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PREFACE

The s tu d y  o f  f lo o d  to le r a n c e  in  p la n ts  has been  m ain ly  con­

c ern ed  w ith  th e  d e s c r ip t iv e  eco logy  o f  w e tlan d  s p e c ie s ,  r a t h e r  

th a n  vfith  th e  a c tu a l  mechanisms w hich enab le  th e s e  sp e c ie s  to  

t o l e r a t e  f lo o d e d  c o n d it io n s .  The n a tu re  o f  th e  to le r a n c e  to  

f lo o d in g  shown by some s p e c ie s  h as n o t been f u l l y  e x p la in e d , w here­

a s  t h e i r  d i s t r i b u t i o n ,  perfo rm ance and c o m p e titiv e  e f f e c t s  have 

been  in v e s t ig a te d  (P a rk e r  1950, Hunt 1951, Lazenby 1955, Ingram  

1967) ,  and th e  e f f e c t s  o f  n u t r i e n t  s t a tu s  and oxygen supp ly  con­

s id e re d  (Bergman 1959, W ebster 1962a & 1962b , Gore & U rquhart 

1966 , S p a r l in g  1967 ) »

There has been  l i t t l e  com parison  o f  th e  p h y s io lo g y  o f  f lo o d  

t o l e r a n t  s p e c ie s  v /ith  t h a t  o f  f lo o d  i n to l e r a n t  s p e c ie s ,  e s p e c ia l ly  

w ith  r e s p e c t  to  p o s s ib le  mechanisms by which th e  fo rm er group 

a re  fa v o u ra b ly  a d a p te d  to  t h e i r  env ironm en t. The n a tu re  o f  most 

m e ta b o lic  p ro c e s s e s  i s  such t h a t  t h e i r  s tu d y  in v o lv e s  s e n s i t iv e  

a n a l y t i c a l  b io ch e m ic a l te c h n iq u e s . W ith in  r e c e n t  y e a r s  i t  h as 

become p o s s ib le  to  a p p ly  such te c h n iq u e s  to  s e v e ra l  a s p e c ts  o f  

a p l a n t ’ s m etabolism  and th u s  m easure th e  changing l e v e l s  o f m eta­

b o l i t e s  and t r a c e  th e  p a r t i c u l a r  pathw ays concerned . A b io c h e m ic a lly  

b ased  in v e s t i g a t io n  o f  f lo o d  to le r a n c e  has th e r e f o r e  become f e a s i b l e ,  

and th e  p re s e n t  i n v e s t i g a t i o n  h as  a tte m p te d  to  d e te rm in e  i f  th e  

e c o lo g ic a l  d i f f e r e n c e s  o f  f lo o d  t o l e r a n t  and i n to l e r a n t  p la n t s  a re  

m atched by c o rre sp o n d in g  d i f f e r e n c e s  in  t h e i r  m e ta b o lic  p ro c e s s e s .
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INTRODUCTION

GROWTH RESPONSES OF DRT-LAND SPECIES TO WATERLOGGING

Most d ry - la n d  s p e c ie s  a re  u n ab le  to  compete a g a in s t  th o se  

o f  n a tu r a l  m arsh com m unities u n d er f lo o d e d  c o n d i t io n s ,  and th e y  

may show e a r ly  v i s i b l e  s ig n s  o f  f lo o d in g  i n ju r y .  Symptoms such 

a s  w i l t in g  o f  th e  s h o o ts , c h lo r o s is  and d e a th  o f  th e  le a v e s  and 

d e a th  o f  th e  r o o t s  have been  o bserved  i n  to b a c c o , su n flo w er and 

tom ato  p la n t s  (Kram er 1951, Kramer & Jack so n  1934)* The i n i t i a l  

w i l t in g ,  which a t  f i r s t  s ig h t  would have been  e x p ec te d  more o f  

p l a n t s  d e p riv e d  o f ,  r a t h e r  th a n  overburdened  w ith , w a te r , r e s u l t s  

from  a sudden d e c re a se  i n  p e rm e a b i l i ty  o f  th e  r o o t s . The d e a th  

o f  ro o t  and sh o o t t i s s u e  fo llo w s  a  g e n e ra l  r e d u c t io n  o f  a b s o rp t io n  

and grow th p ro c e s s e s  (Loehwing 1934) ,  a lth o u g h  in  r o o ts  th e r e  may 

be a d d i t io n a l  decay  from  fu n g a l i n f e c t io n  (S to lz y ,  L e te y , KLotz 

& L abanauskas 1965 ).

The e x p e rim e n ta l s im u la t io n  o f  f lo o d in g  e f f e c t s  h a s  been  

much in v e s t ig a te d ,  m ain ly  from  th e  a s p e c t  o f  in a d e q u a te  oxygen 

su p p ly . S tu d ie s  on Zea mays in d ic a te  t h a t  a red u ced  oxygen supp ly  

r a t h e r  th a n  a b u i ld -u p  o f  carbon  d io x id e  i s  r e s p o n s ib le  f o r  red u ced  

grow th o f th e  young p l a n t s  under p o o r ly  a e r a te d  s o i l  c o n d it io n s  

( Unger & D an ie lso n  1963)* W ith pea  p la n t s  in  w a te r  c u l tu r e  th e  

e x te n t  o f ro o t  e lo n g a tio n  depends on th e  a v a i l a b i l i t y  o f  oxygen
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( G e is le r  1965) ,  and red u ced  oxygen su p p ly  to  th e  r o o ts  s i g n i f i c a n t l y  

red u c es  th e  amount o f  d ry  w e ig h t in  Avocado s e e d l in g s  (L ah an au sk as, 

S to lz y , Zentm eyer & S zuszk iew ioz  1968). R eduction  o f th e  oxygon 

c o n c e n tra t io n  to  8 . ^  and 3*5?^ r e t a r d s  th e  developm ent o f  l a t e r a l  

r o o ts  and r o o t  h a i r s  in  w heat, b road  bean  and v e g e ta b le  marrow 

(Hanson & P a r i j a  1933), and b a r le y  ro o t  grow th i s  c o n s id e ra b ly  

d im in ish ed  below  9*3^ oxygen (VIamis & D avis 1943)* Sugar cane 

r o o t  grow th d e c re a se s  g ra d u a l ly  w ith  each  d e c re a se  i n  a p p lie d  

oxygen c o n c e n tra t io n  betw een a i r  and 3 .0 ^  oxygen, w ith , a  sh a rp  

d e c re a se  below  3*0^ to  v i r t u a l  c e s s a t io n  o f  grow th a t  0 .0 ^  (B anath  

& M on te ith  1966) ,  and r o o t  grow th  i s  s to p p ed  a t  0 .5 ^  oxygen in  

tom ato , soybean and to b acco  (H opkins, Specht & H en d rick s 1930).

On th e  o th e r  hand , th e r e  i s  no n o t ic e a b le  i n ju r y  to  th e  rh izom es 

o f  w a te r  p la n t s  such a s  Nuphar advenum, Nymphaea tu b e r o s a . P e l -  

ta n d ra  v i r g i n i c a , S c irp u s  v a l id u s  and Typha l a t i f o l i a , vfhen th e  

m a te r ia l  i s  su rro u n d ed  by gas m ix tu re s  o f a i r ,  10, 4*6, 3 .0 ,  1 .$ ,  

1 .0 , 0 .4  and 0 .1 ^  oxygen, o r  even  p u r i f i e d  n i t r o g e n  (L aing  1 9 4 0 a).

The e f f e c t s  o f  d e c re a se s  oxj^'gen and in c re a s e  carbon  d io x id e  

a re  d i f f i c u l t  to  d i s t in g u i s h ,  a lth o u g h  th o se  o f  in c re a s e d  carbon  

d io x id e  c o n c e n tra t io n s  do n o t seem so m arked. F o r in s ta n c e ,  c o t to n  

r o o t  grow th rem ains a t  an  optimum up to  15ÿo carbon  d io x id e  when 

th e  oxygen c o n c e n tra t io n  i s  m a in ta in ed  a t  21 ̂ o, and i s  only  red u ced  

by c o n c e n tra t io n s  betw een 30 and 43!̂  carbon  d io x id e  (L eonard  & 

P in o k a rd  1946). On th e  o th e r  hand, pea  p la n t s  m a in ta in e d  a t  21% 

oxygen showed d e c re a se d  r o o t  le n g th  a t  8% carbon  d io x id e  ( U e is le r
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1967) .  In  a e r a te d  and n o n -a e ra te d  w a te r  c u l tu r e s  o f  tom ato , where 

p l a n t s  in  th e  l a t t e r  c o n d it io n s  show in c r e a s in g  l i m i t a t i o n  o f 

grow th and w a te r a b s o rp t io n ,  th e  d i f f e r e n c e s  were p roduced  by 

i n s u f f i c i e n t  oxygen i n  th e  s o lu t io n  and were develo ped  b e fo re  

th e  c o n c e n tr a t io n  o f  carb o n  d io x id e  rea c h e d  a  p o s s ib ly  to x ic  l e v e l  

(E ric k so n  1946). I n  a e r a te d  n u t r i e n t  s o lu t io n  tom ato  shows in c re a s e d  

v e g e ta t iv e  grow th o f  r o o t s ,  stem s and le a v e s ,  and in c re a s e d  f r u i t  

p ro d u c tio n  ( D u r r e l l  1941 ), and i n  s im i la r  c u l tu r e  w a llf lo w e r  shows 

c o n s id e ra b le  in c r e a s e  i n  d ry  w eigh t o f th e  le a v e s  (K n igh t 1924)»

A re d u c t io n  i n  a v a i la b le  oxygen and in c r e a s e  in  carbon  d io x id e  

can be caused  by f a c to r s  o th e r  th a n  f lo o d in g , and th e  n e g l ig ib le  

p e rm e a b i l i ty  o f  ic e  f o r  th e s e  g ases  would acco u n t f o r  th e  m o r ta l i ty  

o f  w in te r  c e r e a l  under an  ic e  c r u s t  (R a k it in a  1965) S im i la r ly ,  

th e  a s p h a l t  co v e rin g  and s o i l  com paction a round  s t r e e t  p la n t in g  

in c r e a s e s  th e  carbon  d io x id e  i n  th e  s o i l  a i r  to  4-8%, d e c re a se s  

t h a t  o f  oxygen to  13-14/^? r e s t r i c t s  th e  fo rm a tio n  o f  p h y s io lo g ic a l ly  

a c t iv e  r o o t s  and le a d s  to  p rem atu re  l e a f - f a l l  (R akhteonko & Koch- 

a n o v s k ii  1965) .

COMMUNITY RESPONSES TO VEGETATION WATERLOGGING

V e g e ta tio n  com m unities v/here th e  h a b i t a t  i s  s u b je c t  to  n a tu r a l  

f lo o d in g  a re  commonly found  w i th in  th e  B r i t i s h  I s l e s ,  The te rm  

’ swamp’ i s  g e n e r a l ly  re s e rv e d  f o r  th e  extrem e ty p e  o f  s i t e  where
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w a te r lo g g in g  i s  more o r  l e s s  perm anent and th e  summer w a te r  t a b le  

rem ains above th e  s u r fa c e  o f  th e  s o i l  (T a n s le y  1949)* 'M arsh ' 

find 'fen *  d e p ic t  wet a r e a s ,  such  a s  la k e  m arg in s, low r i v e r  banks 

and f lo o d  p la in s  o f  r i v e r s ,  where th e  summer w a te r  t a b le  i s  a t ,  

o r  n e a r , th e  s o i l  s u r f a c e ,  Marsh i s  found on m ain ly  m in e ra l s o i l  

w hereas fe n  i s  developed  on w et, u s u a l ly  a lk a l i n e ,  p e a t  (T an s le y  

1953) .  The te rm  'b o g ' i s  b e s t  r e s t r i c t e d  to  Sphagnum dom inated  

a c id  p e a t  c h a r a c t e r i s t i c  o f  u p lan d  s i t e s .

In  a  n o n -f lo o d e d  h a b i t a t  th e  co m p o sitio n  o f  th e  s o i l  a tm os­

ph e re  i s  g e n e r a l ly  th e  same a s  t h a t  o f  th e  a tm osphere  above th e  

s o i l .  Thus th e  oxygen and n i t r o g e n  c o n c e n tra t io n s  w i l l  be app rox­

im a te ly  20% and 79% r e s p e c t iv e ly  in  b o th  a tm o sp h e res , and th e  

carbon  d io x id e  c o n c e n tr a t io n  betw een  0.1 and 1.5% in  s o i l  and 

a t  0 . 05% i n  a i r  (T ab le  1 ) .

T ab le  1 . C om position  o f  th e  a i r  in  s o i l s ,  % by  volume.

(From R u s s e l l  I 961 )

S o i l  oxygen carbon  d io x id e

A rab le  la n d , fa l lo w  20 .7  0.1

A ra b le , uncropped , sandy s o i l  20 ,6  0 .1 6

G ra ss la n d  1 8 .4  1 .6

P a s tu re  la n d  18-20 O .5- I .5

I n  a  f lo o d e d  s i t e ,  how ever, w a te rlo g g in g  red u c e s  th e  amount
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o f  po re  space and hence a f f e c t s  th e  a e r a t io n  o f  th e  s o i l  (Danben- 

m ire 1947)- F u rth e rm o re , w hereas th e  d i f f u s io n  o f  gases in  a -non ­

f lo o d e d , a e r .i te d  s o i l  m a in ta in s  th e  a tm osphere s im i la r  to  t h a t  

above th e  s o i l ,  th e  d i f f u s io n  o f  g a se s , such a s  oxygen, th ro u g h  

w a te r  i s  a p p ro x im a te ly  10 ,000  tim es  slow er th a n  th ro u g h  a i r  (M a rtin  

1968a , B o u lte r ,  C ou lt & Henshaw 1963)° T here i s  th e r e f o r e  a  ve ry  

p ro found  e f f e c t  on th e  s o i l  a tm osphere whenever w a te r lo g g in g  occu rs 

and one o f  th e  lo n g  a c c e p te d  f e a tu r e s  o f  m arsh v e g e ta t io n  i s  t h a t  

th e  r o o ts  and o th e r  subm erged p a r t s  a re  grow ing in  a medium w ith  

a  much lo w er oxygen c o n c e n tr a t io n  th a n  i s  norm al f o r  la n d  p la n t s  

(Conway 1940, P o e l I 96O, B ou ld in  1968). I f  th e re  i s  no l a t e r a l  

movement o f  w a te r  th ro u g h  th e  s i t e  th e n  th e  oxygen c o n c e n tra tio n  

s u f f e r s  th e  g r e a t e s t  r e d u c t io n  In  th e  f lu s h  o f  a  S u th e r la n d  

v a l le y  bog oxygen was p r e s e n t  to  a dep th  o f  16-18 cm, b u t n o t 

d e te c te d  b e lo #  6 cm in  th e  s ta g n a n t  re g io n s  (A rm strong & Boatman 

1967) ,  and e x p e rim e n ta l sw ards o f  herbage  p la n t s  under s ta g n a n t 

w a te r  were k i l l e d  more r e a d i ly  th a n  th o se  under ru n n in g  w a te r  

D avis & M arti 1 1949). A lthough w a te rlo g g in g  a ls o  a f f e c t s  th e  

r o o t  environm ent th ro u g h  o th e r  f a c to r s  such a s  d e c re a se d  r a t e  

o f  carbon  d io x id e  rem oval, and accu m u la tio n  o f  to x ic  su b s ta n c e s  

such a s  hydrogen  sd lp h id e  (V e b s te r  1962b) and f e r r o u s  io n s  (M a rtin  

1968b ) ,  i t  i s  th e  d e c re a se  i n  a e r a t io n  and th e r e f o r e  re d u c tio n  

i n  a v a i l a b i l i t y  o f oxygen t h a t  i s  th e  m ajor in f lu e n c e  on th e  veg­

e t a t i o n  o f  f lo o d e d  s o i l s .  The f lo o d in g  may be f o r  s e v e ra l  months 

d u rin g  th e  w in te r ,  o r  f o r  s h o r t e r  p e r io d s  w ith in  th e  wet seaso n , 

b u t n e v e r th e le s s  th e  p la n t s  o f  m arsh com m unities must be a b le



7 »

to  w ith s ta n d  th e s e  p e r io d s  o f im posed a n a e ro b ic  c o n d it io n s  to  

su rv iv e  and compete s u c c e s s f u l ly .

Not a l l  f lo o d e d  h a b i t a t s  a re  n e c e s s a r i ly  a l i k e  from  th e  p o in t  

o f vievf o f  r o o t  p h y s io lo g y . The d i f f e r e n c e s  betw een a  s ta g n a n t  

w a te rlo g g ed  s i t e  and one c o n t in u a l ly  f lu s h e d  w ith  w a te r  w i l l  be 

r e f l e c t e d  in  th e  d i f f e r e n t  com position  o f th e  v e g e ta t io n  com m unities 

developed  th e r e ,  and b ase  p o o r f lo o d e d  s i t e s  w i l l  su p p o rt d i f f e r e n t  

v e g e ta t io n  from  base  r i c h  o n es . However, s in c e  th e  im p o rta n t 

f a c t o r  in  t i e  e f f e c t  o f  w a te r lo g g in g  upon v e g e ta t io n  i s  th e  d e c re a se  

i n  a v a i la b le  oxygen, th e  e x p e rim e n ta l s tu d y  o f  th e  p h y s io lo g ic a l  

re sp o n se  to  f lo o d in g  h as  h e re  been  c o n fin e d  to  t h a t  o f  d e f i c i e n t  

oxygen su p p ] /  to  th e  r o o t s .

Where r  -.rsh and fe n  com m unities d ev e lo p , th e  v e g e ta t io n  can 

a f te n  be r i c a  and lu x u r ia n t ,  in d ic a t in g  t h a t  th e  sp e c ie s  a re  w e ll 

s u i te d  to  th e  w et h a b i t a t  ( P l a te  l ) .  S p e c ie s  common i n  b o th  m arsh 

and fe n  in c l  de th e  h e lo p h y te  c la s s  o f R a u n k ia e r ' s L ife  fo rm s, 

w hich a re  th  :se  p la n t s  w ith  p e re n im tin g  buds ly in g  in  mud (Rauii- 

k i a e r  1937)» A lthough  th e  s o i l  may vary  in  i t s  n u t r i e n t  s t a t u s ,  

o f te n  becom l'g  r i c h  i n  m in e ra l n u t r i e n t s ,  th e  common f a c t o r  in  

m arsh and f e n  v e g e ta t io n  i s  to le r a n c e  o f th e  p redom inan t w a te r­

lo g g in g . The a b i l i t y  o f  th e s e  h e lo p h y te  s p e c ie s  to  t o l e r a t e  what 

may be p ro lo n g ed  p e r io d s  o f  f lo o d in g  e n a b le s  them to  compete su cc ­

e s s f u l l y  a g a in s t  th e  s p e c ie s  un ab le  to  w ith s ta n d  w a te r lo g g in g  

o f th e  s o i l ,  and to  f l o u r i s h  i n  th e s e  a re a s  to  th e  e x c lu s io n  o f
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th e  l a t t e r .  P la te  I I  shows th e  predom inance o f  I r i s  psendaoorns*  

and F i l i p e n n i l a  u lm a ria  a t  th e  m argin  o f  Loch C lu n ie .

F looded  and u n flo o d ed  s o i l s  may be developed  on e n t i r e l y  

d i f f e r e n t  s i t e s  i n  r e s p e c t  o f  f a c to r s  such as m in e ra l co m p o sitio n  

and p h y s ic a l  n a tu re  o f  th e  s u b s t r a t e ,  and th e  s tu d y  o f community 

re sp o n se s  to  w a te r lo g g in g  can p ro b ab ly  bo b e s t  made in  a sand 

dune a re a ,  where d ry  a re a s  (d u n es) a l t e r n a t e  w ith  wet a re a s  ( s la c k s )  

and y e t  b o th  h a b i t a t s  a re  developed  on th e  same s u b s t r a t e .  The 

dom inant f e a tu r e  o f th e  dune h a b i t a t  i s  th e  d ry  n a tu re  o f th e  

s u b s t r a t e  and th e  com plete  la c k  o f any w a te r lo g g in g  (S a l is b u ry  

1952) ,  W hile th e  p la n t s  o f sand dune com m unities may be w e ll 

a d a p te d  to  th e  l i g h t ,  w e l l-d ra in e d  s o i l ,  t h e i r  i n a b i l i t y  to  t o l ­

e r a t e  any w; te r lo g g in g  i s  shown by t h e i r  e x c lu s io n  from  th e  's la c k s *  

betw een th e  dune r id g e s .  Dune s la c k s  a re  th e  damp o r wet ho llow s 

developed  betw een dune r id g e s ,  and a re  c h a r a c te r i s e d  by a  h ig h  

w a te r  t a b l e  and f r e q u e n t  f lo o d in g  ( T u r r i l l  1953) The s la c k s

th e r e f o r e  r e p r e s e n t  a  c o n t r a s t  to  th e  dunes i n  te rm s o f  th e  wet 

o r  d ry  n a tu re  o f  th e  h a b i t a t ,  even though b o th  s i t e s  may be in  

c lo s e  p ro x im ity  to  one a n o th e r  and developed  on th e  same type  o f  

s u b s t r a t e .  The v e g e ta t io n  o f th e  v/et s la c k s  i s  v e ry  d i f f e r e n t  

from  t h a t  o f  th e  d ry  dunes ( P l a te s  I I IA  & I I I B ) ,  and i s  most c lo s e ly  

r e l a t e d  to  m arsh v e g e ta t io n .  I n  th o se  s la c k s  where th e  v /a ter 

t a b le  i s  n e v e r more th a n  1 m etro  below  th e  s u r f a c e ,  t y p i c a l  marsh

N om enclature from Clapham, T u tin  & Warburg ( 1962) ,
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v e g e ta t io n  i s  fo u n d , in c lu d in g  Juncus spp .., F i l ip e n d u la  u lm a ria  

and G ly c e ria  maxima« The w a te r  t a b le  may descend  to  1-2  m etres  

i n  s la c k s  whose l e v e l s  have been  r a i s e d  by e ro s io n  o f  th e  a d ja c e n t  

dunes, w ith  in t r o d u c t io n  o f  l e s s  t y p ic a l  m arsh s p e c ie s ,  such as 

S a l ix  r e p e n s . I f  t h i s  r a i s in g  o f  th e  s la c k  l e v e l  c o n tiu e s ,  th e  

w a te r  t a b le  d escends s t i l l  d e ep e r and th e  s la c k  v e g e ta t io n  i s  

r e p la c e d  by c h a r a c t e r i s t i c  dune v e g e ta t io n  (Chapman I 964)» The 

i n a b i l i t y  o f s p e c ie s  o f th e  dune community to  compete s u c c e s s f u l ly  

i n  th e  s la c k s  and t h e i r  e x c lu s io n  from  th o se  w e t te r  a re a s  by s p e c ie s  

o f marsh coim uunities i s  ev id en ce  o f  a  la c k  o f  to le r a n c e  on t h e i r  

p a r t  to  w a te r lo g g in g  o f  th e  s o i l .  I t  i s  th e r e f o r e  b o th  c o n v en ien t 

and i n s t r u c t i v e  to  in v e s t i g a t e  th e  re sp o n se s  o f  s o e c ie s  from  ad ­

ja c e n t  sand dune and s la c k  com m unities to  e x p e rim e n ta l f lo o d in g .

The ev idence  above shows t h a t  w a te r lo g g in g  can  have an i&mi- 

e d ia te  and r e ta r d in g  e f f e c t  on th e  grow th and re p ro d u c tio n  o f 

s e v e ra l  s p e c ie s ,  and th e s e  e f f e c t s  w i l l  be r e f l e c t e d  in  th e  d i s t ­

r i b u t io n  o f t '  ose s p e c ie s  and th e  co m p o sitio n  o f  v e g e ta t io n  comm­

u n i t i e s  developed  a t  th e  s i t e .  The main cause o f  i n ju r y  to  p la n ts  

upon w a te r lo g g in g  i s  w ith d raw a l o f an ad eq u a te  su p p ly  o f oxygen. 

Marsh p l a n t s ,  how ever, su rv iv e  and f l o u r i s h  under th e s e  c o n d it io n s .  

T hat some p la n t s  have an a b i l i t y  to  grow when th e  oxygen supp ly  

to  t h e i r  ro o ts  i s  g r e a t ly  red u ced  must in d ic a te  th e  p o s s e s s io n  

o f  m o rp h o lo g ica l o r  p h y s io lo g ic a l  a d a p ta t io n s  o r  b o th  (Bergman 

3959).
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MORPHOLOGICAL ADAPTATIONS AND FLOOD TOLERANCE

The view has been h e ld  f o r  some tim e t h a t  th e  submerged t i s s u e s  

o f  m arsh p la n t s  a re  s u p p lie d  w ith  oxygen v ia  th e  a e r i a l  p a r t s  

(Conway 1940, S i f to n  1945 & 1957, R u s s e ll  1952), S e v e ra l o f  th e s e  

p la n ts  have a  l in k e d  system  o f  a i r  spaces which a c h ie v e s  c o n t in u i ty  

betw een l e a f ,  sh o o t and r o o t ,  and in  th e  ro o t  th e  p r o p o r t io n  o f 

a i r  space to  c e l l  may be a s  h ig h  as 60% (Conv/ay 1937)» In  a s u r ­

vey o f  p la n e s  from  wet and dry  h a b i t a t s ,  th e  s p e c i f i c  g r a v i ty  

o f  th e  r o o t s ,  w hich i s  an app rox im ate  m easure o f  th e  a i r - c o n te n t  

and e x p re s se s  th e  deg ree  o f a e r a t io n ,  was found  to  in d ic a te  th e  

p re v a la n c e  o f a i r  spaces i n  th e  r o o ts  o f m arsh p la n t s  and t h e i r  

absence in  d r y - s o i l* o la n t s  (T ab le  2 ) .

I t  i s  "u g g es ted  t h a t  w ith  th e  e n try  o f cxygen to  th e  a e r i a l  

p a r t s  and i t s  t r a n s p o r t  to  th e  r o o t s ,  th e s e  l a t t e r  o rgans o f  f lo o d  

t o l e r a n t  p la n ts  a re  a b le  to  su rv iv e  in  a v i r t u a l l y  a n a e ro b ic  medium 

(R a a lte  194 % G rab le  I 966 ) .  The carbon  d io x id e  o f  r o o t  t i s s u e  

r e s p i r a t i o n  would be t r a n s p o r te d  i n  a re v e r s e  d i r e c t i o n ,  and n o t 

accum ulate  in  th e  w a te rlo g g ed  p a r t s  ( S i f to n  1945 )»

The mechanism o f  t h i s  gas t r a n s p o r t  a lo n g  th e  i n t e r c e l l u l a r  

a i r  sp aces h as  been  in v e s t ig a te d ,  and a p p ea rs  to  bo one o f sim ple  

d i f f u s io n  (Evans & E b e r t  1960 , H eide, B o e r-B o lt ck R a a lte  I 963)»

The im portance  o f th e  a e r i a l  p o r t io n s  h a s  been  co n firm ed , f o r
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a f t e r  rem oval o f th e  le a v e s  th e  su p p ly  o f oxygen i s  ou t o f f  and 

th e  p r o te c t iv e  e f f e c t  l o s t  (Soldaten lcov  c% H sien-T uan  1961) .  IVhere 

s tu d ie s  have in c lu d e d  a com parison  o f  no rm ally  f lo o d  t o l e r a n t  

s p e c ie s  vfith  i n t o l e r a n t  s p e c ie s ,  th e  s iz e  o f  th e  i n t e r c e l l u l a r  

a i r  spaces may be a  f a c t o r  a f f e c t i n g  th e  a b i l i t y  to  w ith s ta n d  

w a te r lo g g in g . Thus in  r i c e  th e  gas so aces i n  th e  r o o ts  c o n s t i t u t e

5- 30% o f th e  t i s s u e  and r i c e  t h r iv e s  u n d er f lo o d e d  c o n d it io n s ,  

w hereas in  b a r le y  th e  co rre sp o n d in g  f ig u r e  i s  below  1% and in  

t h i s  sp e c ie s  p o o r r o o t  grow th and even d e a th  r e s u l t  from  w a te r­

lo g g in g  (B a rb e r , E b e r t  & Evans 1962 ) .

T ab le  2 . S p e c if ic  ^ a v i t y  o f  th e  ro o ts  o f  ( a )  marsh p l a n t s ,

(b )  meadow p l a n t s ,  and ( c )  d r y - s o i l  p l a n t s ,  (from  

Iv e r s e n  1949)

<0 .8  0 .8- 0.89  0 .9- 0 .99  >̂1 .0

( a )  I r i s  p seu d aco ru s  +

P h rag m ites  communis +

R anunculus flam m ula +

(b )  Juncus b u fo n iu s  +

C a lth a  p a lu s t a i s  + +

R anunculus re p e n s  + +

+ +B e i l i s  p e re n n is

E e s tu c a  ru b ra

A c h i l le a  m il le fo l iu m

+
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I n  a d d i t io n  to  th e  d i f f u s io n  o f  oxygen from  th e  a e r i a l  p a r t s  

o f  w a te rlo g g ed  p la n t s  to  th e  r o o t  t i s s u e ,  th e r e  i s  ev idence  t h a t  

i n  some hog p la n t s  th e r e  i s  d i f f u s io n  o f oxygen o u t o f  th e  ro o ts  

i n to  th e  su rro u n d in g  medium (A rm strong 1964 & I 967&). The d i f f u s io n  

o f  oxygen in to  w a te rlo g g e d  s o i l s  i s  re g a rd e d  a s  an a d d i t io n a l  

p r o te c t io n ,  re n d e r in g  th e  medium im m ed ia te ly  around  th e  ro o ts  

l e s s  a n a e ro b ic  (A rm strong 19&7b). F u rth e rm o re , th e  e x is te n c e  

o f  i n t e r s p e c i f i c  and i n t e r v a r i e t a l  d i f f e r e n c e s  i n  oxygen d i f f u s io n  

r a t e  from  th e  ro o ts  (A rm strong 1967a & I 969) c o u ld  acco u n t to  

some e x te n t  f o r  th e  i n t e r s p e c i f i c  and i n t e r v a r i e t a l  d i f f e r e n c e s  

i n  perfo rm ance under f lo o d e d  c o n d i t io n s .  A rm strong ( 19670) has 

su g g e s te d  a  c l a s s i f i c a t i o n  s e r i e s ,  from  p la n t s  such a s  M enyanthes 

t r i f o l i a t e  w ith  c o n s id e ra b le  r o o t  o x id is in g  power and i n t e r n a l  

oxygen su p p ly , th ro u g h  p la n t s  a b le  to  r e c e iv e  s u f f i c i e n t  i n t e r n a l  

r e s p i r a t o r y  oxygen b u t u n ab le  to  o x id is e  even m ild ly  red u ced  s o i l ,  

to  th o se  vfhich a re  c o m p le te ly  s o il-o x y g e n  d e p en d en t.

The r e l a t i o n  betw een oxygen d i f f u s io n  from  a e r i a l  p a r t s  to  

th e  submerged o rgans and s u r v iv a l  and grow th in  w a te rlo g g ed  h ab ­

i t a t s  h as  been  confirm ed  f o r  E quisetum  limosum (B a rb e r I 96I ) ,

M o lin ia  o a e ru le a  (W ebster 1 9 6 2 a ), and S p a r t in a  a l t e r n i f l o r a  (T e a l 

& K anw isher 1966) .  I n  M enyanthes t r i f o l i a t e  th e r e  i s  d i f f u s io n  

down th e  s t e l a r  a i r  p a ssa g e s  to  th e  r o o t  t i s s u e s  and some ev idence  

o f i t s  p assag e  in to  th e  su rro u n d in g  medium (V a lla n ce  & C ou lt 1951) 

and i n  t h i s  s p e c ie s  th e  m o rp h o lo g ica l and f u n c t io n a l  A d a p ta tio n s
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have c o n s id e ra b le  e c o lo g ic a l  s ig n i f ic a n c e  i n  i t s  a b i l i t y  to  f l o u r i s h  

i n  m arsh c o n d it io n s  ( C o u lt & V a lla n ce  1958? C ou lt 1964) .

