.07 69.52 69.52 0.01
Times (T) 4 427.31 106.83 106.83 0.01
F x T 16 230.50 14.41 14.41 0.01
R e p l ic a te s 75 75.19 1 .0 0
T o ta ls 99 1011.07
A n a ly s is  o f V ariance  o f th e 10-30 m inute d a ta
Item D egrees o f Sum of Mean V ariance P r o b a b i l i ty

Freedom S quares Square R a tio
F a t ty  Acid (F ) 4 0 .7 2 0 .1 8 0 .60 0 .5
Times (T) 1 0 .04 0 .0 4 0 .13 0 .5
F x T 4 3 .07 0 .7 7 2 .57 0 .5
R e p l ic a te s 30 9 .04 0 .3 0
T o ta l 39 12.87

4 .1 .7 .  C a l ib r a t io n  o f th e  gas chrom atograph

Gas chrom atography was used f o r  th e  ro u t in e  a n a ly s is  o f l e a f  
p h o sp h o lip id  f a t t y  a c id s  (S e c tio n  3 .1 1 .2 ) .  T h is  method had been d ev ise d  to  
g iv e  optimum s e p a r a t io n  and a n a ly s is  o f th e  s ta n d a rd  f a t t y  a c id s  found in  
l e a f  p h o sp h o lip id s  (D. Chapman p e r s .  comm.). The r e t e n t io n  tim es f o r  each  
f a t t y  a c id  were m easured and t h e i r  r e l a t i v e  re sp o n se  f a c to r s  were 
c a lc u la t e d .  The i n t e g r a t o r  was th en  programmed to  re c o g n ise  each  peak , 
c a lc u la t e  th e  a re a  under th e  p eak , amend t h i s  a re a  by m u ltip ly in g  th e  a re a  
o b ta in e d  by a r e l a t i v e  re sp o n se  f a c to r  f o r  each  f a t t y  a c id  and th en  o b ta in  
a v a lu e  f o r  th e  amount of th e  f a t t y  a c id  p re s e n t  by com parison w ith  an
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in te r n a l standard

T his method proved s u i t a b le  f o r  th e  a n a ly s is  o f b o th  whole l e a f  and 
e p id e rm is  p h o sp h o lip id  f a t t y  a c id s ,  b u t cou ld  n o t be used f o r  th e  a n a ly s is  
o f th e  n e u t r a l  l i p i d  f r a c t io n s  o r  th e  fu n g a l l i p i d s .  T h is was because 
th e s e  l i p i d s  c o n ta in ed  bo th  s h o r t  ch a in  f a t t y  a c id s  e .g .  l a u r i c  a c id  and 
a ls o  long  c h a in  f a t t y  a c id s  e .g .  a r a c h id o n ic .  I t  was n e c e s sa ry  to  use an 
e n t i r e l y  new column and method to  a n a ly se  th e se  e x t r a c t s  as  i t  was no t 
p o s s ib le  to  adop t th e  p re v io u s  method fo r  t h i s  p u rp o se .

The c o n d it io n s  on th e  new column were o p tim ized  fo r  e f f i c i e n t  
s e p a r a t io n  o f th e  f a t t y  a c id s  in  th e  s h o r te s t  p o s s ib le  tim e and the  
r e l a t i v e  re sp o n se  f a c to r s  f o r  each  f a t t y  a c id  were c a lc u la te d  (T ab le  13). 
In  a l l  th e s e  ex p e rim en ts  th e  fo llo w in g  f a t t y  a c id  m ethy l e s t e r s  w ere used 
a s  a m ix tu re  o f lOO^g o f each  in  10(^1 o f h exane, l a u r i c ,  m y r i s t ic ,  
p e n ta d e c a n o ic , p a lm i t ic ,  s t e a r i c ,  o l e i c ,  l i n o l e i c ,  l i n o l e n i c ,  a r a c h id ic  
and a ra c h id o n ic .

I n i t i a l l y  th e  fo llo w in g  c o n d it io n s  were u sed ; i n j e c t i o n  tem p e ra tu re  
210°C, d e te c to r  tem p e ra tu re  210°C column te m p e ra tu re  150°C, c a r r i e r  gas 
flow  r a t e  35m ls/m in , th e  i n t e g r a t o r  was programmed to  a n a ly se  th e  peak 
a re a s  o f each  f a t t y  a c id .  No tim e l im i t s  were programmed in to  e i t h e r  the  
i n t e g r a t o r  o r  th e  gas ch rom ato graph . The p ro c e ss  was stopped  when a l l  
f a t t y  a c id s  had e lu te d  from th e  colum n. The r e s u l t s  (T ab le  12) show th a t  
a lth o u g h  th e  s e p a r a t io n  o f th e  s h o r t  ch a in  f a t t y  a c id s  was ex trem e ly  
e f f e c t i v e ,  th e  long ch a in  f a t t y  a c id s  w h ile  s e p a r a t in g  w e ll had an 
u n a c c e p ta b ly  long  r e te n t io n  t im e . By v a ry in g  th e  o p e ra t in g  p a ram e te rs  a 
two s ta g e  system  in v o lv in g  a te m p e ra tu re  programme was e v e n tu a lly  chosen 
a s  th e  b e s t  compromise betw een speed and a c c u ra c y .

The re sp o n se  f a c to r s  r e l a t i v e  to  th e  s ta n d a rd  used in  l a t e r  ex p e rim en ts  
(p e n ta d e c a n o ic  a c id )  were c a lc u la t e d ,  t a b le  13.

The g lc  was te s te d  to  a s s e s s  w hether in c re a s in g  th e  sample s iz e  had any 
•E ffec t on th e  a re a  of th e  f a t t y  a c id  p eak s . T h is was t e s te d  by i n j e c t in g  
sam ples c o n ta in in g  th e  same co m p o sitio n s  o f f a t t y  a c id  s ta n d a rd s  b u t w ith  
incre«..oing amounts of th e  f a t t y  a c id s .  T able  1A shows th a t  th e re  was no 
s i g n i f i c a n t  d i f f e r e n c e  in  th e  re sp o n se  in  th e  range 0-750ykg of f a t t y  a c id
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and as  th e s e  v a lu e s  f a r  exceed th e  amounts o f f a t t y  a c id s  an a ly sed  in  th e  
l a t e r  e x p e rim e n ts , t h i s  showed t h a t  e rro n eo u s  v a lu e s  would n o t be found 
f o r  t h i s  re a s o n .

T ab le  12: R e te n tio n  tim es o f f a t t y  a c id s  on th e  g as chrom atographs u s in g  
d i f f e r e n t  oven te m p e ra tu re s  and c a r r i e r  gas flo w  r a t e s

F a t ty  Acid R e te n tio n  Time U sing System
1 2 3 4 5

C a p ric  Acid 2 .18 - - - 2 .1 8
L a u r ie  a c id 3 .17 2 .3 2 - - 3 .7 0
M y r is t ic  a c id 6 .57 3 .41 3 .10 4 .14 6 .57
P en tad e ce n o ic  ac id 9.63 8 .2 0 5.16 6 .73 9 .6 3
P a lm i t ic  a c id 11.90 9 .95 7.91 8.81 11.90
S te a r i c  a c id 20.03 18.87 14.31 16.54 18.78
O le ic  a c id 28.21 26.14 17.42 19.99 24.32
L in o le ic  a c id 37.86 34.82 22.35 28.67 2 8 .76
L in o le n ic  a c id 47.61 43.01 27.89 34.76 31.93
A ra c h id ic  a c id 42 .38 40.21 25.00 31.55 30.04
A ra ch id o n ic  a c id 55.34 51.01 34.17 47.81 36.14
A ll  f ig u r e s  r e p re s e n t  th e  means o f 3 r e p l i c a t e s ,  no co n fid en ce  l i m i t s  
a r e  quoted  as th e  r e t e n t io n  tim es  a l l  rem ain s t a b le  once the  c o n d it io n s  
a re  s e t .  A dash  in  th e  column means th a t  th e  f a t t y  a c id  could n o t be 
s e p a r a te d .
System 1: Column T em perature  150 C°; c a r r i e r  gas flow  35ml/min
System  2: Column T em perature 150 C°; c a r r i e r  gas flo w  40ml/min
System  3: Column T em perature 190 C°; c a r r i e r  gas flo w  35ml/min
System  4: Column T em perature 170 C°; c a r r i e r  gas flow  35ml/min
System  5: Column T em perature 150 C°; c a r r i e r  gas flo w  35ml/min

fo r  15 m in s, tem p, in c re a s e d  4 C° a m inu te  fo r  
10 mins and f i n a l l y  a llo w ed  to  run  a t  190 C° fo r  
15 m in u te s .
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T ab le  13: R e la t iv e  re sp o n se  f a c to r s  f o r  in d iv id u a l  f a t t y  a c id s  u sing  Gas 
Chrom atography column

F a t ty  Acid R e la t iv e  re sp o n se  f a c to r
C ap ric  Acid 
L a u r ie  a c id  
M y r is t ic  a c id  
P en tad e ca n o ic  ac id  
P a lm i t ic  a c id  
S te a r i c  a c id  
O le ic  a c id  
L in o le ic  a c id  
L in o le n ic  a c id  
A C hchidic a c id  
A ra ch id o n ic  ac id

0 .9 8 7
1 .215
1 .015
1 .000
1 .058
0 .9 5 8
0.868
0.981
1 .086
1 .0 1 1
0 .984

A ll  th e s e  v a lu e s  w ere th e  means o f fo u r  r e p l i c a t e s ,  co n fid en ce  
l i m i t s  were n o t c a lc u la te d  as fo r  p r a c t i c a l  p urposes th e r e  was no 
v a r i a t i o n .

T ab le  14: The e f f e c t  o f in c re a s in g  sam ple s iz e  on chrom atograph  re sp o n se

F a t ty  Acid
16 : 0 18 : 0 18: 1 18: 2 18 : 3

A rea o f £ A rea o f % Area o f 7c Area o f 7c A rea of %
Peak Peak Peak Peak Peak
2 .24 24.7 0.81 9 .8 1 .13 15.2 2.12 2 5 .2 2 .34 25.1

10.49 2 4 .8 4 .06 10.6 5 .59 16.1 10.90 2 7 .8 10.81 24 .9
35 .44 25.4 12.76 10.1 15.57 13.6 32.21 26 .9 37.24 2 6 .0
57 .48 2 4 .2 19.14 8 .9 30.01 15.4 55.50 2 5 .2 64.12 26 .3
83.14 2 6 .2 26.15 9.1 39.43 13.4 75.32 25 .6 83.71 25.7

4 .1 .8 .  O p tim iz a tio n  o f l i p i d  e x t r a c t io n  p ro ced u res

The aim of th e  l i p i d  e x t r a c t io n  p ro ced ure  was to  o b ta in  t o t a l
e x t r a c t io n  of a sam ple which was b o th  uncontam inated  and undegraded . 
W ith in  p la n t  c e l l s  l i p i d s  a re  bound by a range o f weak f o r c e s ,  Van d er 
W aals, hydrogen bonds, e l e c t r o s t a t i c  and hydrophobic a s s o c ia t io n s ,  to  a 
ran ge  o f o th e r  c e l l u l a r  c o n s t i t u e n t s .  A d d it io n a lly  some l i p i d s  a re  
c o v a le n t ly  l in k e d  a s  e s t e r s  to  c a rb o h y d ra te  as  in  l ip o p o ly s a c c h a r id e s  o f 
b a c t e r i a l  c e l l  w a l l s .

L ip id s  t h a t  a re  h y d ro p h o b ic a lly  a s s o c ia te d  may be e x t r a c te d  w ith  non­
p o la r  s o lv e n ts  such as ch lo ro fo rm . M em brane-associated  l i p i d s  r e q u ir e  
a d d i t i o n a l  p o la r  s o lv e n ts  such as m ethanol to  d is r u p t  th e  hydrogen bonding 
and e l e c t r o s t a t i c  fo rc e s  betw een th e  l i p i d s  and p r o te i n s .  C o v a len tly
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bound l i p i d s  cann o t be e x t r a c te d  d i r e c t l y  by any s o lv e n ts  b u t must f i r s tI
be c le a re d  from th e  com plexes by a c id  o r a lk a l in e  h y d ro ly s is .  I t  i s  t h i s  
u se  o f an a lc o h o l in  th e  e x t r a c t io n  p ro c e d u re  which cau ses th e  problem s 
w ith  non l i p i d  co n tam in an ts  because aqueous m ethanol ( c o n ta in in g  w a te r 
from  th e  t i s s u e )  i s  an e f f e c t iv e  s o lv e n t  f o r  s u g a rs ,  amino a c id s  and some 
e l e c t r o l y t e s  (S e c t io n  4 .1 .3 ) .

L ip id -d e g ra d in g  enzymes such a s  p h o sp h o lip a se  D a re  a c t iv a te d  by th e  
o rg a n ic  s o lv e n ts  used  in  th e  e x t r a c t io n  p ro c e d u re . P h o sp h o lip ase  D i s  an 
ex tem ely  s t a b le  enzyme and to  d e a c t iv a te  i t  tre a tm e n t w ith  b o i l in g  
a lc o h o ls  such a s  is o p ro p a n o l ,  m ethanol e t c .  i s  n e c e s s a ry . The e f f i c ie n c y  
o f  th e  s ta n d a rd  p ro ced u re  was te s te d  by com paring th e  amounts o f PA found 
i n  th e  f i n a l  e x t r a c t s  w ith  and w ith o u t an iso p ro p an o l b o i l in g  s t a g e .  
P rov id ed  th a t  t h i s  s ta g e  i s  in c lu d e d  o n ly  2 .4  + 0.8% PA i s  d e te c te d  
w hereas i f  o m itted  up to  49 .7  + 14.7% may be p r e s e n t .  I t  i s  th e r e f o r e  
e x tre m e ly  im p o rta n t to  in c lu d e  t h i s  i n i t i a l  s ta g e .

The e x t r a c t io n  p ro ced u re

U sing th e  work o f F ishw ick  and W right (1977) as a s t a r t i n g  p o in t th e  
fo llo w in g  e x t r a c t io n  m ethods were t e s t e d : -

Method 1

The t i s s u e  was washed 3 tim es w ith  ch lo ro fo rm : m ethanol (2 :1  V:V) 
a llo w in g  3 m inutes betw een w ashes.

Method 2

The t i s s u e  was b lended  in  a "S o rv a l Omnimixer’’ w ith  20ml ch lo ro fo rm : 
m e th an o l: w ate r (5 :1 0 :4  by volume) f o r  2 m in u te s , a f t e r  which 5ml
ch lo ro fo rm  and 0 .1m l c o n c e n tra te d  HC1 was added and b lended  fo r  a f u r t h e r  
2 m in u te s . The e x t r a c t  was then  f i l t e r e d  th rou gh  Whatman No. 1 f i l t e r  
p ap e r and th e  f i l t r a t e  r e ta in e d .  The re s id u e  was i *-nsed w ith  20ml 
c h lo ro fo rm : m ethanol (2 :1  V :V ), th e  w ash ing s being  added to  th e  f i l t r a t e .
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Method 3

As f o r  method 2 but o m itt in g  th e  HCl.

Method 4

The t i s s u e  was ground w ith  a m o rta r  and p e s t l e  th re e  tim es in  
c h lo ro fo rm : mef.hanol (2 :1  V:V) and th e  e x t r a c t  f i l t e r e d  th rough  Whatman 
No. 1 f i l t e r  p a p e r , th e  f i l t r a t e  was r e t a i n e d .  The p ro ce ss  was re p e a te d  
tw ic e  and a l l  f i l t r a t e s  were com bined.

Method 5

As f o r  method 4 e x cep t t h a t  0 .1m l c o n c e n tra te d  HC1 added each tim e .

Method 6

The t i s s u e  was hom ogenised th r e e  tim es  in  a "S o rva l om nim ixer” in  15ml 
c h lo ro fo rm : m ethanol ( 2 :1 ,  V:V). A f te r  each  hom ogenisa tion  th e  e x t r a c t  
was f i l t e r e d ,  th e  f i l t r a t e  r e ta in e d  and th e  re s id u e  re tu rn e d  to  th e  
om nim ixer.

The sam ples used f o r  t e s t i n g  th e s e  m ethods were 0 .5 g  f r e s h  w eigh t 
(0 .0 5 2  + 0 .012g  d ry  w e ig h t)  pea l e a f  sam ples which were b o ile d  in  15ml 
iso p rc /an o l p r io r  to  e x t r a c t io n .  (The iso p ro p a n o l was k ep t and added to  th e  
f i n a l  e x t r a c t  s in c e  a sm a ll amount o f l i p i d  i s  e x tra c te d  a t  t h i s  s t a g e ) .  
The r a t i o n a l e  behind  th e s e  methods i s  as fo llo w s : tre a tm e n t 1 i s  th e  
m i ld e s t  p ro c e d u re , t r e a tm e n ts  4 and 6 a re  o f in c re a s in g  s e v e r i t y ,  
t r e a tm e n ts  2 and 3 combine an e x t r a c t io n  p ro ced ure  w ith  a "c le a n  up" 
p ro ced u re  as in  B lig h  and Dyer (1 9 5 9 ). T rea tm en ts  2 and 5 in c lu d e  HC1 to  
see  i f  th e re  i s  any g a in  in  th e  amount o f l i p i d  e x tra c te d  by b reak in g  
c o v a le n t  bonds betw een f a t t y  a c id s  and p o ly s a c c h a r id e s .

I n i t i a l l y  each  tre a tm e n t  was k ep t s e p a r a te ly  and ana ly sed  in d iv id u a l ly  
to  e n su re  t h a t  a l l  p o s s ib le  l i p i d  had been e x t r a c te d .  The e x t r a c t s  were 
a n a ly s e d  f o r  t h e i r  t o t a l  l i p i d  c o n te n t  by th e  method of Amenta (1 9 6 4 ), 
u s in g  as  s ta n d a rd  an equ im o la r m ix tu re  o f c h o le s te r o l ,  t r i p a l m i t i n ,  
d ip a lm i t i n ,  c h o le s te r o l  o l e a t e ,  p h o sp h a tid y l c h o lin e  d ip a lm ito y l  and
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T a b le  15 show s th e  t o t a l  l i p i d  e x t r a c t e d  f o r  e a c h  m ethod and a l s o  th e  

s p l i t  f r a c t i o n s .  M ethod s 4 ,  5 and 6 e x t r a c t  th e  l a r g e s t  am o un ts o f  t o t a l  

l i p i d .  The l a c k  o f  s i g n i f i c a n t  d i f f e r e n c e s  betw een t h e s e  m etho d s show s 

t h a t  m o r t a r  and p e s t l e  and m e c h a n ic a l h o m o g e n iz e r a r e  b r o a d l y  e q u i l v a l e n t  

i n  t h e i r  a b i l i t i e s  to  d i s r u p t  th e  t i s s u e s .  T h is  i 6  im p o r t a n t  a s  when 

e p id e r m a l  s t r i p s  a r e  u s e d  i n  th e  a n a l y s i s  th e  am ount o f  t i s s u e  i s  t o o  

s m a l l  f o r  e f f e c t i v e  u s e  o f  th e  S o r v a l  o m n im ix e r.

phosphatidyl ethanolamine.

The a d d i t i o n  o f  HC1 (m e th o d s 2 and 5 )  i n t o  th e  e x t r a c t i o n  m ed ia  r e s u l t s  

i n  no i n c r e a s e  i n  t o t a l  l i p i d  e x t r a c t e d ,  sh o w in g  t h a t  t h e r e  i s  no  

s i g n i f i c a n t  am ount o f  l i p i d  c o v a l e n t l y  bound to  o t h e r  p o ly m e r s .

T a b le  1 5 : Am ount o f  l i p i d  e x t r a c t e d  u s in g  d i f f e r e n t  m eth o d s

F o r  m ethod d e t a i l s  s e e  t e s t .

M ethod
Number

Amount o f  L i p i d  p r e s e n t  
a f t e r  e x t r a c t i o n  n o . (  g )

T o t a l  L i p i d  

(  g )

1 2 3 4

M ethod 1 4 2 4 . 5 + 2 6 .8 4 1 0 . 2 + 7 8 .9 2 3 2 . 7 + 4 6 .4 2 3 1 . 6 + 5 4 . 0 1 2 9 9 .7 ± 1 7 9 . 2
M eth od 2 1 0 6 0 .7 + 2 6 2 .7 4 6 5 . 2 + 6 6 .6 2 4 6 .8 + 4 6 .0 2 4 . 0 + 4 0 .9 1 8 4 0 .7 + 1 8 7 .2
M eth od 3 1 0 3 8 .0 ± 2 3 8 .8 4 9 1 . 2 + 5 5 . 5 3 2 7 . 0 + 4 6 .4 1 9 .0 + 3 1 . 4 1 8 7 5 .2 ± 1 3 7 . 4
M ethod 4 1 5 1 4 . 5 9 5 .6 6 2 6 .2 + 8 1 .7 2 9 1 .0 ± 6 0 . 7 1 8 .5 + 2 1 . 2 2 4 5 0 . 2 ± 2 5 4 . 7
M eth o d 5 1 6 8 4 .0 + 8 2 .8 6 0 8 .7 + 4 2 . 2 2 0 6 .6 ± 4 8 . 7 2 . 7 + 7 .6 2 5 0 2 . 2 ± 1 9 3 . 0
M eth o d 6 1 5 1 9 .7 + 8 0 .6 5 8 6 .5 + 4 5 .9 3 0 0 . 0 ± 5 0 . 6 2 . 5 + 2 .9 2 4 0 8 .7 ± 2 6 6 . 0

The f i g u r e s a r e  th e m eans o f  f o u r r e p l i c a t e s  and a r e
q u o te d  w it h  9 52  c o n f id e n c e  l i m i t s

The m o d if ie d  B l ig h  and D y e r m ethods 2 and 3 had lo w e r  y i e l d s  th a n  4 ,  5  

an d  6 p a r t i a l l y  b e c a u s e  5 . 3  +  0 . 8 2  o f  th e  l i p i d  w as l o s t  i n  th e  u p p e r  

p h a s e .  T h i s  w as re d u c e d  to  0 . 9  + 0 . 2 2  by i n c o r p o r a t i o n  o f  0 .5 M  N aC l i n t o  

t h e  e x t r a c t i o n  m ed ia  in s t e a d  o f  w a t e r ,  b u t  th e  y i e l d s  w e re  s t i l l  n o t a s  

h ig h  a s  m eth o d s 4 , 5 and 6 . I t  w as assum ed t h a t  t h e s e  lo w e r  y i e l d s  w ere th e  

r e s u l t  o f  l i p i d  l o s t  a s  p r o t e o l i p i d  co m p le x e s w h ic h  w e re  n o t b ro k e n  down 

b e c a u s e  a t  no s t a g e  i n  th e  p r o c e s s  was th e  sa m p le  t a k e n  to  d r y n e s s .

The e x t r a c t i o n  p r o c e d u r e  a d o p te d  a s  s t a n d a r d  t h ro u g h o u t th e  

e x p e r im e n t a l  s e c t i o n  i s  d e s c r ib e d  i n  s e c t i o n  3 . 6 .  The m ethod i n v o l v e s  

f i l t e r i n g  o r g a n ic  s o l v e n t s  t h r o u g h  p a p e r ,  b u t a n a l y s e s  o f  th e  w ashed
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p a p e rs  re v e a le d  no l o s s  o f l i p i d  by b in d in g  to  the  p a p e r .

A .1 .9 . Recovery R a tes  d u r in g  a n a ly s is

B ecause o f th e  co m p lex ity  o f th e  p ro c e d u re s  fo r  e x t r a c t io n ,  s e p a r a t io n  
and q u a n t i f i c a t i o n  o f th e  l i p i d s ,  i t  was f e l t  n e c e s s a ry  to  check th e  
e f f i c i e n c y  o f th e  p ro c e ss  and c a lc u la te  reco v e ry  f a c t o r s .  The p o s s i b i l i t y  
o f  sam ple d e t e r i o r a t i o n  was a ls o  exam ined and p re c a u tio n s  to  p rev en t 
o x id a t io n  were e v a lu a te d .

T rea tm en t 1

A s ta n d a rd  m ix tu re  as  fo llo w s : t o t a l  lOOO^g c o n s is t in g  o f 200f4g each o f 
PC, PE, P I ,  t r i p a l r a i t i n  and c h o le s te r o l  o le a te  w ith  a f a t t y  a c id  
co m p o sitio n  o f ;  A3.1% p a lm i t ic  a c id ,  2% p a lm i to le ic  a c id ,  4% s t e a r i c  a c id ,  
23.9% o le i c  a c id ,  11.8% l i n o l e i c  a c id  and 15.2% l in o le n ic  a c id ,  was 
d is s o lv e d  in  45ml o f ch lo ro fo rm : m ethanol ( 2 :1 ,  V :V). T h is  s o lu t io n  was 
th e n  s u b je c te d  to  th e  v a r io u s  a n a l y t i c a l  p ro ced u res  d e s c r ib e d  in  s e c t io n
3 . A ll  th e  p re c a u tio n s  to  p rev en t o x id a t io n  were o bse rved  i . e .  s to ra g e  
u n d er n i t ro g e n  and th e  use o f 0.005% BHT in  a l l  s o lv e n t s .  The sam ples 
s e p a r a te d  by t i c  w ere an a ly sed  bo th  by GW- and th e  method o f Marsh and 
W eL nstein .

T rea tm en t 2

As f o r  tea tm en t 1 but o m itt in g  a n t i - o x id a t io n  p re c a u tio n s  i . e .  no BHT 
in  th e  s o lv e n ts  and no s to ra g e  under n i t r o g e n .

T rea tm en t 3

As f o r  tre a tm e n t 1 but w ith  no BHT in  th e  s o lv e n t  m ix tu re .

T rea tm en t 4

As f o r  tre a tm e n t 1 bu t w ith  no s to ra g e  under n i t r o g e n .

The r e s u l t s  (T ab le  16) show th a t  th e r e  a re  no t re a tm e n t  d i f f e r e n c e s  a s  
r e g a r d s  t o t a l  l i p i d  re c o v e ry  o r the am ounts in  in d iv id u a l  l i p i d  c la s s e s .
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However, when th e  f a t t y  a c id s  w ere a n a ly s e d , tre a tm e n t 2 and 3 w ere found 
to  g iv e  s i g n i f i c a n t l y  low er r e c o v e r ie s  o f t o t a l  f a t t y  a c id s  than  
tre a tm e n ts  1 and 4 . When th e  f a t t y  a c id s  w ere s tu d ie d  in d iv id u a l ly  i t  was 
found t h a t  t h i s  re d u c tio n  was caused  by a sm a ll  d e c re a se  in  the  amount o f 
o le i c  a c id  and a la r g e  d e c re a se  in  th e  am ounts of l i n o l e i c  and l i n o le n ic  
a c id .

The main c o n c lu s io n s  to  be drawn from t h i s  exp erim en t a re  th a t  reco v e ry  
f a c to r s  o f 80% can be c o n s i s t e n t ly  ach iev ed  and t h a t  t h i s  i s  n o t  b ia sed  
tow ards any one l i p i d  c la s s  o r  group o f f a t t y  a c id s ,  p ro v id ed  th a t  
a p p ro p r ia te  p re c a u tio n s  a re  £aken to  p re v e n t o x id a t io n  of u n s a tu ra te d  
f a t t y  a c id s .  As a p re v e n ta t iv e  f o r  th e  l a t t e r ,  th e  use of a chem ical 
a n t io x id a n t  in  s o lv e n ts  was c l e a r l y  p r e f e r a b le  to  r e l ia n c e  upon a n it ro g e n  
a tm o sp h ere . There were c o n s id e ra b le  d i f f e r e n c e s  in  th e  use o f th e  l a t t e r  
d u rin g  c e r t a i n  s ta g e s  of sam ple h a n d lin g , once the  e f f i c ie n c y  o f BHT was 
e s ta b l i s h e d  th e  use o f n i t ro g e n  was re s e rv e d  m ain ly  f o r  sample s to r a g e .
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Table 16: E ffe c t iv e n e s s  o f p recau tion s to  prevent o x id a tio n  o f s e le c te d
l ip id s  — For treatm ent d e t a i l s  see  te x t

a )  The e f f e c t  on l i p i d  co m p o sitio n
L ip id O rig in a l Amount a f t e r  tre a tm e n t number

Amounts 1 2 3 4
(fx&) < ) g) (jMg)

P h o s p h a tid y lc h o lin e 200 161 + 7 .9 158 ± 11.9 163 ± 10.4 167 ± 8
P h o sp h a tid y le th a n o lo m in e 200 159 + 12.3 157 ± 14.4 164 ± 14.1 160 ± 7
P h o s p h a t id y l in o s i to l 200 161 + 14.1 161 ± 8 .7 153 ± 11.0 158 ± 14
T r ip a lm i t in 200 154 + 8 .1 159 + 12.0 165 ± 8 .9 159 ± 10
C h o le s te ro l  o le a te 200 163 + 6 .1 160 + 10.4 157 ± 12.4 156 ± 8
T o ta l  L ip id 1000 798 + 15.6 795 + 16.9 802 ± 13.4
T here a re  no s i g n i f i c a n t  d i f f e r e n c e s  in  l i p i d  c la s s  between th e  t re a tm e n ts
b) The e f f e c t  on f a t t y  a c id  co m po sitio n
F a t ty  a c id s  O r ig in a l  % O r ig in a l  amount a f t e r  t re a tm e n t  number

amounts
( ^ ) 1 2 3 4

P a lm i t ic  a c id 336.3 78.9 + 2 .6 75.9 + 1 .8 76.7 + 1 .9 77 .9 + 2 .9
P a lm i to le ic  a c id 15 .5 81 .4 + 3 .2 81 .4 + 2 .0 82 .7 + 3 .9 85 .9 + 3 .4
S te a r i c  a c id 3 1 .2 77.6 + 1.6 82 .0 + 2 .1 79.5 + 1 .2 73.1 + 5 .4
O le ic  a c id 187.2 8 0 .0 + 3 .7 72.3 + 2 .7 70.6 + 3 .4 8 1 .0 + 2 .0
L in o le ic  a c id 9 3 .6 77.7 + 1 .9 53 .3 + 4 .3 53.1 + 2 .2 72 .5 + 6.1
L in o le n ic  a c id 117.0 81 .4 + 4 .4 47 .5 + 5 .6 46 .7 + 1.7 77 .6 + 1 .6
T o ta l 780.9 79 .4 + 2 .2 68.4 + 1.7 68.1 + 1 .0 7 7 .8 + 3 .4
The r e s u l t s  a re  th e  means o f 4 r e p l i c a t e s  and a re  quoted  w ith  95%

co n fid en ce  l im i t s



4 .2 .  L ip id s  in  in f e c te d  and u n in fe c te d  pea le a v e s

For t h i s  s e r i e s  of ex p e rim e n ts  fo u r d i f f e r e n t  s u s c e p t ib le  pea 
c u l t i v a r s  w ere used Onward, F eltham  F i r s t ,  H urst Green S h aft and P i l o t .  
The p la n ts  w ere grown and in f e c te d  a s  d e s c r ib e d  in  S e c tio n  3 .1 . The e x te n t  
o f i n f e c t io n  on th e  le a v e s  was e x p re sse d  in  two w ays; th e  tim e a f t e r  
i n i t i a l  i n f e c t io n  and th e  number o f h a u s to r ia  p e r c e l l .  F ig u re  42 shows 
t h a t  th e re  w ere no s i g n i f i c a n t  d i f f e r e n c e s  betw een th e  c u l t i v a r s  in  th e  
number o f h a u s to r ia  p er c e l l  d u rin g  th e  tim e co u rse  o f t h i s  i n v e s t ig a t io n  
and t h a t  th e  tim e a f t e r  i n i t i a l  i n f e c t io n  was th u s  a v a l id  in d ic a to r  o f 
th e  d eg ree  o f i n f e c t io n .

4 .2 .1 ,  T o ta l L ip id s

The mean t o t a l  l i p i d  v a lu e s  f o r  each  c u l t i v a r  w ere as  f o l lo w s :-  Onward 
50. ^ g  l i p i d  g * d ry  w e ig h t, F eltham  f i r s t  51 .2  + 5.1pg l i p i d  g * dry

l i p i d  g~* d ry  w eig h t and P i l o t  54 .7

= 0 .0 5 ) betw een th e  c u l t i v a r s  w ith  re s p e c t  to  t o t a l  l i p i d s .  F ig u re  20 
shows th e  changes in  t o t a l  l i p i d s  d u r in g  th e  developm ent o f i n f e c t io n  over 
a 24 day p e r io d .  T h is shows t h a t  th e r e  were no s i g n i f i c a n t  changes (p  =
0 .0 5 )  in  th e  t o t a l  l i p i d  l e v e ls  i n  any o f th e  c u l t i v a r s .

4 .2 .2 .  P o la r  L ip id s

The mean p o la r  l i p i d  amounts in  each  c u l t i v a r  a t  th e  beg inn ing  o f th e  
ex p e rim en t w ere as  fo llo w s g * dry  w e ig h t) :  Onward 4 5 .3  + 5 .3 ,  F eltham
F i r s t  4 1 .5  + 3 .1 ,  H urst Green S h a ft 43 .2  + 1 .7  and P i l o t  4 5 .2  + 4 .3 ,  
th e r e  was th u s  no s i g n i f i c a n t  d i f f e r e n c e  (p = 0 .0 5 )  between the  c u l t i v a r s  
p o la r  l i p i d  v a lu e s .  F ig u re  21 shows t h a t  th e re  were no s i g n i f i c a n t  changes 
(p  = 0 .0 5 )  in  th e  p o la r  l i p i d  c o n te n ts  in  any o f th e  c u l t i v a r s  over th e  24 
day p e r io d  o f d is e a s e  developm ent.

4 .2 .3 .  He’. t r a l  L ip id s

The mean n e u t r a l  l i p i d  amounts in  each c u l t i v a r  a t  th e  beg inn ing  of th e  
exp e rim en t w ere as  fo llo w s (hg g~* dry  w e ig h t) :  Onward 8 .4  + 1 .0 , Feltham
F i r s t  9 ,7  + 1 .5 ,  H urst Green S h a ft 8 .5  ± 2 .2  and P i l o t  8 .8  + 1 .7 . There

was th u s  no s i g n i f i c a n t  d i f f e r e n c e  (p
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v a s  th u s  no s i g n i f i c a n t  d i f f e r e n c e  (p = 0 .0 5 )  betw een th e  n e u t r a l  l i p i d  
v a lu e s  in  each  c u l t i v a r .  F ig u re  22 shows t h a t  th e re  were rto s i g n i f i c a n t  
changes (p = 0 .0 5 )  in  th e  n e u t r a l  l i p i d  le v e ls  in  any o f th e  c u l t i v a r s  
d u r in g  th e  24 day p e r io d  o f d is e a s e  dev e lo pm en t.
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Figure 20: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the t o ta l  l ip i d s  in  the
lea v es  o f 4 d if f e r e n t  pea c u lt iv a r s
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F igu re 20

a) Onward

b ) F eltham  F i r s t

Days a f t e r  i n f e c t io n



Figure 20 (cont)

c ) H u rs t G reen S h a ft

d ) P i l o t

Days a f t e r  i n f e c t io n

A In fe c te d  p la n ts  
■  U n in fec ted  p la n ts

I
95% co n fid en ce  l im i t s



Figure 21: The e f f e c t  o f in fe c t io n  w ith  E, p i s i  on the t o t a l  p h osph olip ids
in  the le a v e s  of 4 d if f e r e n t  pea c u lt iv a r s
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Figure 21

a )  Onward

b) F e lth am  F i r s t



Figure 21 (cont)

c )  H u rs t G reen S h a ft

d) P i l o t

Days a f t e r  i n f e c t io n



Figure 22: The e f f e c t  of in f e c t io n  w ith  E. p i s i  on the to t a l
l ip id s  in  le a v e s  o f 4 d iffe r e n t  pea c u lt iv a r s

n e u t r a l
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Figure 22
a) Onward

Days a f t e r  i n f e c t io n
b ) F eltham  F i r s t

c) H u rs t G reen S h a ft

d) P i l o t
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4 . 2 . A. In d iv id u a l  P o la r L ip id s

The p e rce n ta g e  com po sition  of th e  in d iv id u a l  p o la r  l i p i d s  in  
u n in fe c te d  le a v e s  a t  th e  b eg in n in g  of th e  exp erim en t in  th e  c u l t i v a r  
Onward was a s  fo llo w s : MGDG 3 6 .2  + 3.2%, DGDG 25 .4  + 2.9%, PC
16 .2  ± 1.8%, PG 9 .7  ± 0.4%, PE 8 .1  + 1.3%, PI 2 .5  ± 0.6% , PS 1.1 ± 0.5% 
and PA 0 .6  + 0.5%. F ig u re s  23, 24, 25 and 26 show t h a t  th e re  was no 
s i g n i f i c a n t  d i f f e r e n c e  (p = 0 .0 5 )  in  th e  amount of each  p o la r  l i p i d  as a 
p e rc e n ta g e  o f th e  t o t a l  p o la r  l i p i d  com position  in  th e  fo u r  c u l t i v a r s  
t e s t e d  a t  th e  b eg inn ing  of th e  exp erim en t n o r were th e r e  s i g n i f i c a n t  
changes (p = 0 .0 5 )  in  th e se  v a lu e s  d u rin g  th e  co u rse  o f th e  24 day 
i n f e c t io n  p e r io d  w hether th e  p la n ts  w ere in f e c te d  o r n o t .  (F ig u re s  23, 24, 
25, and 2 6 ).

