
Plan t  and  Soil XIV,  no. 2 Apri l  1961 

PHYSIOLOGICAL FACTORS LIMITING GROWTH 
AND YIELD OF ORYZA S A T I V A  UNDER 

UNFLOODED CONDITIONS 

by S. T. S E N E W I R A T N E  * and D. S. MIKKELSEN 

Department of Agronomy, University of California 

INTRODUCTION 

The origin of rice culture dates back over 5000 years and is lost 
in antiquity. With passing centuries rice has acquired a wide di- 
versity of cultural methods. These vary from unflooded or upland 
culture, where the soil is kept moist and aerated, to flooded or 
lowland culture, where the crop is grown under partial or complete 
submergence. The growth of all varieties of rice is generally favored 
by  flooding and yields have been increased as much as 60 per cent 
over unflooded culture 14. It appears that no variety of rice, either 
upland or lowland types, has the capacity to overcome the disad- 
vantages encountered when grown in a well-aerated soil. 

Much has been written to explain why rice, a morphologically 
non-aquatic plant, should germinate and Ilourish under flooded 
conditions. In contrast, no substantial effort has been made to 
investigate the process or processes limiting the growth of rice 
under unflooded conditions. Several benefits of flooding have been 
determined, but  the physiological basis for the superior growth of 
rice is not agreed upon. Available evidence indicates that  rice 
benefits from an abundance of water, yet does not have a water 
requirement greater than other common field crops. Standing 
water, apart  from weed control and micro-climate regulation, ap- 
pears to have no beneficial physiological role. The flood water may  
supply some nutrients to the crop, and may  enhance-nitrogen 
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fixation by blue-green algae and other organisms. These may be 
important factors in areas where soil fertility limits production. 
Soil submergence also brings about changed oxidation-reduction 
conditions which alters the soil gases, the form and availability 
of plant nutrients, and other soil constituents. 

Evidence suggests that  variations in the availability and form 
of nitrogen, fron, manganese, and phosphorus, either singly or as a 
result of some interactions, may determine the physiologieal basis 
for the superiority of flooded rice culture. The approach of experi- 
ments in this investigation has been to evaluate the eIfect of these 
variables and some of their interactions on the mineral nutrition 
and related physiology of the rice plant. 

METHODS 

The  expe r imen t s  r epo r t ed  in th i s  s t u d y  were c o n d u c t e d  u n d e r  t y p i ca l  
field condi t ions  and  where  g rea t e r  con t ro l  was  necessary ,  u n d e r  g reenhouse  
condi t ions .  The  p rocednres  used were des igned to  cr i t ica l ly  e v a l u a t e :  (1) 
t h e  effect  of f looded and  unf looded  cu l tu re  on  t h e  g r o w t h  a n d  n u t r i e n t  
u p t a k e  of Oryz« sativa, japonica var .  Caloro and,  (2) t h e  va r ious  in te r -  
re la t ions  of n i t rogen ,  phosphorus ,  fron, and  m a n g a n e s e  in cont ro l led  n u t r i e n t  
cul tures .  

Field experiments 
1Rice was g rown Oll a S tock ton  clay soll, p H  4.7, in b o t h  unf looded  a n d  

f looded cul ture .  I n  t he  unf looded  t r e a t m e n t ,  seed was dr i l led 1 inch  deep  
in a p r e p a r e d  seedbed  in rows 6 inches a p a r t  a n d  i r r iga ted .  T h e  f looded 
t r e a t m e n t  was sown in to  s t a n d i n g  w a t e t  a f te r  l and  p r è p a r a t i o n  a n d  flooding. 
The  w a t e t  level  in th i s  t r e a t m e n t  was  m a i n t a i n e d  a t  a h e i g h t  of 6" t h r o n g h -  
o u t  t he  growing  season. The  seeding r a t e  was  100 p o u n d s  pe r  acre in  b o t h  
t r e a t m e n t s .  

W h o l e - p l a n t  samples  were  col lected a t  weekly  in te rva t s  du r ing  m o s t  of 
t he  growing season. P l a n t s  were  col lected a t  r a n d o m  in t h e  p lo ts  b e t w een  8 
a n d  10a .m.  The  col lected ma te r i a l s  were  careful ly  washed,  dr ied in a 
forced-a i r  oven  a t  70°C a n d  t h e n  saved  for g r o w t h  measu remen t s .  F o r  
purposes  of discussion,  t h e  coleopti le was  cons idered  t h e  f i rs t  leaf a n d  t h e  
b ladeless  leaf shea th ,  t h e  second leaf. All o the r  leaves  were i l u m b e r e d  f rom 
3 to  15 accord ing  to t he  t i m e  of exer t ion ,  leaf 15 be ing  t h e  " f l ag"  leaf. 
Af te r  e longa t ion  h a d  t a k e n  place, t he  cu lm of t h e  m a i n  s t em was sepa ra ted ,  
i n t e r n o d e  b y  in te rnode .  L e n g t h  a n d  we igh t  of leaves,  culms,  roots,  a n d  
inflorescence,  if any,  were recorded  for  t he  m a i n  sterns.  

