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T h is  i n v e s t i g a t i o n  s u p p o r t s  t h e  s u l f i d e  th e o r y  o f  s t r a i g h t h e a d  

and sym ptom less m i ld  s u l f i d e  d i s e a s e  e t i o l o g y  and  p r o v id e s  two 

in d e p e n d e n t  p h y s i o l o g i c a l  t o o l s  f o r  p l a n t  b r e e d e r s  w h ich  p e r m i t  t h e  

r a p i d  e v a l u a t i o n  o f  r i c e  b r e e d in g  l i n e s  f o r  s u l f i d e  r e s i s t a n c e .
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INTRODUCTION

Hydrogen s u l f i d e  i s  a  w e l l  known i n h i b i t o r  o f  enzymes o f  a e r o b i c

r e s p i r a t i o n  (28 , 4 1 ,  4 5 ) ,  and i s  t h e  s u s p e c te d  c a u s e  o f  s e v e r a l  p h y s io 

l o g i c a l  d i s o r d e r s  o f  r i c e  a ro u n d  t h e  w o r ld  (6 1 ) .  The t o x i c  e f f e c t  o f

H2 S i s  a t t r i b u t e d  t o  i t s  a b i l i t y  t o  i n a c t i v a t e  t h e  m e t a l l i c  p r o s t h e t i c

g roup  in  t h e  s t r u c t u r e  o f  many enzym es. M i t s u i  and  h i s  co -w o rk e rs  (39) 

have  d e m o n s t r a te d  t h a t  a s  l i t t l e  as  0 .0 7  jig /m l can  i n h i b i t  n u t r i e n t  

u p ta k e  and  c a u s e  w i l t i n g  o f  r i c e  s e e d l i n g s .

U n t i l  v e r y  r e c e n t l y ,  h y d ro g e n  s u l f i d e  t o x i c i t y  was r e c o g n iz e d  

o n ly  on  i r o n - d e f i c i e n t  s o i l s  i n  Jap an  w here  had  been  d e m o n s t ra te d  

to  c a u s e  A k io c h i  (Autumn d e c l i n e )  d i s e a s e  o f  r i c e  p l a n t s  (13, 61) and 

on c e r t a i n  p o o r l y - d r a i n e d  c i t r u s  o r c h a r d s  i n  F l o r i d a  (1 8 ) ;  t h e r e f o r e ,  

some s o i l  s c i e n t i s t s  b e l i e v e d  t h a t  H2 S t o x i c i t y  i s  n o t  p o s s i b l e  on s o i l s  

c o n t a i n i n g  a b u n d a n t  i r o n  ( 4 8 ) .  However, t h e o r e t i c a l  and e x p e r im e n ta l  

a n a ly s e s  i n d i c a t e d  th e  p r e s e n c e  o f  r i c e - t o x i c  l e v e l s  o f  H2 S i n  L o u is ia n a  

r i c e  f i e l d s  (2 3 ,  2 4 ,  2 5 ) .  More r e c e n t l y ,  therm odynam ic a n a l y s i s  (46) 

and s u l f i d e - i o n  e l e c t r o d e  m easurem ents  (3) have  c o n f irm e d  th e  accu m u la 

t i o n  o f  H2 S i n  i r o n - e x c e s s  s o i l s .  F u r th e rm o re ,  c o n c e n t r a t i o n s  o f  H2 S 

found i n  i r o n - e x c e s s  s o i l s  w ere  found to  i n h i b i t  r e s p i r a t i o n  and 

a c t i v i t i e s  o f  m e ta l lo -e n z y m e s  i n  r i c e  r o o t s  ( 2 ) .  C o n se q u e n t ly  an  

h y p o th e s i s  was advanced  (26) t h a t  t o x i c a n t  d i s e a s e s  such  as s t r a i g h t 

h e a d  and sym ptom less  m i ld  s u l f i d e  d i s e a s e s ,  found i n  G u lf  C o a s t  (U .S .A .)  

r i c e  a r e a s ,  a r e  c a u s e d  by h y d ro g en  s u l f i d e .  S t r a i g h t h e a d  had long  been  

r e c o g n iz e d  a s  a d i s e a s e  w i th o u t  a known c a u s e .
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Oxygen r e l e a s e  from r i c e  r o o t s  i s  a  w ell-know n  phenomenon, and 

th e  d i f f e r e n c e s  i n  oxygen r e l e a s e  r a t e s  have  been  u sed  t o  s e l e c t  

v a r i e t i e s  r e s i s t a n t  t o  A k io c h i  (20 )  and A kagare  d i s e a s e s  ( 6 ) .  

O x id iz in g  power i n f l u e n c e s  t h e  a b i l i t y  o f  r o o t s  t o  a b s o rb  n u t r i e n t s  

and n e u t r a l i z e  t o x i c a n t s  ( 4 8 ) .  However, oxygen r e l e a s e  from  r i c e  

v a r i e t i e s  h a s  n o t  b e e n  c o r r e l a t e d  p r e v i o u s l y  w i th  t h e i r  a b i l i t y  t o  

a b s o rb  n u t r i e n t s .

T h is  d i s s e r t a t i o n  r e p o r t s  t h e  deve lopm en t o f  two s im p le ,  r a p id  

and r e l i a b l e  p h y s i o l o g i c a l  t e s t s  f o r  s e l e c t i o n  o f  r i c e  v a r i e t i e s  

r e s i s t a n t  t o  s u l f i d e s ,  and p r e s e n t s  e v id e n c e  t h a t  r e a c t i o n s  o f  r i c e  

v a r i e t i e s  t o  a r e  p a r a l l e l  t o  t h e i r  r e a c t i o n s  t o  s t r a i g h t h e a d ,  

th u s  s u p p o r t in g  t h e  h y p o th e s i s  t h a t  s t r a i g h t h e a d  d i s e a s e  o f  r i c e  i s  

c a u se d  by  ^ S .



LITERATURE REVIEW

E f f e c t  o f  I^S  on c e l l s

The r o l e  o f  hydrogen  s u l f i d e  as  an enzyme i n h i b i t o r  was 

i n d i c a t e d  by  Warburg (64) who found t h a t  a l c o h o l i c  f e r m e n t a t i o n  by 

y e a s t  was i n h i b i t e d  by ^ S .  He a t t r i b u t e d  t h i s  p o i s o n in g  t o  com bina

t i o n  w i th  a  heavy  m e ta l  w hich was c a t a l y z i n g  some s t a g e  o f  f e r m e n ta t i o n .  

T e rm in a l  e l e c t r o n  t r a n s p o r t  in  hom ogenates i s  s t r o n g l y  i n h i b i t e d  by 

H2 S com bin ing  w i th  com ponents o f  cy toch rom e o x id a s e  t o  form  an i n a c t i v e  

compound (19 , 3 2 ) .  Cytochrome o x id a s e  c a t a l y z e s  o x i d a t i o n  o f  

f e r ro c y to c h ro m e  c by m o le c u la r  oxygen. H aldane  (2 1 )  d e m o n s t r a te d  t h a t  

y e a s t  p e p t i d a s e s  a r e  i n h i b i t e d  by  s m a l l e r  c o n c e n t r a t i o n s  o f  ^ S .  These 

o b s e r v a t i o n s  le d  him t o  co n c lu d e  t h a t  n o t  o n ly  many o x id i z i n g - r e d u c i n g  

enzymes b u t  a l s o  some p e p t i d a s e s  m ust c o n t a i n  heavy  m e t a l s .

