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SUMMARY 

G r o w t h  of s u d a n  grass  was  s tud ied  for response  to  MI1 c o n c e n t r a t i o n s  in  the  
cu l tu re  so lu t ions  r a n g i n g  f rom def ic ien t  to  tox ic  a n d  in  t h e  presence  al ld 
absence  of Si. I n  t he  absence  of Si, t h e  o p t i m u m  Mn level  was  0.25 to 0.50 
mg/I .  One  mg/1 Mn was tox ic  a n d  r educed  p l a n t  g rowth .  T h e  a d d i t i o n  of 5 
mg/1 Si to  t he  n u t r i e n t  so lu t ions  decreased  a c c u m u l a t i o n  of Mn, Cu, Fe, a n d  
Zn  in  t h e  p l a n t  t issues,  a n d  in  f ac t  i nduced  Mn def ic iency in those  p l a n t s  re- 
ce iv ing 0.5 mg/1 Mn or less. One func t i on  of Si u n d e r  these  e x p e r i m e n t a l  con-  
d i t ions  was t he  ameI io ra t i on  of Mn tox i c i t y  as m a n i f e s t e d  b y  increased  d r y  
m a r t e r  a c c u m u l a t i o n  b y  t he  Mn- tox ic  plall tS w h e n  Si was  added.  I t  is d o u b t -  
ful t h a t  Si sat isf ies  t he  c r i t e r ia  for  e s sen t i a l i ty  in  s u d a n  grass, however ,  a n d  if 
so, t he  r equ i red  Si c o n c e n t r a t i o n  m u s t  be  less t h a n  0.025 mg/i .  

INTRODUCTION 

Manganese (Mn) has long been recognized as an essential micro- 
nutrient  for the growth and reproduction of higher plants, but  it is 
usually accepted that  silicon (Si) does not satisfy the criteria for 
essentiality 19. Under some conditions, however, Si did significantly 
increase growth of sugarcane 1 2 3, sudan grass 8 lõ, barley 16, 
wheat 16, and rye 16. Although L i p m a n  7, S o m m e r  13, and Ra- 
l e i g h  11 considered Si to be essential for barley and sunflower, rice, 
and beets, respectively, most modern plant nutritionists consider the 
st imulatory effect of Si on plant growth to be of a secondary nature. 
One function that  has been proposed for Si is that  of alleviating 
toxicities of micronutrients, particularly Mn 16 17 la Manganese 
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toxicity in barley IS and sugarcane 2 is manifested as a necrotic 
spotting pattern on the leaf blades. In the case of barley, formation 
of these necrotic areas could be prevented by adding Si to the nu- 
trient solution, increasing the macronutrient concentrations, or 
decreasing the Mn supply 17 is. It was subsequently suggested that 
a correct balance between Mn and Si may be prerequisite for opti- 
mum growth 4 9, a proposal that has been furthered by Clements 2 
in his work with sugarcane. F ox  et al. 8 have recently noted, how- 
ever, that the necrotic spotting, or 'freckle', appeared on sugarcane 
in locations where the plant Mn levels were low in comparison to 
C lements '  2 standards. It thus seemed likely that Mn toxicity or 
an unbalanced Mn/Si ratio was not the sole explanation for the 
necrotic spotting at that loeation. 

The present work was conducted in an effort to further elucidate 
the nature of the interaction between Mn and Si in sudan grass, and 
to ascertain some of the cultural conditions under which a positive 
growth response to the addition of Si might be expected. Earlier 
work on plant responses to silieate applications and the possible 
mechanisms of these responses has been reviewed recently by 
S i l v a  12 and P l u c k n e t t  10 

MATERIALS AND METHODS 

Seeds of s u d a n  grass, Sorghum sudanense (Piper) Stapf ,  were al lowed to  ger- 
minate  overnight  in the  dark in 1 1 of ae ra t ed  w a t e r  a t  23°C. The  seeds were 
then sp read  on  a l ayer  of cheese c lo th  wh ich  h a d  beeI1 washed  t h o r o u g h l y  
w i t h  water .  The  cheesec lo th  was s t r e t c h e d  0.5 cm above  t h e  surface of 10 1 
of n u t r i e n t  so lu t ion  in a polyethylene  container.  A second cheesec lo th  was 
placed over the  seeds, and  the  corners of b o t h  c lo ths  d ipped  in to  the  nutrient  
solut ion.  The  ent i re  a p p a r a t u s  was covered  w i t h  a l u m i n u m  foil wh ich  was 
r e m o v e d  a f t e r  four  days.  