P l a n t  he igh t  a n d  roo t  l eng th  were m e a s u r e d  on  f resh m a t e r i a l  repre-  
s en t ing  ló p l a n t s  pe r  t r e a t m e n t .  Leaf  a rea  was  d e t e r m i n e d  on  I /eßh f i ssue  
b y  t a k i n g  p r i n t s  on sensi t ized paper .  These  p r i n t s  were  cu t  o u t  a n d  weighed,  
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a n d  t h e  a rea  of t he  leaves was t h e n  calcula ted.  M o i s t n r e  c o n t e n t  was de- 
t e r m i n e d  on  a separa te ,  I resh ly  h a r v e s t e d  sample .  

The  progress  of t i l le r ing was s tud ied  on  50 p l an t s  t a k e n  a t  r a n d o m  f rom 
e a c h  t r e a t m e n t .  P l a n t s  were m a r k e d  and  each  t i l ler  was t a g g e d  as i t  was  
p roduced .  

P l a n t s  ma te r i a l s  were  dr ied  a n d  ana lyzed  for n i t rogen ,  b y  t h e  K je ldah l  
me thod ,  and  phosphorus ,  sulfur,  iron, magnes ium,  an d  m a n g a n e s e  b y  
m e t h o d s  descr ibed b y  T o t h  et al. 26 

P l a n t  ma te r i a l s  collected f rom the  field a n d  soll t r e a t m e n t s  in la rge  
t u b s  m a i n t a i n e d  in t he  g reenhonse  were  s ampled  45, 60, 80, a n d  110 days,  
respeet ive ly ,  a f t e r  sowing. A compos i te  sample  of b lades  f rom t h e  3rd  an d  
4 th  leaves,  as well  as culms, were I rozen in d r y  ice a n d  m a i n t a i n e d  a t  17°C 
for  a s h o r t  pe r iod  pr io r  to  analysis .  The  frozen tissues, s epa ra t e  d before  
i reez ing  in to  2- and  5 -g ram lots, were used for  t h e  d e t e r m i n a t i o n  of " so lub l e "  
i ron a n d  m a n g a n e s e  b y  m e t h o d s  deser ibed b y  S o m m e r s  an d  S h i v e  24 
for ca ta lase  a c t i v i t y  as d e t e r m i n e d  b y  H a s k i n s  s, a n d  peroxide,  as ou t l ined  
b y  S i e g e l  and  G a l s t o n  6. Assays  of t he  samples  for 3- indoleacet ic  acid 
were  no t  suceessful  because  of in t e r fe r ing  subs tances  in t h e  t i ssue  ex t rac t s .  

Nutrient-culture experiments 
T h e  n u t r i e n t - c u l t u r e  e x p e r i m e n t s  were conduc t ed  w i t h  b o t h  a m m o n i u m  

a n d  n i t r a t e  as a source of n i t rogen .  Fo r  conven ience  t h e y  are  re fe r red  to  
as the  a m m o n i u m  and  n i t r a t e  cul tures ,  The  n i t rogen  cul tures  were m a d e  
up  f rom e i the r  Mg(NOa)2 or (NH4)2504 w i t h  a d d i t i o n a l  CaC12, MgSO4 a n d  
a m i c r o - n u t r i e n t  supp lemen t .  The  n u t r i e n t  so lut ions  were m a d e  w i t h  dis- 
t i l led w a t e r  a n d  h a d  t h e  fol lowing compos i t ion  a t  full  s t r eng th .  

Composition of nutrient solutions 
(Concentration in ppm) 

Nitrogen N K Mg Ca S C1 Mn Mo B Zn Cu 
series 

NH4-N 56 23 

NOs-N 56 23 

48 20 
73 20 

128 35 

32 35 

0.5 0.01 0.5 

0.5 0.01 0.5 

0.05 0.02 

0.05 0.02 

I t  was n o t  possible  to  use iden t ica l  an ion  an d  ca t ion  co n cen t r a t i o n s  in  
t h e  two  series of cul tures .  Magnes ium a n d  sul fur  were cons idered  less cr i t ical  
e l emen t s  in th i s  s t u d y  a n d  t h e y  were var ied .  

W i t h  each  of these  a m m o n i u m -  a n d  n i t r a t e - n i t r o g e n  series, i ron  was 
va r i ed  us ing  fer rous  suKate.  The  levels of i ron used were:  0, 0.005, 0.010, 
0.030, 0.060, 0.100, a n d  0.200 p p m ;  p h o s p h o r u s  was m a i n t a i n e d  c o n s t a n t  
a t  9 p p m  in these  cul tures .  S imi la r ly  w i t h  each  of t h e  n i t r ogen  sources, a 
p h o s p h o r u s  series was  r u n  us ing  p o t a s s i u m  d i h y d r o g e n  p h o s p h a t e  to  s u p p l y  
p h o s p h o r u s  levels of: 0, 0.10, 0.50, 1.00, 2.00, a n d  3 . 0 0 p p m ;  i ron was 
m a i n t a i n e d  c o n s t a n t  a t  1 p p m  in th i s  series. 