S u l f i d e s  i n  r i c e  f i e l d s  and e f f e c t s  on p l a n t s

In  L o u i s i a n a  r i c e  f i e l d s ,  c o n c e n t r a t i o n s  o f  t o t a l  s u l f i d e s  

i n c r e a s e d  from 0 .2  jig /m l w i t h i n  5 to  7 days  a f t e r  subm ergence t o  l e v e l s  

v a r y in g  from  10 t o  45 jig /m l a t  th e  end o f  th e  s e a s o n  ( 4 9 ) .  S t u r g i s  (55 )  

r e p o r t e d  a  t o t a l  s u l f i d e  c o n t e n t  o f  2 9 .9  p g /m l i n  S h a rk ey  c l a y  loam 3 

weeks a f t e r  subm ergence. He f e l t  t h a t  f o r  t h o s e  c o n d i t i o n s  where 

s u l f i d e s  were found i n  th e  l a r g e s t  am ounts , p r e c i p i t a t e s  o f  s u l f i d e  

o c c u r r e d  on th e  r o o t s  and re d u c e d  th e  y i e l d  o f  r i c e .  H o l l i s  (2 3 )  s u r 

veyed  more th a n  50 r i c e  f i e l d s  i n  L o u i s i a n a  and found  d e p o s i t s  o f  f e r r o u s  

s u l f i d e  on r i c e  r o o t  s u r f a c e s ,  c a u s in g  e x t e n s i v e  b la c k e n in g  o f  r o o t s  in  

83% o f  th e  f i e l d s ,  w i th o u t  a p p a r e n t  d e l e t e r i o u s  e f f e c t s  on th e  p l a n t s .
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P h y s i o l o g i c a l  d i s o r d e r s  o f  r i c e  c au sed  by s u l f i d e s  h av e  been  

re v ie w e d  i n  d e t a i l  by Baba e t  a l .  (13) and H o l l i s  ( 2 4 ) .  T h ree  o f  t h e  

m ost im p o r ta n t  ones  a r e  s t r a i g h t h e a d ,  A k io c h i ,  and A k ag are .  S t r a i g h t 

h e a d  i s  a m a jo r  d i s e a s e  o f  t o x i c a n t  n a t u r e  i n  t h e  U .S . G u lf  C o as t  

r e g i o n .  I t s  name d e r i v e s  from t h e  u p r i g h t  h ead s  w hich a r e  n o t  s u f f i 

c i e n t l y  h e av y  a t  m a t u r i t y  to  bend o v e r .  S t r a i g h th e a d  o c c u r s  m a in ly  i n  

s o i l s  p r e d o m in a t in g  i n  k a o l i n  c l a y s  t h a t  do n o t  s o r b  H2 S from  t h e  s o i l  

s o l u t i o n .  A k io c h i  i s  t h e  m ost s e r i o u s  p h y s i o l o g i c a l  d i s e a s e  o f  r i c e  i n  

J a p a n .  I t  i s  a s s o c i a t e d  w i th  d e f i c i e n c y  symptoms o f  t h e  m a jo r  e le m e n ts  

and H e lm in th o sp o r iu m  l e a f  s p o t .  The p ro b a b le  c a u s e  o f  A k io c h i  i s  th e  

i n h i b i t i o n  by h y d ro g en  s u l f i d e  o f  n u t r i e n t  u p ta k e  by  t h e  r i c e  p l a n t .  

A lth o u g h  th e  p r im a ry  c a u s e  i s  unknown, i t  h as  been  s u g g e s te d  t h a t  

a n o t h e r  ty p e  o f  A k io c h i  (A k io ch i on p e a ty  paddy s o i l )  may be  due  t o  

i n s o l u b l e  s u l f i d e  r e s i d u e s  on th e  s u r f a c e s  o f  r i c e  r o o t s ,  fo rm in g  a 

m a n t le  w hich  p r e v e n t s  t h e  p a s s a g e  o f  n u t r i e n t s  i n t o  t h e  r o o t s .  T h ree  

ty p e s  o f  A kagare  d i s e a s e  hav e  been  r e p o r t e d  from J a p a n .  I t  i s  b e l i e v e d  

t h a t  t h e s e  d i s e a s e s  r e s u l t  from an  a l t e r e d  b a la n c e  be tw een  f e r r o u s  i r o n  

and s u l f i d e s  i n  th e  s o i l  and a r e  a g g r a v a te d  by d e f i c i e n c i e s  o f  p o ta s s iu m  

and p h o s p h o ru s .

S o lu b le  s u l f i d e s  i n  r i c e  s o i l s  c o n t a i n i n g  ex ce ss  i r o n  and t h e i r  

d e t o x i f i c a t i o n  by B eg g ia to a

H o l l i s  (24) found s o i l  s o l u t i o n  c o n c e n t r a t i o n s  o f  H2 S on th e  

o r d e r  o f  4 ,  8 ,  and  12 j ig /m l  i n  c e r t a i n  s i t e s  i n  L o u i s i a n a .  He s u g 

g e s t e d  t h a t  su ch  h ig h  c o n c e n t r a t i o n s  o f  f r e e ,  s o l u b l e  H2 S i n  th e  

p r e s e n c e  o f  f r e e  f e r r o u s  i r o n  and t h e  a b se n c e  o f  c h a r a c t e r i s t i c  o d o r  

c o u ld  be  due t o  a d s o r p t i o n  o f  H2 S to  t h e  s o i l  c l a y  f r a c t i o n  b e c a u se



m easured  v a lu e s  o f  a t  t h e  h e a d i n g - f lo w e r in g  s t a g e s  o f  r i c e  

deve lopm en t w ere  s i g n i f i c a n t l y  h i g h e r  th a n  p r e d i c t e d  by c h e m ic a l  t h e o r y .  

More r e c e n t  s t u d i e s  h av e  r e v e a l e d  f r e e  s o l u b l e  H2 S c o n c e n t r a t i o n s  

r a n g in g  from 0 t o  1 .6  j ig /m l i n  C row ley  s i l t  loam and H ockley  f i n e  

san d y  loam s o i l  sam ples  ( 1 5 ) .  T h e o r e t i c a l  s t u d i e s  (46) b ased  on 

therm odynam ic d a t a  i n d i c a t e d  t h a t  b o th  FeS 2  and FeS o c c u r  i n  e q u i l i b r i u m  

w i th  H2 S i n  r i c e  s o i l s  subm erged u n d e r  w a t e r .  The u s e  o f  t h e  e q u i l i b 

r iu m ,  FeS2  H2 S, l e d  t o  t h e  p r e d i c t i o n  t h a t  l e v e l s  o f  H2 S known to  

be  t o x i c  t o  r i c e  c o u ld  e x i s t  u n d e r  s im u l a t e d  r i c e - f i e l d  c o n d i t i o n s .

These p r e d i c t i o n s  hav e  been  c o n f i rm e d  by f i e l d  m easurem ents  o f  s u l f i d e  

c o n c e n t r a t i o n s  w i th  a  s u l f i d e  e l e c t r o d e  ( 3 ) .  Hydrogen s u l f i d e  l e v e l s  

r a n g in g  from 0 .0005  to  0 .64128  j ig /m l w ere  found  d u r in g  th e  t i l l e r i n g  

and r i p e n i n g  s t a g e s  o f  t h e  r i c e  p l a n t .

A r e c e n t  r e p o r t  by P i t t s  e t  a l .  (47) d e s c r i b e d  th e  r o l e  o f  

B e g g ia to a ,  a f i l a m e n to u s  b a c t e r iu m  found i n  t h e  r i c e  r h i z o s p h e r e ,  i n  

d e t o x i f i c a t i o n  o f  H2 S i n  r i c e  f i e l d s .  B e g g ia to a  i s  a u t o i n t o x i c a t e d  by 

h y d ro g en  p e r o x id e ;  t h e  r i c e  r o o t  c a t a l a s e  decomposes H2 O2 . I n  r e t u r n  

B e g g ia to a  removes H2 S from th e  r i c e  r h i z o s p h e r e  by o x i d i z i n g  i t  t o  

e l e m e n ta l  s u l f u r .  Thus, r i c e  r o o t  and B e g g ia to a  c o m p ris e  a  m u tu a l ly  

p r o t e c t i v e  sy s te m .

B eg g ia to a  may be  an  im p o r ta n t  f a c t o r  i n f l u e n c i n g  th e  d i s t r i b u 

t i o n  and s e v e r i t y  o f  s u l f i d e  d i s e a s e s  i n  r i c e  and o t h e r  a q u a t i c  p l a n t s  

and f u r t h e r  work i s  needed  t o  d e te rm in e  th e  r o l e ,  i f  a n y ,  o f  B eg g ia to a  

i n  t h e  e c o lo g y  o f  s t r a i g h t h e a d  and  m i ld  s u l f i d e  d i s e a s e s .