There a re  a s m a lle r  number o f  r e p o r te d  in s ta n c e s  o f o th e r  

m o rp h o lo g ica l changes to  f a c i l i t a t e  oxygen su p p ly  to  w a te rlo g g ed  

r o o t s ,  as  in  th e  developm ent o f  a ro o t  mat a t  th e  s o i l  s u r fa c e  

i n  r i c e  (A lb erd a  1954), and i n  th e  pneum atophores o f A vioenn ia  

n i t i d a  and s t i l t  r o o ts  o f  R h izo p h o ra , bo th  mangrove p la n t s  (S c h o l-  

a n d e r , van Dam & S oho lander 1955)» The developm ent o f c o r t i c a l  

a i r  spaces in  th e  ro o ts  o f  Zea mays as a r e s u l t  o f  oxygen s c a r c i t y

h as  been  r e p o r te d  by McPherson (1 9 3 9 ).

A ll  th e s e  in s ta n c e s  o f an a p p a re n t m o rp h o lo g ica l a d a p ta t io n  

o c c u rr in g  i n  marsh p la n t s  on ly  (Soldatenlcov & C hirkova 19&3) s t i l l  

do n o t e x n la in  th e  marked s u r v iv a l  p r o p e r t i e s  o f  th e s e  p la n ts  in  

w a te rlo g g ed  c o n d i t io n s . The a c tu a l  d i f f u s io n  o f  oxygen from  th e  

sh o o ts  to  th e  r o o ts  i s  n o t q u e s tio n e d , b u t as t h i s  phenomenon i s  

in  f a c t  an  u b iq u ito u s  one and h as  a ls o  been d em o n s tra ted  i n  f lo o d  

i n to l e r a n t  s p e c ie s  (V a r ta p e ty a n  19&4), th e r e  a re  d o u b ts  a s  to  

w hether i t s  b e n e f i c i a l  e f f e c t  a lo n e  can en su re  f lo o d  to le r a n c e  

i n  a  p l a n t .  F o r in s ta n c e ,  i n  b a r le y  th e  d i f f u s io n  o f  oxygen from  

a e r a te d  sh o o ts  f a c i l i t a t e s  th e  s u r v iv a l  o f  ro o ts  k e p t in  an a n a e ro ­

b ic  medium (H eide , B o e r-B o lt & R a a lte  19&3), and y e t  b a r le y  i s  

n o t re g a rd e d  as a n a tu r a l  m arsh p l a n t .  S im i la r ly ,  Greenwood ( 1967 )

h a s  d em o n stra ted  t h a t  oxygen d i f f u s io n  th ro u g h  th e  stem s and r o o ts
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o f s e v e r a l  v e g e ta b le  s e e d l in g s  cou ld  s a t i s f y  a l l  th e  r o o t s '  r e q u i r e ­

m ents f o r  oxygen when th e  p la n t s  were grown under a n a e ro b ic  c o n d it ­

io n s .  I f  such gaseous d i f f u s io n  betw een a e r i a l ,  a e r a te d  sh o o ts  

and w a te rlo g g ed , a n a e ro b ic  r o o ts  was th e  s o le  o p e ra t in g  f a c t o r  in  

d e c id in g  th e  s u r v iv a l  and grow th o f  a  s p e c ie s  i n  f lo o d e d  c o n d it io n s ,  

th e n  m arsh v e g e ta t io n  w ould be more v a r ie d  th a n  i t  i s ,  w ith  th e  

in c lu s io n  o f a  la r g e  number o f  sp e c ie s  a t  p r e s e n t  found r e s t r i c t e d  

to  th e  d r i e r  zones o u tw ith  th e  w a te rlo g g ed  m arsh a re a .  The f u n c t io n ­

a l  s ig n i f ic a n c e  o f aerenchym a in  p la n t s  h as  i n  f a c t  been  q u e s tio n e d  

by W illiam s and B arb er ( 196I ) ,  v/ho su g g e s te d  t h a t  th e  honeycomb 

s t r u c tu r e  o f  aerenchym a i s  a r e s u l t  o f  th e  need  f o r  m ec h an ica lly  

th e  g r e a t e s t  p o s s ib le  s t r e n g th  and m e ta b o l ic a l ly  th e  l e a s t  p o s s ib le  

amount o f  t i s s u e  to  red u ce  th e  oxygen re q u ire m e n t. They f u r t h e r  

argue  t h a t  th e  oxygen r e s e v o i r  and t r a n s p o r t  f u n c t io n s  o f  a e re n -  

ohyma a re  o n ly  in c id e n ta l  t o  th e  m echan ica l and m e ta b o lic  r e q u i r e ­

ments g iv en  above.

A lthough th e  d i f f u s io n  o f  oxygen from  th e  le a v e s  to  th e  sub­

merged o rgans d u rin g  th e  d a y l ig h t  ho u rs  o f a c t iv e  p h o to s y n th e s is  

may w e ll  p ro v id e  f o r  a e ro b ic  r e s p i r a t i o n  in  th e s e  t i s s u e s ,  n e v e r­

th e l e s s  th e  a v a i l a b i l i t y  o f oxygen f o r  downward t r a n s p o r t  d u rin g  

d a rk n e ss  must be l im i t e d .  As T able  3 shows, th e r e  i s  ev idence  o f 

a  d r a s t i c  r e d u c t io n  i n  oxygen c o n c e n tra t io n  w ith in  r o o t  and rhizom e 

t i s s u e s  o f  Nuphar advenum d u rin g  d a rk n e ss , so t h a t  a lth o u g h  th e  

gaseous t r a n s p o r t  system  a llo w s  f o r  a e ro b ic  r e s p i r a t i o n  d u rin g
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d a y l ig h t  i t  does n o t keep up th e  supp ly  d u rin g  d a rk n e ss , and an­

a e ro b ic  r e s p i r a t i o n  becomes i n e v i t a b l e .

T able  3* Oxygen c o n te n t o f  th e  i n t e r n a l  a tm osphere  o f  ro o ts

and rhizom e o f  Nuphar advenum p la n t s  grow ing i n  t h e i r  

n a tu r a l  h a b i t a t  in  Ju n e . (From L aing  1940b)

O2 % by volume 

d a rk  sunny

r o o t  1 .6  7*9

rhizom e 0 .6  7»0

I t  i s  th e r e f o r e  su g g e s te d  t h a t ,  im p o rta n t though  i t  i s ,  th e  

d i f f u s io n  o f gaseous oxygen to  th e  submerged o rgans o f p la n t s  

p la y s  o n ly  a  p a r t i a l  r o le  i n  t h e i r  s u rv iv a l  under f lo o d e d  cond­

i t i o n s .  The c o n tin u e d  s u r v iv a l  and grow th o f  some sp e c ie s  under 

th e s e  c o n d it io n s  may a ls o  depend upon p h y s io lo g ic a l  a d a p ta t io n s .

mTABOLIG ADAPTATIONS AND FLOOD TOLERANCE

I t  i s  p o s s ib le  to  en v isag e  s e v e ra l  m e ta b o lic  a d a p ta t io n s  

by which p la n t s  develop  to le r a n c e  tow ards low oxygen and r a i s e d  

carbon  d io x id e  l e v e l s .  There c o u ld  be a  r e d u c t io n  o f  th e  o v e r a l l  

m e ta b o lic  r a t e ,  a  to le r a n c e  o f  th e  no rm ally  accu m u la tin g  e n d -p ro d u c ts  

o f  a n a e ro b ic  m etabo lism , o r  d e v ia t io n s  from  th e  norm al m e ta b o lic
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pathw ays ( B o u l te r ,  C o u lt & Henshaw I 963) .  There i s  ev idenoe f o r  

a  r e d u c t io n  o r c o n tr o l  o f  th e  o v e r a l l  m e ta b o lic  r a t e ,  f o r  w h ile  

i n  f lo o d  i n to l e r a n t  s p e c ie s  th e r e  i s  in c re a s e d  e th a n o l p ro d u c tio n  

and in c re a s e d  a c t i v i t y  in  a lc o h o l  and m alic  dehyd ro genases upon 

e x p e rim e n ta l f lo o d in g  (C raw ford  1967b , C raw ford & McManaion I 968) ,  

no such re sp o n se s  a re  found  in  th e  f lo o d  t o l e r a n t  sp ec ie s»  I t  has 

a ls o  been  shovm t h a t  i t  i s  an i n a b i l i t y  to  a v o id  an e x c e ss iv e  

r a t e  o f  g ly c o ly s i s  upon f lo o d in g  which r e s t r i c t s  most s p e c ie s  o f 

S e n e c io to  d ry  s i t e s ,  and on ly  th o se  s p e c ie s  which c o n tr o l  t h i s  

g ly c o ly s is  e x h ib i t  f lo o d  to le r a n c e  (C raw ford  I 966 ) .  There i s  

p ro b a b ly  some to le r a n c e  o f  th e  e n d -p ro d u c ts  o f  a n a e ro b io s is  in  

th e  rhizom e o f  Nuphar advenum, f o r  th e r e  th e  oxygen c o n te n t can 

f a l l  as low  as 2.2$% (L aing  1940b) and th e  t i s s u e s  must r e s p i r e  

a t  l e a s t  p a r t i a l l y  a n a e r o b ic a l ly .  Below 3% oxygen c o n te n t  o f 

th e  medium, rh izom es o f  N, advenum in  f a c t  form  e th a n o l ,  and th e  

low er th e  c o n te n t  o f  oxygen th e  g r e a t e r  th e  fo rm a tio n  o f  a lc o h o l 

(L aing  19 4 0 a ) . D e v ia tio n s  from  th e  norm al m e ta b o lic  pathw ays 

a re  su g g e s te d  by th e  marked d i f f e r e n c e  betw een th e  g r e a t e r  a c t i v i t y  

o f  c a te c h o l ' so upon e x p e r im e n ta l f lo o d in g  i n  i n to l e r a n t  s p e c ie s  

th a n  in  f lo o d  t o l e r a n t  s n e c ie s  (C raw ford  1967a ) ,

W hile th e  above s tu d ie s  o f f e r  a  m e ta b o lic  e x p la n a tio n  why 

most sp e c ie ^  succumb to  f lo o d in g , th ey  do n o t su g g e s t a l t e r n a t i v e  

pathw ays by which f lo o d  to le r a n c e  i s  e f f e c te d .  There may be y i e l d  

o f  an e n d -p .o d u c t, such as  an  o rg a n ic  a c id ,  whose a cc u m u la tio n
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d u rin g  th e  f lo o d e d  p e r io d  can be t o l e r a t e d .  In  th e  rhizom e t i s s u e  

o f  I r i s  p seu d aco ru s i n  w in te r ,  th e  n a tu r a l  p e r io d  o f  f lo o d in g , 

a ccu m u la tio n s  o f m a lic , y u in ic  and sh ik im ic  a c id s  have been  found 

(Henshaw, C ou lt & B o u lte r  19 ^ 2 ), R oots o f S a l ix  c in e r e a  become 

r i c h e r  i n  o rg a n ic  a c id s  upon oxygen d e f ic ie n c y ,  m ain ly  i n  p y ru v a te , 

m a la te  and s u c c in a te  (D ubina 1961 ), More r e c e n t  work w ith  I r i s  

p seu d aco ru s  has shown t h a t  in  th e  p re se n c e  o f carbon  d io x id e  th e  

rhizom e t i s s u e  a v o id s  e th a n o l  p ro d u c tio n  by th e  p ro d u c tio n  o f  m alic  

a c id  (Bown, B o u lte r  & C ou lt 1968). The p o s s ib le  r o le  o f  o rg a n ic  

a c id s  a s  th e  n a tu r a l  end--product o f a n a e ro b ic  c a rb o h y d ra te  b re a k -  

dovm in  f lo o d  t o l e r a n t  s p e c ie s  th e r e f o r e  seems w orthy  o f in v e s t ­

i g a t io n ,  M aze lis  and V e r le s la n d  (1957) have su g g e s te d  th a t  m alic  

a c id  in  p a r t i c u l a r  c o u ld  f u l f i l l  t h i s  r o le  in  many p la n t  t i s s u e s .

ECOLOGICAL ADAKADÏTIGE OF I-hOOD TOLERANCE

The d i r e c t  re le v a n c e  o f  f lo o d  to le r a n c e  in  s p e c ie s  to  t h e i r  

a b i l i t y  to  grow and f l o u r i s h  i n  w a te rlo g g ed  s i t e s  can be seen  

from  t h e i r  n a tu r a l  d i s t r i b u t i o n .  E x p erim en ta l w a te r lo g g in g  o f 

th e  h e a th  p la n t s  E r ic a  c /n e r o a , C a llu n a  v u lg a r i s  and E r ic a  t e t r a l i x  

shows t h e i r  to le r a n c e  to  in c r e a s e  in  th e  o rd e r  l i s t e d  (B a n n is te r  

1964b ) ,  and in  th e  f i e l d  th e  s o i l s  su p p o r tin g  E .. c in e r e a  a re  th e  

d r i e s t ,  th o s e  su p p o r tin g  C a llu n a  a re  w e t te r ,  and E, t e t r a l i x  s i t e s  

te n d  to  be w a te rlo g g ed  ( B a n n is te r  19 6 4 a), The i n a b i l i t y  to  invade
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m arshy h a b i t a t s  w ith o u t f lo o d  to le r a n c e  i s  shown by P te r id iu m  a q u i l -  

inum, a  sp e c ie s  r e s t r i c t e d  to  d ry  s i t e s  o r v e ry  l o c a l i s e d ,  a e r a te d  

* i s l a n d s ' w ith in  th e  m arsh a re a  (P o e l 1961). M e rc u r ia l is  p e re n n is  

canno t t o l e r a t e  f lo o d in g  and i s  c o n fin e d  to  th e  b e t t e r  d ra in e d , 

a e r a te d  s o i l s  in  w oodlands, b u t  P rim u la  e l a t i o r  i s  c h a r a c t e r i s t i c  

o f  th e  p o o r ly  d ra in e d  s o i l s  which become w a te rlo g g ed  d u rin g  th e  

s p r in g  months (M a rtin  1968b). S im i la r ly ,  th e  b u lb s  o f  Endymion 

n o n s c r ip tu s  canno t t o l e r a t e  f lo o d in g  and th e y  a re  n o t found  in  

woods below th e  l e v e l  o f  th e  w a te r  t a b le  (K nigh t I 964 ) .

»

Woody s p e c ie s  can a ls o  show f lo o d  to le r a n c e  and invade  marshy 

a re a s ,  a s  w ith  S a l jx  a t r o c in e r e a , S. f r a g i l i s , S r e p e n s , M yrica 

g a le , A lnus g lu t in o s a  and B e tu la  pubescens (A rm strong I 968 ) ,

S a l ix  a t r o c i n e r ea has e x p e r im e n ta lly  been  shown cap ab le  o f  con­

t in u e d  ro o t  grow th i n  th e  absence  o f oxygen, w hereas ro o t  grow th 

c e a se s  in  P in u s  b a n k s ia n a  and P io e a  m ariana  under such c o n d it io n s  

(W areing 1957)* A nother n in e  s p e c ie s ,  P in u s  s e r o t in a , i s  n o t 

t o l e r a n t  o f  f lo o d in g  and shows tw ice  a s  much grow th on th e  b e t t e r  

d ra in e d  s i t e  th a n  on th e  p o o r ly  d ra in e d  one ( Graham & Rebuck 1958)* 

G erm ination  s tu d ie s  have shown t h a t  in  n u t t a l  oak, v/hich i s  common 

on s i t e s  f1 coded a n n u a lly , th e r e  i s  no r e d u c t io n  o f  th e  germ in­

a t io n  p e rc e n ta g e  c f  i t s  a c o rn s  a f t e r  subm ersion  in  w a te r  f o r  p e r io d s  

up to  34 d ay s , w hereas in  c h e r ry  b a rk  oak, which t y p i c a l l y  grows 

on s i t e s  seldom  o r n e v er f lo o d e d , th e  g e m in a t io n  p e rc e n ta g e  i s  

s i g n i f i c a n t l y  lov/ored by p ro lo n g ed  subm ersion  (B risc o e  I 961 ) .
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S im i la r ly ,  th e  g e rm in a tio n  o f  Jn n cus e f fu s u s  i s  g r e a t e r  when th e  

w a te r  t a b le  i s  up to  th e  s o i l  s u r fa c e  th a n  when i t  i s  20 cm below  

th e  s u r fa c e  (Lazenby 1955 )-

S p e c ie s  can th e r e f o r e  v a ry  c o n s id e ra b ly  in  t h e i r  to le r a n c e  

to  f lo o d in g ,  and th e  e x te n t  o f t h i s  a b i l i t y  vri.ll be r e f l e c t e d  

i n  t h e i r  e c o lo g ic a l  a m p litu d e . In  th e  genus S en ec io  th e  d i s t r i ­

b u t io n  o f  some s p e c ie s  w i th in  wot a re a s  and th e  e x c lu s io n  o f o th e r  

s p e c ie s  fro ia such s i t e s  i s  a  r e f l e c t i o n  o f th e  f o r m e r 's  a b i l i t y  

to  c o n tr o l  a n a e ro b ic  r e s p i r a t i o n  (C raw ford  I 966 ) .  In  th e  p r e s e n t  

s tu d y  a group o f  n a t u r a l l y  o c c u rr in g  m arsh p la n t s  have been  com­

p a re d , in  r e s p e c t  o f  t h e i r  o rg a n ic  a c id  m etabo lism  upon f lo o d in g , 

w ith  o th e r  s p e c ie s  r e s t r i c t e d  to  d ry  s i t e s  by t h e i r  l a c k  o f  f lo o d  

to le r a n c e .
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MATERIALS AND METHODS 

COLLECTION, PROPAGATION AND CULTURE OF EXPERIMENTAL MATERIAL

The p la n t  m a te r ia l u sed  in  th e  f lo o d in g  exp erim en ts was grown 

from see d  or v e g e t a t iv e  t r a n s p la n ts .  The i n i t i a l  c o l l e c t i o n s  

o f  seed  and p eren n a tin g  p a r ts  were from n a tu r a l s i t e s ,  such a s  

th e  dune r id g e s  a t  T entsm uir f o r  seed  o f  Hieraceum  p i l o s e l l a  and 

S en ec io  v u lg a r i s , th e  dunes a t  West Sands, S t .  Andrews, f o r  seed  

o f  S . ja o o h a ea , th e  dune s la c k s  a t  T entsm uir f o r  tr a n sp la n t  mat­

e r i a l  o f  Carex a r e n a r ia , and th e  margin o f  Loch o f  Lowes f o r  tr a n s ­

p la n ts  o f  Juncus e f fu s u s  and C. la s io c a r p a  ( s e e  F ig , 1 ) .  Where 

seed  was u se d , as w ith  a l l  th e  S en ec io  s p e c ie s ,  th e  s u p p lie s  were 

p erp e tu a ted  under c u ltu r e  in  th e  g la s s h o u s e .  S p e c ie s  c u l t iv a t e d  

from v e g e t a t iv e  t r a n s p la n ts  w ere, where p o s s ib le ,  d ev e lo p ed  a s  

c lo n e s  by s p l i t t i n g  up th e  young sh o o ts  o f  one p la n t ,  as w ith  

C. a r e n a r ia .

The p la n ts  were grown in  co a rse  sand in  p l a s t i c  b u ck ets  o f

6 -7  l i t r e  c a p a c ity ,  in  a h ea te d  g la ssh o u se  w ith  a  16 -hour d a y l ig h t  

reg im e. Each s p e c ie s  was grown in  a s e t  o f  fo u r  c u ltu r e  b u c k e ts ,  

a lth ou gh  th e  t o t a l  number o f  p la n ts  p er s p e c ie s  v a r ie d  s in c e  each  

c u ltu r e  c o n ta in e d  from  3 to  8 p la n ts  depending on t h e ir  s i z e .  

During an i n i t i a l  p e r io d  o f  3 -6  weeks th e  p la n ts  were e s ta b l i s h e d  

in  th e  sand c u ltu r e  under n o n -flo o d e d  c o n d it io n s .  During t h i s
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p e r io d  th e  p la n ts  were w atered  w ith  H oagland s o lu t io n  (Thomas,

Ranson & R ichardson  1956) to  supp ly  n u tr ie n t s  and keep th e  sand  

m o is t , vfithout a llo w in g  any f r e e  l iq u id  to  a ccu m u la te . Each c u ltu r e  

co n ta in ed  a c e n t r a l ,  p o ly u reth a n e  p a in te d , p e r fo r a te d  m etal tu b e ,  

o f  ap p rox im ately  1 ,5  in c h e s  in  d iam eter , to  a llo w  a v is u a l  check  

on th e  l e v e l  o f  th e  s o lu t io n  (P la t e  IVA)-

The ex p er im en ta l f lo o d in g  treatm en t to  th e se  e s ta b l is h e d  

p la n ts  .vas such th a t  each s p e c ie s  underwent 0 , 1 , 2 and 4  days 

f lo o d in g  w ith  H oagland s o lu t io n .  During th e  f lo o d in g  p e r io d  s u f f ­

i c i e n t  s o lu t io n  was added to  keep th e  l e v e l  j u s t  above th e  su r fa c e  

o f  th e  sand ( P la te  IV B), Im m ediately upon co m p le tio n  o f  th e  f lo o d ­

in g  tr ea tm en t, th e  p la n ts  were c a r e f u l ly  removed from th e  sand  

and th e r o o ts  cu t away from  j u s t  below  th e  h y p o c o ty l. These r o o ts  

were th en  used  f o r  th e  p r e p a r a tio n  o f  aqueous r o o t  e x t r a c t s .

There were no v i s i b l e  s ig n s  o f  f lo o d in g  upon growth during

th e  4 -d a y  f lo o d  p e r io d , and a fu r th e r  s e r ie s  o f  p la n ts  was a llo w ed  

to  co n tin u e  growth f o r  an 1 8 -d ay  p e r io d  to  determ ine i f  th e r e  

was any growth resp o n se  brought about by f lo o d in g .  The s p e c ie s  

were c l a s s i f i e d  as f lo o d  t o le r a n t  and f lo o d  in t o le r a n t  r e s p e c t ­

i v e l y  on th e  b a s is  o f  in c r e a s e  or d ecrea se  in  dry w eigh t o f  th e  

sh o o ts  a f t e r  an 18 -d ay  f lo o d e d  c u ltu r e  compared to  an 18-d ay  non­

flo o d e d  c u ltu r e .  T his ex p er im en ta l d e f in i t i o n  o f  f lo o d  to le r a n c e  

a cco u n ts  f o r  c e r t a in  an om alies when compared w ith  th e  n a tu r a l
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d is t r ib u t io n  o f  th e  s p e c ie s .  For exam ple, Carex  a r e n a r ia  i s  usu­

a l l y  found as a sand dune p la n t  and y e t  shows no r e d u c t io n  in  

growth on ex p er im en ta l f lo o d in g .  From a com parison o f  th e  growth  

resp o n se  o f  th e  s p e c ie s  a f t e r  an 18-d ay  p er io d  in  f lo o d e d  and non­

f lo o d e d  c o n d it io n s ,  th e y  were d e sc r ib e d  e i t h e r  as 'h e lo p h y te s '  

or 'n o n -h e lo p h y te s ' ,  The term  h e lo p h y te  i s  tak en  from Raunkiaer 

( 1937)5 by whose d e f in i t i o n  i t  i s  a s p e c ie s  w ith  buds submerged 

in  sa tu r a te d  mud or in  w a ter . The p r e se n t  in v e s t ig a t io n  i s  most 

concerned  w ith  th e  resp o n se  o f  th e  p la n t  to  ex p er im en ta l f lo o d in g ,  

and th e  term s h e lo p h y te  and n o n -h e lo p h y te  have been  exten d ed  to  

c o v e r , r e s p e c t iv e ly ,  th o se  s p e c ie s  which w ith sta n d  ex p er im en ta l 

f lo o d in g  and th o se  s p e c ie s  w hich do n o t .

COLLECTION OF FIELD MATERIAL

D uring th e  sp r in g  o f  19&7, m onthly c o l l e c t i o n s  o f  p la n t  mat­

e r i a l  were made from a sand dune s la c k  a t  T entsm uir. The s la c k  

chosen  was su b je c t  to  w in te r  f lo o d in g  and th e  th r e e  c o l l e c t i o n s  

c o in c id e d  w ith  th e  March-May drop in  w ater ta b le  and change from  

f lo o d e d  to  dry c o n d it io n s .  Root m a te r ia l o f  E r ica  t e t r a l i x , 

F il ip e n d u la  u lm aria  and G ly c e r ia  maxima was dug a t  each c o l l e c t ­

io n , tr a n sp o r te d  back to  S t .  Andrews in  m ud/earth  c lo d s  and washed 

b e fo r e  e x tr a c t in g  w ith  w a ter .
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For a tw elve-m onth  p e r io d  during 1968 , m onthly f i e l d  c o l l ­

e c t io n s  were a ls o  made a t  th e  m argin o f  Loch C lunie.. At t h i s  

s i t e  thu w in ter  l e v e l  o f  w ater in  th e  lo c h  ca u ses  e x te n s iv e  f lo o d ­

in g  o f  a marshy a rea  dom inated hy F il ip e n d u la  u lm aria  and I r i s  

p seu d a co ru s, y e t  du rin g  th e  sp r in g  th e  l e v e l  drops and hy summer 

th e  area  i s  f r e e  o f  s ta n d in g  w ater ( P la t e s  VA & VB). W ith in  th e  

a d ja c en t sh a llo w  r e g io n  o f  th e  lo c h  i t s e l f  th e r e  i s  an e x te n s iv e  

a rea  occu p ied  by Nuphar l u t e a . At m onthly in t e r v a ls  r o o t  and 

rhizom e m a te r ia l o f  N. lu t e a  and I .  pseudacorus were c o l le c t e d  

and tra n sp o r ted  to  St» Andrews fo r  th e  p r e p a r a tio n  o f  r o o t  e x t r a c t s

INCUBATION OF ROOT TISSUE IN AEROBIC AND ANAEROBIC CONDITIONS

In  a d d it io n  to  th e  ex p er im en ta l f lo o d in g  and th e  c o l l e c t i o n  

o f  m a te r ia l grow ing a t  n a tu r a lly  f lo o d e d  s i t e s ,  some s p e c ie s  under­

went trea tm en t in  c o m p le te ly  a n a ero b ic  c o n d it io n s .  A com parative  

exp erim ent was c a r r ie d  o u t , in c u b a tin g  th e  r o o t  t i s s u e s  o f  S en ec io  

v is o o s u s , 8 » a q u a ticu s  and Ranunculus flam m ula in  g lu c o se  s o lu t io n  

both  in  a e r a te d  c o n ta in e r s  and under n itr o g e n .

R oots o f  p la n ts  o f  th e s e  s p e c ie s  grown under n o n -flo o d ed  

g la ssh o u se  sand c u ltu r e  were rem oved, su r fa c e  s t e r i l i s e d  in  0 . 02% 

m ercuric c h lo r id e ,  r in s e d  s e v e r a l  tim es in  s t e r i l e  d i s t i l l e d  w a ter , 

and cu t in to  1 -2  cm le n g t h s .  Between 1 and 2 g f r e s h  w eig h t o f
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t h i s  ro o t  t i s s u e  was p la c e d  in  100 ml c o n ic a l  f la s k s  c o n ta in in g  

40  ml o f  2,5/0 g lu c o se  s o lu t io n .  The f la s k s  were clamped in  a 

m ech an ica l shaker w ith in  a w ater bath  m ain ta in ed  a t  28^0, A ir  

from an e l e c t r i c  pump was bubbled  through  one s e t  o f  f la s k s  to  

m a in ta in  a e r o b ic  c o n d it io n s ,  w h ile  n itr o g e n  from a c y lin d e r  Y/as 

bubbled  through a second  s e t  to  m a in ta in  s t r i c t l y  a n a ero b ic  con­

d i t i o n s ,  A fte r  in c u b a tio n  in  t h i s  way fo r  v a ry in g  p e r io d s  up to  

6 h o u rs, th e  r o o ts  were removed from th e  f l a s k s ,  r in s e d  in  d i s t i l l e d  

w ater and e x tr a c te d  w ith  w a ter .

An exten d ed  in c u b a tio n  experim ent o f  12 hours d u ra tio n  was 

c a r r ie d  ou t w ith  r o o ts  from  S en ec io  spp. grown under f lo o d e d  g l a s s ­

house sand c u ltu r e  f o r  one month. The aqueous e x t r a c t s  were h ere  

u sed  fo r  th e  d e ter m in a tio n  and com parison o f  e th a n o l p ro d u ctio n  

in  a h e lo p h y te  and a n o n -h e lo p h y te  under th e se  a n a ero b ic  c o n d it io n s .

PREPAEIATION OF AQUEOUS ROOT EXTRACTS

A ll  r o o t  t i s s u e s  were e x tr a c te d  in  w ater by th e  same method, 

i r r e s p e c t iv e  o f  w hether ta k en  from e x p e r im e n ta lly  f lo o d e d  p la n t s ,  

d i r e c t l y  from n a tu r a l s i t e s ,  or  from g lu c o se  in c u b a tio n  f l a s k s .  

A fte r  v/ashing in  c h i l l e d  d i s t i l l e d  w a ter , th e  r o o ts  (5 -1 0  g f r e s h  

w eig h t ex ce p t in  th e  in c u b a tio n  exp erim en ts where q u a n t i t ie s  were 

s l i g h t l y  sm a lle r )  were ou t in t o  ap p rox im ately  2 cm le n g th s  to
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a id  m acera tion , and e x tr a c te d  w ith  100-150 ml c o ld  d i s t i l l e d  w ater  

in  a Waring B len d er . The e x tr a c t  was p a ssed  through  m u slin  th en  

c e n tr ifu g e d  a t  9 ,0 0 0  r .p .m . fo r  20 m inutes a t  2°C. The su p ern atan t

ta k en  a f t e r  c e n t r i fu g a t io n  was th e  aqueous ro o t e x tr a c t  used  f o r

o rg a n ic  a c id  a s sa y  a f t e r  e i t h e r  p e r c h lo r ic  a c id  d e p r o t e in is a t io n  

or io n  exchange p u r i f i c a t io n .

A check  was made th a t  t h i s  c o ld  w ater method was e x tr a c t in g  

a l l  th e  o rg a n ic  a c id s  from th e  r o o t  t i s s u e s .  Some n o n -flo o d e d  

S en ec io  v is c o s u s  r o o t  m a te r ia l was d iv id e d  in to  two p a r t s ,  one 

p a rt f o r  e x tr a c t io n  in  c h i l l e d  w ater as above, th e  o th er  p a rt  

fo r  e x t r a c t io n  in  h o t w a ter . As T able 4  show s, th e  sm a ll d i f f ­

ere n c es  betw een  th e  amounts o f  m a lic , l a c t i c  and o x a lo a c e t ic  a c id s  

determ ined  in  th e  two e x t r a c t s  in d ic a te  th a t  th e  c o ld  w ater method 

was th e  b e t t e r  o f  th e  tw o.