R e a g e n t - g r a d e  ct lemicals were used t h r o u g h o u t  a n d  no  effort  was  m a d e  
to  pur i fy  these  salts.  The  m a x i m u m  a m o u n t s  of i ron a n d  p h o s p h o r u s  car r ied  
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as impurities were determined to be 0.0006ppm and 0.00012ppm, re- 
spectively. 

Young rice plants do not tolerate high salts concentrations, thereIore 
the seedling plants were started in culture solution maintained at quarter 
strength for the first week, half strength the second week and full strength 
thereafter. 

All solutions were ehanged twice weekly thronghout the experiment, and 
the pH of the solutions were maintained between pH 3.7 and 4.0. No change 
in the form of nitrogen in the culture solution was detected from one change 
of solution to the next. 

Harvested plant materials were analyzed after drying by the methods 
described earlier. 

EXPERIMENTAL RESULTS 

Influence o/cultural treatments on growth 

Observations made by  earlier investigators on the performance of 
rice grown under the two cultural conditions being evaluated, 
amounted to estimates of yield in most cases. Since yield integrates 
all the factors affecting the crop any a t tempt  to analyze the factors 
contributing to final yield must include a detailed study of the 
development of the plant. Further,  it was conceivable that  detailed 
growth studies could help direct attention towards the basic 
physiological relations responsible for the growth differences. To 
make the discussion of growth developments more meaningful, a 
brief calendar of growth is presented in Table 1. 

Results on seedling, tillering, and post-tillering stages of growth 
will be discussed separately. 

S e e d l i n g  s t ages .  Differences in seedling growth due to 
t reatment  were evident soon after germination. Seven days after 
sowing, the plants grown under unflooded conditions appeared 
robust, weighed more, were taller, and had more roots. After 14 
days the plants under flooded conditions produced enhanced shoot 
growth but  had restricted root growth. The accelerated shoot 
growth and poor root development are explained on an auxin basis 
as influenced by standing water during germination 9 Between the 
l l th and 14th day, the plants in the flooded treatments exerted 
their leaves through the water. At the same time it speeded up 
root elongation which is likewise at tr ibuted to an auxin relationship. 

Apart from plant height, the seedling growth under unflooded 
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T A B L E  1 

C a l e n d a r  of g r o w t h  even t s  

Age  of 
p l a n t s  F looded  r ice  Unf looded  riee 

in  d a y s  

19 P l a n t s  t h r o u g h  the  w a t e t ;  leaves  R o b u s t  p l a n t s  
l y i n g  f la t  on  w a t e t  su r faee  

26 F i r s t  l eaves  s t a n d i n g  a b o v e  w a t e t  T i l le r ing  b e g u n  

33 Ti l l e r ing  j u s t  b e g u n .  P l a n t s  l i g h t  50 pe r  een t  t i l lered.  P l a n t s  d a r k  

g reen  green  

4O 

54 

P l a n t s  t iI lered, a n d  d a r k e r  g reen  

t h a n  before  

B r o a d  leaves  as c o m p a r e d  to  un-  
f looded.  R o o t s  t h i c k  a n d  re la -  
t i ve ly  u n b r a n c h e d  

P l a n t s  d a r k  green  a n d  well  t i l lered 

N a r r o w  leaves .  R o o t s  b r a n e h e d  
and not thick 

61 P l a n t s  s h o w i n g  n e w  r o o t  s y s t e m  on  No n e w  roo t  s y s t e m  o b s e r v e d  
sur faee .  P I a n t s  b e t t e t  g r o w n  
t h a n  these  in o t h e r  t r e a t m e n t s  

68 New r o o t  s y s t e m  deve lop ing  fa s t  No n e w  roo t  s y s t e m  

75 P l a n t s  green ,  h e a l t h y  a p p e a r a n e e .  P l a n t s  smal l ,  h u t  green ,  h e a l t h y  
Cu lm e longa t ing .  P l a n t s  ta l le r  a p p e a r a n e e .  No  e l o n g a t i o n  of 

eu lm 

82 T w o  nodes  of the  eu lm  e longa t ed .  No  i n t e r n o d e s  e longa t ed .  Inf lo-  
In f lo rescenee  visible reseenee  smal le r .  P l a n t s  p ro -  

d u e i n g  smal l  t i l lers  

89 In f lo reseenee  well deve loped  a n d  Li t t l e  d e v e l o p m e n t  of inflo-  
in e a r l y  boo t  s t a g e  reseenee  