S o lu b le  s u l f i d e s  and r i c e  d i s e a s e s

M i t s u i  e t  a l .  (37) r e p o r t e d  t h a t  as  l i t t l e  as  0 .0 7  jig /m l H^S 

( c a l c u l a t e d  as  s u l f u r )  c a u se d  w i l t i n g  o f  r i c e  s e e d l i n g s  i n  s o l u t i o n s  

i n  v i t r o  a f t e r  p ro lo n g e d  e x p o s u re .  Baba and H arada (10) found t h a t  

0 .1  ^ig/ml H2 S i n  t h e  c u l t u r e  s o l u t i o n  was t o x i c  t o  r i c e .  S in c e  th e s e  

l e v e l s  a r e  w i t h i n  t h e  ra n g e  o f  t h e o r e t i c a l l y - p r e d i c t a b l e  c o n c e n t r a 

t i o n s  o f  H2 S and o c c u r  i n  th e  p r e s e n c e  o f  norm al f e r r o u s  i r o n  c o n c e n 

t r a t i o n s  i n  L o u i s i a n a  f i e l d s ,  r i c e  s h o u ld  e x h i b i t  t o x i c i t y  symptoms, 

and H2 S s h o u ld  be  d e t e c t a b l e  by o d o r  (24 , 2 5 ) .  H o l l i s  e t  a l .  (26) 

h y p o th e s i z e d  t h a t  t h r e e  ty p e s  o f  s u l f i d e  d i s e a s e  o c c u r  i n  G u lf  C o as t  

r i c e  f i e l d s :  ( i )  Autumn d e c l i n e  (A k io c h i ,  i n  J a p a n ) ,  ( i i )  s t r a i g h t h e a d ,

b o th  o f  w hich  have  been  d e s c r ib e d  e a r l i e r ,  and  ( i i i )  m i ld  s u l f i d e  

d i s e a s e  (MSD). The p r o b a b le  e x i s t e n c e  o f  MSD l i e s  i n  t h e  s i g n i f i c a n t  

i n h i b i t i o n  o f  s e e d l i n g  e n z y m a tic  and r e s p i r a t o r y  a c t i v i t i e s ,  i n c lu d in g  

cy toch rom e o x id a s e  a c t i v i t y ,  by t h e  l e v e l s  o f  H2 S p r e v a l e n t  i n  

L o u i s i a n a  r i c e  f i e l d s  d u r in g  h e a d i n g - f l o w e r i n g  s t a g e s  ( 2 ) ,  and i n  th e  

i n h i b i t i o n  o f  n u t r i e n t  u p ta k e  by  r i c e  p l a n t s  a s  r e p o r t e d  from Jap an  (3 9 ) .

P h y s i o l o g i c a l  e f f e c t s  o f  s u l f i d e s  on s e e d l i n g s

A r e l a t i o n  e x i s t s  be tw een  o x i d i z i n g  a b i l i t y  and r e s i s t a n c e  and 

s u s c e p t i b i l i t y  t o  A k io ch i  by J a p a n e s e  r i c e  v a r i e t i e s  ( 5 ) .  The 

J a p a n e s e  h a v e  a c h ie v e d  p r a c t i c a l  c o n t r o l  o f  A k io ch i  w i th  s o i l  amend

m ents  c o n t a i n i n g  i r o n  and th e  u se  o f  r e s i s t a n t  v a r i e t i e s .  A rm strong  

(4) d e v e lo p ed  a  p o la r o g r a p h ic  method f o r  m e a su r in g  oxygen d i f f u s i o n  

from  r i c e  r o o t s  and used  t h i s  method (6) t o  d e m o n s t r a te  s i g n i f i c a n t  

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 i o n  r a t e s  c o r r e l a t e d  w i th  

t h e i r  Akagare r e a c t i o n s .  A kagare  i n  Ja p a n  i s  c a u se d  by  com plexes o f



s o l u b l e  t o x i c a n t s ,  i n c l u d i n g  h y d ro g en  s u l f i d e .  A rm strong  (7) a l s o  

d e m o n s t r a te d  t h e  m ask ing  e f f e c t  o f  r e s p i r a t i o n  on oxygen r e l e a s e  from 

r i c e  r o o t s  by lo w e r in g  th e  t e m p e r a t u r e .  J o s h i  e t  a l .  (3 0 ) ,  u s in g  a  

p o la r o g r a p h ic  t e c h n iq u e  f o r  m e a su r in g  oxygen r e l e a s e  from i n d i v i d u a l  

r i c e  s e e d l i n g s ,  showed t h a t  t h e  o x y g e n  r e l e a s e  o f  f o u r  r i c e  v a r i e t i e s  

was c o r r e l a t e d  w i th  t h e i r  r e a c t i o n s  to  s t r a i g h t h e a d  and  m i ld  s u l f i d e  

d i s e a s e .  R ecen t w ork h a s  shown t h a t  th e  l e v e l s  o f  H2 S o c c u r r i n g  i n  

L o u i s i a n a  r i c e  f i e l d s  can  i n h i b i t  oxygen r e l e a s e  and n u t r i e n t  u p ta k e  

by r i c e  s e e d l i n g s ,  and t h a t  t h e  v a r i e t i e s  d i f f e r  i n  t h e i r  r e s p o n s e  to  

H2 S ( 3 1 ) .  These r e s u l t s  s u p p o r t  t h e  s u l f i d e  t h e o r y  o f  s t r a i g h t h e a d  

and m i ld  s u l f i d e  d i s e a s e .



MATERIALS AND METHODS

Oxygen r e l e a s e  from  r i c e  s e e d l i n g s

Seeds o f  r i c e  v a r i e t i e s  B l u e b e l l e ,  Dawn, S a tu r n ,  and Z e n i th  

were t r e a t e d  w i th  0.6% sodium h y p o c h l o r i t e  (C lo ro x )  and soaked  i n  t a p  

w a te r  f o r  two d a y s .  A f t e r  s p r o u t i n g ,  th e y  were sown i n  p o t s  c o n t a i n 

in g  a u to c la v e d  g re e n h o u s e  s o i l .  T hree  d ay s  a f t e r  s e e d l i n g  em ergence , 

th e  p o t s  w ere f lo o d e d  and w a te r  was m a in ta in e d  a t  3 -5  cm above th e  

s o i l  l e v e l .

S p ro u te d  s e e d s  were a l s o  p l a n t e d  on 0.8% w a te r  a g a r  i n  Mason 

j a r s  (c a p .  946 ml) w hich were in c u b a te d  a t  25 +  2 C. Cool f l u o r e s c e n t  

l i g h t  p ro v id e d  a  12 h r  day  w i th  a l i g h t  i n t e n s i t y  o f  1 0 ,0 0 0  lu x .  One- 

f o u r t h - s t r e n g t h  H oagland s o l u t i o n  was added t o  eac h  j a r  i n  o r d e r  to  

p r o v id e  n u t r i e n t s  f o r  th e  s e e d l i n g s  and t o  o b t a i n  a  3 -5  cm l a y e r  o v e r  

th e  a g a r  s u r f a c e .

One, two, and th r e e - w e e k - o ld  s e e d l i n g s  w ere  u s e d  f o r  oxygen 

a s s a y s .  A YSI Model 55 oxygen m o n i to r  (Y ellow  S p r in g s  In s t r u m e n t  C o .,  

I n c . ,  Y ellow  S p r in g s ,  O hio , U .S .A . 45387) was em ployed f o r  m e asu r in g  

oxygen r e l e a s e  from r i c e  s e e d l i n g  r o o t s .  The oxygen p ro b e  was co v e re d  

w i th  a t e f l o n  membrane o f  0 .001  in c h  (0 .0 2 5  mm) t h i c k n e s s  h e l d  i n  

p l a c e  b y  a  p lu n g e r  c o n t a in in g  a 1-mm-diam o r d i n a r y  r e l i e f  h o le  and a  

2-mm-diam a u x i l i a r y  r e l i e f  h o le .