I l l



F igure 23: The e f f e c t  of in fe c t io n  w ith  E» p is i  on the in d iv id u a l polar
l ip id  com position in  the lea v es  o f th e pea c u lt iv a r  Onward
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Figure 23 (c o n t .)
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F igure 24: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the in d iv id u a l polar
l ip id  com position in  the le a v e s  o f the pea c u l t iv a r ,  Feltham F ir s t
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Figure 24
a) MGDG
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F igu re 24 (c o n t .)

f )  PI
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Figure 25: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the in d iv id u a l polar
l ip id  com position  in  the lea v es  o f the pea c u lt iv a r  Hurst Green Shaft
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F igu re 25 (c o n t .)
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Figure 26: The e f f e c t  o f in f e c t io n  w ith  E. p i s i  on the in d iv id u a l polar
l ip id  com position  in  the le a v e s  o f the pea c u lt iv a r  P i lo t
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Figure 26
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Figure 26 (cont.)
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4 .2 .5 .  In d iv id u a l  n e u t r a l  l i p i d s

The p e rc e n ta g e  com positio n  o f th e  in d iv id u a l  n e u t r a l  l i p i d s  i n  
u n in fe c te d  le a v e s  a t  th e  b eg in n in g  o f th e  exp erim en t in  th e  c u l t i v a r  
Onward was as fo llo w s : S te ro l  e s t e r s  24 .5  ± 3.7%, S te r o ls  2 0 .6  ± 2.6%, 
m o n og ly cerides 9 .3  + 0.9%, d ig ly c e r id e s  15.7 + 0.7%, t r i g l y c e r i d e s
2 0 .0  + 3.7%, and f r e e  f a t t y  a c id s  9 /8  + 0.1% (F ig u re  2 7 ) . The r e s u l t s  from 
th e  o th e r  c u l t i v a r s  (F ig u re s  28 , 29 and 30) show th a t  th e re  were no 
s i g n i f i c a n t  d i f f e r e n c e s  (p = 0 .0 5 )  in  th e  p e rce n ta g e  co m p o sitio n  o f 
n e u t r a l  l i p i d s  between c u l t i v a r s ,  n o r d id  th e se  v a lu e s  change 
s i g n i f i c a n t l y  (p  = 0 .0 5 ) d u r in g  th e  co u rse  o f a 24 day p erio d  o f d is e a s e  
developm ent (F ig u re s  27, 28, 29 and 3 0 ) .
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Figure 27: The e f f e c t  of in fe c t io n  w ith  E. p i s i  on the in d iv id u a l n eu tra l
l ip id  com position  in  the lea v es  o f the pea c u lt iv a r  Onward
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Figure 27
a) Sterol esters
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Figure The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the in d iv id u a l n eu tra l
l ip id  com position  in  the le a v e s  o f the pea c u l t iv a r ,  Feltham F ir s t
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F igu re 29: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the in d iv id u a l n eu tra l
l ip id  com position  in  the le a v e s  of the pea c u lt iv a r  Hurst Green Shaft

119



F igu re 29
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Figure 30: The e f f e c t  of in fe c t io n  w ith  E. p i s i  on the in d iv id u a l neutral
l ip id  com position  in  the le a v e s  o f the pea c u lt iv a r ,  P i lo t
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F ig u re  36
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4 .2 .6  P o la r  L ip id  bound f a t t y  a c id s

The p e rce n ta g e  com po sitio n  of th e  in d iv id u a l  f a t t y  a c id s  bound to  th e  
p o la r  l i p i d s  a t  th e  b eg in n in g  of th e  exp erim en t in  th e  c u l t i v a r  Onward 
were as fo llo w s : p a lm it ic  a c id  13.9  ± 2.0%, p a lm ito le ic  a c id  2 .3  + 0.3%, 
s t e a r i c  a c id  2 .6  + 0.4%, o le ic  a c id  1 .5  + 0.9% , l i n o l e i c  a c id  14 .5  + 0.7% 
and l i n o l e n i c  a c id  6 5 .4  + 3.2% (F ig u re  3 1 ) .  The o th e r  c u l t i v a r s  d id  n o t 
d i f f e r  s i g n i f i c a n t l y  from (p = 0.05%) from  Onward in  t h i s  r e s p e c t  (F ig u re s  
32, 33 and 34) and f o r  none o f th e  f a t t y  a c id s  d id  th e  v a lu e s  change 
a p p re c ia b ly  d u rin g  th e  f i r s t  24 days a f t e r  i n f e c t io n  (F ig u re s  31, 32, 33 
and 3 4 ) .
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Figure 31:
f a t t y  a cid

The e f f e c t  of in fe c t io n  w ith  E. p i s i  on the t o t a l  p olar l ip id
com position  in  the le a v e s  o f the c u lt iv a r  Onward
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F ig u r e  31
a )  P a lm i t ic  a c id  
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F igure 32: The e f f e c t  o f in fe c t io n  w ith  E« p i s i  on the to ta l  p olar l ip id
f a t t y  a cid  com position in  the le a v e s  o f the c u lt iv a r  Feltham F ir s t
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Figure 32
a) Palmitic acid
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Figure 33: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the to ta l  p o lar  l ip id
f a t t y  acid  com position  in  the le a v e s  o f the c u lt iv a r  Hurst Green Shaft
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Figure 33
a) Palmitic acid
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Figure 34: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the t o t a l  p olar l ip id
f a t t y  a cid  com position  in  the le a v e s  o f the c u lt iv a r  P i lo t
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a )  P a lm it ic  a c id
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4 .2 .7 .  N eu tra l L ip id  bound f a t t y  a c id s

The p e rcen tag e  co m p o sitio n  o f th e  t o t a l  f a t t y  a c id s  from th e  n e u t r a l  
l i p i d  f r a c t io n  a t  th e  b eg in n in g  o f th e  ex p erim en t in  th e  c u l t i v a r  Onward 
was as fo llo w s (F ig u re  3 5 ) : -  l a u r i c  a c id  3 .8  + 1.6%, m y r is t ic  a c id
8 .4  + 1.2%, p a lm it ic  a c id  2 4 .0  + 2.2%, s t e r i c  a c id  4 .4  + 0.9%, o le i c  a c id
9 .0  + 0.3%, l i n o l e i c  a c id  2 8 .3  + 1.3% and l i n o l e n ic  a c id  21.9  + 1.2%. The 
r e s u l t s  from th e  o th e r  c u l t i v a r s  (F ig u re s  36, 37 and 38) show t h a t  th e re  
was no s i g n i f i c a n t  d i f f e r e n c e  (p = 0 .0 5 )  in  th e  amount o f each f a t t y  a c id  
as  a p e rce n ta g e  of th e  t o t a l  n e u t r a l  l i p i d  f a t t y  a c id  com position  in  th e  
fo u r  c u l t i v a r s  t e s te d  a t  th e  b eg in n in g  o f th e  ex p e rim en t. F urth erm ore  
th e re  were a ls o  no s i g n i f i c a n t  changes (p = 0 .0 5 )  in  th e se  v a lu e s  d u rin g  
th e  co u rse  o f th e  24 day in f e c t io n  p e rio d  i r r e s p e c t i v e  of w hether th e  
p la n ts  were in fe c te d  o r n o t (F ig u re s  35, 36, 37 and 3 8 ) .
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Figure 35: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  on the to ta l  n eu tr a l l ip id
f a t t y  acid  com position  in  the le a v e s  of the c u lt iv a r  Onward
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Figure 35
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Figure 35 (cont.)
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F ig u re  36: The effects of i n f e c t io n  w ith  E. p i s i  on the  t o t a l  n e u t r a l  
l i p i d  f a t t y  ac id  co m p o sitio n  o f th e  le a v e s  o f th e  pea c u l t i v a r  Feltham  
F i r s t
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Figure 36

P a lm i t ic  a c id
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F ig u re  37: The e f f e c t  o f i n f e c t io n  w ith  E. p i s i  on th e  t o t a l  n e u t r a l  l i p i d  
f a t t y  a c id  com position  in  th e  le a v e s  o f th e  pea c u l t i v a r  h u r s t  Green S h a ft
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Figure 37
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Figure 37 (c o n t .)
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Figure 3b: The e f f e c t  of in fe c t io n  w ith  E» p i s i  on the to t a l  n eu tra l l ip id
fa t t y  acid  com position  in  the le a v e s  o f the pea c u lt iv a r  P ilo t
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Figure 38
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F igu re 38 (cont»)
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4 ,2 .8 .  Fatty  a c id s of in d iv id u a l l ip id  c la s s e

The a n a ly s is  was ex tended  to  in c lu d e  th e  f a t t y  a c id s  of in d iv id u a l  
p o la r  l i p i d  c la s s e s .  T able  17 shows r e p r e s e n ta t iv e  d a ta  fo r  th e  c u l t i v a r  
Onward. F a t ty  ac id  com po sitio n  was s t r o n g ly  c la s s  d ep en d en t. For exam ple 
p a lm it ic  a c id  t y p i c a l ly  c o n s t i tu te d  22% o f th e  f a t t y  a c id s  in  PC, 27% in  
PE. on ly  3% in  MGDG and 10% in  DGDG (T ab le  1 7 ). However th e re  was no 
in d ic a t io n  th a t  p la n t  age p e r s e , i n f e c t io n  o r tim e a f t e r  i n f e c t io n  
d i r e c t l y  a f f e c te d  th e  r e s u l t s .  D ata f o r  th e  o th e r  th re e  c u l t i v a r s  were 
very  s im i la r  and a re  reco rd ed  in  Appendix I .
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T a b l e  1 7 :  Th e e f f e c t  o f  i n f e c t i o n  by E .  p i 6 i  o n  t h e  p e r c e n t a g e  f a t t y  a c i d  

c o m p o s i t i o n  o f  d i f f e r e n t  p o l a r  l i p i d s  i n  t h e  l e a v e s  o f  t h e  p ea  

c u l t l v a r  Onward

a )  PC i n  u n i n f e c t e d  p l a n t s

D a y s  a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 8 12 16 2 0 24

P a l m i t i c  a c i d 2 2 . 0  + 2 . 0 2 2 . 7  +  2 . 7 2 2 . 6  ±  2 . 6 2 3 . 0  +  2 . 3 2 2 . 5  ±  4 . 1 2 2 . 9  ±  1 . 6 2 2 . 0 + 1 . 3
P a l m l C a l e i c  a c i d - 0 . 1  ±  0 . 2 - - 0 . 1  +  0 . 3 -

S t e a r i c  a c i d 4 . 8  +  0 . 6 4 . 6  +  1 . 4 4 . 5  ±  2 . 6 4 . 6  +  0 . 6 4 . 4  +  0 . 7 4 . 3  ±  2 . 1 4 . 5 + 0 . 9
O l e i c  a c i d 2 . 2  + 1 . 0 2 . 5  ±  1 . 0 2 . 6  +  0 . 7 2 . 0  +  1 . 0 2 . 5  +  0 . 7 2 . 7  +  0 . 7 2 . 1 + 0 . 6
L i n o l e i c  a c i d 4 0 . 7  + 3 . 7 3 8 . 8  +  4 . 4 4 0 . 2  +  3 . 0 3 9 . b ±  1 . 6 3 8 . 9  +  3 . 0 4 1 . 6  ±  3 . 9 4 0 . 0 ± 2 . 8
L i n o l e n i c  a c i d 2 9 . 8  + 2 . 7 3 1 . 3  +  7 . 4 2 9 . 9  +  3 . 3 3 0 . 5  ±  3 . 6 3 1 . 4  +  1 . 2 2 8 . 5  ±  1 . 6 3 1 . 3 + 3 . 1

b )  PC i n  i n f e c t e d  p l a n t s

D a y s  a f t e r  i n f e c t i o n
F a t t y  A c i d 4 8 12 16 2 0 24

P a l m i t i c  a c i d 2 2 . 1  ±  3 , 1 2 3 . 4  + 1 . 1 2 2 . 4  +  3 . 2 2 3 . 3  ±  1 . 9 2 2 . 9  +  1 . 8 2 3 . 0  +  1 . 2
P a l m i t o l e i c  a c i d 1 0 . 1  +  0 , 1
S t e a r i c  a c i d 4 . 7  +  0 . 9 4 . 6  + 0 . 8 4 . 3  +  0 . 6 4 . 4  + 0 . 9 4 . 3  +  1 . 4 4 . 6  +  0 . 9
O l e i c  a c i d 2 . 6  +  0 . 7 2 . 0  +  1 . 1 2 . 5  +  0 . 7 2 . 4  + 1 . 1 2 . 4  +  1 . 1 2 . 2  +  0 . 9
L i n o l e i c  a c i d 4 0 . 5  +  3 . 3 4 0 . 5  ±  3 . 0 4 1 . 8  +  2 . 7 4 0 . 2  +  2 . 7 4 1 . 4  +  3 . 0 4 0 . 5  ±  3 . 5
L i n o l e n i c  a c i d 2 9 . 9  +  1 . 0 2 9 . 5  ±  2 . 0 2 b . 7 +  1 . 4 2 9 . 3  ±  3 . 1 2 8 . 9  +  3 . 3 2 9 . 5  +  1 . 6

c )  PE i n  u n i n f e c t e d  p l a n t s

D ay s a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 8 12 16 2 0 24

P a l m i t i c  a c i d 2 7 . 0  + 6 . 7 2 6 . 5 + 2 . 6 2 5 . 9  +  2 . 3 2 6 . 5  + 3 . 8 2 5 . 8  + 4 . 2 2 5 . 3 +  2 . 8 2 4 . 8 + 2 . 7
S t e a r i c  a c i d 4 . 2  ± 1 . 1 4 . 1 + 1 . 1 4 . 1  ±  2 . 2 4 . 5  + 0 . 8 4 . 0  + 1 . 2 4 . 0 +  0 . 9 4 . 6 + 0 . 7
O l e i c  a c i d 1 . 8  + 1 . 0 2 . 3 + 0 . 8 2 . 3  +  1 . 0 2 . 4  ± 0 . 7 1 . 9  ± 1 . 2 2 . 6 ±  0 . 7 1 . 7 0 . 6
L i n o l e i c  a c i d 3 9 . 2  + 4 . 1 4 0 . 7 + 2 . 1 4 0 . 6  ±  2 . 7 3 9 . 9  + 2 . 7 3 9 . 3  ± 4 . 9 3 9 . 8 ±  3 . 1 4 0 . 2 + 4 . 2
L i n o l e n i c  a c i d 2 7 . 7  + 5 . 4 2 6 . 3 + 3 . 4 2 7 . 0  +  4 . 3 2 6 . 6  ± 4 . 1 2 8 . 9  + 2 . 2 2 8 . 2 + 2 . 2 2 8 . 7 + 2 . 6

d )  PE i n  i n f e c t e d i p l a n t e

D ay s a f t e r  i n f e c t i o n
F a t t y  A c i d 4 8 12 16 2 0 24

P a l m i t i c  a c i d 2 5 . 8  + 2 . 2 2 6 . 5 + 3 . 6 2 7 . 3  +  2 . 3 2 6 . 5  + 2 . 6 2 6 . 3  + 3 . 2 2 5 . 9 ±  3 . 4
S t e a r i c  a c i d 4 . 8  + 0 . 7 4 . 0 + 1 . 2 4 . 4  +  1 . 9 5 . 0  ± 0 . 2 4 . 3  1 1 . 0 4 . 6 +  0 . 9
O l e i c  a c i d 2 . 3  + 0 . 7 1 . 6 + 1 . 5 2 . 5  ±  0 . 7 2 . 0  + 1 . 1 1 . 9  i 1 . 2 2 . 4 i  0 . 6
L i n o l e i c  a c i d 3 8 . 2  + 3 . 6 4 0 . 0 + 4 . 8 3 8 . 7  + 5 . 6 3 6 . 5  + 3 . 1 3 9 . 1  + 4 . 5 4 0 . 7 +  4 . 6
L i n o l e n i c  a c i d 2 8 . 9  ± 1 . 4 2 7 . 9 + 3 . 2 2 7 . 0  +  3 . 5 2 7 . 9  + 2 . 3 2 8 . 4  + 1 . 8 2 6 . 4 ±  5 . 5

132



e) PG In uninfected plants

Days a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 8 12 16 2 0 24

P a l m i t i c  a c i d 2 5 . 6 + 2 . 3 2 6 . 1 + 1 . 3 2 2 . 5 + 2 . 1 2 4 . 9 + 3 . 0 2 4 . 9 + 3 . 2 2 4 . b + 2 . 9 2 5 . 0 +  2 . 0
P a l m i t o l e i c  a c i d 2 0 . 4 + 2 . 4 2 1 . 0 + 2 . 3 2 1 . 2 + 2 . 4 2 1 . 0 + 0 . 6 2 1 . 0 + 2 . 1 2 1 . 9  ± 2 . 2 2 1 . 1 ±  1 . 7
S t e a r i c  a c i d 2 . 4 ± 0 . 8 3 . 4 ± 1 . 5 2 . 2 ± 0 . 7 2 . 4 + 1 . 1 2 . 4 + 0 . 9 2 . 6  ± 0 . 9 2 . 8 ±  0 . 8
O l e i c  a c i d 2 . 7 + 1 . 3 2 . 4 + 0 . 6 2 . 1 + 0 . 7 3 . 2 + 1 . 7 3 . 2 + 1 . 5 3 . 3  ± 0 . 9 2 . 3 ±  0 . 7
L i n o l e i c  a c i d 1 1 . 2 + 1 . 3 1 1 . 5 + 1 . 5 1 1 . 6 ± 2 . 6 1 1 . 7 ± 0 . 7 1 2 . 1 ± 2 . 1 1 1 . 2  ± 1 . 8 1 1 . 9 ±  2 . 1
L i n o l e n i c  a c i d 3 5 . 2 + 4 . 9 3 5 . 5 + 5 . 9 4 0 . 3 + 3 . 0 3 6 . 8 + 3 . 8 3 6 . 4 + 3 . 2 3 6 . 0  + 3 . 3 3 6 . 8 ±  4 . 8

f )  PG i n  i n f e c t e d  p l a n t s

Days a f t e r  i n f e c t i o n
F a t t y  A c i d 4 8 12 16 20 24

P a l m i t i c  a c i d 2 4 . 6 + 2 . 4 2 4 . 3 + 2 . 7 2 5 . 5 + 2 . 4 2 3 . 5 + 2 . 1 2 5 . 2  ± 3 . 6 2 4 . 4 + 2 . 9
P a l m i t o l e i c  a c i d 2 0 . 9 + 1 . 4 2 1 . 0 + 1 . 4 2 1 . 6 + 1 . 2 2 1 . 9 ± 1 . 5 2 0 . 6  ± 1 . 4 2 0 . 7 + 2 . 5
S t e a r i c  a c i d 2 . 6 + 1 . 0 2 . 4 + 0 . 7 2 . 3 + 1 . 2 2 . 7 ± 0 . 8 2 . 4  + 0 . 8 2 . 4 + 1 . 0
O l e i c  a c i d 2 . 2 + 0 . 8 2 . 7 + 0 . 8 2 . 5 + 0 . 5 2 . 2 + 0 . 6 2 . 0  + 1 . 0 2 . 5 + 0 . 6
L i n o l e i c  a c i d 1 2 . 3 + 1 . 7 1 2 . 6 + 1 . 4 1 3 . 0 + 1 . 2 1 2 . 6 + 1 . 4 1 2 . 6  ± 1 . 9 1 3 . 0 + 1 . 6
L i n o l e n i c  a c i d 3 7 . 2 + 2 . 7 3 6 . 6 ± 4 . 6 3 5 . 2 + 3 . 9 3 7 . 0 + 5 . 0 3 7 . 0  ± 2 . 8 3 6 . 7 + 5 . 0

g )  P I ,  PS and PA i n  u n i n f e c t e d  p l a n t s *

D ays a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 8 12 16 20 24

P a l m i t i c  a c i d 2 6 . 6  ±  7 . 4 2 7 . 0  ±  1 . 8 2 5 . 7  + 1 . 9 2 6 . 7  ± 4 . 4 2 7 . 5  ± 3 . 6 2 4 . 6 ± 1 . 5 2 7 . 4 + 3 . 0
S t e a r i c  a c i d 4 . 4  + 1 . 2 3 . 7  + 2 . 7 4 . 3  ±  1 . 3 3 . 5  ± 1 . 7 3 . 6  ± 2 . 5 4 . 3 ± 1 . 0 4 . 2 + 1 . 0
O l e i c  a c i d 1 . 8  +  1 . 0 2 . 4  +  0 . 7 2 . 2  ±  0 . 6 1 . 6  ± 0 . 8 2 . 1  ± 1 . 3 2 . 0 ±  0 . 3 2 . 4 + 0 . 9
L i n o l e i c  a c i d 3 9 . 6  +  4 . 2 4 1 . 8  ±  3 . 0 3 9 . 6  +  6 . 3 3 9 . 8  ± 5 . 0 3 8 . 8  ± 4 . 1 3 9 . 3 ±  5 . 1 4 0 . 4 + 4 . 3
L i n o l e n i c  a c i d 2 7 . 6  + 5 . 2 2 5 . 1  ±  4 . 4 2 8 . 1  ±  4 . 5 2 8 . 3  + 2 . 9 2 8 . 2  ± 4 . 0 2 9 . 8 ±  3 . 3 2 5 . 5 + 2 . 9

h )  P I ,  PS and PA i n  i n f e c t e d p l a n t s *

D ays a f t e r  i n f e c t i o n
F a t t y  A c i d 4 6 12 16 2 0 24

P a l m i t i c  a c i d 2 5 . 9  ±  1 . 4 2 8 . 1  ± 3 . 9 2 7 . 7  ±  2 . 7 2 5 . 4  ± 2 . 0 2 6 . 8  ± 3 . 2 2 5 . 8 ± 1 . 9
S t e a r i c  a c i d 4 . 1  + 1 . 2 3 . 9  ±  0 . 7 3 . 6  ±  0 . 7 3 . 6  + 1 . 6 3 . 6  + 1 . 9 3 . 9 ± l . b
O l e i c  a c i d 2 . 2  +  0 . 6 1 . 6  + 1 . 3 2 . 2  ±  0 . 6 2 . 1  ± 1 . 1 2 . 1  ± 0 . 4 1 . 7 ± 1 . 0
L i n o l e i c  a c i d 3 9 . 6  ±  6 . 4 4 0 . 5  ±  3 . 3 3 9 . 1  ±  6 . 5 4 1 . 0  ± 4 . 1 3 8 . 7  ± 3 . 2 4 0 . 2 ±  4 . 3
L i n o l e n i c  a c i d 2 6 . 3  ±  6 . 0 2 5 . 6  ± 2 . 7 2 8 . 0  ±  4 . 3 2 7 . 8  ± 3 . 2 2 6 . 7  ± 3 . 1 2 8 . 3 ± 1 . 7

i )  MGDG i n  u n i n f e c t e d  p l a n t s

D ays a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 6 12 16 20 24

P a l m i t i c  a c i d 3 . 6 + 3 . 9 2 . 5 + 0 . 7 3 . 3  ±  1 . 5 3 . 6  ± 1 . 5 4 . 1  + 1 . 1 3 . 6  ± 0 . 7 2 . 9 ±  1* 3
S t e a r i c  a c i d 0 . 8 + 0 . 4 0 . 9 + 0 . 6 1 . 2  ±  0 . 7 1 . 1  ± 0 . 6 0 . 8  + 0 . 5 1 . 4  ± 0 . 8 1 . 1 +  0 . 8
O l e i c  a c i d 1 . 2 ± 1 . 1 1 . 3 + 0 . 7 1 . 3  ±  0 . 6 1 . 0  ± 0 . 8 1 . 6  ± 0 . 9 1 . 3  i 0 . 3 1 . 4 ± 0 . 6
L i n o l e i c  a c i d 3 . 6 ± 1 . 0 4 . 2 + 0 . 8 4 . 1  ±  1 . 0 4 . 5  + 0 . 8 4 . 0  ± 1 . 3 3 . 7  + 1 . 7 4 . 2 +  1 . 0
L i n o l e n i c  a c i d 9 0 . 4 ± 5 . 3 9 0 . 6 + 2 . 4 8 9 . 0  +  3 . 4 8 9 . 4  + 1 . 6 8 9 . 2  ± 2 . 5 8 9 . 9  + 1 . 9 9 0 . 4 ±  2 . 0
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j) MGDG in infected plants

D ay s a f t e r  i n f e c t i o n
F a t t y  A c i d 4 8 12 16 2 0 24

P a l m i t i c  a c i d 3 . 0  ±  1 . 3 2 . 9 4 1 . 5 3 . 6  4  2 . 1 3 . 6  ± 1 . 2 3 . 7  ± 1 . 7 3 . 8  ± 1 . 4
S t e a r i c  a c i d 1 . 2  +  0 . 6 1 . 0 + 0 . 6 1 . 2  4  1 . 0 1 . 3  ± 0 , 7 1 . 1  ± 0 . 5 1 . 0  ±  0 . 8
O l e i c  a c i d 1 . 5  ±  0 . 7 1 . 4 4 0 . 7 1 . 6  ± 0 . 4 1 . 3  ± 0 . 5 1 . 3  ± 0 . 6 1 . 2  ±  0 . 7
L i n o l e i c  a c i d 4 . 0  + 1 . 0 4 . 0 4 1 . 0 4 . 6  ±  0 . 7 4 . 1  + 0 . 2 4 . 1  ± 0 . 9 4 . 4  ±  0 . 9
L i n o l e n i c  a c i d 9 0 . 2  ±  2 . 4 9 1 . 0 ± 1 . 4 9 0 . 0  4  1 . 5 8 9 . 6  ± 2 . 9 8 9 . 9  ± 2 . 0 8 9 . 6  ±  1 . 7

It)  DGDG i n  u n i n f e c t e d  p l a n t s

Day6 a f t e r  i n f e c t i o n
F a t t y  A c i d 0 4 8 12 16 2 0 24

P a l m i t i c  a c i d 9 . 8  +  1 . 6 1 0 . 2 4 1 . 7 1 0 . 7  ±  0 . 9 1 0 . 6  ± 1 . 7 9 . 8  ± 1 . 5 1 0 . 9  ±  1 . 4 1 1 . 1 4 1 . 3
S t e a r i c  a c i d 2 . 9  + 0 . 6 2 . 9 4 1 . 0 2 . 3  ±  0 . 7 2 . 3  ± 1 . 2 2 . 7  4 1 . 0 2 . 6  ±  1 . 0 2 . 5 4 0 . 6
O l e i c  a c i d 1 . 0  4  0 . 3 1 . 2 4 0 . 9 1 . 2  ± 0 . 5 1 . 0  4 0 . 7 1 . 3  ± 0 . 6 1 . 1  ±  0 . 2 1 . 5 4 0 . 6
L i n o l e i c  a c i d 3 . 1  ±  0 . 6 2 . 7 ± 0 . 8 2 . 9  ±  1 . 0 2 . 7  ± 0 . 9 3 . 1  ± 1 . 0 2. 9 ±  0 . 3 3 . 2 4 0 . 3
L i n o l e n i c  a c i d 8 3 . 1  ±  2 . 6 8 3 . 2 ± 2 . 8 8 2 . 9  ±  1 . 9 8 3 . 2  ± 0 . 4 8 3 . 0  ± 1 . 4 8 2 . 5  ±  2 . 1 8 2 . 0 4 0 . 7

1 )  DGDG i n  i n f e c t e d  p l a n t s

D ay s a f t e r  i n f e c t i o n
F a t t y  A c i d 4 8 12 16 2 0 24

P a l m i t i c  a c i d 9 . 5  ±  1 . 0 9 . 6 4 1 . 3 9 . 6  ±  1 . 3 9 . 7  ± 1 . 8 9 . 6  ± 2 . 6 8 . 9  ± 0 . 4
S t e a r i c  a c i d 2 . 8  + 0 . 4 2 . 6 4 0 . 9 2 . 7  ±  1 . 4 2 . 6  ± 1 . 0 2 . 8  ± 1 . 2 2 . 5  ±  0 . 8
O l e i c  a c i d 0 . 9  + 0 . 5 0 . 8 4 0 . 7 0 . 9  +  0 . 4 1 . 1  ± 0 . 7 1 . 0  ± 0 . 9 0 . 7  ±  0 . 5
L i n o l e i c  a c i d 3 . 0  ±  0 . 7 3 . 0 ± 1 . 1 3 . 3  ±  1 . 3 3 . 2  ± 0 . 6 3 . 6  ± 1 . 5 2 . 6  ±  0 . 9
L i n o l e n i c  a c i d 8 3 . 8  ±  0 . 7 8 3 . 7 4 3 . 0 8 3 . 4  4  2 . 2 8 3 . 3  ± 1 . 6 8 2 . 7  ± 2 . 3 8 5 . 4  4 1 . 3

* D a t a  f o r  t h e s e  t h r e e  l i p i d  c l a s s e s  a g g r e g a t e d  s i n c e  t o g e t h e r  t h e y  
c o n s t i t u t e  o n l y  52  o f  th e  p o l a r  l i p i d 6
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4 .3 .  L ip id  m etabo lism  in  in f e c te d  and u n in fe c te d  pea ep id erm al c e l l s

4 .3 .1 .  E x perim en ts to  improve th e  v i a b i l i t y  o f s t r ip p e d  ep id erm a l c e l l s

When s t r i p s  o f ep id erm al c e l l s  w ere tak en  from th e  le a v e s  of u n in fe c te d  
pea p la n ts  from  s e v e r a l  d i f f e r e n t  c u l t i v a r s  th e  fo llo w in g  v a lu e s ,  u s in g  
th e  method d e s c r ib e d  in  S e c tio n  3 .1 .6 ,  f o r  p e rce n ta g e  ep id erm a l c e l l  
v i a b i l i t y  w ere o b ta in e d , Onward 1 4 .5  ± 11.5%, Feltham  F i r s t  16.9 + 12.5%, 
H urs t G reen S h a ft 14 .3  + 10.3%, P i l o t  16.0  + 12.2%, P e r f e c t io n
12.3  + 11.6%, M eteor 14.1 + 11.3% and Dwarf D efiance 12.2  + 10.6%. When 
le a v e s  w hich had been in f e c te d  21 days p re v io u s ly  were t e s te d  c e l l  
v i a b i l i t y  was lo w er, v iz :  Onward 4 .7  + 80%, Feltham  F i r s t  7 .8  + 5.9%, 
H urs t Green S h a ft 5 .6  + 7.5%, P i l o t  6 .1  + 4.9%, P e r fe c t io n  7 .7  + 6.2%, 
M eteor 7 .4  + 8.1% and Dwarf D efian ce  5 .9  ± 6.5%. A ll th e se  r e s u l t s  
r e p re s e n t  th e  means o f 10 r e p l i c a t e s  and a re  reco rded  to g e th e r  w ith  th e  
s ta n d a rd  e r r o r .

The r e s u l t s  were d is q u ie t in g  because a lth o u g h  much o f th e  l e t s  of 
v i a b i l i t y  was p ro b ab ly  a s s o c ia te d  w ith  th e  m echan ical s t r ip p in g  p ro cess  
i t s e l f ,  th e  p o s s i b i l i t y  rem ained t h a t  even in  i n t a c t  t i s s u e  many ep id erm a l 
c e l l s  m ight be s e n e sc e n t and t h a t  would be r e f l e c te d  in  th e  l i p i d  
c o m p o s itio n . C onsequen tly  com parisons were made w ith  s t r i p s  tak e n  from 
stem  t i s s u e  w hich i s  a ls o  s u s c e p t ib le  to  powdery m ildew.

When u n in fe c te d  stem  t i s s u e  was used th e  p e rce n ta g e  o f v ia b le  c e l l s  fo r  
each c u l t i v a r  was Onward 29.1  + 18.7%, Feltham  F i r s t  31 .8  + 19.4%, H urst 
Green S h a ft 3 5 .2  + 15.6%, P i l o t  2 8 .6  + 22.2%, P e r fe c t io n  21 .8  + 15.3%, 
M eteor 4 0 .9  + 23.9% and Dwarf D efian ce  29.7  ± 12.6%. For ep id erm al c e l l s  
tak en  from p la n t  stem s th a t  had been in f e c te d  21 days p re v io u s ly  th e  
r e s u l t s  w e r e : -  Onward 11.6  ± 7.0%, Feltham  F i r s t  14.0  + 7.4%, H u rs t Green 
S h a ft 12 .9  + 7.5%, P i lo t  11.2 + 6.3%, P e r f e c t io n  13.2 + 7.9%, M eteor 
12 .9  + 7.6%, and Dwarf D efiance 13 .2  + 6.8%. A lthough an improvement over 
le a v e s  th e  o v e r a l l  v i a b i l i t y  was s t i l l  much low er than  d e s ir e d .

I t  was d ec id ed  to  t e s t  th e  e f f e c t  of p la sm o ly s is  in  an a tte m p t to  
m inim ize th e  shock e f f e c t s  a s s o c ia te d  w ith  p e e lin g  o f f  the  ep id erm a l 
c e l l s .  V ario u s o sm o tica  were used of which m an n ito l a t  0.5M proved one of 
th e  most s u i t a b l e .  The r e s u l t s  p re se n te d  in  F ig ure  39 and T able 18 show

135



th e  e f f e c t  o f p re tre a tm e n t fo r  v a r io u s  i n t e r v a l s  on r e s u l t in g  v i a b i l i t y  of 
th e  ep id erm a l s t r i p s .  When .u n in fe c te d  l e a f  t i s s u e  was used th e re  was a 
s te a d y  in c re a s e  in  th e  c e l l  v i a b i l i t y  as  th e  tim e of exp o sure  to  m an n ito l 
was in c r e a s e d ,  th e  m a jo r i ty  o f th e  e f f e c t  o ccu rin g  in  th e  f i r s t  30 
m in u te s . When th e  le a v e s  had been exposed to  m an n ito l fo r  between 1 and 2 
h o u rs  55-60% of th e  c e l l s  from a l l  c u l t i v a r s  t e s te d  were v ia b le  (F ig u re  
39) by th e  c r i t e r i a  em ployed.
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Figure 39: The e f f e c t  of exposure to  0.5M m annitol on the v ia b i l i t y  o f
epiderm al c e l l s  in  s t r ip s  taken from le a v e s  o f the c u lt iv a r  Onward
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When t h e  l e a f  t i s s u e  t h a t  had been i n f e c t e d  w i t h  E.  p l s l  f o r  21 d a y s  

w as t r e a t e d  i n  t h e  same way t h e r e  was o n l y  a v e r y  s m a l l  i n c r e a s e  i n  c e l l  

v i a b i l i t y  t o  9 - 1 1 2  f o r  a l l  t h e  c u l t i v a r s  t e s t e d  ( T a b l e  ( 8 ) .

