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E x c e s s i v e  a c i d i t y  in c u l t i v a b l e  s o i l s  i s  a s e r ious  cha l l enge  to 
c rop  p r o d u c t i o n .  One of  the  impor tan t  t ox i c  f a c to r s  wh ich  become 
s e v e r e  in ac id  so i l s  i s  aluminum (A1) s t r e s s  (Foy  et a l .  1978).  
Aluminum i s  a major  cons t i tuen t  of  minera l  s o i l s  where  i t  i s  
p r e s e n t  as  a l uminos i l i c a t e s  and o t h e r  p r e c i p i t a t e d  forms such as 
g i b b s i t e  ( L i n d s a y  1979).  When the  pH of soi l  so lu t ions  f a l l s  
below 4.5  the  concen t ra t ion  of A1 i n c r e a s e s  e x p o n e n t i a l l y  
( B e r g k v i s t 1 9 8 7 )  s ince i t s  s o l u b i l i t y  i s  i n c r e a s e d .  T h e r e b y ,  ac id  
so i l s  n o r m a l l y  h a v e  more amounts of  A1 a v a i l a b l e  for  up take  by  
p l an t s .  While the  nu t r i t i ona l  ro le  of  A1 in p l an t s  i s  s t i l l  under  
ques t ion ,  i t s  t ox ic  e f f e c t s  h a v e  been i n v e s t i g a t e d  and r e v i e w e d  
e x t e n s i v e l y  (Foy  1988).  The c h a r a c t e r i s t i c  symptoms  of  A1 
t o x i c i t y  inc lude  r e s t r i c t i o n  of  roo t  p r o l i f e r a t i o n ,  RNA s y n t h e s i s  
and a l t e r e d  nu t r i en t  metabo l i sm,  which  u l t i m a t e l y  l imi t  c rop  
p r o d u c t i v i t y .  Though the  e x i s t e n c e  of i n t r a s p e c i f i c  and 
i n t e r s p e c i f i c  d i f f e r e n c e s  in t o l e rance  a n d / o r  s u s c e p t i b i l i t y  to Al 
t o x i c i t y  h a v e  been r e p o r t e d  in many c r o p s ,  t he  b i o c h e m i c a l  
p r o c e s s e s  which  c o n t r i b u t e  to such d i f f e r e n c e s  s t i l l  cont inue to 
be po t en t i a l  a r ea s  of  r e s e a r c h .  In the  p r e sen t  i n v e s t i g a t i o n  we 
h a v e  a t t empted  to ana lyze  some b a s i c  b iochemica l  a s p e c t s  r e l a t e d  
to A1 to l e r ance .  The inf luence  of two metabo l i c  i n h i b i t o r s ,  2 ,4 -  
d i n i t r o p h e n o l  (DNP) and c y c l o h e x i m i d e ,  and induc t ion  of  t o l e rance  
to Al by  A1 p r e t r e a t m e n t  a r e  e n v i s a g e d .  

MATERIALS AND METHODS 

Inasmuch as A1 is  a r h i z o t o x i c  ion (Kin ra ide  and P a r k e r  1989),  
we chose  the  modi f ied  Allium tes t  p r o p o s e d  by  F i s k e s j o  (1985) 
in which  root  g rowth  can be e a s i l y  moni to red .  E q u a l - s i z e d  bu lbs  
were  chosen  from a popu la t ion  of  common onion (All ium cepa  L . )  
p r o c u r e d  from a loca l  marke t  and a s e r i e s  of  onions were grown 
in each  e x p e r i m e n t .  The bu lbs  were grown in bo i l ing  tubes  
containing tap  water  as  the  basa l  medium in a l l  e x p e r i m e n t s .  
Our p r e l i m i n a r y  e x p e r i m e n t s  r e v e a l e d  t h a t  the  op t ima l  pH for  
onion root  g rowth  is  4.75 and the  e f f ec t  concen t r a t i on  of  A1 
causing 504 (EC 50) damage e f fec t  (g rowth  r e s t r i c t i o n  was 0.93 
raM. These  two f ac to r s  were  used  th roughou t  our  e x p e r i m e n t s .  

Send r e p r i n t  r e q u e s t s  to T .Ba lakumar  at  t he  above  a d d r e s s .  
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A1 was s u p p l i e d  in the  form of AIK.(SO 4) 2" 12 H20. The 
e x p e r i m e n t s  were p e r f o r m e d  at  a cons tant  ~oam temI~erature of  
about  30~ and p r o t e c t e d  aga ins t  d i r e c t  sun l igh t .  