The sample v i a l  r e c e i v e d  a m a g n e tic  s t i r r e r  and 10 ml o f  

d e io n iz e d  w a te r .  A f t e r  s t a b i l i z i n g  th e  te m p e r a tu r e  (25 +  1 C) i n  th e  

sample cham ber, th e  m e te r  r e a d in g  was a d j u s t e d  t o  z e ro  on th e  m o n i to r

8



s c a l e ,  and w a te r  i n  t h e  sam p le  v i a l  was s a t u r a t e d  w i th  n i t r o g e n  g a s .

The shoo 't o f  an  i n t a c t  s e e d l i n g  was i n t r o d u c e d  i n t o  t h e  p lu n g e r  and 

p u l l e d  o u t  th ro u g h  th e  a u x i l i a r y  r e l i e f  h o l e  l e a v in g  t h e  e n t i r e  r o o t  

s y s te m  i n s i d e  t h e  p lu n g e r .  The p lu n g e r  a lo n g  w i th  t h e  s e e d l i n g  was 

in t r o d u c e d  i n t o  t h e  v i a l  and m a n ip u la te d  so  a s  t o  f o r c e  o u t  e n t r a p p e d  

gas  b u b b l e s . A narrow  p i e c e  o f  t a p e  was p la c e d  a c r o s s  t h e  b a s e  o f  t h e  

p lu n g e r ,  w h ich  r e s t e d  on a  p l a s t i c  r i n g  1 .5  cm w ide  i n  t h e  b o t to m  o f  

t h e  v i a l ,  i n  o r d e r  t o  f a c i l i t a t e  f r e e  movement o f  t h e  m a g n e t ic  s t i r r e r  

and to  p r e v e n t  i n j u r y  t o  s e e d l i n g  r o o t s .  The sam p le  v i a l  w h ich  co n 

t a i n e d  th e  r o o t  s y s te m  was s e a l e d  w i t h  a  s p l i t  r u b b e r  s t o p p e r  t r e a t e d  

w i t h  p a r a f f i n  wax l e a v in g  th e  a e r i a l  p a r t s  o f  t h e  s e e d l i n g  exposed  to  

a n  a tm o sp h e re  o f  a i r .  R ead ings on t h e  s c a l e  w ere  r e c o r d e d  5 m in a f t e r  

n e e d l e  s t a b i l i z a t i o n .

C a l i b r a t i o n  o f  t h e  oxygen m o n i to r  was made w i th  d i f f e r e n t  

volum es o f  o x y g e n - s a tu r a t e d  w a te r  in t r o d u c e d  i n t o  th e  sam p le  v i a l  

c o n t a i n i n g  n i t r o g e n - s a t u r a t e d  w a t e r .  S o l u b i l i t y  o f  oxygen i n  w a te r  

a t  25 C and a t  1 -a tm o sp h e re  i s  2 8 .2 2  p l / m l  (63) and  a  c a l i b r a t i o n  

c u rv e  (F ig .  1) was c o n s t r u c t e d  by p l o t t i n g  m e te r  d e f l e c t i o n s  a g a i n s t  

m i c r o l i t e r s  o f  oxygen in t r o d u c e d  i n  t h e  o x y g e n - s a tu r a t e d  w a t e r .  M ete r  

r e a d in g s  w ere  c o n v e r te d  t o  j i l  O2  d i r e c t l y  from t h i s  c u r v e .

Root s u r f a c e  a r e a s  and  d r y  w e ig h ts  o f  r o o t s  and  s h o o ts  w ere  

d e te rm in e d  by th e  method o f  Embabi (1 7 ) .

E f f e c t  o f  HgS on oxygen r e l e a s e  from r i c e  s e e d l i n g s

D i f f e r e n t  c o n c e n t r a t i o n s  o f  H2 S ( 0 ,  0 . 2 ,  5 . 0 ,  and  10 j ig /m l)  w ere  

e s t a b l i s h e d  by io d o m e t r i c  t i t r a t i o n s  (2 2 ) .  Two and 3 -w eek -o ld  s e e d l i n g s  

o f  r i c e  v a r i e t i e s  B l u e b e l l e ,  Dawn, S a tu r n ,  Z e n i th ,  N o r in  2 2 ,  and Yubae
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F ig u r e  1. Oxygen c a l i b r a t i o n  c u rv e  ( c o n v e r s io n  o f  m o n i to r  s c a l e  
r e a d in g s  t o  m i c r o l i t e r s  o f  o x y g e n ) .  Zero r e p r e s e n t s  
n i t r o g e n  s a t u r a t e d  w a te r .
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w ere t r e a t e d  by Im m ersing  t h e i r  r o o ts  f o r  a  1 2  h r  p e r io d  i n  f l a s k s  

c o n ta in in g  known c o n c e n t r a t io n s  o f  H2 S in  w a te r  a t  25 j" 2 C. P re 

t r e a t e d  s e e d l in g s  w ere  w ashed th o ro u g h ly  in  ta p  w a te r  and oxygen 

r e l e a s e  from  i n d i v id u a l  s e e d l in g s  was d e te rm in e d  by  th e  m ethod 

d e s c r ib e d  a b o v e .

Nutrient uptake by H?S pretreated seedlings

P re tr e a tm e n t  o f  s e e d l in g s  w ith  H2 S : S e e d lin g s  o f  r i c e  v a r i e t i e s

B lu e b e l le ,  Dawn, S a tu rn ,  and Z e n ith  w ere  grown i n  th e  g re e n h o u se . 

T e n -d a y -o ld  s e e d l in g s  o f  u n ifo rm  h e i g h t  and  v ig o r  w ere  s e l e c t e d  fo r  

H2 S t r e a tm e n t s .  S o lu t io n s  o f  d i f f e r e n t  H2 S c o n c e n t r a t io n s  (0 , 0 .0 5 ,  

0 . 1 , 0 . 2 , 1 . 0 , and 2 . 0  p g /m l)  w ere  p re p a re d  from  a  s to c k  s o l u t i o n  

s ta n d a r d iz e d  by io d o m e tr ic  t i t r a t i o n s  ( 2 2 ) ;  th e  s to c k  s o l u t i o n  was 

p re p a re d  by b u b b lin g  H2 S in t o  n i t r o g e n - s a t u r a t e d ,  d e io n iz e d  w a te r  and 

th e n  d i l u t i n g  i t  to  o b ta in  th e  d e s i r e d  H2 S c o n c e n t r a t i o n s .  S e e d lin g s  

o f  each  r i c e  v a r i e t y  w ere  g ro u p ed  in t o  45 s e e d l in g s  p e r  g ro u p , and th e  

r o o ts  o f  eac h  g roup  w ere  f u l l y  im m ersed i n  th e  s o lu t i o n s  o f  known 

c o n c e n t r a t io n s  o f  H2 S in  125-m l E rlen m ey er f l a s k s  f o r  a 12 h r  p e r io d  

a t  room te m p e ra tu re  (25 t  2 C ).

N u t r i e n t  u p ta k e : F o llo w in g  p r e t r e a tm e n t  w ith  H2 S, th e  s e e d l in g -

r o o ts  w ere w ashed th r e e  tim es  w ith  d e io n iz e d  w a te r  and  each  g ro u p  o f  

45 s e e d l in g s  (w hich had  been  p r e t r e a t e d  w ith, a  known c o n c e n t r a t io n  o f  

H2 S) was s u b d iv id e d  in t o  3 g roups o f  15 s e e d l in g s  e a c h , in  o r d e r  to  

g iv e  3 n u t r i e n t  u p ta k e  r e p l i c a t e s  o f  each  H2 S c o n c e n t r a t i o n .  Each 

r e p l i c a t e  o f  15 s e e d l in g s  was th e n  t r a n s f e r r e d  to  a  lo n g  t e s t  tu b e  

c o n ta in in g  25 ml o f  1 / 4 - s t r e n g t h  H o ag lan d -S n y d er s o l u t i o n  ( 6 6 ) and
- I .

in c u b a te d  a t  25 Z  2 C u n d e r f lu o r e s c e n t  l i g h t  o f  10 ,000  lu x  i n t e n s i t y .
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The volum e o f  n u t r i e n t  s o l u t i o n  in  each  tu b e  was m a in ta in e d  w ith  

d e io n iz e d  w a te r .

