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SUMMARY 

Growth of Astragalus species was shown to be adversely affected by con- 
centrations of phosphate in solution which are often used in inorganic nutrient 
media. Several ionic interactiolls in sorption by plailts were demonstrated 
including depression of phosphate and the microilutrient metals by selenite- 
seleilium, depression of selellium by phosphate, and direct or indirect eI1- 
hancement of the macronutrient  cations and the micronutrient metals by 
phosphate. Plallt growth affects sorption and, collversely, repressed or ex- 
cessive sorption may limit yield if the element is essential and deficiellt, or 
too high in effective collcentratioll in the plant. Relevant  illteractions are 
considered. 

INTROD UCTION 

Another report concerned the effects of selenite or selenate supply 
on growth and selenium content of Astragalus species 3. In order to 
have attained favorable plant growth it was necessary to consider 
possible direct effects of ions on growth (e.g. heavy-metal toxicity or 
nutrient deficiency per se) or indirect effects (e.g. an ion excess of orte 
element) inducing a nutritional deficiency of another through modi- 
fied ratios of the elements, perhaps related to so-called cation-sum 
constancy 1 or to organic anion contents 4. The indirect effects con- 
cern a number of possible interactions among the ions supplied in 
solution cultures. F r i e d  and B r o e s h a r t  have summarized and 
discussed a number of such interactions 5. Orte such effect could be 
causal, or more than one could be eoincidentally influencingthenet 
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result. Because of these complex interactions and their confounded 
reciprocity with concomitant plant growth, including differential 
top-to-root development, results of element applications purported- 
ly affecting growth taust be interpreted with caution. The probable 
sequence of events during growth and development taust be consider- 
ed. Development, or a variation thereof, is a result of a series of 
antecedent conditions and processes. 

The other article presented evidence of repressed phosphate sorp- 
tion induced by selenite and concomitant enhancement of growth of 
Astragalus bisulcatus 3. Allusions to other interactions of ions were 
made. It is the purpose here to present further evidence for some of 
the interactions which were involved in the study of growth of the 
Astragali. Further, a comprehensive consideration is made of possible 
effects of an increasing supply concentration of an independently 
variable ion on sorption of a dependent ion with relation to concomi- 
tant plant growth using solution culture media. 

MATERIALS AND METHODS 

Astragalus species were used as in a previous report ~. As such, the proce- 
dures were generally the same as previously reported for the Astragali. Seeds 
were germinated in vermiculite to which a dilute macronutrient solution had 
been added. Four or five seedliiigs each were transplanted into aerated solu- 
tion cultures in 4-liter Pyrex beakers. The containers were wrapped with 
cloth skirting to exclude light from the solution media. The basal IIutrient 
solution was (~M): IIitrogen (NOt)  7000; potassium 3000; calcium 2000; 
magliesium 500; sulfur 1000; nitrogen (NH~-) 1000; chlorine 25 ; iroii (as 1 : 1 
EDTA) 25.0; boron 12.5; manganese 1.0; zinc 1.0; copper 0.1; and molyb- 
delium 0.1. The solution pH was frequently adjusted to about 5.5. Salt solu- 
tion was applied at traiisplantilig and periodically as necessary dependiiig oii 
the length of tilne before plant harvest. Supply coiicentrations of phosphorus 
and selenium varied as necessary to demonstrate the effects concerned. 
Phosphorus was supplied as KH2PO4, and seleiiium as Na2SeO3. 