96 P l a n t  in h e a v y  b o o t  s tage .  F l a g  Leaves  d i s t i n e t l y  ye l lowing .  H e a d s  
leaf  o u t  sti l l  smal l  

103 Inf lo reseence  a b o u t  to be  exe r t ed .  Leaves  e o n t i n u e  to  yel low.  Inf lo-  
F l a g  leaf  d r o p p e d  reseenee  deve lop ing  

110 Inf lo reseenee  e x e r t e d  In f lo reseence  in b o o t  

116 Inf lo rescenee  n o t  e x e r t e d  

123 In f lo reseenee  e x e r t e d  in some  
p l a n t s  

conditions made vigorous early growth and produced a larger 
amount of dry marter  and a materially increased leaf area. From 
these studies it is evident that  unflooded culture favors seedling 
growth. As such, if subsequent environmental conditions are equal, 
these more vigorous seed!ings would be expected to produce better 
growth and yields. 

T i l l e r i n g  phase .  Tillering commences soon after seèdling es- 
tablishment. The importance attaehed to tillering, arises from the 
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fact that  it is positively correlated with yield, as shown by Rao  19 
and others. 

The first observable differences between cultural treatments 
with regard to tiller production, was the age at which the plants 
tillered. The plants grown under unflooded conditions tillered orte 
week ahead of those grown flooded. The "grand period" of tillering 
was short-lived and reached its peak for both treatments about the 
49th day. The flooded treatment produced an averäge of 4 tillers 
in addition to the main stem. In comparison, the unflooded 
treatments produced only 3 tillers per plant. 

The plant samples collected were examined to determine the 
locus of tiller production. Titlers originated from a lower node in 
the plants grown under well-drained soll conditions. The lowest 
tillers on the plants grown under unflooded conditions originated 
from the axiI of the third leaf. In contrast, the plants in the flooded 
treatment started tillering from the fifth node and on upwards. 
This Cönfirms the work of S e k i y a  22 with regard to change in 
tillering locus on flooding. 

The high correlation between tiller order and its liability to die 
or remain unproductive has been reported by R h i n d  and T h e i n  21 
The plants eollected from both treatments had only first-order 
tillers. There was, however, an appreciable difference in the rates  
of productive to unproductive or dead tillers between treatments. 
The flooded treatment produced an average of 21 per cent unpro- 
ductive tillers as compared with 39 per cent for the unflooded. The 
tendency for the latter t reatment to remain small was conspicuous. 

Unflooded culture appeared to exert a growth-restraining effect 
on tiller development. Data showing changes in dry weight of 
tillers during the period of 95 to 160 days shows the increase in 
flooded to be almost double that  of unflooded plants. These large 
differences in dry-matter  production indicate that  a physiological 
mechanism may be involved. 

P o s t - t i l l e r i n g  to  h a r v e s t .  The title post-tillering is not meant 
to indieate a total absenee of tiller production but denotes the 
phase covering 100 days commencing after the "grand period" of 
tillering. This period includes over-lapping growth stages, involving 
the change from vegetative to the generative phase, the development 
and exertion of the inflorescence, ripening of the grain and se- 
nescence of the plant as a whole. 
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Fig.  1. S e a s o n a l  i n c r e a s e  in  p l a n t  h e i g h t .  

Growth in plant height is presented in Figure 1. The early rapid 
growth in height of the plants grown under flooded conditions 
was associated with emergence through water. The subsequent 
rapid elongation - about the 96th day, 14 days ahead of the un- 
flooded plants - was due to culm exte~sion a feature which will 
be discussed in greater detail. 

Increase in leaf growth deserves close study, as it is the main 
avenue through which the plant elaborates carbohydrates and thus 
determines yield. However, the rice plant consists of a colony of 
tillers, some productive, others not, and it is a cumbersome unit 
for detailed examination. Since the main stem is less liable to 
variation from plant to plant, it was selected for s tudy in making 
further comparisons between treatments. Detailed growth studies 
were made on each leaf at weekly intervals, however, only ap- 
propriate data on the 7th, 10th, and 13th leaves will be presented, 
since they were considered representative. 

Under the consideration on seedling growth, the early advantage 
of the unflooded treatment in increasing leaf weight and leaf area 
was stressed. This is confirmed b y  this data, but  the advantage 
lasted only until about the 39th day. From this day a change in 
relative treatment response was noticed, the flooded treatment 
showing quicker ]eaf weiiht  gains. After reaching a maximum leaf 
weight about the 102nd day, a decline set in which apparently 
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resulted from the translocation of elaborated food material out of 
the leaves. In comparison, the plants in the unflooded treatment 
did not reach maximum leaf weight until the 116th day and did 
not seem to translocate elaborated food ou t  of the leaves until 
after the 149th day. The main difference appeared to be a re- 
strained growth effect on the plants in the unflooded treatment. 