T able 4* O rganic a c id s  o f  n o n -flo o d ed  S en ec io  v is c o s u s  r o o t s ,

e x p re ssed  in  p  mole /  g f r e s h  w e ig h t,

m alate l a c t a t e  o x a lo a c e ta te

c o ld  w ater e x tr a c t  3*0 0 .8 7  0 ,5 0

h o t  w ater e x tr a c t  2 ,6  0 .8 2  0 .3 8

The e f f i c i e n c y  o f  th e  c o ld  w ater e x tr a c t io n  method was a ls o  

checked by fu r th e r  e x t r a c t io n  o f  a r e s id u e  in  b o i l in g  95/^ e th a n o l.
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As Table 5 show s, th e r e  was no sh ik im ic  a c id  l e f t  in  tho t i s s u e  

a f t e r  c o ld  w ater  e x t r a c t io n ,  th a t  cou ld  be fu r th e r  e x tr a c te d  by 

b o i l in g  e th a n o l.

T able 5* S h ik im ic  a c id  c o n te n t  o f  Nuphar lu t e a  rhizom e,

e x p r e sse d  in  jug /  g f r e s h  w e ig h t .

sh ik im a te

c o ld  w ater e x tr a c t  3 1 .4

95% e th a n o l e x tr a c t  o f  r e s id u e  NIL

DEPROTEINISATION OF ROOT EXTRACTS

10 ml p o r t io n s  o f  th e  aquoous r o o t  e x t r a c t s  were d e p r o te in -  

i s e d  by th e  a d d it io n  o f  10 ml p e r c h lo r ic  a c id  (6% w /w ). A fte r  

c e n tr ifu g in g  a t  3 )0 0 0  r .p .m . a t  room tem perature fo r  20 m in u tes , 

th e  p r e c ip i t a t e d  p r o te in  was removed by t r a n s fe r r in g  th e  su p er­

n a ta n t to  a co o led  b eak er in  an i c e  b a th . To n e u t r a l i s e  th e  un­

used  p e r c h lo r ic  a c id ,  two drops o f  m ethyl orange in d ic a to r  were 

added, th en , w h ile  s t i r r i n g  m a g n e tic a lly  in  th e  i c e  b a th , p o ta ssiu m  

carb on ate  s o lu t io n  (a p p ro x im a te ly  5M) v/as added d ro p -w ise  u n t i l  

th e r e  v/as e v o lu t io n  o f  carbon d io x id e  and th e  in d ic a to r  turned  

sa lm on -p in k . A fte r  s ta n d in g  f o r  10 m inutes in  th e  i c e  b a th , th e  

d e p r o te in is c d  e x tr a c t  was d ecan ted  from th e  p r e c iu i t a t e d  p o ta ssiu m  

p e r c h lo r a t e .
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PURIFICATION OF ROOT EXTRACTS BY ION EXCHANGE RESIN

The rem ainder o f  th e  aqueous e x tr a c t  was p u r i f ie d  hy io n  

exchange r e s in ,  t o  remove p r o te in s  which would in t e r f e r e  w ith  

l a t e r  enzym ic a n a ly s i s ,  and to  remove su gars w hich would reduce  

th e  s e n s i t i v i t y  o f  chrom atographic a n a ly t ic a l  te c h n iq u e s . For 

t h i s  purpose 1 g o f  s t r o n g ly  b a s ic  an ion  exchange r e s in  A m berlite  

IRA 400  (C l)  was p rep ared  in  th e  carb on ate  form w ith  200 ml o f  

sodium carb on ate  s o lu t io n  (2% w /v ) , and packed in  a column u sin g  

a 25 ml b u r e t te  p lu gged  a t  th e  bottom  w ith  g la s s  w o o l. The r e s in  

was washed w ith  about 200 ml d i s t i l l e d  w ater u n t i l  th e  e f f lu e n t  

v/as a c id ic  to  p h en ol r e d , th en  th e aqueous r o o t  e x tr a c t  p a ssed  

through th e  column a t  an approxim ate r a te  o f  5 -1 0  ml per m inute. 

A fte r  w ashing th e  column w ith  a fu r th e r  200 ml d i s t i l l e d  w ater , 

th e  a n io n s were e lu te d  w ith  200 ml o f  1N ammonium carb on ate s o l ­

u t io n .  The e f f l u e n t ,  c o n ta in in g  th e  o rg a n ic  a c id s  in  t h e ir  amm­

onium s a l t  form , was th en  evap orated  to  dryn ess th r e e  t im es  in  

a r o ta r y  f i lm  ev a p o ra to r  to  remove e x c e s s  ammonium ca rb o n a te .

The r e s id u e  was ta k en  up in  10 ml d i s t i l l e d  w a ter , and t h i s  s o l ­

u t io n  used  fo r  o rg a n ic  a c id  m ic r o -e s t im a t io n .

ORGANIC ACID ASSAY OF THE PURIFIED ROOT EXTRACTS

The q u a n t i t ie s  o f  r o o t  t i s s u e  a v a i la b le  f o r  p rep a r in g  th e
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e x t r a c t s  were in  some exp erim en ts l e s s  than  2 g , and very  r a r e ly  

o ver  10 g . i/'/liile a method o f  g r a d ie n t  e lu t io n  down a s i l i c a  g e l  

or io n  exchvnge column can a llo w  a r e l a t i v e l y  r a p id  q u a n t ita t iv e  

e s t im a t io n  o f  s e v e r a l  o rg a n ic  a c id s  in  pome f r u i t s  (Hulme & Wool- 

to r to n  1958)5 th e  amounts o f  a c id s  in  th e se  r o o t  e x t r a c t s  were 

to o  sm a ll to  a llo w  such a tech n iq u e  to  be u se d . The m ic r o -e s t im a t­

io n s  which were n e c e s sa r y  were th e r e fo r e  c a r r ie d  out e n z y m ic a lly ,  

f o r  m a lic  (A ppendix p . i i ) ,  l a c t i c  ( p . i i i ) ,  o x a lo a c e t ic  ( p . i v ) ,  

c i t r i c  ( p .v i )  and s u c c in ic  a c id s  ( p . i x ) ,  and m ic r o c o lo r im e tr ic a l ly  

f o r  s h ik im i3 a c id  ( p . x i ) .  The te ch n iq u e s  used  were n o t o n ly  a cc ­

u ra te  a t  th e  l e v e l  r e q u ire d  b ut a ls o  s p e c i f i c  f o r  th e  p a r t ic u la r  

a c id  b e in g  e s t im a te d .

A method o f  paper chrom atography, s u i t a b le  fo r  d e te c t in g  

sm a ll q u a n t i t ie s  o f  o rg a n ic  a c id s ,  was d e v is e d  and a l s o  used  

(A ppendix p . x i i i ) .  The u se  o f  t h i s  tech n iq u e  was n ot in ten d ed  

f o r  fo llo w :  \g changes in  l e v e l s  o f  p a r t ic u la r  a c id s  but r a th e r  

as a qu ick  ind r e l i a b l e  scan  to  check th a t  no o th erw ise  u n d e te c ted  

a c id  o c c u r n d  in  th e  t i s s u e s .

DETEMINATIJN OF ETHANOL IN THE ROOT EXTRACTS

The e x t r a c t s  used  f o r  m easuring e th a n o l p ro d u ctio n  under 

a n a ero b ic  in c u b a tio n  were p rep ared  from 3 to  4  g o f  r o o t  t i s s u e
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The m io r o -ü stim a tio n s  n e c e s sa r y  to  detem ine tho e th a n o l in  th o se  

e x tr a c t s  we..?e a l s o  c a r r ie d  out en a y m ica lly  (A ppendix p „ x v ).
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RESUÆS

EXPERIiæNTA]', FLOODING

G-ROVra UNDER FLOODED AND NON-FLOODED CONDITIONS

A fte r  th e  18 -d ay  growth p e r io d  in  f lo o d e d  and n o n -flo o d ed  

c o n d it io n s 3 some s p e c ie s  were shown to  have t h e ir  growth re ta rd ed  

by f lo o d in g ,  w h ile  o th e r s  to  have t h e ir  growth enhanced (F ig .  2 ) .  

In  th e  form er group, th e  n o n -h e lo p h y te s , th o se  s p e c ie s  most 

a d v e r s e ly  a f f e c t e d  by f lo o d in g  showed c h lo r o s is  o f  th e  lo a v e s  

and death  o f  th e  r o o t s  b e fo r e  th e  end o f  th e  18-day p e r io d . Ac 

e x p ec te d , a l l  th e  S e n e c io  s p e c ie s  norm ally  found on dry, open 

s u b s tr a te s  Lad t h e ir  growth r e ta r d e d  by f lo o d in g ,  a s  d id  Hierareum  

p i l o s e l l a  tak en  from th e  sand dunes a t  T entsm uir. On th e  othe:. 

hand, S en ec io  a q u a t io n s . Ranunculus f]ammula and Juncus e f fu s u s  

are a l l  s p e c ie s  o f  w et s i t e s  and t h e ir  growth was enhanced by  

f lo o d in g .  The resp o n se  o f  Carex a r e n a r ia , a s p e c ie s  nor la l ly  

found grow ing on f ix e d  sand dunes, i s  l e s s  o f  an anomaly v/hen 

i t  i s  remembered th a t  t h i s  i s  an ex p er im en ta l d e f in i t i o n  o f  th' 

s p e c ie s ,  and th a t  C. a r e n a r ia  does in  f a c t  in vad e th e  da ip s la c k s  

a t  T entsm uir.

Three s p e c ie s  n o t in c lu d e d  in  F ig . 2 were l a t e r  in c lu d e d  

w ith  th o se  used  f o r  f lo o d in g  ex p er im en ts . Of t h e s e ,  S en ec io
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jaoobaea and S . s y lv a t ic u s  grow on l i g h t ,  sandy s u b s tr a te s  (C lap- 

ham, T u tin  & Warburg I 9 6 2 ) and were found by experim ent to  be 

n o n -h e lo p h y te s , w hereas Carex la s io c a r p a  grows in  reed-swamp and 

was found to  be a h e lo p h y te .

fclALIC ACID CHANGES

The changes in  r o o t  m a lic  a c id  co n ten t during th e  0 -4  day 

f lo o d in g  p e r io d  are shown in  F ig .  3» In  th e  h e lo p h y te  s p e c ie s  

(F ig .  3a ) th e  q u a n tity  o f  m alate a t  th e  o n se t  o f  f lo o d in g  v a r ie d  

betw een 1 j x  mole ( S e n e c io  a q u a tio n s ) and n e a r ly  6 yj mole /  g f r e s h  

w eigh t ( Ranunculus flam m ula) , but th e  l e v e l s  in  th e  r e s p e c t iv e  

s p e c ie s  n ever dropped b elow  t h e ir  o r ig in a l  l e v e l  th roughout th e  

e n t ir e  f lo o d in g  p e r io d . A fte r  fo u r  days o f  f lo o d in g  th e r e  was 

more m alate p r e se n t  in  th e  r o o ts  o f  h e lo p h y te  s p e c ie s  than th e re  

had been b e fo r e  f lo o d in g .

In  th e  n o n -h e lo p h y tes  ( F ig .  3b) th e r e  was l e s s  than 3 mole 

m alate /  g f r e s h  w eigh t a t  th e  o n se t  o f  f lo o d in g ,  and in  ev ery  

s p e c ie s  th e r e  was a d ecrea se  in  amount during th e  f lo o d in g  p e r io d .  

In  th r e e  s p e c ie s  th e r e  v/as no m alate d e te c ta b le  a f t e r  fo u r  days 

o f  f lo o d in g .

The in c r e a s e  in  m alate in  h e lo p h y te s  and i t s  d ecrea se  in
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non-heloph^ 'e s  were b oth  r a p id ly  e f f e c t e d .  For most s p e c ie s  th e  

change v/as v id e n t  a f t e r  th e  f i r s t  day o f  f lo o d in g ,  and in  th e  

rem ain ing s p e c ie s  by th e  second  day. The l e v e l s  a f t e r  fo u r  

days o f  f l o  ..d trea tm en t were th e r e fo r e  in  m ost c a se s  s im p ly  e x te n ­

s io n s  o f  a Irend e s t a b l i s h e d  by th e  second  day o f  f lo o d in g .  In  

a h e lo p h y te , Carex a r e n a r ia , th e  in c r e a s e  in  m alate was shown to  

co n tin u e  th rou ghou t an e ig h t-d a y  f lo o d  p e r io d  (F ig .  4)5  and in  

a s im ila r  experim ent on a n o n -h e lo p h y te , S e n e c io  v i s c o s u s , th e  

drop in  m alate  by fo u r  days was fo llo w e d  by a s l i g h t  in c r e a s e  

during th e  n ex t fo u r  d a y s. These lo n g e r  f lo o d in g  p e r io d s  were 

n ot s u f f i c i .n t ly  s tu d ie d  f o r  an yth in g  o th e r  than  t e n t a t iv e  con­

c lu s io n s  to  be drawn. I t  i s  p ro b a b le , though , th a t  a lo n g  w ith  

th e  f lo o d in g  d is e a s e  symptoms shown by S en e c io  v is c o s u s  a f t e r  

about 3 -6  d. y s  o f  tr e a tm e n t, such as c h lo r o s is  o f  th e  le a v e s  and 

d is c o lo u r a t io n  and d eath  o f  th e  r o o t s ,  th e r e  i s  a grad u al m eta­

b o l i c  breakdown. Thus a m eta b o lic  product such a s m a lic  a c id  

cou ld  accum l a t e  in  th e  d y in g  t i s s u e s  o f  S , v is c o s u s  v/hereas in  

C. a ren a r ic  th e  f lo o d  trea tm en t produced o n ly  h e a lth y  growth and 

th e  m alate a ccu m u la tion  th e r e  i s  more l i k e l y  a tr u e  m e ta b o lic  

r e sp o n se .

An o v e r a l l  com parison o f  th e  maicite in c r e a s e  in  f lo o d e d  h n lo -  

p h y tes  and i t s  d ec r ea se  in  f lo o d e d  n o n -h e lo p h y tes  i s  a ls o  shown 

g r a p h ic a l ly  in  F ig .  5 , by p lo t t in g  th e  r a t io  o f  m a lic  a c id  b e fo r e
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and a f t e r  th e  fo u r-d a y  f lo o d  p e r io d . T h is com parison  betw een 

th e  h e lo p h y te  s p e c ie s  and th e  n o n -h e lo p h y te s  shows hov/ c l e a r ly  

th e  two groups o f  p l a n t s  d i f f e r  in  t h e i r  m alic  a c id  m etabolism  

upon f lo o d in g .

LACTIC ACID CHANGES

The changes in  r o o t  l a c t i c  a c id  co n ten t d u rin g  th e  0 -4  day 

f lo o d in g  p e r io d  are  shown in  P ig .  6 . The q u a n t i t ie s  o f  l a c t i c  

a c id  were alw ays sm a ll -  in  h e lo p h y te s  n ever more th an  0 .1  p mole 

a c id  /  g f r e s h  w e ig h t , and s im i la r ly  in  n o n -h e lo p h y tes  ex cep t  

f o r  S en ec io  sq u a lid u s  ( l e s s  than  0 .3  jr mole /  g f r e s h  w e ig h t ) .

In  th e  h e lo p h y te s  (P ig . 6a) th e  v ery  sm a ll q u a n t i t ie s  o f  

l a c t a t e  do n ot a llo w  any c le a r  in te r p r e ta t io n  o f  t h e ir  changes  

during th e  cou rse o f  f lo o d in g ,  a lth ou gh  in  a l l  s p e c ie s  o th er  than  

Juncus e f fu s u s  th e r e  was a drop in  l e v e l  from th e  o n se t  o f  f lo o d ­

in g  to  th e  fo u r th  day. S im ila r ly ,  in  th e  n o n -h e lo p h y tes  th e  l e v e l s  

were so sm all th a t  s l i g h t  f lu c t u a t io n s  do n ot m er it ev id en ce  o f  

d e f in i t e  l a c t a t e  movement, ^ N evertheless, a l l  th e  n o n -h e lo p h y tes  

co n ta in ed  s l i g h t l y  more l a c t a t e  a f t e r  fo u r  days o f  f lo o d in g  than  

th ey  d id  b e fo r e  f lo o d in g .
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CITRIC ACID CHANGES

The changes in  r o o t  c i t r i c  a c id  co n te n t  d uring  th e 0 -4  day 

f lo o d in g  p e r io d  are shown in  F ig .  7« C i t r ic  a c id  was p r e se n t  

in  most r o o t  e x t r a c t s ,  in  h e lo p h y te s  up to  0 .5  p  mole c i t r a t e  

/  g f r e s h  w e ig h t and in  n o n -h e lo p h y tes  up to  1 .0  m ole. Of th e  

h e lo p h y te s  in v e s t ig a t e d  ( F ig .  7a) Carex a r e n a r ia  and Juncus e f fu s u s  

in c r e a se d  t h e i r  c i t r a t e  c o n te n t  during th e  fo u r  day f lo o d  p e r io d ,

C. la s io c a r p a  and S e n e c io  a q u a tio n s  d ecrea sed  t h e ir  c i t r a t e  con­

t e n t ,  and in  Ranunculus flam m ula th e r e  was no change o v e r a l l .

In  th e  n o n -h e lo p h y te s  (F ig .  7h) th e  f lu c t u a t io n s  i n  c i t r a t e  con­

t e n t  throughout th e  fo u r  days were even  more marked and i t  i s  

im p o ss ib le  to  se e  any d e f in i t e  p a tte r n  o f  c i t r a t e  movement a lth o u g h , 

a p art from S e n e c io  v i s c o s u s , a l l  s p e c ie s  e i t h e r  k ep t th e  same 

c i t r a t e  co n ten t a f t e r  fo u r  days f lo o d in g  or s l i g h t l y  in c r e a se d  

t h i s  a c id .

SUCCINIC ACID CHANGES

The changes in  r o o t  s u c c in ic  a c id  co n ten t d u rin g  th e  0 -4  

day f lo o d in g  p e r io d  are  sliovai in  F ig .  8 . S u c c in a te  l e v e l s  were 

sm a ll, e s p e c i a l l y  in  th e  h e lo p h y te s  where th e  h ig h e s t  l e v e l  record ed  

was 0 .2  ^  mole a c id  /  g f r e s h  w e ig h t . Apart from t h i s  p a r t ic u la r  

s p e c ie s ,  Juncus e f f u s u s ,  th e  s u c c in ic  a c id  c o n te n t in  th e  h e lo -
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p h y tes  e i t h e r  d ecrea sed  or rem ained a t  th e  same low  l e v e l  during  

th e  fo u r  day p e r io d  (P ig .  8 a ) .  In  th e  n o n -h e lo p h y te s  (P ig . 8b) 

th e r e  was a c o n s ta n t  p a t te r n  o f  s u c c in a te  r i s e  upon f lo o d in g ,  

w ith  an a p p ro x im a te ly  t h r e e - f o ld  in c r e a s e  by th e  fo u r th  day. 

A lthough q u a n t i t ie s  o f  s u c c in a te  were sm a ll compared w ith  th o se  

o f  m a la te , th e r e  was more th an  0 .5  jti mole a c id  /  g f r e s h  w eig h t  

in  S en e c io  sq u a lid u s  and S . v is o o s u s  a f t e r  fo u r  days o f  f lo o d in g .

OVERALL ORGANIC ACID CHANGES AND COMPARISON OP THE RELATIVE CON­

CENTRATIONS OF DIFFERENT ORGANIC ACIDS

In  a l l  tho h e lo p h y te s  ( F ig s .  9a to  9 e ) m a lic  a c id  was th e  

most predom inant, a lw ays p r e s e n t  above i mole a c id  /  g f r e s h  

w eig h t o f  r o o t  t i s s u e ,  and even  up to  6 ya mole in  Ranunculus 

flam m ula. L a c t ic  and s u c c in ic  a c id s  w ere, i f  d e te c te d ,  p r e se n t  

o n ly  in  m inute am ounts. C i t r ic  a c id  was more abundant, but n ev er  

p r e se n t  above 0 .5  ju m ole /  g f r e s h  w e ig h t .

In th e  f lo o d  t r e a te d  n o n -h e lo p h y tes  ( F ig s .  9 f  t o  9k) m a lic  

a c id  was a g a in  predom inant a t  th e  o n se t  o f  f lo o d in g  but f e l l  away 

in  q u a n tity  by th e  fo u r th  day. Furtherm ore, i t  was n ever  p r e se n t  

above 4  ^  mole /  g f r e s h  w e ig h t , and in  th r e e  s p e c ie s ,  H ieraceum  

p i l o s e l l a , S en e c io  sq u a lid u s  and S . s y lv a t i c u s , th e r e  v/as no mal­

a te  d e te c ta b le  a f t e r  fo u r  days o f  f lo o d in g .  L a c t ic  a c id  was a g a in
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p r e se n t  in  o n ly  m inute am ounts, b ut s u c c in ic  a c id  was in  ev id en ce  

up to  0 . 5  ^  mole /  g f r e s h  w e ig h t in  S en ec io  sq u a lid u s  and S . v i s ­

c o s u s . C i t r ic  a c id  was a g a in  p r e se n t  up to  1 . 0 ^  mole /  g f r e s h  

w e ig h t . O x a lo a c e t ic  a c id  was n o t d e te c te d  in  any o f  th e  e x t r a c t s .

Paper chromatograms o f  th e  r o o t  e x tr a c t s  were run as a f i n a l  

check th a t  no major o rg a n ic  a c id  had been m issed  out o f  th e  s e r i e s  

o f  in d iv id u a l a c id  a n a ly s e s .  The chromatograms d id  n ot in d ic a te  

th e  p resen ce  o f  any o rg a n ic  a c id  o th e r  than some o f  th o se  a lr ea d y  

a ssa y e d , and in  most c a se s  supported  q u a l i t a t i v e l y  th e  e a r l i e r  

q u a n t ita t iv e  f in d in g s .  Thus, th e  paper chromatogram o f  r o o t  e x t r a c t s  

o f  th e  h e lo p h y te  Carex la s io c a r p a  showed m a lic  a c id  and c i t r i c  

a c id  to  be p r e se n t  in  d e te c ta b le  amounts du rin g  th e  0 -4  day f lo o d  

p e r io d , but n ot any o f  th e  o th e r  o rg a n ic  a c id s  ( F ig .  1 0 ) .  T h is  

chromatogram gave some ev id en ce  th a t  m alate p e r s is t e d  throughout 

th e  fo u r  d ays, b u t th a t  c i t r a t e  d isa p p ea red . In  a s im ila r  chro­

matogram o f  th e  n o n -h e lo p h y te  S e n e c io  v i s c o s u s , th e  o n ly  a c id s  

d e te c te d  in  q u a n tity  were a g a in  m alate and c i t r a t e  (F ig .  11 ) ,  

but in  t h i s  s p e c ie s  m a lic  a c id  d id  n o t p e r s i s t  th rou ghou t th e  

f lo o d in g  p e r io d  b u t d isa p p ea red  a f t e r  th e  f i r s t  day.

ORGANIC ACID MOLECULAR RATIOS AFTER FLOODING

The m a lic  and s u c c in ic  a c id  l e v e l s  were shown above to  f o l lo w
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d i f f e r e n t  p a t te r n s  upon f lo o d in g  in  th e  two groups o f  s p e c ie s .

In  th e  h e lo p h y te s  f lo o d in g  was accom panied hy a r i s e  in  m alate  

and a drop in  s u c c in a te .  In  th e  n o n -h e lo p h y to s  th e  p a tte r n  was 

r e v e r se d , w ith  a drop in  m alate  and a r i s e  in  s u c c in a te .  T h is  

d i f f e r e n t i a l  resp o n se  betw een  th o  h e lo p h y te s  and n o n -h e lo p h y tes  

i s  shown g r a p h ic a l ly  in  F ig .  12 , by p lo t t in g  th e  m o lecu la r  r a t io  

o f  m alate to  s u c c in a te  a f t e r  fo u r  days o f  f lo o d in g .  In  th e  h elo^  

p h y tes la r g e  v a lu e s  are reco rd ed , th e  s m a lle s t  b e in g  a 25- f o l d  

r a t io  in  Juncus e f f u s u s . In  th e  n o n -h e lo p h y tes  th e  r a t io  i s  a l ­

ways l e s s  th an  5 , w ith  th r e e  s p e c ie s  r ec o r d in g  zero  v a lu e s .  T h is  

m o lecu la r  r a t io  c l e a r ly  d i f f e r e n t i a t e s  betw een  th e f lo o d in g  resp o n se  

o f  th e  two groups o f  s p e c ie s ,  f o r  i t  shows how th e  in te r n a l  m eta­

b o l i c  c o n tr o ls  o f  h e lo p h y te s  and n o n -h e lo p h y tes  d i f f e r  upon e x p e r i­

m ental f lo o d in g ,  in  r e s p e c t  o f  a m olecu le  f o r  m olecu le  r i s e  in  

m alate and drop in  s u c c in a te  in  the form er group and th e  r e v e r s e  

in t t h e  l a t t e r  group . Thus i t  i s  n ot so much th e  q u a n t ita t iv e  

changes in ,  sa y , m a lic  a c id ,  betw een d i f f e r e n t  s p e c ie s  w hich are  

im portant b u t more th e  r e l a t i v e  amount o f  one a c id  to  an oth er  

in  r e s p e c t  to  th e  p la n t ’ s b eh av iou r during a p e r io d  o f  f lo o d in g .

A s im ila r  i l l u s t r a t i o n  r e s u l t s  from p lo t t in g  th e  m ala te:  

c i t r a t e  m o lecu la r  r a t io  (F ig .  1 3 ) ,  where a g a in  a r i s e  in  m alate  

in  h e lo p h y te s  and drop in  n o n -h e lo n h y tes  i s  n ot accom panied by 

s im ila r  changes in  c i t r a t e  l e v e l s .  The m o lecu la r  r a t io  r e f l e c t s
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t h i s  r e sp o n se , a lth o u g h  s in c e  th e  c i t r a t e  l e v e l s  were o v e r a l l  

r a th e r  c o n s ta n t  in  th e  two g ro u p s, th e  v a lu e s  o f  th e  r a t io  are  

n o t as s t r ik in g ly  d i f f e r e n t  as are th o se  o f  th e  m a la te : s u c c in a te  

m o lecu la r  r a t i o .  In  th e  n o n -h e lo p h y tes  th e r a t io  i s  s t i l l  a lw ays  

l e s s  than  5 , and in  th e  h e lo p h y te s  i t  l i e s ,  e x c e p t  f o r  Ranunculus 

flam m ula, betw een 10 and 2 5 .



F ig . 2. & W fm  OF HELOPHYTES AND HON-HELOHiYTES IN LOW 

(L'ffT) AND HIGH (HWT) WATER TABLE CONDITIONS 

AS 1/iEASUEED BY THE DRY WEIGHT OF THE 

SHOOTS AFTER 18 DAYS

Key: S . v i . S en eo io  v is o o s u s

S . V . S . v u lg a r is  (dune r a c e )

Ho po Hieraoeum p i l e s e l l a

S , ÇL. S , sq u a lid u s

S . aq,. S . a q u a tio n s

C. a . Carex a r e n a r ia

Ro f . Ranunculus flam m ula

J* G 0 Junous e f fu s u s



Fig. 2
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Fig. 3a and 3b. CHANGES IN ROOT MALIC ACID CONTENT
INDUCED BY FLOODING IN HELOPHYTES 

AND NON-HELOPHYTES

Key: a helophy'^GS

# Carex a r e n a r ia

A C. la s io c a r p a

■ tTnnous e f fu s u s

O r anunculus flaiim iula  

A Leriecio a q u a ticu s

b T o n -h elo p h y tes

#  I ieraceum  p i l o s e l l a  

▲ S . jacob aea

■ b . sq u a lid u s

O J .. s y lv a t ic u s

A r . v is c o s u s

o  S . v u lg a r is  (dune r a c e )



Fig. 3 a  

( h e l o p h y t e s )
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Fig. 3 b 

( n o n  -  h e l o p h y t e s  )
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P ig . 4 . CHANGES IN ROOT MALIC ACID CONTENT INDUCED 

BX AN 8-DAT FLOODING PERIOD IN A 

HELOPHYTE AND A NON-HELOPHYTE

Key: #  Carex a r e n a r i a  (h e lo p h y te )

▲ Seneoio  v is c o su s  (n o n -h e lo p h y te )



Fig. 4
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F i g .  5 .  RATIO OF MALIC ACID CONTENT OF ROOTS OF

HELOPHYTES AND NON-HELOPHYTES 

BEFORE AND /îFTER FLOODING- 

FOR 4  DAYS

Key: H. p . Hieraoeum p i l o s e l l a

S , sq.. S e n ec io  sq u a lid u s

8 . 8« 8 . s y lv a t ic u s

S. j . S . jacob aea

8 .  V .  8 ,  v u lg a r is  (dune r a c e )

8 . v i .  8 . v is c o s u s

R. f . Ranunculus flam m ula

J . e Juncus  e f fu s u s  

8 , a . S . a q u a tic u s

C. 1 . Carex la s io c a r p a

C. a . C. a r e n a r ia



Fig. 5
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Fig. 6a and 6b. CHMG-ES IN ROOT LACTIC ACID CONTENT
INDUCED BY FLOODING IN HELOPHYTES 

AND NON-HELOPHYTES

Key: a  H elophy tes

#  Carex a r e n a r i a ,

A C. l a s io c a r p a

■ Juncus e f fu s u s

O R anunculus flam m ula 

A S enecio  a q u a tic u s

b N on-he lophy tes

#  H ieraceum  p i l o s e l l a  

▲ S. jaco b aea

■ S . s q u a lid u s

o  S ■ s y lv a t ic u s

A S, v is c o su s

O s .  v u lg a r i s  (dune r a c e )



Fig. 6 a
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Fig. 6 b

( non -  he lophytes  )
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Fig. 7a and Jb. CHMG-ES IN ROOT CITRIC ACID CONTENT
INDUCED BY FLOODING- IN HELOPHYTES 

AND NON-HELOPHYTES

Key: a  H elophy tes

e  C arex a r e n a r ia  

A C. l a s io c a r p a

■ Junous e f fu s u s

o  R anunculus flam m ula 

^  S enec io  a q u a t ic u s

b N on-he lophy tes 

e Hieraoeum  p i l o s e l l a  

A 8 . jaco b aea

■ S. s q . u a l i d u s

O S . s y l v a t i c u s

A S. v i s c o s u s

o S . v u lg a r i s  (dune r a c e )



Fig. 7a
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Fig. 7b ( non r  h e lo p h y te s  )
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Fig 8a and 8b. CHANGES IN ROOT SUCCINIC ACID CONTENT
INDUCED BY FLOODING IN HELOPHYTES 

AND NON-HELOPHYTES

Key: a  H elophy tes

•  Carex a r e n a r i a  

A C. l a s io c a r p a

■ Juncus e f fu s u s

O  R anunculus flam m ula 

A S enecio  a q a a t ic u s

b N on-helophy tes

#  H ieraoeum  p i l o s e l l a  

A S. jac o b ae a

■ S. sq u a lid u s

O S . s y lv a t ic u s

A S . v is c o s u s

a  S . v u lg a r i s  (dune r a c e )



Fig. 8a  

(hel ophy t e s  )
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Fig. 8b

(non -  h e lo p h y t e s  )
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Fig. 9a to 9k. CHMG-ES IN ROOT ORGMIC ACID CONTENT
INDUCED BY FLOODING IN HEL0HÎYT1S 

AND NON-HELOPHYTE SPECIES

Key; #  m alic  a c id  

A l a c t i c  a c id  

■ c i t r i c  a c id

X s u c c in ic  a c id

F ig .  9O' C arex a r e n a r i a

9b C. l a s io c a r p a

9c Juncus e f fu s u s

9d R anunculus flam m ula 

9e S enecio  a q u a t ic u s

9 f  H ieraceum  p i l o s e l l a

9g 8. jaco b aea

9b. S . s q u a lid u s

9 i  S . s y lv a t ic u s

9 j  S . v isc o su s

9k S . v u lg a r i s  (dune ra c e )
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Pig. 10. COPY OP PAPER CHROÎaATOGEAjk OP ROOT POCTHACTS
OF FLOOD TREATED CAREX LA510CARPA

P ap er : Whatman no . 1 .