In t he  e x p e r i m e n t a l  t r e a t m e n t s  the  basa l  medium conta ined  EC 
50 Al p lus  10 ~g ml - each of  2 , 4 - d i n i t r o p h e n o l  (DNP) and 
c y c l o h e x i m i d e .  For  n i t r a t e  t r ea tement  10 mM KNO~ was 
i n c o r p o r a t e d  in the  basa l  medium in a d d i t i o n  to EC 50 A~. In 
A1 p r e t r e a t m e n t  e x p e r i m e n t s ,  one se t  of  onions was grown for  the  
f i r s t  t h r e e  d a y s  in tap wa te r  conta ining 5 ]aM A1 and a n o t h e r  set  
in normal  tap  water  ( c o n t r o l ) ,  bo th  at  pH 4.75.  On the  four th  
d a y ,  a f t e r  measur ing the  roo t  l eng th ,  bo th  of  t h e s e  ( p r e t r e a t e d  
wi th  5 }IM A1 and con t ro l )  were  e x p o s e d  to EC 50 l e v e l  of A1 
and s t r e s s e d  fo r  t h r e e  d a y s  and the  f ina l  length  of  roo t s  was 
measured .  From t h e s e  two va lue s  the  r e g r o w t h  of  roo t s  was 
d e r i v e d  by  s u b s t r a c t i n g  the  root  l eng th  be fo re  e x p o s u r e  to EC 
50 A1 from the  roo t  length  measured  a f t e r  e x p o s u r e .  Each 
t r ea tmen t  was g iven  for  f i ve  d a y s  and on the  s i x t h  day  root  
length  was measured  in whole  roo t  bund les  and the  mean va lues  
of  f i ve  r e p l i c a t e s  were c a l c u l a t e d .  The n i t r a t e  content  in the  
root  c e l l s  was e s t ima ted  a c c o r d i n g  to Cata ldo et a l .  (1975).  The 
in v i v o  n i t r a t e  r e d u c t a s e  (NR) a c t i v i t y  in the  roo t  t i s sue  was 
a s s a y e d  using the  method of  J a w o r s k i  (1971).  Total  so lub le  
p r o t e i n  content  in the  roo t  t i s sue  was e s t ima ted  a c c o r d i n g  to 
Lowry  et a l .  (1951) and e lementa l  a n a l y s i s  of  A1 by  using an 
a tomic  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  (AAS). 

RESULTS AND DISCUSSION 

Data p r e s e n t e d  in Fig.  1 show tha t  2 , 4 - d i n i t r o p h e n o l  (DNP) and 
c y c l o h e x i m i d e  had  d r a s t i c  e f f e c t s  on root  g rowth ,  r e g i s t e r i n g  an 
a d d i t i v e  in ju r ious  e f f ec t  along wi th  A1. DNP caused  a 774 
r e d u c t i o n  in roo t  g rowth  wi th  a concomitant  i n c r e a s e  in A1 up t ake  
by  604 (F ig .  i ) .  The d i f f e r e n c e s  in A1 up t ake  and roo t  g rowth  
b rough t  about  by  DNP were  s ign i f i can t  (P < 0 .05 ) .  DNP has  been 
a t t r i b u t e d  to i n c r e a s e d  membrane p e r m e a b i l i t y ,  t h e r e b y  a l lowing 
A1 to move from an e x c h a n g e a b l e  pos i t i on  of  ce l l  wal l  to the  inner  
p a r t s  of  the  c o r t i c a l  c e l l s  and x y l e m  p a r e n c h y m a  (Foy  1988).  
Though the  ac tua l  mechanism by  wh ich  A1 t r a v e r s e s  the  
p lasmalemma is  unknown, t h i s  could  be the  p l a u s i b l e  means of  
the  accumula t ion  of  e x c e s s  concen t r a t ions  of  Al in the  roo t  t i s s u e s  
of  onions under  the  s u p p l y  of  DNP. However ,  c y c l o h e x i m i d e  was 
t o t a l l y  i n h i b i t o r y  on roo t  g rowth  when s u p p l i e d  along with EC 
50 A1. Total  i n h i b i t i o n  of  root  g rowth  in the  p r e s e n c e  of  
c y c l o h e x i m i d e  can be a s c r i b e d  to some mechanism r e l a t e d  to the  
b lock ing  of  p r o t e i n  s y n t h e s i s ,  wh ich  may a l low d i r e c t  b ind ing  
of  A1 on i t s  t a r g e t s  i n s i d e  the  roo t  c e l l s  such as  the  p h o s p h a t e  
in nuc le ic  a c i d s  (Matsumoto et a l .  1976).  Th i s  mechanism is  
h y p o t h e s i z e d  s ince  a s h i f t  of  A1 from c y t o s o l  to nucle i  i s  
p o s s i b l e ,  t h e r e b y  r e s t r i c t i n g  ce l l  d i v i s i o n  and e v e n t u a l l y  r e su l t i ng  
in to t a l  a r r e s t  of  roo t  g rowth .  