T a b l e  18 :  T h e  e f f e c t  o f  e x p o s u r e  t o  0 .5 M  m a n n i t o l  on t h e  v i a b i l i t y  o f
e p i d e r m a l  c e l l s  f r o m  l e a v e s ,  i n f e c t e d  f o r  21 d a y s ,  by E .  p i s i ,  o f  
d i f f e r e n t  c u l t i v a r s .

T im e o f  e x p o s u r e  o f  0 .5 M  m a n n i t o l  ( m i n s )
C u l t i v a r 0 10 2 0 3 0 60 12 0

Onward 4 . 7 + 8 . 0 7 . 3 ±  6 . 9 8 . 6 + 7 . 9 9 . 3  ± 5 . 0 1 1 . 0  ± 4 . 8 1 1 . 0
F e l t h a m  F i r s t 7 . 8 + 5 . 9 7 . 9 ±  5 . 6 9 . 4 + 4 . 6 9 . 3  ± 6 . 0 9 . 9  + 5 . 8 1 0 . 1
H u r s t  G r e e n  S h a f t 5 . 6 + 7 . 5 7 . 2 ±  7 . 3 9 . 2 ± 5 . 0 9 . 6  ± 5 . 2 1 0 . 4  + 6 . 4 1 1 . 2
P i l o t 6 . 1 + 4 . 9 5 . 7 +  6 . 6 7 . 5 + 5 . 0 6 . 1  + 7 . 5 8 . 9  + 5 . 5 9 . 1
P e r f e c t i o n 7 . 7 ± 6 . 2 6 . 9 ±  6 . 2 8 . 5 + 5 . 4 1 1 . 0  + 6 . 1 1 0 . 7  ± 4 . 6 1 0 . 5
M e t e o r 7 . 4 + 8 . 1 6 . 7 +  5 . 4 6 . 8 + 6 . 0 9 . 9  + 6 . 1 9 . 4  + 6 . 1 1 0 . 4
D w a r f  D e f i a n c e 5 . 9 ± 6 . 5 6 . 2 +  7 . 8 6 . 2 + 5 . 6 9 . 3  + 3 . 9 1 0 . 5  + 5 . 9 1 0 . 5

F o r  s te m  t i s s u e  th e  r e s u l t s  w e r e  more e n c o u r a g i n g .  A f t e r  p h a s m o l y s i s  

f o r  one h o u r  t h e  p e r c e n t a g e  c e l l  v i a b i l i t y  i n  e p i d e r m a l  s t r i p s  o f  v a r i o u s  

c u l t i v a r s  w a s : -  Onward 9 0 . 9  ±  8 . 6 2 ,  F e l t h a m  F i r s t  9 1 . 6  +  1 2 . 4 1 ,  H u r s t  

G r e e n  S h a f t  8 8 . 1  +  1 4 . 4 2 ,  P i l o t  3 6 . 3  +  1 9 . 0 2 ,  P e r f e c t i o n  8 8 . 3  ±  1 4 . 4 2 ,  

M e t e o r  9 0 . 3  + 8 . 2 2  and D w a rf  D e f i a n c e  8 6 . 8  +  1 1 . 1 2 .  The i m p r o v e m e n t  i n  

v i a b i l i t y  w i t h  t i m e  i s  shown f o r  c v l t i v a r  Onward a s  a r e p r e s e n t a t i v e  

e x a m p le  i n  F i g u r e  4 0 .

A f t e r  i n f e c t i o n  t h e  st em e p i d e r m a l  c e l l s  w e r e  o f  r e d u c e d  v i a b i l i t y ,  b u t  

s t i l l  much i m p r o v e d  o v e r  e q u i v a l e n t  l e a f  t i s s u e .  A f t e r  two h o u r s  

p l a s m o l y s i s  c e l l  v i a b i l i t i e s  w e r e : -  Onward 7 2 . 3  +  2 8 . 0 2 ,  F e l t h a m  F i r s t  

7 4 . 2  + 1 7 . 4 2 ,  h u r s t  G r e e n  S h a f t  6 5 . 8  +  1 9 . 8 2 ,  P i l o t  2 7 . 5  + 1 1 . 8 2 ,  

P e r f e c t i o n  6 3 . 4  +  1 6 . 8 2 ,  M e t e o r  7 0 . 2  +  2 4 . 8 2  and D w a rf  D e f i a n c e  

7 3 . 4  + 2 0 . 0 2 .  W i t h  a s i n g l e  e x c e p t i o n  a l l  c u l t i v a r s  behaved s i m i l a r l y  and  

t h e  r e s u l t s  o b t a i n e d  u s i n g  F e l t h a m  F i r s t  a r e  shown ( F i g u r e  4 1 )  a s  a 

r e s p r e n t a t i v e  e x a m p le .  The c u l t i v a r  P i l o t  showed l i t t l e  r e s p o n s e  t o  

p l a s m o l y s i s .  The r e a s o n  f o r  t h i s  was n o t  i n v e s t i g a t e d  and t h i s  c u l t i v a r  

w as n o t  u s e d  f u r t h e r .
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Figure 40: The e f f e c t  o f exposure to  0.5M m annitol on the v i a b i l i t y  c f
epiderm al c e l l s  in  s t r ip s  from stem s o f c u lt iv a r  Onward
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Figure AO

i )  Onward
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F ig u re  41: The e f f e c t  o f exp o sure  o f 0.5M m an n ito l on th e  v i a b i l i t y  of 
ep id erm a l c e l l s  from stem s o f c u l t i v a r  F eltham  F i r s t  in f e c te d  f o r  21 days 
by E. p i s i
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Figure 41
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4 .3 .2 .  E xperim ents to  a s s e s s  th e  e x te n t  o f i n f e c t io n  by E. p i s i  a t  
d i f f e r e n t  tim e p e r io d s

The re a so n  f o r  t h i s  s e r i e s  o f ex p e rim en ts  was to  a s s e s s  th e  v a l i d i t y  o f 
tim e  a f t e r  i n f e c t io n  as  a s u i t a b le  c r i t e r i o n  o f th e  e x te n t  o f i n f e c t io n  
w ith in  c e l l s .  I n f e c t io n  was a sse sse d  as  th e  av erag e  number o f h a u s to r ia  in  
each  ep id erm al c e l l .  The a sse ssm en ts  were made a t  9 d i f f e r e n t  tim es d u rin g  
an i n f e c t io n  p e rio d  o f 35 d ay s. At each  sam pling p o in t  the  mean of 10 
r e p l i c a t e  o b s e rv a t io n s  was c a lc u la te d  and th e  r e s u l t s  p re se n te d  in  F ig u re  
42 . For each  c u l t i v a r  th e  r e s u l t s  r e v e a l  an ap p ro x im a te ly  l i n e a r  in c re a s e  
in  h a u s to r ia l  number w ith  t im e . For a l l  c u l t i v a r s  th e  s lo p e s  were 
ap p ro x im a te ly  c o n s ta n t  and equa l and a t  no tim e were th e re  s i g n i f i c a n t  (p 
= 0 .0 5 )  d if f e r e n c e s  between c u l t i v a r s .
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Figure 42: The number of h au sto r ia  in  each epiderm al c e l l  a t d if fe r c  it
cimes a f te r  in fe c t io n
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Figure 42

i ) Onward

i i )  F e ltham  F i r s t

Time a f t e r  i n f e c t io n  (days)

R e s u l ts  w ere th e  mean o f 10 r e p l i c a t e s
I 95% C onfidence L im its

30



F igure 42 (c o n t .)  '



4 .3 .3 .  C e l lu la r  c o n tam in a tio n  o f ’’epiderm al* ' s t r i p s

These e x p e rim en ts  were u n d e rtak en  a s  i t  was im p o rta n t to  know b o th  how 
much non ep id erm a l c e l l  co n tam in a tio n  was p re s e n t  in  the  s t r i p s  and 
w hether th e s e  v a lu e s  v a r ie d  w ith  th e  amount o f i n f e c t io n .  The e x te n t  o f 
co n tam in a tio n  i s  ex p re ssed  as th e  % of th e  non €ip id erm al c e l l s  in  th e

i.s t r i p s  and th e  amount o f c o n tam in a tio n  was a s se s se d  up to  th e  35cn day 
a f t e r  i n f e c t io n .  The r e s u l t s  from h e a l th y  and in f e c te d  stem e p id e rm is  a r e  
re c o rd e d  in  T able  19.

The were no s i g n i f i c a n t  c u l t i v a r - r e l a t e d  d i f f e r e n c e s  (p = 0 .0 5 )  in  th e  
d eg ree  o f non ep id erm a l c e l l  c o n ta m in a tio n . A lthough th e re  was a tre n d  f o r  
an in c re a s e  in  th e  n on -ep id erm al c e l l  c o n tam in a tio n  w ith  tim e a f t e r  
i n f e c t io n  (F ig u re  43) th e re  was no s i g n i f i c a n t  d if f e r e n c e  (p  = 0 .0 5 )  
betw een th e  v a lu e s  f o r  each c u l t i v a r  a t  any one tim e d uring  th e  35 day 
i n f e c t io n  p e r io d .  C le a r ly  stem s a re  a p u re r  so u rce  o f e p id e rm is  th a n  
le a v e s .
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T ab le  19: C on tam ina tio n  of ep id erm a l s t r i p s  by non ep id erm al c e l l s  in  
d i f f e r e n t  c u l t iv a r s

a )  Leaves
C u l t iv a r s

Onward
Feltham  F i r s t  
H u rs t Green S h a ft 
P i l o t
P e r f e c t io n
M eteor
Dwarf D efiance

b) Stems
C u l t iv a r

% Non E p iderm al c e l l s
U n in fec ted  P la n ts  P la n ts  in f e c te d  f o r  35 days

3 2 .5  ± 16.6
28 .6  ± 18 .0
23 .6  ± 16.2
25.1 ± 16.1
34 .7  ± 2 0 .8
3 2 .3  ± 18 .6
36 .1  ± 20 .1

52 .3  ± 7 .9
54 .0  ± 11.5
49.1 ± 8 .9
50.2  ± 14.7
4 6 .0  ± 14.4
52.1 ± 10.6
51 .3  ± 14.5

% Non E p iderm al C e lls
U n in fec ted  P la n ts  P la n ts  In fe c te d  fo r  35 days

Onward 5 .9  
F eltham  F i r s t  5 .2  
H u rs t Green S h a ft 4 .2  
P i l o t  5 .1  
P e r f e c t io n  2 .7  
M eteor 3 .8  
Dwarf D efiance  6 .5

± 6 .1  9 .3  ± 4 .3  
± 7 .3  10.1 ± 4 .9  
± 5 .2  8 .9  ± 5 .6  
± 5 .3  10.4  ± 3 .8  
± 4 .7  9 .7  ± 2 .9  
± 3 .4  9 .9  ± 4 .8  
± 6 .7  10.7 ± 4 .1

The r e s u l t s  a re  th e  means o f 10 r e p l i c a t e s  quo ted  w ith  95% co n fid en ce
l im i t s
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F ig u re  43: 
pea p la n ts

The p e rce n ta g e  o f non ep id erm a l c e l l s  in  s t r i p s  from stem s o f 
a t  d i f f e r e n t  tim es  a f t e r  i n f e c t io n  by E. p i s i
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Figure A3

Days a f t e r  i n f e c t io n

95% C onfidence L im its



In  a l l  th e s e  ex p e rim en ts  s t r i p s  o f stem ep id erm is  from stem s t h a t  had 
been p re -p la sm o ly sed  in  0.5M m a n n ito l were u sed .

a )  T o ta l  L ip id s

A .3 .4 .  The in flu en c e  o f in fe c t io n  by E. p i s i  on the l ip id  com position  in
epiderm al c e l l s  o f pea, c u lt iv a r  Onward

The mean t o t a l  l i p i d ,  t o t a l  p o la r  l i p i d  and t o t a l  n e u t r a l  l i p i d s  were 
d e te rm in ed  a t  v a r io u s  tim es d u r in g  th e  cou rse  o f a 42 day in f e c t io n  p e r io d  
to  d e te rm in e  any changes in  l i p i d  amounts and a ls o  to  m o n ito r any 
a l t e r a t i o n  in  th e  p ro p o r tio n  o f p o la r  and n e u t r a l  l i p i d s .  The amounts of 
t o t a l ,  p o la r  and n e u t r a l  l i p i d s  in  u n in fe c te d  p la n ts  d id  n o t change 
s i g n i f i c a n t l y ^  — 0.05%) th ro u g h o u t th e  42 day p e r io d  (F ig u re  4 4 ) . 
U n in fec te d  p la n ts  c o n ta in ed  63 .2  + 4 .8 u g  l i p i d  g”  ̂ d ry  w eight a t  th e  s t a r t

_ iof th e  exp erim en t f a l l i n g  to  6 0 .8  ± 3 .]^ g  l i p i d  g dry  w eight a f t e r  42 
d a y s . F ig u re  44 shows t h a t  in  b o th  h e a l th y  and in f e c te d  ep id erm is p o la r  
l i p i d  p redom inated  over n e u t r a l  l i p i d s  by a r a t i o  o f ap p ro x im ate ly  fo u r  to  
one and t h a t  t h i s  r e l a t i o n s h ip  rem ained  e s s e n t i a l l y  c o n s ta n t  w ith  tim e .

b) In d iv id u a l  P o la r  L ip id s

The in d iv id u a l  p o la r  l i p i d s  w ere a sse sse d  d u rin g  th e  same 42 day tim e 
p e r io d  and a t  th e  same i n t e r v a l s .  The p e rcen tag e  com po sitio n  o f each  of 
th e  in d iv id u a l  p o la r  l i p i d s  a t  th e  beg inn ing  of th e  experim ent in
ep id erm a l c e l l s  from u n in fe c te d  p la n ts  were as  f o l lo w s :-  PC 46 .0  + 4.9%, 
PE 25 .5  ± 5.3%, PG 6 .2  ± 2.3%, PI 14.7 + 2.3%, PS 3 .7  + 2.3%, PA
0 .7  + 0.7%, hGDG 2 .0  + 1.1% and DGDG 1.0  + 1.1%. A f te r  42 days th e
p e rc e n ta g e  co m p o sitio n  o f th e se  l i p i d s  in  u n in fe c te d  ep id erm al c e l l s  had 
n o t changed s i g n i f i c a n t l y  (F ig u re  4 5 ) .

At a l l  s ta g e s  d u r in g  th e  developm ent o f in fe c t io r^ e p id e rm a l  s t r i p s  from 
in f e c te d  p la n ts  had a v ery  s im i la r  p o la r  l i p i d  co m p o sitio n . There were 
how ever, s i g n i f i c a n t  d e c re a se s  (p = 0 .0 5 )  in  th e  p e rc e n ta g e  com position  o f 
MGDG and DGDG d u rin g  t h i s  p e r io d  and th e re  was a ls o  a tre n d  tow ards a 
r e d u c t io n  in  th e  amount of PG a lth o u g h  t h i s  was n o t s t a t i s t i c a l l y
s i g n i f i c a n t  (p  = 0 .0 5 )  (F ig u re  4 5 ) .
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Figure 44: The e f f e c t  of in fe c t io n  by E. p i s i  on the l ip id  com position o f
epiderm al s t r ip s  from the pea c u lt iv a r  Onward
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Figure 44

a )  T o ta l  l i p i d

b ) T o ta l  p o la r  l i p i d

c )  T o ta l  N e u tra l  L ip id

9 U n in fec te d  P la n ts  
A In f e c te d  P la n ts

^  95% C on fid ence  L im its



Figure 45: The e f f e c t  o f in fe c t io n  by E. p i s i  on the in d iv id u a l p olar lip d
com position  in  epiderm al s t r ip s  from the c u lt iv a r  Onward
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Figure 45

a )  PC
5 0 .

Z t o t a l
p o la r
l i p i d

40
0 ■ L7 10 14 17

Days a f t e r  cc t  i  on

b) PE 
3 0 ,“

% t o t a l
p o la r
l i p i d

20l± -
0

Days a f t e r  i n f e c t io n

c ) PG 
8 1

_  ,  6 - - i  r~ “w  —. p  ■nZ t o t a l  p  — x:v __r
p o la r  :i;‘. j, j:v>:
l i p i d  4 UU-------------------------------------------------------- L -Jv J------- L -fii

0 4 7 10 14 17
Days after infection

28 35 42

t*
28 35

—
42

28 35 42



Figure 45 (cont.)
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Figure 45 (cont.)
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c) T o ta l  p o la r  l i p i d  bound f a t t y  a c id s

When th e  t o t a l  p o la r  l i p i d  bound f a t t y  a c id s  o f ep id erm al c e l l s  were 
a s s e s s e d  over th e  42 day p e r io d  th e  p e rc e n ta g e  com position  o f each  f a t t y  
a c id  a t  th e  o u ts e t  was a s  f o l lo w s : -  p a lm i t ic  a c id  2 1 .8  + 3.4%, p a lm i to le ic  
a c id  0 .5  + 0.5%, s t e a r i c  a c id  6 .9  + 1.4%, o l e i c  a c id  4 .2  + 1.1%, l i n o l e i c  
a c id  4 0 .5  +  3.3% and l i n o le n ic  ac id  2 8 .1  + 2.6%. A fte r  42 days th e se  
v a lu e s  had n o t changed s i g n i f i c a n t l y  (p  = 0 . 0 5 )  in  h e a lth y  p l a n t s ,  b u t in  
s t r i p s  from in fe c te d  p la n ts  th e re  was a d ra m a tic  d ec re a se  in  l i n o l e i c  ac id  
and a concom it n t in c re a s e  in  l i n o l e n ic  a c id  (F ig u re  4 6 ) .  These changes 
w ere f i r s t  a p p a ren t abou t day 10, i f  a 
sm a ll and s t a t i s t i c a l l y  i n s i g n i f i c a n t  d e c l in e  in  p a lm it ic  a c id  'is  
d is c o u n te d ,  a re  th e  o n ly  marked changes d e te c ta b le  upon i n f e c t io n .

To t e s t  th e  e f f e c t  of th e s e  changes upon th e  d eg ree  o f s a tu r a t io n  a 
f a t t y  a c id  index was c a lc u la te d  fo r  each  s ta g e  o f th e  e x p e rim e n t. T his 
in d ex  was c a lc u la te d  as fo llo w s : (3  x f a t t y  a c id  w ith  3 doub le  bonds+ 
2 x f a t t y  a c id s  w ith  2 double bonds + f a t t y  a c id s  w ith  1 double 
bond) d iv id e d  by "total s a tu r a te d  f a t t y  a c id s .  F ig u re  47 shows th e  e f f e c t  o f 
i n f e c t i o n  on the f a t t y  a c id  index  f o r  th e  t o t a l  p o la r  l ip id -b o u n d  f a t t y  
a c id s .  The index  v a lu e s  f o r  h e a lth y  and in f e c te d  p la n ts  appear to  d iv e rg e  
from  th e  f i r s t  sam pling p e r io d  onwards and d i f f e r  s i g n i f i c a n t l y  by day 14.
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F igu re 46: The e f f e c t  o f in fe c t io n  o f E. p i s i  on the to ta l  polar l ip id
f a t t y  a c id  com position in  epiderm al s t r ip s  from the c u lt iv a r  Onward

150



Figure 46

a )  P a lm it ic  a c id
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Figure 46 (c o n t .)
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Figure 46 (cont.)

f )  L in o len ic  acid
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F ig u re  47: The e f f e c t  o f i n f e c t io n  o f E. p i s i  on th e  f a t t y  ac id  index  o f 
p o la r  l ip id -b o u n d  f a t t y  a c id s  i n  e p id e rm a l s t r i p s  from stem s o f th e  
c u l t i v a r  Onward
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Figure 47
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d) Fatty acids of individual polar lipids

Individual polar lipids were analysed to see if the changes observed in 
the previous section were general within the class or restricted to 
particular constituent lipids. The percentage fatty acid composition of 
each polar lipid at the outset of the experiment is shown in Table 20. In 
healthy plants these figures do not change significantly (p = 0.05) over 
the 42 day period (Figure 48, 49, 50, 51, 52, 53, 54 and 55). In infected 
plants the most obvious change was a marked decrease in the content of 
linoleic acid and a corresponding increase in linolenic acid. This change 
was observed for each of the phospholipids although for PG the change was

rsmaller and occured later, but was not seen for either of the 
galactolipids. As observed for the class as a whole for most of the 
individual components there was a noticeable increase in the degree of 
fatty acid unsaturation (Figures 56, 57, 58, 59, 60, 61, 62 and 63). 
Divergence of the data for healthy and infected plants was generally 
apparent from an early stage, but statistical significance at the 5% level 
was not achieved until days 10 (PA), 14 (PE and PS), 17 (PC and PI) or 
exceptionally day 35 for PG. Relative changes in :he proportions of 
linoleic and linolenic acids accounts for the overwhelming majority of the 
index changes. Only very minor changes not statistically significant at 
the 5% level of probability were noted for the other fatty acids. For 
example in PC, PE and PI there was a tendency for palmitic acid levels to 
be lower in infected than non infected epidermis, but for the remaining 
phspholipids a similar trend was not evident.

Clearly the PG differs markedly from the other phospholipids, it is 
only polar lipid to have a significant palmitoleic acid content and it 
contains significantly (p = 0.05) less stearic acid and linoleic acids and 
more linolenic acid than the other phospholipids (Table 20).

The two galactolipids clearly constitute a distinct sub-group within 
the polar lipid class. Not only is the fatty acid composition totally 
different from the phospholipids, but also there are virtually no changes 
resulting from infection. The linolenic acid content of both MGDG and DGDG 
is so high even in healthy plants (index values 'Ol 60 and 20 respective!^ 
that a further increase in the degree of unsaturation could not be easily
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ach ieved
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Table 20: Fatty acids of individual polar lipids of pea stem epidermis

PC PE PG P I PS PA MGDG

P a l m i t i c  A c i d 2 2 . 1 + 3 . 3 2 2 . 8 + 2 . 2 2 5 . 0 + 1 . 8 2 2 . 9 + 4 . 2 2 2 . 6  ± 3 . 4 2 2 . 5 ±  3 . 2 3 . 3 ±  1 . 7
P a l m i t o l e i c  A c i d 0 0 . 3 + 0 . 3 1 8 . 7 + 4 . 2 0 . 3 + 0 . 4 0 0 . 1 ±  0 . 1 0 . 1 ±  0 . 1
S t e a r i c  A c i d 6 . 3 + 1 . 0 7 . 0 + 0 . 6 2 . 3 ± 0 . 8 7 . 4 + 1 . 5 5 . 0  + 1 . 3 5 . 6 ±  0 . 7 0 . 6 +  0 . 5
O l e i c  A c i d 3 . 4 + 0 . 7 3 . 6 + 0 . 6 4 . 2 ± 1 . 3 2 . 9 + 0 . 6 2 . 6  + 0 . 6 2 . 7 ±  0 . 8 1 . 4 ±  0 . 5
L i n o l e i c  A c i d 4 0 . 4 + 4 . 8 3 9 . 3 + 1 . 6 1 1 . 1 ± 1 . 9 3 9 . 8 + 4 . 4 4 0 . 7  + 4 . 6 4 2 . 2 ±  4 . 7 3 . 8 +  0 . 4
L i n o l e n i c  A c i d 2 7 . 7 + 2 . 7 2 6 . 9 + 1 . 8 3 7 . 8 ± 4 . 6 2 6 . 9 + 1 . 1 2 4 . 0  ± 2 . 6 2 6 . 8 ± 2 . 0 9 0 . 9 ± 2 . 0

A l l  r e s u l t s  w e r e  t h e  means o f  4 r e p l i c a t e s  q u o t e d  w i t h  9 52  c o n f i d e n c e  l i m i t s

DGDG

9 + 1 . 70
,8 ± 0 . 9  
9 + 0 . 8  
0 + 0.8 
3 ±  2 . 0
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co m p o sitio n  o f PC in  ep id erm a l s t r i p s  from th e  c u l t i v a r  Onward
F igu re 48: The e f f e c t  o f in fe c t io n  by E. p is i  on the fa t ty  a cid
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Figure 48
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d) O le ic  a c id

T o ta l
f a t t y
a c id

6 1

0 4

e) L in o le ic  a c id

45

Z t o t a l
f a t t y
a c id

3 0 ‘

20 •

10
0 4

14 17 21
Days a f t e r  i n f e c t io n

Days a f t e r  i n f e c t io n
28 35



Figure 48 (c o n t .)
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co m p o sitio n  o f PE in  ep id erm a l s t r i p s  from th e  c u l t iv a r  Onward
Figure 49: The e f f e c t  of in fe c t io n  by E» p i s i  on the f a t t y  acid
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Figure 49
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F ig u re  49 ( c o n t . )  
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Figure 49 (c o n t .)
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co m p o sitio n  o f PG in  ep iderm al s t r i p s  from  th e  c u l t iv a r  Onward
Figure 50: The e f f e c t  of in fe c t io n -  by E. p is i  on the fa t ty  acid
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Figure 50
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Figure 50 (cont.)
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com p o sitio n  o f PI in  ep iderm al s t r i p s  from  the  c u l t iv a r  Onward
Figure 51: The e f f e c t  of in fe c t io n  by £ . pi s i  on the f a t t y  acid
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Figure 51

a ) P a lm itic  acid
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Figure 51 (cont.)
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Figure 51 (cont.)

f )  L in o len ic  acid
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co m p o sitio n  o f PS in  ep id erm a l s t r i p s  from  th e  c u l t i v a r  Onward
F igu re 52: The e f f e c t  of in fe c t io n  by E. p is i  on the f a t t y  acid
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F igu re 52
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Figure 52 ( c o a t .)
d) O le ic  a c id
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F igu re 52 (c o n t .)

f )  L in o le n ic  a c id
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c o m p o sitio n  o f PA in  ep id erm al s t r i p s  from th e  c u l t i v a r  Onward
F igu re 53: The e f f e c t  o f in fe c t io n  by E. p i s i  on the fa t ty  acid
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Figure 53

a) P a lm i t ic  a c id
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F ig u re  53 ( c o n t . ) 
d) O le ic  a c id
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f )  L in o le n ic  a c id
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F ig u re  54: 
co m p o sitio n

The e f f e c t  of i n f e c t io n  by E. p i s i  on th e  f a t t y  ac id  
o f MGDG in  ep id erm a l s t r i p s  from th e  c u l t iv a r  Onward
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F igure 54
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F igure 54 (c o n t .)
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co m p o sitio n  o f DGDG in  ep id erm al s t r i p s  from  th e  c u l t i v a r  Onward
Figure 55: The e f f e c t  of in fe c t io n  by E. p is i  on the f a t t y  acid
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F igure 56: The e f f e c t  o f in fe c t io n  by E. p i s i  on the fa t t y  acid  index from
PC-bound f a t t y  a c id s  in  epiderm al s t r ip s  from stems of the c u lt iv a r  Onward
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F igure 56
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F igure 57: The e f f e c t  o f in f e c t io n  by E. p is i  on the f a t t y  acid  index from
PE-bound f a t t y  a c id s  in  epiderm al s t r ip s  from the stem s o f the c u lt iv a r
Onward
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F igu re 57
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Figure 58: The e f f e c t  o f in fe c t io n  by E. p i s i  on the f a t t y  acid  index from
PG-bound f a t t y  a c id s  in  epiderm al s t r ip s  from stems o f the c u lt iv a r  Onward
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F igure 58
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Figure 5S: The e f f e c t  o f in f e c t io n  by E. p i s i  on the fa t t y  acid  Index from
Pi-bound f a t t y  a c id s  in  epiderm al s t r ip s  from stems of the c u lt iv a r  Onward

166



Figure 59
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F igure 60: The e f f e c t  o f in f e c t io n  by E. p i s i  on the f a t t y  acid  index from
PS-bound fa t ty  a c id s in  epiderm al s t r ip s  from stems of the c u lt iv a r  Onward
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Figure 60
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Figure 61: The e f f e c t  o f in fe c t io n  by E. p i s i  on the f a t t y  acid  index from
PA-bound f a t t y  a c id s  in  epiderm al s t r ip s  from the stem s o f the c u lt iv a r
Onward
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F igure 61
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F igure 62: The e f f e c t  o f in fe c t io n  by E. p i s i  on the f a t t y  acid index from
MGDG-bound f a t t y  a c id s  in  epiderm al s t r ip s  from the stem s of the c u lt iv a r
Onward
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F igure 62
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Figure 63: The e f f e c t  of in fe c t io n  by E. p i s i  on the fa t t y  acid  index from
DGDG-bound f a t t y  a c id s  in  epiderm al s t r ip s  from the stems of the c u lt iv a r
Onward
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F igure 63
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e )  In d iv id u a l  N eu tra l L ip id s

The in d iv id u a l  n e u t r a l  l i p i d s  w ere a ls o  a s s e s se d  d u rin g  the same 42 day 
tim e  p e r io d .  The p e rc e n ta g e  co m p o sitio n  o f th e  n e u t r a l  l i p i d s  d u rin g  t h i s  
a r e  shown in  Table 21 and F ig u re  64 u s in g  th e  c u l t iv a r  Onward as an 
exam ple.

The p e rc e n ta g e  co m p o sitio n  o f th e  n e u t r a l  l i p i d s  from h e a lth y  p la n ts  
shows two s l i g h t  changes a f t e r  42 days d ig ly c e r id e s  which i s  matched by an 
in c re a s e  in  th e  t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s .  In in f e c te d  p la n ts  
th e r e  were a number of d i f f e r e n c e s .  There was a s i g n i f i c a n t  (p = 0 .0 5 )  
d e c re a se  in  th e  amount of s t e r o l  e s t e r s ,  m onog lycerides and d ig ly c e r id e s  
and an in c re a s e  in  th e  amount o f t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s .  The 
d e c re a se  became s t a t i s t i c a l l y  s i g n i f i c a n t  (p  = 0 .0 5 )  on the  28t *1 day 
( s t e r o l  e s t e r s ,  d ig ly c e r id e s  and t r i g l y c e r i d e s ) ,  on the  3 5 ^  day ( f r e e  
f a t t y  a c id s )  and on th e  42 day (m o n o g ly c e rid e s ) .

f )  N e u tra l L ip id  F a t ty  A cids

When th e  n e u t r a l  l i p i d  f a t t y  a c id s  were a sse sse d  over th e  42 day 
i n f e c t io n  p e r io d  in  ep id erm a l c e l l s  from stem s of u n in fe c te d  p la n ts  th e  
p e rc e n ta g e  co m po sition  of each  f a t t y  a c id  a t  th e  beg inn ing  o f th e  
ex p e rim en t was as  fo l lo w s ;  l a u r i c  a c id  4 .0  + 0.6%, m y r is t ic  a c id
5 .7  + 1.2%, p a lm i t ic  a c id  2 4 .3  + 2.8%, p a lm i to le ic  a c id  0 .2  ± 0.2%, 
s t e a r i c  a c id  4 .6  + 0.8%, o le i c  a c id  8 .4  + 1 .6%m l i n o l e i c  a c id  2 7 .8  + 2.8% 
and l i n o l e n i c  a c id  2 3 .4  + 4.3%. Over th e  en su in g  42 days th e re  were no 
s i g n i f i c a n t  changes in  f a t t y  a c id  c o n te n t in  ep iderm al c e l l s  tak en  from 
e i t h e r  h e a l th y  o r in f e c te d  p la n ts  (F ig u re  6 5 ) . A lthough s t a t i s t i c a l l y  
i n s i g n i f i c a n t  th e re  was a tendency  f o r  s t e a r i c  and l i n o l e i c  ac id  l e v e ls  in  
in f e c te d  p la n ts  to  be g r e a t e r  th a n , and l i n o l e n ic  ac id  to  be l e s s  th an  
th o se  in  h e a l th y  p l a n t s ,  e s p e c ia l ly  tow ards th e  end o f th e  sam pling 
p e r io d .  A lthough n o t c a lc u la te d  i t  i s  c le a r  th a t  the  f a t t y  a c id  
u n s a tu r a t io n  index  i s  a c tu a l ly  low er in  in f e c te d  p la n ts ;  in  sharp  c o n t r a s t  
to  th e  s i t u a t i o n  w ith  p o la r  l i p i d s .
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T able 21; N e u tra l l i p i d s  in  h e a l th y  and d ise a se d  stem ep id e rm is

L ip id s H ealthy  a t  day 0 H ea lth y  a t  day 42 In fe c te d a t  day 42

S te r o l  e s t e r s 26.7 + 2.6% 2 7 .7 + 3.3% 16.0 + 2.0%
S te r o l 18.3 + 1.3% 15.5 ± 2.3% 15.1 ± 1.4%
M onoglycerides A .5 + 0.9% 2 .1 + 1.0% 1 .5 ± 0.9%
D ig ly c e r id e s 1A.9 + 0.9% 11.2 + 2.5% 7 .9 ± 1.8%
T r ig ly c e r id e s 28.5 + 1.5% 3 3 .5 + 4.6% 4 3 .4 ± 1.3%
F ree  F a t ty  A cids 7.1 + 1.2% 1 0 .0 + 1.4% 16.1 ± 1.3%

A ll  f i g u r e s  a re  th e  means o f fo u r  r e p l i c a t e s  quoted w ith  95%
co n fid en ce  l i m i t s
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co m p o sitio n  of ep id erm al s t r i p s  from th e  c u l t i v a r  Onward
F igu re 64: The e f f e c t  of in fe c t io n  o f E. p i s i  on the n eu tra l l ip id
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e) T r ig ly c e r id e s
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F ig u re  65: The e f f e c t  o f i n f e c t io n  by E. p i s i  on th e  n e u t r a l  l i p i d  f a t t y  
a c id  com po sitio n  o f ep id erm al s t r i p s  from  th e  c u l t i v a r  Onward
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F igure 65
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Figure 65 (cont.)
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Figure 65 (c o n t .)
g) L in o le ic  a c id  
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T a b l e  2

L i p i d  C l a s s e s

3. Percentage fatty aclda of Individual neutral llptda 42 days after infection

S t e r o l  e s t e r s M o n o g l y c e r i d e s U i g l y c e r i d e s T r i g l y c e r i d e s F r e e  F a t t y  A c i d s
U n i n f e c t e d  I n f e c t e d  U n i n f e c t e d  I n f e c t e d  U n i n f e c t e d  I n f e c t e d  U n i n f e c t e d  I n f e c t e d  U n i n f e c t e d  I n f e c t e d

L a u r i e  a c i d 3 . 6 + 1 . 3 3 . 3 + 1 . 4 3 . 2 + 0 . 7 3 . 9 + 1 . 2 3 . 6 + 1 . 2 3 . 0  ± 1 . 5 4 . 7 + 1 . 3 4 . 8 + 1 . 3 3 . 9 t 0 . 4 4 . 4 £ 0 . 7
M y r i s t i c  a c i d 7 . 7 + 0 . 8 7 . 6 + 1 . 2 6 . 6 + 1 . 4 4 . 7 + 0 . 8 5 . 5 + 0 . 6 6 . 3  + 1 . 6 5 . 7 + 0 . 6 5 . 9 + 0 . 3 8 . 1 t 1 . 2 7 . 4 t 0 . 7
P a l m i t i c  a c i d 2 4 . 4 + 1 . 6 2 4 . 0 + 2 . 0 2 3 . 9 2 . 5 2 4 . 8 + 2 . 7 2 1 . 8 + 2 . 6 2 4 . 6  + 2 . 6 2 4 . 3 + 2 . 2 2 2 . 3 + 0 . 8 2 1 . 4 + 4 . 3 2 2 . 6 i 2 . 6
P a l m i t o l e l c  a c i d - - 0 . 2 + 0 . 3 0 . 2 + 0 . 3 0 . 0 + 0 . 1 0 . 1  + 0 . 1 0 . 2 + 0 . 5 0 . 2 + 0 . 2 0 . 2 + 0 . 2 0 . 1 + 0 . 2
S t e a r i c  a c i d 4 . 4 0 . 7 5 . 0 + 0 . 9 3 . 6 ± 1 . 0 3 . 3 + 0 . 3 3 . 6 + 1 . 9 4 . 1  + 1 . 1 3 . 3 + 0 . 5 4 . 7 + 0 . 6 3 . 5 2 . 6 4 . 5 + 0 . 7
O l e i c  a c i d 8 . 3 + 1 . 3 8 . 4 + 0 . 9 8 . 8 i 1 . 3 8 . 3 + 1 . 2 6 . 7 + 2 . 0 7 . 8  ± “ l . 7 8 . 8 + 1 . 5 8 . 5 + 0 . 9 8 . 9 + 0 . 8 8 . 8 + 0 . 6
L i n o l e i c  a c i d 2 7 . 9 + 1 . 7 2 8 . 9 + 2 . 9 2 9 . 7 ± 3 . 6 2 9 . 3 + 4 . 3 3 0 . 0 + 3 . 0 7 . 8  + 1 . 7 8 . 8 + 1 . 5 8 . 5 + 0 . 4 8 . 9 t 0 . 8 8 . 8 + 0 . 6
L i n o l e n i c  a c i d 2 3 . 5 + 3 . 9 2 2 . 8 + 2 . 7 2 5 . 1 t 4 . 8 2 5 . 4 + 1 . 4 2 8 . 4 + 3 . 4 2 4 . 4  + 2 . 9 2 3 . 3 + 2 . 4 2 0 . 1 + 1 . 8 2 3 . 2 t 4 . 7 1 9 . 3 + 2 . 2

A l l  f i g u r e s  r e p r e s e n t  t h e  means o f  4 r e p l i c a t e s  q u o t e d  w i t h  95% c o n f i d e n c e  l i m i t s



4.4. Lipid composition of E. pisi mycelium

Mycelial lipid composition was assessed at various intervals 
throughout a period of 42 days from initial inoculation. The reason for 
analysing these lipids was to test whether any changes in host epidermal 
lipids could be attributed to the presense of fungal lipids within the 
cells. While it is conceded that the fungal lipids within the epidermal 
cells may differ from mycelial lipids, the difficulty of obtaining a pure 
sample of haustorial complexes (Section 4.6) left the epiphytic 
vegetative hyphae as the most convenient alternative source of fungal 
tissue.