S o lv e n t : p ro p an o l /  e u c a ly p to l  /  fo rm ic  a c i d /  w a te r

5 0 / 5 0 / 2 0 / 5

I n d ic a to r :  a n i l in e - g lu c o s e .

Key: X and X’
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c i t r i c  and sh ik im ic .
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c -  c i t r i c  a c id

sh - shikimic acid
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Fig. 11. COPY OF PAPER CHROMTO&RAv: OF ROOT EXTRACTS
OF FLOOD TREATED SENECIO VISCOSUS

P ap er : Whatman no . 1 .

S o lv e n t:  p ro p an o l /  e u c a ly p to l  /  fo rm ic  a c id  /  w a te r

5 0 / 5 0 / 2 0 / 5

I n d i c a to r :  a n i l in e - g lu c o s e .

Key: X* -  m ix tu re  c o n ta in in g  20 jj.g o f  each o f  th e  fo llo w ­

in g  o rg a n ic  a c id s :  s u c c in ic ,  l a c t i c ,  m a lic , 

c i t r i c  and s h ik im ic .
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Pig. 12. RATIO OP i'lALIC:SUCCINIC ACID CONTENT OP
ROOTS AFTER FLOODING FOR A DAYS

Key: H. P* H ieraceum  p i l o s e l l a
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S . a . S . a q u a t icu s

c. 1 . Carex la s io c a r p a

c. a . C. a re n a r ia

R. f.. Ranunculus flaramula
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P i g .  13 .  RATIO OP m i C : C I T R I C  ACID CONTENT OP ROOTS

AFTER FLOODING FOR A DAYS
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RESULTS

NATURAL FLOODING-

MALIC ACID CHANGES

The r o o t  e x t r a c t s  o f  th e  th r e e  h e lo p h y te  s p e c ie s ,  F i l ip e n d u la  

u lm a r ia . E r ic a  t e t r a l i x  and G -lyoeria maxima, c o l l e c te d  i n  March 

from  th e  f lo o d e d  dune s la c k  a t  T en tsm u ir a l l  c o n ta in e d  m alic  a c id  

( F ig .  16 ) .  T here was o v er 5 p- mole m ala te  /  g f r e s h  w eigh t in  

one s p e c ie s ,  F . u lm a r ia , y e t  by  May th e  l e v e l  i n  a l l  th r e e  s p e c ie s  

had  dropped to  below  a d e te c ta b le  am ount. The p re se n c e  o f  m ala te  

in  th e  r o o t  t i s s u e s  d u rin g  n a tu r a l  f lo o d in g , and i t s  d isa p p e a ra n c e  

w ith  th e  drop in  w a te r  t a b l e  to  n o n -flo o d ed  c o n d it io n s  in  May, 

i s  i n  agreem ent w ith  th e  e x p e rim e n ta l f in d in g  t h a t  f lo o d in g  in  

h e lo p h y te s  i s  accom panied by an in c re a s e  i n  m alic  a c id  in  th e  r o o ts

M alic a c id  was p r e s e n t  th ro u g h o u t a l l  th e  months o f th e  y e a r  

in  th e  r o o ts  and rhizom e o f Nuphar lu t e a  grow ing in  Loch C lu n ie .

The q u a n t i t i e s  o f  m ala te  p r e s e n t  v a r ie d  up to  0 .2  j i  mole a c id  /  g 

f r e s h  w eigh t (F ig , I 4 )» I t  i s  im p o rta n t to  n o te  t h a t  t h i s  f r e s h ­

w a te r m aorophyte i s  c o n t in u a l ly  submerged by w a te r , w ith  th e  ro o ts  

and rhizom e in  th e  bo ttom  mud. The p la n t  i s  th e r e f o r e  l iv i n g  

in  t o t a l l y  d i f f e r e n t  c o n d it io n s  from  th o se  o f  th e  p la n t s  s tu d ie d  

a t  T en tsm u ir, where th e  f lo o d in g  was on ly  i n t e r m i t t e n t .  The r o o t
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and rhizom e t i s s u e s  o f  an  a q u a t ic  p la n t  th e r e f o r e  f u l f i l l  q u i te  

d i f f e r e n t  r o le s  from  th o s e  o f  th e  r o o ts  o f  dune s la c k  p l a n t s ,  and 

th e  la r g e  f l e s h y  rhizom e o f  M. l u t e a  p ro b a b ly  f u n c t io n s  a s  an 

im p o rta n t food  s to ra g e  o rg an . The o rg a n ic  a c id s  o f th e  rhizom e 

c o u ld  be c a rb o h y d ra te  fo o d  r e s e r v e s  a d a p te d  to  th e  c o n tin u a l  sub­

m ers io n , and t h e i r  tu r n - o v e r  c o u ld  be l in k e d  to  p a r t i c u l a r  grow th 

p h a se s , such as l e a f  fo rm a tio n , f lo w e r in g , o r f r u i t i n g .  T here i s  

i n  f a c t  a m ala te  peak  in  Ju n e , th e  tim e o f  f lo w e r in g .

I r i s  p seudaoo rus i s  a ls o  a  p la n t  a d a p te d  to  c o n tin u a l  sub­

m ers io n , a lth o u g h  i n  t h i s  c a se  vdiere i t  was sam pled grow ing a t  

th e  m argin  o f  Loch C lu n ie , th e r e  was some d ry in g  o u t o f  th e  sub­

s t r a t e  d u r in g  th e  summer months ( P la te  VA and VB) , The m alic  

a d d  c o n te n t  o f  th e  r o o ts  and rhizom e o f  t h i s  I .  p seu d ao o ru s m at­

e r i a l  a ls o  showed changes d u rin g  th e  March to  November p e r io d  

( F ig .  1 5 )? ra n g in g  from  l e s s  th a n  0.1 j i  mole m a la te  /  g f r e s h  

w eigh t to  n e a r ly  0 .5  m ole. I t  i s  u n f o r tu n a te ,  how ever, t h a t  

no m easure was made o f  th e  m onthly  change i n  w a te r  t a b le  a t  th e  

c o l l e c t in g  s i t e ,  where s ta n d in g  w a te r in  w in te r  c o n tr a s te d  w ith  

d ry  c o n d it io n s  in  A ugust and a  r i s i n g  w a te r  t a b l e  in  O ctober and 

November. The m alic  a c id  changes t h a t  have been  re c o rd e d  ahov/ 

t h a t ,  a p a r t  from  th e  low r o o t  c o n te n t in  S ep tem ber, th e r e  i s  con­

s id e r a b le  p a r a l l e l  betw een th e  m ala te  l e v e l s  o f r o o t  and rhizom e 

t i s s u e ,  even i f  no c l e a r - c u t  p a t t e r n  w ith  f lo o d e d  c o n d it io n s  h a s  

been  e s t a b l i s h e d .  I t  i s  f e a s i b l e  t h a t  th e  m a lic  a c id  m etabo lism
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o f  th e s e  t i s s u e s  i s  in f lu e n c e d  by th e  f lo o d in g  o f th e  s u b s t r a t e ,  

b u t  a  more com prehensive s tu d y  i s  needed to  e s t a b l i s h  any conn­

e c t io n .

SHIKIMIC ACID CHANCES

S h ik im ic  a c id  was d e te c te d  on ly  i n  th e  r o o ts  and rh izom es 

o f  I r i s  and Nu p h a r , th e  m acrophyte s p e c ie s  cap ab le  o f  l i v i n g  in  

a q u a t ic  flHHHiinMiHÉMMHMMÉit h a b i t a t s .  However, when sh ik im ic  

a o id  was p r e s e n t  in  th e s e  t i s s u e s  i t  was u s u a l ly  in  l a r g e  quan­

t i t i e s ,  and th e  p a p e r  chrom atogram  o f I .  p seu d ao o ru s rhizom e ex­

t r a c t s  (F ig .  17 ) shows th e  h ig h  c o n c e n tr a t io n  o f  sh ik im a te  when 

compared w ith  o th e r  o rg a n ic  a c id s .  The q u a n t i t a t iv e  m ic ro -e s t im a t­

io n s  showed t h a t  betw een  March and November th e r e  was alw ays betw een 

1 ,0  and 1 ,4  JJ- mole sh ik im a te  /  g f r e s h  w e ig h t in  th e  rh izo m es , 

and up to  0 ,6  j i  mole i n  th e  r o o ts  (Fig.. 1 8 ) . A s te a d y  drop in  

sh ik im a te  from  March to  May was fo llo w ed  by a  s te a d y  r i s e  betw een 

June and November, i n  b o th  t i s s u e s .  The sh ik im ic  a c id  c o n te n t  

o f  th e  r o o t s  and rh izom es o f  Nuphar l u t e a  a ls o  showed f l u c t u a t i o n s  

d u rin g  th e  December to  Septem ber p e r io d ,  a lth o u g h  o n ly  up to  th e  

0 .2  ju mole a c id  /  g f r e s h  w eig h t l e v e l  (F ig .  I 9 ) and fu r th e rm o re  

th e r e  was no s te a d y  p a t t e r n  o f  in c re a s e  o r  d e c re a se  f o r  any s p e l l  

o f tim e d u rin g  th e s e  m onths.
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S h ik im ic  a c id ,  f o r  a l l  i t s  predom inance in  th e  r o o t  and rhizom e 

t i s s u e s  o f I .  p seudaoo rus and K,. l u t e a , was n o t d e te c te d  in  any 

o th e r  e x t r a c t ,  e i t h e r  from  e x p e rim e n ta l o r  n a tu r a l  m a te r ia l .  The 

r o le  o f t h i s  a c id  in  th e  m etabo lism  o f  th e s e  tv/o s p e c ie s  w i l l  be 

d is c u s se d  l a t e r .

CITRIC ACID CHANCES

A lthough th e  p a p e r chrom atogram  o f th e  rh izom e e x t r a c t s  o f 

I r i s  p seudaoo rus ( f i g .  17) d id  n o t in d ic a te  th e  p re se n c e  o f  c i t r i c  

a c id ,  th e  more s e n s i t i v e  and s p e c i f i c  enzymic method o f  a ssa y  

was a b le  to  m easure sm a ll q u a n t i t i e s  i n  th e s e  and th e  r o o t  e x t r a c t s  

The l e v e l s  o f c i t r a t e  th ro u g h o u t th e  March to  November p e r io d  

were v e ry  sm all -  a lw ays l e s s  th a n  0.1 ju mole a c id  /  g f r e s h  w eigh t 

a lth o u g h  a  s te a d y  drop from  March to  June fo llo w ed  by a  s te a d y  

r i s e  from  J u ly  to  November was re c o rd e d  in  th e  rh izom e e x t r a c t s  

(F ig . 2 0 ). The f l u c t u a t i o n s  in  th e  r o o t  c i t r a t e  l e v e l s  were a l l  

w i th in  th e  0 .0 2  to  0 .05  y.i mole a c id  /  g f r e s h  w eig h t ra n g e , and 

d id  n o t w a rra n t any s tro n g  i n t e r p r e t a t i o n

LACTIC AND SUCCINIC ACID CHANGES

S in ce  c i t r i c  a c id  had  been  m easured en zy m ic a lly  i n  I r i s
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LS a f t e r  n o t b e in g  d e te c te d  chrom âto g r a p h ic a l ly ,  i t  was 

th o u g h t w o rth w h ile  to  a ls o  a s s a y  e n zy m ic a lly  f o r  l a c t i c  and su cc ­

i n i c  a c id s .  N e ith e r  o f  th e s e  a c id s  co u ld  be d e te c te d  in  e i t h e r  

th e  r o o t  o r rh izom e e x t r a c t s  o f  I r i s  p se u d a c o ru s .



F ig .  14. MALIC ACID CONTENT OF ROOT AND RHIZOME 

TISSUE OF NUHiAR LUTEA GROV/ING UNDER 

NATURAL CONDITIONS AT LOCH CLUNIE 
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P ig .  16 . ROOT MALIC ACID CORTENT OP HELOPHYTES 

CROWING. UNDER NATURAL CONDITIONS IN 

A DUTÆE SLACK AT TENTSMUj.R, PIPE.
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Fig. 1 7. COPY OF PAPER CHRO:iATOGR.A]' OF BHIZOm
EXTRACTS OF IRIS PSEUDACORUS

P ap e r : ï/hat:nan n o , 1.
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o rg a n ic  a c id s :  s u c c in ic ,  l a c t i c ,  m a lic , c i t r i c  

and s h ik im ic .
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P ig .  18. SH IK B ac ACID COMTEHT OF ROOT At® EHIZ01ÆE 

TISSOE OF IR IS  PSEUDACORUS GROOVING UNDER 

NATURAL CONDITIONS AT LOCH CLUNIE, 

MMCH TO NOVEMBER 1968 .
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Fig. SHIKIMIC ACID CONTENT OF ROOT AND RHIZOME
TISSUE OP HURHAR DUTEA GROWING- UNDER 

NATURAL CONDITIONS AT LOCH CLUNIE, 

DECEMBER 196? TO SEPTEMBER I 968 .
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Fig.. 20. CITHÏC ACID CONTENT OF ROOT AND RHIZOm 

TISSUE OF IRIS PSEUDACORUS G-ROWING- UNDER 

NATURAL CONDITIONS AT LOCH CLUIHE,

DARCH TO NOmiBER, 1968.
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RESULTS

INCUBATION OR ROOT TISSUE IN AEROBIC AND ANAEROBIC CONDITIONS

1/ÎALIG ACID CNANG-ES

The ro o t  t i s s u e  m alic  a c id  c o n te n t  o f  a l l  th r e e  s p e c ie s  b e fo re  

in c u b a tio n  was betw een  1 .0  and 2 .0  ji mole a c id  /  g f r e s h  w e ig h t.

I n  a e r a te d  in c u b a t io n ,  m alic  a c id  showed a  d e c re a se  i n  S enec io  

v is c o s u s  and S. a q u a t io n s , and a s l i g h t  r i s e  i n  R anunculus flaimn-  

u la  (E ig . 2 1 .,). In  c o m p le te ly  a n a e ro b ic  c o n d it io n s  th e  lu a la te  

l e v e l  i n  a l l  t h r e e  s p e c ie s  f e l l ,  and i n  S . a q u a t io n s  and R. flanun-  

u la  none was d e te c ta b le  a f t e r  th e  f u l l  6 -h o u r p e r io d  (l**ig. 2 1 b ). 

T here  was th u s  no a c c u m u la tio n  o f  m ala te  as seen  in  th e  r o o t s  o f  

i n t a c t  p la n te  un d er f lo o d in g  in d u ced  a n a o r o b io s i s .

LACTIC ACID GHAfTCES

At the  o n se t o f in c u b a tio n ,  th e r e  :/as no l a c t a t e  i n  th e  ro  t 

t i s s u e s  o f  any o f  th e  t h r e e  s p e c ie s .  Upon a e r a te d  in c u b a tio n ,  a 

s l i g h t  r i s e  t ] 0.1 ja mole l a c t a t e  /  g f r e s h  w eig h t o c c u rre d  in  

S . a q u a t io n s , b u t i n  8 . v is c o s u s  :,nd ^  flam m ula l a c t a t e  remain*' 1 

u n d e te c te d  ( I '-g .  2 2 a ) . Under th e  a n a e ro b ic  c o n d it io n s  im posed 

by b u b b lin g  n i t r o g e n  th ro u g h  th e  c u l t u r e ,  th e r e  was a r i s e  in
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l a c t a t e  in  th e  f i r s t  th r ee  hours in  a l l  th r e e  s p e c ie s  ( f i g .  2 2 b ). 

T h is  r i s e  v/as co n t in u ed  in  S . a q u a t icu s  and R. flam m ula, bu t fo il*  

owed by a drop during th e  second  th r e e  hours in  8 . v i s c o s u s .

CITRIC ACID CHANGES

The c i t r i c  a c id  c o n te n t  o f  th e  h o lo p h y tes  was q u ite  h igh  

(betw een  0*9 and 1 .6  ^  mole c i t r a t e  /  g f r e s h  w e ig h t)  b e fo re  

in c u b a t io n  bu t th ere  was none in  th e  n o n -h e lo p h y te  a t  t h i s  s ta g e .  

During a e r o b ic  in c u b a t io n  c i t r i c  a c id  d ecrea sed  in  th e  h o lo p h y te s ,  

dropp ing to  0 .5  ^  mole a c id  /  g f r e s h  w e i ^ it  in  R„ flam m ula and 

d isa p p ea r in g  a l to g e th e r  in  8 .  a q u a t icu s  ( f i g .  2 3 a ) . In  8 . v is c o s u s , 

how ever, th e r e  was a stea d y  b u ild -u p  o f  c i t r a t e  to  more than  0 .5  

j i  mole a c id  /  g f r e s h  w e ig h t  by th e  s ix t h  h ou r. Under an aerob ic  

c o n d it io n s ,  th e  c i t r a t e  c o n te n ts  o f  8 . a q u a t icu s  and R. flam m ula  

d ecrea sed  s h i r p ly  during th e  f i r s t  h o u r s , bu t reco v ered  and 

ro se  s lo w ly  during th e  n e x t hours (R ig . 2 3 b ). The c i t r a t e  

c o n ten t o f  S . v is c o s u s  rem ained below  th e  l e v e l  o f  d e te c t io n  through­

ou t th e  e n t ir e  p er io d  o f  a n a ero b ic  in c u b a t io n .

SUCCINIC ACID CHANGES

A ll  th r e e  s p e c ie s  co n ta in ed  betw een 0 .6  and 0 .8  ja mole succ-
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in a to  /  g f r e s h  w eigh t b e fo re  in c u b a tio n .  Under a e ro b ic  c o n d it io n s  

th e r e  were c o n s id e ra b le  f l u c t u a t i o n s  in  th e  s u c c in a te  l e v e l s  th ro u g h ­

o u t th e  s ix -h o u r  in c u b a t io n  p e r io d  (F ig .  24&). The s u c c in ic  a c id  

in  b o th  h e lo p h y te s  had f a l l e n  a f t e r  A& h o u rs , b u t w hereas t h a t  

o f  R. f la im u la  c o n tin u e d  to  f a l l  to  below  th e  l e v e l  o f  d e te c t io n  

by th e  s ix th  h o u r, t h a t  o f  S . a q u a t ic u s  ro s e  s h a rp ly  to  th e  o r ig ­

i n a l  l e v e l .  I n  S. v is c o s u s  an i n i t i a l  r i s e  in  s u c c in a te  in  th e  

f i r s t  1-  ̂ h o u rs  was fo llo w e d  by a s te a d y  d ro p . Under a n a e ro b ic  

c o n d it io n s  th e  s u c c in a te  i n  S . a q u a t ic u s  f e l l  s t e a d i l y  and d i s ­

a p p ea re d  by th e  s ix th  h o u r , b u t  in  b o th  S. v is c o s u s  and R. flaiiun-  

n la  th e r e  was a  s im i l a r  p a t t e r n  o f  d e c re a s in g  s u c c in a te  in  th e  

f i r s t  th r e e  h o u rs  fo llo w e d  by  a  re c o v e ry  to  a p p ro x im a te ly  th e  

o r i g in a l  l e v e l s  ( F ig .  2 4 b ). The s ix -h o u r  e x t r a c t  o f  R. flam m ula 

was l o s t  b e fo re  i t s  s u c c in a te  c o n te n t c o u ld  be e s t im a te d .

OVERALL ORGANIC ACID CHANGES

The changes in  l e v e l s  o f  r o o t  t i s s u e  m a lic , l a c t i c ,  c i t r i c  

and s u c c in ic  a c id s  i n  th e  two h e lo p h y te s  and one n o n -h e lo p h y te  

s p o c ie s  d u rin g  t h e i r  s ix - h o u r  in c u b a tio n  in  a e ro b ic  and a n a e ro ­

b ic  c o n d it io n s  a re  shown in  P ig . 25. A ll  th e  in d iv id u a l  a c id  

l e v e l s  were below  2 ,0  ja mole a c id  /  g f r e s h  w e ig h t-  A lthough  

raa la te  was p red o m in an t i n  th e  a c id  m etabo lism  o f  a l l  th r e e  s p e c ie s ,  

i t  was n o t p r e s e n t  i n  e x c e s s iv e  p ro p o r t io n s  and was a t  some s ta g e
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in  one or o th e r  o f  th e  s p o c ie s  exceed ed  by l a c t i c ,  c i t r i c  and 

s u c c in ic  a c id s .  L a c t ic  a c id  was g e n e r a l ly  a b se n t or p r o se n t  in  

o n ly  sm a ll am ounts, n ev er  ex ceed in g  0-3  ja mole a c id  /  g f r e s h  

w e igh t and o f t e n  n ot d e te c te d  a t  a l l .  C i t r i c  and s u c c in ic  a c id s  

were p r e se n t  in  l e v e l s  in te r m e d ia te  betw een m a lic  and l a c t i c  a c id s ,  

n ev er  ex ce ed in g  1 ,0  ju m ole a c id  /  g f r e s h  w e ig h t ex c e p t f o r  th e  

i n i t i a l  l e v e l  o f  c i t r a t e  in  R. flammul a  ( l ,7  mole c i t r a t e  /  g 

f r e s h  v /e ig h t ) . O x a lo a c e t ic  a c id  was n o t d e te c te d  in  any o f  th e  

e x t r a c t s .

There was a g e n e r a l tren d  f o r  a l l  a c id s  to  e i t h e r  rem ain  

a t  a p p ro x im a te ly  c o n s ta n t  l e v e l s  during th e  s ix -h o u r  in c u b a t io n  

p e r io d , or to  d ecrea se  g r a d u a lly  during th a t  t im e . D ecrea s in g  

l e v e l s  o f  a c id s  were more e v id e n t  in  th e  two h e lo p h y te s , R, flamm­

u la  (R ig , 25b) and 8 . a q u a t ic u s  (R ig , 2 5 c ) , w h ile  in  th e  non-  

h e lo p h y te  S.. v is c o s u s  (R ig , 25a) th e  l e v e l s  ten d ed  to  rem a in more 

c o n s ta n t ,

I t  must be em phasised  th a t  th e  o rg a n ic  a c id  changes d e t a i le d  

above are th o se  o c c u r r in g  in  r o o t s  wh ich have b een  d eta ch ed , su r­

fa c e  s t e r i l i s e d  and th en  in cu b a ted  in  g lu c o se  s o lu t i o n .  These  

r e s u l t s  are  th e r e fo r e  n ot com parable w ith  th o se  o f  th e  f lo o d in g  

ex p er im en ts , where th e  r o o ts  were ta k en  from e n t i r e  grow ing p la n t s  

im m ed ia te ly  b e fo r e  e x t r a c t io n  v.dth w a ter .
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ETHANOL CONTENT UNDER ANAEROBIC CONDITIONS

Tho changes i n  r o o t  t i s s u e  e th a n o l c o n te n t  in  S. s q u a lid u s  

and SV a q u a tic u s  d u r in g  a 1 2 -h o u r in c u b a tio n  p e r io d  under n i t r o g e n  

a re  shown i n  F ig .  26. The c o n c e n tr a t io n  in  b o th  s p e c ie s  a f t e r  

th r e e  h o u rs  was a pprox im ate ly  e q u a l a t  2 .0  mole e th a n o l /  g 

f r e s h  w e ig h t, b u t w hereas in  S. a q u a t ic u s  th e  l e v e l  dropped s l i g h t l y  

d u rin g  th e  12 -h o u r p e r io d  to  0 .5  m ole, in  S. s q u a l id u s  i t  ro s e  

s h a rp ly  to  re a c h  more th a n  7 -0  m ole. These r e s u l t s  a re  c o n s i s t ­

e n t  w ith  th o se  o f e a r l i e r  e x p e rim en ts  w ith  o th e r  S en ec io  s p e c ie s  

(C raw ford  I 966 ) .



P ig . 21a and 2Tb. HOOT TISSUE lOLIC ACID CONTENT UPON

INCUBATION UNDER AEROBIC (AERATED) 

AND ANAEROBIC (NITROGEN) 

CONDITIONS

Key: F ig .  21a. A e ra ted

O S en ec io  v is c o s u s  

A R anunculus flam m ula 

□ S . a q u a t ic u s

F ig . 21b. N itro g e n

#  S . v is c o su s

▲ R. flam m ula

■ S. a q u a t ic u s



Fig. 21 a
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Fig.  21 b

2-0

(nitrogen)

pM malate 
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P ig .  22a and 22b. ROOT TISSUE LACTIC ACID CONTENT UPON

INCUBATION UNDER AEROBIC (AERATED) 

AND ANAEROBIC (NITROGEN) 

CONDITIONS

Key: F ig .  22a„ A erated

O S e n e c io  v is c o s u s  

A Ranunculus flam m ula  

□ S . a q u a t ic u s

F ig .  22b. N itro g en

#  So v is c o s u s

▲ R . flam m ula

■ S . a q u a t icu s



Fig: 2 2 a
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Fig. 2 2 b
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F ig . 23a and 23b. ROOT TISSUE CITRIC ACID CONTENT UPON

INCUBATION UNDER AEROBIC (AERATED) 

AND ANAEROBIC (NITROGEN) 

CONDITIONS

Key: F ig , 23a. A e ra ted

O S en ec io  v is c o su s  

A R anunculus flam m ula 

□ S . a q u a t ic u s

F ig . 23b. N itro g en

#  S. v is c o su s

▲ R. flanm iula

■ S . a q u a tic u s



Fig. 23 a
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(aerated)
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Fig. 23 b
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Fig.. 24a and 24b. ROOT TISSUE SUCCINIC ACID CONTENT

UPON INCUBATION UNDER AEROBIC 

(aerated) ilND ANAEROBIC 

(NITROGEN) CONDITIONS

Key; F ig  22,a. A e ra ted

O S en ec io  v is c o s u s  

A R anunculus flam m ula 

□ S . a q u a t ic u s

F ig  o 24b. N itro g en

#  S. v is c o s u s

A R. flam m ula

■ S . a q u a tic u s



Fig. 2 4 a
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0-8

juM succinate 
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we i gh t
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64-50 31-5
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I I y .  ^ w

(nitrogen)

0-8

G'6

/jM succinate 

/ g fresh 

wei  g ht

0-4

0-2

00
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pe r io d  of incubat ion  in hours



P ig ,  25a and 25b. CtlANG-ES IN ROOT OROANIC ACID CONTENT

UPON AERATED- AND NITROG-EN-INCUBATION 

OP HELOPHYTE AND NON-HELOPHYTE 

TISSUE

Key: o  and # - malic acid
A and A - lactic acid

□ and ■ - citric acid

X and X - succinic acid

P ig . 25a, S enecio  v is c o s u s

25b, R anunculus flam m ula 

25c, S. a q u a t ic u s



Senec i o  v i s c o s u s Fig. 2 5 a
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fr e s h

weight

0-0
4-5
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( n i t r o g e n ) 0
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Fig. 2 5 bRanunculus  f lammula

( a e r a t  ed )
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f resh  

we igh t
0 - 5 -

0-0
4-5

( n i t r o g e n )
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1‘b 3 4-5
period of incuba t ion in hours



S e n e c i o  a q u a t i c u s Fig. 2 5 c

(aerated)  ̂ ^

aciG

fresh

we igh t

(n itrogen)

period of incubation in hours



F ig . 26. ROOT TISSUE ETHANOL CONTENT UPON INCUBATION 

UNDER iVMAEROBIC CONDITIONS AFTER GROWTH 

FOR 1 MONTH IN FLOODED CULTURE

Key : •  S onecio  s ( iu a lid u s

▲ S enecio  aq .uatious



Fig.
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DISCUSSION
y

INTRODUCTION

P e rio d s  o f  w a te rlo g g in g ^  w hether th e y  he s h o r t - te r m  o r  p ro ­

lo n g e d , g r e a t ly  red u ce  th e  a v a i l a b i l i t y  o f oxygen to  th e  ro o ts  

o f p l a n t s .  The developm ent o f  aerenchym atous t i s s u e  in  th e  r o o ts  

(Conway 1937, M cPherson 1939, S i f to n  1943), a lth o u g h  commonly 

a s s o c ia te d  w ith  many w e t- la n d  s p e c ie s ,  does n o t f u l l y  e x p la in  

why c e r t a i n  s p e c ie s  t o l e r a t e  f lo o d in g  and o th e r s  do n o t ( se e  

I n t r o d u c t io n  p . 10-15)»  M etab o lic  a d a p ta t io n s ,  w hich need o p e ra te  

on ly  d u rin g  th e  p e r io d  o£ r e d u r id  oxygen su p p ly  co n co m itan t w ith  

w a te r lo g g in g , have b een  su g g e s te d  as a  p ro b a b le  means o f  e f f e c t i n g  

f lo o d  to le r a n c e ,  e s p e c i a l ly  over a  range  o f  s t r u c t u r a l l y  d if fc  r e n t  

s p e c ie s .

S in ce  1957, when M a a e lis  and V ennesland f i r s t  su g g e ste d  th a t  

m a lic  a c id  sh ou ld  be regard ed  as th e  n a tu r a l en d -produ ct o f  an­

a e r o b ic  carbohydra te  breakdown in  p la n t s ,  th e r e  have b een  s e v e r a l  

r e p o r ts  o f  v a r io u s  o r g a n ic  a c i f s  b e in g  produced during oxygen  

d e f ic ie n c y .  Thus in  addi ’: io n  •! 3 th e  n a l io  a c id  p o s tu la te d  by  

M a zelis  and V ennesland  (1 9 5 7 ), th e r e  has a ls o  been ev id en c e  o f  

s u c c in ic  a c id  a ccu m u la t io n  dur:ri.g a n a e r o b io s is  in  p eas (Yfager 19&1 ) 

under h ig h  carbon d io x id e  c o n c e n tr a t io n s  in  c a s to r  o i l  bean m ito ­

ch on d r ia  (B e n d a ll, Ranson & W alker 19&0), and in  a p p le s  s u f fe r in g
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from  carbon  d io x id e  p o iso n in g  (Hulme i950 ). These s u c c in a te  acc ­

u m u la tio n s  wore u s u a l ly  a s s o c ia te d  w id i a d v e rs e ly  a f f e c te d  t i s s u e  

m etabo lism , w hereas m a la te  a ccu m u la tio n s  have been  found  d u rin g  

p a r t i a l  a n o x ia  i n  undamaged t i s  cues (îlenshaw , C ou lt & B o u lte r  19^2) 

The c o n f l i c t i n g  r e p o r t s  on which i s  th e  m ajor a c id  to  accum ula :e 

i n  p la n t s  upon a n o x ia  have had  one th in g  in  common -  l i t t l e  o r 

no b e a r in g  on th e  e co lo g y  o f  t t  ) s p e c ’.es examined» I t  i s  th e r e ­

f o r e  o f g r e a t e r  r e le v a n c e  to  n o te  t h a t  i n  th e  p r e s e n t  work, th e  

o rg a n ic  a c id  changes o b se rv ed  d u rin g  e x p e rim e n ta l f lo o d in g  have 

been  r e l a t e d  to  a group o f f lo o d  t o l e r a n t  p la n ts  ta k e n  from  n a t ­

u r a l l y  wet s i t e s ,  and a  group o f  f lo o d  i n t o l e r a n t  p la n ts  ta k e n  

from  d ry  s i t e s .  Thus th e  u n ifo rm  o rg a n ic  a c id  changes in  th e  

h e lo p h y te  group can be shown to  have a  d i r e c t  b e a r in g  upon th e  

su c ce ss  o f  th e s e  s p e c ie s  in  w a te rlo g g ed  a r e a s ,  and th e  la c k  o f 

such a f lo o d  re sp o n se  i n  th e  n o n -h e lo p h y te s  to  a t t r i b u t e  to  t h - i r  

la c k  o f  f lo o d in g  s u r v iv a l  p r o p e r t i e s .  T here i s  a ls o  some ag re  -  

ment in  th e  l i t e r a t u r e  when th e  v a r io u s  a c id  a ccu m u la tio n s  upo" 

a n o x ia  a re  re -ex am in ed  i n  th e  l i g h t  o f th e  eco logy  o f  th e  s p e c ‘es 

co n ce rn ed .