Tab le  I shows  tha t  the  s u p p l y  of  n i t r a t e  s i g n i f i c a n t l y  p r o t e c t s  
t he  roo t s  from A1 i n j u r y .  Root g rowth  was i n c r e a s e d  by  22% and 
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Figure i. Ef fec t  s of  m e t a b o l i c  i n h i b i t  o r s  ( 2 , 4 -  d in i t~-ophenol  
and  c y c l o h e x i m i d e  s u p p l i e d  a t  10 ~8 m l - -  each )  
on A1 t o l e r a n c e  b y  onion r o o t s .  Data on roo t  l e n g t h  
are mean • SE (n = 5) and A! determinations are 
mean of three independent replicates. A - EC 50 
AI; B - EC 50 AI + DNP; C - EC 50 A1 + 
c y c l o h e x i m i d e .  

t h e r e  was a 3 . 6 - f o l d  i n c r e a s e  in  c e l l u l a r  n i t r a t e  conten t  and a 
4 - f o l d  i n c r e a s e  in  t h e  in  v i v o  n i t r a t e  r e d u c t a s e  (NR) a c t i v i t y .  
L i k e w i s e ,  t h e  s o l u b l e  p r o t e i n  con ten t  in t h e  r o o t  was a l s o  
enhanced  b y  464. The l a r g e  i n c r e a s e s  in  n i t r a t e  u p t a k e ,  and  
s u b s e q u e n t  i n c r e a s e  in  NR a c t i v i t y  and p r o t e i n  con ten t  s h o w e d  
p o s i t i v e  and s i g n i f i c a n t  c o r r e l a t i o n  ( r  = 0 .92;  P < 0 . 0 1 ) .  In 
t h e  p r e s e n c e  of  n i t r a t e  t h e  u p t a k e  of A1 was i n h i b i t e d  b y  314 
and t h e  r a t i o  of  p r o t e i n / c e l l u l a r  AI con ten t  was d o u b l e d ,  a s  
c o m p a r e d  to t h o s e  w h i c h  we re  not  s u p p l i e d  w i t h  n i t r a t e  ( T a b l e  
I ) .  Mugwira  and P a t e l  (1977) c o n c l u d e d  t h a t  Up take  and 
a s s i m i l a t i o n  of  n i t r a t e  in  whea t  c o n t r i b u t e d  to d i f f e r e n c e s  in  Al 
t o l e r a n c e .  Though u p t a k e  of  n i t r a t e  i s  an a d a p t i v e  s t r a t e g y  to  
t o l e r a t e  A1 ( K e l t j e n s  and van  Ulden 1987) ,  t h e  r e s u l t s  of t h e  
p r e s e n t  s t u d y ,  h o w e v e r ,  de not  s u p p o r t  t h e  s u g g e s t i o n s  of  a 



Table  1. Inf luence  of  NO: on A1 t o l e r a n c e  in onion roo t  g rowth  
and the  accumula t ion  of  A1 in the  roo t  t i s s u e .  Data 
on roo t  l eng th  a r e  means + SE (n = 5) and A1 
de t e rmina t ions  a r e  the  means of  t h r e e  independen t  
r e p l i c a t e s .  Values in p a r a n t h e s e s  i n d i c a t e  pe r cen t  
change o v e r  the  t r ea tmen t  EC 50 A1 alone.  

P a r a m e t e r s  EC 50 A1 + 
0 mM KNO 3 

Treatment  
EC 50 A1 + 
10 mM KNO 3 

Root l eng th  (ram} 

Ce l lu l a r  1NO~ content  
(pmol g - - -  JFW) 

NR a c t i v i t y  ~ 0 .3  
(f3mol NO 2 g -• FW) 

NR/NO 3 r a t i o  (%) 60.2 

Protei..n 1 content  1 .3  
(mg g FW) 

Ce l lu l a r  Al 937.5 
-1 content  (/3g g DW) 

P r o t e i n / c e l l u l a r  1 .4  
A1 content  r a t i o  

52.2 • 2 .4  63.6 • 3 .6 (+22) 

0.5 1 .8  (+260) 

1.2 (+300) 

66.3 

1 .9  (+46) 

650.5 ( -31)  

2 .9  

d i r e c t  A l - i n d u c e d  r e d u c t i o n  of  NR a c t i v i t y  in a p lan t  (Gomes et 
a l .  1985).  I n c r e a s e  in n i t r a t e  a b s o r p t i o n  can a l so  be a mechanism 
to enhance  the  r h i z o s p h e r e  pH ( T a y l o r  and Foy 1985),  
consequen t ly  minimizing A1 t o x i c i t y .  