Examination of the time of exertion and senescence of each leaf 
on the main stem shows that  up until the 32nd day, or the time when 
the 8th leaf was exerted, the unflooded treatment either produced 
leaves ahead of the flooded treatment, or they both exerted a new 
leaf during the same week. From then on, the Ilooded treatment 
produced leaves faster ttlan the unflooded. 

The effect of treatments on leaf area is interesting. Using three 
representative leaves, it was seen that  leaf areas of plants grown 
under flooded conditions, was greater than of the unflooded. The 
leaf areas of three selected leaves are shown in Figure 2. During 
the period when the plants were 50 to 90 days old there was a 
difference of 20 to 34.5 cm 2 in leaf area per main stem between 
unflooded and flooded treatments, respectively. When this differ- 
ence is further weighed with the consideration that  the 10ngest 
daylengths in the year coincided with this period, one cause ol 
depressed dry-matter production and yields of unflooded rice can 
easily be visualized. 
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Internode elongation in the diIferent culture treatments are 
shown in Figure 3. Internode 11, produced little growth while 
internode 13 and 15 both showed appreciable elongation. These 
internodes not only indicated a treatment difference in regard to 
time of elongation, but also in respect to final length. Here again 
depressed and delayed growth were observed in the unflooded 
treatments. 

The final result of the delayed rate of elongation of the culm in 
the unflooded treatment, was the later flowering of these plants. 
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Fig. 4. Seasonal increase in number of dllers. (Based on a sample of 

50 plants). 
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This difference in flowering amounted to about 14 days, some plants 
being a little further ahead of others. 

The cumulative effect of poor tiller growth, shown in Figure 4 
along with slow leaf exertion and smaller leaf area and delayed 
flowering, resulted in fewer and less plump grain on plants in the 
unflooded treatments. The yield of grain on the unflooded treatment 
was only 52.6 per cent of the flooded, which is in fair agreement with 
the yield data reported by  M a t s u o  14 who obtained 60 per cent for 
the same comparison. In general, yield reduction was caused by  fewer 
grain bearing tillers, less grain per tiller and smaller kernel size. 

Another interesting difference was observed in regard to the 
moisture content of the plants. The moisture content increased 
with age as similarly observed by  S u z u k i  25. The important differ- 
ence arises 5rom a comparison o f  moisture content in plants be- 
tween treatments. An average of 4 to 5 per cent higher moisture 
in the plants grown under 51ooded conditions w a s  observed from 
the 46th to the 95th day. Apart irom the physiological signi5icance 
of this result, the studies of M u r a t o  et al. 15 show that increased 
moisture content was positively correlated with photosynthetic 
activity. This would thus be added advantage for this treatment 
from the point of view of carbohydrates elaboration. 

In[luence o/cultural treatment on nutrient uptake 

Composite sample 05 leaves representing every leaf position on 
the main stem were analyzed separately 5of certain mineral con- 
stituents. Only data from leaves 7, I0, and 13 are discussed since 
they adequately reflect the nutritional status of the treated plants. 

The general trend for all the leaves showed a gradual decline in 
nitrogen, phosphorus, potassium, sulfur, and magnesium compo- 
sition with increased maturity. This decline during early develop- 
ment of the leaves was associated with dilution as a result of 
carbohydrate elaboration and at later stages with translocation of 
material out of the leaves with approaching senesence. These 
elements in leai 7 decreased earlier in the flooded treatment. This 
difference is due to the shorter life period o5 leaves on plants grown 
under flooded conditions and applies also 5or leaves 10 and 13. The 
data obtained did not show significant differences in composition 
of the leaves of the two treatments and no recognized symptoms of 
deficiencies occurred. 
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The iron composition showed a gradual increase in the leaves as 
they matured, but no significant differences were noted between 
flooded and unflooded plants. 

As in the case of iron, manganese accumulates in the tissues and 
the data revealed a very constant relationship in all leaves. Under 
flooded culture the manganese content of leaves started low and 
gradually increased with leaf age. The manganese content of leaves 
from unIlooded plants likewise increased but to a much greater 
extent. This difference between treatments in total manganese 
content ranged from 250 to 773 per cent on plants growing in 
unflooded treatments, as compared with the flooded. 

In analyticai observations made thus rar discussions have been 
concerned with total iron and manganese in the plant tissue. The 
active iron and manganese in plants are considered to be the 
fractions which are in solution within the cells, and as such may be 
more directly involved in physiological activities of the plants 24 
The active iron and manganese referred to here as the soluble 
fraction was' obtained by pressure extraction. The fraction re- 
maining in the press cake is referred to as the inactive or insoluble 
fraction. The analytical results obtained on leaves from plants 
grown flooded, unflooded, and unflooded with subsequent flooding 
are shown in Table 2. 