MALIC ACID CHANGES

The most s t r i k i n g  o rg a n ic  a c id  chrnge d u rin g  th e  fo u r-d a y  

p e r io d  o f e x p e r im e n ta l f lo o d in g  was tho  r i s e  in  m alic  a c id  i n
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a l l  th e  h e lo p h y te s  and th e  d rop  in  a l l  th e  n o n -h e lo p h y te s  (P ig . 5 ) .  

T his f in d in g  h as some agreem ent i n  th e  l i t e r a t u r e ,  f o r  th e  p ro d ­

u c t io n  o f m alic  a c id  i n  th e  h e lo p h y te  I r i s  p seu d aco ru s  in  th e  

p re sen c e  o f CO  ̂ and o th e r  r e s p i r a t o r y  i n h i b i t o r s  h a s  been  rep o r bed 

by Bown, B o u lte r  and C ou lt ( 1968 ) ,  and m ala te  d e c re a se  u n d er an ­

a e ro b ic  c o n d it io n s  h as been  found  i n  buckw heat s e e d lin g s  ( E f f e r  

& Ranson I 967 ) and i n  m atu rin g  seeds o f  Pisum sa tiv u m  ( Wager IS 0I )*  

Wlien in v e s t ig a te d  under n a tu r a l  c o n d it io n s  d u rin g  th e  sp r in g  p e r io d  as 

th e  dune s la c k  h a b i t a t  i s  r e v e r t in g  from  a f lo o d e d  w in te r  s t a t e  

to  a  n o n -flo o d e d  summer one, a m ala te  d e c re a se  was d em o n stra ted  

in  F i l in e n d u la  u lm a r ia , E r ic a  t o t r a l i x  and G ly c e r ia  maxima (F ig . I 6 ) .  

The e x p e rim e n ta l f in d in g  o f  m alic  a c id  accu m u la tio n  in  h e lo p h y te s  

d u rin g  p e r io d s  o f f lo o d in g  th e r e f o r e  has some f i e l d  c o n f irm a tio n . 

O ther work has in d ic a te d  a s e a s o n a l v a r i a t i o n  i n  th e  m ala te  and 

sh ik im a te  c o n te n t  o f I r i s  rh izo ru i under n a tu r a l  c o n d it io n s  (Tab _e 6 ) .

T able 6 . S easo n a l v a r i a t i o n  i n  m alic  and sh ik im ic  a c id  co n tc  it  

o f  I r i s  rh izom e, in  ig /  100 g f r e s h  w e ig h t, (From 

ïïonshaw, C ou lt and B o u lte r  19o2)

Date m alic  c.cid sh ik im ic  a c id

17t h  F e b ru a ry  I 63 739

8t h  March 225 878

1 s t  A p r i l  137 610

10 th  June 67 545
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However, v/hen a q u a t ic ,  r a t h e r  th a n  m arsh , p l a n t s  wore in v e s t ­

ig a te d ,  th e  m alic  a c id  c o n te n t  o f  th e  ro o t  and rhizom e t i s s u e s  

o f  I r i s  p seu d aco ru s d id  n o t r e l a t e  p a r t i c u l a r l y  to  p e r io d s  o f  

f lo o d in g  i n  th e  f i e l d  (F ig . 15 ) .  I t  may he t h a t  th e  o rg a n ic  a c id  

m etabo lism  o f I .  p se u d a c o ru s , to g e th e r  w ith  t h a t  o f  th e  o th e r  

rh izo m ato u s s p e c ie s  s tu d ie d ,  Nunhar l u t e a , i s  o f  g r e a t e s t  im p o rt­

ance in  c a rb o h y d ra te  s to r a g e ,  and t h a t  un d er th e  c o n d it io n s  o f 

an a q u a t ic  env ironm ent m alic  a c id  assum es a g r e a t e r  im portance  

a s  a  carbon  energy  s t o r e .  I t  i s  p o s s ib le ,  how ever, t h a t  a lth o u g h  

th e  r o o t  and rhizom e t i s s u e s  o f  H. l u t e.a a re  p e rm an en tly  submerged 

by w a te r , th e  se a s o n a l f l u c tu a t io n s  in  c o n c e n tr a t io n  o f  d is s o lv e d  

oxygen i n  th e  lo s h  w a te r  c o u ld  a f f e c t  th e  deg ree  o f  a n a e ro b io s is  

i n  th e s e  t i s s u e s .  I t  i s  tem p tin g  to  su g g e s t t h a t  th e  low m ala te  

l e v e l s  in  th e  r o o t  and rhizom e t i s s u e  betw een December and March 

(F ig . 14 ) ,  when th e  oxygen c o n c e n t r â t ‘on o f  th e  w a te r  would be 

a t  i t s  h ig h e s t ,  and th e  m a la te  peak in  Ju n e , when th e  c o n c e n tr a t io n  

o f  d is s o lv e d  oxygen would be lo w er, i n d ic a te  such an e f f e c t .

F u r th e r  t i s s u e  sam p ling , w ith  c o n c u rre n t m easurem ents o f  th e  oxy­

gen c o n c e n tr a t io n  o f  th e  w a te r , m ight co n firm  t h i s  in f lu e n c e  on 

th e  m ala te  ? o v e ls  i n  th o s e  subm erged r o o ts  and rh izo m es.

There were c o n s id e ra b le  cKeinges in  m a lic  a c id  l e v e l s  upon 

in c u b a tio n  o f  r o o t  m a te r ia l  u n e j r  a e r  /bed and co m p le te ly  a n a e ro b ic  

c o n d it io n s  (F ig . 2 1 ). I n  a e r a te d  c u l tu r e  th e  m ala te  c o n te n t  o f  

S enecio  v is c o s u s  and S. a q u a t ic u s  fe l^  s h a rp ly  w hereas t h a t  o f
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Ranuncü.us flam m ula ro se  s l i g h t l y .  S im ila r  r e d u c t io n s  in  m ala te  

c o n te n t d u rin g  c o n s ta n t  a e r a t i o n  have been  o b se rv ed  i n  th e  r o o ts  

o f  pum pkin, tom ato and v /illo w , S a i lx  c in e re a  (D ub in ina  19^1 ) .

The same a u th o r  su g g e s te d  t h a t  t h i s  drop in  m alic  a c id  in d ic a te d  

an in c re a s e d  u t i l i s a t i o n  o f  o rg a n ic  a c id s  in  th e  r e s p i r a t o r y  c y c le ,  

p ro v id in g  f o r  p r o te in  s y n th e s is  and good r o o t  g row th . A r i s e  

in  m ala te  accom panying a e r a te d  c u l tu r e  h as  been  d em o n stra ted  in  

m atu ring  seed s o f Pisum sa tivum  upon t h e i r  r e tu r n  to  a i r  a f t e r  

a 24-bour p e r io d  o f  a n a e ro b io s is  (Wager

D uring a n a e ro b ic  in c u b a tio n  th e  m alic  a c id  c o n te n t  o f a l l  

th r e e  s p e c ie s  f e l l .  T h is m a la te  d e c re a se  has s im i l a r ly  been  found 

i n  buckw heat s e e d lin g s  un d er an o x ia  ( i f f e r  6  Ranson 19^7) And i n  

a n a e ro b ic a l ly  t r e a t e d  pea  seed s (Wager a lth o u g h  in  th e  r o o t s

o f  pum pkin, tom ato and S a l ix  c in e r e a , an  oxygen d e f ic ie n c y  was 

accom panied by a  r i s e  i n  m alic  a c id  c o n te n t  (D ub in ina  1961 ).

These l a t t e r  f in d in g s  were n o t ,  how ever, from  t i s s u e s  k e p t in  com­

p l e t e l y  an acco b ic  c o n d i t io n s .

M alic a c id  h as  o f te n  been  d e s c r ib e d  in  th e  l i t e r a t u r e  as 

b e in g  o f  coimion o c cu rren ce  i n  v a r io u s  p la n t  t i s s u e s ,  and h as nob 

alw ays been p a r t i c u l a r l y  l in k e d  iv ith  changes in d u ced  by p a r t i a l  

a n o x ia . Thus an e a r ly  rev iew  (B en n e t-C la rk e  1933) l i s t s  'm a lic  

a c id  p l a n t s ' ,  such a s  members o f  th e  g en e ra  R anuncu lus, Be r b e r ! s , 

Rhamnus and F ra x in u s , a s  c o n ta in in g  c h ie f ly  m alic  a c id .  P la n ts
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w ith  th e  C ra ssu la c e a n  ty p e  o f  a c id  m etabo lism , i n  which m alic  a c id  

i s  form ed from  c a rb o h y d ra te  i n  th e  d a rk  and re c o n v e r te d  i n  th e  

l i g h t ,  a ls o  show a  h ig h  m ala te  c o n te n t  (Hanson & Thomas 196O)» 

M alic a c id  c o n s t i t u t e s  30-40% o f  th e  t o t a l  o rg a n ic  a c id  c o n te n t  

o f  th e  c o t to n  p l a n t  (E rg le  & E a to n  1949), i s  p redom inan t in  th e  

r o o ts  o f  V ic ia  fa b a  (Schramm & P ia tkow ska  I 96I ) ,  i n  th e  f r u i t s  

o f  lem on ( S i n c l a i r  & Eny 1945) and in  th e  le a v e s  o f  a l l  27 s p e c ie s  

o f  Legum inosae exam ined by B e n tle y  (1 9 5 2 ) .  T able 7 shows th e  

l e a f  m a la te  l e v e l s  re c o rd e d  by o th e r  i n v e s t i g a t o r s .

T able 7» M alic  and c i t r i c  a c id  c o n te n t  o f l e a f  t i s s u e s *

P la n t

Pea

S p inach

B eet

Wheat

Rhubarb

M alate

36.1

6 .5  

21 ,2

1 .7

3 . 5

C i t r a t e

86*0 m e q u iv . /  100 g d ry  w e ig h t (P ie rc e  &

3 . 7  " " Appleman

20 .6  " " 1943 )

0 .6  j i  mole /  g f r e s h  w eig h t (M aciennan, B eevers

& H a rle y  19&3)

-  % d ry  w eigh t (P u ch er, C larke  & V ick e ry  1937a)

Roût t i s s u e s  o f  .m aize, c a r r o t  and b e e t  c o n ta in  l a r g e  am ounts 

o f  m alic  a c id  r e l a t i v e  to  th e  o th e r  o rg a n ic  a c id s  ( T able 8 ) ,  and 

m ala te  h a s  been  re c o rd e d  i n  th e  rh izom es o f  rh u b a rb  ( P u ch e r, C larke  

& V ick ery  1937a) and in  th o se  o f I r i s  p seu d aco ru s  (Henshaw, C ou lt 

& B o u lte r  I 962 )*
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T able 8 . M alic and c i t r i c  a c id  c o n te n t o f  r o o t  t i s s u e s ,  (from  

MaoLennan, B eevers & H a rle y  19^3)

P la n t  M alate

Maize ( 1 s t  1 cm) 7*5 

C a rro t 15*9

B eet 1.1

I .  p seu d aco ru s  0.11

N. l u t e a  0 .1 8

C i t r a t e

1 .5  mole /  g f r e s h  w eigh t

1 . 2  ”  "

1 .8  •' ”

0 .03  " " (own d a ta )  

(own d a ta )

CITRIC ACID CHANGES

The f l u c t u a t i o n s  i n  c i t r i c  a c id  c o n te n t  o f  th e  r o o ts  o f  f lo o d ­

ed h e lo p h y te s  and n o n -h o lo n h y to s  do n o t f i t  i n to  any d is t in g u is h a b le

p a t t e r n  ( F :? .  7 ) .  I t  c o u ld  have b e e r e x p ec te d  t h a t  changes in  c i t r a t e  

would have been  s im i l a r  to  th o se  o f  m a la te , f o r  p re v io u s  w orkers 

have found  changes i n  th e  two a c id s  to  be g e n e r a l ly  l in k e d  (D ubin­

in a  1961 , Wager 1961 , Bourne Ranson I 965)-  I f  t h a t  were to  be 

th e  c a s e , th e n  th e  f a l l  i n  c i t r a t e  upon f lo o d in g  i n  S en ec io  a n n a t­

io n s  and C arex l a s io c a r p a  i s  a ty p i c a l ,  and th e  r i s e  i n  c i t r a t e  

shown by t? : o th e r  h e lo p h y te s  i s  th e  more e x p ec ted  b e h a v io u r . The 

changes i n  c i t r a t e  l e v e l s  acco^pany ii , f lo o d in g  i n  th e  r o n - h e ] j -  

p h y te s  a re  so d i f f e r e n t  from  one s p e c ie s  to  a n o th e r  t h a t  i t  i s  

im p o ss ib le  '10 draw any c o n c lu s io n s . L li i le  some n o n -h e lo p h y te
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s p e c ie s  show an i n i t i a l  c i t r a t e  d e c re a se , as  a ls o  found i n  buck­

w heat s e e d lin g s  i n  a n o x ia  ( E f f e r  & Ranson 1 9 6 ? ), so o th e r s  e x h ib i t  

an i n i t i a l  c i t r a t e  in c r e a s e .

M onthly sam ples o f I r i s  p se u d ac o rus r o o t  and rhizom e t i s s u e  

c o n ta in e d  c i t r i c  a c id  in  v a ry in g  am ounts. A lthough th e  l e v e l s  

were l e s s  th a n  th o se  o f  m alic  and sh ik im ic  a c id  i n  t h i s  f i e l d  

m a te r i a l ,  c i t r a t e  was th e  o n ly  o th e r  o rg a n ic  a c id  to  be p r e s e n t  

i n  d e te c ta b le  q u a n t i t i e s .  The c i t r i c  a c id  c o n te n t  o f th e  rhizom e 

was g e n e r a l ly  g r e a t e r  th a n  t h a t  o f  th e  r o o t ,  and showed w ell-m arked  

summer low and w in te r  h ig h  l e v e l s .  Such an an n u al f l u c t u a t i o n  

c o u ld  be i n d ic a t iv e  o f  a  l i n k  betw een m alic  and c i t r i c  a c id ,  f o r  

m alic  a c id  acc u m u la tio n  h a s  a lr e a d y  been  o b se rv ed  i n  th e  n a tu r a l l y  

f lo o d e d  r o o ts  and rh izom es o f  some h e lo p h y te  s p e c ie s .

Under a e r a te d  in c u b a tio n  c i t r i c  a c id  shows a d rop  i n  l e v e l  

s im i la r  to  t h a t  o f m a lic  a c id ,  w hich, i t  h a s  a lr e a d y  been  sugg s t -  

ed , c o u ld  in d ic a te  an in c re a s e d  u t i l i s a t i o n  o f o rg a n ic  a c id s  in  

th e  r e s p i r a t o r y  c y c le .  The two h e lo p h y te s  e x h ib i t  t h i s  c i t r a t e  

d ro p , w hereas i n  th e  n o n -h e lo p h y te  S enecio  v is c o s u s  th e r e  i s  a  

sm a ll c i t r a ' e  r i s e  d u rin g  th e  6 h o u rs  o f  a e r a te d  in c u b a tio n .

C i t r i c  a c id  changes i n  th e  h e lo p h y te s  d u rin g  in c u b a tio n  in  

n i t ro g e n  were a ls o  s im i la r  to  th o se  o f m a la te . Both s p e c ie s  showed 

c o n s id e ra b le  d e c re a se  over th e  6 hour p e r io d ,  and t h i s  s im u lta n ­
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eous d e c re a se  in  c i t r i c  and m alic  a c id  c o n te n t  i s  p ro b a b ly  f u r t h e r  

ev id en ce  t h a t  th e  t r i c a r b o x y l i c  a c id  c y c le  in  th e s e  s p e c ie s  i s  

in  f a c t  r e ta r d e d  by c o m p le te ly  a n a e ro b ic  c o n d it io n s .

A c e r t a i n  deg ree  o f  s i m i l a r i t y  betw een c i t r a t e  and m ala te  

l e v e l s  in  th e  e x p e rim e n ta l m a te r ia l  was to  be e x p e c te d , s in c e  

c i t r i c  a c id  i s  v e ry  commonly found  i n  p la n t  t i s s u e s  and may o ccu r 

i n  q u a n t i t i e s  a t  l e a s t  e q u a l t o ,  i f  n o t g r e a t e r  th a n , m alic  a c id .  

C i t r i c  a c id  com prises  30-if0?o o f  th e  a c i d i t y  i n  th e  r o o ts  o f  th e  

g ra p e v in e , a lth o u g h  co m p ris in g  l e s s  th a n  2% o f  t h a t  in  a l l  o th e r  

p a r t s  (K liew er I 966 ) .  In  V ic ia  fa b a  c i t r a t e  i s  th e  o n ly  o rg a n ic  

a c id  in  th e  f lo w e rs  and i s  th e  m ajor one in  th e  d ry  and soaked 

seed s (Schramm & P ia tkow ska

F le sh y  f r u i t s  may be a s  r i c h  in  c i t r i c  a c id  a s  th e y  a re  in  

m alic  a c id  (B e n n e t-C la rk e  19 3 3 ), and in  th e  f r u i t s  o f C i tru s  spp . 

c o n c e n tra t io n s  o f  c i t r a t e  a s  g r e a t  a s  te n  tim e s  t h a t  o f  m ala te  

have been  re c o rd e d  ( S i n c l a i r  & Ramsey 1944, S i n c l a i r ,  Bartholom ew 

& Ramsey 1945). The c i t r i c  a c id  contc i t  o f a p p le  f r u i t  p u lp , 

how ever, i s  luch lo w er th a n  t h a t  o f  m alic  a c id  (Hulme & W oo lto r- 

to n  1958)0

C i t r i c  ^ c id  was a s  w id esp read  and as abundant a s  m alic  a c i 1 

i n  th e  le a v e s  o f  th e  Legum inosae s p e c ie s  in v e s t ig a te d  by B e n tlc /  

( 1952). a lt> ^ u g h  i n  g e n e ra l  s m a lle r  c o n c e n tr a t io n s  have been  ob­
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se rv e d  by o th e r  w orkers (T ab le  ? ) .  S im i la r ly ,  th e  c i t r a t e  con­

t e n t  o f  r o o t  t i s s u e s  was found  to  be lo w er th a n  t h a t  o f  m ala te  

in  m aize and c a r r o t ,  and o n ly  s l i g h t l y  h ig h e r  i n  b e e t  (T ab le  8 ) .

LACTIC ACID CHANGES

The fo u r -d a y  p e r io d  o f  f lo o d  tre a tm e n t  was accom panied by 

a  r i s e ,  a l b e i t  a sm a ll one , i n  th e  l a c t i c  a c id  l e v e l s  o f  a l l  th e  

n o n -h e lo p h y te s  (F ig .  6 ) ,  S im ila r  t r e a tm e n t  to  th e  h e lo p h y te s  

r e s u l t e d  in  s l i g h t  d e c re a s e s  in  l a c t a t e  l e v e l s ,  w ith  th e  e x c e p t­

io n  o f  Juneus e f f u s u s . I f ,  a s  E f f e r  and Ranson (19&7) have sugg­

e s te d ,  th e  a c t i v i t y  o f  th e  t r i c a r b o x y l i c  a c id  c y c le  i s  r e ta r d e d  

d u rin g  a n o x ia , th e n  th e  a ccu m u la tio n  o f l a c t a t e  i n  th e  non- 

h e lo p h y te s  c o u ld  be i n d ic a t iv e  o f t h i s  e f f e c t .  T here m ight a ls o  

be c o n c u rre n t a cc u m u la tio n  o f  p y ru v a te  and e th a n o l .  In  th e  h e lo ­

p h y te s , how ever, th e  absence  o f  any l a c t a t e  r i s e  w ould in d ic a te  

t h a t  in  th o se  p a r t i c u l a r  f lo o d  t o l e r a n t  s p e c ie s  th e  t r i c a r b o x y l i c  

a c id  c y c le  was n o t b e in g  r e ta r d e d  d u rin g  th e  p e r io d  o f  f lo o d in g .  

T here i s  ev id en ce  o f  a l a r g e  acc u m u la tio n  o f  l a c t i c  a c id  in  pea  

seed s d u rin g  a  24 -hour p e r io d  o f a n a e ro b io s is  (Wager I 96I ) .

The l a c t a t e  changes in  th e  ro o t  t i s s u e  in c u b a te d  u n d er n i t ­

rogen  i n  some r e s p e c t s  su p p o r t th e  above f in d in g s .  D uring th e  

f i r s t  th r e e  h o u rs  th e r e  was a r a p id  r i s e  i n  th e  l a c t i c  a c id  con­
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t e n t  o f  th e  n o n -h e lo p h y te  S enecio  v is c o s u s  (F ig . 2 2 ), b u t i n  th e  

h e lo p h y te s  o n ly  a  v e ry  sm a ll r i s e  i n  R anunculus flam m ula and no 

change a t  a l l  i n  S . a q u a t ic u s . D uring a  f u r t h e r  th r e e  h o u rs  an­

a e r o b io s i s ,  how ever, th e  l a c t a t e  i n  th e  h e lo p h y te s  ro se  more sh a rp ly , 

I t  i s  p ro b a b le  t h a t  th e  h e lo p h y te  s p e c ie s ,  a lth o u g h  a b le  to  t o l e r ­

a te  th e  n e a r  a n a e ro b ic  c o n d it io n s  w hich a re  s e t  up d u rin g  th e  f o u r -  

day f lo o d in g  p e r io d  i n  sand  c u l tu r e ,c a n n o t  t o l e r a t e  th e  co m p le te ly  

a n a e ro b ic  c o n d it io n s  d u rin g  in c u b a tio n  under n i t r o g e n .  In  t h i s  

r e s p e c t  i t  i s  im p o rta n t to  n o te  t h a t  co m p le te ly  a n a e ro b ic  c o n d i t ­

io n s  would n e v e r a r i s e  i n  th e  f i e l d ,  a s  th e r e  would alw ays be 

some oxygon d i f f u s io n  down th e  sh o o ts  to  th e  w a te rlo g g ed  r o o t s .

Thus th e  h e lo p h y te  r o o t  t i s s u e s  i n  n i t r o g e n  a re  b e in g  s u b je c te d  

to  oxygen d e f i c ie n c ie s  g r e a t e r  th a n  th o se  n o rm ally  e n co u n te re d  

and to  w hich th e y  have some to le r a n c e ,  and t h e i r  m e ta b o lic  behav­

io u r  in  th e s e  c o n d it io n s  can be l ik e n e d  to  t h a t  o f a n o n -h e lo p h y te . 

C onsequen tly  th e  t r i c a r b o x y l i c  a c id  c y c le  may be r e ta r d e d ,  w ith  

th e  accom panying r i s e  i n  l a c t i c  a c id  a s  shown betw een  3 and 6 

h o u rs  in c u b a tio n .  I n  d e ta c h e d  rhododendron  le a v e s  a r i s e  in  l a c ­

t i c  a c id  o f  a v e ry  s im i la r  m agnitude and tim e co u rse  to  th e  above 

e x p e rim en ts  has been  d e m o n s tra te d  d u rin g  s to ra g e  in  n i t r o g e n  (T ab le

9 ) .

I f  th e  above h y p o th e s is  i s  c o r r e c t ,  t h a t  h e lo p h y te s  a re  t o l ­

e r a n t  to  p a r t i a l ,  b u t  n o t co m p le te , a n o x ia , th e n  i t  would e x p la in  

v;hy th e r e  were no d i f f e r e n c e s  i n  th e  m ala te  changes betw een h e lo -
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p h y te  and r  3n -h e lo p h y te  t i s s u e  d u rin g  in c u b a tio n  under n i t r o g e n .

I n  th e s e  c o n d i t io n s ,  th e  n o rm a lly  o p e ra t in g  m e ta b o lic  a d a p ta t io n s  

o f th e  h e lo p h y te s  to  red u ced  oxygen su p p ly  can no lo n g e r  c o n tin u e , 

and t h e i r  B ehav iou r i n  e sse n c e  becomes t h a t  o f  a  n o n -h e lo p h y te .. 

S ince  la c k  o f oxygen r e t a r d s  th e  t r i c a r b o x y l i c  a c id  c y c le  in  non- 

h e lo p h y te s , w ith  a  co n seq u en t drop i n  m ala te  l e v e l ,  th e n  a  sim ­

i l a r  f a l l  i n m ala te  i s  i n e v i t a b l e  in  th e  h e lo p h y te s  w henever th e  

c o n d it io n s  become c o m p le te ly  a n a e ro b ic . F ig .  22b shows t h a t  th e r e  

was a d e c re a se  i n  m ala te  o f  t h i s  n a tu re  when r o o t  t i s s u e s  o f  Sen- 

e o io  a q u a tj eus and R anunculus flam m ula were m ncubated u n d er n i t ­

ro g en .

T able  9* O rganic  a c id  c o n te n ts  (jn mole /  g f r e s h  w e ig h t)  o f 

d e ta ch e d  rhododendron  le a v e s  s to r e d  under n i t ro g e n  

in  d a rk n e s s . (From Bourne & Ranson 19&5)

Time l a c t i c  a c id s u c c in ic  a c id m alic  a c id c i t r i c  a c id

S t a r t 0 .0 4 0 .2 4 2 .49 0 .8 2

i .5  ho u rs 0 .09 0 .6 4 1 .99 1 .2 8

3 0 .09 0 .7 4 2 .1 4 1 .0 2

6 0 .25 0 .78 2 .35 1 .2 2

12 " 0 .2 8 1.01 2 .0 5 0 .86

W hile bhe changes in l a c t a t e  l e v e l s in  f lo o d e d  anf in c u b a te d

r o o t  m a te r ia l  a re  th e r e f o r e  o f im p o rtan ce , th e  r e l a t i v e l y  sm all



61.

m agnitude o f th e s e  l e v e l s  su g g e s ts  t h a t  l a c t a t e  does n o t f ig u r e  

p re d o m in an tly  i n  th e  o rg a n ic  a c id  m etabo lism . E vidence  from  o th e r  

in v e s t i g a t io n s  shows t h a t  l a c t i c  a c id  i s  n o t a s  w id esp read  i n  

p la n t  t i s s u e s  a s  i t  i s ,  f o r  exam ple, i n  an im al t i s s u e s  fo llo w in g  

a n a e ro b ic  r e s p i r a t i o n .  The n o rm ally  a c c e p te d  e n d -p ro d u c t o f  an­

a e ro b ic  r e s p i r a t i o n  i n  p la n t s  i s  e th a n o l .  However, l a c t i c  a c id  

h as been  re c o rd e d  and m easured in  p o ta to  d is c s  d u rin g  a p e r io d  o f 

a n a e ro b io s is ,  b e fo re  th e  b u i ld -u p  o f  e th a n o l (B a rk e r & o l  H a if i  

1953 ) and was form ed d u rin g  a n a e ro b ic  r e s p i r a t i o n  i n  th o  rhizom e 

o f Eq u is e tu n  lim osum  (B a rb e r 1937 ). In  g e rm in a tin g  p eas th e  l e v e l  

o f l a c t i c  a c id  was found  to  f l u c t u a t e  as e th a n o l was form ed and 

m e ta b o lise d  (C o ss in s  I 964 ) .  The p re sen c e  o f l a c t i c  a c id  i n  g ra p e ­

v in e s  has a ls o  been  shown (K liev /er I 966 ) .  In  g e n e r a l ,  though , 

th e r e  a re  no accu m u la tio n s  o f  l a c t i c  a c id  i n  p la n t  t i s s u e s ,  and 

w henever i t  i s  form ed i t  te n d s  to  be a s  a  r e s u l t  o f  a n a e ro b ic  

c o n d it io n s  i n  s p e c ie s  v e ry  a d v e rs e ly  a f f e c te d  by a n o x ia .

SUCCINIC ACID CHANGES

W ith  th o  e x c e p tio n  o f June us e f fu s u s  th e r e  vmro no r i s e s  i i  

th e  s u c c in i r  a c id  c o n te n ts  o f  th e  r o c 's  o f  h e lo p h y te s  a f t e r  f c . i r  

days f lo o d in g .  I n  a l l  th e  f lo o d e d  n o n -h e lo p h y te s , how ever, th e r e  

were s te a d y , i f  s l i g h t ,  r i s e s  in  s u c c in a te  th ro u g h o u t th e  f lo o d
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p e r io d  (F ig .  8 ) .  P r ev io u s  workers have u s u a l ly  found e v i ­

dence o f  s u c c in a te  in c r e a s e s  in  t i s s u e s  s u b je c te d  to  v a r io u s  l e v ­

e l s  o f  oxygen d e f ic ie n c y ,  and th e  g e n e r a l la c k  o f  any su.ch X w -  r e a se  

in  th e  f lo o d e d  h e lo p h y te s  co u ld  in d ic a t e  th a t  th e s e  s p e c ie s  are  

a v o id in g  w ha tever m e ta b o lic  change i s  ca u s in g  th e  s u c c in a te  a c c ­

u m ula tion  in  o th er  s p e c ie s .  S u c c in ic  a c id  has t l  us been  fou: d 

to  accum ula te in  c a r r o t  r o o t  and oa t c o l e o p t i le  a t  20% GÔ  l a  a i r ,  

bu t n ot in  a i r  i t s e l f  (T a b le  1 0 ) , and v ery  s im ila r  r e s u l t s  w e ie  

o b ta in ed  u s in g  th e  pulp  o f  a p p les  (T cb le  1 1) .

Table 10 . O ccurrence o f  c u c o in ic  a c id  in  p la n t  t i s s u e s  a f t e r

s to r a g e  in  gas m ix tu r e s . + in d ic a t e s  h ig h  ( r e l a t i v e )

c o n c e n tr a t io n , -  in d ic a t e s  low  c o n c e n tr a t io n . (From

Ranson 1953)

P la n t o rg a n / a i r  2-1 COp 20-90% GOp Pure N , G0_ c :* 
s to r a g e  tim e in  a i r  i:i a i r  1% Og in  Ng

Young c a r r o j  r o o t  -  -  + +
(3  d ays)

O lder carro': r o o t  -  -  + +
(3 d ays)

Oat c o l e o o t i le  -  -  + +

An e x p la n a t io n  o f  t h i s  su c c in a te  accu m u la tion  in  a io x ia  1 \ s  

been  su g g e ste d  from  a c id  changes in  R Icin u s m ito ch o n d r i' p rep ar­

a t io n s .  Wh ’-reas in  a i r  ( 0 . 05/o GOg) th e r e  i s  rap id  conv c s io n  

o f  c i t r a t e  ^nto s u c c in a t e ,  f une r a te  a id m a la te , in  C0_ c o n c e n t­
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r a t io n s  above 20/Ô th e  c o n v e r s io n  t o  fum arate and m alate i s  reduced  

and s u c c in a te  accum ula ted  (R anson, Walker & C larke 1957). T h is  

accu m u la t ion  o f  s u c c in ic  a c id  was shown to  r e s u l t  from th e  in l: ib -  

i t i o n  o f  s u c c in ic  dehydrogenase a t  th a t  20% CÔ  l e v e l  (B e n d a ll ,  

Ranson & W alker 1 9 5 8 ) . More r e c e n t  work has fu r th e r  shown th a t  

in  th e  absence o f  oxygen i t  i s  th e  f l a v i n  component o f  s u c c in ic  

dehydrogenase w h ich canno t be r e g e n e r a te d , so th a t  th e  o x id a t io n  

o f  s u c c in ic  a c id  i t s e l f  becomes p r o g r e s s iv e ly  re ta r d ed  and s u c c in ­

a te  accu m u la tes ( E f fe r  & Ranson I 9 6 7 ) .