Plants were usually harvested at about 6 to 7 weeks from transplaliting, 
unless otherwise indicated. Plant materials were separated ilito roots, sterns 
(iiicludiiig leaf petioles), and leaf blades. The parts were dried, weighed, and 
ground. Appropriate plant aliquots were wer ashed s. Selenium concentra- 
tions were measured by the fluorometric method of Watkiiison 14, total- 
phosphate phosphorus by a molybdenum blue color method s, and the 
microiiutrient metals and macronutrient catiolis by atolnic absorption 
spectrophotometry 9. 
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RESULTS AND DISCUSSION 

In order to interpret experimental observations related either to 
direct effects between element supplies and plant growth, or to the 
reciprocal effects of growth and ion sorptions as modified by ionic 
interactions, it was necessary to consider the possible interrelations. 
These are outlined in Table I (compare discussion in Rel.7, p. t09). 
The present results concern plant growth and composition, and cer- 
tain ionic interactions in sorption of mineral elements. 

Different whole-plant compositions between a solute t reatment  
and its control may be related to ionic interaetions in sorption 
(other conditions being constant) or interrelated with concomitantly 
modified plant yields. Thus, at least in part, the concentration chang- 
es of ions may be caused simply by differential growth diluting or 
concentrating effects (designated by -t- in Table 1). Considerations 
here are applicable for small differences in yield, assuming the rate 
of sorption to be independent of the rate of growth under any 
particular set of experimental conditions. Possible simple dilutions, 
at least in part, are evident where the control-to-treatment yield 
ratio increase exceeds the comparable ratio of the total plant sorp- 
tions of a dependent ion. A concentrating effect could apply to in- 
verse situations. Thus, for increased yield eomparisons, at least a 
part of a dependent ion concentration difference may be attributable 
to simple growth dilution. Here, where actual t reatment coneentra- 
tions are greater than theoretical values, calculated from the ratio 
of the total content of the ion in the control to the yield under treat- 
ment, the concentration difference of the dependent ion could be 
due entirely to growth dilution; where actual plant treatment con- 
centrations are less than calculated theoretical eontrol values, the 
concentration difference could be due only in part  to growth dilu- 
tion, but then differences could be due also in part to an interference 
interaction on sorption. Converse results would apply t o a  simple 
concentrating effect on the dependent ion and a synergistic inter- 
action, where treatment yields are less than controls. In short, such 
computations and interpretations are valid only where 4- designa- 
ti0ns oecur in Table 1 ; designations therein with three asterisks*** 
conclusively determine the type and validity of ionic interaction. 
(See Table 2 for interpretation of causal relations between yield 
and plant concentration changes with treatment.) It  should be 
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T A B L E  1 

Poss ible  efIects  of an  inc reas ing  supp ly  concen t r a t ion  of an  i n d e p e n d e n t l y  var iabIe  ion 
on sorp t ion  of a dependen t  ion, w i t h  r e l a t ion  to c o n c o m i t a n t  p l a n t  growth ,  us ing solut ion-  

cu l tu re  med ia  * 

Conten t s  of 
d e p e n d e n t  ions** 

Yields  ** ton ic  condi t ions  in  p l an t  for g rowth  Concns. To ta l s  
ùInfluences of ionic 

t r e a t m e n t  

+ 

Concen t ra t ions  of i n d e p e n d e n t  ion 
d iagnos t i ca l ly  favorabIe  for growth ,  
if n u t r i t i o n a l l y  essen t ia l ;  s a t i s f ac to ry  
and  ineffect ive  on growth ,  if non-es-  
sent ia l .  

Concen t ra t ion  of i n d e p e n d e n t  ion be- 
comes toxic ,  or more  so, w i th  t rea t -  
men t ,  whe the r  or no t  the  e l emen t  is 
essent ia l  for growth.  

Concen t ra t ion  of i n d e p e n d e n t  ion be- 
comes n u t r i t i o n a l l y  less deficient ,  or 
favorable ,  w i th  t r e a t m e n t .  

+ No ionic in te rae-  
t ion  (direct  effect  
of i n d e p e n d e n t  
ion) 

+ 

Concen t ra t ions  of i n d e p e n d e n t  ion 
adequa te ,  if essent ia l ;  or ineffeet ive,  
if nor/-essential .  Concen t ra t ions  of de- 
penden t  ion d iagnos t i ca l ly  favorable ,  
if essent ia l ;  s a t i s f ac to ry  and  ineffect-  
ive,  if non-essent ia l .  