The striking similarity in the soluble, insoluble, and total iron 
content of the plants regardless of treatment was evident from this 
study. A comparison between iron content in the insoluble and 
soluble fractions showed that  there was nearly twice as much iron 
in the insoluble fraction as there was in the soluble Iraction. The 

TABLE 2 

Solubie and insoluble iron and manganese fractions of leaves, from plants grown 
flooded, unIlooded, and unflooded with subsequent flooding 

Per cent iron Per cent manganese 

Metal Unflooded Unflooded 
fraction Flooded + Unflooded Flooded + Unflooded 

flooded flooded 

Soluble 
fraction .0018 .0016 .0018 .0044 .0212 .0375 

Insoluble 
fraction .0034 .0037 .0029 .0058 .0290 .0414 

Total 1 . 0 0 5 2  I .0053 [ .0047 1 . 0 1 0 2  1 . 0 5 0 2  t .0789 
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proportion appeared to be a little less in the plants grown in the 
unflooded culture. 

The results obtained on manganese content of both fractions 
showed a wide variation between treatments. The plants grown 
nnder flooded culture contained the lowest manganese in respect to 
both fractions. A treatment that was started unflooded and subse- 
quently flooded was intermediate and the continuously unflooded 
treatment had the highest manganese content in both fractions. 
Regardless of treatment, in every instance the insoluble fraction 
contained more manganese. The ratio of manganese in the soluble 
as compared to the inso]uble fraction was similar for all the 
treatments. 

In the analysis of young leaves, older but  green leaves, and 
chlorotic leaves, it is striking that there was little difference in 
the iron content of the soluble fraction. However, the insoluble 
fraction obtained from chlorotic leaves contained more iron than 
the green leaves. 

The manganese content of young leaves was only a little higher 
in plants grown in the unflooded treatment. The soluble manganese 
fraction obtained from the older green leaves contained more than 
twice as rauch manganese as found in the young leaves. The 
ch]orotic leaves contained by  far the largest amounts of manganese 
in both fractions. 

Nutrient culture experiments 
One of the basic differences between flooded and unflooded rice 

culture is the form in which the p]ants absorb their nitrogen. Under 
oxidizing conditions prevailing in an unflooded soil, nitrate nitro- 
gen is the main source of nitrogen available to plants. Under 
submergence, where nitrates are rapidly denitrified, ammoniacal 
nitrogen predominates. The ability of rice to utilize both forms of 
nitrogen has been amply demonstrated but  conflicting data exist 
concerning the suitability of each form. It  therefore seemed de- 
sirable to evaluate nitrogen source together with interactions of 
iron and phosphorus in these experiments. 

The cultural solution experiments showed that plants grown in 
nitrate nitrogen cultures made bet tet  growth than plants in am- 
monium cultures when supplied with adequate iron and phosphorus. 

Results of all the interactions of source of nitrogen, iron and 
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phosphorus cannot be discussed here. It is significant to note, how- 
erer, the influence of iron levels in cultures of nitrate and ammonium- 
nitrogen on the accumulation of manganese. As shown in Figure 5, 
the plants grown in ammonium culture accumulated manganese 
when no iron was added. With increasing iron supply, the manganese 
levels in the tissue decreased steadily, to about 0.01 per cent with 
adequate iron. In the nitrate nitrogen cultures the level of iron 
supply had no inIluence on manganese content, within the range of 
iron levels used in this experiment. At adequate levels ol iron, 
plants in nitrate cultures had 6 to 7 times as much manganese as 
those in ammonium cultures. 

The response of plants to increasing phosphorus levels in nitrate 
and ammonium nitrogen cultures is shown in Figure6. With 
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ammonium nitrogen, the response of rice to increasing phosphorus 
was one of gradual depression of manganese content. At adequate 
phosphorus leve]s of l ppm or more the plants contained only 
traces of manganese. In sharp contrast, with nitrate nitrogen and 
increasing phosphorus supply, the manganese content increased 
likewise. Within the range of phosphorus levèls studied from 0 to 
3.0 ppm, the manganese content increased near]y 400 per cent. 

In these solution culture experiments, variations in kind of 
nitrogen, phosphorus, iron, and manganese were evaluated. These 
systems exist under flooded and unflooded rice culture and offer 
additional understanding of rice nutrition, growth anc[ ultimately 
yield effects. It  has been demonstrated~that the source of nitrogen 
interacting with iron and phosphorus help determine the manganese 
content of rice plants. 

Since auxins could not be determined direct]y in extracts from 
plants grown under flooded and unflooded conditions, enzyme 
systems known to influence auxin metabolism in other plants 
were investigated. Inasmuch as Catatase and  peroxidase activity 
have been directly linked to iron and manganese variations, the 
activities of these systems in plant extracts were evaluated. 