Table 11 . The q u in ic ,  s u c c in ic  and m alic  a c id  co n te n t  o f  pulp  

o f  a p p le s  s to r e d  a t  37^C under v a r io u s  GOg co n cen t­

r a t io n s ,  ex p re sse d  a s mg /  100 g fr e s h  w e ig h t , (from  

Hulme 1 9 5 6 ) .

Treatm ent Days Q uin ic S u c c in ic k a l i  G G o n d itio n  o f  t i s s u e

A ir 31 8 4 .0 — 1 , 222 no damage

10% COg 31 8 7 .5 6 . 4 1,229 no damage

20% GOg 11 8 9 .5 21 .0 1,225 GO2 damage

During th e  in c u b a t io n  o f  ro o t  t i s s u e s  under c o m p le te ly  a n ­

a e r o b ic  c o n d it io n s  th e r e  wore s u c c in a te  d e c r e a se s  in  th e  two 

h e lo p h y te s . Ranunculus flam m ula and Scn ie c io  a q u a t ic u s , and a s l i g h t  

o v e r a l l  r i s e  in  th e  n o n -h e lo p h y te  S . v i s c o s u s . S to ra g e  o f  d e tsch ed  

rhododendron l e a v e s  under s im ila r  c o n d it io n s  o f  com p lete a n aero -



64»

b i o s i s  was a ls o  accom panied by s u c c in a te  acc u m u la tio n  (T ab le  9 ) .

The s u c c in a te  changes w hich have been  fo llo w ed  in  th e  e x p e r i ­

m en ta l m a te r ia l  have n o t been  o f  la rg e  m agn itude, r e l a t i v e  to  th e  

changes i n ,  sa y , m a la te . T h is i s  n o t u n ex p ec ted , s in c e  a lth o u g h  

o th e r  w orkers have found s u c c in ic  a c id  in  s e v e r a l  p la n t  t i s s u e s ,  

th e  q u a n t i t i e s  have g e n e r a l ly  been  sm a ll. I n  P h a se o lu s  c o c c ire u s  

s u c c in ic  a c id  o ccu rs  in  th e  stem  t i s s u e s ,  b u t in  c o n c e n tr a t io n s  

c o n s id e ra b ly  low er th a n  e i t h e r  m alic  o r  c i t r i c  a c id  (B e n tle y  19 3 2 ). 

S u c c in a te  h a s  been  d e te c te d  a t  low l e v e l s  ( 0 .2  jp mole /  g f r e s h  

w e ig h t) i n  m aize r o o t  and w heat l e a f ,  b u t n o t a t  a l l  i n  c a r r o t  

r o o t  o r  b e e t  ro o t  (MacLennan, B eevers & H a rle y  I 963) .  In  V ic ia  

fa b a  i t  v/as d e te c te d  i n  a l l  t i s s u e s  e x cep t th e  f lo w e rs  (Schramm 

& P ia tkow ska  I 96I ) ,  and one o f th e  few exam ples o f  s u c c in a te  a c c ­

u m u la tio n  was found  to  accompany carbon  d io x id e  p o iso n in g  i n  ; pp les 

(Hulme 1936 ) .

SHIKIMIC ACID CHANGES

S h ik im ic  a c id  was n o t d e te c te d  i i  e i t h e r  helophyteL  o r  non- 

h e lo p h y te s  upon e x p e rim e n ta l f lo o d in g , n o r  upon in c u b a tio n  o f

th e  r o o t  t i s s u e s  in  a e r a te d  and a n a e ro b ic  c o n d i t io n s .  However, 

when sh ik im ic  a c id  was found , in  th e  r o o ts  and rh izom es of I r i  3 

p seu d aco ru s and Nu p h ar l u t e a , grow ing under n a tu r a l  c o n d it io n s ,
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i t  ?/as u s u a l ly  th e  m ajor a c id  p re s e n t  in  th o se  t i s s u e s .  The l e v e l s  

o f  sh ik im a te  a l t e r e d  d u rin g  th e  y e a r ,  and th e s e  changes have a l ­

rea d y  heon shown in  F i g s . 18 and 19 »

The sh ik im ic  a c id  c o n te n t  o f  th e  rhizom e o f I .  psuvdacor- i , 

w hich was alw ays g r e a t e r  th a n  t h a t  o f th e  r o o t ,  showed a s te a d y  

d e c re a se  from  March to  Ju n e . An i d e n t i c a l  change in  l e v e l s  vw s 

found  i n  t h i s  t i s s u e  hy Henshaw, C ou lt and B o u lte r  ( I 962 ) ( s e c  

T able 6 ) ,  who a ls o  found  r e l a t e d  changes i n  q u in ic  a c id  d u rin g  

th e  same p e r io d  ( s e e  p . 66 f o r  r o le  o f q u in ic  a c id  as sh ik im ic  

a c id  p r e c u r s o r ) .  The sh ik im ic  a c id  c o n te n t o f H. l u t e a  rh iz o i c, 

which f l u c t u a t e d  w ith in  th e  ran g e  o f  th e  ro o t  sh ik im a te  c o n te n t ,  

fo llo w ed  a  s im i l a r  downward co u rse  from  F e b ru a ry  to  May. The 

l e v e l s  o f  sh ik im ic  a c id  i n  th e  ro o ts  o f I .  p se u d a c o ru s , a lth o u g h  

alw ays l e s s  th a n  0 .6  ^  mole /  g f r e s h  w e ig h t, a ls o  showed a d c ir e a s e  

from  March to  May.

The hi h  l e v e l s  o f  sh ik im ic  a c id  in  th e  subm erged iis su e r , 

o f  th e s e  l a / g e  rh izo m ato u s s n e c ie s ,  and th e  predom inance o f  t h i s  

a c id  over a l l  o th e r s ,  su g g e s ts  t h a t  th e  sh ik im a te  p la y s  an im p o rt­

a n t  r o le  in  an o rg a n ic  a c id  m etabo lism  which i s  p e c u l i a r  to  p iu n ts  

such as  Nup'oar and I r i s . S h ik im ic  a c id  co u ld  f u n c t io n  as  a  c a r ­

b o h y d ra te  r e s e rv e  i n  th e s e  t i s s u e s ,  w ith  th e  h ig h  l e v e l s  o f tho  

a c id  b e in g  acco u n ted  f o r  by th e  la r g o  amounts o f  rhizom e s to ra g e  

t i s s u e s  w hirh  a d a p t th e s e  p la n t s  to  t h e i r  p re d o m in a n tly  wet er. " iro n -
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m ent. The u t i l i s a t i o n  o f  t h i s  c a rb o h y d ra te  r e s e rv e  would be r e f l e c t ­

ed in  th e  sh ik im a te  f l u c t u a t i o n s  o b s 'rv o d  in  s i t u  th ro u g h o u t th e  

y e a r .

Under Dxpor im e n ta l l y  induced  a n a e ro b ic  c o n d it io n s  sh ik im :c  

a c id  d id  n o t accum ulate  i n  I r i s rhizom e (B o u lte r ,  C ou lt <& Henshaw 

1963) ,  so t h a t  i f  sh ik im a te  i s  b e in g  p roduced  a n a e ro b ic a l ly  i t  

must be u t i l i s e d  i n  f u r t h e r  b io s y n th e s is .  The b u lk  o f  e x p e rim e n ta l 

ev id en ce  shows t h a t  sh ik im ic  a c id  i s  an a ro m a tic  p r e c u r s o r ,  b e in g  

form ed as an in te rm e d ia te  betw een th o  c a rb o h y d ra te s  form ed by 

p h o to s y n th e s is  and a ro m a tic  r in g  compounds (Brown & N eish  195'3y 

E b e rh a rd t & S ch u b e rt 1956, Ha.segawa, H iguch i & Ish ik aw a  I 96O, 

Isherw ood 1963)» The a ro m a tic  compounds a re  u t i l i s e d  i n  th e  form ­

a t io n  o f  a v/ide v a r i e ty  o f  secondary  grow th su b s ta n c e s , in c lu d in g  

l i g n i n  (D av ies 1959, N eish  I 960) .  I t  h a s  a ls o  been  shown th a t, 

i n  r o s e s  q r in ic  a c id  can  bo c o n v erted  to  sh ik im ic  a c id  (ü fe in s te in . 

P o r t e r  & L aa ren c o t 1959), th u s  p o s s ib ly  e x p la in in g  th e  r e l a t e d  

changes i n  q u in ic  and sh ik im ic  a c id s  found  in  I r i s  rh i?  '>me by 

Henshav/, G cu lt and B o u lte r  ( I 962).

The o:_a,ct r o l e  o f sh ik im ic  a c id  in  p la n t  o rg a n ic  a c id  m etab­

o lism  h as  t h e r e f o r e  y e t  to  be c l a r i f i e d .  A lthough  a t  one tim e 

sh ik im a te  was th o u g h t to  be a r a r e l y  o c c u rr in g  p la n t  a c id , i t  h as 

r e c e n t ly  been  i d e n t i f i e d  in  a  la r g e  range o f  p la n t  t i s s u e s  ( H r t t o r i ,  

Y oshida & Hasegawa 1954, Y oshida & Hasegawa 1957) and i s  now ; lore
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w id e ly  re c o g n is e d . I t  has a ls o  been d e te c te d  in  g ra s s e s  (R ic h a rd ­

son & Hulme 1955) ,  in  th e  Gymnospermao and some p r im i t iv e  f a m i l ie s  

o f  th e  A ngiosperm ae, and in  some mosses and f e r n s  where o f te n  

c o n s id e ra b le  q u a n t i t i e s  a re  p r e s e n t  (K in ze l & W alland  I 966) .

CHmGES IN OTHER ORGANIC ACIDS

The p a p e r chrom atogram s o f  ro o t  e x t r a c t s  from  e x p e r im e n ta lly  

f lo o d e d  m a te r ia l ,  and o f r o o t  and rhizom e e x t r a c t s  ta k e n  from  

f i e l d  m a te r ia l ,  d id  n o t d e te c t  any o rg a n ic  a c id s  o th e r  th a n  t l  3se 

a lre a d y  m easured by s p e c i f i c  enzymic a n a ly s i s .  The enzymic a n a l ­

y s i s  o f  some e x t r a c t s  f o r  o x a lo a c e tic  a c id  a ls o  had  n e g a tiv e  r e s ­

u l t s ,  which a g re e s  w ith  o th e r  ev id en ce  t h a t  o x a lo a c e ta tc  does n o t 

accum ulate  i n  p la n t  t i s s u e s  (D a v ie s , G io v a n e lli  & Rees 1964) .

I t  was th e r e f o r e  concluded  t h a t  m a la te , c i t r a t e ,  l a c t a t e ,  s u c c in a te  

and sh ik im a te  were th e  o n ly  im p o rta n t accu m u la tin g  a c id s  in  t h 3 

m etabolism  o f  th e  t i s s u e s  s tu d ie d ,  a lth o u g h  s e v e r a l  othc r  eyed Ic  

a c id s ,  such as a c o n i t i c ,  i s o c i t r i c  and fu m a ric , and e x t r a - c y c l i c  

a c id s ,  such as o x a l i c ,  t a r t a r i c  and m alo n ic , a re  to  be found i 1 

p la n t  t i s s u e s  (Ranson 1953). Most o f  th e s e  a c id s  o ccu r in  sm all 

q u a n t i t i e s ,  a lth o u g h  th e r e  a re  exam ples where one o r  o th e r  may 

accu m u la te . F o r in s ta n c e ,  t a r t a r i c  a c id  i s  p r e v a le n t  to  th e  same 

e x te n t  a s  m alic  a c id  i n  th e  g rau e v in e  (K liew er 1956), o x a la te  

i s  th e  m ajor a c id  i n  B egonia s e e d lin g s  (Crombie 1954) and fo n : a te
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accum ula tes i n  th e  s t in g in g  n e t t l e ,  ï ï r t i c a  d io ic a  (D avies 1959)-

OPERATION OF THE TRICARBOXYLIC ACID CYCLE

Theo r g a n ic  a c id  changes upon ex p er im en ta l and n a tu r a l f lo o d ­

in g  and a e r o b ic  and a n a ero b ic  in c u b a t io n  which have been d e sc r ib e d  

above r e q u ir e  e x p la n a t io n  in  term s o f  th e  o p e r a t io n  o f  p o s s ib le

in v o lv e d  m eta b o lic  pa thw ays. C i t r i c ,  s u c c in ic  and m a lic  a c id s

are a l l  members o f  th e  t r i c a r b o x y l ic  a c id  (TGA) c y c le ,  and th e  

changes in  l e v e l s  o f  th e s e  a c id s  may be exam ined in  r e la t i o n  to  

th e  o p e r a t io n  o f  t h i s  a c id .

E vid en ce f o r  th e  o p e r a t io n  o f  an a c t iv e  ICrebs or TCA c y c le

in  p la n t s ,  w h ich  was a t  f i r s t  r e s t r i c t e d  to  th e  p a r t ic u la r  t i s s u e s  

s tu d ie d , such as pea s e e d l in g s  (D a v ies  1953), p o ta to  tu b e rs  (B arker  

& Mapson 1 955), g reen  s h e l le d  peas (Turner & Q u a r tley  1956, Q u a r tley  

& Turner 1957) and ro o t t i s s u e s  o f  th e  sw ede, B r a s s ic a  napus (T ru e-  

lo v e  1962) ,  has now become s u f f i c i e n t  fo r  th e  w ide a ccep ta n ce  

th a t  th e  TCA c y c le  i s  fu n c t io n a l  in  h ig h e r  p la n ts  (D a v ies  1959, 

Ranson 1963, D a v ie s , G io v a n e l l i  & Rees I 964 )-

I t  i s  p o s s ib le  f o r  th e  la c k  o f  oxygen w h ich accom panies f lo o d ­

in g  to  r e ta r d  th e  TCA c y c le ,  through gradual in h ib i t i o n  o f  th e

o x id a t iv e  s te p s  in v o lv in g  n ico t in a m id e -a d e n o s in e  d in u c le o t id e  (NAD),
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o r  n io o tin a w id e -a d e n o s in e  d in u c le o t id e  p h o sp h a te  (NADP) co-enzym eso 

\Vh i l e  th e s e  o x id a t iv e  s te p s  may c o n tin u e  f o r  a s h o r t  p e r io d  in  

an o x ia  by c o u p lin g  w ith  r e d u c t iv e  r e a c t io n s  i n  th e  c e l l s  ( E f f e r  

& Ranson '1967)? n e v e r th e le s s  co n tin u ed  la c k  o f  oxygen w i l l  g ra d ­

u a l ly  in c re a s e  t h e i r  i n h i b i t i o n .  I t  i s  p ro b a b le , though , t h a t  

i f  th e r e  i s  no o x id a t iv e  r e g e n e ra t io n  o f th e  f l a v i n  component o f 

s u c c in ic  dehydrogenase d u rin g  an o x ia , t h a t  t h i s  f l a v o - p r o t e in  co­

enzyme w i l l  be more r a p id ly  and co m p le te ly  i n h ib i t e d  th a n  NAD o r 

NADP. T h is l a t t e r  e f f e c t  w i l l  r e s u l t  in  a b u i ld -u p  o f  s u c c in a te

( l ) ,  a  b lo c k  in  th e  TCA c y c le  a t  t h a t  p o in t ,  and a p ro b a b le  de­

c re a s e  i n  fu m ara te  and m ala te  l e v e l s  w h ile  bhese two a c id s  a re  

m e ta b o lise d  f u r t h e r  ( 2 ) ,  (3)«> In  th e  f lo o d e d  n o n -h e lo p h y te s  th e

o x id is e d  red u ced
(1 )  COOH.GH,.CH,.COOH f l^ v o p r o t e in  f la v o p r o t e in  COOH.CH.CH.COOH + H, 

^ 2  ^ ^  >
s u c c in a te  SDH fu m ara te

(SDH -  s u c c in ic  dehyd rogenase)

(2 ) COOH.CH.CH.COOH + H^O ^ --------------- > COOH.CHOH.CHg.COOH
fum arase

fu m ara te  m ala te

NAD NADH

(3 ) COOH.CHOH.CH cCOOH < ^  COOH.0 = 0 .CH .COOK
MDH

mala te  o x a lo a c e ta te

(ivIDH -  m a lic  dehyd rogenase)



70.

a o id  changes f i t t e d  t h i s  h y p o th e s is ,  f o r  vd iile  th e r e  was an imm­

e d ia te  in c re a s e  i n  s u c c in a te  upon f lo o d in g , th e r e  was an e q u a l ly  

r a p id  d e c re a se  i n  m a la te .

E x p erim en ta l f lo o d in g ,  and th e  la c k  o f  oxygen t h a t  accom panies 

i t ,  d id  n o t have th e  same e f f e c t  on th e  h e lo p h y te s . There was 

g e n e r a l ly  no s u c c in a te  in c re a s e  i n  th e s e  s p e c ie s ,  and r a t h e r  th a n  

a d e c re a se  i n  m alic  a c id  c o n te n t  th e r e  was a r a p id  and pronounced 

r i s e  i n  m a la te . I f  l a c k  o f  oxygen v/as h av ing  a  r e t a r d in g  e f f e c t  

on th e  r e a c t io n s  o f  th e  TCA c y c le ,  i t  would p resum ab ly  be m ani­

f e s t e d  f i r s t  i n  a  s u c c in a te  b u i ld -u p  fo llo w in g  s u c c in ic  dehydrogen­

ase  i n h i b i t i o n ,  a s  i n  th e  n o n -h e lo p h y te s .

M alate  c o u ld  accum ulate  a t  th e  expense o f  a n o th e r  a c id  aZ read y  

in  th e  c e l l s ,  o r  a t  th e  expense o f a r e s e rv e  food  whose c a ta b o lism  

gave r i s e  to  one o f  th e  TCA c y c le  in te rm e d ia te s  (Ranson I 963 ) .

Thus i t  i s  c o n c e iv a b le  bhat r a p id  p r o te in  c a ta b o lism  co u ld  y i ' I d  

q u a n t i t i e s  o f  - I c e to g lu ta ra te  s u f f i c i e n t  f o r  t r a n s f  rm a tio n   ̂ i t h i n  

th e  TCA c y c le  and su b seq u en t a cc u m u la tio n  as m alic  a c id  (4 )?  ( 5 ) “

NAD NADĤ  CO^

(4 ) GOOH.Cip.CH9 .CO.GOOH -------------------------------^  COOH.CH .CH .COoCoA

- k e to g lu ta r a t e  s u o c in y l CoA

(ïCDH -  k e to g lu ta r a te  dehydrogenase)
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ADP+P ATP

(5 )  GOOH.GH^.CH .CO.CoA  GOOH.CHg.GHg.COOH

su c o in y l CoA s u c c in a te

T h e r e a f te r :  s u c c in a te  — ^  fum ara te  —>  m ala te

The lo s s  o f  TCA c y c le  in te rm e d ia te s  d u rin g  a n a e ro b io s is  may 

a ls o  be th ro u g h  le a k a g e  o f  th e  a c id s  from  th e  r o o t s  a s  a  r e s u l t  

o f  c e l l  membrane i n ju r y  ( H ia t t  & Lowe 1967 )° On th e  o th e r  hand, 

G rineva  ( 1961) co n clu d ed  t h a t  e x c r e t io n  o f  th e s e  in te rm e d ia te s  

was an a c t iv e  p ro cess*

METABOLIC PATHWAYS INVOLVING IvlALIC ACID

M alic a c id  l e v e l s  can  be a f f e c te d  by r e a c t io n s  in v o lv in g  

carbon  d io x id e  f i x a t i o n  i n  p la n t  t i s s u e s .  T here a re  th r e e  mech­

anism s o f  c irb o n  d io x id e  f i x a t i o n  in  p l a n t s .  The ’m alic  enzy. e ’ 

c a ta ly s e s  th e  d e c a rb o x y la tio n  o f  o x a lo a c e ta te  a t  a c id  pH ( 6 ) .

T ,,- +  +

(6 ) GOOH.CO.GHg.COOH -  COOH.GO.CH + CO^

o x a lo a c e ta te  p y ru v a te

O x a lo a c e ta te  and m a la te  a re  in t e r c o n v e r t i b l e  i n  th e  p re se n c e  

o f  m alic  dehydrogenase  (3 )?  so t h a t  th e  n e t  r e a c t i o n  c a ta ly s e d
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by t h e ’m alic  enzym e’ i s :  ( 7 ) (V enneslanà  c: Conn 1952).

+ ■ ! ’

( 7 ) CH .co.coœ + COg + NADPHj, COOH.CHg.CHQH.COOH + HLDP

p y ru v a te  m ala te

The above r e a c t io n  i s  f u l l y  r e v e r s i b l e ,  and th e  e x te n t  o f 

COg f i x a t i o n  i s  d e te rm in ed  by th e  r a i i o  NADP /  NADPH^.

O x a lo a c e ta te  can  a ls o  be form ed by carbon  d io x id e  f i x a t i i n  

to  p h o sp h o -o n o lp y ru v a te  (PEP), c a ta ly s e d  by pepcarboxy l.'.se  ( 8 , .

-  - ++
(8 )  CH^.CO.PO^.HgCOOH + H^O + CO  ̂ -  COOH.CHg-CO.COOH + P^PO, 

PEP o x a lo a c e ta te

The e q u il ib r iu m  o f  th e  above r e r j t i o n  i s  s t r o n g ly  in  f a v  .ir 

o f  c a rb o x y la t io n .

F ix â t i  -n o f  carbon  d io x id e  to  VJ ? can a ls o  be c a ta ly s e d  b /  

pepcarboxykV nase ( 9 ) .

( 9 ) CH^.CO.PO .H^.COÛH + ADP +00^ > COOH.CH^.CO-COOH ATP

PEP o x a lo a c e te te

In  th e  p ep ca rb o x y k in ase  re a c t io n ,  p h o to s y n th e t ic  u t i l i s a i  Ion 

o f  carbon  d io x id e  would l e a d  to  m ala t 3 d isa p p e a ra n c e  anĉ  s y n th e s is
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o f c a rb o h y d ra te  from  o rg a n ic  ac id s*  On th e  o th e r  hand , in c re a s e  

i n  carbon  d io x id e  would le a d  to  m ala te  fo rm a tio n ,

Hie w id esp read  o c cu rren ce  o f  th e  ' m a lic  enzym e’ , p epcarboxy­

k in a s e  and p e p ca rb o x y la se  in  p la n t  t i s s u e s  (D a v ie s , G io v a n e lli  

& Rees 1964) ,  and th e  r e a d i ly  a v a i la b le  in te r c o n v e r s io n  o f o x a lo ­

a c e ta te  and m a la te  by m alic  dehydrogenase , su g g e s t t h a t  carbon  

d io x id e  f i x a t i o n  co u ld  have a  c o n s id e ra b le  in f lu e n c e  on m ala te  

l e v e l s  i n  p la n t  t i s s u e s .  The m e tab o lic  sw itch  v/hich le a d s  to  

m a la te  a cc u m u la tio n  in  h e lo p h y te s  upon e x p e rim e n ta l f lo o d in g  may 

in v o lv e  some o f  th e  r e a c t io n s  o u t l in e d  above , F o r in s ta n c e ,  th e  

in c re a s e d  ca rb o n  d io x id e  l e v e l s  w hich accompany oxygen r e d u c t io n s  

in  w a te rlo g g ed  s o i l s  c o u ld  le a d  to  o x a lo a c e ta te  (an d  hence m a la te )  

fo rm a tio n  by th e  p e p ca rb o x y k in ase  r e a c t io n  d e s c r ib e d  above ( 9 ) .  

Upon th e  r e tu r n  to  n o n -f lo o d e d , a e r a te d  c o n d i t io n s ,  th e  p h o to s m -  

t h e t i c  u t i l i s a t i o n  o f  carbon  d io x id e  would s h i f t  th e  e q u il ib r iu m  

o f  th e  p ep ca rb o x y k in ase  r e a c t io n ,  and th e  accum ula ted  m ala te  would 

be m e ta b o li ed to  c a rb o h y d ra te . Upon e x p e rim e n ta l f lo o d in g  ir. 

th e  n o n -h e lo p h y te s  th e r e  i s  no sw itc h  to  m ala te  acc u m u la tio n , 

b u t  in c r e a s e s  i n  th e  a c t i v i t i e s  o f  a lc o h o l and m a lic  dehydrogen­

a se s  (C raw ford  & LIcManmon I 968 ) .  I t  ap p ea rs  t h a t  th e  a c e ta ld e h y d e  

p roduced  from  th e  a n a e ro b ic  breakdown o f p y ru v a te  (IO ) i s  b e in g  

m e ta b o lise d  to  e th a n o l  ( 1 1 ) ,  T here i s  ev id en ce  t h a t  f lo o d  i n t o l ­

e ra n t  s p e c ie s  a re  s t im u la te d  to  g r e a te r  a lc o h o l  dehydrogenase  

a c t i v i t y  by a c e ta ld e h y d e , b u t  t h a t  t h i s  e f f e c t  i s  n o t so marked
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i n  f lo o d  t o l e r a n t  s p e c ie s  (C raw ford  & î.tcLîanmon 1968, Cravfford 1969)

(10) C H . CO. GOGH carH oxy lase  cH cHO + C0„

p y ru v a te  a c e ta ld e h y d e

(11) CH .CHO + NADH g .  CH^.CHgOH + NAD

a c e ta ld e h y d e  e th a n o l

(ADH -  a lc o h o l dehydrogenase)

I t  i s  th e r e f o r e  su g g e s te d  t h a t ,  w hereas i n t o l e r a n t  s p e c ie s  

canno t a d ap t to  p e r io d s  o f  e x p e rim e n ta l f lo o d in g  and produce to x ic  

q u a n t i t i e s  o f  e th a n o l ,  f lo o d  t o l e r a n t  s p e c ie s  can sw itc h  t h e i r  

m etabolism  to  accom odate an a cc u m u la tio n  o f  n o n - to x ic  m alic  a c id  

f o r  th e  d u ra t io n  o f  th e  a n a e ro b ic  p e r io d .

METABOLIC PATHWAYS INVOLVING SUCCINIC ACID

The r i s e  in  s u c c in ic  a c id  in  e x p e r im e n ta lly  f lo o d e d  non-h :lo*  

p h y te s  h a s  a lr e a d y  been  d is c u s s e d  in  term s o f  th e  i n h i b i t i o n  o f  

th e  f l a v i n  component o f  s u c c in ic  dehydrogenase by an oxygen d e f i c ­

ie n c y , and h as  been  r e p o r te d  by Craw ford and T y le r  ( I 969 ) .  I t  

i s  th e r e f o r e  p ro b ab le  t h a t  th e  a e ro b ic  r e s p i r a t o r y  s te p s  o f  th e  

TCA c y c le  a re  r e ta r d e d  upon f lo o d in g  in  n o n -h e lo p h y te s , and t h a t  

ev idence  o f  t h i s  e f f e c t  i s  a  b u i ld -u p  o f  s u c c in a te  and a d e c re a se
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o f  m a la te , which i s  f u r t h e r  in  th e  c y c le  th a n  s u c c in a te .  T his 

b lo ck ag e  o f th e  TCA c y c le  was found  in  a l l  th e  e x p e r im e n ta lly  f lo o d ­

ed n o n -h e lo p h y te s , and r e p r e s e n ts  one o f th e  a d v e rse  e f f e c t s  o f 

f lo o d in g  in  th e s e  s p e c ie s .

METABOLIC PATHWAYS INVOLVING LACTIC ACID

A lthough  l a c t i c  a c id  i s  n o t g e n e r a l ly  found  i n  h ig h e r  p l a n t s  

i t  may be d e te c te d  i n  th e  t i s s u e s  d u rin g  p e r io d s  o f  a n a e ro b io s is  

(K en efick  I 962 ) .  W ith b lo ck ag e  o f  th e  o x id a t iv e  s te p s  o f th e  

TCA c y c le  upon a n o x ia , p y ru v a te  may go s t r a i g h t  to  l a c t i c  a c id  

fo rm a tio n  (1 2 ) .

( 1 2 ) CH,.CO.COOH + NADHg > Œ ^ . CHOH. COOH + NAD

p y ru v a te  l a c t a t e

(LDH ■" l a c t i c  dehyd rogenase)

I n  th e  p re s e n t  work th e r e  was ev id en ce  o f  th e  a n a e ro b ic  form ­

a t io n  o f  l a c t i c  a c id  in  e x p e r im e n ta lly  f lo o d e d  n o n -h e lo p h y te s  and 

in  r o o t  t i s s u e s  u n d er n i t r o g e n  in c u b a tio n .  The q u a n t i t i e s  o f 

l a c t a t e  so form ed were g e n e r a l ly  sm a ll, and o th e r  e x p e rim e n ta l 

ev idence  (McManmon r e p o r t s  o n ly  sm a ll a c t i v i t i e s  o f  l a c t i c

dehydrogenase  in  f lo o d e d  r o o t  t i s s u e s .
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PATHWAYS IWOLVING ETHANOL

The a n a e ro b ic  u t i l i s a t i o n  o f  p y ru v a te  may go v ia  a c e ta ld o -  

hyde (iO ) to  e th a n o l  (11 ) (R anson 1953)- Thomas (1925) found  

e th a n o l and a c e ta ld e h y d e  accu m u la tin g  in  ap p le  c e l l s  in  th e  ab ­

sence o f  oxygen, and tom ato  f r u i t s  under a n a e ro b io s is  a ls o  d e v e l­

oped in c re a s e d  q u a n t i t i e s  o f  a c e ta ld e h y d e  and e th a n o l (G u s ta fso n  

1934). There a re  th e r e f o r e  s e v e r a l  in s ta n c e s  o f  e th a n o l fo rm a tio n  

i n  p la n t  t i s s u e s  d u rin g  p e r io d s  o f  a n a e ro b ic  r e s p i r a t i o n ,  and in  

th e  p re s e n t  work th e r e  was a  r a p id  in c re a s e  i n  e th a n o l c o n te n t 

i n  th e  e x c io .d  r o o t s  o f  S enec io  sq u a lid u s  in c u b a te d  under n i t r o g e n  

( f i g .  26 )„ S im i la r ly ,  e th a n o l  was form ed i n  b a r le y  r o o ts  i n  n i t ­

rogen  (Nance 1949) and C raw ford ( 1967b) d e m o n s tra te d  e th a n o l p ro ­

d u c tio n  under n i t r o g e n  i n  s e v e r a l  sp e c ie s  w hich had  been found 

i n t o l e r a n t  o f  e x p e rim e n ta l f lo o d in g . The e th a n o lp p ro d u c tio n  in  

f lo o d  t o l e r a n t  p l a n t s  d u rin g  p e r io d s  o f oxygen s c a r c i t y  was mich 

l e s s  (C raw ford 1967b ) and th e r e f o r e  s e t s  them a p a r t  from  th e  .’lo o d  

in t o l e r a n t  s p e c ie s  in  t h e i r  avo idance  o f  t h i s  ty p e  o f  a n a e ro b ic  

r e s p i r a t i o n .