N u t r ie n t  u p ta k e  by th e  s e e d l in g s  was d e te rm in e d  by m e a su rin g  

c o n d u c t iv i t y  o f  th e  n u t r i e n t  s o l u t i o n  a t  0 and 80 h r  in c u b a t io n .  A 

B a rn s te a d  M odel TM-70 CB c o n d u c t iv i t y  b r id g e  (B a rn s te a d  C o ., 225 

R iverm oor S t . ,  B o sto n , M a ss .,  U .S .A . 02132) w ith  a  Beckman CEL-VS 01 

c o n d u c t iv i t y  c e l l  o f  0 .1  c o n s ta n t  (Beckman I n s t r u m e n ts ,  I n c . ,  C edar 

G rove, N . J . ,  U .S .A .)  was u sed  to  m easu re  c o n d u c t iv i t y  o f  th e  n u t r i e n t  

s o l u t i o n s . T h is  c o n d u c t iv i t y  b r id g e  h a s  a  f u l l  s c a l e  ra n g e  o f  1199 

nanomhos to  1 1 9 .9  m ill im h o s .

A. Zero A d ju s tm e n t: The z e ro  p o in t  f o r  a l l  ra n g e s  was e s t a b l i s h e d  

a s  fo l lo w s :

a )  The MULTIPLIER knob was r o t a t e d  to  th e  KILOHMS x l  (CAL) p o s i t i o n ;

b) a f t e r  s h o r t  c i r c u i t i n g  th e  b in d in g  p o s t s ,  th e  d i g i t a l  s w i tc h  was 

s e t  to  0 .0 0 ;  c )  th e  CHECK-0PER s w itc h  was p la c e d  i n  th e  OPER p o s i t i o n ,  

and  0FF-0N s w itc h  i n  th e  ON p o s i t i o n ;  d ) th e n  th e  SENSITIVITY knob 

was r o t a t e d  f u l l y  c lo c k w is e ,  and  th e  ZERO ADJUST sc rew  r o t a t e d  as 

r e q u i r e d  u n t i l  th e  m e te r  n e e d le  was a l ig n e d  w ith  th e  0  m ark on th e  

m e te r ;  4 )  th e  s h o r t  c i r c u i t  was th e n  rem oved from  th e  b in d in g  p o s t s .

B. Range c a l i b r a t i o n : C ondu c tan ce  ra n g e s  w ere  c a l i b r a t e d  as fo l lo w s :  

a )  th e  MULTIPLIER knob was r o t a t e d  to  th e  MICROMHOS x 10 (CAL) p o s i 

t i o n ,  and  th e  d i g i t a l  s w i tc h  was s e t  a t  1 0 .0 0 ; b) th e  CHECK-OPER 

s w itc h  in  th e  ON p o s i t i o n ;  c )  th e  SENSITIVITY knob was r o t a t e d  to  th e  

c e n t e r  p o s i t i o n ,  an d ; d ) th e  MHOS sc rew  was r o t a t e d  as  r e q u i r e d  u n t i l  

th e  m e te r  n e e d le  was a l ig n e d  w ith  th e  0  m ark on th e  m e te r .
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C. C o n d u c t iv i ty  m easu rem en t: th e  c o n d u c t iv i t y  o f  n u t r i e n t  s o l u t i o n

was m easured  as fo l lo w s :

a )  The c o n d u c t iv i t y  c e l l  te r m in a l s  w ere  c o n n e c te d  to  th e  b in d in g  

p o s t s ,  and th e  l e f t  b in d in g  p o s t  was g ro u n d ed ; b ) th e  OFF-ON s w itc h  

was p la c e d  in  th e  ON p o s i t i o n ,  and  th e  CHECK-OPER s w itc h  i n  th e  OPER 

p o s i t i o n ;  c )  th e  SENSITIVITY knob was r o t a t e d  f u l l y  c lo c k w is e ,  and  th e  

d i g i t a l  s w i tc h  was s e t  to  1 1 .9 9 ; d ) th e  volum e o f  n u t r i e n t  s o l u t i o n  in  

each  tu b e  c o n ta in in g  th e  s e e d l in g s  was b ro u g h t up to  25 ml and  th e  

s o l u t i o n  was pou red  in t o  a  15 x 2 .5  cm t e s t  tu b e ;  e )  t h e  c o n d u c t iv i t y  

c e l l  was th e n  p la c e d  in  th e  tu b e  and  moved up and down to  rem ove a l l  

a i r  b u b b le s ;  f )  th e  MULTIPLIER knob was s e t  a t  NANOMHOS xlOO p o s i t i o n  

a n d  th e n  advanced  tow ards MILLIMHOS xlO  u n t i l  th e  m e te r  n e e d le  d e f l e c t e d  

to  th e  l e f t .  T h is in d i c a te d  t h a t  th e  c o n d u c t iv i t y  was l e s s  th a n  th e  

r e a d in g  on th e  d i g i t a l  s w i tc h ;  g ) s t a r t i n g  w i th  th e  l e f t  d i g i t ,  th e  

s e t t i n g  on th e  d i g i t a l  s w i tc h  was d e c re a s e d  u n t i l  th e  m e te r  n e e d le  

was a t  z e r o ,  h )  The m easu red  co n d u c ta n c e  was th e  s e t t i n g  on th e  

d i g i t a l  s w i tc h  x th e  s e t t i n g  on th e  MULTIPLIER s c a l e  x 10 ( r e c i p r o c a l  

o f  th e  c e l l  c o n s ta n t ,  w hich  was 0 . 1 ) .  i )  A f te r  each  r e a d in g ,  th e  

c o n d u c t iv i t y  c e l l  was r in s e d  3 tim es  in  d e io n iz e d  w a te r .

The c o n v e rs io n  o f  n u t r i e n t  u p ta k e  d a ta  from  m illim h o s  

( r e c i p r o c a l  m illio h m s )  c o n d u c t iv i t y  to  p g  n u t r i e n t  u p ta k e  p e r  15 

s e e d l in g s  was a c c o m p lish e d  by th e  fo l lo w in g  p ro c e d u re : T w e n ty -f iv e

m l o f  1 / 4 - s t r e n g t h  H oag lan d -S n y d er s o lu t i o n  c o n ta in s  452 4 .6 8 2  p g  o f  

t o t a l  n u t r i e n t s  (T ab le  l a ,  b ) . I f  th e  c o n d u c ta n c e  o f  t h i s  s o l u t i o n  

c o n ta in in g  r i c e  s e e d l in g s  was 90 mmhos a t  0 t im e ,  and 45 mmhos a f t e r  

80 h r  in c u b a t io n  p e r io d  th e n  th e  p la n t s  a b so rb e d  226 2 .3 4 1  pg  o f  

n u t r i e n t s  in  80 h r .  The c o n v e rs io n  from  m illim h o s  to  p g  n u t r i e n t s
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T ab le  l a .  P r e p a r a t io n  o f  H o ag lan d -S n y d er s o l u t i o n  (6 6 ) .

R eagent g / l i t e r  o f  s o lu t io n *

kno 3 0 .5 1 0

Ca(N03 ) 2 0 .8 2 0

kh 2 po4 0 .1 3 6

MgS04 -7H20 0 .4 9 0

F e r r i c  t a r t r a t e 1 ml o f  0.5% s o l u t i o n

M ic r o n u t r i e n t s :

MnCl2 *4H20 1 .5

(NH4 ) 6 -Mb7 0 2 4 *4H20 0 .0 7 4
D is so lv e  s e p a r a t e l y ;  th e n  
com bine w ith  50 ml o f

h 3 bo3 0 .9 3 4
c o n c . H2 S0 4 . Make up to  
1  l i t e r  volum e w ith

ZnS04 *7H20 0 .0 3 5
> d e io n iz e d  w a te r .  Use 

1 .2 5  m l o f  t h i s  s to c k

CuS04 *5H20 0 .0 3 1
s o l u t i o n  p e r  l i t e r  o f  
c u l t u r e  s o l u t i o n .

