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Abstract  

Pot e x p e r i m e n t s  were  conduc ted  with a ca l ca reous  soil ( Incep t i so l )  to e luc ida te  the e f fec t s  of  
bicarbonate (0 and 20 mM) and root zone temperature (15 ° and 25°C) on the uptake of Zn, Fe, Mn and 
Cu by "Zn-efficient" and "Zn-inefficient" rice cultivars. Bicarbonate decreased concentrations and total 
uptake of Zn in shoots of "Zn-inefficient" cultivars, especially of IR 26 at 25°C, but not in Zn-efficient 
cultivars. Bicarbonate decreased concentrations and uptake of Fe in shoots of Zn inefficient cultivars, 
particularly in IR 26. Concentrations and total uptake of Mn were lower in bicarbonate treatment in the 
Zn-inefficient cultivars at 15°C, and in all cuttivars at 25°C. However,  concentration and uptake of Cu 
were not affected by bicarbonate in all cultivars. Compared to the 25°C root zone temperature, the 
concentrations and total uptake of both Zn and Cu in shoots at 15°C were lower in Zn-inefficient than in 
the Zn-efficient  cultivars. The results indicate that Zn-eff ic iency in rice is causally related to high 
tolerance of plant to elavated bicarbonate concentrations in soil solution. 

Introduct ion 

Bicarbonate has been regarded as a major causal 
f a c t o r  fo r  Zn d e f i c i e n c y  in r i ce  g r o w n  on 
calcareous soil (Forno et al., 1975; Yoshida and 
Tanaka,  1969). Bicarbonate  might  inhibit  root 
a b s o r p t i o n  of  Zn ( D o g a r  and Hai ,  1980) ,  
immobilize Zn in roots and inhibit translocation 
to shoots. Zn deficiency is more common and 
more severe in early-season rice because of cool 
wea ther  during t r ansp lan t ing  in ear ly Spring.  
Severe inhibition of Zn uptake into rice shoots 
occured at sub-optimal  temperature  (Mikkelson 
and Brandon, 1969). Low root zone temperature 
( R Z T )  d e c r e a s e d  bo th  u p t a k e  ra te  and 
t rans loca t ion  (Engels  et al., 1992; Engels  and 
M a r s c h n e r ,  1992) ,  and c o n c e n t r a t i o n s  of  
macronutrients in shoots of cool-sensitive plants 
l ike  m a i z e  ( E n g e l s  and  M a r s c h n e r ,  1990) .  
However ,  little in format ion  is ava i lab le  about  
interactions of  RZT and bicarbonate to induce Zn 

deficiency in rice. Differences of rice cultivars 
in Zn efficiency could be mainly associated with 
their  d i f fe rences  in sens i t iv i ty  to b ica rbona te  
(Forno  et al. ,  1975).  H o w e v e r ,  e n h a n c e d  Fe 
uptake seemed to be responsible for the cultivar 
d i f fe rences  in suscept ib i l i ty  to Zn def ic iency  
(Chaudhry et al., 1977). The object ives of  this 
study were to determine effects  of bicarbonate 
and root zone temperature  (RZT) on uptake of 
Zn, Fe, Mn and Cu in " Zn-efficient" and "Zn- 
i n e f f i c i e n t "  r ice  (Oryza sativa L.) cu l t i va r s  
grown on calcareous soil. 

Materials  and methods  

Rice cultivars used in these studies were IR 26 
and IR 8192-31-2 obtained from the International 
Rice Research Institute (IRRI) and Che 64-7 and 
Shanyou 10 obtained from China. IR 8292-31-2 
and Shanyou  10 were  c o n s i d e r e d  to be "Zn-  
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ef f ic ien t"  and IR 26 and Che 64-7 to be "Zn-  
inefficient" (growth differences at low soil Zn) 
(H.U.  Neue ,  1989, pe r sona l  c o m m u n i c a t i o n ;  
Yang et al., 1991, unpublished data). 