The d isa d v a n ta g e  o f  a n a ero b ic  r e s p ir a t io n  l i e s  n o t o n ly  in  

th e  p ro d u c t io n  and accu m u la t ion  o f  p o s s ib ly  t o x i c  p ro d u c ts  such  

as e th a n o l, bu t a l s o  in  i t s  i n e f f i c i e n t  u t i l i s a t i o n  o f  carbohyd­

r a t e s .  A naerob ic r e s p ir a t io n  r e q u ir e s  a g r e a te r  r a te  o f  carbo­

h y d ra te  breakdown th an  does a e r o b ic  r e s p ir a t io n  f o r  th e  l ib e r a t i o n
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o f  th e  same amount o f  en erg y  (G rah le  I 966 , Larkum & Loughinan 19&9). 

T h is phenomenon, known as  th e  P a s te u r  e f f e c t ,  was f i r s t  d e m o n s tra t­

ed in  y e a s t  c e l l s ,  h u t h a s  a l s o  been  found to  o p e ra te  in  h ig h e r  

p la n t s  such as m aize (N eal & G ir to n  1955). The avo idance  o f  th e  

P a s te u r  e f f e c t  i n  f lo o d  t o l e r a n t  p la n ts  i s  th e r e f o r e  to  t h e i r  

advan tage  d-^ring p e r io d s  o f  f lo o d in g ,  when f lo o d  i n t o l e r a n t  p l a n t s  

a re  s u f f e r in g  from  a red u ced  en erg y  y ie ld  and a re  c o m p e ti t iv e ly  

l e s s  v ig o ro u s .

T here i s  some ev id en ce  f o r  th e  c o n v e rs io n  o r  f u r t h e r  m etab­

o lism  o f th e  p ro d u c ts  o f  a n a e ro b ic  r e s p i r a t i o n ,  f o r  th e  e th a n o l 

which accu m u la tes  when p ea  seed s im bibe w a te r  p r i o r  to  g e rm in a tio n  

may be su b se q u e n tly  m e ta b o lise d  by th e  g e rm in a tin g  s e e d lin g  (C o ss in s  

& T u rn er I 963 ) .  The c o n v e rs io n  o f  e t h a n o l - 1 w a s  fo llo w e d  in  

s e v e r a l  t i s s u e s ,  in c lu d in g  c a r r o t  d i s c s ,  p ea  c o ty le d o n s , c a s to r  

bean  endosperm , p o ta to  tu b e r s  and co rn  c o l e o p t i l e s ,  and th e  r e s u l t s  

su g g e s te d  i t s  c o n v e rs io n  to  a c e ty l  co-enzyme A ( C o ss in s  & B e e v jrs

1963) .  T h is a c e ty l  co-enzyme A co u ld  th e n  be f u r t h e r  m e ta b o lise d  

by th e  e s t a b l i s h e d  pa thw ays. I n  a d d i t io n ,  p l a n t s  grown under 

co n tin u o u s  and p ro lo n g e d  la c k  o f  oxygen su p p ly  to  th e  ro o ts  do 

n o t e x h ib i t  th e  h ig h  e th a n o l c o n te n t  found  i n  n o rm a lly  grown p l a n t s  

s u b je c te d  to  s h o r t  te rm  se v e re  oxygen d i f i c i e n c i e s  (A u b e r tin , 

Rickman & L e tey  I 966 ) .  T h is l a t t e r  f in d in g  moans t h a t  n o t o n ly  

i s  th e  e th a n o l  w hich form s i n i t i a l l y  upon oxygen d e f ic ie n c y  m etab­

o l i s e d  f u r t h e r ,  b u t  t h a t  t h e r e a f t e r  some o th e r  m e ta b o lic  ro u te
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o th e r  th a n  to  e th a n o l p ro d u c tio n  must be o p e ra t in g .

Even a llo w in g  f o r  th e  p o s s ib le  u t i l i s a t i o n  o f  fe rm e n ta tio n  

p ro d u c ts  in  f u r t h e r  m etabolism ^ th e  reduced  en erg y  y i e l d  o f  an ­

a e ro b ic  r e s p i r a t i o n  compared w ith  a e ro b ic  r e s p i r a t i o n  and th e  

acc u m u la tio n  o f  to x ic  p ro d u c ts  such as e th a n o l  im p art d e f i n i t e  

d isa d v a n ta g e s  to  th o se  t i s s u e s  in  which i t  o c c u rs , l l i i l e  th e  

sw itch  to  a n a e ro b ic  r e s p i r a t i o n  may be to  overcome m erely  i n t e r ­

m i t te n t  p e r io d s  o f  a n o x ia , n e v e r th e le s s  th o se  p la n t s  which can 

evade a n a e ro b ic  r e s p i r a t i o n  a l to g e th e r  .are a t  an a d v an tag e , and 

th e r e  i s  ev id en ce  t h a t  b e n e f i c i a l  a d a p ta t io n s  o f  t h i s  n a tu re  o p e r­

a te  w ith  re g a rd  to  f lo o d  to le ra n c e *  Under a n a e ro b ic  c o n d it io n s  

th e  ro o ts  o f  s p e c ie s  i n t o l e r a n t  to  f lo o d in g  showed marked in c r e a s e s  

in  carbon  d io x id e  and e th a n o l  p ro d u c tio n , and an in c re a s e  in  a l ­

cohol dehydrogenase  a c t i v i t y  (C raw ford  I 966 , C raw ford 1967b , Craw­

f o r d  & McManmon I 968 ) ,  Under s im i la r  c o n d it io n s  th e r e  were none 

o f  th e s e  re sp o n se s  i n  th e  f lo o d  t o l e r a n t  s p e c ie s ,  and i t  i s  sugg­

e s te d  t h a t  i t  i s  t h i s  av o id an ce  o f  a n a e ro b ic  r e s p i r a t i o n  w hich 

h e lp s  t h e i r  s u r v iv a l  d u rin g  p e r io d s  o f  f lo o d in g .

INFLUENCING FACTORS OTHER THM ANAEROBIOSIS

W hile c o n s id e r in g  th e  e f f e c t  o f  f lo o d in g - in d u c e d  a n a e ro b io s is  

on th e  o rg a n ic  a c id  component o f  ro o t  t i s s u e  m etabo lism , i t  i s
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a ls o  im p o rta n t to  c o n s id e r  any o th e r  f a c to r s  which m ight he a f f e c t in g  

th e  a c id  l e v e l s .  One such f a c t o r  i s  th e  c a t io n -a n io n  b a la n c e  i n  

th e  r o o t  t i s s u e s .

The a b s o rp t io n  o f  c a t io n s  and a n io n s  by p la n t  r o o ts  does 

n o t n e c e s s a r i l y  o ccu r a t  e q u a l r a t e s  from  even a  s in g le  s a l t  s o l ­

u t io n ,  and p r e f e r e n t i a l  a b s o rp t io n  o f io n s  from  th e  e x te r n a l  en­

v ironm ent i s  n o t an uncommon phenomenon (Ja co b so n  & O rd in  1954 ).

S ince  th e  t o t a l  charge  o f  th e  io n s  in s id e  p la n t  c e l l s  must be 

e l e c t r i c a l l y  e q u a l to  z e ro , th e r e  must be mechanisms a v a i la b le  

f o r  m a in ta in in g  c a t io n -a n io n  e q u iv a lo n c c  fo llo w in g  unequal io n  

a b s o rp t io n .  N o tw ith s ta n d in g  exchange f o r  p re v io u s ly  ab so rb ed  

io n s ,  th e  raa in ta in an c e  o f  io n  b a la n ce  may depend upon m e ta b o lic  

changes w ith in  th e  r o o t ,  and th e r e  i s  ev id en ce  t h a t  th e  m ost im­

p o r ta n t  means o f  io n  com pensation  l i e s  w ith in  a l t e r a t i o n s  to  th e  

m alic  a c id  f r a c t i o n  o f  th e  o rg a n ic  a c id s  o f  th e  r o o t s  (Ja co b sen  

& O rd in  1 9 54 ). E xcess c a t io n  u p ta k e , r e l a t i v e  to  a n io n  u p ta k e , 

has been  shown to  r e s u l t  i n  an  in c re a s e  i n  TCA c y c le  a c id s  (Jo h n ­

son , Jack so n  ,1 Adams 1963)? and when ex cess  a n io n  up tak e  o c cu rs  

th e r e  i s  l ik e w is e  a  d e c re a se  i n  th e  a c id s .  Changes in  c e l l  sap 

pH, which wore p r o p o r t io n a l  to  o rg an ic  a c id  changes in  th e  r o o t s ,  

were induced  by un b a lan ced  io n  up tak e  in  e x c is e d b a r le y  r o o ts  

w ith in  15 m inu tes ( H ia t t  I 9 6 7 ) .

The a c id  changes which r e s u l t  from  ex cess  c a t io n  o r  an io n



80.
u p tak e  p ro b ab ly  ooour w ith in  c e l l  v acu o les  ( T o r i i  & L a t ie s  I 966) .  

C e r ta in ly ,  th e  norm al fu n c t io n in g  o f th e  TCA c y c le  canno t acco u n t 

f o r  th e  changes, a s  m alic  a c id  i s  a  member o f  th e  c y c le , and some 

p o o l system  has to  be v i s u a l i s e d  to  accommodate th e  m ala te  in c r e a s e s  

and d e c re a se s  w hich have beon o b se rv ed . I t  i s  a ls o  u n l ik e ly  t h a t  

o rg a n ic  a c id  p ro d u c tio n  upon ex cess  c a t io n  u p tak e  o ccu rs  th ro u g h  

th e  o x id a t iv e  d eam in a tio n  o f  amino a c id s ,  f o r  in  e x c ise d  b a r le y  

r o o ts  th e r e  vras no c o r r e l a t io n  betw een th e  fo rm a tio n  o f  o rg a n ic  

a c id s  and t h a t  o f  ammonia o r  am ides, as would have been  n e c e s sa ry  

to  su p p o rt t h i s  th e o ry  ( U lr ic h  1941) .

I t  c o u ld  be a rg u ed  t h a t ,  s in c e  ex ce ss  c a t io n  u p tak e  can le a d  

to  in c re a s e d  m alic  a c id  c o n te n t  in  th e  r o o t s ,  th e  o bserved  r i s e  

i n  m ala te  l e v e l  i n  th e  r o o t s  o f f lo o d e d  h e lo p h y te s  may be a  rc f -  

l e c t i o n  o f  in c re a s e d  c a t io n  up tak e  fo llo w in g  th e  p ro v is io n  o f  

H o a g lan d 's  s o lu t io n .  However, i t  must be p o in te d  o u t t h a t  am. 

in c re a s e  in  th e  r a t e  o f  c a t io n  up tak e  in  tu r n  su g g e s ts  t h a t  t l  3 

r a t e  o f  r e s  i r a t i o n  in  th e  r o o t  t i s s u e s  h a s  in c re a s e d .  F u r th e r ­

more, t h i s  in c re a s e  in  t i s s u e  r e s p i r a t i o n  upon f lo o d in g  i n  the 

h e lo p h y te s  can be compared w ith  th e  s i t u a t i o n  i n  th e  f lo o d e d  > 3n - 

h e lo p h y te s , where th e r e  h a s  been  no in c re a s e  in  m a lic  a c id ,  he nee 

no in c re a s e d  c a t io n  u p tak e  and hence no in c re a s e  in  th e  r a t e  c f  

r e s p i r a t i o n .  In  o th e r  w ords, th e  v a l i d i t y  o f  th e  th e o ry  t h a t  

f lo o d  to le r a n c e  i n  r o o t s  can be r e l a t e d  to  a s p e c ts  o f  th e  o rg a n ic  

a c id  m etabo lism  i s  n o t a f f e c te d  by any a c id  change b ro u g h t abou t



81 c

by un b a lan ced  io n  a b s o rp t io n .

A f u r t h e r  in f lu e n c in g  f a c t o r  on th e  o rg a n ic  a c id  l e v e l s  h a s  

been  m entioned  e a r l i e r ,  nam ely t h a t  o f  a  r o l e  i n  c a rb o h y d ra te  

s to ra g e .  Tho h ig h  l e v e l s  o f  sh ik im ic  a c id  i n  th e  l a r g e ,  f l e s h y  

rh izom es o f  I r i s  p se u d ac o ru s  and Nuphar l u t e a  su g g e s t t h a t  changes 

in  l e v e l s  o f  t h i s  a o id , and u ro b a b ly  o f m ala te  a l s o ,  a re  more 

r e l a t e d  to  th e  u t i l i s a t i o n  o f  c a rb o h y d ra te , r e s e r v e s  th a n  to  p a th ­

ways concerned  w ith  f lo o d  to le r a n c e .

O rganic a c id  f l u c t u a t i o n s  i n  p la n t  t i s s u e s  may be a ls o  a t t r i b ­

u te d  to  ’com partm entation*  o f  th e s e  a c id s  in to  'p o o l s ' w i th in  th e  

c e l l s .  The p re se n c e  o f  such p o o ls ,  where l a r g e  amounts o f  in d iv id ­

u a l  a c id s  a re  p h y s ic a l ly  rem ote from  th e  r e s p i r a t o r y  c e n t r e s ,  h a s  

been  d em o n s tra ted  i n  r o o t  t i s s u e s  in  m aize , c a r r o t  and b e e t  (T ab le  12)

T able 12. Amounts o f  in d iv id u a l  a c id s  e s t im a te d  to  be i n  t u r n ­

o v er p o o ls  (jj mole /  g f r e s h  w e ig h t) .  (From HacLennan, 

B eovers & H a rle y  1963)»

A cid  m aize r o o t  c a r r o t  r o o t  b e e t  ro o t  w heat l e a f
( 1 s t  cm)

C i t r i c  0 .3 5  0 .6 0  0 .86  0 .09

S u c c in ic  0 .1 8  -  -  0 .15

M alic  1 .95  0 .8 0  0 .? 6  0 .39
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I n  th e  p r e s e n t  work th e  l a r g e  changes w hich were found  i n  

s e v e r a l  o f th e  a c id s  in d ic a te  t h a t  th e y  cou ld  n o t be s to ra g e  p ro d ­

u c ts  i s o la te d  from  a c t iv e  c e l l  m etabo lism , and th e  fo rm a tio n  o f 

new a c id s  m ust have been  in  th e  cy top lasm  and n o t i s o l a t e d  from  

enzyme s ,

ÎÆSTABOLIC ADAPTATIONS WITH REGARD TO ECOLOGICAL AMPLITUDE

P la n t  s p e c ie s  which a re  m e ta b o l ic a l ly  a d a p te d  to  w ith s ta n d  

p e r io d s  o f  a d v e rse  c o n d i t io n s ,  such as f lo o d in g , a re  a t  an advan­

ta g e  over th o se  in  whom th e r e  i s  no such a d a p ta t io n .  The fo rm er 

ty p e  o f p la n t  may s u rv iv e  and even f l o u r i s h  in  a h a b i t a t  where 

a tem p o rary , s h o r t - te r m  p e r io d  o f  f lo o d in g  e x c lu d es  th o se  non­

a d a p te d , n o n - to le r a n t  s p e c ie s .  The d i s t r i b u t i o n  o f  sp e c ie s  i i  

and around  such s i t e s  i l l u s t r a t e s  t h e i r  e c o lo g ic a l  am p litu d e  j n 

r e s p e c t  o f  f lo o d in g .  F or exam ple, w ith in  th e  genus E r ic a , e x p e r i ­

m en tal f lo o d in g  r e t a r d s  th e  grow th and may even k i l l  E. c in e r c a ,  

b u t does n o t a f f e c t  E. t e t r a l i x , and in  th e  f i e l d  th o se  s i t e s  

su p p o rtin g  E . t e t r a l i x  te n d  to  be w a te rlo g g ed , y e t  th o se  s u p p c r t -  

in g  E. c in e r e a  much d r i e r  (B a n n is te r  1964a , 1964b ) . In  a d d i t io n  

to  i n t e r s p e c i f i c  d i f f e r e n c e s  th e r e  may a ls o  be i n t r a s p e c i f i c  ones, 

f o r  in  S en ec io  v u lg a r i s  th e  f lo o d in g  to le ra n c e  o f  a  g a rd en  ra c e  

was found  to  be g r e a t e r  th a n  t h a t  o f a sand-dune ra c e  (C raw ford  

1966)0 T h is  i n t r a s p e c i f i c  d i f f e r e n c e  i n  to le r a n c e  to  f lo o d in g .
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w hich in  th e  p re v io u s  example was a s c r ib e d  to  th e  a b i l i t y  o r  o th e r ­

w ise to  a v o id  p e r io d s  o f  g ly c o ly s i s ,  i n d ic a t e s  some o f  th e  ran g e  

and p o t e n t i a l  o f  m e ta b o lic  a d a p ta t io n s .

One o f th e  a d v an tag es  o f  m e ta b o lic  over m o rp h o lo g ica l a d a p t­

a t io n s  i s  t h a t  th e  fo rm er o p e ra te  on ly  when c o n d it io n s  make i t  

n e c e s s a ry , and a t  o th e r  tim es and under norm al c o n d it io n s  th e  

m etabo lism  o f  a d a p te d  and u n ad ap ted  p la n t s  would be i n d i s t i n g u i s h ­

a b le .  Under tim e s  o f  s t r e s s ,  such as f lo o d in g ,  th e  s p e c ie s  which 

can ad ap t i t s  m etabo lism  does so f o r  as long  a s  th e  c o n d it io n s  

p e r s i s t ,  th e n  r e v e r t s  to  i t s  norm al m etabo lism , le a v in g  th e  n^n - 

a d ap ted  p la n t  checked i n  i t s  grow th  and p e rh ap s  even k i l l e d  th ro u g h  

i t s  i n a b i l i t y  to  a v o id  th e  i l l - e f f e c t s  o f th e  p a r t i c u l a r  s t r e s s .

I t  i s  easy  to  v i s u a l i s e  t h a t  even a  tem porary  check  on grow th 

w i l l  p u t th e  n o n -ad a n ted  p la n t  a t  a  perm anent d is a d v a n ta g e , e sp e c ­

i a l l y  i f ,  say , th e  c a u s a l ' e f f e c t  was a  p e r io d  o f  f lo o d in g  in  s p r in g  

when grow th i s  n o rm ally  m ost v ig o ro u s . I t  can th u s  be seen  how 

th e  a d ap ted  p la n t s  can s u rv iv e  and f l o u r i s h  in  a re a s  from  which 

th e  n o n -ad a p ted  ones a re  ex c lu d ed , even though  th e  p a r t i c u l a r  

m e ta b o lic  a d a p ta t io n  i s  i n  o p e ra t io n  f o r  o n ly  a sm a ll p a r t  o f  th e  

t im e . M o rp h o lo g ica l a d a p ta t io n s ,  w h ile  e n a b lin g  a  p la n t  to  s u r ­

v iv e  in  a re a s  from  w hich i t  would o th e rw ise  be e x c lu d ed , do n o t 

have th e  p l a s t i c i t y  i n  o p e ra t io n  o f  m e tab o lic  a d a p ta t io n s .  Morph­

o lo g ic a l  a d a p ta t io n s  canno t be sw itch ed  on and o f f  i n  re sp o n se  

to  changes i n  c o n d it io n s  and a re  th e r e f o r e  more s u i t e d  to  a  p a r -
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s i s t e n t  e n v iro n m en ta l s t r e s s  r a t h e r  th an  a  tem p o rary  one.

M etab o lic  a d a p ta t io n s  to  a d v e rse  c o n d it io n s  o th e r  th a n  f lo o d ­

in g  have been  o b se rv ed , and have shown some s im i la r  p o in ts  o f  

i n t e r e s t .  For exam ple, p o p u la t io n s  o f A g ro s tis  t e n u is  cap ab le  

o f  grow ing in  l e a d  co n tam in a ted  s o i l  c o u ld  be ta k e n  from  th o se  

grow ing n a tu r a l l y  i n  a  le a d  m ine, w hereas p o p u la t io n s  from  n o r ­

mal p a s tu r e s  c o u ld  n o t t o l e r a t e  th e  e x p e rim e n ta l l e v e l s  (Bradshaw 

1960 ) .  S im i la r ly ,  p o p u la t io n s  o f A g ro s tis  t e n u is  and A. s to lo n -  

i f e r a  from  s i t e s  c o n tam in a ted  by heavy m e ta ls  were t e s t e d  f o r  

to le r a n c e  to  co p p er, n i c k e l ,  z in c  and le a d ,  and each p o p u la t io n  

showed a  m arked d eg ree  o f  r e s i s t a n c e  to  p o iso n in g  by th e  m e ta ls  

Icnown to  be p r e s e n t  in  th e  c o l l e c t io n  s i t e s  ( Jo w e tt  1953 ), I n t e r ­

s p e c i f i c  d i f f e r e n c e s  have a ls o  been  d e s c r ib e d , a s  in  th e  in c r e a s in g  

to le r a n c e  o f  alum inium  shovai b y  A g ro s tis  s t o l o n i f e r a , A. t e n u i s ,

A. c a n in a  and A. s e ta e e g  r e s p e c t iv e ly  (C la rk so n  I 966 ) .  F u r th e r ­

more, i n t r a - s p e c i f i c  d i f f e r e n c e s  i n  r e s i s t a n c e  to  alum inium  to x ­

i c i t y  have been  shown by ry e g ra s s  v a r i e t i e s  (Vose & R a n d a ll ^^ 6 2 ) ,  

A p art from  th e s e  r e s u l t s  in  h ig h e r  p l a n t s ,  th e r e  i s  a ls o  th e  r e s ­

is ta n c e  to  g r e a t ly  in c re a s e d  copper l e v e l s  in  th e  s o i l  a s  shown, 

by th e  'co p p er m osses ' D ryptodon a t r a tu s  and M ie lic h h o fe r ia  e lo n -  

g a ta  (M artensson  & B erggren  1954). A d i f f e r e n t  ty p e  o f  m e ta b o lic  

a d a p ta t io n  h as been  r e p o r te d  i n  Polygonum b i s t o r t o i d e s , where th e

a l p i n e  p l a n t s  h a v e  h i g h e r  r e s p i r a t i o n  r a t e s  t h a n  t h e  c o a s t a l  o n e s  

i n  o r d e r  t o  a d a p t  t o  t h e  t h e r m a l  r e g i m e  o f  t h e  e n v i r o n m e n t  (M o c n e y
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1963) .  Thus n o t o n ly  a re  m e ta b o lic  a d a p ta t io n s  more l i k e l y  t i  

o p e ra te  o n ly  when th e  c o n d it io n s  n e c e s s i t a t e ,  b u t  th e y  can in - lu d e  

to le ra n c e  to  a wide ran g e  o f  a d v e rse  e f f e c t s  a g a in s t  w hich th '^ re  

i s  no rao rn h o lo g ica l a d a p ta t io n .

The w iden ing  ran g e  o f  m e ta b o lic  a d a p ta t io n s  t h a t  have been  

r e p o r te d  co n firm  th e  e x is te n c e  o f  p h y s io lo g ic a l ly  d i f f e r e n t  p sp­

u t a t i o n s ,  o r 'e d a p h ic  e c o ty p e s ' (Bradshaw & Snaydon 1959, Snaydon 

& Bradshaw I 96I ) .  IVhere th e r e  a re  th e s e  d i f f e r e n t i a l  re sp o n se s  

to  en v iro n m en ta l f a c t o r s  w ith in  s p e c ie s  th e m se lv e s , th e n  i t  fo l lo w s  

t h a t  th o se  p o p u la t io n s  p o s s e s s in g  th e  a b i l i t y  to  resp o n d  to  some 

p a r t i c u l a r  s t r e s s  w i l l  be e c o lo g ic a l ly  fa v o u re d , and have a  g r e a t ­

e r  a m p litu d s  th a n  th o se  p o p u la t io n s  w ith o u t th e  a b i l i t y .  Temp­

o ra ry  f lo o d in g  o f  th e  h a b i t a t  i s  an c -ample o f  such an e n v iro n ­

m en tal s t r e s s ,  and th e  m e ta b o lic  adaj c a tio n s  p o ss e s se d  by some 

p l a n t s  to  w ith s ta n d  t h i s  a d v e rse  conf I t io n  a re  f a c t o r s  ".n the) r  

a b i l i t y  to  invade  th e s e  w a te rlo g g ed  r i t e s  and e x te n d  th  i r  e c o l­

o g ic a l  ran g  3 *

CONCLUSIONS

The v/ork d e s c r ib e d  i n  t h i s  th e s :  3 h as a tte m p te d  to  s tu d y  

th e  o rg a n ic  a c id  m etabo lism  o f  th e  r^  o ts  o f  h ig h e r  p la n  is  in  r e l a t i o n  

to  t h e i r  f lo o d in g  to le r a n c e .  M ic ro -e s tim a tio n s  o f  th e  v a r io u s
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o rg a n ic  a c id s  have in d ic a te d  th a t  th e r e  are f lu c t u a t io n s  in  t h e i r  

l e v e l s  w h ich can , in  some p a r t ,  he a t tr ib u t e d  to  p e r io d s  o f  f lo o d -  

induced  a n a e r o b io s is  in  th e  r o o t s .  The o rg a n ic  a c id  m etabolicm  

o f  f lo o d  t o le r a n t  s p e c ie s  d i f f e r s  upon f lo o d in g  from  th a t  o f  non- 

tr>loT>''-nt s p e c ie s ,  and i t  i s  su g g e ste d  th a t  th e se  changes are  p a r t  

o f  th e  m eta b o lic  a d a p ta t io n s  p o s s e s se d  by th e  form er group which  

en a b le  them to  compoto successfully in  h a b i ta t s  prone to  w a ter­

lo g g in g .

The a c id  l e v e l s  in  th e  r o o t  t i s s u e s  ten d  to  f o l lo w  th e  gen­

e r a l  p a t te r n  fo r  a l l  p la n t  t i s s u e s ,  w ith  m a lic  )> c i t r i c  s u c c in ic  

y  l a c t i c .  The r e la t i o n  o f  tho a c id  m etabolism  to  f lo o d in g  t o l ­

erance l i e s  in  th e  s u c c in a te  in c r e a s e  in  f lo o d e d  n o n -h e lo p h y te s ,  

wh ich su g g e s ts  an in h ib i t i o n  and b lo ck  o f  th e  TCA c y c le ,  and th e  

m alate in c r e a s e  in  f lo o d e d  h e lo p h y te s , w h ich s u g g e s ts  c o n t in u e l  

r e s p ir a to r y  a c t i v i t y  w ith  th e  tem porary p r o v is io n  fo r  m a lic  a c \d  

accum ula tion* These a c id  changes were r a p id ly  in d u ced  by th e  

f lo o d in g  tr e a tm e n t, and in  th e  h elop h yb es t h i s  i s  im portant n ot  

o n ly  from th e  v ie w p o in t  o f  a su r v iv a l mechanism upon th e  o n se t  

o f  f lo o d in g ,  bu t as a means o f  qu ick  and r e l i a b l e  p r e d ic t io n  o f  

a p la n t ’ s f lo o d  to le r a n c e .

The l a t t e r  p o in t  can be expanded to  co v er  th e  p ro b l m o f  

f lo o d  to le r a n c e  in  c u l t iv a t e d  p la n t s ,  f o r  as lo n g  as sp r in g  f lo o d ­

in g  c o n t in u e s  to  cau se l o s s  and damage to  crop s th en  any means
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o f  in c r e a s in g  th e  p l a n t s '  r e s i s t a n c e  to  f lo o d  in ju r y  i s  worthy, 

o f  i n v e s t i g a t io n .  There a re  s e v e ra l  r e p o r t s  on th e  a d v e rse  i f f e c t s  

o f  s p r in g  f lo o d in g  on d i f f e r e n t  c lo v e r s ,  and in d ic a t io n s  t h a t  

some o f  th e s e  v a r i e t i e s  p o s s e s s  g r e a te r  to le r a n c e  to  f lo o d in g  

th a n  o th e r s  and a re  th e r e f o r e  more s u i te d  to  f lo o d -p ro n e  a re a s  

(McKenzie 1931? B endixen 1  P o te rso n  19&2, H ovoland & W ebster 1)65),. 

The p re s e n t  vrork su g g e s ts  t h a t  i f  s t r a i n s  o f  a  p a r t i c u l a r  s p e c le s  

a re  f lo o d  t o l e r a n t ,  th e y  can be d e te c te d  on th e  b a s i s  o f t h e i i  

o rg a n ic  a c id  m etabo lism  upon e x p e rim e n ta l f lo o d in g .  A p rogran  le 

o f  p la n t  b re e d in g  in  which s e le c t io n  v;as f o r  th e  a b i l i t y  to  ad ap t 

m e ta b o l ic a l ly  and w ith s ta n d  f lo o d in g  co u ld  th e n  produce th e  se^d  

m a te r ia l  r e q u ir e d  f o r  u se , i n  p re fe re n c e  to  t h a t  o f  s u s c e p tib le  

s t r a i n s ,  on ground prone to  p e r io d s  o f w a te r lo g g in g . The s e g re ­

g a t io n  o f  p h y s io lo g ic a l  c h a r a c t e r i s t i c s  i s  .as f e a s ib l e  a s  t h a t  o f 

m o rp h o lo g ica l ones (H iesey  & M iln er 1165 ) .  S e le c t io n  f o r  r e s i s ­

ta n c e  to  alum inium  h as a lr e a d y  been r e p o r te d  (Vose Sz R andadl 1^62), 

and M a rsh a ll and M il l in g to n  ( I 967 ) have s u c c e s s f u l ly  c ro s se d  s t r a i n s  

o f  c lo v e r  f o r  th e  p ro d u c tio n  o f  in c re a s e d  f lo o d  to le r a n c e  i n  th e  

p rogeny .
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1 . The o rg a n ic  a c id  m etabolism  o f  th e  r o o t s  o f  w o t- la n i  

s p e c ie s  (h e lo p h y te s )  and t h a t  o f  d ry - la n d  s p e c ie s  (non- 

h e lo p h y te s )  has been  examined in  r e l a t i o n  to  t h e i r  t o l e r ­

ance to  p e r io d s  o f e x p e rim e n ta l f lo o d in g .  Growth d i f f e r ­

ences betw een h e lo p h y te s  and n o n -h e lo p h y te s  were a p p a re n t 

on ly  a f t e r  an 18 -day  f lo o d  p e r io d , y e t  w ith in  fo u r  days o f  

f lo o d in g  d i f f e r e n c e s  c o u ld  be observed  i n  th e  l e v e l s  o f  c e r ­

t a i n  o rg a n ic  ac id s.. F lo o d in g  in  h e lo p h y te s  in c re a s e d  th e  

l e v e l  o f  r o o t  m alic  a c id ,  and d e c rea se d  t h a t  o f  s u c c in ic  

and l a c t i c  a c id ,  w hereas th e  r e v e rs e  was found  in  non-hel' o- 

phytesv.

2. T here vfas ev id en ce  t h a t  under n a tu r a l  f lo o d e d  c o n d it io n s  

th e  ro o t  t i s s u e s  o f  some w e t- la n d  s p e c ie s  c o n ta in  l a r g e r  

am ounts o f m alic  a c id  th a n  when th e  f lo o d  w a te r  h as reced ed  

and ground a e r a t io n  im proves. S h ik im ic  a c id  has been  d e te c t ­

ed in  a q u a t ic  m acrophytes and th e  f l u c t u a t i n g  l e v e l s  o f  s h ik -  

im ate  in  I r i s  p seu d aco ru s  and Nuphar l u t e a  a re  d is c u s s e d .