F eC l3 *6H20 7 .7

* A d ju s t th e  pH o f  th e  s o l u t i o n  to  5 .0  and d i l u t e  w ith  d e io n iz e d  w a te r  
to  o b ta in  a 1 / 4 - s t r e n g t h  s o l u t i o n .
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T a b le  lb . N u t r ie n t  c o n c e n t r a t io n  o f  
Snyder s o l u t i o n .

25 m l, 1 / 4 - s t r e n g t h  H o ag land -

E lem ent C o n c e n tra t io n  o f  e lem en t 
(pg)

N 1320 .50

P 2 0 0 . 0 0

K 1443.75

Ca 1250.00

Mg 300 .00

Mn 3 .1 2

Mo 0 .3 1 2

B 1 .2 5

Zn 0 .6 2 5

Cu 0 .6 2 5

Fe 12 .50

Total 4524 .682
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was b ased  on  th e  p h y s ic o -c h e m ic a l p r i n c i p l e  t h a t  c o n d u c t iv i t y  o f  a 

d i l u t e  e l e c t r o l y t e  s o l u t i o n  i s  l i n e a r  w ith  c o n c e n t r a t i o n ,  and  th e  f a c t  

t h a t  th e  H o ag lan d -S n y d er n u t r i e n t  s o l u t i o n  was d i l u t e  (a p p ro x . 0 .002M ).

E f f e c t  o f  HgS on P ^  u p ta k e  by r i c e  s e e d l in g s

S e e d lin g s  o f  r i c e  v a r i e t i e s  B lu e b e l l e ,  Dawn, S a tu rn ,  and Z e n ith  

w ere  grown i n  v e r m i c u l i t e ,  i n  946 m l p o ly e th y le n e  c o n ta in e r s  a t
■ f

25 _ 2 C u n d e r f l u o r e s c e n t  l i g h t  o f  10 ,000  lu x  i n t e n s i t y ,  g iv in g  a 

1 2 -h r  d a y . The v e r m i c u l i t e  was s a tu r a t e d  w ith  d e io n iz e d  w a te r  a t  th e  

tim e  o f  p la n t in g  and  k e p t m o is t  by  a d d in g  1 /4 - s t r e n g th  H oag land -S nyder 

s o l u t i o n  a f t e r  s p r o u t in g .  T w e lv e -d a y -o ld  s e e d l in g s  o f  u n ifo rm  v ig o r  

w ere  g ro u p ed  i n t o  30 s e e d l in g s  p e r  g ro u p , and  th e  ro o ts  o f  each  g roup  

w ere  f u l l y  im m ersed i n  s o lu t i o n s  o f  0 ,  1 , 5 ,  and 10 jig /m l H2 S co n cen 

t r a t i o n s  i n  125-m l E rlen m ey e r f l a s k s  f o r  a  1 2 -h r p e r io d .

P r e t r e a te d  s e e d l in g s  o f  each  g ro u p  w ere  d iv id e d  in t o  3 g roups 

( r e p l i c a t e s )  o f  1 0  s e e d l in g s  e a c h , and eac h  r e p l i c a t e  was t r a n s f e r r e d
O O

to  a  25-m l E rlen m ey e r f l a s k  c o n ta in in g  10 ml o f  KH2 P O4  s o l u t i o n  ( c a .

160 ,000  dpm P ^ / m l  s o l u t i o n )  i n  d e io n iz e d  w a te r .  Samples (0 .1  m l) 

w ere  drawn from  each  f l a s k  a t  0 ,  3 , 6 , and  9 h r  and  added to  s c i n t i l l a 

t i o n  v i a l s  c o n ta in in g  10 ml o f  s c i n t i l l a t i o n  f l u i d  (400 ml to lu e n e  + 

400 ml d io x a n e  + 240 ml e th a n o l  +  80 g n a p h th a le n e  +  5 g 2 ,5 -d ip h e n y l -  

o x a z o l e ) . The r a d i o a c t i v i t y  was m easu red  w ith  a  Beckman LS-250 l i q u id  

s c i n t i l l a t i o n  c o u n te r .  C ounts w ere  made a t  95% e f f i c i e n c y  and 

e x p re s s e d  as  dpm/mg d ry  w e ig h t o f  th e  s e e d l i n g .
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A ssay  o f  d i f f e r e n t  r i c e  v a r i e t i e s  and s e l e c t i o n s  f o r  oxygen r e l e a s e  

and n u t r i e n t  u p ta k e

Seeds o f  d i f f e r e n t  r i c e  v a r i e t i e s  and  s e l e c t i o n s  w ere  o b ta in e d  

from  th e  R ice  B ranch E xperim en t S t a t i o n ,  S t u t t g a r t ,  A rk a n sa s ; th e  

R ice  E x p erim en t S t a t i o n ,  C row ley , L o u is ia n a ;  th e  R ic e -P a s tu r e  E x p e r i

m ent S t a t i o n ,  Beaum ont, T ex as; and th e  I n t e r n a t i o n a l  R ice  R esea rc h  

I n s t i t u t e ,  P h i l i p p in e s .  Tw o-w eek-old s e e d l in g s  w ere u sed  f o r  th e  

oxygen a s s a y  and 1 0 - d a y - o ld  s e e d l in g s  f o r  th e  n u t r i e n t  u p ta k e  s t u d i e s .  

The m ethods u sed  f o r  oxygen r e l e a s e  and n u t r i e n t  u p ta k e  m easurem en ts 

w ere  th o s e  d e s c r ib e d  ab o v e .

A ll  d a ta  w ere a n a ly z e d  s t a t i s t i c a l l y ,  and th e  mean d i f f e r e n c e s  

w ere  e v a lu a te d  w ith  D uncan 's  new m u l t ip l e  ra n g e  t e s t  (1 6 ) .



RESULTS

Oxygen r e l e a s e  from  r i c e  s e e d l in g s

O ne-w eek -o ld  s e e d l in g s  o f  S a tu rn  and  B lu e b e l le  r e l e a s e d  m ore 

oxygen th a n  1 -w eek -o ld  Dawn and Z e n ith  s e e d l in g s  (T ab le  2 ) .  Oxygen 

r e l e a s e  from  s e e d l in g s  o f  a l l  f o u r  v a r i e t i e s  grown in  w a te r  a g a r  

f lo o d e d  w ith  H o a g la n d 's  s o lu t i o n  was low er th a n  th o s e  grown in  

g re e n h o u se  s o i l .

R e s u lts  f o r  two and  th r e e -w e e k -o ld  s e e d l in g s  (T ab les  3 and 4 ) 

a l s o  show t h a t  S a tu rn  and  B lu e b e l le  had  s i g n i f i c a n t l y  h ig h e r  oxygen ■ 

r e l e a s e  th a n  Z e n ith  and Dawn. Oxygen r e l e a s e ,  r o o t  s u r f a c e  a r e a ,  and 

d ry  w e ig h t o f  r o o t  and s h o o t o f  a l l  v a r i e t i e s  in c re a s e d  w ith  s e e d l in g  

a g e . T hese in c r e a s e s  w ere  s m a l le r  in  th e  s e e d l in g s  grown i n  w a te r  

a g a r  w hich  may h av e  b een  ca u se d  by u n fa v o ra b le  g row ing  c o n d i t io n s  i n  

th e  a g a r .

T h ere  w ere no r e l a t i o n s h i p s  be tw een  th e  oxygen r e l e a s e  from

r i c e  s e e d l in g s  and  t h e i r  r o o t - s u r f a c e - a r e a s  o r  r o o t  and  s h o o t d ry

w e ig h ts .  A lso , no s i g n i f i c a n t  d i f f e r e n c e s  w ere  o b se rv e d  betw een  th e

-1  -2oxygen r e l e a s e  r a t e s  (O2  / i l*  ta in  . cm r o o t  s u r f a c e )  o f  th e s e  

v a r i e t i e s .