All solutions were prepared w i t h  w a t e r  f rom snow col lected a t  t h e  s u m m i t  
of 13,680 f t  M a u n a  Loa  on  t he  I s l and  of Hawai i .  Particulate  contaminat ion  
of t h e  a t m o s p h e r e  is v e r y  low a t  th i s  a l t i tude ,  a n d  t h e  w a t e r  t h u s  collected 
contained less t h a n  0.01 ~g Si/1. The  compos i t ion  ol t h e  base  n u t r i e n t  so lu t ion  
was, in  mil l imoles/1Ca(NO3)2.4I- t20,  3.0; CaSO4; 4.5; KNOa, 3.0; KH2POa,  
1.0; and  2VlgSO4.7H20, 2.0. I n  addi t ion ,  to  each  so lu t ion  was added  3 mg/1 
Fe  a n d  0.25 mg/1 each  of Cu a n d  Zn, p rov ided  as sa l ts  of E D T A .  3/ianganese 
was  added  as MnSO4.  H20 ,  a n d  Si as sod ium silicate.  T h e  p H  was a d j u s t e d  to  
5.5 w i t h  4 N  HC1, and  all so lu t ions  were ae ra t ed  cont inuous ly .  Analyses  were 
run every three days  on  a l iquo ts  of each  n u t r i e n t  so lu t ion  and,  if t h e  con-  
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c e n t r a t i o n  of a n y  n u t r i e n t  decreased  b y  10% or more,  a n  a m o u n t  of s tock  
so lu t ion  ca lcu la ted  to res tore  t he  or ig ina l  c o n c e n t r a t i o n s  was added.  

P l a n t s  were growi1 in an  e n v i r o n m e n t a l  g r o w t h  c h a m b e r  a t  28°C, 8 0 ± 5 %  
re la t ive  h u m i d i t y ,  a n d  2000 foot -candle  l ight  on  a 12-h l ight ,  12-h d a r k  diur-  
na l  cycle. The  a i r  in  t he  g r o w t h  c h a m b e r  was  no t  f i l tered wh ich  t h u s  accoun ted  
for some degree of Si c o n t a m i n a t i o n  as discussed below. Air  b u b b l e d  in to  the  
n u t r i e n t  so lu t ions  was f i l tered t h r o u g h  f iberglass  to  r emove  macroscopic  
par t ic les  a n d  a p a p e r  f i l ter  to  r emove  microscopic  par t ic les  down  to 1 ~z. 

Af te r  6 weeks, t h e  p l a n t s  were h a r v e s t e d  a n d  s epa ra t ed  in to  roots  and  tops.  
The  t i ssues  were dr ied  for  24 h a t  80°C and  t h e  d ry  weigh ts  ascer ta ined .  The  
dr ied  t i ssue  was g round  to  pass  a 20-mesh  screen and,  a f te r  t h o r o u g h  mixing,  
a po r t i on  of t h e  g r o u n d  t i ssue  was s to red  in p o l y e t h y l e n e  bo t t l e s  un t i l  ana lyz-  
ed. Sub-samples  (0.2 g) of t he  t i ssue  were ashed  a t  450°C overn igh t ,  and  t he  
a sh  was dissolved in 5 ml  of 0.1 N HC1. This  p r e p a r a t i o n  was used for analys is  
of Mn, Fe, Cu, a n d  Zn b y  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  Fo r  Si 
d e t e r m i n a t i o n s  on  t he  p l a n t  mate r ia l ,  a sub - sample  was dr ied  a t  100°C for  12 
h, t r a n s f e r r e d  to a nickel  crucible  and  p laced  in a muff le  fu rnace  a t  200°C. 
The  fu rnace  t e m p e r a t u r e  was ra ised  slowly to  500°C over  a 6-hr  per iod  and  
t h e n  held  a t  500°C for 10 h. T he  ash  was fused w i t h  a n h y d r o u s  Na2CO~, 
cooled, d i ssoved  in w a t e t  and  b r o u g h t  up  to a s t a n d a r d  volume.  A n  a l iquo t  
of th i s  solutio_n was ana lyzed  for Si b y  t he  r educed  s i l i comolybda te  m e t h -  
od 5 6 14. The  sil icon c o n c e n t r a t i o n s  of t he  n u t r i e n t  so lu t ions  were also de te r -  
m i n e d  b y  th i s  m e t h o d  a f t e r  t he  so lu t ions  had  been  c o n c e n t r a t e d  b y  evapo ra -  
t ion  u n d e r  a pa r t i a l  v a e ü u m .  