The'data on variation in catalase activity between treatments are 
presented in Figure 7. The catalase activity measured from plant 
extracts from the fiooded plants was greater than from the un- 
flooded. In contrast the extract obtained from plants grown under 
unflooded conditions showed higher peroxidase activity (Figure 8). 
The significance of peroxidase and catalase variations between 
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treatments, arising from high manganese accumulation, has been 
associated with aux in  destruction in some plants 818. These 
enzymes may  also directly effect the growth response in rice. The 
physiological significance of these enzyme variations in relation to 
plant growth will be discussed subsequently. 

DISCUSSION 

Results of field and greenhouse experiments have shown both 
physiological and nutritional diIIerences in rice grown under 
tlooded and unIlooded conditions. In evaluating the salient growth 
characteristics, it was shown that plants grown in unflooded 
culture were more robust, had a greater dry weight, and appeared 
in better tone than flooded plants until about 35  days after 
emergence. After this period, the unIlooded plants appeared to 
suffer Irom some growth-retarding influence, even though soil 
moisture was kept near field capacity. The unflooded plants 
gradually became chlorotic, had a lower moisture content, tiller 
number was restricted, tiller development retarded, leaf area was 
reduced, and leaves were exerted at a slower rate. The appearance 
of macroscopic Ilower primordia occurred about the same time in 
both treatments, but  a delay in internode elongation and flowering 
was observed in the unflooded treatment. Grain yields oI the 
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unflooded rice showed a 52.6 per cent reduction as compared with 
the Ilooded treatment. 

In interpreting these growth responses, the plant behaviors are 
suggestive of differences in auxin metabolism. The experimental 
verification of this observation however involved prohibitive diIfi- 
culties in analytical determinations and interpretation of results. 
Some relationship can be developed however by  relating the 
observed plant responses to known auxin effects obtained under 
controlled conditions. 

Several of the growth responses observed in these experiments, are 
possibly related to plant auxin metabolism. The depressed plant 
growth and leaf area (Figures 1 and 2), the lower number and 
poorer survival of tillers (Figure 4), delayed flowering and reduced 
number of grains per head are all well-known auxin effects on plant 
growth ~ 7. The low moisture content of the unflooded plants, in 
spite of their growth in adequate soil moisture, is an auxin effect 
observed by  various investigators 17 23 27 2s and reviewed by  Bon-  
ne r  and B a n d u r s k i  4. The more rapid and extensive internode 
elongation observed under flooded culture (Figure 3) may be an 
auxin response similar to that obtained by  L i v e r m a n  12 and 
K o n e s h i  10. Evidence would indicate that rice grown under 
flooded conditions has a higher auxin level, and thus internode 
elongation is initiated earlier. Tillering in grasses is known to be 
influenced by  low auxin levels 11 

The analogous evidence obtained from the growth observations 
and related auxin response supports the contention that plants 
grown under unflooded conditions probably contain low auxin 
levels. Such low levels of auxin could arise Irom either a subnormal 
capacity for auxin synthesis or enhance auxin destruction which 
does not contribute to the growth processes. Variations in auxin 
synthesis could be genetically controlled or influenced by  nutrient 
relationships among other environmental factors. Since the same 
variety was used in these experiments, the factor of genetic vari- 
abi l i ty can be eliminated. 

The chemical composition of plants harvested from Ilooded and 
unflooded treatments were not essentially different in total nitrogen, 
potassium, pbosphorus, magnesium, sulfur, or iron content. There 
was however a markedly higher manganese content o f  plants grown 
under unflooded conditions. The presence of 0.40 per cent manganese 
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was rar in excess of values reported for rice grown under Ilooded 
conditions and also for other crops. 

Since a pronounced interpendency of iron and manganese has 
been observed ao and since it has been suggested that  the poor 
growth of unfiooded rice might be caused by  iron deficiency is, the 
iron--manganese inter-relationship was examined. Results pre- 
sented in Table 2 did not reveal a eonstant iron--manganese re- 
lationship in the treated plants. The iron content of the soluble or 
"active" fraction and the insoluble fraction were nearly the same 
in all treatments, but  the manganese content varied widely. The 
iron--manganese ratios were 0.41 and 0.048 respectively for fiooded 
and unfloo.ded plants. 

Green and chlorotic leaves Irom plants grown under unflooded 
conditions were analyzed to establish a basis for their physiological 
condition. No differences in iron content.were observed but  a high 
manganese eontent was associated with the symptoms of chlorosis. 
The chlorosis observed in the plants was untike iron deficiency 
described 1 29 and recognized locally. It  seems unlikely that iron 
deficiency would occur in the presenee of adequate levels of iron 
in the tissue. The possibility is not precluded however that  some 
physiological mechanism might cause chlorosis under unflooded 
conditions, even in the presence of adequate iron within the plant. 