The o rg a n ic  a c id  changes r e la t e d  to  f lo o d  to le r a n c e  

o p era te  o n ly  under p a r t ia l  a n ox:a , and under th e  s t r i c t l y  

a n a ero b ic  c o n d it io n s  imposed by in c u b a t io n  o f  ro o t  t is s u e  

under n itr o g e n , th e r e  was a g en era l r e d u c t io n  in  a l l  a c id  

l e v e l s  e x c ep t l a c t a t e .
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4 . I t  i s  su g g e s te d  t h a t  n o n -h e lo p h y te s  canno t t o l e r a t e

f lo o d in g  th ro u g h  an i n a b i l i t y  to  c o n tin u e  TCA c y c le  r e s p i r ­

a t io n  d u rin g  p e r io d s  o f  red u ced  oxygen su p p ly , and th ro u g h  

th e  p o iso n in g  e f f e c t s  o f  e th a n o l accu m u la tio n . H elophyte  

s p e c ie s  a p p ea r to  bo m e ta b o l ic a l ly  a d ap ted  to  overcome p e r ­

io d s  o f  f lo o d - in d u c e d  a n o x ia , and t i s s u e  r e s p i r a t i o n  c o n t in ­

ues w ith  th e  p r o v is io n  f o r  m alic  a c id  accu m u la tio n  and nc 

b u ild -u p  o f  e th a n o l .

3o A to le r a n c e  o f  f lo o d in g ,  in v o lv in g  a d a p ta t io n s  o f  th o

o rg a n ic  a c id  m etabo lism  o f  th e  r o o t s ,  has been  d em o n stra ted  

in  h e lo p h y te  s p e c ie s .  T h is  m e ta b o lic  a d a p ta t io n  i s  r a p id ly  

in d u ced , th u s  o f f e r in g  im m ediate p r o te c t io n  upon f lo o d in g  

a n o x ia , and i t s  im p o rtan ce  in  d e te rm in in g  th e  e c o lo g ic a l  

am p litu d e  o f  a  s p e c ie s  and i t s  p o s s ib le  r o le  i n  f u tu r e  p ro ­

d u c tio n  o f  f lo o d  t o l e r a n t  s t r a i n s ,  a re  d is c u s s e d .
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( i )

HOAGLAND CULTURE SOLUTION

From Thomas, Ranson and R ich a rd so n  (1 9 5 6 ).

R eag en ts : A. S o lu t io n  o f  e s s e n t i a l  m a o ro n u tr ie n ts .

ml i n  1 l i t r e  o f n u t r i e n t  s o lu t io n  

M/l KH^PO, 1

M/1 KNO. 5

I'4/1 Ca(NO,)g, 3

îv̂ /l MgSO, 2

B, S o lu t io n  o f  e s s e n t i a l  m io ro n u tr ie n ts  ( l e s s  i r o n ) .

g d is s o lv e d  i n  1 l i t r e  o f  w a te r

H,BO, 2 .86
3 3

îvInClgcifH^O 1.81

ZnSO, . THgO 0 .22

CuSO, .5H^0 0 .08

HgMoO, .HgO 0.09

M ethod; To each l i t r e  o f  s o lu t io n  A, 1 ml o f  s o lu t io n  B i s  added, 

so g iv in g  ppm. o f  th e  m io ro n u tr ie n ts  a s  s t a t e d  i n  b r a c k e ts ;  boron  ( 0 .5 ) ,  

manganese ( 0 . 5 ) ,  z in c  ( 0 . 05 ) ,  copper (0 .0 2 )  and molybdenum ( 0 .0 5 ) .

I ro n  sh o u ld  be added i n  th e  form  o f 0 .0 5 ^  f e r r i c  t a r t r a t e  s o lu t io n ,  

a t  th e  r a t e  o f  1 ml p e r  l i t r e .  The r e a c t io n  o f  th e  s o lu t io n  sho u ld  

be a d ju s te d  to  pH 6 ,0  by add ing  3% KOH o r  0.1N HgSO^.



(ii)
ENZYMIC DETERMINATION OF MALIC ACID 

From Borgmeyer ( 1965) .

R eag en ts : H y d ra z in e -g ly c in e  b u f f e r  (0*4 M h y d ra z in e ; 1 M g ly c in e ;

pH 9 . 5 )* D isso lv e  7 -5  g g ly c in e ,  5 .2  g h y d ra z in e  su lp h a te  

and 0*2 g EDTA-Na^H^. 2HgO i n  d i s t i l l e d  w a te r  and d i lu t e  to  

100 ml* T h is s to c k  s o lu t io n  i s  s ta b le  and sm a ll p o r t io n s  

can be a d ju s te d  to  pH 9-5? u s in g  2N NaOH, as  r e q u ir e d .

M alic dehydrogenase (îvQ)H) (Commercial p r e p a r a t io n ) .

N ic o tin am id e -a d en in e  d in u c le o t id e  (NAD) (Com m ercial p r e p a r a t io n )

Method :

M alate + NAD ^  o x a lo a c e ta te  + NADH

The a ro u n t o f NAD red u ced  to  NADH i s  d e te rm in ed  from  th e

change in  e x t in c t io n  (A E  . ) a t  th e  end o f  th e  r e a c t io n ,  m eas-1 cm'

u re d  on th e  sp e c tro p h o to m e te r  a t  334 nm. The A S   ̂ f o r  1 j i  

mole o f  m ala te  i s  2 .0 .  T e s t  r e a c t io n s  a re  c a r r i e d  o u t a s  shuivn :

C uvette I I I I I I

G ly c ire  b u f f e r 1 .9 1 .9 1-9

E x tr a c t 0 .5 0 .25 0 .0

^ 2° 0 .5 0 .75 1 .0

NAD 0 .03 0.03 0.03

MDH 0.03 0.03 0 .03

T o ta l volume i n  ml 2 .96 2.96 2 .96



(iii)
ÜMZYMIC DETEmgMTIOM OF LACTIC ACID 

From Bergmeyer ( I 963)*

R eag en ts : H y d ra z in e -g ly c in e  B u f fe r  (0»if M h y d ra z in e ; 1 M g ly c in e ;

pH 9 - 5 ) «* D isso lv e  7*5 g g ly c in e , 5 .2  g h y d ra z in e  s u lp h a te  

and 0 ,2  g FDTA-Ha^Hg,25^0 i n  d i s t i l l e d  w a te r  and d i lu t e  to  

100 mlo T h is s to c k  s o lu t io n  i s  s t a b le  and can be a d ju s te d  

to  pH 9*5, u s in g  2N NaOH, a s  r e q u ir e d .

L a c tic  dehydrogenase  (LDH) (Commercial p r e p a r a t i o n ) .

H ie o tin a ro id e -a d e n in e  d in u c le o t id e  (NAD) (Com mercial p r e p a r a t io n )

Method:

L a c ta te  + NAD —— —- ^  p y ru v a te  + NADH 

The amount o f  NAD red u ced  to  NADH i s  d e te rm in ed  from  th e  change 

i n  e x t in c t io n  ( A l   ̂ a t  th e  end o f th e  r e a c t io n ,  m easured on 

th e  sp e c tro p h o to m e te r  a t  354- nm. The AH  ̂ f o r  1 ja mole l a c t a t e  

i s  2.0c T ec t r e a c t io n s  a re  c a r r i e d  o u t as shown below :

C uvette I I I I I I

G ly c in e  b u f f e r 1*9 1 .9 1*9

E x tr a c t 0 .5 0 .25 0 .0

HgO 0 .5 0 .75 1 .0

NAD 0.03 0.03 0 .03

LDH 0.03 0.03 0.03

T o ta l "“olume i n  ml 2 .96 2.96 2 .96



(iv)
EHZYJHC DETEEÎtINATION OP OXALOACETIC ACID

Prom Bergmeyer (1 9 63 )•

R eag en ts : T rie th a n o la m in e  B u ffe r  (O.A M; pH 7 » 6 ). D isso lv e  1 8 .6  g

t r ie th a n o la m in e  h y d ro c h lo r id e  i n  abou t 200 ml d i s t i l l e d  w a te r , 

add 3*7 S EDTA-Na^H^*SH^O and abou t 18 ml 2N NaOH t o  a d ju s t  

th e  pH to  7*6" D ilu te  to  250 ml w ith  d i s t i l l e d  w a te r .

M alic dehydrogenase (l\CDH) (Com mercial p r e p a r a t io n ) .

Reduced n io o tin a m id e -a d e n in e  d in u c le o t id e  (NADH) (Com mercial 

p r e p a r a t i o n ) .

Method :

o x a lo a c e ta te  + KADH m ala te NAD

The amount o f  NADH o x id is e d  to  NAD i s  d e te rm in ed  from  th e

change in  e x t in c t io n  (A E  . ) a t  th e  end o f  th e  r e a c t io n ,  m eas-
1 cm '

u red  on th e  sp e c tro p h o to m e te r  a t  334 nm. The AN  ̂ f o r  1 jx mole 

o x a lo a c e ta te  i s  2 .0 . T e s t  r e a c t io n s  a re  c a r r i e d  o u t a s  shown below;

C uvette I I I I I I

T rie th a n o la m in e  b u f f e r 1 .9 1 .9 1 .9

E x tr a c t 0 ,5 0 .25 0 .0

H^O 0 .5 0 .75 1 .0

NADH 0.03 0 .03 0.03

MDH 0.03 0.03 0.03

T o ta l  volume in  ml 2 .96 2 .96 2 .96



(v)
PREPARATION OP ACONITASE EHZms

From Bergmeyer (1 9 ^ 3 )°

R eag en ts ; 90% a c e to n e .

C i t r a t e  b u f f e r .  0 .004  M c i t r i c  a c id ;  add 0,1 M NaOH to  a d ju s t  

th e  pH to  3*8"

M ethod: The v e n t r i c u l a r  m uscle o f a f r e s h ly  k i l l e d  p i g ’ s h e a r t

was hom ogenised w ith  th r e e  tim es i t s  ovm volume o f  c h i l l e d  c i t r a t e  

b u f f e r .  The hom ogenate was l e f t  to  s ta n d  a t  4^C f o r  20 m in u te s , 

th e n  c e n tr ifu g e d  a t  9 ,000  r .p .m . a t  Ô C f o r  20 m in u te s . The su p e r­

n a ta n t  v/as d e c a n te d , th e n  c h i l l e d  90% a ce to n e  was added to  make 

th e  c o n c e n tra t io n  o f  a ce to n e  up to  35%- A f te r  s ta n d in g  a t  4^C 

f o r  20 m inu tes th e  p r e p a r a t io n  was c e n tr fu g e d  a t  9 ,0 0 0  r .p .m . 

a t  “ 5^C f o r  20 m in u te s , d e ca n te d  and c h i l l e d  90% a ce to n e  added 

to  th e  su p e rn a ta n t  to  make th e  c o n c e n tra t io n  o f  a c e to n e  up to  

45%- A f te r  s ta n d in g  a t  4°C f o r  a  f u r t h e r  20 m in u te s , c e n t r i f u g in g  

a t  9 ,000  r .p .m . a t  -10°C f o r  20 m inu tes and d e c a n tin g , th e  p r e c ip ­

i t a t e  was d is s o lv e d  i n  c h i l l e d  d i s t i l l e d  w a te r to  g iv e  an aqueous 

s o lu t io n  o f a c o n i ta s e .  The a c t i v i t y  o f  th e  enzyme p r e p a r a t io n ,  

Tfhich i s  r e ta in e d  f o r  a lm o st two weeks a t  4^C, was checked w ith  

a known c i t r a t e  s o lu t io n  b e fo re  use  on t e s t  s o lu t io n s .
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ENZailC DETERMINATION OP CITRIC ACID 

Prom Bergmeyer (1963)-

R eag en ts : T r is  B u ffe r  (0 .1  M; pH 7 . 4 ) .  D iss lo v e  6.0A7 g t r i s -

hydroxym ethyl-am inom ethane in  100 ml d i s t i l l e d  w a te r , add 

0 .186 g o f  SDTA-Na^Hg-SH^O, a d ju s t  to  pH 7 .4  w ith  approx­

im a te ly  22 ml 2N HOI and d i l u t e  to  500 ml w ith  d i s t i l l e d  

w a te r .

Manganous su lp h a te  (0 .0 2  M). D isso lv e  67 .6  mg MnSO^.H^O 

o r 74 .8  g MnSO^.ZHgO i n  d i s t i l l e d  w a te r , and make up to  20 ml. 

P o tassium -sod ium  t a r t r a t e  (0 .3  M; pH 7 -4 )-  D isso lv e  8 .467  g 

KNaCj^H^O^. 4HgO i n  50 ml d i s t i l l e d  w a te r , a d ju s t  to  pH 7*4 

w ith  1N KOH and d i lu t e  to  100 ml w ith  d i s t i l l e d  w a te r .

A co n ita se  (s e e  p .v . )

I s o c i t r i o  dehydrogenase  (IDH) (Commercial p r e p a r a t io n ) .  

N ic o tin am id e -a d en in e  d in u c le o t id e  p h o sp h a te  (NADP) (Commer­

c i a l  p r e p a r a t i o n ) .

Method: 2 ,̂
a c o n ita s e (F e  )

c i t r a t e  + NADP x   -..........—— - o x o g lu ta r a te  + CO +
IDH (Mn^+)

NADPH + H

The amount o f  NADP red u ced  to  NADPH i s  d e te rm in ed  from  th e  

change in  e x t in c t io n  ( AE  ̂ ^^ )̂ a t  th e  end o f  th e  r e a c t io n ,  meas­

u red  on th e  sp e c tro p h o to m e te r  a t  334 nm. The A g  ̂ f o r  1 p.

mole o f  c i t r a t e  i s  2 .0 .  T e s t r e a c t io n s  a re  c a r r i e d  o u t as shown
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below :

C uvette X I I I I I

T r is  b u f f e r 0 .8 0 .8 0 .8

Manganous su lp h a te 0.1 0.1 0.1

T a r t r a t e  s o lu t io n 0,1 0.1 0.1

A c o n ita se 0.1 0.1 0.1

E x tr a c t 0 .5 0 .25 0 .0

Ĥ O 1*3 1 .5 5 1 .8

IDH 0 .03 0.03 0 .03

NADP 0.1 0.1 0.1

T o ta l volume in  ml 3 .0 3 3 .0 3 3 .0 3



(viii)
PREPARATION OF SUCCINIC DEHYDROGENASE ENZYME 

From Rodgers (1 96I ) .

R eag en ts ; P hosphate  b u f f e r  (O.OI M; pH 7*4 and O.O6 M; pH 7 *0 ), 

Made up w ith  KH^PO^ and Na^PO^,

M ethod; 50-100 g o f  f r e s h ly  k i l l e d  p i g 's  h e a r t  v e n t r i c u l a r  m uscle 

was m inced and washed fo u r  tim e s  \c lth  10 volumes o f  i c e - c o ld  phos­

p h a te  b u f f e r  ( 0,01 M; pH 7*4)* The su sp e n s io n  was f i l t e r e d  th ro u g h  

m u slin  under red u ced  p re s s u re  a f t e r  each wash. T h is  washed t i s s u e  

co u ld  be s to r e d  f o r  s e v e r a l  weeks i f  deep f ro z e n . F o r u se , th e  

p r e p a r a t io n  was re su sp e n d ed  i n  p h ospha te  b u f f e r  (0 ,0 6  M; pH 7 *0 ), 

hom ogenised f o r  2^  m in u tes  i n  a  W aring B lendor and f i l t e r e d  th ro u g h  

m u slin . The hom ogenate rem ained  a c t iv e  f o r  o n ly  a  few h o u rs , 

even when k e p t a t  4°G, and sh o u ld  th e r e f o r e  be u sed  im m ed ia te ly .



(ix)
ENZYÎÆIC DETERMINATION OF SUCCINIC ACID 

From Rodgers (1 96I ) .

R eag en ts : P hosphate  b u f f e r  (O0O6 M; pH 7*0)* Made up w ith  ^HgPO^

and Na^HPO^.

S ta n d a rd  s u c c in ic  a c id  s o lu t io n ,  0.1 mM. S u c c in ic  a c id  i s  

d is s o lv e d  in  p h o sp h a te  b u f f e r  (O.O6 M; pH 7*0)..

S u c c in ic  dehydrogenase (se e  p . v i i i . )

Cyanide r e a g e n t .  2 .7 2  g o f  KH^PO^, 1 g o f  c r y s t a l l i n e  bov ine

plasm a a lbum in , and 60 mg EDTA a re  d is s o lv e d  i n  900 ml d i s ­

t i l l e d  w a te r , th e  pH a d ju s te d  to  7*0 w ith  KOH, 780 mg KCN 

added and th e  m ix tu re  d i lu t e d  to  1 l i t r e .

2:6  d ic h lo ro p h e n o l- in d o p h e n o l i n d ic a to r  s o lu t io n .  S tock  

s o lu t io n  ( 0 . 15%) i s  d i lu t e d  1 :10  w ith  p h o sp h a te  b u f f e r  (O.O6 M; 

pH 7*0) im m ed ia te ly  b e fo re  u se .

Method: The m ethod i s  b ased  on th e  re d u c t io n  o f  2 :6  d ic h lo ro p h e n o l-  

indopheno l by s u c c in ic  a c id  i n  th e  p resen ce  o f  s u c c in ic  dehydrogen- 

a s e . The m easurem ent o f th e  e x t in c t io n  change o f  th e  dye i s  meas­

u red  on th e  sp e c tro p h o to m e te r  a t  600 nm. A lthough th e  c a l i b r a t i o n  

curve showing th e  r e l a t i o n  betw een th e  amount o f  s u c c in ic  a c id  

added and th e  r e s u l t i n g  change in  e x t in c t io n  ( A r   ̂ ^^) a t  th e  

end o f th e  r e a c t io n  i s  alw ays l i n e a r ,  th e  s lo p e  v a r ie s  from  one 

enzyme p r e p a r a t io n  to  a n o th e r .  T es t r e a c t io n s  a re  th e r e f o r e  c a r r ­

i e d  ou t a s  shown below , w ith  th e  in c lu s io n  o f a  s e t  o f  s u c c in a te
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s ta n d a rd s . A t y p ic a l  s ta n d a rd  curve i s  shovm i n  F ig . 27.

The a c t i v i t y  o f  th e  s u c c in ic  dehydrogenase i s  r a p id ly  l o s t  

a f t e r  p r e p a r a t io n ,  and enzyme hom ogenates ta k in g  lo n g e r  th a n  20 

m inu tes to  com plete  th e  o x id a t io n  o f  0.1 jx mole o f  s u c c in ic  a c id  

sh o u ld  he d is c a rd e d . I t  i s  c o n v en ien t to  s e t  up th e  r e a c t io n  tu b e s  

i n  s e t s  o f  20, in c lu d in g  th e  c a l i b r a t i o n  tu b e s , and m easure th e  

e x t in c t io n  v a lu e s  s e r i a l l y  a t  one m inute i n t e r v a l s .

Tube no. 1 2 3 4 5 6 7

cyan ide  re a g e n t 1 ,0 1 .0 1 .0 1 .0 1 ,0 1 ,0 1 .0

dye - 1 .0 1 .0 1 .0 1 .0 1 .0 i.O

b u f f e r  pH 7*0 3 .0 2 .0 1 .5 1 .0 — 1 .0 1 .0

s u c c in a te  s o ln . — - 0 .5 1 .0 2 .0 - -

sample - — — - — 1 .0 0 ,5

SDH 2 .0 2 ,0 2 .0 2 .0 2 .0 2 .0 2 ,0

T o ta l v o l .  i n  ml 6 .0 6 .0 6 .0 6 .0 6 .0 6 ,0 6 .0

A f te r  20 m inu tes th e  e x t in c t io n  o f  th e  c o n te n ts  o f  tu b e  no. 2 

( th e  b la n k  r e a c t io n )  i s  m easured in  a  1 cm c u v e tte  a g a in s t  th e  

c o n te n ts  o f  tu b e  no . 1 . The e x t in c t io n  v a lu e s  o f  th e  rem ain ing  

tu b e s  a re  a ls o  m easured a g a in s t  th e  c o n te n ts  o f  tu b e  no . 1 , and 

th e  v a lu e s  c o r r e c te d  f o r  th e  e x t in c t io n  o f th e  blanlc.



(xi)
MICRQCQLQRBiETEIC DETERMINATION OF SHIICIMIC ACID 

From Y oshida and Hasegawa (1957)*

R eag en ts : P e r io d a te  r e a g e n t .  D isso lv e  160*5 mg sodium p e r io d a te

in  25 ml f r e s h ly  p re p a re d  a c e ta te  b u f f e r .

A c e ta te  b u f f e r  (pH 4 * 7 )“ Mix eq u a l volumes o f  IN a c e t i c  

a c id  and 1N sodium a c e t a t e .

E th y len e  g ly c o l  s o lu t io n .  D isso lv e  1 ml e th y le n e  g ly c o l  in  

100 ml d i s t i l l e d  w a te r .

A n ilin e  s o lu t io n .  S a tu r a te  d i s t i l l e d  w a te r  w ith  f r e s h ly  

d i s t i l l e d  a n i l i n e  a t  25^0 and ta k e  th e  aqueous l a y e r .  T h is 

s o lu t io n  sh o u ld  be f r e s h ly  p re p a re d  b e fo re  u se .

A bso lu te  a lc o h o l .

M ethod; 1 ml p e r io d a te  re a g e n t was added to  a  t e s t  tu b e  c o n ta in ­

in g  1 ml n e u t r a l  s o lu t io n  o f  sh ik im ic  a c id  (40-200  jag /  m l) . The 

tu b e  was p la c e d  i n  a  w a te r  b a th  a t  30°C f o r  15 m in u te s , th e n  1 ml 

e th y le n e  g ly c o l  s o lu t io n  added and th e  tu b e  m a in ta in ed  i n  th e  above 

c o n d it io n s  f o r  5 m in u te s . A f te r  rem oving from  th e  w a te r  b a th ,

1 ml a n i l i n e  s o lu t io n  was added to  th e  tu b e , and i t  l e f t  s ta n d ­

in g  a t  room te m p e ra tu re  f o r  5 m in u te s . 5 ml o f  a b s o lu te  a lc o h o l  

were added, w ith  tho rough  m ix ing , and a  c l e a r  r e d  s o lu t io n  was 

form ed. The o p t ic a l  d e n s i ty  o f  th e  s o lu t io n  was d e te rm in ed  a t  

510 nm. The a b s o rp t io n  maximum o f th e  p igm ent i s  sharp  and th e
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o p t i c a l  d e n s i t i e s  a re  p r o p o r t io n a l  to  th e  q u a n t i t i e s  o f  sh ik iio io  

a c id  betw een 40 and 200 pg  /  ml (good r e s u l t s  have b een  o b ta in e d  

àovm  to  10 Jig /  m l) . S h ik im ic  a c id  s ta n d a rd s  were ru n  w ith  each 

s e t  o f  d e te rm in a tio n s ,  s in c e  f l u c tu a t io n s  in  th e  o p t i c a l  d e n s i t i e s  

o c c u rre d  betw een th o se  c a r r i e d  o u t under even s l i g h t l y  d i f f e r e n t  

c o n d i t io n s .  A t y p i c a l  s ta n d a rd  curve i s  shown in  F ig .  28.



(xiii)
PAPER CHROMATOGRAPHY OF ORGANIC ACIDS 

P aper : 'Whatman n o . 1 .

S o lv e n t;  From H ig g in s and von Brand ( 1966) .

P ropano l /  e u c a ly p to l  /  fo rm ic  a c id  /  w a te r  in  th e  r a t i o :

50 /  50 /  20 /  5 .

I n d ic a to r  r e a g e n t ;  From C a r le s , S ch n e id e r and L a c o s te  (1 9 5 8 ). 

A n i l in e -g lu c o s e . D isso lv e  2 g g lu co se  and 2 ml a n i l in e  in  

200 ml d i s t i l l e d  w a te r .  To t h i s  s o lu t io n  add 20 ml 95% e th ­

a n o l and 60 ml b u ta n o l .

Method; . The chrom atography c a b in e t  was e q u i l i b r a t e d  w ith  th e

so lv e n t f o r  a t  l e a s t  24 h o u rs . An a scen d in g  ru n  o f  approx­

im a te ly  30 cm to o k  20-22 h o u rs  a t  room te m p e ra tu re , a f t e r  

which th e  s o lv e n t  was d r ie d  o f f  by p la c in g  th e  p ap er in  an 

oven a t  115^C f o r  1 h o u r . The d r ie d  p a p e r was sp ray ed  w ith  

a n i l in e - g lu c o s e  r e a g e n t ,  th e n  re tu rn e d  to  th e  oven a t  115^C 

f o r  5 m in u te s . The developm ent o f  brown sp o ts  in d ic a te d  

where o rg a n ic  a c id s  were p r e s e n t .  A copy o f a t y p ic a l  ch ro ­

matogram o f  known o rg a n ic  a c id s  i s  shown in  F ig . 29.

U sing th e  te c h n iq u e  d e s c r ib e d  above th e  fo llo w in g  Rf v a lu e s  

and low er l i m i t s  o f  d e m o n s tr a b i l i ty  were o b ta in e d ;
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a c id Rf v a lu e low er l i m i t o f  d e m o n s ta b il i ty

20 pg 10 pg 5

s u c c in ic 0.71 '}• 4, “

l a c t i c 0 .69 + —

m alic 0 .4 3 + + H-

c i t r i c 0 .37 + + +

sh ik im ic 0.23 + •1*

I n  th e  ohrom atogram  o f  an a c id  m ix tu re  c o n ta in in g  3 pg o f  

each a c id ,  th e  s u c c in a te  and l a c t a t e  sp o ts  were in d is t in g u is h a b le
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ENZYMIC DETERMINATION OF ETHANOL 

From Bergmeyer ( 1963)*

R eag en ts ; S e m io a rb a z id e -g ly c in e  b u f f e r .  D isso lv e  20 g Na^^P^O^.

1OHgO, 5 g r e c r y s t a l l i s e d  sem icarb aa id e  h y d ro c h lo r id e  and 

1 g g ly c in e  i n  d i s t i l l e d  w a te r . Add 20 ml 2N NaOH and d i l u t e  

to  600 m l. A d ju s t pH to  a p p ro x im a te ly  8 .8 .

A lcoho l dehydrogenase (ADH) (Com mercial p r e p a r a t io n ) .  

N io o tin am id e -ad en in e  d in u o le o t id e  (NAD) (Com m ercial p r e p a r ­

a t io n )  .

Method ;

e th a n o l 4* NAD ac e t  a ldehyde  + NADH

The amount o f  NAD red u ced  to  NADH i s  d e te rm in ed  from  th e

change i n  e x t in c t io n  ( A s   ̂ ) a t  th e  end o f  th e  r e a c t io n ,  m eas-1 cm'
u re d  on th e  sp e c tro p h o to m e te r  a t  334 nm. The A e  ̂ f o r  1 ji mole 

o f e th a n o l i s  2 .0 .  T e s t r e a c t io n s  a re  c a r r i e d  o u t a s  shown below :

C uve tte I I I I I I

B u ffe r 1*9 1 .9 1 .9

E x tr a c t 0 .3 0.25 0 .0

H^O 0 .5 0 .75 1 .0

NAD 0.03 0.03 0.03

ADH 0.03 0,03 0 .03

T o ta l  volume in  ml 2.96 2.96 2 .96



F ig . 27" SUCCINIC ACID STANDARD CURVE

W avelength: 600 nm,
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F ig . 28. SHIKIMIC ACID STANDARD CURVE.

W avelength : 510 nm.



Fig. 2 8

opt i ca I 
d e n s i t y

0 25 50 75 100 200

/ ml shikimic acid



F ig . 29. COPY OF PAPER CHROîSATOGRi'.M OF ORG-MIC ACIDS

P aper : \Vhatoan no. 1 .

S o lv e n t:  P ropano l /  e u c a ly p to l  /  f o n d e  a c id  /  w a te r .

50 /  50 /  20 /  5- 

I n d ic a to r :  a n i l in e - g lu c o s e .

Key: su -  s r e c in i c  a c id  

1 -  l a c t i c  a c id  

m -  m alic  a c id  

0 -  ci t r i e  a c id  

sh -  s i ik im ic  a c id

X -  m ix tu re  c o n ta in in g  10 jig o f  each  o f th e  above 

o ig a n ic  a c i d s .



Fig. 29
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P la te  lo- Loch o f  Lowes; 11 th  June I 968 . B ase-poo r 

m arsh developed  a t  th e  lo c h  m arg in . Note 

th e  predom inance o f  M yrica g a le ,  w ith  new 

and o ld  sh o o ts  o f  P h rag m ites 0ommunis; ground 

la y e r  c o n ta in s  Carex l a s io c a r p a  and Meny-  

a n th e s  t r i f o l i a t a .



PLATE



P la te  I I .  Loch C lu n ie ; 11 th  June 1968. Marsh v e g e ta t ­

io n  developed  a t  th e  lo c h  m arg in . Note t a l l ,  

h l a d e - l ik e  le a v e s  o f  I r i s  p seu d aco ru s i n  th e  

fo reg ro u n d , and dense grovrth o f  F i l ip e n d u la  

u lm a ria  e lsew h ere  e x c lu d in g  o th e r  s p e c ie s .



PLATE I



Fr r

P la to  I I IA  Sand dunes a t  T en tsm u ir, F i f e ;  June I 969 .

Note th e  open n a tu re  o f th e  d ry , sandy 

s u b s t r a t e ,  th e  r id g e  p a t t e r n  o f th e  dune 

fo rm a tio n , and th e  predom inance o f  g ra s s e s  

such as Agropyron ju n c ifo rm e  and Elyinus 

a r e n a r i u s .

P la te  I I IB  D u n e-slack  a t  T en tsm u ir, F i f e ;  June 1969 .

Note th e  c lo s e d  p la n t  community developed  

on th e  damp s u b s t r a t e ,  w ith  F i l ip e n d u la  

u lm a r ia  in  th e  fo reg ro u n d  and an a re a  o f  

G -lyceria maxima in  th e  uiiddle d is ta n c e

(m arked " jV )



PLATE M A

■.-'ï .

m m m t'  '  '  /  A  * w. '

',  '  A  ' .  :

PLATE E  B



P la te  IVA C u ltu re  b u c k e ts  showing grow th o f  Ranun­

c u lu s  flam m ula i n  h ig h  and low w a te r  t a b le  

c o n d itio n s»  Note th e  c e n t r a l  p e r f o r a te d  

m eta l tu b e  f o r  v is u a l  check on th e  l e v e l  

o f  th e  w a te r t a b l e .

P la te  IVB C u ltu re  b u ck e t o f  R anunculus flam m ula i n  

h ig h  w a te r  t a b le  c o n d i t io n s .  Note th e  

l e v e l  o f  n u t r i e n t  s o lu t io n  j u s t  above th e  

sand s u r f a c e .



PLATE :E a

PLATE W E ,



P la te  VA Loch C lu n ie ; 6 th  March 1^68. Note th e

e x te n s iv e  f lo o d in g  beyond th e  lo c h  m argin  

( b e l t  o f  t r e e s )  i n to  th e  fo re g ro u n d  m arsh 

a re a .

P la te  VB Loch G lunio ; 14 th  I.ny I 968 . Note th e  

drop i n  w a te r t a b le  from  P la te  VA, no 

f lo o d in g  in  th e  m arsh a re a , and grow th 

o f  I r i s  p seudaoo rus and P i l ip e n d u la  

m aria  i n  th e  fo re g ro u n d .



PLATE Y  A

PLATE Y, S