RESULTS AND DISCUSSION 

Plant growth as a [unction o! Mn supply 
In this experimental series the nutrient solutions contained no 

added Si (0-Si) while the Mn concentration was varied from 0 to 5 
mg/1. Actually, those solutions designated as 0-Mn and 0-Si contain- 
ed initially less than 0.015 mg/1 Mn or Si, respectively. After 6 
weeks, the 0-Mn plants manifested severe symptoms of Mn defi- 
ciency, a conclusion confirmed by the observation that addition 
of 0.25 mg/1 Mn to the nutrient solution prevented the appearance 
of such symptoms. Growth, as measured by the dry weight of the 
plant tops, was increased almost 2-fold over the 0-Mn treatment by 
the presence of 0.25 mg/1 Mn (Fig. 1). There was apparently a very 
narrow optimum fange for Mn in sudan grass, however; i.e., 0.25 
to 0.50 mg/1. When the external Mn concentration was increased to 
1 mg/l, growth of the plant tops was reduced by 16 per cent as com- 
pared to growth obtained with 0.25 mg/1 Mn. Further increases in the 
Mn level of the nutrient solutions to 3 and 5 mg/1 were increasingly 
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MANGANESE CONCENTRATION OF NUTRIENT SOLUT[ON, MG/L 

Fig. 1. Growth (grams dry weight of plant tops) and manganese accumulation 
(ag Mn/g dry wt of plant tops) in 6-week-old hydroponically cultured sudan 
grass as a function of the manganese concentration of the nutrient solutions. 

toxic, with 5 mg/1 Mn causing a 70 per cent decrease in the dry 
weight of the plant tops (Fig. 1). 

The Mn concentration of the tops of the 0-Mn plants was 8 ~g/g 
dry wt, and increased in an approximately linear manner to 850 
ag/g dry wt when the external Mn concentration was 5 mg/1. In the 
range of optimum growth - 0.25 to 0.50 mg/1 Mn - the Mn concen- 
tration of the plant tops was 100 to 160 ~g/g dry wt. Mn levels in the 
plant tops in excess of 200ag/g dry wt were associated with de- 
creased dry marter accumulation and thus were apparently toxic. 
Based upon these findings, all subsequent experiments were con- 
ducted in nutrient solutions containing 0.25 mg/1 Mn, unless Mn 
was the variable. 

Plant growth as a [unction o/the external Si and Mn  concentrations 

The first experiment in which the Si concentration of the nutrient 
solution was the variable was designed to determine the effeet of Si 
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SILICON CONCENTRATION OF NUTRIENT SOLUTION, MGIL 

Fig. 2. Growth  (grams dry  we ight  of p lants  top) of 6 -week-o ld  sudan  grass as 
a funct ion  of the  manganese  and si l icon concentrat ions  of  the  nutr ient  solu- 
t ions.  (Mn concentrat ions  indicated  for each curve;  Si concentrat ion  shown on 

the  abscissa.)  

on plant growth when the Mn supply was optimal; i.e. 0.25 mg Mn/1. 
Although several authors have reported the growth of various plant 
species to be increased by Si 2 8 9 14 15 1«, such was not the case in 
the present study when Mn availability was optimal (Fig. 2). When 
the Mn concentration of the nutrient solution was maintained at 0.25 
mg/1 and the Si concentration varied from 0 to 10 mg/l, growth of the 
plant tops decreased linearly with increasing Si supply from 14.4 g 
dry wt to 7.0 g dry wt, a 51 per cent reduction in dry marter accu- 
mulation. In addition, the leaves of plants in the 5 and 10 mg/1 Si 
solutions developed a necrotic spotting pattern typical of Mn defi- 
ciency in grasses, suggesting that the decreased growth in the cul- 
tures receiving 5 and 10 mg/1 Si may have been due to an induced 
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Mn deficiency. There is a well-known interaction between Mn and Si 
in higher plants, especially grasses, but  it is debatable whether Si 
actually decreases Mn accumulation in the leaves 2 or merely alters 
the distribution of Mn in the leaf tissue is. The present data appear 
to favor the former alternative, hut this will be examined in detail in 
a later section of this paper. 