P r e t r e a t m e n t  wi th  low concen t r a t i ons  of  A1 s i g n i f i c a n t l y  i n c r e a s e d  
A1 t o l e r a n c e  on subsequen t  e x p o s u r e  to t o x i c  concen t r a t i ons  of  
A1 (Tab l e  2) .  The A1 p r e e x p o s e d  onions r e g i s t e r e d  604 more 
roo t  r e g r o w t h  a f t e r  e x p o s u r e  to EC 50 A1. F u r t h e r ,  though A1 
p r e t r e a t e d  onions accumula ted  13~ h i g h e r  amounts of  A1 in t h e i r  
r o o t s  as  compared  to the  n o n - p r e t r e a t e d  ones,  t he  i n ju r ious  e f f e c t s  
of  A1 on root  r e g r o w t h  in the  fo rmer  were r e m a r k a b l y  l e s s e r .  
P r e t r e a t m e n t  wi th  s u b l e t h a l  m i c r o q u a n t i t i e s  of  A1 b e f o r e  expos ing  
to tOxic amounts i n d i c a t e s  an i n d u c i b l e  mechanism of  A1 to l e rance  
to e x i s t  in p l an t s .  Th i s  might  i n v o l v e  the  induc t ion  of  s y n t h e s i s  
of  A l -b ind ing  p r o t e i n s ,  wh ich  on l a t e r  e x p o s u r e  to t ox i c  l e v e l s  
b ind wi th  A1 and exc lude  i t  from a c t i v e  me tabo l i c  p r o c e s s e s .  
The r o l e  p l a y e d  by  i n d u c i b l e  p r o t e i n s  in the  mechanism of A1 
to l e r ance  ha s  been e l u c i d a t e d  e a r l i e r  by  Aniol (1984) who showed 
t h a t  A1 immunizat ion in p l an t s  i s  p o s s i b l e  wi th  s u b l e t h a l  
quan t i t i e s  of  A1. The to t a l  i n h i b i t i o n  of  roo t  g rowth  by  
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Table  2. E f f ec t s  of A1 p r e t r e a t m e n t  on Al t o l e r a n c e  in onion 
root  g rowth .  Onions were  e x p o s e d  to 0 and 5 pM 
of A1 for  t h r e e  d a y s  and l a t e r  s u b j e c t e d  to t o x i c  
l e v e l s  of A1 (EC 50) for  t h r e e  d a y s .  Regrowth  means 
g rowth  a f t e r  e x p o s u r e  to t ox i c  l e v e l s  of  A1. Values 
in p a r a n t h e s e s  a r e  i n d i c a t e  pe r cen t  change o v e r  tap 
wate r  t r ea tmen t .  

Trea tment  
I n i t i a l  roo t  Root A1 con~ent 
g rowth  (mm) r e g r o w t h  (mm) (pg g DW) 

Tap water  37.6 -+ 2.1 18.2 +- 1 .6  802.5 

Al (5 pM) 35.4 -+ 1 .8  29.2 -+ 3.1 904.6 
( -6)  ( -60)  (+13) 

c y c l o h e x i m i d e  r e c o r d e d  in the  p r e sen t  s t u d y  p r o v i d e s  a d d i t i o n a l  
ev idence  for  t h i s  mechanism.  Though t he  molecu la r  mechanisms 
ope ra t i ng  beh ind  the  s y n t h e s i s  of s i m i l a r  p ro t e in s  a r e  not c l e a r ,  
i t  h a s  been found tha t  t h e y  a re  de te rmined  by  mul t ip l e  genes 
( L a f e v e r  and Campbel l  1978) and cont ro l  the  e x i s t e n c e  of d i f f e r e n t  
degrees  of A1 to l e r ance  in p l an t s .  More s t ud i e s  on g e n e t i c a l l y  
de te rmined  to l e r an t  and s e n s i t i v e  p l an t s  a r e  w a r r a n t e d  to u n r a v e l  
f u r t h e r  the  b iochemica l  mechanisms of  A1 to l e rance  in p l an t s .  

Acknowledgements .  This  r e s e a r c h  is  p a r t  of a p r o j e c t  s u p p o r t e d  
by  the  R e s e a r c h  and Development  Committee of  the  American 
College,  Madurai  625 002, Ind ia ,  to one of  the  a u t h o r s  (TB).  
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