Plants were grown in soil pot experiments in a 
g r o w t h  c h a m b e r  wi th  (20 mM) and w i t h o u t  
b i c a r b o n a t e  (as NaHCO3) at RZT of  15 ° and 
25°C. A ca lcareous  soil ( Incept isol) ,  obta ined 
f r o m  a Zn d e f i c i e n t  r i ce  f i e l d  in Z h e j i a n g  
province, China was air-dried and sieved to pass 
a 2 mm screen. Initial chemical properties of the 
soil were: pH 7.77 (1 soil : 2.5 water); in mg kg -~ 
soil;  total  N 3.1 ava i l ab le  P (0.5 M NaHCO3 
extractable)  53.1 and avai lable K (1 N NH4Ac 
extractable) 28.5 and Mn 40.0, Fe 30.0, Cu 1.5, 
and Zn 0.7 (0.005 M DTPA extractable) .  The 
basal fertil izers were 63.3 mg N as (NH4)2SO4, 
18.8 mg P as Ca(H2PO4) z and 69.0 mg K as KC1 
per pot of  450 g soil. 20 germinated seeds were 
planted to each pot and plants were grown 6 days 
be fo re  b i ca rbona t e  and RZT t r ea tmen t s  were  
administered. Bicarbonate was added to each pot 
in solution. For the low RZT treatment, the root 
part of  the plants were placed in a water bath in 
which the temperature  gradually decreased and 
was maintained at 15°C by coils through which 
coo led  water  was c i rcu la ted ,  whi le  the shoot  
pa r t s  o f  the p l a n t s  were  c u l t u r e d  at the a i r  
t e m p e r a t u r e  25° /20°C  ( l i g h t / d a r k ) .  For  the 
optimal RZT treatment, both root and shoot parts 
of  the plants were cultured at the air temperature 
(25°/20°C l ight /dark) .  The exper iments  were 
conducted in controlled environmental conditions 
with light/dark regime of 15/9 h, a photon flux 
density of about 400 ~tmol m -2 s -1 and a relative 
humidity of  80 %/85 % day/night .  

Plants  were grown in the t rea tments  for 14 
days (20-day-old) .  Shoots were cut 2 cm from 
the soil surface,  weighed,  rinsed with distilled 
water, dried at 65°C and again weighed. Roots 
were washed from soil, dried and weighed. The 
shoot samples were ground to pass a 0.5 mm (40- 
mesh) sieve for analysis. Samples weighed and 
d ry-ashed  (550°C 6h), res idues  were digested 
wi th  l : 3 ( v / v )  H N O  3 tw ice  and d i s s o l v e d  in 
l :30(v/v) HC1, concentrations of Zn, Fe, Mn and 
Cu w e r e  a n a l y z e d  by  A t o m i c  A b s o r p t i o n  
S p e c t r o s c o p y  (AAS) .  Wa te r  so lub le  Fe and 
Zn w e r e  e x t r a c t e d  by 1.0 mM Mes ( 2 - ( N -  
m o r p h o l i n o )  e t hanes u l fon i c  acid) bu f fe r  (pH 

6.0)(Cakmak and Marschner, 1987). Fe and Zn 
concentration in the extractions were analyzed by 
AAS. 

Results 

Effects o f  bicarbonate and root zone temperature 
on growth 

Plants after 7 days treatment with bicarbonate at 
d i f fe ren t  R Z T  showed  d is t inc t  d i f f e r ences  in 
g r o w t h .  The  R Z T  o f  15°C d e c r e a s e d  s h o o t  
growth of all cultivars, particularly of IR 26 and 
Che 64-7. The older leaves of these two cultivars 
d e v e l o p e d  r e d - b r o w n  spo t s  and new l e a v e s  
almost completely ceased growing. Chlorosis was 
observed in the middle parts of some new leaves 
of  IR 26 at 25°C RZT, and symptoms were more 
severe with bicarbonate treatment. In contrast, no 
symptoms  were observed  in IR 8192-31-2 and 
Shanyou 10. After 14 days treatment, shoot dry 
weights of all cultivars at 25°C RZT were twice 
as high as at 15°C RZT (Fig. 1). Bicarbonate  
treatments had no effects on shoot dry weights of 
all cultivars at 15°C RZT, but shoot dry weights 
of  IR 26 and Che 64-7 were  dec rea sed  when 
grown with b icarbonate  at 25°C RZT (Fig. 1). 
Root dry weight of all cultivars was reduced by 
15°C R Z T  (Fig.  1). At 15°C RZT,  root  dry 
w e i g h t  was  not  s i g n i f i c a n t l y  d e c r e a s e d  by 
bicarbonate but at 25°C RZT it was significantly 
decreased in IR 26 and Che 64-7 but not in IR 
8192-31-2 (Fig. 1). Thus, bicarbonate decreased 
root  and shoo t  g rowth  of  Z n - i n e f f i c i e n t  r ice 
cu l t ivars  at op t imal  RZT,  but not that of  Zn-  
efficient cultivars. 