In subsequent experiments the effects of variable Si concentra- 
tions upon plant growth were examined when the external Mn supply 
was stabilized at a sub- or supra-optimal level (Fig. 2). When Mn 
was withheld from the nutrient solutions or when 0.5 mg/1 Mn was 
added, the plant growth responses to increasing Si concentrations up 
to 10 mg/1 were similar to that  noted at 0.25 mg/1 Mn. When the 
Mn concentration of the nutrient solution was high enough to be 
toxic, however, the growth response was quite different. With 1 
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SILICON CONOENTRATION OF NUTRIENT SOLUTION, M G / L  

Fig. 3. Growth  (grams d ry  weight) of sudan  grass roots  as ~ funct ion  of t he  
manganese  ~nd silicon concen t ra t ions  of the  nu t r i en t  solutions. .  
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mg/1 Mn'in the external solution, the addition of 3 mg/1 Si increased 
growth of the plant tops by  21 per cent as compared to the 1 mg/1 
Mn, 0-Si control. The growth response to the addition of Si to the 
nutrient solution was most marked when the Mn concentration was 
5 mg/l, a highly toxic Mn level. Under this condition, maximum 
growth was obtained upon addition of 5 mg/1 Si to the solutions, the 
increased growth being 3-fold greater than that in the 5 mg/1 Mn, 
0-Si treatment. 

The Mn-Si interaction as evaluated in terms of root growth was 
generally similar to that of top growth (Fig. 3). Under conditions 
of Mn deficiency (0-Mn), root growth was not significantly affected 
by  Si additions over the 0 to 10 mg/1 range. When the Mn concen- 
tration of thenutrient solutionwas optimum ;i.e. 0.25 mg/l, root growth 
was decreased by  51 per cent in the presence of 10 mg/1 Si, as com- 
pared to the 0-Si control. Manganese toxicity was considerably 
alleviated, although not totally eliminated, by  5 mg/1Siin the nutrient 
solution. Silicon concentrations above 5 mg/1 added to the Mn-toxic 
(5 mg/l) cultures resulted in a decrease in root growth as compared 
to the maximum growth obtained in the 5 mg/1 Mn, 5 ml Si cultures. 

E//ect o / S i  on micronutrient accumulation 

Plants were grown in nutrient solutions containing a full comple- 
ment of micronutrients, one-half of the solutions receiving no Si 
(0-Si) and the other half being supplemented with 5 mg/1 Si. At 
harvest, the 6-week-old plants were separated into roots and tops 
and each tissue was analyzed for Mn, Cu, Zn, Fe, and Si. Accumula- 
tion of each micronutrient cation in both roots and tops was de- 
creased by  50 to 70 per cent by  the presence of 5 mg/1 Si in the 
culture solution, as compared to the 0-Si controls (Table 1). The dif- 
ferences were highly significant (1 ~o confidence level) in each case. 
The Si concentration of the roots and tops of the 0-Si plants was 16 
and 121 ~g/g dry weight, respectively. Roots of plants receiving 
5 mg/1 Si contained 1720 ~g Si g dry wt, and the plant tops, 2620 
ag Si/g dry wt. The Si levels of the 0-Si plants were considerably 
higher than could be accounted for by  the Si known to be present in 
the nutrient solution, a point to be discussed in a later section of 
this paper. 