Nutrient-culture experiments were conducted to evaluate the 
effects oI ammonium and nitrate nitrogen, iron, phosphorus and 
some of their interactions on the mineral nutrition and related 
physiology of rice. Results indicated that rice could use both Iorms 
of nitrogen but  that  plants grown in nitrate cultures made better 
vegetative growth when supplied with adequate iron and phospho- 
rus. It  was shown (Figures 5 and 6) that  plants supplied with 
ammonium nitrogen with adequate iron and phosphorus contained 
small amounts of manganese. Nitrate nitrogen, under similar con- 
ditions, Iavored the accumulation of manganese. These results 
agreed with data obtained from plants grown under field eonditions. 
Riee utilizing ni t ra te  nitrogen, such as occurs under unIlooded, 
aerated soil conditions Iavors manganese accumulation. Flooded 
rice which uses principally ammonium nitrogen d id  not show 
manganese accumulation. This eIfeet of nitrate nitrogen on manga- 
nese accumulation häs been observed by  O l sen  16. F r i e d e r i c k -  
sen  5 shows a reciprocal antagonistie eIIect of iron on manganese 
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in the presence of ammonium as a nitrogen source for plants. 
Consideration of the growth responses observed under unflooded 

conditions as typical auxin effects, together with the unusually 
high manganese content of these plants suggests the possibilities of 
manganese-induced growth regulation. A relationship between 
manganese and the indoleacetic acid oxidase system, involving 
catalase and peroxidase activity has already been established a la 
and reviewed recently by R a y  20. They found that high manganese 
in plant tissue was associated with high peroxidase and low catalase 
activity. The indoleacetic acid oxidase system, responsible for the 
destruction of the most commonly found native auxin, is ex- 
pressed 6 simi)ly as: 

peroxidase 
H202 + IAA ~ oxidized IAA + H20 

From this reaction it can be -visualized that if peroxide was not 
limiting and other conditions were favorable, the destruction of 
auxin would be directly related to peroxide availability. Similarly, 
if peroxide was not limiting, the rate of destruction would then be 
determined by peroxidase activity. Since the enzyme catalase is 
known to destroy peroxides, the final peroxide content in plant 
eells will be determined at least in part by catalase activity. 

The catalase and peroxidase activities of plant extracts óbtained 
from flooded and unflooded rice are shown in Figures 7, and 8, 
respectively. A depressed catalase activity was observed in extracts 
from plants grown under unflooded conditions, while the same 

) 

plants had a higher peroxidase activity than flooded-culture rice. 
Considering the efIect of low catalase and high peroxidase 

aetivity of plants grown under unflooded conditions, accelerated 
auxin destruetion would be expected. In contrast, the effect of high 
catalase and low peroxidase activity acting together would depress 
auxin destruetion in Ilooded riee. These changed enzyme relations, 
resulting from variations in plant manganese content appear to 
create wide diIferences in auxin levels between treatments. These 
auxin affeets, associated with foliar ehlorosis, also the result of 
exeessive manganese, appears to be the determining factors limiting 
the growth and yields of rice under unflooded cultural conditions. 
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SUMMARY 

Rice grown under  f looded condi t ions  cons i s ten t ly  produces  be t t e r  vege- 
t a t ive  g rowth  and  higher  grain  yields t h a n  when  grown in unf looded culture.  
Physiological  and  nu t r i t iona l  differences in rice grown unde r  these  two  
condi t ions  were  de te rmined .  Growth  observa t ions  showed t h a t  p lan t s  
under  unf looded cul ture made  an init ial  vigorous s ta r t ,  bu t  soon showed 
poor  tillering, depressed  leaf growth,  de layed flowering, low mois ture  
conten t ,  foliar chlorosis, and  52.6 per  cent  lower yield t h a n  f looded plants .  

Chemical  analysis  emphas ized  the  h igher  manganese  co n t en t  oI p lan t s  
g rown unde r  unf looded cul ture wi th  no signif icant  differences in o the r  
e l e m e n t s .  P lan t s  g rown in nu t r i en t  cul tures  and  unde r  field condi t ions g a r e  
evidence t h a t  n i t r a t e  n i t rogen  nutr i t ion ,  as exists for p lan ts  under  unf looded 
condit ions,  favored  manganese  accumulat ion.  

Growth  responses suggest  differences in auxin  metabol ism.  Since auxins  
could no t  be es t imated  directly,  some factors  affect ing auxin  degrada t ion  
were  inves t iga ted .  I t  was found t h a t  p lan ts  g rown under  unf looded con- 
di t ions hai:l: 1) a low catalase  act ivi ty ,  and :  2) a h igh peroxidase  act iv i ty ,  
whi'ch Iavor  accelerated auxin  degrada t ion .  I t  is p roposed  t h a t  high manga-  
riese levels in p lan ts  grown unde r  unf looded condi t ions  affects  the  indoleacet ic  
acid oxidase mechan i sm resul t ing in r e t a rded  g rowth  and  depressed grain 
yields. 

Reeeived May 31, 1960. Revised draft November 28, 1960. 
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