4,4.1. Total Lipids

Total lipids in fungal mycelium were assessed by relating the weight of 
the lipids to the dry weight of mycelium (Figure 66). The total amount of 
lipid in the mycelium did not change significantly (P =. 0.05%) during the 
42 day infection period. After 4 days total lipids constituted 276 + 8 4 jn. 
 ̂ * dry weight, polar lipids were 147.6 + 4^xg g * dry weight and neutral 
lipids constituted the difference viz 128.8 + 16.6yug g * dry weight. None 
of the lipid classes changed significantly throughout the 42 day period 
(Figure 66).

4.4.2. Polar Lipids

The composition of the mycelial polar lipid 4 days after inoculation 
was as follows:- PC 22.2 + 1.6%, PE 29.4 + 1.9%, PG 11.3 + 0.6%, PI
5.8 ± 0.8%, PS 4.9 + 0.8%, PA 3.4 + 0.8%, MGDG 11.5 + 1.3% and DGDG
11.4 + 0.8%. These values did not change significantly (p = 0.05) 
throughout the 42 day period (Figure 67).

The composition of the mycelial polar lipid-bound fatty acids 4 days 
after inoculation was as follows; myristic acid 3.1 + 1.7%, palmitic acid
13.1 + 1.4%, palmitoleic acid 3.3 + 0.6%, stearic acid 7.1 + 0.8%, oleic 
acid 12.3 ± 1.0%, linoleic acid 5.7 + 1.4%, linolenic acid 21.0 + 2.8%, 
arachidic acid 4.0 + 1.3%, arachidonic acid 8.7 + 0.7% and lignoceric 
acid 1.6 ± 0.6% (Figure 68). These values did not change significantly (p 
= 0.05) throughout the 42 day infection period.
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C lo se r  a n a ly s is  o f each  o f th e  component p o la r  l i p i d s  re v e a le d  th a t  
each  o f th e  p h o sp h o lip id s  had a s im i la r  co m p o sitio n  in  te rm s of f a t t y  
a c id s  a t  th e  s t a r t  o f th e  42 day p e r io d  (T ab le  2 4 ). The two g ly c o l ip id s  
d i f f e r e d  in  th a t  th e  l i n o l e n i c  a c id  c o n te n t  was much h ig h e r ,  c o n s t i tu t in g  
ab o u t 60% o f th e  t o t a l  (T ab le  2 4 ) . W ith th e  s in g le  e x c e p tio n  o f p a lm it ic  
a c id  in  DGDG each  o f th e  o th e r  component f a t t y  a c id s  was p re s e n t  in  low er 
am ounts th a n  in  th e  p h o s p h o lip id s . There were no changes o bse rved  in  any 
o f th e  f a t t y  a c id  co m p o sitio n s  o f any p o la r  l i p i d  o ver th e  42 day p e rio d  
o f o b s e r v a t io n .
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F ig u re  66: T o ta l m y c e lia l  l i p i d  c o n te n t  a t  v a r io u s  s ta g e s  d u rin g  a 42 day 
i n f e c t io n  p e rio d
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F igu re 66

a )  T o ta l  L ip id

Time a f t e r  i n f e c t io n  (days)



F igu re 66 (co n t)

c )  T o ta l  N e u tra l  L ip id

Time a f t e r  i n f e c t io n  (d ay s)

95% C on fiden ce  L im its



Figure 67: Polar l ip id  com position o f fu ngal hypha fo r  42 days a f te r
in fe c t io n
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F igu re 67
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F igure 67 (c o n t .)
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4 .4 .3 .  N e u tra l L ip id s

The com po sitio n  o f th e  m y c e lia l  n e u t r a l  l i p i d  4 days a f t e r  in o c u la t io n  
was as f o l lo w s : -  s t e r o l  e s t e r s  14 .6  + 1.6%, s t e r o l s  2 8 .0  + 2.7%, 
m o n og ly cerides 3 .0  ± 1.1%, d ig ly c e r id e s  3 .4  ± 1.7%, t r i g l y c e r i d e s
4 0 .5  + 4.1%, and f r e e  f a t t y  a c id s  8 .3  + 1.2% (F ig u re  6 9 ) . These v a lu e s  d id  
n o t change s i g n i f i c a n t l y  (p = 0 .0 5 )  th ro u g h o u t th e  42 day i n f e c t io n  
p e r io d .

The com p o sitio n  o f th e  t o t a l  m y c e lia l  n e u t r a l  l i p i d  bound f a t t y  a c id s  4 
days a f t e r  i n f e c t io n  was a s  fo l lo w s ;  m y r is t ic  a c id  3 .4  + 1.7%, p a lm i t ic  
a c id  13.1 + 1.8%, p a lm i to le ic  a c id  0 .4  + 0.7%, s t e a r i c  a c id  4 .0  + 0.5%, 
o l e i c  a c id  3 .0  + 1.6%, l i n o l e i c  a c id  2 2 .5  + 2.5%, l in o l e n ic  ac id
3 8 .5  ± 2.2%, a r a c h id ic  a c id  3 .2  + 1.2%, a ra c h id o n ic  a c id  9 .5  + 1.2% and 
l ig n o c e r ic  a c id  2 .1  ± 0.8%. These v a lu e s  d id  n o t change s i g n i f i c a n t l y  (p = 
0 .0 5 )  th ro u g h o u t th e  42 day i n f e c t io n  p e r io d  (F ig u re  7 0 ) . Compared w ith  
th e  f a t t y  a c id s  of th e  p o la r  l i p i d  f r a c t i o n  (F ig u re  69) the  c o n te n t  of 
p a lm i to l e ic ,  s t e a r i c ,  o le ic  and l i n o l e i c  a c id s  was low er and t h a t  of 
l i n o l e n ic  a c id  was a p p re c ia b ly  h ig h e r .
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F ig u re  66: F a t ty  a c id  co m p o sitio n  o f th e  p o la r  l i p i d  f r a c t io n  a t  v a r io u s  
s ta g e s  d u rin g  a 42 day' i n f e c t io n  p e r io d
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F igure 68
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F igu re 68 (c o n t .)
f )  L in o le ic  acid
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F ig u re  69: N e u tra l  L ip id  co m p o sitio n  o f fu n g a l hypha fo r  42 
i n f e c t io n

ys a f t e r
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Figure 69
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Figure 69 (c o n t .)
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8-.

% t o t a l
n e u t r a l  l i p i d s  6" 

4 X"
4 7

f i  r
i r

10 14

± * ±

Uj_J
l

17 21 28 35
Time a f t e r  i n f e c t io n  (days)

e) T r ig ly c e r id e s

Time a f t e r  i n f e c t io n  (days)

f )  F re e  F a t ty  A cids 
10 1 _

% t o t a l
n eu tra l l ip id s  8

r
10

T14 17 nr
21

T*28 i35
Time a f t e r  in fe c t io n  (days)

nr42

95% C onfidence  L im its



F ig u re  70: F a t ty  a c id  com position  o f th e  m y ce lia l n e u t r a l  l i p i d  f r a c t io n  
a t  v a r io u s  s ta g e s  d u rin g  a 42 day i n f e c t io n  p erio d
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Figure 70
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F igure 70 (c o n t .)
f )  L in o le ic  ac id
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T a b l e  2 4 :  P e r c e n t a g e  t a t t y  a c i d  c o m p o s i t i o n  o f  i n d i v i d u a l  p o l a r  l i p i d  
c l a a a e a  o f  f u n g a l  m y c e li u m

L i p i d  C l a s s
F a t t y  A c i d  PC PL PG P I PS PA MGDG DGDG

M y r l a t l c  a c i d  2 . 7  ± O .b 2 . 7  ± 1 . 7 2 . 8  ± 1 . 4 3 . 0  ±  1 . 2  3 . 4 ± 0 . 8 3 . 1 ± 1 . 2  2 . 0  ± 0 . 4 1 . 4 ± O .b
P a l m i t i c  a c i d  1 2 . 6  ±  0 . 4 1 2 . 9  ± 1 . 1 1 3 . 3  ± 0 . 9 1 2 . 7  ±  1 . 7  1 2 . 7 ±  l . U 1 3 . 3 1 . 1  6 . 1  ± 0 . 9 1 1 . 9 ± 2 . 1
P a l m i t o l e i c  a c i d  3 . 5  ±  0 . 5 2 . 5  ± 0 . 9 3 . 6  ± . 1 2 3 . 1  ± 0 . 8  3 . 2 ±  0 . 9 3 . 3 ± 0 . 3  0 . 2  ± 0 . 1 0 . 1 ± 0 . 1
S t e a r i c  a c i d  7 . 1  ± 1 . 0 7 . 0  ±  0 . 3 6 . 9  ± 0 . 8 7 . 7  ± 0 . 7  7 . 0 ± 0 . 6 7 . 3 ± 0 . 4  3 . 5  ± 0 . 7 3 . 8 ± 0 . 7
O l e i c  a c i d  1 2 . 2  ±  1 . 4 1 1 . 6  ±  1 . 9 1 2 . 3  ± 0 . 9 1 2 . 7  ±  1 . 3  1 1 . 7 ± 0 . 4 1 2 . 7 ± 0 . 3  4 . b  ± 1 . 0 4 . 7 ± 0 . 9
L i n o l e i c  a c i d  2 7 . 3  ±  1 . 6 2 7 . 0  ±  4 . 0 2 5 . 3  ± 6 . 4 2 5 . 0  ±  3 . 2  2 6 . 8 ±  3 . 1 2 6 . 8 t 1 . 7  1 0 . 7  + 1 . 1 1 3 . 5 1 . 7
L i n o l e n i c  a c i d  2 0 . 4  ±  0 . 9 2 0 . 9  ±  1 . 9 2 1 . 0  ± 3 . 3 2 1 . 2  ± 2 . 1  2 . 1 2 ±  0 . 4 1 9 . 8 ± 0 . 9  bb .O  ± 0 . 7 5 6 . 7 ± 4 . 0
A r a c h i d i c  a c i d  3 . 5  ±  1 . 3 3 . 4  ±  0 . 9 3 . 9  ± 0 . 6 3 . 4  ±  1 . 2  3 . 9 ±  0 . 9 3 . 0 ± 0 . 4  1 . 0  + 0 . 5 1 . 8 ± 0 . 8
A r a c h l d o n i c  a c i d  8 . 8  ±  0 . 6 9 . 7  ±  0 . 2 U. 2 ± 1 . 2 9 . 2  ± 1 . 0  b . 4 ± 1 . 1 9 . 2 ± 1 . 0  5 . 6  ± 0 . 8 5 . 3 + 1 . 3
L l g n o c e r l c  a c i d  l . t i  ±  0 . 8 2 . 3  ±  0 . 2 1 . 7  ± 1 . 2 1 . 9  ±  0 . 9  1 . 6 ±  O .b 1 . 5 ± O.B 0 . 3 ± 0 . 7

A l l  f l g u r e a  r e p r e s e n t  t h e  means o f  4 r e p l i c a t e s  q u o t e d  w i t h  9 52  c o n f i d e n c e l i m i t s

T a b l e  2 5  P e r c e n t a g e  f a t t y a c i d s  c o m p o s i t i o n  o f  i n d i v i d u a l  n e u t r a l  l i p i d  c l a B s e £ t  o f

f u n g a l  m y c e l i u m

L i p i d  C l a s s e s
F a t t y  A c i d S t e r o l H o n o g l y c e r i d e a  D i g l y c e r i d e s T r i g l y c e r i d e s F r e e  F a t t y

e s t e r s A c i d s

M y r i a t i c  a c i d 3 . 2  ±  1 . 5 3 . 7  ± 0 . 6 '  3 . 6  ± 0 . 6 3 . 1 ± 1 . 0 4 . 1  ± 0 . 4
P a l m i t i c  a c i d 1 3 . 0  ±  1 . 1 1 2 . 8  ± 1 . 3 1 3 . 2  ±  2 . 1 1 3 . 2 ±  1 . 2 1 0 . 0  ±  1 . 7
P a l m i t o l e i c  a c i d 0 . 2  ±  0 . 2 0 . 2  ± 0 . 3 0 . 3  ± 0 . 6 0 . 3 ±  O .b 0 . 9  ±  O .b
S t e a r i c  a c i d 4 . 0  ±  0 . 4 4 . 0  ± 0 . 2 4 . 0  ±  0 . 9 4 . 5 ± 0 . 6 7 . 6  ± 3 . 9
O l e i c  a c i d 3 . 6  ±  0 . 7 3 . 0  ± 1 . 0 '  3 . 1  ±  1 . 1 2 . 9 t  0 . 9 8 . 9  ± 1 . 3
L i n o l e i c  a c i d  2 2 . 1  ± 2 . 9 2 2 . 5  ± 1 . 6 2 2 . 3  ±  1 . 2 2 2 . 1 ±  2 . 6 1 4 . 1  ±  2 . 2
L i n o l e n i c  a c i d  3 9 . 3  ± 4 . 7 3 7 . 9  ± 0 . 5 3 9 . 7  ±  1 , 1 3 8 . 6 ± 4 . 6 3 1 . 9  ±  9 . 3
A r a c h i d i c  a c i d 3 . 4  ±  1 . 0 3 . 7  ± 1 . 1 3 . 5  ± 0 . 8 3 . 5 ± 0 . 8 5 . 7  ± 0 . 4
A r a c l y i d o r l c  a c i d 9 . 5  ±  0 . 9 9 . 8  ± 0 . 8 9 . 1  ±  1 . 1 1 0 .  J ± 0 . 5 1 4 . 4  ±  1 . 5
L i g n o c e r l c  a c i d 1 . 5  ±  0 . 5 2 , 4  ± 0 . 7 1 . 2  ±  0 . 6 1 . . ± 0 . 7 3 . 8  i  0 . 8

A l l '  f i g u r e s  r e p r e s e n t  th e means o f  4 r e p l i c a t e s  q u o t e d w i t h  95X
c o n f i d e n c e  l i m i t s



4 .5 .  L ip id  com po sitio n  in  in f e c te d  and u n in fe c te d  pea p la n ts  ( c u l t i v a r  
Onward and p la n ts  g row iuin  th e  d ark

P rev io u s  s tu d ie s  have shown a v a r i  f e f f e c t s  o f sen escen ce  on th e
l ip i d  com p o sitio n  o f p l a n t s .  G a l l ia  is shown th a t  th e re  i s  a n e t
d ec re a se  i n  th e  amount o f membrane l i p i d  and a n e t in c re a s e  in  f r e e  f a t t y  
a c id s .  He found th a t  th e  rem ain in g  l i p i d  bound f a t t y  a c id s  showed a n e t  
in c re a s e  in  f a t t y  a c id  s a tu r a t io n  in  th e  e a r ly  s ta g e s  o f sen escen ce  due to  
th e  breakdown of c h lo r o p la s t  l i p i d s .  E l H ussein  (1977) was a b le  to  show 
th a t  se n esce n se  cau se s  a s i g n i f i c a n t  in c re a s e  in  th e  l e v e l s  o f 
u n s a tu r a t io n  in  th e  f a t t y  a c id s  from  PC, PE, PI and PS in  d ark  grown wheat 
p la n t s .  These a re  p r e c i s e ly  th e  changes found in  d ise a se d  p la n ts  in  th e s e  
exp erim en ts  and i t  was th o u g h t t h a t  a s e r i e s  of exp erim en ts  lo o k in g  a t  
l i p i d  co m p o sitio n  in  d ise a se d  p la n ts  and in  p rem a tu re ly  sen esced  p la n ts  
would y ie ld  some in fo rm a tio n  as to  th e  n a tu re  of the  observed  changes in  
l ip i d  co m p o sitio n .

For th e s e  ex p e rim en ts  p la n ts  were grown and in fe c te d  as d e s c r ib e d  in  
S ec tio n  3 .1 .  The p la n ts  grown in  th e  d a rk  were grown under e x a c t ly  th e  
same c o n d it io n s  as th e  o th e r  p la n ts  e x c e p t th a t  from th e  day o f i n f e c t io n  
onw ards, th e y  were k ep t in  th e  d a rk .

The l i p i d  co m p o sitio n  o f ep id erm a l c e l l s  was a sse sse d  over th e  42 day 
in f e c t io n  p e r io d  a t  7 day i n t e r v a l s .

4 .5 .1 .  T o ta l  L ip id s

F ig u re  71 shows t h a t  th e re  was no d if f e r e n c e  in  the  t o t a l  amount of 
l i p i d  found in  th e  stem  ep id erm a l s t r i p s  in  u n in fe c te d  p l a n t s ,  in f e c te d  
p la n ts  o r in  p la n ts  grown in  th e  d ark  even a f t e r  42 d ay s . There was 
however a s i g n i f i c a n t  change in  th e  com po sitio n  o f th e  l i p i d s  in  p la n ts  
grown in  th e  dark  w ith  a s i g n i f i c a n t  d e c re a se  in  th e  amount of p o la r  l ip id  
to g e th e r  w ith  a s i g n i f i c a n t  in c re a s e  in  th e  amount o f n e u t r a l  l i p i d .  This 
d i f f e r e n c e  began to  be o bserved  from th e  28t *1 day a f t e r  th e  p la n ts  were 
put in  th e  d a rk  onwards (F ig u re  7 1 ) .
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4 .5 .2 .  In d iv id u a l Polar L ipids

There were no changes in  th e  l e v e l  o f th e  in d iv id u a l  p o la r  l i p i l  
c la s s e s  d u rin g  th e  42 days of t h i s  e x p e rim e n t. The p e rc e n ta g e s  were 
same as  were found in  th e  p re v io u s  experim ent (F ig u re  4 5 ) .

When th e  t o t a l  p o la r  l i p i d  bound f a t t y  a c id s  were a s se s se d  th e  re s u l ts  
fo r  u n in fe c te d  p la n ts  and in fe c te d  p la n ts  over th e  42 day p e r io d  confirmed 
th e  r e s u l t s  in  th e  p re v io u s  experim ent (F ig u re  4 6 ) . The r e s u l t s  f o r  p lan ts 
grown in  th e  d ark  m irro red  th e  r e s u l t s  f o r  in f e c te d  p la n ts  ex cep t t h a t  the 
l e v e ls  of l i n o l e i c  a c id  d ec rea sed  much f a s t e r  a t  an e a r ly  s ta g e  and th is  
was p a r a l le d  by an in c re a s e  in  th e  amount o f l i n o le n ic  a c id  (F ig u re  7 2 ).

T h is p a t t e r n  was c o n s i s t e n t ly  found fo r  th e  f a t t y  a c id s  bound to  the 
in d iv id u a l  p o la r  l i p i d s ,  t h i s  i s  i l l u s t r a t e d  in  F ig u re  73 by u s in g  PC as a 
ty p ic a l  example bu t th e  p a t t e r n  was s im i la r  f o r  PE  ̂ P I , PS amd PA.

The r e s u l t s  fo r  MGDG-and DGDG-bound f a t t y  a c id s  in  u n in fe c te d  p la n ts , 
in f e c te d  p la n ts  and p la n ts  grown in  th e  d ark  showed no s i g n i f i c a n t  change 
th ro u g h o u t th e  42 day in f e c t io n  p e r io d .  The r e s u l t s  were th e  same as  those 
i l l u s t r a t e d  in  (F ig u re  54, 55) p re v io u s  s e c t io n .

The r e s u l t s  fo r  PG bound f a t t y  a c id s  a re  shown in  F ig u re  74. Once again 
the  on ly  changes were found in  l i n o l e i c  and l in o le n ic  a c id  and th e  onlf 
d i f f e r e n c e s  between in f e c te d  p la n ts  and p la n ts  grown in  th e  d ark  was that 
th e  changes occured e a r l i e r  in  th e  p la n ts  grown in  th e  d a rk .
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Figure 71: The e f f e c t  of in fe c t io n  by E. p is i  and growth in  the dark on
the l ip id  com position in  epiderm al c e l l s  from the c u lt iv a r  Onward
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Figure 71
a )  T o ta l  L ip id s
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F igure 72: The e f f e c t  o f in fe c t io n  w ith  E. p i s i  and growth in  the dark on
th e polar l ip id  fa t ty  acid  com position  in  epidermal c e l l s  in  the pea
c u lt iv a r  Onward
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F igure 72
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Figure 73: The e f f e c t  o f in fe c t io n  w ith E. p i s i  and growth in the dark on
the fa t t y  a cid  com position  in  PC from epiderm al c e l l s  in  the pea c u lt iv a r
Onward
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F igure 73
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Figure 73 (c o n t .)
U I Se ) L in o le ic  a c id

f )  L in o le n ic  a c id
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Figure 74: The e f f e c t  o f in fe c t io n  w ith  E» p i s i  and growth in  the dark on
the f a t t y  acid  com position  in  PG from epiderm al c e l l s  in  the pea c u lt iv a r
Onward
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A .5 .3 .  In d iv id u a l  N eu tra l L ip id s

F ig u re  75 shows t h a t  th e  n e u t r a l  l i p i d s  o f ep id e rm a l s t r i p s  from  p la n ts  
grown in  th e  dark  show s im i la r  changes in  co m po sitio n  to  th e  in f e c te d  
p l a n t s .  The o n ly  d i f f e r e n t  be in g  th a t  th e  changes become s t a t i s t i c a l l y  
s i g n i f i c a n t  (p = 0 .0 5 )  e a r l i e r  in  th e  p la n ts  grown in  th e  d ark  th a n  in  the  
in f e c te d  p la n t s .  These changes c o n s is t  o f a d e c re a se  in  the amount of 
s t e r o l  e s t e r  and an in c re a s e  in  th e  amount o f t r i g l y c e r i d e  p r e s e n t .  The 
in c r e a s e  becomes s t a t i s t i c a l l y  s i g n i f i c a n t  (p  = 0 .0 5 ) in  in f e c te d  p la n ts  
and p la n ts  grown in  th e  d ark  a f t e r  42 days f o r  t r i g l y c e r i d e s ,  a f t e r  28 
days f o r  f a t t y  a c id s  from p la n ts  grown in  the  d a rk  and 42 days f o r  
in f e c te d  p la n ts  and a f t e r  35 days fo r  s t e r o l  e s t e r s  from p la n ts  grown in  
th e  d a rk  and 42 days fo r  in f e c te d  p la n t s .

No s i g n i f i c a n t  changes were found in  th e  f a t t y  a c id s  from n e u tr a l  
l i p i d s  e i t h e r  from th e  t o t a l  f r a c t io n  o r from th e  in d iv id u a l  n e u t r a l  
l i p i d s .  The r e s u l t  ag reed  w ith  th o se  shown in  F ig u re  65 and T ab les 22 and 
23.

4 .5 .4 .  A ppearance o f th e  p la n ts  grown in  th e  d ark

By th e  y11*1 day th e re  was l i t t l e  v i s i b l e  change in  th e  p la n ts  grown in  
th e  d a rk , however by th e  14tn  day th e  le a v e s  w ere e t i o l a t e d .  By th e  2Stn  
day a f t e r  grow th  in  th e  d ark  the le a v e s  began to  f a l l  from th e  p la n t .

A. 1_D uring a l l  t h i s  tim e th e  stem  rem ained h e a l th y ,  however by the  35tn  day i t  
was showing s ig n s  o f d ry in g  out and by th e  42n day th e  stem was alm ost 
t o t a l l y  d ry .
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Figure 75: The e f f e c t  o f in fe c t io n  by K. p i s i  and growth in  the dark on the
n eu tra l l ip id  com position in  epiderm al c e l l s  from the pea c u lt iv a r  Onward
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F igure 75
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F igu re 75 (c o n t .)
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F igure 76: The e f f e c t  of E. p is i  and growth in  the dark on the n eu tra l
l ip i d  fa t t y  acid  com position  in  epiderm al c e l l s  from the pea c u lt iv a r
Onward
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F igure 76
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Figure 76 (c o n t ,)
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4 .5 .5 .  P ro te in  N itro g en  c o n te n t in  e p id e rm a l c e l l s

The amount o f p r o te in  n it ro g e n  d u r in g  th e  42 day in f e c t io n  p e r io d  was 
a s s e s se d  as a m easure o f th e  e x te n t  o f se n esce n ce . The method used in  
d e s c r ib e d  in  S e c tio n  3 . The r e s u l t s  ex p re ssed  as  a p e rce n ta g e  o f th e  
c o n tro l  a t  day 0. I t  can be seen  t h a t  th e r e  i s  no s i g n i f i c a n t  change w ith  
tim e in  th e  p r o te in  n it ro g e n  c o n te n t in  u n in fe c te d  p la n ts  and in f e c te d  
p la n t s .  There was however a s i g n i f i c a n t  re d u c t io n  in  th e  amount o f p ro te in  
bound n it ro g e n  in  p la n ts  k ep t in  th e  d a rk  (F ig u re  7 ^ ).

4 .5 .6 .  Amino a c id  n i t ro g e n  c o n te n t in  ep id erm a l c e l l s

The amount o f amino ac id  n it ro g e n  was a sse sse d  d uring  th e  42 day 
i n f e c t io n  p e rio d  a g a in  as  a m easure o f th e  e x te n t  o f sen escen ce  in  the  
ep id erm al t i s s u e .  The method used i s  d e s c r ib e d  in  S ec tio n  3.1V . The 
r e s u l t s  ex p re ssed  a s  a p e rce n ta g e  o f th e  c o n tro l  a t  day 0, a s  shown in  
F ig u re  1J-. I t  can be seen  th a t  th e r e  i s  no s i g n i f i c a n t  change in  th e  amino 
a c id  n it ro g e n  c o n te n t of h e a lth y  p la n ts  d u rin g  t h i s  p e rio d  w hether they  
a r e  grown in  th e  l i g h t  o r in  th e  d a rk . There i s  however a s i g n i f i c a n t  
in c re a s e  in  th e  amount o f amino a c id  n i t ro g e n  p re s e n t  in  in fe c te d  p la n t s ,  
t h i s  d i f f e r e n c e  becomes s i g n i f i c a n t  (p  ~  0.057.) from th e  28t ^ day a f t e r  
in o c u la t io n .

4 .5 .7 .  C h lo ro p h y ll c o n te n t in  ep id erm a l c e l l s

A f u r th e r  way o f a s s e s s in g  th e  e x te n t  o f sen escen ce  was to  a s s e s s  th e  
c h lo ro p h y ll  c o n te n t  of ep id erm al c e l l s .  The method used i s  d e s c r ib e d  in  
S e c tio n  3 .13  . The r e s u l t s  ex p re ssed  as a p e rce n ta g e  o f the  c o n tro l  a t  day 
0 a re  shown in  F ig u re  79. There was a s i g n i f i c a n t  d e c re a se  (p-s=. 0.05%) in  
th e  amount of c h lo ro p h y ll  in  th e  p la n ts  grown in  th e  dark  compared w ith  
bo th  th e  u n in fe c te d  and in f e c te d  p la n ts  grown in  th e  l i g h t .  T h is d e c re a se  
in  c h lo ro p h y ll  c o n te n t  became s i g n i f i c a n t  (p = 0.05%) a f t e r  14 days and 
in c re a s e d  th ro u g h o u t th e  e x p e rim e n t. The in f e c te d  p la n ts  showed a 
d e c re a se  in  th e  l e v e l  of c h lo ro p h y ll  from th e  35t 1̂ day a f t e r  in f e c t io n  
onwards w ith o u t e v e r  having  as g r e a t  a re d u c t io n  as  was found in  th e  d a rk  
grown p la n t s .
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F igure 77: The e f f e c t  o f in fe c t io n  by E. p i s i  and growth in the dark on the
amino acid  bound n itro g en  in  the epiderm al c e l l s  from the c u lt iv a r  Onward

196





F ig u re  78: P ro te in  n it ro g e n  in  ep id erm a l c e l l s  of h e a l th y ,  dark  in c u b a te d , 
and powdery mildew in f e c te d  p eas o f th e  c u l t iv a r  Onward
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F igure 78

P erce n ta g e  
c o n tro l  a t  
day 0



Figure 79: The e f f e c t  by E. p i s i  and growth in  the dark on the ch lorop h y ll
con ten t in  epiderm al c e l l s  from th e c u lt iv a r  Onward
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Figure 79



4 ,6 ,1 .  I s o l a t i o n  and a n a ly s is  o f h a u s t o r ia l  com plexes

T h is  exp erim en t was perform ed to  t e s t  th e  l i p i d  com position  o f th e  
h a u s t o r i a l  com plexes in  o rd e r  to  a s c e r ta i n  w hether i t  was th e  p re se n c e  o f 
fu n g a l l i p i d s  in  th e  l i p i d  e x t r a c t s  t h a t  was re s p o n s ib le  f o r  th e  o bse rved  
in c re a s e  in  u n s a tu r a t io n  in  l i p i d  e x t r a c t s  from in f e c te d  stem ep id erm a l 
c e l l s .  H a u s to r ia l  com plexes w ere i s o l a t e d  from l e a f  t i s s u e  fo llo w in g  th e  
method o f Manners (1 9 7 9 ). The r e s u l t i n g  com plexes were then  a n a ly sed  f o r  
l i p i d s  u s in g  th e  method d e s c r ib e d  in  S e c tio n  3*. 12. . The p o la r  l i p i d  
c o n te n t  o f th e  i s o la te d  complex f r a c t io n s  i s  shown in  T able 26, th e  f a t t y  
a c id s  o f th e  p o la r  l i p i d  f r a c t io n  in  T able 27 , and th e  n e u t r a l  l i p i d s  in  
T able  28.

U n fo r tu n a te ly  due to  c o n tam in a tio n  o f th e  h a u s to r ia l  com plexes w ith  
o th e r  c e l l u l a r  components th e  f ig u r e s  quo ted  a re  u n l ik e ly  to  be a t r u e  
r e f l e c t i o n  o f th e  l i p i d  c o n te n t o f th e  h a u s to r ia l  com plexes th e m se lv es .

The e x te n t  of th e  im p u r i t ie s  in  th e  h a u s to r ia l  complex f r a c t i o n  was 
a s s e s se d  by m easuring  the  p ro p o r t io n  o f a m ic ro sco p ic  f i e l d  o f view  
occup ied  by th e  non h a u s to r ia l  complex components when sp read  on a 
haem ocytom eter s ta g e .  The r e s u l t  from 10 r e p l i c a t e  o b se rv a tio n s  was t h a t  
th e  h a u s to r ia  com prised on ly  2 3 .6  + 5.7% of th e  t o t a l  f r a c t io n .

In  o rd e r  to  c a lc u la te  the  c o n t r ib u t io n  t h a t  th e  con tam in an ts  made to  
th e  l i p i d  a n a ly s is  from th e  h a u s to r ia l  com plexes a second s e r i e s  o f 
e x p e rim e n ts  was u n d e rtak en  where the  p ro ced u re  fo r  h a u s to r ia l  i s o l a t i o n  
was fo llo w ed  u sin g  u n in fe c te d  le a v e s .  The r e s u l t s  from th e se  ex p e rim en ts  
a re  shown in  T ab les 29, 30 and 31. From th e se  r e s u l t s  and th o se  o f th e  
o r i g i n a l  i s o l a t i o n  i t  was p o s s ib le  to  c a lc u la te  the l i k e l y  l i p i d  
co m p o sitio n  o f th e  h a u s to r ia l  com plexes th em selv es (T ab le  32, 33, 3 4 ) .