The data in Tables 1 and 2 show unequivocally that Mn accumu- 
lation in the leaves was decreased by  the presence of Si in the nu- 
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T A B L E  1 

Effec t  of si l icon on m i c r o n u t r i e n t  compos i t ion  of 6-week-old s u d a n  grass  p l a n t s  

N u t r i e n t *  Conc. in  Roo t s  P l a n t  tops  

n u t r i e n t  0-Si  + 5 mg/1 Si 0 -S i  + 5 mg/ l  Si 
so lu t ion  

mg/1 

Mn (~xg/g) 0.25 122 40 101 49 
Cu ([zg/g) 0.25 30 14 28 7 
Fe (~g/g) 5 1134 342 220 82 
Zn ([zg/g) 0.25 43 21 17 11 
Si (tzg/g) -- 16 1720 121 2620 

* N u t r i e n t  concen t r a t i ons  in t i ssues  expressed  Oll a d r y - w e i g h t  basis .  

trient solutions. In this respect sudan grass differs from some other 
grasses in which Si causes a re-distribution of Mn in the leaves but  
does not reduce total Mn accumulation 16 18 

Another question that arose from these data was whether Si could 
ameliorate Cu and Zn toxicities also since, like Mn, these levels of 
Cu and Zn in the plant tissues »vere decreased in the 5 mg/1 Si plants. 
This possibility will be examined in the following paragraph. 

Alleviation o~ copper and zim toxicities by silicon 

Control plants in this series were grown with the normal comple- 
ment of micronutrients in the nutrient solution (see Materials and 
Methods). Copper toxicity was induced by  increasing the external 
Cu concentration to 2 and 5 mg/l, whereas Zn toxicity was achieved 
by adding Zn to the nutrient solutions to final concentrations of 5 
and 10 mg/1 of Zn. Toxicity of both Cu and Zn at these concentra- 
tions was evidenced by  the statistically significant (1% level) 
reduction in growth of the plants (Table 3). 

The addition of 5 mg/1 Si to the culture solutions almost comple- 
tely eliminated the toxie effects of 2 mg/1 Cu and 5 mg/1 Zn (Table 3). 
In the X mg/1 Cu -¢- 5 mg/1 Si treatment, growth of both the plant 
tops and roots equaled that in the 0.25 mg/1 Cu control plants, 
whereas growth of the plant tops was redueed by 24 per cent in 
solutions containing 2 mg/1 Cu but  no Si. When the Cu concentra- 
tion was raised to 5 mg/1 in the absence of Si, the dry weight of the 
plant tops was decreased by  82 per cent, as compared to the 0.25 mg/1 
Cu + 0-Si control plauts. When 5 mg/L Si was added to t he 5 mg/1 
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T A B L E  2 

Ef fec t  of 5 mg/1 Si on Mn a c c u m u l a t i o n  in sudan  grass  

585 

N u t r i e n t  tig Mn/g d r y  w t  

concen t r a t i on  Roots  P l an t  
in cu l tu re  tops 
solution,  

mg/1 

Mn Si 

0.25* 0 122 I01 

0.25 5 40 28 

1"* 0 377 213 

1 5 194 140 

3** 0 908 448 

3 5 517 208 

5** 0 1371 850 

5 5 720 363 

* O p t i m u m  Mn concen t r a t i on .  

** Toxic  Mn concen t ra t ions .  

T A B L E  3 

Al lev ia t ion  of copper  and  zinc toxici t ies in 6-week-old sudan  grass  p lan t s  b y  5 mg/l  

silicon 

T r e a t m e n t  G r a m s  d r y  wt  tig Cu/g d r y  wt  tig Zn/g  d r y  wt  

Roots  P l an t  Roots  P l an t  Roots  P lan t  

tops  tops tops 

0.25 mg/1 Cu 10.9 14.8 33 27 -- --  

2 mg/ l  Cu 6.1 11.2 47: 254 -- -- 

2 mg/1Cu  + 5 mg/1Si  10.4 15.3 156 44 --  --  

5 mg/1Cu  3.0 2.7 840 395 -- -- 

5 mg/1Cu  + 5 mg/1Si  9.7 13.0 387 114 -- --  

0.25 mg/1 Zn 10.0 15.2 -- -- 40 21 

5 mg/ l  Zn 5.8 9.4 -- --  517 209 

5 mg/1ZI1 + 5 mg/ l  Si 10.6 14.2 -- -- 104 57 

10 mg/1 Zn 2.3 1.6 - -  - -  1 2 7 0  563 

10 m g / 1 Z n  + 5 mg/1Si  8.8 12.7 -- -- 306 131 

Cu nutrient solution, resultant plant growth was 88 per cent of that of 
the 0.25 mg/1 Cu + 0-Si control, however (Table 3). 