Effects o f  bicarbonate and root zone temperature 
on shoot concentrations of  Zn, Fe, Mn, and Cu 

Zinc concen t ra t ions  in shoots  of  all cu l t ivars  
were s ignif icant ly  lower  at 15°C than at 25°C 
RZT (Fig.2). At 15°C RZT, Zn concentration in 
the shoot of IR 8192-31-2 was about 20 mg kg 1 
dry wt., and about -15  mg kg 1 dry wt. in IR 26 
and Che 64-7. Bicarbonate had only small effects 
on Zn c o n c e n t r a t i o n .  H o w e v e r ,  b i c a r b o n a t e  
s i g n i f i c a n t l y  r e d u c e d  Zn c o n c e n t r a t i o n s  o f  
the shoots at 25°C RZT in IR 26 and Che 64-7, 
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Fig. 1. Effects  of  root  zone  t empear tu re  and b ica rbona te  on 

root  and shoot  dry ma t t e r  y i e lds  of  d i f fe ren t  r ice  cu l t iva r s .  

P lan ts  were  20-day  old and t rea tments  las ted  for 14 days.  All  

da ta  are  m e a n s  of  3 r e p l i c a t i o n s .  The  v e r t i c a l  bars  d e p i c t  

l e a s t  s i g n i f i c a n t  d i f f e r e n c e  ( L S D ,  P < 0 . 0 5  ) a m o n g  

t rea tments .  
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Fig. 2. Effects  of  b ica rbona te  and root  zone  tempera ture  on 

shoot  concen t ra t ions  of Zn and Cu of d i f fe ren t  r ice cul t ivars .  

All  data  are means  of 3 rep l ica t ions ,  ver t ica l  bars depic t  LSD 

( P < 0.05 ) among  t rea tments .  

but  not in IR 8 1 9 2 - 3 1 - 2 ,  i m p l y i n g  that  the 
Zn-inefficient cultivars were more sensitive to 
b i c a r b o n a t e .  The Cu c o n c e n t r a t i o n  in the 
shoots of the cultivars were decreased at RZT 
15°C, but not by bicarbonate.  At 15°C RZT, 
shoo t  Cu c o n c e n t r a t i o n  in IR 26 was on ly  
about half  that of IR 8192-31-2 (Fig. 2). Zn- 
i ne f f i c i en t  cu l t iva r s  were more  sens i t ive  to 
sub -op t i ca l  RZT than Z n - e f f i c i e n t  cu l t iva r s  
with r e s pec t  to Zn and Cu a c c u m u l a t i o n  in 
shoots. Sub-optimal RZT had no effects on Fe 
and Mn concentrations in shoots of all cultivars, 
whereas  b i ca rbona t e  t rea tment  cons ide rab ly  
d e c r e a s e d  Fe c o n c e n t r a t i o n s  in IR 26 and 
Che 64-7, but had little effect in IR 8192-31-2 
(Fig.  3). B i c a r b o n a t e  d e c r e a s e d  shoo t  
Mn c o n c e n t r a t i o n s  at bo th  t e m p e r a t u r e s  
in IR 26 and Che 64-7 ,  but  had much  less 
e f f ec t  in IR 8 1 9 2 - 3 1 - 2  and S h a n y o u  10. 
Bicarbonate depressed Fe and Mn accumulation 
in shoots  of  rice cul t ivars  suscept ib le  to Zn 
deficiency. 

E f f e c t s  o f  b i c a r b o n a t e  a n d  r o o t  z o n e  
t empera ture  on concen t ra t ions  o f  water  so luble  

Fe  and Zn 

W a t e r  so lub le  Zn c o n c e n t r a t i o n s  in shoo t s  
of  all c u l t i v a r s  were  m u c h  lower  at 15°C 

RZT than at 25°C RZT (Fig. 4). Bicarbonate  
did not decrease  the concen t ra t ions  of  water  
soluble Zn and Fe in the shoots. In shoots of IR 
8 1 9 2 - 3 1 - 2  ( Z n - e f f i c i e n t ) ,  water  so lub le  Zn 
c o c e n t r a t i o n  was ac tua l ly  inc reased  at both 
temperatures. Water-soluble Fe concentrations in 
shoots of IR 8192-31-2 doubled with bicarbonate 
t r e a tmen t  at both  t empe ra tu r e s .  The water -  
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Fig. 3. Effects  of b ica rbona te  and root  zone  tempera ture  on 

shoot  concen t ra t ions  of  Fe and Mn of d i f fe ren t  r ice cul t ivars .  