4 .6 .  I s o la t io n  and l ip id  a n a ly s is  o f haus t o r ia  and membrane fr a c t io n s

199



Table 26: Composition o f h a u sto r ia l complex
P o la r  L ip id

PG 
PC 
PE 
PI 
PS 
P i
MGDG
DGDG

% C om position
10.1 ± 0.9%
17.2  + 1.9%
13.4 ± 0.7%

3 .3  + 0.2%
2 .0  ± 0.3%
1.2 + 0.2%

3 0 .0  ± 2.1%
2 1 .8  + 1.3%

T ab le  27: F a t ty  a c id  com position  o 
complex p re p a ra t io n

F a t ty  Acid
M y r is t ic  a c id  
P a lm it ic  a c id  
P a lm i to le ic  a c id  
S te a r ic  a c id  
O le ic  a c id  
L in o le ic  a c id  
L in o le n ic  ac id  
A ra c h id ic  ac id  
A rach id o n ic  ac id

A ll  f ig u r e s  r e p re s e n t  th e  means o f
93% co n fid en c

p o la r  l i p i d s  from  th e  h a u s to r ia l

% C om position
0 .8 ± 0.2%

10.4  ± 0.7%
2 .7  ± 0.2%
3 .7  ± 1.1%
5.7  ± 0.6%

17.2  ± 1.6%
58.7  ± 3.9%

1 .6  + 0.4%
2 .6  ± 0.4%

4 r e p l i c a t e s  q u o te s  w ith  t h e i r  
l i m i t s

T able  28: The co m p o sitio n  of n e u t r a l  l i p i d  from h a u s t o r ia l  complex 
f r a c t io n s  u s in g  th e  method o f Manners (1979)

N e u tra l L ip id
S te ro l  e s t e r s  
S te ro l
M onoglycerides 
D ig ly c e r id e s  
T r ig ly c e r id e s  
F ree  f a t t y  a c id s

% C om position
22 .0  ± 1.3% 
22.4  + 0.9%

7.7  ± 0.4%
13.1 ± 1.4%
25.1  ± 2.6% 

9 .4  ± 3.1%
A ll  f ig u r e s  r e p re s e n t  th e  means o f 4 r e p l i c a t e s  q uo ted  w ith  t h e i r

95% co n fid en ce  l i m i t s

2 0 0



T able  29: P o la r  l i p i d  com positio n  of th e  h a u s to r ia l  complex f r a c t io n  
p rep a red  from h e a lth y  p la n ts

P o la r  L ip id % C om position
PG 39.7 ± 1.7%
PC 13.4 ± 1 .3 %
PE 7.1 ± 0.4%
PI 1.1 ± 0.2%
PS 0 .9 ± 0.2%
PA 0 .5 + 0.3%
MGDG 39.7 + 1.7%
DGDG 26.0 ± 2.1%

A ll  f ig u r e s  r e p r e s e n t  th e  means o f 4 r e p l i c a t e s  q uo ted  w ith  t h e i r
95% co n fid en ce  l i m i t s

T ab le  30: The f a t t y  a c id  com positio n  o f th e  p o la r  l i p i d s  i s o l a t e d  from 
th e  h a u s to r ia l  complex f r a c t i o n  p rep a red  from h e a lth y  p la n ts

F a t ty  Acid
P a lm it ic  a c id  
P a lm i to le ic  a c id  
S te a r i c  a c id  
O le ic  a c id  
L in o le ic  a c id  
L in o le n ic  a c id

% C om position
12.4 ± 1.4%

2 .3  ± 0.1%
2 .3  ± 0.7% 
1 .5  ± 0.4%

12.8  ± 1.1% 
68.7  ± 2.8%

A ll  f ig u r e s  r e p r e s e n t  th e  means o f 4 r e p l i c a t e s  q uo ted  w ith  t h e i r
95% co n fid en ce  l i m i t s

T ab le  31: The co m p o sitio n  of n e u t r a l  l i p i d s  from th e  h a u s to r ia l  complex 
f r a c t io n s  tak en  from u n in fe c te d  le a v e s  u s in g  th e  method of 
Manners (1979)

N e u tra l L ip id
S te ro l  e s t e r s  
S te ro l
M onoglycerides 
D ig ly c e r id e s  
T r ig ly c e r id e s  
F ree  f a t t y  a c id s

% C om position
24.3  ± 0.8% 
2 1 .5  + 0.6% 

8 .7  + 1.3% 
16.0 ± 1.6% 
20.8  + 2.2% 

8 .9  ± 0.9%
A ll  f ig u r e s  r e p re s e n t  th e  means o f 4 r e p l i c a t e s  quoted  w ith  t h e i r

95% co n fid en ce  l i m i t s
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T able 32: The e s t im a te d  p o la r  l i p i d  co m p o sitio n  o f h a u s to r ia l  com plexes
P o la r  L ip id % C om position
PG
PC
PE
PI
PS
PA
MGL'G
DGDG

6. 3% 
2 9 .41 
33.6% 
10.5% 

5.5% 
3.4% 
5.0% 
6.3%

T able 33: The e s t im a te d  p o la r  l ip id -b o u n d  f a t t y  a c id  com position  o f 
h a u s t o r ia l  complexes

F a t ty  Acid % C om position
M y r is t ic  a c id  1.8% 
P a lm i t ic  a c id  4.2% 
P a im i to le ic  ac id  3.8% 
S te a r i c  a c id  8.0% 
O le ic  a c id  19.3% 
L in o le ic  a c id  31.9% 
L in o le n ic  ac id  26.3% 
A ra c h id ic  ac id  1.7% 
A ra ch id o n ic  ac id  3.6%

F ig u re s  c a lc u la te d  as fo llo w s
H a u s to r ia l  complex 
from in f e c te d  
c e l l s

-  H a u s to r ia l  complex 
from u n in fe c te d  
c e l l s

x 76 .4  x 100 
100 23 .6

T able  34: The e s t im a te d  n e u t r a l  
com plexes
N e u tra l L ip id  
S te r o l  e s t e r s  
S te r o l
M onoglycerides 
D ig ly c e r id e s  
T r ig ly c e r id e s  
F ree  f a t t y  a c id s

l i p i d  com position  o f h a u s to r ia l

% C om position 
6. 3% 

25.2% 
3.8% 
5.2% 

38.6% 
10.9%

When a s s e s s in g  th e  re le v a n c e  of th e s e  r e s u l t s  i t  i s  im p o rtan t to  b ea r 
in  mind t h a t  th e  p e rce n ta g e  o f th e  im p u r i t ie s  was tak en  as a p e rc e n ta g e  o f 
th e  a re a  and no a llo w an ce  was made, o r cou ld  p o s s ib ly  be made, f o r  th e  
r e l a t i v e  l i p i d  c o n te n t  o f the  in d iv id u a l  im p u r i t ie s .  This means t h a t  the  
accu racy  o f th e s e  e s t im a t io n s  i s  open to  q u e s t io n .
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4 * 6 .2 , I s o l a t i o n  and l i p i d  a n a ly s is  o f membrane f r a c t io n s  from in f e c te d  
p la n ts

T h is  s e r i e s  of ex p e rim en ts  was perfo rm ed  in  o rd e r  to  d e te rm in e  w hether 
th e  changes observed  in  l i p i d  co m p o sitio n  in  th e  e a r l i e r  ex p erim en t were a 
g e n e ra l  o ccu rance  o r co n fin ed  to  s p e c i f i c  membranes. I t  was n o t p o s s ib le  
to  u se  ep id erm a l s t r i p s  fo r  th e  i s o l a t i o n  o f th e  membrane f r a c t io n s  due to  
th e  need to  c o l l e c t  a la r g e  amount o f i n i t i a l  m a te r ia l .  As stem  e p id erm is  
was used  in  th e  p re v io u s  ex p e rim en ts  i t  was d ec ided  to  u se  stem s fo r  th e  
l i p i d  e x t r a c t io n s .

In  o rd e r  to  d e te rm in e  a s u i t a b le  tim e in  th e  i n f e c t io n  p e r io d  when 
l i p i d  changes could  be observed  in  l i p i d  e x t r a c t s  from stem s a s e r i e s  o f 
e x p e rim e n ts  were co n d u c ted . The r e s u l t s  from th e se  e x p e rim en ts  a re  shown 
in  T ab le  35. There was no s i g n i f i c a n t  change w ith  tim e in  the  amount o f 
t o t a l  l i p i d ,  p o la r  l i p i d s  and n e u t r a l  l i p i d s  in  p la n t s ,  n or were th e re  
d i f f e r e n c e s  betw een in f e c te d  and u n in fe c te d  p la n ts .

T here were no changes in  th e  l e v e l s  o f th e  in d iv id u a l  p o la r  l i p i d  
c la s s e s  d u r in g  th e  42 days of t h i s  ex p e rim en t (T ab le  3 5 ) . When th e  t o t a l  
p o la r  l i p i d  bound f a t t y  a c id s  were a s s e s s e d  th e  r e s u l t s  f o r  u n in fe c te d  
p la n t s  and in f e c te d  p la n ts  over th e  42 day p e r io d  confirm ed th e  r e s u l t s  in  
th e  p re v io u s  exp erim en t w ith  ep id erm a l t i s s u e  a lth o u g h  th e  changes were 
seen  l a t e r  cind were n o t a s  g r e a t .  T h is  p a t t e r n  was c o n s i s t e n t ly  found f o r  
th e  f a t t y  a c id s  bound to  th e  in d iv id u a l  p o la r  l i p i d s ,  t h i s  i s  i l l u s t r a t e d  
in  th e  ta b le  by u s in g  PC as a t y p i c a l  exam ple bu t th e  p a t t e r n  was s im i la r  
f o r  PE, P I , PS and PA.

The r e s u l t s  fo r  MGDG and DGDG bound f a t t y  a c id s  in  u n in fe c te d  p la n ts ,  
and in f e c te d  p la n ts  showed no s i g n i f i c a n t  change th ro u g h o u t th e  42 day 
i n f e c t io n  p e r io d . The r e s u l t s  w ere th e  same as th o se  i l l u s t r a t e d  in  
F ig u re s  54, 5 5 ) .
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Table 35: The e f f e c t  o f in fe c t io n  by E. p i s i  on the l ip i d  com position  in  the step
the pea c u lt iv a r  Onward

a )  T o ta l  L ip id s
Time a f t e r  In o c u la t io n U ninfecl

(D ays) (jUg l i p i d  g~‘
0 61 .2  ±

28 6 0 .5  ±
35 6 4 .2  ±
42 6 3 .2  +

b) P o la r  L ip id s
Time a f t e r  In o c u la t io n U ninfeci

(D ays) C^g l i p i d  g”

0 4 9 .2  +
28 4 7 .8  ±
35 5 0 .5  ±
42 4 8 .5  ±

c )  N e u tra l L ip id s
Time a f t e r  In o c u la t io n U ninfec

(D ays) l i p i d  g”
0 13.1 ±

28 12.7 ±
35 12.6  ±
42 14.7  ±

A ll  f i g u r e s  r e p re s e n t  th e  means o f 4
95% co n fid en ce

ed P la n ts In fe c te d  P la n ts
dry  w eig h t) (ĵ g l i p i d  g“ dry w e ig h t)

3 .1 -

2 .2 6 1 .9  + 3 .3
2 .7 6 1 .3  ± 2 .5
3 .2 62 .1  ± 4 .5

ed P la n ts In fe c te d  P la n ts
dry w eig h t) ^lg l i p i d  g * dry w e ig h t)

3 .1
1 .8 5 0 .5  ± 2 .5
2 .9 4 8 .3  ± 2 .9
1 .9 5 2 .5  ± 2 .5

ed P la n ts hg In fe c te d  P la n ts  
l i p i d  g 1 dry w e ig h t)dry w eig h t)

2 .9 -

3 .0 11 .7  ± 4 .5
2 .3 12.9  ± 2 .3
3 .1 11 .2  ± 4 .9
r e p l i c a t e s  quoted  
im i ts

w ith  t h e i r



d) Individual Polar Lipids

P o l a r  L i p i d s
D ays a f t e r  i n f e c t i o n

U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t s

0 28
Z C o m p o s i t i o n

3 5 4 2 28
Z C o m p o s i t i o n  

3 5
l

42

PC 4 5 . 7 + 3 . 2 4 5 . 8 + 3 . 0 4 8 . 7 + 2 . 1 4 6 . 1 + 1 . 6 4 8 . 8  + 4 . 2 4 7 . 4  ±  3 . 3 4 9 . 3  + 5 . 2
PG 6 . 9 + 1 . 2 7 . 2 ± 0 . 3 7 . 7 + 0 . 5 6 . 9 + 0 . 9 6 . 9  ±  1 . 0 7 . 3  + 1 . 0 6 . 6  ±  0 . 9
PE 2 3 . 4 + 2 . 1 2 6 . 8 + 0 . 9 2 2 . 1 + 1 . 1 2 3 . 9 + 1 . 2 2 3 . 4  + 0 . 6 2 4 . 9  + 2 . 1 2 3 . 9  + 2 . 3
P I 8 . 8 + 0 . 7 7 . 9 + 0 . 7 9 . 0 + 1 . 0 8 . 3 + 0 . 3 6 . 2  ± 0 . 6 7 . 7  ±  0 . 9 6 . 7  ± 1 . 4
PS 2 . 8 + 0 . 3 2 . 4 + 0 . 4 2 . 1 + ±  o . 5  2.,4 ±  o.,2 2 . 6 ±  o.,3 2 . 1  0 . 7 3 . 1  ± 0 . 5
PA 0 . 1 + 0 . 2 0 . 1 + 0 . 1 0 . 1 + 0 . 4 0 . 2 ± 0 . 2 0 . 3  ± 0 . 5 0 . 2  +  0 . 1 0 . 2  ± 0 . 2
MGDG 6 . 8 ± 0 . 7 6 . 5 + 1 . 4 5 . 9 + 1 . 4 5 . 9 + 0 . 7 6 . 2  ± 1 . 6 6 . 3  + 1 . 4 4 . 7  i 0 . 6
DGDG 4 . 9 ± 1 . 3 5 . 3 + 0 . 7 4 . 4 + 1 . 4 5 . 9 + 1 . 2 3 . 9  ± 1 . 2 4 . 2  ± 2 . 0 3 . 3  ± 1 . 5

e )  T o t a l  P o l a r  L i p i d  bound f a t t y  a c i d s

D ay s a f t e r  i n f e c t i o n
P o l a r  L i p i d s U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t s

Z C o m p o s i t i o n Z C o m p o s i t i o n
0 28 35 42 28 3 5 42

P a l m i t i c  a c i d 2 0 . 4 ± 1 . 0 1 9 . 8  + 1 . 7 2 2 . 4  +  2 . 0 2 1 . 0  ± 1 . 5 2 2 . 6 + 2 . 0 2 1 . 6  ±  0 . 7 2 1 . 8  ± 1 . 3
P a l m i t o l e i c  a c i d 1 . 5 ± 0 . 2 1 . 9  ± 0 . 6 1 . 2  ±  0 . 8 1 . 5  ± 1 . 4 1 . 3 ± 0 . 1 1 . 6  ±  0 . 4 1 . 4  ± 0 . 5
S t e a r i c  a c i d 4 . 5 + 1 . 0 4 . 1  + 0 . 6 3 . 9  ±  0 . 8 4 . 0  + 4 . 5 4 . 7 + 0 . 5 3 . 7  ± 0 . 3 3 . 9  ± 0 . 5
O l e i c  a c i d 2 . 4 ± 0 . 9 2 . 8  + 1 . 0 3 . 4  ±  0 . 4 3 . 2  ± 0 . 8 2 . 5 + 0 . 7 1 . 9  ± 0 . 3 2 . 1  ± 0 . 7
L i n o l e i c  a c i d 3 4 . 3 ± 1 . 0 3 5 . 6  ± 1 . 7 3 2 . 9  ± 1 . 1 3 4 . 0  ± 2 . 2 3 5 . 5 ± 0 . 3 2 9 . 4  ± 2 . 7 2 9 . 5  ± 3 . 3
L i n o l e n i c  a c i d 3 6 . 2 ± 1 . 1 3 5 . 8  ± 2 . 6 3 6 . 2  ±  3 . 2 3 2 . 3  ± 2 . 4 3 4 . 9 ± 2 . 5 4 1 . 7  +  3 . 3 4 1 . 5  + 2 . 9

f )  PC bound f a t t y  a c i d s

D ay s a f t e r i n f e c t i o n
F a t t y  a c i d s U n i n f e c t e d P l a n t s I n f e c t e d P l a n t s

Z C o m p o s i t i o n Z C o m p o s i t i o n
0 28 3 5 42 28 35 42

P a l m i t i c  a c i d 2 2 . 1 + 2 . 9 2 2 . 0 + 3 . 3 2 1 . 9  ± 2 . 9 2 2 . 1  ± 1 . 5 2 3 . 7  ± 4 . 1 2 3 . 3  + 2 . 0 2 3 . 0 + 1 . 2
S t e a r i c  a c i d 5 . 2 i 0 . 3 4 . 6 + 0 . 9 4 . 8  + 0 . 8 4 . 4  ± 0 . 6 4 . 1  ± 0 . 6 4 . 1  i 0 . 9 4 . 3 + 0 . 9
O l e i c  a c i d 2 . 4 + 1 . 1 2 . 0 + 0 . 3 2 . 0  ± 1 . 0 2 . 3  ± 0 . 6 1 . 6  ± 1 . 1 1 . 6  ± 1 . 1 1 . 6 + 0 . 8
L i n o l e i c  a c i d 4 1 . 2 + 1 . 3 4 0 . 2 + 1 . 8 3 8 . 0  + 1 . 2 4 2 . 6  ± 3 . 4 3 4 . 1  + 5 . 8 3 3 . 2  ± 3 . 7

L i n o l e i c  a c i d 4 1 . 2 + 1 . 3 4 0 . 2 + 1 . 8 3 6 . 0  ± 1 . 2 3 8 . 4  + 2 . 8 4 2 . 6  ± 3 . 4 3 4 . 1  ± 5 . 8 3 3 . 2 + 3 . 7
L i n o l e n i c  a c i d 2 9 . 0 + 2 . 8 3 1 . 4 + 4 . 7 3 3 . 2  ± 3 . 1 3 2 . 7  ± A . 6 2 7 . 1  ± 1 . 9 3 6 . 6  ± 5 . 0 3 7 . 6 + 2 . 8
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g) PE bound fatty acids

D ays a f t e r i n f e c t i o n
F a t t y  a c i d s U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t 6

X C o m p o s i t i o n Z C o m p o s i t i o n
0 28 3 5 42 28 35 42

P a l m i t i c  a c i d 2 6 . 6 + 2 . 0 2 5 . 1 + 2 . 0 2 4 . 5  +  1 . 6 2 5 . 4  + 2 . 1 2 6 . 9  + 3 . 6 2 6 . 0  ±  1 . 8 2 5 . 4 + 1 . 6
P a l m i t o l e i c  a c i d - - - - - - -
S t e a r i c  a c i d 3 . 6 + 0 . 9 3 . 0 + 1 . 1 4 . 2  ±  0 . 9 4 . 0  ± 1 . 1 4 . 2  ± 1 . 3 4 . 1  +  1 . 1 4 . 2 + 0 . 5
O l e i c  a c i d 2 . 1 + 0 . 3 2 . 0 + 1 . 1 1 . 4  4  0 . 4 1 . 4  + 1 . 3 1 . 9  + 0 . 7 1 . 8  +  1 . 0 1 . 6 + 0 . 6
L i n o l e i c  a c i d 4 1 . 9 + 1 . 6 4 1 . 9 + 1 . 6 4 0 . 3  +  0 . 6 3 9 . 6  ± 1 . 4 4 0 . 4  + 2 . 3 3 6 . 9  ± 1 . 7 3 2 . 7 + 2 . 9
L i n o l e n i c  a c i d 2 7 . 6 + 2 . 7 2 8 . 0 + 4 . 2 2 9 . 5  + 3 . 0 2 9 . 6  + 1 . 9 2 7 . 6  ± 3 . 8 3 1 . 2  ±  2 . 9 3 5 . 9 + 1 . 6

h )  PG bound f a t t y  a c i d s

Days a f t e r i n f e c t i o n
F a t t y  A c i d s U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t s

X C o m p o s i t i o n Z C o m p o s i t i o n
0 26 3 5 42 28 3 5 42

P a l m i t i c  a c i d 2 4 . 3 4 1 . 6 2 5 . 5 + 2 . 9 2 4 . 3  ±  3 . 7 2 4 . 0  ± 3 . 1 2 3 . 6  ± 3 . 1 2 5 . 4  ±  1 . 2 2 5 . 9 4 1 . 9
P a l m i t o l e i c  a c i d 2 2 . 3 4 2 . 5 2 1 . 2 + 2 . 2 2 0 . 6  +  1 . 7 2 0 . 4  ± 0 . 9 2 1 . 0  ± 1 . 4 2 1 . 6  ±  1 . 6 2 1 . 2 + 2 . 4
S t e a r i c  a c i d 2 . 1 + 0 . 2 1 . 9 + 0 . 6 1 . 2  ±  0 . 7 2 . 2  ± 0 . 9 2 . 5  ± 0 . 6 1 . 7  4  0 . 3 1 . 6 4 0 . 6
O l e i c  a c i d 4 . 3 4 0 . 5 4 . 5 4 0 . 9 3 . 9  +  0 . 5 2 . 9  + 1 . 3 2 . 3  ± 0 . 7 3 . 9  ±  0 . 2 3 . 1 + 1 . 1
L i n o l e i c  a c i d 1 2 . 9 + 1 . 2 1 2 . 3 + 1 . 0 1 1 . 6  ± 0 . 7 1 2 . 4  ± 0 . 8 1 3 . 4  4 1 . 1 1 3 . 6  ± 2 . 3 1 6 . 5 4 5 . 7
L i n o l e n i c  a c i d 3 4 . 0 4 1 . 6 3 4 . 6 4 1 . 5 3 8 . 6  ±  4 . 3 3 7 . 6  + 3 . 7 3 7 . 2  ± 1 . 4 3 3 . 9  ±  2 . 7 3 1 . 6 4 2 . 1

k )  PA bound f a t t y a c i d s

Days a f t e r i n f e c t i o n
F a t t y  A c i d s U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t s

Z C o m p o s i t i o n Z C o m p o s i t i o n
0 28 3 5 42 28 35 42

P a l m i t i c  a c i d 2 5 . 4 4 1 . 4 2 7 . 5 1  ± 1 . 7 2 5 . 6  ±  1 . 9 2 5 . 9  ± 1 . 3 2 7 . 0  ±  0 . 9  2 6 . 9  ±  6 . 9 2 5 . 5 4 1 . 9
S t e a r i c  a c i d 3 . 9 4 0 . 1 4 . 3  ±  1 . 7 4 . 3  ±  0 . 7 3 . 4  ± 0 . 4 3 . 5  ±  0 . 5  4 . 2  ±  1 . 0 4 . 0 4 1 . 0
O l e i c  a c i d 1 . 4 4 0 . 6 2 . 3  ±  0 . 5 1 . 7  ±  0 . 6 0 . 6  ± 0 . 3 2 . 0  ±  0 . 3  1 . 3  ±  0 . 4 1 . 8 4 0 . 2
L i n o l e i c  a c i d 4 7 . 7 4 1 . 5 4 0 . 0  ±  1 . 0 4 0 . 5  ±  1 . 5 4 1 . 7  ± 3 . 4 4 1 . 6  ±  1 . 1  3 4 . 3  4  3 . 1 3 0 . 9 + 2 . 0
L i n o l e n i c  a c i d 2 7 . 0 4 1 . 3 2 5 . 8  ±  3 . 1 2 7 . 6  ±  3 . 9 2 6 . 3  ± 5 . 1 2 5 . 9  ±  1 . 8  3 3 . 2  ±  2 . 6 3 7 . 7 2 . 3

1 )  MGDG bound f a t t y  a c i d

F a t t y  « -cid s
Days a f t e r

U n i n f e c t e d  P l a n t 6  
Z C o m p o s i t i o n

i n f e c t i o n
I n f e c t e d  P l a n t s  
X C o m p o s i t i o n

0 26 3 5 42 28 35 42

P a l m i t i c  a c i d 3 . 5 4 0 . 9 2 . 6  ± 1 . 4 3 . 9  ± 0 . 9 3 . 9  ± 0 . 4 3 . 8  ± 1 . 4 3 . 1  4 1 . 3 3 . 6  ± 1 . 6
S t e a r i c  a c i d 0 . 9 4 0 . 4 0 . 9  ± 0 . 2 1 . 0  ± 0 . 6 1 . 2  ± 0 . 6 1 . 2  ± 0 . 6 0 . 8  4 0 . 3 1 . 3  ± 0 . 4
O l e i c  a c i d 1 . 4 4 0 . 6 1 . 4  i 0 . 8 1 . 7  ± 0 . 8 1 . 2  ± 0 . 5 1 . 0  4 0 . 6 0 . 8  4 0 . 9 1.2  4 1 . 0
L i n o l e i c  a c i d 3 . 4 4 0 . 7 3 . 5  ± 1 . 2 3 . 1  ± 0 . 3 2 . 4  ± 0 . 6 3 . 5  ± 0 . 6 3 . 8  4 0 . 9 4 . 1  ± 0 . 3
L i n o l e n i c  a c i d 9 0 . 7 4 0 . 8 9 1 . 5  ± 1 . 7 9 0 . 3  ± 1 . 2 9 1 . 0  4 0 . 8 9 0 . 2  ± 2 . 1 9 1 . 4  4 0 . 4 8 9 . 6  ± 1 . 4
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c) DGDG bound fatty acids

D ays a f t e r  I n f e c t i o n
F a t t y  A c i d s U n i n f e c t e d  P l a n t s  

Z C o m p o s i t i o n
I n f e c t e d  P l a n t s  

Z C o m p o s i t i o n
0 26 3 5 42 28 3 5 42

P a l m i t i c  a c i d 1 0 . 6 ± 1 . 5 9 . 5  ± 3 . 0 1 0 . 0  + 1 . 2 1 1 . 6  ±  2 . 5 1 0 . 7  ± 1 . 0 1 0 . 8  ± 1 . 4 1 1 . 2  + 0 . 9
S t e a r i c  a c i d 2 . 0 ± 0 . 2 2 . 1  ± 0 . 3 2 . 5  ± 1 . 1 2 . 4  ±  1 . 2 1 . 7  ± 1 . 0 2 . 6  ± 0 . 8 2 . 1  + 1 . 0
O l e i c  a c i d 0 . 9 4 0 . 1 1 . 4  ± 0 . 8 1 . 1  ± 0 . 2 1 . 3  ±  1 . 0 1 . 2  ± 0 . 6 1 . 1  ± 0 . 6 1 . 1  + 0 . 6
L i n o l e i c  a c i d 3 . 2 4 0 . 2 3 . 3  + 0 . 8 2 . 8  ± 0 . 5 3 . 3  ± 0 . 5 3 . 2  + 1 . 1 3 . 0  + 1 . 6 2 . 8  ± 1 . 2
L i n o l e n i c  a c i d 6 3 . 4 4 1 . 4 8 3 . 7  + 2 . 0 8 3 . 6  ± 1 . 6 8 1 . 7  ±  2 . 7 8 3 . 2  ± 3 . 0 8 2 . 4  + 1 . 7 8 2 . 7  ± 2 . 6

n )  I n d i v i d u a l  n e u t r a l  l i p i d s

D ays a f t e r i n f e c t i o n
F a t t y  A c i d s U n i n f e c t e d  P l a n t s I n f e c t e d  P l a n t s

Z C o m p o s i t i o n Z C o m p o s i t i o n
0 28 3 5  42 28 3 5

S t e r o l  e s t e r s 2 4 . 4 + 0 . 8 2 3 . 6 4 1 . 3 2 1 . 6 + 2 . 6 2 1 . 6 4 1 . 2 2 2 . 4 4 1 . 0 2 0 . 3 4 4 . 2 1 9 . 6 + 1 . 1
S t e r o l s 2 1 . 6 4 0 . 5 2 0 . 5 4 1 . 7 1 8 . 9 4 0 . 6 1 8 . 8 + 1 . 1 2 1 . 4 ± 0 . 4 1 6 . 6 4 3 . 4 1 7 . 0 + 1 . 8
M o n o g l y c e r i d e s 8 . 6 ± 1 . 2 8 . 9 + 1 . 3 7 . 2 + 0 . 5 8 . 1 + 1 . 0 8 . 5 ± 1 . 0 7 . 2 ± 1 . 4 6 . 6 + 1 . 0
D i g l y c e r i d e s 1 6 . 0 4 1 . 7 1 4 . 8 + 0 . 8 1 3 . 4 + 0 . 6 1 4 . 3 ± 1 . 3 1 4 . 3 ± 0 . 5 1 1 . 8 4 3 . 0 1 0 . 3 + 2 . 0
T r i g l y c e r i d e s 2 0 . 5 + 2 . 5 2 2 . 0 4 1 . 6 2 5 . 3 + 1 . 7 2 3 . 3 ± 2 . 3 2 3 . 1 4 0 . 6 2 6 . 9 ± 3 . 4 2 8 . 5 + 1 . 9
F r e e  f a t t y  a c i d s 8 . 8 4 1 . 9 1 0 . 2 4 0 . 6 1 3 . 6 + 1 . 0 1 3 . 9 ± 4 . 1 1 0 . 1 ± 0 . 4 1 5 . 2 ± 2 . 2 1 7 . 9 + 1 . 8

A l l  f i g u r e s  a r e  t h e  means o f  f o u r  r e p l i c a t e s  q u o t e d  w i t h  t h e i r  95Z c o n f i d e n c e  l i m i t s

o )  T o t a l  n e u t r a l  l i p i d  f a t t y  a c i d s  

F a t t y  A c i d s
D ays a f t e r  i n f e c t i o n

U n i n f e c t e d  P l a n t s  I n f e c t e d  P l a n t s
Z C o m p o s i t i o n  Z C o m p o s i t i o n

0 28 3 5 42 28 3 5 42

L a u r i e  a c i d 3 . 3 + 1 . 1 3 . 2  ± 0 . 2 2 . 6  ± 0 . 6 3 . 0  ± 1 . 2 3 . 0 4 0 . 5 2 . 7  ± 0 . 8 2 . 8 4 0 . 5
M y r i s t i c  a c i d 7 . 3 + 0 . 6 7 . 7  ± 1 . 1 7 . 6  ± 0 . 9 6 . 9  ± 1 . 0 7 . 7 4 0 . 5 7 . 1  ± 0 . 4 6 . 6 4 0 . 6
P a l m i t i c  a c i d 2 2 . 9 4 2 . 0 2 2 . 8  ± 1 . 6 2 1 . 2  ± 4 . 8 2 0 . 3  ± 2 . 6 2 3 . 1 4 1 . 2 2 1 . 7  ± 0 . 8 2 2 . 7 4 1 . 7
S t e a r i c  a c i d 2 . 5 4 0 . 4 3 . 1  ± 0 . 6 2 . 8  ± 1 . 2 2 . 6  ± 1 . 3 3 . 2 4 0 . 5 2 . 5  ± 0 . 5 2 . 4 4 0 . 6
O l e i c  a c i d 8 . 9 4 1 . 1 9 . 2  ± 0 . 8 6 . 4  4 0 . 6 8 . 5  ± 1 . 3 6 . 4 4 0 . 7 7 . 2  ± 1 . 0 6 . 7 4 0 . 9
L i n o l e i c  a c i d 2 9 . 8 4 2 . 1 2 8 . 9  ± 4 . 3 3 0 . 6  4 1 . 4 3 1 . 5  4 1 . 7 3 0 . 2 4 1 . 0 3 2 . 1  ± 1.1 3 1 . 7 4 1 . 9
L i n o l e n i c  a c i d 2 5 . 2 4 3 . 2 2 5 . 0  ± 1 . 4 2 6 . 5  ± 1 . 7 2 6 . 9  ± 2 . 4 2 4 . 2 4 0 . 8 2 6 . 6  ± 1 . 5 2 7 . 0 4 2 . 9

A l l  f i g u r e s  r e p r e s e n t t h e  means o f  ‘4 r e p l i c a t e s q u o t e d  w i t h t h e i r 95Z c o n f i d e n c e  l i m i t s
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The r e s u l t s  f o r  PG bound f a t t y  a c id s  a r e  shown in  tx.Ool<.3S once ag a in  
th e  on ly  changes were found in  l i n o l e i c  a c id  and l i n o le n ic  a c id .

T able 21 shows th e  changes in  n e u t r a l  l i p i d  com po sitio n  in  stem  as a 
r e s u l t  o f i n f e c t io n .  These changes c o n s i s t  o f a d e c re a se  in  the  amount o f 
s t e r o l  e s t e r s ,  s te ro ls jm o n o g ly c e r id e s  and d ig ly c e r id e s  and an in c r e a s e  in  
th e  p ro p o r t io n  o f t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s .

No s i g n i f i c a n t  changes were found in  th e  f a t t y  a c id s  from n e u t r a l  
l i p i d s  e i t h e r  from th e  t o t a l  f r a c t i o n  o r from th e  in d iv id u a l  n e u t r a l  
l i p i d s .  The r e s u l t s  ag reed  w ith  th o se  shown in  F ig u re  65.

As i t  was p o s s ib le  to  o b ta in  s i g n i f i c a n t  in c re a s e s  in  th e  l e v e l  of 
u n s a tu r a t io n  in  some p o la r  l i p i d  bound f a t t y  a c id s  in  in fe c te d  stem s 42 
days a f t e r  i n f e c t io n  i t  was d ec id ed  to  u se  th e se  stem s in  e x p e rim en ts  
lo o k in g  a t  membrane l i p i d s .

4 .6 .2 .1 .  I s o l a t i o n  o f membrane f r a c t i o n s

The method used f o r  i s o l a t in g  membrane f r a c t io n s  from pea stem s was 
t h a t  d e s c r ib e d  in  S e c tio n  3 .1 9 . Two d i f f e r e n t  ty p es  o f t i s s u e  were 
s tu d ie d ,  u n in fe c te d  stem s and stem s t h a t  had been in f e c te d  by E. p i s i  fo r  
42 d ay s. In  o rd e r  to  d e te rm in e  th e  n a tu re  o f th e  membranes in  th e  membrane 
e n r ic h e d  f r a c t io n s  th e  fo llo w in g  enzyme a ssay s  were used; cytochrom e 
C oxidase to  i n d i c a t e  th e  presenC-e o f m i to c h o n d r ia  K+ s t im u la te d  ATPase a t  
pH 6 .5  to  i n d ic a te  th e  p resence  of plasm a membranes and K+ s t im u la te d  
ATPase a t  pH 9 to  in d i c a t e  the  p re se n c e  of m ito c h o n d ria .

The r e s u l t s  o f th e s e  a ssay s  on th e  d i f f e r e n t  f r a c t io n s  a re  shown in
T ab le  36. As can be seen  a l l  the  f r a c t i o n s  co n ta in ed  some a c t i v i t y  o f each
of th e  enzym es. However, th e  m a jo r ity  o f th e  cytochrom e C o x id ase  a c t i v i t y
was in  th e  1000-8000g f r a c t io n ,  th e  h ig h e s t  a c t i v i t y  o f K+ s t im u la te d
ATPase a t  pH 9 was reco rd ed  in  th e  1000-8000g f r a c t io n .  Most o f th e  K+
s tim u la te d  ATPase a t  pH 6 .5  was in  th e  f r a c t io n s  sed im en tin g  between lOOOgopand 40 ,000g . The Mg s t im u la te d  ATPase a c t i v i t y  a t  b o th  pH’s was f a i r l y  
ev en ly  d i s t r i b u t e d  th ro u g h  the d i f f e r e n t  p e l l e t s .
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The one n o t ic a b le  e f f e c t  from t h i s  exp erim en t was th e  g e n e ra l i s e d  
d e c re a se  in  enzyme a c t i v i t y  by i n f e c t io n .

The p o la r  l i p i d  com po sition  o f each  of th e s e  f r a c t io n s  was th e n  
a n a ly se d  and th e  r e s u l t s  a re  shown in  T able 37. th e re  a re  c o n s id e ra b le  
d i f f e r e n c e s  in  l i p i d  com positio n  betw een f r a c t io n s  b u t th e re  a re  no 
s i g n i f i c a n t  d i f f e r e n c e s  betw een in f e c te d  and u n in fe c te d  p la n ts .