A similar situation was observed in the case of Zn toxicity. Five 
and 10 mg/1 Zn in the nutrient solution, in the absence of Si, resulted 
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in reductions in dry matter accumulation in the plant tops of 38 and 
89 per cent, respectively. When 5 mg/1 Si was added to  the Zn-toxic 
(5 and 10 mg/1 Zn) cultures, the decrease in dry weight was 7 and 16 
per cent in the 5 and 10 mg/1 Zn cultures, respectively (Table 3). 
It  is thus obvious that  Si at a low concentration (5 mg/l) can almost 
completely overcome the effects of highly toxic Cu and Zn concen- 
trations in the nutrient solutions. 

Further examination of the data in Table 3 will show that Si 
ameliorated Cu and Zn toxicity by  decreasing the accumulation of 
these nutrients in the plant tissues, as is also the case with Mn 
toxicity (Table 2; Figs. 2 and 3). 

Observations on the question o/essentiality o/silicon/or growth o/sudan 
grass 

Silicon is usually considered as a non-essential element for the 
growth and reproduction of higher plants 19. There are exceptions 
to this generality, however, and at least three authors have reported 
that  Si satisfies the critefia for essentiality in rice la, barley and 
sunflower 7, and beets 11. In addition, there are numerous reports in 
the literature that  plant growth is increased by  Si under various 
conditions, hut these effects were thought to be secondary in nature. 

One facet of the present s tudy was an at tempt to resolve the ques- 
tion of a possible Si essentiality in sudan grass. Although an un- 
equivocal answer was not possible tor the reasons discussed below, 
the following observations are offered for consideration. As in all 
other cases reported herein, the plants were grown in an environ- 
mental growth chamber under the conditions described above. 
Sources and amounts of known Si contamination were as follows, 
expressed as ~g Si per 10 1 culture solution: Salts added initially, 
4.0; supplementary salts added, 20.0; initial 10 1 of water, 0.10; 
water subsequently added, 0.03; seeds, 0.12; polyethylene culture 
vessel, 5.34; and contamination from the air bubbled into the cul- 
ture, 37.0 The total known Si present in the 'Si-0' cultures was thus 
67 t~g, or 0.007 mg/1. W o o l l e y  19 had 0.016 mg/1 of Si in his '0-Si' 
eultures in the study which resulted in the conclusion that Si was 
non~essential for tomato plants. ~ 

At harvest, about 7 ~g Si remained in the '0-Si' nutrient solution 
and about 1900 ~g Si were recovered from the sudan grass plants. 
Thus, despite the precautions taken, Si contamination in the nu- 
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rient solutions from unknown sources was very great. The Si re- 
quirement of sudan grass, if any, could have been mer eonceivably 
by  the Si contamination in the cultures. Although the initial Si 
level in the solution was 0.007 mg/l, the highest Si concentration 
recorded during the 6-week experiment was 0.022 mg/I. These con- 
centrations are by  no means too low to satisfy a micronutrient re- 
quirement of plants. A case in point is molybdenum which is usually 
added to nutrient solutions at a final concentration of 0.01 to 0.10 
mg/l. 

With the knowledge that the cultures designated as 0-Si actually 
cont ained as rauch as 0.022 mg/1 of Si, the growth of sudan grass plants 
was studJed when the Si supply was minimal; i.e., 0.022 mg/1 Si, 
and with 0.1 mg/1 Si. Higher Si levels decreased growth by reducing 
micronutrient cation accumulation (Figs. 1 and 2; Tables 1, 2, and 
3). Otherwise, the composition of the nutrient solution was the same 
as reported under Materials and Methods and contained 0.25 mg/ 
lVln. The dry weights of the sudan grass roots in the 0.022 and 0.10 
mg)l Si cultures was 9.94-0.8 g and 9.44-1.1 g, respectively. The 
dry weight of the plant tops was 14.84- 1.3 g in the low-Si cultures, 
and 15.24-0.9 e in the 0.1 mg/1 Si cultures. The difference between 
the dry weights in the 0.022 mg/l and 0.10 mg/1 Si cultures was not 
statistically significant for either roots or plant tops. Therefore, it 
can only be concluded that if Si is essential for sudan grass, the 
required concentration is very low, being on the order of 0.025 mg/1 or 
less. 
Received January  31, 1972. 

LITERATURE CITED 

1 A y r e s  A. S., Calcium silicate slag as a growth stimulant for sugar cane on low-silicon 
soils. Soil Sei. 101,216-227 (1966). 