E f f e c t  o f  hyd rogen  s u l f i d e  on  oxygen r e l e a s e  from  r i c e  s e e d l in g s  

A 1 2 -h r  p r e t r e a tm e n t  w ith  0 . 2 ,  5 .0 ,  and 1 0 .0  jig /m l H2 S 

i n h i b i t e d  oxygen r e l e a s e  o f  2 -w e e k -o ld  s e e d l in g s  o f  a l l  s i x  v a r i e t i e s  

t e s t e d ;  how ever, S a tu rn ,  B lu e b e l le  and  N o rin  22 r e le a s e d  m ore O2  a t  

0 .2  jig /m l th a n  Dawn, Yubae and Z e n ith  (T a b le  5 ) .

18
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The am ount o f  O2  r e l e a s e d  by  s e e d l in g s  o f  a l l  v a r i e t i e s ,  e x c e p t 

S a tu rn ,  in c re a s e d  a t  3 weeks (T a b le  6 ) .  A l l  v a r i e t i e s  w ere s t i l l  s u s 

c e p t i b l e  to  H2 S. Yubae and B lu e b e l le  had  th e  h ig h e s t  oxygen  r e l e a s e  

a t  each  c o n c e n t r a t io n  o f  l^ S  w ith  Dawn, N o r in  22 and S a tu rn  b e in g  

low er and  Z e n ith  th e  lo w e s t .

E f f e c t  o f  H2 S on  n u t r i e n t  u p ta k e  by r i c e  s e e d l in g s

U n tre a te d  Dawn and  Z e n ith  a b so rb e d  2 to  3 tim es  more n u t r i e n t s  

th a n  S a tu rn  and B lu e b e l le .  A t 0 .0 5  fig /m l I ^ S ,  n u t r i e n t  a b s o r p t io n  o f  

Dawn and Z e n ith  was red u ce d  38 and 24% r e s p e c t i v e l y ,  w hereas t h a t  o f  

S a tu rn  and B lu e b e l le  was s t im u la t e d  40 and 48%, r e s p e c t i v e l y  (T ab le  7 , 

F ig .  2 ) .  F i f t y - e i g h t  and 50% r e d u c t io n ,  r e s p e c t i v e l y ,  o c c u r re d  i n  th e  

n u t r i e n t  u p ta k e  o f  Dawn and Z e n ith  a t  0 .1  ^ig/m l H2 S. B lu e b e l le  and 

S a tu rn  n u t r i e n t  u p ta k e  was u n a f f e c te d  a t  b o th  0 .1  and 0 .2  jig /m l.  A t

1 .0  and 2 .0  jig /m l H2 S, a p p ro x im a te ly  3 4 , 5 1 , 7 3 , and  79% r e d u c t io n  

o c c u r re d  i n  n u t r i e n t  u p ta k e  o f  B lu e b e l l e ,  S a tu rn ,  Z e n i th ,  and  Dawn, 

r e s p e c t i v e l y .  A l l  d i f f e r e n c e s  be tw een  v a r i e t i e s  and H2 S c o n c e n t r a 

t i o n s  on i n d i v id u a l  v a r i e t i e s  w ere  h ig h ly  s i g n i f i c a n t  (T ab le  8 ) .

E f f e c t  o f  H2 S on p32 u p ta k e  by  r i c e  s e e d l in g s

U ptake o f  P^2 by u n t r e a te d  p la n t s  o f  a l l  fo u r  v a r i e t i e s

32in c re a s e d  w ith  tim e  o f  e x p o s u re .  Dawn a b so rb e d  maximum P fo llo w e d  

by S a tu rn ,  B lu e b e l le  and  Z e n ith  (T ab le  9 and  F ig .  3 a , b ,  c ) .  S ig n i 

f i c a n t  i n h i b i t i o n  o f  P^ 2  u p ta k e  o f  a l l  v a r i e t i e s  o c c u r re d  a s  a  r e s u l t  

o f  p r e t r e a tm e n t  w ith  1 .0  p g /m l H2 S. T h is  i n h i b i t i o n  in c r e a s e d  a t  

h ig h e r  H2 S c o n c e n t r a t io n s  w ith  th e  e x c e p t io n  t h a t  Z e n ith  showed le s s  

i n h i b i t i o n  a t  5 .0  and 1 0 .0  jig /m l H2 S. A t 1 .0  p g /m l I ^ S ,  i n h i b i t i o n  o f
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uptake was highest in Zenith followed by Dawn, Saturn and Bluebelle

in decreasing order of inhibition.
O O

Maximum i n h i b i t i o n  o f  P u p ta k e  o f  B lu e b e l le  and Dawn by a l l  

t h r e e  c o n c e n t r a t io n s  o f  H2 S o c c u r re d  a f t e r  3 h r  u p ta k e .  No f u r t h e r  

r e d u c t io n s  o c c u r re d  a t  6  and 9 h r .  S a tu rn  and Z e n i th ,  how ever, showed 

g r e a t e r  i n h i b i t i o n  a t  6  and  9 h r  th a n  a t  3 h r .  A l l  i n t e r a c t i o n s  e x c e p t 

th e  v a r i e t y  x c o n c e n t r a t io n  x tim e  i n t e r a c t i o n  w ere  h ig h ly  s i g n i f i c a n t  

(T a b le  1 0 ) .

A ssay  o f  d i f f e r e n t  r i c e  v a r i e t i e s  and  s e l e c t i o n s  f o r  oxygen r e l e a s e  

and  n u t r i e n t  u p ta k e

T w e n ty -e ig h t r i c e  v a r i e t i e s  and s e l e c t i o n s  w ere  a s sa y e d  f o r  

t h e i r  oxygen  r e l e a s e ,  and a l l  o f  th e s e ,  e x c e p t Y ubae, S tg . 653570 and 

F o r tu n a  w ere  t e s t e d  f o r  n u t r i e n t  u p ta k e  (T ab le  1 1 ) . T h e ir  r e a c t io n s  

to  s t r a i g h th e a d  o r  A kagare d i s e a s e s  w ere  com pared w ith  t h e i r  oxygen 

r e l e a s e  and  n u t r i e n t  u p ta k e  w h erev e r p o s s i b l e .  I n  g e n e r a l ,  s t r a i g h t -  

h e a d  r e s i s t a n t  v a r i e t i e s  ( e .g .  B lu e b e l le  and  B e l le  P a tn a )  had a 

h ig h e r  oxygen r e l e a s e  and a  low er n u t r i e n t  u p ta k e .  S u s c e p t ib le  

v a r i e t i e s  l i k e  Dawn, Z e n i th ,  B lue R ose, and  A rk ro se , e t c .  had  low er 

oxygen r e l e a s e  and h ig h e r  n u t r i e n t  a b s o r p t io n .  Texas P a tn a , a 

v a r i e t y  w ith  medium oxygen r e l e a s e ,  had  a  v e ry  low n u t r i e n t  u p ta k e , 

w h ich  c o u ld  be  r e s p o n s ib le  f o r  i t s  r e s i s t a n c e  to  s t r a i g h t h e a d .  

M o d e ra te ly  s u s c e p t i b l e  v a r i e t i e s  l i k e  S a tu rn  and Cody had  a medium 

oxygen r e l e a s e  and a  h ig h e r  n u t r i e n t  a b s o r p t io n .  V a r i e t i e s  w ith  v e ry  

low  oxygen r e l e a s e  w ere  s u s c e p t i b l e  to  s t r a i g h t h e a d .  T h ere  w ere  some 

v a r i e t i e s  w hich  d id  n o t f i t  i n t o  t h i s  p a t t e r n .  F o r tu n a ,  w h ich  i s  a 

m o d e ra te ly  r e s i s t a n t  v a r i e t y  had  a  low oxygen r e l e a s e ;  i t s  n u t r i e n t
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u p ta k e  was n o t d e te rm in e d . Both N o rin  22 and N o rin  36 h av e  b een  

r e p o r te d  to  be  s u s c e p t i b l e  to  A kagare d i s e a s e  (6 ) ;  h ow ever, th e y  

showed h ig h  oxygen r e l e a s e  and  low n u t r i e n t  a b s o r p t io n  in  th e  p r e s e n t  

s tu d y .



Table 2. Comparative measurements of oxygen release, root areas, and root and shoot dry weights of
one-week-old seedlings of four rice varieties grown in water-agar and in greenhouse soil.*

V a r ie ty
° 2  ;* i  • m in .“ l

O
Root a r e a  cm Root d ry  w t.  g . Shoot d ry  w t.  g .