When th e  t o t a l  p o la r  l i p i d  bound f a t t y  a c id s  were an a ly sed  s i g n i f i c a n t  
d i f f e r e n c e s  were a p p a re n t in  f a t t y  a c id  com position  betw een the  d i f f e r e n t  
f r a c t io n s  in  b o th  u n in fe c te d  and in f e c te d  p la n ts .  T h ere  was a ls o  a 
s i g n i f i c a n t  in c re a s e  (p ^  0.05%) in  th e  le v e l  of f a t t y  a c id  u n s a tu r a t io n  
in  a l l  th e  f r a c t io n s  caused by an in c re a s e  in  the  p ro p o r t io n  of l i n o l e n i c  
a c id  and a d e c re a se  in  th e  p ro p o r t io n  o f l i n o l e i c  a c id  (T ab le  3 8 ) .
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T ab le  3b: Enzyme a ssa y s  in  v a r io u s  membrfljie f r a c t io n s  from u n in fe c te d  and 
In fe c te d  p la n ts  ■'

a )  s tim u jg  ted  ATPase

F r a c t io n  (g )
S p e c if ic  A c t iv i ty  
U n in fec ted  P la n ts

moles p i /  g p r o t e i n / l h r )  
In fe c te d  P la n ts

sed im en tin g  a -  g pH 6 .3 pH 9 pH 6 .5 pH 9
1 ,000 6 .5 4 .3 5 .3 2 .1
1 ,000  -  8 ,0 0 0 7.4 12.5 6 .2 9 .7
8 ,0 0 0  -  13,000 8 .3 8 .0 6 .4 6 .9
13 ,000  -  40 ,000 11.6 6.1 11.1 5.1
4 0 ,0 00  -  80 ,000 10.1 5 .2 8 .3 4 .7

b) K+ s t im u la te d ATPase

F ra c t io n  ($ .
S p e c if ic  A c t iv i ty  
U n in fec ted  P la n ts

(u .m o les  p i /  g p r o te in ^ lh r )  
• I n fe c te d  P la n ts

se d im en tin g  a - g pH 6 .5 pH 9 pH 6 .5 pH 9
1 ,000 1.5 2 .5 0 .9 2 .1
1 ,000  -  8 ,0 0 0 3 .4 8 .7 1 .9 6 .1
8 ,0 0 0  -  13,000 4 .4 5 .0 3 .3 4 .1
13 ,000  -  40 ,000 3 .1 2 .5 3 .0 2 .2
40 ,0 00  -  80 ,000 1.1 2 .0 0 .4 0 .9

c ) Cytochrome O xidase
S p e c if ic  A c t iv i ty G\  ̂moles p i /  g p r o t e i n / l h r )

F r a c t io n  (g ) U n in fec ted  P la n ts / In fe c te d  Plan(ts
1 ,000 0 .2 0.1
1 ,000  -  8 ,0 0 0 1 .4 0 .9
8 ,0 0 0  -  13,000 0 .5 0 .3
13 ,000  -  40 ,000 0 .1 0 .1
4 0 ,0 00  -  80 ,000 0 .1 0 .0
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T a b l e  3 7 :  The I n d i v i d u a l  p o l a r  l i p i d  c o m p o s i t i o n  o f  d i f f e r e n t  membrane f r a c t i o n s  f ro m  th e  ste m s  
ol: i n f e c t e d  and u n i n f e c t e d  pea p l a n t s '

U n i n f e c t e d  P l a n t s
P o l a r  L i p i d s F r a c t i o n

X C o m p o s i t i o n
I n f e c t e d  P l a n t B  

F r a c t i o n

1000 10 0 0 8 000 1 3 0 0 0 A0000 10 00 1000 8000 1 3 0 0 0 A0000

8 0 0 0 1 3 0 0 0 A00 00 8 0000 80 0 0 1 3 0 0 0 A0000 80 000

PC AO.A ± 3 . 7 A 5 . A  ± 3 . A A 9 . 3 ± 5 . 9 5 1 . 3 ± 6 . 2 A 7 . 3 ± A.A AA.8 ± A. 1 A 6 .1 ± A . 7 A 0 . 8 ± 3 . 7 5 A . 5 ± 1 . 9 5 0 . 6  ± 5
PG 6 . 3 ± 0 . 8 8 . 3  ± 1 . 2 7 . A ± 1 . 6 8 . 3 ± 1 . 1 1 . 8 ± 0 .  A 5 . 9 ± 0 . 1 6 . 9 ± 1 . 7 8 . 2 ± 0 .  A 7 . 6 ± 0 . 7 3 . 2  ±  0
PE 2 9 . 7 ± 2 . 1 3 9 . 6  ± 3 . 1 1 8 . 9 ± A.A 2 A . 6 ± 2 . 8 2 A .1 ± 2 . 9 3 0 . 1 ± A. 1 3 6 . 8 ± 3 . 1 2 3 . A ± 3 . 3 2 5 . 6 ± A. 1 2 5 . 6  ±  3
P I 1 0 . A ± 1 . 7 7 . 2  ± 1 . 7 6 . A ± 1 . 2 7 . 1 ± 1 .  A 2 1 . 2 ± 3 . A 9 . 6 ± 1 . 0 7 . A ± 0 . 8 8 . 6 ± 0 . 9 6 . A ± 2 . 6 1 7 . 1  ± 2 ,
PS Z .l ± 0 . 1 1 . 3  ± 0 .  A 2 . 3 ± 0 . 9 2 . 3 ± 0 . 9 3 . 0 ± 0 . 7 2 . A ± 0 . 9 1 . 7 ± 0 . 9 1 .  A ± 1 . 0 2 . 7 ± 0 . 3 2 . 9  ±  0,
PA 1 . 7 ± 0 . 7 - - - 1 . 6 ± 0 . 6 0 . 6 ± 0 . 3 0 . 1 ± 0 . 1 0 . 2 ± 0 . 1 0 . 3 ± 0 . 1 -
MGDG 2 . 1 ± 0 . 7 - 1 0 . 1 ± 0 . 7 A . 3 ± 0 .  A - 3 . 9 ± 0 .  A 0 . 7 ± 0 . 1 9 . 1 ± 1 . 7 0 . 9 ± 0 .  A 0 . A i  0
DGDG 3 . 7 ± 0 . 3 - 5 . 6 ± 0 . 5 2 . 3 ± 1 . 1 - 2 . 7 ± 0 . 9 0 . 3 ± 0 . 2 8 . 3 ± 0 . 9 1 . 7 ± 1 .0 0 . 2  ±  0

A l l  t h e  f i g u r e s  a r e  t h e  means o f  A r e p l i c a t e s  q u o t e d  w i t h  t h e  95% c o n f i d e n c e  l i m i t s

T a b l e  3 8 :  Th e p o l a r  l i p i d  bound f a t t y  a c i d  c o m p o s i t i o n  o f  d i f f e r e n t  membrane f r a c t i o n s  f r o m  
s te m s o f  I n f e c t e d  and u n i n f e c t e d  pea p l a n t s

P o l a r  L i p i d s
U n i n f e c t e d  P l a n t s

% C o m p o s i t i o n
I n f e c t e d  P l a n t s

F r a c t i o n F r a c t i o n

10 00 10 00 80 00 1 3 0 0 0 A0000 1000 1000 80 0 0 1 3 0 0 0 A0000

80 0 0 1 3 0 0 0 A0000 8 0 0 0 0 80 00 1 3 0 0 0 A00 00 8 0 0 0 0

P a l m i t i c  a c i d 2 1 . 3 ± l . A 1 9 . 9  ±  l . A 2 1 . 7  ±  2 . 1 2 3 . A ±  1 . 1 2 2 . A ± 0 . 9 2 1 . 9 ± 2 . 3 2 2 . 7  ±  l . A 1 9 . 7  t  1 . 9 2 0 . A ± 2 . 9 2 2 . 7  ±  :
P a l m i l o l i e c  a c i d 0 . 9 ± 0 . 1 0 . 1  ±  0 . 2 1 . 9  ±  0 . A 2 . 1  ±  0 . 9 0 . A ± 0 . 1 1 . 3 ± 0 .  A 0 . 7  ±  0 . 1 2 . 1  ±  0 . 9 2 . 3  ± 0 .  A 1 . 1  ±  (
S t e a r i c  a c i d A . 7 ± 0 . 9 A . 8 ± 0 . 5 A . 2 ±  1 .1 3 . 7  ± 0 . 2 3 . 9  ± 0 .  A 3 .  B ± 0 . 5 A . 2 ± 0 . 6 3 . A ±  0 . 3 6 . 7  ± 0 . 7 A . 8 t  1
O l e i c  a c i d 2 . A ± 1 . 1 3 . 1  ±  0 . 3 2 . 3  ±  l . A 2 . 6  ±  0 . 8 2 . 1  ± 0 . 9 2 . 1 ± 0 .  A 2 . 3  ± 0 . 9 2 . 7  ±  1 . 7 2 . 5  ± 0 .  A 2 . A ± 1
L i n o l e i c  a c i d 3 5 . 2 ± 3 . A 3 3 . 7  ±  0 . 7 3 A . 6  ± 2 . A 3 A . 3  ±  1 . 7 3 5 . 2  ± A. 1 2 9 . 9 ± 2 . 6 3 1 . 2  ±  1 . 7 2 8 . 9  ±  2 . 1 3 2 . A ± 1 . 1 2 8 . 0  ± :
L i n o l e n i c  a c i d 3 5 . 5 ± 3 . 6 3 6 . A ±  3 . 8 3 5 . 3  ±  2 . 7 3 3 . 9  ±  A . 1 3 6 . 2  ± 3 . 1 A 1 . 5 ± 3 . 9 3 8 . 9  ±  A . 2 A 3 . 2  ±  2 . 6 3 7 . 7  ± 3 . 1 a i . i  ±  :

A l l  th e f i g u r e s  a r e  t h e  means o f  A r e p l i c a t e d  f o o t e d  w i t h  t h e i r  95% c o n f i d e n c e  l i m i t s



5. D isc u ss io n

The aim of t h i s  p ro je c t  was to  exam ine th e  h o s t :  p a r a s i t e  i n t e r f a c e  in  
a p la n t  d is e a s e  caused by a b io t r o p h ic  fu n g a l p a r a s i t e ,  in  t h i s  case  
powdery mildew o f p eas caused by E ry s ip h e  p i s i . As m entioned p re v io u s ly  
one of th e  most im p o rta n t c h a r a c t e r i s t i c s  of b io t ro p h ic  p a th o g e n e s is  i s  
th e  r e d i r e c t i o n  o f m e ta b o li te s  from th e  h o s t to  th e  fu n g u s . Gay and 
Manners (1981) p roposed  a model f o r  th e  mechanism o f a s s im i la te  t r a n s p o r t  
a s  fo l lo w s , e n t ry  in to  th e  ep id erm al c e l l s  i s  presumed to  be alm ost 
e x c lu s iv e ly  by transm em brane im port and th e  h ig h  ATPase a c t i v i t y  of th e  
plasmalemma su g g e s ts  th a t  th e  ep id erm a l c e l l s  scavenge s o lu te s  from th e  
a p o p la s t .  T he ATPase a c t i v i t y  o f th e  h a u s to r ia l  plasmalemma i s  assumed 
s im u lta n e o u s ly  to  d e p le te  th e  s o lu te s  in  th e  e x t r a h a u s to r i a l  m a tr ix  and 
th u s  a h ig h  c o n c e n tra t io n  g ra d ie n t  i s  m a in ta in ed  a c ro s s  th e  
e x t r a h a u s t o r i a l  membrane th u s  c o n s t i tu t in g  a t r a n s p o r t  sy stem . T h ere fo re  
f o r  s o lu te s  to  e n te r  th e  fu n g a l cy top lasm  they  have to  p ass  th rou gh  th e  
ep id e rm a l plasm alem m a, th e  e x t r a - h a u s to r i a l  membrane and th e  h a u s to r ia l  
plasm alem m a. A s tu d y  of th e  com p o sitio n  of th e se  membranes would h e lp  
e lu c id a te  how membrane s t r u c tu r e  i s  in v o lv ed  in  t h i s  t r a n s p o r t  sy stem .

There a re  two main components of membranes t h a t  a re  in v o lv ed  in  s o lu te  
t r a n s p o r t  and th e s e  a re  p r o te in s  and l i p i d s  as d is c u s s e d  in  S e c tio n  2 .5 .  
A ccording to  th e  model o f S in g e r and N icholson  (1972) p h o sp h o lip id  and 
p r o te in  b o th  c o n t r ib u te  to  th e  s t r u c tu r e  of the  membrane such th a t  a 
c y to p la sm ic  s o lu te  may be p rev en ted  from d if f u s in g  th ro u g h  a membrane by 
p h o sp h o lip id s  in  one re g io n  o r by p r o te in  m olecu les in  a n o th e r .  I t  fo llo w s 
t h a t  th e  m o d if ic a tio n  of e i t h e r  component m ight enhance membrane 
p e r m e a b i l i ty ,  e f f e c t i v e l y  th e re  b eing  two channels in  p a r a l l e l .

In  t h i s  s tu d y  th e  com po sition  o f membrane l i p i d s  were s tu d ie d  in  o rd e r 
to  see  how d is e a s e  a f f e c t s  th e  membrane l i p i d s  and how t h i s  could  be 
r e l a t e d  to  changes in  p e r m e a b i l i ty .  As m entioned in  S ec tio n  2 th e  
p e rm e a b i l i ty  of membranes depends to  a c o n s id e ra b le  e x te n t  on th e  n a tu re  
o f th e  p o la r  l i p i d  head groups and th e  i n t e r a c t i o n  betw een th e  membrane 
l i p i d s  and p r o te i n s .
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To -ob ta in  a c le a r  u n d e rs ta n d in g  o f th e  l i p i d  co m p o sitio n  i t  would have 
been ^ p re fe ra b le  to  s e p a ra te  th e  in d iv id u a l  membrane f r a c t io n s  p r io r  to  
a n a ly s i s  of th e  d i f f e r e n t  membrane l i p i d  com ponents. T his p re s e n ts  
c e r t a i n  p r a c t i c a l  p rob lem s, f i r s t l y  th e re  a re  d i f f i c u l t i e s  in  o b ta in in g  
p u re  p re p a ra t io n s  of th e  in d iv id u a l  membranes. S eco nd ly , th e re  a re  no 
m arker enzymes fo r  th e  th re e  membranes and i t  would be n e c e ssa ry  to  c a r ry  
o u t a se a rc h  f o r  s u i t a b le  m arkers b e fo re  co n d u c tin g  th e  exp erim en ts  and 
th e r e  i s  no g u a ra n te e  t h a t  such enzymes cou ld  be fo u n d . F in a l ly  in  o rd e r  
to  make a d e t a i l e d  a n a ly s is  i t  would be n e c e s sa ry  to  c o l l e c t  la rg e  amounts 
o f  th e se  membranes as th e  te c h n iq u e s  o f a n a ly s is  a lth o u g h  s e n s i t i v e  would 
n o t d e te c t  ex trem e ly  sm a ll am ounts. At p re s e n t  th e  b e s t  appoxim ation  i s  to  
a n a ly s e  h a u s to r ia l  com plexes, which can be h a rv e s te d  in  some q u a n ti ty  from 
in f e c te d  le a v e s  (M anners, 1979), bu t as  i s  d is c u s s e d  l a t e r  n o t in  h ig h  
p u r i t y .

To s tu d y  th e  e f f e c t s  of d is e a s e  on l i p i d  co m p o sitio n  in  p la n ts  p re v io u s  
w orkers have e i t h e r  used l e a f  h a lv e s  (Hoppe and H e i te f u s s ,  1974), l e a f  
d is c s  tak en  from around th e  p u s tu le s  (L o se l and Lew is, 1974) o r ro o ts  
ta k e n  from u n in fe c te d  t i s s u e  a d ja c e n t to  an in f e c te d  a re a  (S e d r in a  e t  a l , 
1981). A ll  th e s e  m ethods, a lth o u g h  s u i t a b le  in  t h e i r  own co n tex t a t  th e  
tim e  s u f f e r  from th e  same d isa d v a n ta g e s  as an e x p e rim e n ta l system . They 
a l l  in v o lv e  lo o k in g  a t  w holes a le  l i p i d  changes w ith o u t being a b le  to  
s e p a r a te  th e  d i f f e r e n t  membrane components and w ith o u t s e p a r a t in g  
u n in fe c te d  from in f e c te d  c e l l s .  I t  i s  th e r e f o r e  o n ly  p o s s ib le  to  draw 
f a i r l y  g e n e ra l  c o n c lu s io n s  about th e  ty p es  of changes o cc u rin g . In t h i s  
s tu d y  3 d i f f e r e n t  ty p es  of t i s s u e  were used f o r  l i p i d  a n a ly s i s ,  le a v e s ,  
ep id erm a l s t r i p s  and i s o l a t e d  membranes. The le a v e s  were used to  g iv e  an 
in d ic a t io n  w he ther any g e n e ra l  changes in  l i p i d  co m po sitio n  were o cc u rin g  
in  in f e c te d  o rg a n s . The use o f ep id erm al s t r i p s  a llow ed  a n a ly s is  to  be 
ex tended  to  th e  c e l l u l a r  l e v e l  and th e  use o f i s o l a t e d  membranes p e rm itte d  
a p re lim in a ry  ex am in a tio n  of changes a t  an even h ig h e r le v e l  o f 
r e s o l u t i o n .

B efore i t  was p o s s ib le  to  a n a ly se  th e  l i p i d  c o n te n ts  o f th e se  t i s s u e s  
i t  was f i r s t  n e c e s sa ry  to  dev e lo p  a q u a n t i t a t iv e  e x t r a c t io n  and a n a l y t i c a l  
p ro ced u re  f o r  l i p i d s  from pea le a v e s  and ep id erm a l s t r i p s  as w e ll  a s  f o r  
fu n g a l l i p i d s  and h a u s to r ia l  com plexes.

213



5 .1 .  Method Development

C o n sid e rab le  e f f o r t  was in v e s te d  in  o p tim iz in g  th e  c o n d it io n s  f o r  th e  
e x t r a c t io n ,  p u r i f i c a t i o n  and a n a ly s is  o f th e  l i p i d  sam ples to  o b ta in  th e  
most a p p ro p r ia te  m ethods. T h is was an ex tre m e ly  im p o rtan t p a r t  o f th e  
p r o je c t  as th e  v a l i d i t y  of a l l  l a t e r  a n a ly s e s  depended on the  accu racy  of 
th e  p ro ce d u re .

The r e s u l t s  o f th e se  ex p erim en ts  a re  reco rd ed  in  S ec tio n  4 .1  and due to  
th e  n a tu re  o f th e  work d is c u s s io n  i s  in c lu d e d  a t  t h a t  s ta g e .  R e i t e r a t io n  
o f the  argum ents would be in a p p r o p r ia te  h e re .  The su ccess  of the  
o p t im iz a t io n  can be seen  from th e  r e s u l t s  in  S e c tio n  4 .1 .9  where i t  was 
shown t h a t  by u s in g  th e  op tim ized  e x t r a c t io n  p ro ced u res  and a n a l y t i c a l  
methods a l i p i d  re c o v e ry  o f 80% cou ld  be o b ta in e d  w ith o u t b ia s  tow ards any 
one l i p i d  c la s s  o r group o f f a t t y  a c id s  p rov ided  th a t  a p p ro p r ia te  
p re c a u tio n s  were ta k e n  to  p re v e n t f a t t y  a c id  o x id a t io n .

The method d e r iv e d  from t h i s  work and used in  th e  ex p e rim e n ta l system  
i s  summarized in  F ig u re  7.

5 .2 .  L ip id s  in  in f e c te d  and u n in fe c te d  pea le a v e s

In  o rd e r  to  d e te rm in e  w hether i n f e c t io n  cau ses any g e n e ra l changes in  
l e a f  l i p i d  com po sitio n  o r in  th e  c o n s t i tu e n t  f a t t y  a c id s  fo u r d i f f e r e n t  
pea c u l t i v a r s  were s tu d ie d  over a 24 day p e r io d  fo llo w in g  in f e c t io n  w ith  
E. p i s i  and compared w ith  u n in fe c te d  p la n ts  over th e  same p e r io d .  Four 
d i f f e r e n t  c u l t i v a r s  were chosen to  t e s t  w hether any changes which may 
occu r were c o n s i s te n t  between c u l t i v a r s .

Hoppe and H e i te fu s s  (1974) in  t h e i r  s e r i e s  of ex p erim en ts  w ith  
P haseo lu s v u lg a r is  in f e c te d  by Uromyces p h a s e o li  used l e a f  d is c s  taken  
from u n in fe c te d  le a v e s  o r from a re a s  su rro u n d in g  th e  p u s tu le s  in  in f e c te d  
le a v e s  as d id  L ose l and Lewis (1 9 7 4 ). T h is method fo r  o b ta in in g  m a te r ia l  
f o r  a n a ly s is  was id e a l  fo r  th e  h o s t :  p a r a s i t e  system s under s tu d y , namely 
r u s t  in f e c t io n s  w here , in  th e  e a r ly  s ta g e s  o f i n f e c t io n ,  i t  i s  p o s s ib le  to  
i s o l a t e  in d iv id u a l  p u s tu le s  and s tu d y  l i p i d  changes around th e s e .  In 
powdery mildew in f e c t io n s  i t  i s  p o s s ib le  to  do t h i s  a t  low l e v e l s  of 
i n f e c t io n  d u rin g  th e  e a r ly  s ta g e s  but as  th e  i n f e c t io n  dev e lo ps th e  whole
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l e a f  becomes covered by a m y c e lia l  mat which makes th e  i s o l a t i o n  of 
in d iv id u a l  p u s tu le s  im p o s s ib le .  So in  th e se  i n i t i a l  ex p e rim en ts  whole 
le a v e s  were used  as th e  e x p e rim e n ta l system  and changes in  l i p i d  over an 
ex tended  p e r io d  were m o n ito red .

The r e s u l t s  show th a t  th e re  were no s i g n i f i c a n t  changes in  th e  t o t a l  
amount o f p o la r  and n e u t r a l  l i p i d ,  no a l t e r a t i o n  in  th e  com po sitio n  of th e  
l i p i d  c la s s e s  n or in  th e  co m p o sitio n  o f th e  l ip id -b o u n d  f a t t y  a c id s  in  th e  
le a v e s  o f any o f th e  fo u r  c u l t i v a r s  t e s te d  d u rin g  th e  co u rse  o f a 24 day 
i n f e c t io n  p e r io d .  F urtherm ore  th e re  was c o n s id e ra b le  u n ifo rm ity  amongst 
th e  c u l t i v a r s  in  t h e i r  l i p i d  co m p o sitio n . The r e s u l t s  p re s e n t  new d a ta  on 
th e  l i p i d  com p o sitio n  o f pea le a v e s  and a ls o  show th a t  r e g a r d le s s  of 
i n f e c t io n  th e r e  was no change in  th e  l e a f  l i p i d  com po sitio n  from th e  
fo u r th  week a f t e r  g e rm in a tio n  u n t i l  th e  e ig h th  week p ro v id ed  t h a t  grow th 
c o n d it io n s  rem ained c o n s ta n t .

These r e s u l t s  re v e a l  th a t  d e s p i te  a h igh  le v e l  of i n f e c t io n  
c o rre sp o n d in g  to  2-4 h a u s to r ia  in  each ep id erm al c e l l ,  th e  l i p i d
com p o sitio n  o f th e  le a v e s  rem ains c o n s ta n t .  T h is must r e f l e c t  th e  h ig h  
l e v e l  of c e l l u l a r  c o m p a t ib i l i ty  between th e  p a r a s i t e  and i t s  h o s t .  
A lthough th e  p a r a s i t e  i s  a b le  to  grow on th e  l e a f  s u r fa c e  i t  cau ses no 
g ro s s  s t r u c t u r a l  changes to  th e  l i p i d  com position  o f i t s  h o s t .  T h is  i s  o f 
s i g n i f i c a n t  e c o lo g ic a l  advan tage to  the  p a r a s i t e  as i t  e n a b le s  i t  to
o b ta in  n u t r i e n t s  from th e  h o s t fo r  a p e r io d  long  enough fo r  i t  to
s p o r u la te  and com plete i t s  l i f e  c y c le .  I t  i s  p r e c is e ly  t h i s  c a p a c ity  to
i n f e c t  h o s t c e l l s  w h ile  c au s in g  m inim al damage which makes E ry sip h e  p i s i  
an ex tre m e ly  e f f i c i e n t  p a r a s i t e .

5 .3 .  L ip id  m etabo lism  in  in f e c te d  and u n in fe c te d  pea ep id erm al c e l l s
f

5 .3 .1 .  The s u i t a b i l i t y  o f ep id erm al s t r i p s  as an ex p e rim e n ta l system

To conduct ex p e rim en ts  in v o lv in g  ep id erm al c e l l s  i t  i s  e s s e n t i a l  to  
remove ep id erm es w ith o u t damaging th e  i n t e g r i t y  of th e  c e l l s  and w ith  
m inim al c o n tam in a tio n  from o th e r  c e l l  ty p e s . The v i a b i l i t y  o f c e l l s  
s t r ip p e d  from th e  le a v e s  o f 6 d i f f e r e n t  pea c u l t iv a r s  was only  10.20% and 
t h i s  d e t e r io r a t e d  to  5-10% in  p la n ts  t h a t  had been in f e c te d  by E. p i s i  fo r
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21 d ay s . For stem  ep id erm al c e l l s  th e  r e s p e c t iv e  f ig u r e s  were 30-40% fo r  
u n in fe c te d  p la n ts  and 10-13% f o r  in f e c te d  p l a n t s .  These r e s u l t s  show th a t  
e i t h e r  th e  c e l l s  s u f fe re d  m echan ica l damage d u r in g  s t r ip p in g  o r t h a t  even 
in  i n t a c t  t i s s u e  many ep id erm al c e l l s  may be se n e sc e n t and t h a t  t h i s  
in c re a s e s  d u r in g  in f e c t io n .

To t e s t  t h i s  th e  stem s and le a v e s  were p lasm olysed  fo r  2 hours in  0.5M 
m a n n ito l p r i o r  to  p e e l in g .  T h is tre a tm e n t enhanced c e l l  v i a b i l i t y  
c o n s id e ra b ly  su g g e s tin g  t h a t  m echan ica l damage r a th e r  than  in h e re n t  
sen escen ce  was th e  c a u se . P la sm o ly s is  improved th e  v i a b i l i t y  o f th e  
s t r ip p e d  c e l l s  to  30-60% fo r  u n in fe c te d  le a v e s  and 85-90% fo r  u n in fe c te d  
s tem s, w ith  th e  e x c e p tio n  of th e  c u l t i v a r ,  P i l o t  which had a v i a b i l i t y  of 
on ly  36.3% in  stem  c e l l s .  When s t r i p s  from p la n ts  t h a t  had been in f e c te d  
f o r  21 days w ere t e s te d  v a lu e s  were low er (9-11% fo r  l e a f  c e l l s  and 60-75% 
f o r  stem  c e l l s ) ,  cv . P i l o t  a g a in  g iv in g  an anom alously  low f ig u r e  (27 .5% ).

A v i a b i l i t y  of 60-75% f o r  stem ep id erm al c e l l s  was c o n s id e red  
a c c e p ta b le ,  and t h i s  t i s s u e  was used r o u t in e ly  fo r  l i p i d  a n a ly s i s .

The c a p a c i ty  f o r  p la sm o ly s is  and th e  a b i l i t y  to  accum ulate  v i t a l  s t a in s  
a re  p ro b ab ly  th e  most r e a l i s t i c  m easure o f v i a b i l i t y  in  th e  p re s e n t  
c o n te x t .  They do not in d ic a te  a t o t a l  absence o f c e l l u l a r  damage, b u t they  
do in d ic a t e  an i n t a c t  plasmalemma a n d /o r  to n o p la s t  c ap ab le  o f c a r ry in g  o u t 
a t  l e a s t  some of th e  norm al f u n c t io n s .  The re a so n s  fo r  im p aired  v i a b i l i t y  
in  le a v e s  o f cv . P i lo t  a re  no t known b u t a g r e a t e r  d eg ree  o f damage d u rin g  
th e  s t r i p p in g  p ro ce ss  may be to  blam e. I t  i s  r e le v a n t  t h a t  mildew in f e c te d  
ep iderm es a re  n o t ic e a b ly  more d i f f i c u l t  to  remove from both  le a v e s  and 
stem s p ro b a b ly  because o f w a ll m o d if ic a tio n  d u rin g  p a r a s i t e  developm ent.

C on tam ina tio n  of ep id erm al s t r i p s  by non ep id erm al c e l l s  was g r e a t e r  
f o r  le a v e s  (25-35%) than  f o r  stem s (1-6%) and t h i s  c o n tam in a tio n  in c re a s e d  
upon in f e c t io n  to  45-55% and 8-10% r e s p e c t iv e ly ,  a lth o u g h  th e  in c re a s e  f o r  
stem s was n o t s t a t i s t i c a l l y  s i g n i f i c a n t .  The p u r i ty  o f th e  stem ep id erm a l 
p re p a ra t io n s  was a f u r th e r  re a so n  fo r  th e  cho ice  o f t h i s  t i s s u e  in  
p re fe re n c e  to  le a v e s .
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5 .3 .2 .  The in f lu e n c e  o f i n f e c t io n  by E. p i s i  on th e  l ip id  com po sitio n  in  
ep id erm al s t r i p s  o f p ea , cv . Onward

For a l l  th e s e  ex p e rim en ts  ep id erm a l s t r i p s  were tak en  from stem s which
had

been p lasm olysed  in  o.5M m a n n ito l fo r  two hours p r io r  to  p e e l in g .  The 
ex p e rim en ts  were c a r r ie d  o u t o v e r an i n f e c t io n  p e r io d  of 42 days in  o rd er 
to  fo llo w  any changes th ro u gh  to  th e  l a t t e r  s ta g e s  o f d is e a s e .

The amount o f l i p i d  was ex p re sse d  p er gram d ry  w e ig h t; t h i s  v a lu e  was 
o b ta in e d  by c o l l e c t in g  lg  f r e s h  w eig h t sam ples o f ep id erm al t i s s u e  and 
u s in g  a co n v e rs io n  f a c to r  to  o b ta in  th e  r e s u l t  i n  g dry  w e ig h t. T his 
c o n v e rs io n  f a c to r  was c a lc u la te d  by m easuring  th e  d ry  w eig h t: f r e s h  w eight 
r a t i o  a t  v a r io u s  tim es a f t e r  i n f e c t io n .  The r a t i o  was not a f f e c te d  by 
i n f e c t io n  and th e  same c o n v e rs io n  f a c to r  was used th ro u g h o u t. L o se l and 
Lewis (1974) c a lc u la te d  t h e i r  l i p i d  v a lu e s  p e r u n i t  a re a  which has th e  
advan tage  t h a t  th e  r e s u l t s  a re  n o t a f f e c te d  by changes in  th e  amounts o f 
o th e r  c e l l u l a r  m a te r ia l  p ro v id ed  th a t  th e re  i s  no s i g n i f i c a n t  c e l l  
e n la rg em e n t. However w h ile  a g re e in g  th a t  a u n i t  a re a  b a s is  i s  a more 
a c c u ra te  a ssessm en t method f o r  t h i s  type  o f e x p e rim e n t, in  p r a c t i c e  i t  was 
n o t p o s s ib le  to  c a lc u la te  a t o t a l  a re a  fo r  th e  ep id erm al s t r i p s ,  and c e l l s  
c o u n ts , a n o th e r  p o s s ib le  m ethod, were s i m i l a r ly  u n s u i ta b le  f o r  p r a c t i c a l  
r e a s o n s . C on seq uen tly  th e  d a ta  re p o r te d  h e re  may be a l e s s  a c c u ra te  
r e p r e s e n ta t io n  of changes p e r u n i t  c e l l  th an  had a n o th e r  a cco u n tin g  method 
been a d o p te d , b u t in  p r a c t i c e  s in c e  th e  f r e s h  w e ig h t: dry  w eight r a t i o  d id  
n o t a l t e r  s i g n i f i c a n t l y  a f t e r  i n f e c t io n  o r w ith  age of th e  p la n t  such 
in a c c u r a c ie s  a re  p ro b ab ly  n e g l ig i b l e .  F u r th e r  i t  i s  u n l ik e ly  th a t  an 
in a d e q u a te  method o f e x p re s s io n  cou ld  could  have masked a th r e e f o ld  change 
in  l i p i d  c o n c e n tra t io n  as found by L ose l and Lewis (1 9 74 ). T h e re fo re  fo r  
th e  p u rpose  o f th e  d is c u s s io n  th e  r e s u l t s  o f d i f f e r e n t  s tu d ie s  even when 
re p o r te d  on a d i f f e r e n t  b a s is  w i l l  be co n s id e red  a s  d i r e c t ly  com parab le . 
W hatever method of assessm en t i s  used any changes in  the  p ro p o r tio n s  o f 
th e  in d iv id u a l  l i p i d s  w i l l  s t i l l  be v a l i d .

The most n o ta b le  f e a tu r e  o f th e  r e s u l t s  from th e  s e r i e s  of ex p erim en ts  
was th e  c o n s i s te n t  la c k  of g e n e ra l  changes in  l i p i d  com po sitio n  in
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u n in fe c te d  p la n ts  d u rin g  t h i s  p e r io d  and th e  f a c t  t h a t  o n ly  a few changes
ro ccu red  to  th e  l i p i d s  in  in f e c te d  p l a n t s .  There was no d e c re a se  in  th e  

t o t a l  amount o f l i p i d  n o r d id  th e  r a t i o  between p o la r  and n e u t r a l  l i p i d s  
change d u rin g  t h i s  p e r io d  fo r  b o th  in f e c te d  and u n in fe c te d  p la n t s .

The o n ly  s i g n i f i c a n t  changes in  th e  com po sition  o f th e  p o la r  l i p i d  
f r a c t i o n  from d is e a s e d  p la n ts  was th e  d ec re a se  in  th e  amount o f th e  
g a l a c t o l i p i d s , MGDG and DGDG alo n g  w ith  a tre n d  tow ards a re d u c t io n  in  PG. 
A ll  th r e e  of th e s e  l i p i d s  were r e l a t i v e l y  m inor com ponents co m prisin g  
0.8% , 0.4% and 5.4% r e s p e c t iv e ly  o f th e  p o la r  l i p i d  f r a c t io n  even in  
u n in fe c te d  p la n t s .  As a l l  o f th e s e  l i p i d s  a re  a s s o c ia te d  w ith  
c h l o r o p l a s t s , which a re  n o t u s u a l ly  found in  the  ep id e rm a l c e l l s ,  i t  i s  
l i k e l y  t h a t  t h i s  d e c re a se  was in d ic a t iv e  of a g e n e ra l  d is e a s e - in d u c e d  
breakdown of c h lo r o p la s t s ,  p o s s ib ly  in  the  n on -ep id erm al con tam in an t 
c e l l s .  T h is lo s s  d id  n o t become s t a t i s t i c a l l y  s i g n i f i c a n t  u n t i l  th e  3 5 ^  
day a f t e r  i n f e c t io n  which would e x p la in  why i t  was n o t found in  th e  
ex p e rim en t u s in g  whole le a v e s  w hich was te rm in a te d  a t  24 d ay s .

D esp ite  t h i s  l o s s  of c h lo r o p la s t - a s s o c ia te d  l i p i d s  th e  g e n e ra l  
c o n c lu s io n  i s  o f l im ite d ^  i f  any changes^ in  th e  p o la r  l i p i d s  d u rin g  
i n f e c t i o n .

The most s i g n i f i c a n t  d i f f e r e n c e s  in  the  com p o sitio n  of th e  l i p i d s  
fo llo w in g  i n f e c t io n  in  th e se  ex p e rim en ts  were found f o r  th e  l ip id -b o u n d  
f a t t y  a c id s  where an in c re a s e  in  th e  l e v e l  o f u n s a tu r a t io n  was d e te c te d .  
T h is  was m ain ly  caused  by a d ra m a tic  d ec re a se  in  th e  l e v e l  of l i n o l e i c  
a c id  and a con com itan t in c re a s e  in  l in o l e n ic  a c id .  T h is change in  th e  
l ip id -b o u n d  f a t t y  a c id s  became a p p a re n t a t  abou t 10 days a f t e r  
i n f e c t io n  and in c re a s e d  th rou gh o u t th e  in f e c t io n  p e r io d .