All  data  are means  of  3 rep l ica t ions ,  ver t ica l  bars depic t  LSD 

( P < 0.05 ) among  t rea tments .  
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so lub l e  Fe  c o n c e n t r a t i o n  in shoots  o f  the o the r  
three  cu l t iva rs  were  also s ign i f i can t ly  inc reased  

by b i ca rbona te  (Fig.  4). 

Discussion 

Bica rbona te  has been  r ega rded  as a causa l  fac tor  
o f  " l i m e - i n d u c e d  Fe  c h l o r o s i s " .  It i nh ib i t s  roo t  
r e d u c i n g  c a p a c i t y ,  F e  a b s o r p t i o n  a n d  
t r ans loca t ion  to leaves ,  and Fe i m m o b i l i z a t i o n  in 
the p lant .  In  l o w l a n d  r ice ,  b i c a r b o n a t e  m a y  be 
the m a j o r  f ac to r  in Zn d e f i c i e n c y  (Forno  et al . ,  
1975; Doga r  and Hai ,  1980). Our  resul ts  showed  
tha t  at  2 5 ° C  R Z T ,  b i c a r b o n a t e  i n h i b i t e d  the  
uptake  of  not  on ly  Zn but  also o f  Fe  and Mn in 
t he  Z n - i n e f f i c i e n t  r i c e  c u l t i v a r s  ( T a b l e  2) .  
B ica rbona te  was repor ted  to inhib i t  the up take  of  
not  on ly  Zn, but  also o f  Fe,  K, N, P, and Mg in 
r i c e  ( D o g a r  and  Ha i ,  1980) .  B i c a r b o n a t e  a l so  
d e c r e a s e d  K c o n c e n t r a t i o n s  in  s h o o t s ,  
pa r t i cu l a r l y  in Z n - i n e f f i c i e n t  cu l t iva r s  (da ta  not  
shown) .  T h e s e  r e s u l t s  i m p l y  tha t  b i c a r b o n a t e  
appea r s  to i nh ib i t  nu t r i en t  up take  by  i m p a i r i n g  
root  ac t iv i ty .  

In  p a d d y  s o i l s  u n d e r  f l o o d i n g  c o n d i t i o n s ,  
concen t r a t i ons  o f  Fe 2÷ and Mn 2÷ are h igh  in the 

s o i l  s o l u t i o n  ( R a h m a t u l l a h  e t  a l . ,  1 9 7 6 ) .  
Conven t iona l ly ,  Zn de f ic iency  in lowland  r ice has 

b e e n  c o n s i d e r e d  to  be  a s s o c i a t e d  w i t h  h i g h  
c o n c e n t r a t i o n s  o f  Fe  and Mn in bo th  so i l s  and  
plant  (Giordano  et al., 1974; Rahmatu l l ah  et al., 
1976 ;  C h a u d h r y  et  a l . ,  1 9 7 7 ) .  H o w e v e r ,  
b ica rbona te  concen t ra t ion  increased ,  whereas  Zn 
c o n c e n t r a t i o n  in soi l  so lu t i on  d e c r e a s e d  dur ing  
f l o o d i n g  ( G i o r d a n o  et  a l . ,  1974; F o r n o  et  a l . ,  
1975) T h e r e f o r e ,  i n h i b i t i o n  o f  b i c a r b o n a t e  on 
u p t a k e  o f  n u t r i e n t s  c o u l d  e a s i l y  c a u s e  Z n  
de f i c i ency  in lowland  r ice due to low ava i l ab i l i ty  
o f  Zn in f l o o d e d  soi ls .  Shoo t  g r o w t h  was l i t t le  
a f fec ted  by b ica rbona te  in all  r ice cul t ivars  (Fig.  
1). Root  g rowth  in Z n - i n e f f i c i e n t  cu l t i va r s  was 
s i gn i f i c an t l y  r e duc e d  by b i ca rbona t e ,  e s p e c i a l l y  
at 25°C RZT (Fig .  1). Thus ,  s ens i t i v i t y  o f  roo t  
growth  in the Zn- inef f ic ien t  r ice cul t ivars  because  
o f  b i c a r b o n a t e  m a y  be  an  e a r l i e s t  e f f e c t  o f  
b ica rbona te  ion to induce Zn de f i c i ency  in rice.  
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