Agar S o i l Agar S o i l Agar S o i l Agar S o i l

B lu e b e lle .511a .564a 3 .1 2 a 7 . l l a b .0023a .0058a .0030a .0Q49ab

Dawn • 2 1 1 bc .194b 2 .6 2 a 5 .7 9 a .0014a .0035b .0029a ,0044a

S a tu rn .317b .511a 2 .5 4 a 10 .78c . 0 0 2 1 a .0040b .0040a .0066bc

Z e n ith .1 6 1 c . 2 1 1 b 3 .5 2 a 8 .8 4 b c . 0 0 2 0 a •0070c .0042a .0077c

Mean .300 .370 2 .9 5 8 .1 7 .0019 .0050 .0035 .0059

*A verages o f  8  r e p l i c a t e s .  Means in  each  colum n w hich  a r e  fo llo w e d  by a  l e t t e r  i n  common do n o t  
d i f f e r  s i g n i f i c a n t l y  a t  0 .0 5  l e v e l  o f  p r o b a b i l i t y .



Table 3. Comparative measurements of oxygen release, root areas, and root and shoot dry weights of
two-week-old seedlings of four rice varieties grown in water-agar and in greenhouse soil.

V a r ie ty
o2 j» i .

A gar

m in ." *  

S o i l

Root a r e a  cm^ 

A gar S o i l

Root d ry  w t.  g .  

A gar S o i l

Shoot d ry  w t.  g .  

A gar S o i l

B lu e b e lle .599a .881a 4 .9 8 a 10 .9 1 a .0028a .0059a .0046b .0144a

Dawn .246b .317 b 4 . 15ab 5 .9 3 b . 0 0 2 2 a .0016b .0065a .0104ab

S a tu rn .670a .740c 6 .2 3 a c 8 .4 5 ab .0028a .0024b .0056ab .0159a

Z e n ith .229b .370b 4 .1 5 a 9 .5 6 a .0023a .0027b .0068a .0208ac

Mean .436 .577 4 .8 7 8 .7 1 .0025 .0031 .0058 .0153

* A v erag eso f 8  r e p l i c a t e s ,  e x c e p t a g a r  t r e a tm e n ts  o f  r o o t  and s h o o t d ry  w e ig h ts ,  w hich  a r e  a v e ra g e s  
o f  7 r e p l i c a t e s .  Means in  each  colum n w hich  a r e  fo llo w e d  by a l e t t e r  in  common do n o t d i f f e r  
s i g n i f i c a n t l y  a t  0 .0 5  l e v e l  o f  p r o b a b i l i t y .



Table 4. Comparative measurements of oxygen release, root areas, and root and shoot dry weights of
three-week-old seedlings of four rice varieties grown in water-agar and in greenhouse
soil.*

V a r ie ty
O2  ^ i l .  m in .” ^

........ ... 1 1 2
Root a r e a  cm Root d ry  w t.  g . Shoot d ry  w t.  g .

A gar S o i l A gar S o i l A gar S o i l Agar S o i l

B lu e b e lle .670a 1 .0 5 8 a 7 .4 5 a 1 6 .0 9 a .0420a •0047ac .0189a .0252a

Dawn .264b .564b 5 .7 9 a 9 . 96ab . 0 0 2 0 b . 0040abc .0116b . 0 2 2 0 ab

S a tu rn .723a .952a 9 . 91ab 8 .3 5 b .0040bc .0059c .0258ac •0323a

Z e n ith .352b .282c 11 .64b 1 5 .8 7 a ,0060c .0081c .0260c .0279a

Mean .502 .7 1 4 8 .7 0 12.57 .0130 .0056 .0205 .0268

*A gar t r e a tm e n ts  a r e  a v e ra g e s  o f  8  r e p l i c a t e s . S o i l  t r e a tm e n ts  a r e  a v e ra g e s  o f  4 r e p l i c a t e s . 
Means fo llo w e d  by a  l e t t e r  i n  common do n o t  d i f f e r  s i g n i f i c a n t l y  a t  0 .0 5  le v e l  o f  p r o b a b i l i t y .
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Table 5. Oxygen release from two-week-old seedlings of six rice
varieties pretreated with different concentrations of H2 S
for a 12-hr period.*

H2S
(jig /m l)

Oxygen r e l e a s e  ( j i l .  m in . - 1)

B lu e b e l le Dawn S a tu rn Z e n ith Yubae N o rin  22

0 .828a .446a .863a .423a 1 .013a .634a

0 . 2 .423b .376a .705b .329b .352b .493b

5 .0 .352b • 352a .611bc .282b .258b .446bc

1 0 . 0 .188c .188b .540c . 164c .164b .399c

*A verages o f  6  r e p l i c a t e s .  Means i n  each  colum n w hich  a r e  fo llo w e d  by 
a l e t t e r  i n  common, do n o t d i f f e r  s i g n i f i c a n t l y  a t  0 .0 5  l e v e l  o f  
p r o b a b i l i t y .
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Table 6. Oxygen release from three-week-old seedlings of six rice
varieties pretreated with different concentrations of H2 S
for a 12-hr period.*

h2 s
(p g /m l)

Oxygen r e l e a s e ( p i .  m in . - l >

B lu e b e lle Dawn S a tu rn Z e n ith Yubae N o rin  22

0 .917a .615a .823a .595a 1 .2 5 3 a .705a

0 . 2 .729b .511b .473b .446b .658b .540b

5 .0 .611c .453c .329c .329c .658b • 540b

1 0 . 0 .540c .446c .235c . 188d • 658b .446b

*A verages o f  6  r e p l i c a t e s .  Means i n  each  colum n w hich  a r e  fo llo w e d  by 
a l e t t e r  i n  common, do n o t d i f f e r  s i g n i f i c a n t l y  a t  0 .0 5  l e v e l  o f  
p r o b a b i l i t y .
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Table 7. Nutrient uptake in 80 hr by 10-day-old seedlings of rice
varieties treated with different concentrations of H^S for
a 12-hr period.

H2 S
(jig /m l)

N u t r ie n t U ptake

B lu e b e l le Dawn S a tu rn Z e n ith

0 1 7 .6 0 ac* 5 0 .7 6 a 2 3 .0 3 a c 4 4 .7 0 a

0 .0 5 26 .0 0 b 3 1 .3 3 b 32 .3 3 b 33 .80b

0 . 1 0 19 .1 6 a 2 1 .3 6 c 2 8 .53bc 22 .2 3 c

0 . 2 0 1 9 .7 3 a 1 6 .06cd 1 9 .1 6 a 24 .9 3 c

1 . 0 0 1 2 . 0 0 c 1 1 .16d 11 .53d 12.06d

2 . 0 0 11 .43c 1 0 .76d 11 .13d 11.23d

0 8 8 4 .8 2 ac* * 2 5 77 .69a 1 1 5 7 .43ac 2272 .50a

0 .0 5 1307.12b 1590 .99b 1624 .82b 1718.36b

0 . 1 0 1084 .70a 1433 .84c 1 4 3 3 .84bc 1130.15c

0 . 2 0 9 9 1 .9 1 a 8 1 5 .5 5 cd 9 6 2 .93a 1267 .41c

1 . 0 0 6 0 3 .2 9 c 5 6 6 .72d 5 7 9 .46d 6 1 3 . l i d

2 . 0 0 5 7 4 .6 3 c 5 4 6 .41d 5 5 9 .36d 5 7 0 .92d

1 /4 - s t r e n g t h  H o ag lan d -S n y d er s o l u t i o n .
A verages o f  3 r e p l i c a t e s  o f  15 s e e d l in g s  e a c h . Means i n  each  colum n 
w hich  a r e  fo llo w e d  by a  l e t t e r  in  common do n o t d i f f e r  s i g n i f i c a n t l y  
a t  0 . 0 1  l e v e l  o f  p r o b a b i l i t y .

* N u t r ie n t  u p ta k e  in  m illim h o s  c o n d u c t iv i t y .
* * N u tr ie n t  u p ta k e  in  m ic ro g ra m s .