A n a la y s is  o f th e  l ip id -b o u n d  f a t t y  a c id s  from th e  in d iv id u a l  l i p i d s  
re v e a le d  th a t  t h i s  change in  f a t t y  a c id  co m p o sitio n  o ccu rs  in  a l l  
p h o s p h o lip id s , a lth o u g h  fo r  PG th e  change was sm a lle r  and l a t e r ,  b u t i t  
was n o t seen  fo r  e i t h e r  of th e  two g a l a c to l ip id s .  The d iv e rg en ce  in  th e  
d a ta  f o r  h e a l th y  and in f e c te d  p la n ts  was g e n e ra lly  a p p a re n t from an e a r ly  
s ta g e  b u t s t a t i s t i c a l  s ig n i f ic a n c e  a t  th e  5% le v e l  was n o t ach ieved  u n t i l  
10 days (PA ), 14 days (PE and P S ), 17 days (PC and P I)  o r 35 days fo r  PG
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a f t e r  in f e c t io n .

These r e s u l t s  a re  ex trem e ly  im p o rta n t in  r e l a t i o n  to  th e  p e rm e a b ili ty  
p r o p e r t i e s  o f th e  membrane s in c e  t h i s  i s  governed to  a l a r g e  e x te n t  by th e  
n a tu r e  o f th e  hydrocarbon  c h a in s  o f th e  l i p i d s .  Using b la c k  f i lm  s tu d ie s  
i t  has been shown th a t  an in c re a s e  in  th e  d eg ree  o f u n s a tu r a t io n  o f the  
a c y l  c h a in s  of th e  l i p i d s  in c re a s e s  t h e i r  p e rm e a b il i ty  to  w ater 
( F e t t i p l a c e ,  1978) and to  n o n - e le c t r o ly te s  such as u re a ,  g ly c e r o l  and 
e r y t h r i t o l  (L ip p e , 1969). De G ie f ^ l 9 6 8 )  found th a t  th e  p e rm e a b il i ty  o f 
lip o so m es c o n s tru c te d  from s y n th e t ic  PC to  n o n - e le c t r o ly te s  was enhanced 
by th e  p r e s e n t  of d oub le  bonds in  th e  a c y l c h a in s . These r e s u l t s  to g e th e r  
w ith  o th e r  s tu d ie s  perform ed w ith  n a tu r a l  system s such as Mycoplasma 
l a i d l a w i i  B (McElhafiey, e t  a l . , 1970) in d ic a te s  th a t  th e  p e rm e a b il i ty  of 
membranes tow ards w a te r so lu b le  n o n - e le c t r o ly te s  may depend a t  l e a s t  in  
p a r t  on th e  d eg ree  o f u n s a tu r a t io n  and th e  c h a in  le n g th  o f f a t t y  a c id s  in  
th e  membrane l i p i d s .  The r e s u l t s  in  t h i s  experim ent th e r e f o r e  su g g e s t th a t  
th e  changes in  f a t t y  a c id s  in  th e  stem  ep id erm al c e l l s  of pea p la n ts  
d u r in g  in f e c t io n  by E. p i s i  may make th e  membranes o f th e  p la n ts  more 
perm eab le  tow ards n o n - e l e c t r o ly t e s .  The p o s s i b i l i t y  t h a t  th e  changes j u s t  
d is c u s s e d  d id  n o t r e s u l t  from th e  p re se n c e  in  sam ples o f fu n g a l l i p i d s  was 
e l im in a te d  by a p p ro p r ia te  c o n tro l  e x p e r im e n ts , th e  r e s u l t s  o f which a re  
d is c u s s e d  l a t e r .

There were tim e-dep en d en t changes in  th e  com position  of th e  n e u t r a l  
l i p i d s  even in  u n in fe c te d  p la n ts  which showed a d ec re a se  in  th e  amount o f 
d ig ly c e r id e  and an in c re a s e  in  th e  amount o f t r i g l y c e r i d e .  In  in f e c te d  
p la n t s  th e r e  were d e c re a se s  in  th e  amounts of s t e r o l  e s t e r s ,  
m o n o g ly ce rid es  and d ig ly c e r id e s  and an in c re a s e  in  the  amount o f 
t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s .

These changes in  n e u t r a l  l i p i d s  a re  o f i n t e r e s t  because^when h a u s to r ia  
form  in  ep id erm a l c e l l s  o f pea p la n ts ^ o s m io p h il ic  s p h e r ic a l  s t r u c tu r e s  can 
be observed  on th e  e x t r a h a u s to r i a l  and o th e r  h ost c e l l  membranes. When 
M anners (1979) an a ly sed  th e  l i p i d s  from , .h a u s to r ia  he found th a t  50% 
c o n s is te d  o f t r i g l y c e r i d e s  and he p o s tu la te d  th a t  th e se  cou ld  be accounted  
f o r  by th e  o sm io p h il ic  s p h e r ic a l  s t r u c t u r e s .
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T here was no change in  th e  t o t a l  amount of n e u t r a l  l i p i d ,  m erely  
changes in  th e  p e rce n ta g e  com po sitio n  betw een th e  d i f f e r e n t  n e u t r a l  l i p i d  
c la s s e s  w hich could  be e x p la in ed  by th e  p re se n c e  of t r i g l y c e r i d e s  and f r e e  
f a t t y  a c id s  in  th e  o sm io p h ilic  s t r u c tu r e s  j u s t  d e s c r ib e d .  Id e a l ly  
c o n f irm a tio n  fo r  t h i s  shou ld  be so ug h t by i s o l a t i n g  and a n ly s in g  th e  
d r o p le t s /g r a n u le s  th e m se lv es .

A gain i t  i s  u n c le a r  w hether th e se  changes r e s u l t  from  th e  p resen ce  o f 
fu n g a l  l i p i d s  w ith in  th e  ep id erm al c e l l s ,  w hether th ey  a re  caused  by the  
accu m u la tio n  o f l i p i d s  f o r  th e  p a r a s i t e  to  a s s im u la te  o r w h e th er they  a re

ith e  r e s u l t  o f th e  h o s ts  re sp o n se  to  th e  p a th og en . F u r th e r  s tu d ie s  a re  
needed on th e  n a tu re  o f fu n g a l n e u t r a l  l i p i d s  and on th e  e f f e c t  of 
se n esce n ce  on th e  h o s t n e u t r a l  l i p i d s  and th e s e  a re  re p o r te d  in  a l a t e r  
s e c t i o n .

In  c o n t r a s t  w ith  th e  r e s u l t s  fo r  p o la r  l i p i d  f a t t y  a c id s ,  th e  n e u t r a l  
l i p i d  f a t t y  a c id s  showed no change d u r in g  th e  co u rse  o f th e  in f e c t io n  
p e r io d ,  even  th e  com po sitio n  of th e  f r e e  f a t t y  a c id  f r a c t io n ^  which may 
have been exp ec ted  to  change as  a r e s u l t  of in f e c t io n - in d u c e d  l i p i d  
breakdown^showed no change. The p o s s ib le  s ig n i f ic a n c e  o f t h i s  i s  d isc u sse d  
f u r t h e r  a f t e r  a c o n s id e r a t io n  of th e  fu n g a l l i p i d s .

The c o n c lu s io n  from th e se  s e r i e s  o f ex p e rim en ts  was t h a t  in  c o n t r a s t  to  
w hole le a v e s  th e  l i p i d s  in  th e  ep id erm al c e l l s  d id  show some a l t e r a t i o n  as 
a r e s u l t  o f i n f e c t io n  n o ta b ly  an in c re a s e  in  the  u n s a tu r a t io n  of f a t t y  
a c id s .  T h is  shows th a t  lo c a l  changes in  l i p i d  com p o sitio n  do tak e  p lace  
w hich may r e s u l t  in  changes in  membrane p e r m e a b i l i ty .  These ex p erim en ts  do 
n o t show w hether th e s e  changes were g e n e ra l  o r c o n fin ed  to  a s p e c i f i c  
membrane, n o r do th ey  exclude  th e  p re se n c e  of fu n g a l m a te r ia l  as a 
p o s s ib le  c a u se .
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5 .A. I s o la t io n  and l ip id  a n a ly s is  o f membrane fr a c t io n s  from in fe c te d
p la n ts

The rea so n  fo r  co n d u c tin g  th e se  e x p e rim en ts  was to  d e te rm in e  w hether 
th e  changes observed  in  th e  ep id erm al s t r i p s  was a g e n e ra l  change o r 
w he ther i t  was co n fin ed  to  p a r t i c u l a r  m embranes.

In  o rd e r  to  o b ta in  a la r g e  enough sam ple f o r  a n a ly s is  whole stem  t i s s u e  
was u se d , p re lim in a ry  ex p e rim en ts  having  shown th a t  th e  in c re a s e  in  l i p i d  
u n s a tu r a t io n  fo llo w in g  i n f e c t io n  cou ld  a ls o  be d e te c te d  in  t i s s u e s  d eep er 
th a n  th e  e p id e rm is .

In  whole stem s t h i s  change occured  le t te r ,  becoming s t a t i s t i c a l l y  
s i g n i f i c a n t  (P = 0.05%) 35 days a f t e r  i n f e c t io n  compared w ith  10 days 
a f t e r  i n f e c t io n  in  ep id erm a l c e l l s ,  and th e  m agnitude o f th e  changes was 
l e s s .

S u b c e l lu la r  f r a c t io n s  were i s o l a t e d  from stem s u s in g  Cytochrome C 
o x id a se  as  a m ito c h o n d ria l  and K s t im u la te d  ATPase a t  pH 6 .5  a s  a plasm a 
membrane m ark er. A ll  o f  th e  f r a c t io n s  co n ta in ed  some of each  m arker emzyme 
b u t Cytochrome C o x id ase  was p re s e n t  m ain ly  in  th e  1 ,00 0g-8 ,0 00 g  f r a c t io n  
and K s t im u la te d  ATPase a c t i v i t y  was found m ainly  in  th e  8 ,000g-40 ,000g  
f r a c t i o n .

For p o la r  l i p i d s  th e r e  were c o n s id e ra b le  d if f e r e n c e s  in  com position  
betw een f r a c t io n s  bu t th e re  were no d if f e r e n c e s  between in f e c te d  and 
u n in fe c te d  p la n t s .  The d i f f e r e n c e  betw een the  f r a c t io n s  u ndoub ted ly  
r e f l e c t s  th e  p re sen ce  of d i f f e r e n t  o r g a n e l l e s ,  fo r  in s ta n c e  th e  la c k  o f 
MGDG and DGDG and th e  low le v e ls  of PG in  th e  40 ,0 00 g -80 ,0 00g  f r a c t io n  
c o r r e l a t e s  w ith  th e  absen ce  of c h lo r o p la s t s .  In c o n t r a s t  th e  r e l a t i v e l y  
h ig h  l e v e l s  of th e se  l i p i d s  in  th e  8 ,0 00g -1 3 ,0 0 0g  f r a c t io n  r e f l e c t s  th e  
r e l a t i v e  abundance o f t h i s  o rg a n e l le .  These r e s u l t s  show th a t  th e  
in c re a s e d  le v e l  o f u n s a tu r a t io n  i s  common to  a l l  f r a c t io n s  and i s  thu s n o t 
co n fin ed  to  p a r t i c u l a r  membranes.

T h is  r e s u l t  f u r t h e r  su g g e s ts  th a t  th e  changes observed  a re  n o t a 
r e f l e c t i o n  of any s p e c i f i c  p a th o g e n - in sp ire d  m a n ip u la tio n  of h o s t 
membrane com po sitio n  b u t a re  r a th e r  a g e n e ra lis e d  re sp o n se  of th e  p la n t  to
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in f e c t io n .

5 .5 .  L ip id  com po sitio n  of E. p i s i  mycelium

There were two p o s s ib le  ways fo r  t e s t i n g  th e  h y p o th e s is  t h a t  th e  
p re se n c e  o f fu n g a l l i p i d s  in  th e  l i p i d  e x t r a c t  was responsb.l'^S- f o r  th e  
observed  changes in  co m p o sitio n . F i r s t l y  by a n a ly s in g  th e  l i p i d  
com p o sitio n  of E, p i s i  mycelium and seco n d ly  by a n a ly s in g  h a u s to r ia l  
com plexes i s o l a t e d  from in f e c te d  c e l l s .  I f  a pure sam ple could be o b ta in e d  
th e  second approach  would be more a c c u ra te  as  i t  i s  th e  h a u s to r ia  which 
c o n t r ib u te  l i p i d s  to  th e  p la n t  e x t r a c t .  However, th e re  w ere many 
d i f f i c u l t i e s  en co un tered  in  o b ta in in g  a pure sample of h a u s to r ia l  
com plexes and th e s e  a re  d isc u sse d  l a t e r  in  t h i s  s e c t io n .  A cco rd in g ly  the  
f i r s t  app ro ach  was adopted  and th e  p e rc e n ta g e  co m po sitio n  o f p o la r  l i p i d s  
by c la s s  f o r  mycelium and u n in fe c te d  and in f e c te d  ep iderm es i s  p re se n te d  
in  T able  39. Mycelium c o n ta in s  h ig h e r  amounts of MGDG, DGDG, PA and PG, 
low er amounts o f PC and PI and s im i la r  amounts o f PE and PS to  th e  
ep id erm al s t r i p  e x t r a c t s .  Assuming th a t  th e s e  m y c e lia l  l i p i d  e x t r a c t s  a re  
a f a i r  r e f l e c t i o n  o f th e  l i p i d  com po sitio n  o f the  h a u s to r ia  th e n  t h i s  i s  
an im p o rta n t r e s u l t .  I f  fu n g a l l i p i d s  w ith in  th e  h o s t  c e l l s  a re  c au sin g  
th e  in c re a s e d  f a t t y  ac id  u n s a tu r a t io n  as  d e s c r ib e d  in  S e c tio n  4 .3  th en  
th e re  sh ou ld  a ls o  be a change in  th e  com po sitio n  o f th e  p o la r  l i p i d s .  As 
th e re  i s  no such change th en  i t  i s  u n l ik e ly  th a t  co n tam in a tio n  by fu n g a l 
l i p i d s  i s  th e  cause  of th e  observed  ch an ges.

T h is i s  confirm ed  by th e  co m p o sitio n  of th e  o v e r a l l  p o la r  l ip id -b o u n d  
f a t t y  a c id s .  In  mycelium th e re  i s  a c o n s is te n t  f a t t y  a c id  com po sitio n  
which does n o t change th ro u g h o u t the  d u r a t io n  of th e  e x p e rim e n t. When 
compared w ith  th e  f a t t y  a c id s  from ep id erm a l s t r i p s  some d i s t i n c t  
d i f f e r e n c e s  a re  re v e a le d  c e r ta i n  f a t t y  a c id s  a re  p re s e n t  in  m ycelium which 
a re  a b s e n t from ep iderm al s t r i p s ,  n o ta b ly  m y r is t ic  a c id ,  a p a c h id ic  a c id ,  
a ra c h id o n ic  a c id  and l ig n o c e r ic  a c id .

222



Table 39; The com position  o f polar l ip id s  in  mycelium and epiderm al s t r ip s
M y ce lia l U n in fec ted In fe c te d  I(A2 days)

L ip id  C lass L ip id s E piderm al
S t r ip s

E piderm al S t r ip s

PC 22.1 + 1.6% A6.0 + A.9% A2.0 + 3.2%
PE 2 9 .A + 1.9% 25.5 + 5.3% 27.8 + 3.2%
PG 11.3 + 0.6% 6 .2 + 2.3% A .2 + 2.0%
PI 5 .8 + 0.8% 1A.7 + 2.3% 16.9 + 1.8%
PS A .9 + 0.8% 3 .7 + 2.3% A. 1 + 1.1%
PA 3 .A + 0.8% 0 .7 + 0.7% 1 .0 + 0.9%
MGDG 11.5 + 1.3% 2 .0 + 1.1% 0 .1 + 0.1%
DGDG 1 1 .A + 0.8% 1.0 + 1.1% 0.1 + 0.1%

The f ig u r e s  a re  th e  means of fo u r  r e p l i c a t e s  and a re  quoted  w ith
95% co n fid en ce  l i m i t s .

These f a t t y  a c id s  a re  found in  n e i th e r  th e  l i p i d  e x t r a c t s  from u n in fe c te d  
ep id erm al s t r i p s  n o r th e  l i p i d  e x t r a c t s  from in f e c te d  ep id erm al s t r i p s .  
The absence o f th e s e  f a t t y  a c id s  even in  t r a c e  amounts from in f e c te d  
ep id e rm is  i s  f u r t h e r  ev id en ce  th a t  m y c e lia l  l i p i d s  make no s i g n i f i c a n t  
c o n t r ib u t io n  to  th e  com po sition  o f in f e c te d  p la n t  e x t r a c t s .  C onseq uen tly  
th e  in c re a s e d  u n s a tu r a t io n  observed  fo llo w in g  in f e c t io n  cannot be due to  
fu n g a l l i p i d  c o n ta m in a tio n . The r e s u l t s  f o r  th e  in d iv id u a l  p o la r  l i p i d -  
bound f a t t y  a c id s  con firm  t h i s  ( t a b l e  AO).

For th e  n e u t r a l  l i p i d s  ( t a b le  A l) however some in t e r e s t in g  com parisons 
em erge. Once a g a in  th e  n e u t r a l  l i p i d  co m p o sitio n  of the  m y c e lia l e x t r a c t s  
does n o t change d u r in g  i n f e c t io n .  However th e re  a re  some d i f f e r e n c e s  
betw een h e a l th y  and in f e c te d  p la n t s .  These in c lu d e  a d ec re a se  in  th e  le v e l  
of s t e r o l  e s t e r s  and an in c re a s e  in  t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s .  
The changes in  th e  t r i g l y c e r i d e s  and th e  s t e r o l  e s t e r s  could  be caused  by 
th e  p resen ce  o f fu n g a l l i p i d s  b u t th e  in c re a s e  in  f r e e  f a t t y  a c id s  a long  
w ith  th e  la c k  o f changes in  th e  amount o f s t e r o l  p re s e n t  su g g e s ts  th a t  
t h i s  i s  u n l ik e ly .

The r e s u l t s  f o r  th e  n e u t r a l  l ip id -b o u n d  f a t t y  a c id s  f u r th e r  su p p o rt 
t h i s  c o n c lu s io n  ( t a b l e  A2). There a re  no changes in  the  o v e r a l l  n e u t r a l  
l ip id -b o u n d  f a t t y  a c id s  in  ep id erm al s t r i p s  o r  mycelium d u rin g  i n f e c t io n .  
I f  fu n g a l l i p i d s  w ere c o n tr ib u t in g  to  th e  t o t a l  n e u t r a l  l i p i d  in  the  
e x t r a c t s  th e r e  would be a d e c re a se  in  th e  amounts of p a lm it ic  a c id ,  o le ic  
a c id  and l i n o l e i c  a c id  and an in c re a s e  in  l i n o l e n ic  ac id  and t r a c e  amounts
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of a r a c h id ic  a c id ,  a ra c iiid o n ic  a c id  and l ig n o c e r ic  a c id .  As t h i s  does n o t 
o ccu r th en  i t  i s  u n l ik e ly  th a t  th e  fu n g a l l i p i d s  a re  c o n t r ib u t in g  to  th e  
co m p o sitio n  o f th e  e x t r a c t s .

T able  40: The co m p o sitio n  of p o la r  l ip id -b o u n d  f a t t y  a c id s  in  m ycelium  
and ep id erm a l s t r i p s

M yce lia l U n in fec ted In fe c te d  (42 d ay s)
F a t ty  Acid e x t r a c t s E piderm al

S t r ip s
E piderm al S t r ip s

P a lm it ic  a c id 13.1 + 1.4% 21.8 + 3.4% 2 2 .0  + 2.5%
P a lm ito le ic  a c id 3 .3  + 0.6% 0 .5 + 0.5% 0 .9  ± 0.7%
S te a r i c  a c id 7 .1  ± 0.8% 6 .9 + 1.4% 6 .8  + 0.8%
O le ic  a c id 12 .3  + 1.0% 4 .2 + 1.1% 3 .7  + 1.0%
L in o le ic  a c id 25 .7  ± 1.4% 4 0 .5 + 3.3% 13.2  ± 4.3%
L ino le iv ic  a c id 2 1 .0  + 2.8% 28.1 + 2.6% 5 3 .3  + 2.5%
A ra c h id ic  a c id 4 .0  ± 1.3% - -
A rach id o n ic  a c id 8 .7  + 0.7% - -
L ig n o c e r ic  a c id 1 .6  + 0.6% — —

The f ig u r e s a re  th e means o f fo u r  r e p l i c a t e s  
95% co n fid en ce  l im i t s

and a re  quoted  w ith

T ab le  41: The co m p o sitio n  of n e u t r a l  l i p i d s  in  mycelium and ep id e rm a l 
s t r i p s

M y ce lia l U n in fec ted In fe c te d [ (42 d ay s)
N e u tra l L ip id E x tr a c ts E piderm al

S t r ip s
E piderm al S t r ip s

S te r o l  E s te r s 14 .6  + 1.6% 26.7 + 3.3% 16.0 + 2.0%
S te r o l s 2 8 .0  + 2.7% 15.5 + 2.3% 15.1 + 1.4%
M onoglycerides 3 .0  + 1.1% 2.1 + 1.0% 1.5 + 0.9%
D ig ly c e r id e s 5 .4  + 1.7% 11.2 + 2.5% 7.9 + 1.8%
T r ig ly c e r id e s 4 0 .5  + 4.1% 33.5 + 4.6% 43.4 + 1.3%
F ree  F a t ty  A cids 8 .3  + 1.2% 10.0 + 1.4% 16.1 + 1.3%

The f ig u r e s a re  th e means o f fo u r  r e p l i c a te s  
95% co n fid en ce  l im i t s

and a re quoted  w ith
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Table 42 r The com position  of n eu tra l l ip id  bound f a t t y  a c id s in  mycelium
and epiderm al s t r ip s

F a t ty  Acid
M y ce lia l
E x tr a c ts

U n in fec ted  In fe c te d  (42 d ay s)
E piderm al E piderm al S t r ip s

S t r i p s
L a u r ie  a c id - 4 .0 + 5.7% 4.1 + 1.0%
M y r is t ic  a c id 3 .4 + 1.7% 5 .7 + 1.2% 6 .2 + 1.0%
P a lm it ic  a c id 13.1 + 1.8% 24.3 + 2.8% 22.7 + 1.6%
P a lm i to le ic  a c id 0 .4 + 0.7% 0 .2 + 0.2% 0.1 + 0.1%
S te a r i c  a c id 4 .0 + 0.5% 4 .6 + 0.8% 4 .5 + 0.7%
O le ic  a c id 3 .0 + 1.6% 8 .4 + 1.6% 7.5 + 0.7%
L in o le ic  a c id 2 2 .5 + 2.5% 27.8 + 2.8% 33.2 + 2.4%
L in o le n ic  ac id 3 8 .5 + 2.2% 23.4 + 4.3% 24.7 ± 1.2%
A ra c h id ic  a c id 3 .2 + 1.2% - -
A ra ch id o n ic  ac id 9 .5 + 1.2% - -
L ig n o c e r ic  a c id 2 .1 + 0.8% - -

The f ig u r e s  a re  th e means o f fo u r  r e p l i c a t e s  and a re  quoted w ith  
95% co n fid en ce  l i m i t s

P o s s ib le  i n t e r p r e t a t i o n s  o f th e se  r e s u l t s  a re  d i f f i c u l t  to  make, i t  
co u ld  be th a t  d u rin g  sen escen ce  o f th e  h o st changes in  n e u t r a l  l i p i d  f a t t y  
a c id s  do n o t occur o r  f i n a l l y  t h a t  th e  p a r a s i t e  a s s im i la te * n e u t r a l  l i p i d s  
o f h o s t  o r ig in  in  th e  same com form ation a s  th e y  a re  p re s e n t  in  th e  h o s t .  A 
r a d io l a b e l l e d  chase s tu d y  fo llo w in g  n e u t r a l  l i p i d s  would re v e a l w hether 
n e u t r a l  l i p i d s  a re  a s s im i la te d  by th e  p a r a s i t e  in  th e  same com position  as 
th e y  a re  found in  th e  h o s t ,  how ever, such  a s tu d y  was not made in  t h i s  
s e r i e s  o f e x p e rim e n ts .

As a lre a d y  s t a te d  th e  v a l i d i t y  o f th e s e  c o n c lu s io n s  depends upon a 
d eg ree  o f s i m i l a r i t y  betw een h a u s t o r ia l  and m y c e lia l  l i p i d s .  I t  i s  
p o s s ib l e ,  due to  t h e i r  unique fu n c t io n  t h a t  th e  co m po sitio n  of h a u s to r ia l  
l i p i d s  i s  e n t i r e l y  d i f f e r e n t  from t h a t  o f m y c e lia l  l i p i d s ,  however due to  
th e  d i f f i c u l t y  o f o b ta in in g  a pure sam ple o f h a u s t o r ia l  com plexes i t  was 
n o t p o s s ib le  to  g e t  an a c c u ra te  id e a  o f t h e i r  l i p i d  com position  (S e c tio n
4 .6  and 5 .4 .1 )  and th e s e  r e s u l t s  f o r  m y c e lia l  l i p i d s  a re  th e  b e s t  
a p p ro x im a tio n  a v a i l a b l e .
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5 .5 .1 .  I s o l a t i o n  and l i p i d  a n a ly s is  of h » » s to r ia l  com plexes

The a n a ly s is  of h a u s to r ia l  com plexes was hampered by c o n tam in a tio n . 
I m p u r i t ie s  in  th e  e x t r a c t  were such t h a t  h a u s to r ia  com prised only
2 3 .6  ± 5.7% of th e  t o t a l  f r a c t io n .  In  an a tte m p t to  b y -p ass  t h i s  
d i f f i c u l t y  u n in fe c te d  le a v e s  were f r a c t io n a te d  in  th e  same way as  in f e c te d  
le a v e s  and an e s t im a te  of the  l i p i d  co m p o sitio n  of th e  h a u s to r ia l  
com plexes was d e r iv e d  by d i f f e r e n c e .

W hether o r n o t t h i s  e s t im a t io n  p ro v id e s  a f a i r  r e f l e c t i o n  of th e  l i p i d  
co m p o sitio n  o f th e  h a u s t o r ia l  com plexes, some firm  o b se rv a tio n s  a re  s t i l l  
p o s s ib l e .  F i r s t l y  th e  h a u s to r ia l  com plexes c o n ta in  m y r is t ic  a c id ,  
a r a c h id ic  a c id  and a ra c h id o n ic  a c id  which a r e  a l l  found in  th e  m y c e lia l 
l i p i d s  bu t a re  n o t found in  s u f f i c i e n t  q u a n t i t i e s  to  be d e te c te d  in  l i p i d  
e x t r a c t s  from ep id erm al c e l l s  o f In fe c te d  p la n t s .  T h is  s tre n g th e n s  th e  
c o n c lu s io n  th a t  fu n g a l l i p i d s  a re  a b se n t from l e a f  e x t r a c t s .

£The l i p i d  co m p o sitio n  of h a u to r ia l  com plexes d i f f e r s  from in f e c te d  and 
u n in fe c te d  ep id erm al s t r i p s ,  in  a number o f ways ( t a b l e  4 3 ) . H a u s to r ia l  
com plexes c o n ta in  g r e a t e r  amounts o f MGDG, DGDG, PA and PE, l e s s e r  amounts 
o f  PC and PI and s im i la r  amounts o f PG and PS. Assuming th a t  th e se  
e s t im a t io n s  a re  a f a i r  r e f l e c t i o n  o f th e  a c tu a l  l i p i d  com po sitio n  o f th e  
h a u s t o r i a l  com plexes t h i s  i s  an im p o rta n t r e s u l t  as i t  shows th a t  the  
h a u s to r ia  canno t be cau sin g  changes in  l i p i d  com po sition  in  in f e c te d  
p l a n t s .

L ikew ise  w ith  th e  p o la r  l ip id -b o u n d  f a t t y  a c id s  th e re  a re  a number of 
d i f f e r e n c e s  betw een h a u s to r ia l  com plexes and the  in f e c te d  ep id erm al 
s t r i p s .  H a u s to r ia l  com plexes c o n ta in  g r e a t e r  amounts o f p a lm i to le ic  a c id ,  
s t e a r i c  a c id ,  o le i c  a c id  and l i n o l e i c  a c id  and low er amounts o f l i n o le n ic  
a c id  and p a lm i t ic  a c id  th an  in f e c te d  ep id erm a l s t r i p s .  In  a d d i t io n  they  
c o n ta in  s e v e r a l  f a t t y  a c id s ;  m y r is t ic  a c id ,  a r a c h id ic  ac id  and 
a ra c h id o n ic  a c id .  In  a d d i t io n  to  t h i s  th e  d eg ree  of f a t t y  ac id  
u n s a tu r a t io n  o f th e  h a u s to r ia l  com plexes i s  s im i la r  to  th a t  found in  
u n in fe c te d  ep id erm a l c e l l s  and th e r e f o r e  th e  p resen ce  o f fu n g a l m a te r ia l  
in  th e  in f e c te d  ep id e rm a l c e l l s  cannot be c o n tr ib u t in g  to  the  in c re a s e  in  
u n s a tu r a t io n .
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The r e s u l t s  from th e s e  exp erim ents th u s  a g ree  w ith  th e  r e s u l t s  from th e  
m y c e lia l  l i p i d  e x t r a c t s  in  th a t  i t  i s  u n l ik e ly  t h a t  th e  p resen ce  o f 
h a u s t o r i a l  com plexes in  the  ep iderm al c e l l s  i s  c o n t r ib u t in g  to  th e  changes 
in  l i p i d  co m p o sitio n  observed  in  in f e c te d  ep id erm al c e l l s .

When th e  l i p i d s  from th £ .h a u s to r ia l  complex and m ycelium .ire  compared 
some i n t e r e s t i n g  d if f e r e n c e s  em erge. F i r s t l y  th e  m ycelium c o n ta in s  much 
h ig h e r  amounts o f th e  g a la c to s y l  d ig ly c e r id e s  and c o rre sp o n d in g ly  low er 
am ounts o f th e  m ajo r p o la r  l i p i d s  PC and PE, a s  w e ll a s  h ig h e r  amounts o f 
PG and low er amounts o f P I . The p o la r  l ip id -b o u n d  f a t t y  a c id s  p a t t e r n s  f o r  
h a u s t o r ia l  com plexes and mycelium a re  v e ry  s im i la r  ex c e p t t h a t  th e  l a t t e r  
c o n ta in s  a h ig h e r  p ro p o r t io n  of p a lm i t i c ,  a r a c h id ic  and a ra c h id o n ic  a c id s  
and th u s  a c o rre sp o n d in g ly  lower p ro p o r t io n  of th e  o th e r  f a t t y  a c id s .  The 
m y c e lia l  l i p i d  e x t r a c t  a ls o  c o n ta in s  l ig n o c e r i c  a c id  w hich i s  n o t p re s e n t  
in  h a u s to r ia l  com plexes. The n e u t r a l  l i p i d s  a re  f a i r l y  s im i la r  ( t a b l e  4 5 ) , 
m ycelium  c o n ta in s  a h ig h e r  p ro p o r tio n  o f s t e r o l  e s t e r s  b u t th e  p ro p o r t io n  
o f th e  o th e r  n e u t r a l  l i p i d s  i s  v ery  s i m i l a r .

These r e s u l t s  may have some s ig n i f i c a n c e  as to  th e  p e r m e a b i l i t ie s  of 
th e  v a r io u s  m em branes. H au s to ria  a r e  s p e c ia l i s e d  and d i f f e r e n t i a t e d  
s t r u c tu r e s  whose purpose  i s  to  o b ta in  n u t r i e n t s  from th e  invaded  h o s t .  
T h e re fo re  th e  h a u s t o r i a l  membranes would be ex p ec ted  to  have a com po sitio n  
ad ap ted  f o r  t h i s  fu n c t io n  and th u s  d i f f e r e n c e s  betw een m y c e lia l  and 
h a u s t o r i a l  l i p i d s  would be ex p ec ted . I n t e r p r e t a t i o n  i s  co m p lica ted  by th e  
in h e r e n t  in n a c c u ra c y  o f th e  e x p e rim e n ta l p ro to c o l  and by th e  f a c t  t h a t  th e  
l i p i d s  in  th e  membranes of i n t e r e s t ,  h a u s to r ia l  plasmalemma and th e  
e x t r a h a u s t o r i a l  membrane, w il l  be d i l u t e d  by the  l i p i d s  in  th e  g e n e ra l 
c y to p la sm ic  membranes o f the  h a u s to r ia .  I t  i s  n o tew o rthy  th a t  w ith in  th e  
l i m i t s  of th e  ex p e rim e n ta l system  employed d i f f e r e n c e s  betw een th e  
m y c e lia l  l i p i d s  and th e  h a u s to r ia l  l i p i d s  were found .