2 C l e m e n t s ,  H. F., Effects of silicate on the growth and leaf freckle of sugarcane in 
Hawaii. Proc. I2th Congr, Int. Soc. Sugar Cane Technol., 197-215 (I967.) 

3. Fox ,  R. L., S i lva ,  J. A., Y o u n g e ,  O. R., P l u c k n e t t ,  D. L., and S h e r m a n ,  G. D., 
Soil and plant silicon and silieate response by sugar cane. Soil Sei. Soc. Am. Proc. 
31, 775-779 (I967). 

4 t-I a la is ,  P., aI~d P a r i s h ,  D. H., Silica and manganese contents of cane leaf sheaths in 
relation to soff and nutrition. Ann. Rept., Mauritius Sugar Industry Research Inst., 
74-76 (1963). 

5 J o n e s ,  L. H. P., and H a n d r e c k ,  K. A., Stndies of silica in the oat plant. I I I .  Up- 
take of silica from soils by the plant. Plant and Soil 23, 79-96 (1965). 



588 Mn-Si INT E R AC T ION AND GRASS G R O W T H  

6 King, E . J . , S tacy ,  B .D. ,Hol t ,  P .F . ,Ya tes ,  D.M. ,andPickles ,  D.,Thecolori- 
metric determfflation of silicon in the mieroanalysis of biological materials  and mine- 
ral dusts .  Analys t  80, 441-456 (1955). 

7 L i p m a n ,  C. B., Importance of silicon, a luminum,  and chlorine for higher plants.  
Soil Sei. 45, 189-198 (1938). 

8 M o n t e i t h ,  N. H., and S h e r m a n ,  G. D., The comparat ive  effects of caleium carbo- 
na te  and of calcium silicate on the yield of sudan  grass grown in a ferruginous latosol 
and a hydrol humic  latosol. Univ. Hawaii  Agr. Exp.  Sta. Tech. Bull. 53, 1-40 (1963). 

9 P r e v o t ,  P., and O l l a n g n i e r ,  M., Law of m i n imum and balan.ced nitrition. In: 
Plant  Analysis and Fertilizer Problems, 257-277 (1961). 

10 P l u e k l x e t t ,  D. L., The use of soluble silicates in Hawaiian agriculture. Univ. 
Queenslalld Papers 1, 203-223 (in press). 

I 1 R a l e i g h ,  G. J., Evidence for the essentiali ty of silicon for growth of the beet plant.  
Plant  Physiol. 14, 822-828 (1939). 

12 S i l v a ,  J. A., Possible mechanisms for crop response to silieate applications. Proc. 
Intern.  Symp.  Soll Fett .  Eval.,  New Dehli 1, 805-814 (1971). 

13 S o m m e r ,  A. L., Studies concerning the essential na ture  of a lumi lmm and silicon for 
p lant  growth. Univ. California Publs. Agr. Sei. 5, 57-81 (1926). 

14 S t r i e k l a a d ,  J.  D. H., The preparation and properties of silicomolybdic acid. III .  
The combinat ion of silicate and molybdate.  J. Am. Chem. Soc. 74, 872-876 (1952). 

15 S u e h i s a ,  R., Y o u n g e ,  O. R., and S h e r m a n ,  G. D., Effects of silieates on phospho- 
rus availability to sudan  grass grown on Hawaiian solls. Uuiv. Hawaii Agr. Exp.  Sta. 
Tecb. Bull. 31, 1-40 (1963). 

16 V l a m i s ,  J., and W i l l i a m s ,  D. E., Manganese and silicon iIlteraction iR the Grami- 
neae. Plan.t and Soll 27, 131-140 (1967). 

17 W i l l i a m s ,  D. E., and V l a m i s ,  J., Manganese toxicity in s tandard  culture solutions. 
Plant  and Soll 8, 183-193 (1957). 

18 W i l l i a m s ,  D. E., and V l a m i s ,  J. ,  The effeet of silicon on yield and manganese-54 
uptake and distr ibution in the leaves of barley plants  grown in culture solutions. 
Plant  Physiol. 32, 404-409 (1957). 

19 W o o l l e y ,  J. T., Sodium and silicon as nutr ients  for the tomato  plant.  Plant  Physiol. 
32, 317-321 (1957). 