I t  i s  l i k e l y  t h a t  th e  membrane l i p i d s  in  h a u s to r ia  a re  adap ted  f o r  
t h e i r  s p e c ia l i s e d  r o l e ,  but u n t i l  in d iv id u a l  membranes can be i s o l a t e d  in  
a re a so n a b le  d eg ree  of p u r i ty  f u r t h e r  in fo rm a tio n  on t h e i r  l i p i d  and 
p r o te in  c o n te n t  w i l l  n o t be fo rth co m in g . In  th e  s h o r t  term  a s u p e r f i c i a l  
app ro ach  to  th e  s tu d y  of the e x t r a - h a u s to r i a l  membrane i s  l i k e l y  to  be 
most f r u i t f u l .
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T a b l e  A 3 :  Th e c o m p o s i t i o n  of  p o l a r  l i p i d s  i n  h a u s t o r l a l  c o m p le x e s  
e p i d e r m a l  s t r i p s  and m y c e l i u m

H a u s t o r i a l U n i n f e c t e d I n f e c t e d  ( 4 2  dayi
L i p i d Complex M y c e l i a l E p i d e r m a l E p i d e r m a l S t r i p s

E s t i m a t i o n E x t r a c t s S t r i p s

PC 29.4% 2 2 . 1  +  1.6% 4 6 . 0  ±  4.9% 4 2 . 0 + 3. 2%
PE 33.6% 2 9 . 4  ±  1.9% 2 5 . 5  ±  5 .3 % 2 7 . 8 + 3.2%
PG 6.3% 1 1 . 3  ±  0.6% 6 . 2  ±  2 .3 % 4 . 2 + 2.0%
P I 10.5% 5 . 8  ±  0.8% 1 4 . 7  +  2 .3 % 1 6 . 9 + 1.8%
PS 5.5% 4 . 9  ±  0.8% 3 . 7  ±  2 . 3 % 4 . 1 + 1.1%
PA 3.4% 3 . 4  +  0.8% 0 . 7  +  0 . 7 % 1 . 0 + 0.9%
MGDG 5.0% 1 1 . 5  ±  1.3% 2 . 0  ±  1.1 % 0 . 1 + 0.1%
DGDG 3.4% 1 1 . 4  ±  0.8% 1 . 0  ±  1.1 % 0 . 1 + 0.1%

T a b l e  4 4 :  T h e c o m p o s i t i o n  o f  t h e  p o l a r  l i p i d - b o u n d  f a t t y  a c i d  f r a c t i o n  
f r o m  h a u s t o r l a l  c o m p l e x e s ,  e p i d e r m a l  s t r i p s  and m y c e li u m

H a u s t o r i a l U n i n f e c t e d I n f e c t e d  ( 4 2  d a y s )
F a t t y  A c i d Complex M y c e l i a l E p i d e r m a l E p i d e r m a l S t r i p s

E s t i m a t i o n E x t r a c t s S t r i p s

M y r i s t i c  A c i d 1.8% 3 . 1 ± 1.7% - -

P a l m i t i c  A c i d 4.2% 1 3 . 1 ± 1.4% 2 1 . 8  ±  3 .4 % 2 2 . 0 + 2.5%
P a l m i t o l e i c  A c i d 3.8% 3 . 3 ± 0.6% 0 . 5  ±  0 .5 % 0 . 9 + 0.7%
S t e a r i c  A c i d 8.0% 7 . 1 ± 0.8% 6 . 9  ±  1.4% 6 . 8 + 0.8%
O l e i c  A c i d 19.3% 1 2 . 3 ± 1.0% 4 . 2  ±  1.1 % 3 . 7 + 1.0%
L i n o l e i c  A c i d 31.9% 2 5 . 7 + 1 . 4  % 4 0 . 5  ±  3 . 3 % 1 3 . 2 + 4.3%
L i n o l e n i c  A c i d 26.3% 2 1 . 0 + 2.8% 2 8 . 1  ±  2 .6 % 5 3 . 3 2.5%
A r a c h i d i c  A c i d 1.7% 4 . 0 + 1.3% - -
A r a c h i d o n i c  A c i d 3.6% 8 . 7 + 0.7% - -
L i g n o c e c i c  A c i d - 1 . 6 + 0.6% -

T a b l e  4 5 :  The com[ p o s i t i o n  o f t h e  n e u t r a l  l i p i d  co m p o n en t o f  h a u s t o r i a l
c o m p l e x e s ,  e p i d e r m a l  s t r i p s  and m y c e li u m

H a u s t o r i a l U n i n f e c t e d I n f e c t e d  ( 4 2  d a y s )
N e u t r a l  L i p i d Complex M y c e l i a l E p i d e r m a l E p i d e r m a l S t r i p s

E s t i m a t i o n E x t r a c t s S t r i p s

S t e r o l  e s t e r s 6.3% 1 4 . 6  ±  1.6% 2 6 . 7  ±  3 .3 % 1 6 . 0 ± 2.0%
S t e r o l s 25.2% 2 8 . 0  +  2.7% 1 5 . 5  ±  2 .3 % 1 5 . 1 ± 1.4%
M o n o g l y c e r i d e s 3.6% 3 . 0  ±  1.1% 2 . 1  ±  1.0% 1 . 5 ± 0.9%
D i g l y c e r i d e s 5.2% 5 . 4  + 1.7% 1 1 . 2  ± 2 .5% 7 . 9 ± 1.8%
T r i g l y c e r i d e s 38.6% 4 0 . 5  ±  4.1% 3 3 . 5  ±  4.6% 4 3 . - 1.3%
F r e e  F a t t y  A c i d s 10.9% 8 . 3  + 1.2% 1 0 . 0  ±  1.4% 1 6 .1 ± 1.3%

T h e  f i g u r e s a r e  t h e  means o f  f o u r  r e p l i c a t e s  and a r e  e x p r e s s e d  w i t h
95% c o n f i d e n c e  l i m i t s

228



5 .6 .  Com parisons w ith  o th e r  h o s t p a r a s i t e  system s

Hoppe and H e ite fu s s  (1974b) found t h a t  in  l e a f  d is c s  tak en  from 
P h aseo lu s  v u lg a r is  in f e c te d  by Uromyces p h a s e o li  th e re  was a s i g n i f i c a n t  
in c re a s e  in  th e  le v e l  of PS and PA and a d e c re a se  in  th e  le v e l  o f MGDG, 
DGDG and PG which began 4 days a f t e r  i n f e c t io n  and an in c re a s e  in  the  
u n s a tu r a t io n  of f a t t y  a c id s  bound to  PC, PE and PG in  in f e c te d  l e a f  h a lv es  
betw een 4 and 8 days a f t e r  in o c u la t io n  w hich was more pronounced in  PE. 
These d i f f e r e n c e s  were found in  th e  re g io n  around th e  p u s tu le  and were no t 
observed  in  th e  su rro u n d in g  m y ce liu m -free  t i s s u e .  With th e  e x c e p tio n  of 
th e  in c re a s e  in  th e  l e v e l  o f PS and PA th e s e  r e s u l t s  a re  v ery  s im i la r  to  
th o se  found in  the  ep id erm a l s t r i p s  in  t h i s  s e r i e s  o f e x p e rim e n ts .

The f a c t  t h a t  no changes w ere observed  in  the  mycelium f r e e  t i s s u e  in  
th e  le a v e s  o f P h aseo lu s v u lg a r is  i s  p a r a l l e l e d  in  th e se  ex p e rim en ts  by the  
la c k  o f e q u iv a le n t  changes in  in f e c te d  w hole le a v e s .  T h is shows th a t  any 
e f f e c t  o f th e  pathogen  on i t s  h o s t i s  c o n fin ed  to  th e  im m ediate v a c in i ty  
o f th e  i n f e c t io n  in  b o th  d is e a s e s .

L o se l and Lewis (1974) found th a t  i n f e c t io n  of T u ss ila g o  f a r f o r a  by 
P u c c in ia  poarum caused a g e n e ra l  in c r e a s e  in  the  amount o f l i p i d  in  
le a v e s .  M ature a e c ia l  p u s tu le s  had more th a n  3 tim es th e  t o t a l  l ip id  
c o n te n t  o f h e a lth y  p a r t s  o f d ise a se d  p l a n t s .  These a u th o rs  found an 
in c re a s e  in  th e  amount o f PC and PE c o rre sp o n d in g  to  t h i s  in c re a s e  and a 
s i g n i f i c a n t  in c re a s e  in  th e  le v e l  o f PS, w h ile  a l l  of th e  c h lo ro p la s t  
l i p i d s  showed a d e c re a s e . T h is d e c re a se  in  th e  le v e l  o f c h lo ro p la s t  l i p i d s  
i s  a c o n s i s te n t  f e a tu r e  of r u s t  d i s e a s e s .  C au tion  must be e x c e rc ise d  when 
com paring th e  r e s u l t s  from d i f f e r e n t  syndrom es. F i r s t l y  a l l  th r e e  s e t s  of 
e x p e rim en ts  in v o lv ed  d i f f e r e n t  h o s ts  and p a th o g e n s , a lth o u g h  th e  work o f 
Hoppe and H e ite fu s s  (1974) and L ose l and Lewis (1974) bo th  in v o lv e  r u s t  
d i s e a s e s .  Secondly  t h i s  s tu d y  s p e c i f i c a l l y  u t i l i z e d  ep id erm al s t r i p s  
w hereas th e  two p re v io u s  s tu d ie s  in v o lv ed  l e a f  segm ents. However d e s p i te  
t h i s  th e r e  a re  some i n t e r e s t i n g  p a r a l l e l s  betw een th e se  s tu d ie s .

The most im p o rtan t d i s p a r i t y  between th e  p re s e n t  r e s u l t s  and th o se  of 
L o se l and Lewis (1974) was th a t  in  th e  p re s e n t  s tud y  th e re  was no in c re a s e  
in  th e  t o t a l  amount o f l i p i d  upon i n f e c t io n .  One p o s s ib le  e x p la n a tio n  i s
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th e  d i f f e r e n c e  in  sam pling  m ethods, a s  d is c u s s e d  in  S e c tio n  5 .3 .1  however 
i t  i s  u n l ik e ly  th a t  t h i s  would be r e s p o n s ib le  f o r  m asking a th r e e fo ld  
change in  l i p i d  c o n c e n tra t io n  as found by L ose l and Lewis (1 9 7 4 ). More 
l i k e l y  e x p la n a tio n s  a re  th e  p r o l i f e r a t i o n  o f fu n g a l membraneous t i s s u e s  
w ith in  th e  h o s t and th e  freq u en cy  o f l i p i d  in c lu s io n  b o d ies  a s s o c ia te d  
w ith  t h i s  r u s t  i n f e c t io n .  W hichever e x p la n a tio n  i s  v a l id a te d  th e re  i s  a 
d i s t i n c t  d i f f e r e n c e  betw een th e  two d is e a s e s  in  t h i s  r e s p e c t .

As f a r  a s  n e u t r a l  l i p i d s  a re  concerned  in  the  p re s e n t  s tu d y  o n ly  sm all 
changes w ere observed  betw een th e  d i f f e r e n t  c la s s e s  in  ep id erm al s t r i p s  
nam ely an in c re a s e  in  th e  amount o f t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s  and 
a c o rre sp o n d in g  d e c re a se  in  s t e r o l  e s t e r s ,  s t e r o l s  and d ig ly c e r id e s .  T his 
change was tho u gh t to  be caused by th e  p re s e n s e  o f t r i g l y c e r i d e s  and f r e e  
f a t t y  a c id s  in  o sm io p h ilic  s t r u c tu r e s  b u t t h i s  has n o t been p roved .

Hoppe and H e ite fu s s  (1975b) s e p a ra te d  o u t the  s t e r o l  f r a c t io n  in to  i t s  
c o n s t i tu e n t s  and found t h a t  two unknown a d d i t io n a l  s t e r o l s  were p re s e n t  in  
in f e c te d  bean le a v e s .  These s t e r o l s  a re  c h a r a c t e r i s t i c  of germ ina ted  
u re d o sp o re s  and i t  was th o u g h t t h a t  t h e i r  p re se n se  in  th e  e x t r a c t s  was due 
to  th e  p re se n se  of fu n g a l l i p i d s .  The p re se n c e  of u n u su a l s t e r o l s  was no t 
t e s te d  f o r  in  th e  p re s e n t  s tu d y .

S ad rin a  e t  a l  (1981) showed t h a t  th e  c o n te n t o f p h o sp h o lip id s  and 
n e u t r a l  l i p i d s  p er u n i t  membrane p r o te in  n it ro g e n  in c re a se d  fo llo w in g  
i n f e c t io n  o f ro o ts  by RhizoctoTvia so lanu  They a ls o  found an in c re a s e  in  
f a t t y  a c id  s a tu r a t io n  caused  by i n f e c t io n  in  m ito c h o n d ria l membranes 
w hich was p a r a l l e le d  by a d e c re a se  in  th e  a c t i v i t y  o f m ito c h o n d ria l 
enzym es. T h is  i s  the  o p p o s ite  o f what was found in  th e  p re s e n t  ex p erim en ts  
w here th e  degree  of u n s a tu r a t io n  was in c re a se d  by in f e c t io n  p ro bab ly  
p a r a l l e l e d  by an in c re a s e  in  th e  a c t i v i t y  of th e  membrane enzymes, as 
found by Kotyk (1 9 7 7 ).

As so few s tu d ie s  on d is e a s e d  induced  changes in  l i p i d  m etabolism  have 
been conducted  i t  i s  d i f f i c u l t  to  make any g e n e r a l i s a t io n s .  However i f  you 
j u s t  look  a t  th e  b io t ro p h ic  d i s e a s e s ,  th e re  does seem to  be some 
c o n s is te n c y  such as th e  lo s s  o f c h lo r o p la s t  l i p i d s  and th e  in c re a s e  in  
u n s a tu r a t io n  le a d in g  to  in c re a s e d  membrane p e rm e a b i l i ty .
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The case  o f R h iz o c to r ia  s o la n i  i s  i n t e r e s t i n g  a s  i t  i s  a n e c ro tro p h ic  
path ogen  and th e  changes in  th e  l i p i d  com po sition  a re  v ery  d i f f e r e n t  to  
th o se  found in  b io tro p h ic  d is e a s e s ,  w hich su g g e s ts  t h a t  d i f f e r e n t  and more 
d ra m a tic  changes o ccu r to  th e  l i p i d s  in  the  c e l l s  o f p la n ts  in f e c te d  by 
n e c ro tro p h ic  p a th o g en s . However no g e n e ra l  c o n c lu s io n s  can be made as 
th e r e  i s  so l i t t l e  in fo rm a tio n  i s  a v a i la b le  on l i p i d  m etabolism  in  
n e c ro t ro p h ic  d i s e a s e s .

5 .7 .  L ip id  com po sitio n  in  in f e c te d  and u n in fe c te d  pea p la n ts  (cv  Onward) 
and p la n ts  k ep t in  th e  d ark

T h is  s tu d y  was u n d e rtak en  to  a s c e r ta i n  w hether th e  changes in  l i p i d  
com p o sitio n  found in  d ise a se d  p la n ts  were caused by p rem atu re  se n esce n ce . 
E l H ussein  (1977) has shown t h a t  in  w heat p la n ts  p re m a tu re ly  sen esced  by 
d a rk e n in g  th e re  i s  a s i g n i f i c a n t  in c re a s e  in  th e  l e v e l  of f a t t y  a c id  
u n s a tu r a t io n  in  PC, PE and P I. S in ce  s im i la r  changes were observed  in  th e  
p re s e n t  s tu d y  i t  was d ec id ed  to  exam ine th e  e f f e c t  o f senescence  on th e  
com p o sitio n  o f pea ep id erm al l i p i d s .  P la n ts  k ep t in  th e  dark  e x h ib i te d  
l i t t l e  change in  th e  r e l a t i v e  p ro p o r t io n s  o f p o la r  and n e u t r a l  l i p i d s  and 
th e  p e rce n ta g e  com po sitio n  o f th e  p o la r  l i p i d s  was a ls o  u n a l te r e d .  On th e  
o th e r  hand th e  d eg ree  o f u n s a tu r a t io n  o f th e  p o la r  l ip id -b o u n d  f a t t y  a c id s  
in c re a s e d  s u b s t a n t i a l l y  as a r e s u l t  o f a s u b s t i t u t i o n  of l i n o l e i c  by 
l i n o l e n i c  a c id s .  T h is r e s u l t  p a r a l l e le d  th a t  found f o r  ep id erm al s t r i p s  
from  in f e c te d  p la n ts  ex cep t t h a t  i t  occured  e a r l i e r  in  dark  in c u b a ted  
p l a n t s .

Thus th e  changes observed  in  p o la r  l i p i d  f a t t y  a c id  s t r u c tu r e  in  
d is e a s e d  p la n ts  a re  th e  same as th o se  in  p la n ts  undergoing  a r t i f i c i a l l y  
induced  p rem atu re  se n e sc e n c e . In  o th e r  h o s t - p a r a s i t e  com binations powdery 
m ildew  in f e c t io n  cau ses p rem atu re  sen escen ce  (F in n ey , 1978) but th e  
mechanism by which t h i s  i s  ach iev ed  i s  n o t known. Presum ably th e  s t r e s s  
a s s o c ia te d  w ith  su p p o rtin g  a p a r a s i t i c  sym biont in d u ce s  prem ature a g e in g . 
I t  seems u n l ik e ly  t h a t  th e  sh ad ing  o f th e  l e a f  by th e  mycelium cou ld  
i t s e l f  be r e s p o n s ib le .

The changes in  l i p i d  co m p o sitio n  reco rded  in  t h i s  s tud y  most l i k e l y  
r e s u l t  from p rem atu re  sen escen ce  and th e re  i s  n o th in g  to  su g g est th a t  they
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a re  connected  w ith  s p e c i f i c  p e rm e a b i l i ty  changes o r p a r a s i t e  n u t r i t i o n .  
Indeed  th e  pathogen  becomes e s ta b l i s h e d  and grows f o r  a p e r io d  .of 14 days 
b e fo re  any changes in  th e  l i p i d  f r a c t io n s  a re  d e te c ta b le  th u s  th e  p a r a s i t e  
i s  a b le  to  o b ta in  n u t r i e n t s  f o r  g row th  and s p o r u la t io n  long  b e fo re  any 
changes to  l i p i d  com po sitio n  a re  o b se rv ed  in  th e  membrane and so th e  
mechanism by which i t  i s  a b le  to  r e d i r e c t  th e  h o s t m e ta b o li te s  must be 
so u g h t e lsew h e re . T here a re  a number o f p o s s i b i l i t i e s  such as a l t e r a t i o n s  
i n  s p e c i f i c  membrane p r o te in s ,  enhancem ent of membrane p e rm e a b ili ty  to  
c e r t a i n  m e ta b o l i te s ,  th e  e s ta b l is h m e n t  o f a m e ta b o lic  s in k  in  which 
d e p le t io n  of n u t r i e n t s  in  th e  e p id e rm a l c e l l s  cau ses th e  p a s s iv e  d i f f u s io n  
o f  th e s e  m e ta b o li te s  from a d ja c e n t  c e l l s  due to  a l t e r e d  c o n c e n tra t io n  
g r a d i e n t s ,  and f i n a l l y  lo c a l  changes in  th e  l i p i d  com position  of th e  
membrane r e s u l t i n g  in  in c re a s e d  m e ta b o li te  d i f f u s io n  w ith o u t any 
c o rre sp o n d in g  o b se rv a b le  change in  membrane s t r u c t u r e .  A f u r th e r  p o in t i s  
th e  r e s t r i c t e d  s u r fa c e  a re a  o f h o s t  membrane d i r e c t l y  in  c o n ta c t  w ith  th e  
p a r a s i t e ,  so t h a t  any p a r a s i t i s m - a s s o c ia te d  changes to  membrane 
co m p o sitio n  a re  l i k e l y  to  be h e a v ily  d i l u t e d  and a re  p ro b ab ly  u n d e te c ta b le  
u s in g  th e  m ethodology adopted  h e re .

L o se l (1978) s p e c u la te d  in  Poa p r a t e n s i s  in f e c te d  by P u cc in ia  poarum 
th e  o i l  d r o p le ts  found in  h o s t c e l l s  around  th e  in f e c t io n  s i t e s  c o n s t i tu t e  
a c o n c e n tra te d  s in k  o f h o s t p h o to sy n th a te  a d ja c e n t to  th e  fungus which 
h e lp s  to  m a in ta in  t r a n s lo c a t io n  g r a d ie n ts  tow ards th e  s i t e  of i n f e c t io n .  
S im i la r ly ,  fu n g a l l i p i d s  r e p re s e n t  a p a r a s i t e  s in k  f o r  h o s t a s s im i la te  in  
Poa poarum as has been d em o n stra ted  in  T u s s ila g o  f a r f a r a  (L o se l and Lew is, 
1974).

The changes in  th e  n e u t r a l  l i p i d  co m p o sitio n  o f d a rk  in cu b a ted  p la n ts  
e x a c t ly  d u p l ic a te  th o se  in  in f e c te d  p la n ts  ex cep t t h a t  they  become 
s t a t i s t i c a l l y  s i g n i f i c a n t  (P —0.5%) e a r l i e r .  T h is c o n t r a s t s  w ith  th e  
work o f L osel and Lewis (1974) who found th a t  th e  in c re a s e s  in  
t r i g l y c e r i d e s  and f r e e  f a t t y  a c id s  were g r e a t e r  in  in f e c te d  p la n t s .  They 
a ls o  found th a t  in  s e n e sc e n t p la n ts  th e r e  was a d e c re a se  in  c h lo ro p la s t  
l i p i d s  b u t no in c r e a s e  in  PC and PE w hich th ey  found in  in fe c te d  t i s s u e .  
Thus th e  two e x p e rim en ts  seem to  p roduce c o n f l i c t i n g  r e s u l t s .  T his i s  
p ro b ab ly  a t t r i b u t a b l e  to  the  d i f f e r e n t  h o s t-p a th o g e n  com binations under 
s tu d y .
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So th e  c o n c lu s io n  from th i s  p a r t ,  of th e  work i s  t h a t  the  changes in  
f a t t y  a c id  s a t u r a t i o n  in  l i p i d  bound f a t t y  a c id s  were a r e f l e c t i o n  o f th e  
p rem atu re  sen escen ce  o f th e  t i s s u e  caused  by in f e c t io n  by E . p i s i .

The p ro g re s s  o f sen escen ce  was fo llo w ed  by m easuring th e  c h lo ro p h y l l ,
r.amino N and' p r o te in  N c o n ten t o f stem  ep id erm al s t i p s .  The r e s u l t s  

showed th a t  th e r e  was a s i g n i f i c a n t  re d u c t io n  in  th e  p ro te in -b o u n d  
n i t ro g e n  in  d a rk  in c u b a ted  p la n ts ,  a  s i g n i f i c a n t  in c re a s e  in  th e  amino 
a c id  n it ro g e n  c o n te n t  in  in fe c te d  p la n ts  and a d ec re a se  in  c h lo ro p h y ll  in  
b o th  in f e c te d  and d ark  in cu b a ted  p la n t s  compared w ith  th e  l i g h t  grown 
h e a l th y  p l a n t s .  The re d u c tio n  in  c h lo ro p h y l l  c o n ten t was g r e a t e r  and 
o ccu /ed  e a r l i e r  in  d a rk - in c u b a te d  p l a n t s .

In  th e  absence  o f i n f e c t io n  th e re  i s  o n ly  a sm all in c re a s e  in  th e  amino
N c o n te n t o f th e  le a v e s  which sen esce  w h ile  s t i l l  a t ta c h e d  to  th e  p la n t
(F in n e y , 1979). F inney  (1979) re p o r te d  a s im i l a r  r e s u l t  in  wheat in f e c te d  

rv\by E ry sip h e  g ra  i n i s . He su g g ested  t h a t  i t  was caused by th e  r e t e n t io n  o f 
s o lu b le  n i t ro g e n  around the  p u s tu le s .  He th o u g h t t h a t  th e  in c re a s e  in  
amino N was r e s p o n s ib le  fo r  th e  m a in tenan ce  o f p r o te in  c o n te n t in  
s e n e sc in g  d is e a s e d  le a v e s  s in c e  y e llo w in g  le a v e s  r e t a i n  th e  a b i l i t y  to  
s y n th e s iz e  p r o t e i n .  T h is  ag ree s  w ith  th e  m ain tenance  of p r o te in  c o n te n t in  
in f e c te d  b u t n o t  darkened  p la n ts  s u g g e s t in g  th a t  th e  p a r a s i t e  i s  a b le  to  
su p p re ss  th e s e  a s p e c ts  of sen escen ce  w hich would be to  i t s  d e tr im e n t .

< '

C h lo ro p h y ll lo s s  from ep iderm al c e l l s  o f darkened p la n ts  wasmuch more 
ra p id  than  from i n f e c t e d p la n t s . T h e re fo re  a lth o u g h  in f e c t io n  by E ry sip ite  
p i s i  doesprom ote se n e sc e n c e , the  p ro c e s s  as  a whole i s  l e s s  ra p id  th an  in  
darkened  p l a n t s .

The r e s u l t s  from th e se  ex p e rim en ts  su g g e s ts  th a t  i n f e c t io n  cau ses  a 
g e n e ra l  a c c e l e r a t io n  of sen escen ce  and t h a t  th e  changes in  th e  p o la r  l i p i d  
f a t t y  a c id  co m p o sitio n  a re  a r e f l e c t i o n  of t h i s  r a th e r  than  a change 
induced  by th e  pathogen  in  o rd e r  to  o b ta in  n u t r i e n t s  from the  h o s t .  At 
p re s e n t  i t  i s  o n ly  p o s s ib le  to  s p e c u la te  a s  to  how th e  pathogen  a l t e r s  th e  
host^s p h y s io lo g y  in  o rd e r  to  o b ta in  n u t r i e n t s  as w ith  th e  a v a i la b le  
m ethodology i t  i s  n o t p o s s ib le  to  t e s t  f o r  f in e  changes in  membrane 
s t r u c t u r e .
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6 . C onclusion

The most p e r t i n a n t  co n c lu s io n  from th e s e  ex p e rim en ts  i s  th a t  i n f e c t io n  
by E ry sip h e  p i s i  has l i t t l e  e f f e c t  on th e  l i p i d  com po sitio n  in  pea p l a n t s .  
In  f a c t  up to  24 days a f t e r  i n f e c t io n  h e re  i s  no change a t  a l l  in  th e  l e a f  
l i p i d s  and th e  o n ly  changes t h a t  w ere o bse rved  in  t h i s  s tu d y  w ere a lo s s  
o f c h lo r o p la s t  l i p i d s ,  an in c re a s e  in  th e  u n s a tu r a t io n  of the  p o la r  l i p i d -  
bound f a t t y  a c id s  and an a l t e r a t i o n  in  th e  com po sitio n  of th e  n e u t r a l  
l i p i d  c la s s e s  in  pea stem  ep id erm al c e l l s .  The changes th a t  o ccu rred  were 
n o t r e s t r i c t e d  to  any p a r t i c u l a r  membrane.

These r e s u l t s  d em o n stra te  th e  h ig h  l e v e l  of c o m p a ta b ili ty  betw een th e
p a r a s i t e  and i t s  h o s t .  I t  i s  in  th e  n a tu re  of b io tro p h y  th a t  a s u c c e s s f u l
p a r a s i t e  must c o e x is t  w ith  i t s  h o s t  such  th a t  i t  i s  a b le  to  grow,j 7
s p o r u la te  and r e i n f e c t  o th e r  h o s t p la n ts  b e fo re  th e  p rim ary  h o s t d i e s .  I t  
i s  to  th e  p a r a s i t e s  e c o lo g ic a l  and e v o lu t io n a ry  adv an tage  to  cause as 
l i t t l e  c e l l u l a r  damage as p o s s ib le  to  i t s  h o s t w h i ls t  s t i l l  making use o f 
th e  host's  m e ta b o li te s  f o r  i t s  own p u rp o se s . The f a c t  t h a t  E ry sip h e  p i s i  
c au ses  no change to  th e  l i p i d  co m p o sitio n  of whole le a v e s  and th a t  th e  
changes i t  causey to  th e  l i p i d  co m p o sitio n  of the  stem  ep id erm al c e l l s  a re  
sm all shows how i t  i s  a s u c c e s s fu l  b io t r o p h ic  p a r a s i t e .

The o r i g i n a l  aim o f th e  p r o je c t  was to  stud y  th e  l i p i d  changes in  
d is e a se d  p la n ts  in  o rd e r  to  o b ta in  an i n s ig h t  in to  th e  mechanism of th e  
in f e c t io n  p ro c e s s . The r e s u l t s  from th e s e  ex p erim en ts  show th a t^ w h ile  some 
changes in  l i p i d  s t r u c tu r e  do occur^  th ey  a re  a g e n e ra l re sp o n se  to  
in f e c t io n  r a th e r  th an  th e  means by w hich the  fungus i s  ab le  to  o b ta in  
n u t r i e n t s  from th e  h o s t .  The changes in  l i p i d  com po sition  in  in f e c te d  
ep id erm is  do not o ccu r u n t i l  th e  p a r a s i t e  i s  p re s e n t on the h o s t fo r  10 
d ay s^ d u rin g  which tim e i t  has grown and sp o ru la te d  and has th u s  a lr e a d y  
been a b le  to  r e d i r e c t  th e  h o st m e ta b o l i t e s .  The changes in  p o la r  l i p i d -  
bound f a t t y  a c id  s a tu r a t io n  m erely  r e f l e c t  • the  f a c t  t h a t  the  p la n ts  a re  
undergo ing  p rem atu re  sen escen ce  r a t h e r  th an  changes more fundam ental to  
th e  i n f e c t io n  p ro c e s s . The f a c t  t h a t  th e se  changes in  f a t t y  a c id  
s a t u r a t i o n  occu r in  ev ery  membrane f r a c t i o n  a ls o  su g g e s ts  th a t  t h i s  i s  a 
g e n e ra l  re sp o n se  to  i n f e c t io n .  I t  i s  l i k e l y  th a t  t h i s  p rem atu re  sen escen ce  
le a d s  to  a g e n e ra l in c re a s e  in  th e  p e rm e a b il i ty  of th e  membranes as i s
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found in  bean le a v e s  in f e c te d  by Uromyces p h a se o li  (Hoppe and H e ite fu s s  
1 9 7 4 a).

The o th e r  change t h a t  occu rs  to  th e  l i p i d  com po sitio n  as a r e s u l t  o f 
i n f e c t io n  i s  an a l t e r a t i o n  in  th e  co m p o sitio n  of th e  n e u t r a l  l i p i d  
c l a s s e s ,  nam ely an in c re a s e  in  th e  amount o f t r i g l y c e r i d e s  and f r e e  f a t t y  
a c id s  and a d e c re a se  in  th e  amount o f s t e r o l  e s t e r s ,  m o n og ly cerides and 
d ig ly c e r id e s .  I t  i s  p o s s ib le  t h a t  t h i s  i s  because of a r e d i r e c t io n  o f th e  
n e u t r a l  l i p i d s  w hich a re  found in  i n f e c te d  c e l l s  in  mildewed p e a s . T h is 
can  n o t be proved u n t i l  e i t h e r  a method f o r  i s o l a t i n g  th e se  s t r u c tu r e s  
from  th e  c e l l  can be d ev ised  o r t h e s e l i p i d s  can be marked i s  some way f o r  
o b s e rv a tio n  th ro u g h  an e le c t r o n  m ic ro sc o p e . At p r e s e n t ,  how ever, th e se  
te c h n iq u e s  a re  n o t a v a i la b l e .

Having a s c e r ta in e d  t h a t  th e  l i p i d  changes in  th e se  ex p e rim en ts  were th e
r e s u l t  of p rem atu re  sen escen ce  of th e  t i s s u e  th e  q u e s t io n  s t i l l  rem ains as
to  how th e  p a r a s i t e  i s  a b le  to  r e d i r e c t  th e  h o s ts  m e ta b o li te s  fo r  i t s  own
p u rp o se s . There a re  th r e e  p o s s ib le  e x p la n a t io n s .  F i r s t l y  t h a t  th e re  i s  an
a l t e r a t i o n  o f s p e c i f i c  membrane p r o te in  r e s u l t in g  in  in c re a se d
p e rm e a b il i ty  to  c e r ta i n  m e ta b o l i te s .  I t  i s  th e  com po sition  of th e  membrane
p r o te in s  t h a t  i s  r e s p o n s ib le  f o r  a l l  a c t iv e  t r a n s p o r t  of m e ta b o li te s
a c ro s s  membranes and so a l t e r a t i o n  in  th e s e  p ro te in s  would change th e
p e rm e a b ili ty  c h a r a c t e r i s t i c s  of th e  membrane. T h is cou ld  be ex trem e ly
d i f f i c u l t  to  m easure a s  i t  m ight o n ly  need sm all changes in  the  membrane
p ro te in s  to  g iv e  t h i s  e f f e c t .  The second e x p la n a tio n  i s  th a t  a m e ta b o lic
s in k  in  th e  shape o f th e  p a r a s i t e  co u ld  p ro v id e  a s u f f i c i e n t  g ra d ie n t  to
d r iv e  th e  movement of m e ta b o li te s  by d i f f u s io n  a lo n e . F in a l ly  s m a lle r

7tl o c a l  changes cou ld  occu r which would le a d  to  in c re a s e d  m e tab o lie  
d i f f u s io n  e i t h e r  p a s s iv e ly  o r a c t i v e l y  by a l t e r i n g  th e  environm ent in  
which the  p r o te in  i s  a c t in g .  At p re s e n t  i t  i s  n o t p o s s ib le  to  s t a t e  
w hether any , a l l  o r none o f th e se  o c c u r .

To in v e s t ig a te  th e  m echanism , by which membrane s t r u c t u r e ,  in  
p a r t i c u l a r  t h a t  of th e  e x t r a h a u s t o r i a l  membrane i s  a l t e r e d  fo llo w in g  
i n f e c t io n ,  m ethods f o r  s e p a ra t in g  th e  in d iv id u a l  membranes w i l l  be 
need ed . T h is in  tu r n  r e q u ir e s  t h a t  each m ajor membrane system  be 
c h a ra c te r iz e d  and re c o g n is a b le  by some e a s i l y  measured m ark er, i d e a l l y  a
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h ig h  c a t a l y t i c  a c t i v i t y  enzyme. I f  t h i s  w asp o ss ib le  i t  would en ab le  a 
s tu d y  o f th e  d i f f e r e n t  membranes, in c lu d in g  fu n g a l membranes and th e  
e x t r a h a u s t o r i a l  membrane, to  be a tte m p te d . I t  would th e n  be p o s s ib le  to  
s e e  how each  o f th e  membranes was adap ted  to  f u l f i l l  i t s  f u n c t io n .

I f  t h i s  s tu d y  was conducted  in  c o n ju n c tio n  w ith  a p u lse  chase  
r a d io l a b e l l i n g  experim ent a t  an e a r ly  s ta g e  in  th e  i n f e c t io n  p ro c e s s ,  i t  
sh o u ld  be p o s s ib le  to  see  a t  what s ta g e  in  th e  p ro ced u re  th e  fungus was 
f i r s t  a b le  to  o b ta in  n u t r i e n t s  from th e  h o s t  and how t h i s  r e l a t e d  to  th e  
p re se n c e  and s t r u c tu r e  of p a r t i c u l a r  membranes. In  t h i s  way i t  m ight be 
p o s s ib le  to  ach iev e  some u n d e rs ta n d in g  o f how th e  p a r a s i t e  o b ta in s  i t s  
n u t r i e n t s  from th e  h o s t .

I t  would a ls o  be of i n t e r e s t  to  make a s tu d y  o f enzyme a c t i v i t y  d u r in g
th e  e a r ly  s ta g e s  of powdery mildew in f e c t io n  to  a tte m p t to  d e te c t  w hich
enzymes a re  r e s p o n s ib le  fo r  any change in  membrane s t r u c tu r e  which may
o c c u r .  O bviously  methods o f extrem e s e n s i t i v i t y  would be e s s e n t i a l  f o r
such  an app roach : im m unocytochem istry  p ro b ab ly  o f f e r s  th e  most f r u i t f u l
a p p ro a c h . V arious w orkers (Lumsden and Bateman, 1968, and Hoppe and
H e i t e f u s s ,  1974b) have d em o n stra ted  in c re a s e d  p h o sp h o lip a se  a c t i v i t y  upon
i n f e c t i o n  b u t t h i s  has n o t been r e l a t e d  e i t h e r  to  th e  breakdown o f

|— ‘p h o s p h o lip id s  o r to  n u t i e n t  t r a n s f e r  m echanism s. More work i s  n e c e ssa ry  to  
a s c e r t a i n  w hether lo c a l i s e d  in c re a s e s  in  p h o sp h o lip a se s  have any a f f e c t  
on membrane p e rm e a b ili ty  and n u t r i e n t  t r a n s f e r .

The o th e r  way in  which membrane p e rm e a b ili ty  can be a l t e r e d  in  p la n t  
d is e a s e s  i s  by to x in s  and i t  would be i n t e r e s t in g  to  see  w hether E. p i s i  
p ro d u ces  any such m o le c u le s . T oxins have an u n c e r ta in  ro le  in  p la n t  
d is e a s e  and on t h e o r e t i c a l  g rounds i t  seems u n l ik e ly  t h a t  any b io t ro p h ic  
p a th og en  would s e c r e te  g e n e ra l  c e l l u l a r  to x in s  in  a n y th in g  o th e r  than  v e ry  
c a r e f u l l y  c o n tro l le d  m inim al q u a n t i t i e s .

From th e  r e s u l t s  o f th e  p re s e n t  ex p e rim en ts  i t  can be concluded t h a t  
i n f e c t i o n  of pea p la n ts  by E ry sip h e  p i s i  causes p rem atu re  sen escen ce  o f 
th e  ep id erm a l c e l l s  which i s  amongst o th e r  th in g s  re v e a le d  as a d e c re a se  
in  c h lo r o p la s t  l i p i d s  and an in c re a s e  in  u n s a tu r a t io n  o f p o la r  l ip id -b o u n d  
f a t t y  a c id s .  T h is s tu d y  does n o t d em o n stra te  which changes in  membrane
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s t r u c tu r e  a re  n e c e ssa ry  to  p e rm it n u t r i e n t  t r a n s f e r  from h o s t to  pathogen  
F u r th e r  work based upon th e  l i n e s  su g g e s te d  above sh ou ld  re s o lv e  t h i  
p roblem  in  th e  f u tu r e .
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