Concen t ra t ion  of i n d e p e n d e n t  ion be- 
comes toxic ,  or more  so, w i th  t rea t -  
men t .  Concen t r a t ion  of a g rowth- l im-  
i t i ng  dependen t  ion favorab le  or defi- 
c ien t  in  cont ro l ;  t r e a t m e n t  deficient ,  
or more  so t h a n  control .  

Concen t ra t ion  of i n d e p e n d e n t  ion be- 
eomes less def ic ient  or f avorab le  w i t h  
t r e a t m e n t ,  if essent ial .  Concen t ra t ion  
of dependen t  ion tox ic  in cont ro l  ; w i t h  
t r e a t m e n t ,  less toxic,  or n u t r i t i o n a l l y  
favorable ,  if essent ia l ,  or becoming  in- 
effective,  if non-essent iaI .  

--*** In te r fe rence  in- 
t e rac t ions  of ions 
in so rp t ion  

=h 

Concen t r a t ion  of i n d e p e n d e n t  ion fa- 
vorab le  if essent ia l ,  or ineffect ive  on 
g rowth  if non-essent ia l .  Concent ra-  
t ions  of d e p e n d e n t  ion d i agnos t i ca l ly  
favorable ,  if essen t ia l ;  ineffec t ive  on 
growtb ,  if non-essent iaI .  

+***  +***  
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C o n c e n t r a t i o n  of i n d e p e n d e n t  ion  be- + 

c o m e s  tox ie  or  m o r e  tox ic  w i th  t r e a t -  

m e n t .  C o n e e n t r a t i o n  of d e p e n d e l l t  ion  
d i a g n o s t i e a l l y  f a v o r a b l e  o r  m i l d l y  tox -  
ic, in  e o n t r o t ;  tox ie  or  m o r e  so w i t h  

t r e a t m e n t .  

+ C o n e e n t r a t i o n  of i n d e p e n d e n t  ion  be- + +***  
eomes  less def ic ien t  or  f a v o r a b l e  w i th  

t r e a t m e n t ,  if essent ia l .  Co*aeentrat ion 
of a g r o w t h - I i m i t i n g  d e p e n d e n t  ion  

d i a g n o s t i e a l l y  def ic ien t  in  c o n t r o l ;  
i l u t r i t i o n a l l y  less def ic ien t  o r  f a v o r -  

able ,  wi t t l  t r e a t m e n t .  

:t: S y n e r g i s t i e  in t e r -  

a c t i o n s  of ions  in  

s o r p t i o n  

* A s s u m e  t b a t  t he  a e t u a l  r a t e s  of g r o w t h  a n d  t o t a l  so rp t i on ,  w i th  t ime,  r e m a i n  r e a s o n -  

a b l y  c o n s t a n t  or  d e v i a t e  i n a p p r e c i a b l y  f r o m  t h e i r  d e t e r m i n e d  a v e r a g e s  for  t he  pe r iod  of 

g r o w t h .  
** Var i ab l e  t o p - t o - r o o t  r a t l o s  c a n  m o d i f y  the  resu l t s .  Yields  pe r  eu l tu re ,  a n d  coneen -  

t r a t i o n s  in  p l a n t s  as  a whole  a n d  t o t a l  a m o u n t s  pe r  e u l t u r e  of a d e p e n d e n t  ion  a re  ex- 
p re s sed  o n  the  d r y - w e i g h t  bas is .  

= i nd i ea t e s  no  e h a n g e ;  --,  a dee rease ;  + ,  a n  inc rease ;  a n d  4-, e i t he r  dee rease  o r  in-  

e rease  d e p e n d i n g  on  the  r e l a t i ve  r a t l o s  of the  t o t a l  y ie lds  ( t r e a t m e n t ] e o n t r o l )  to  t h e  t o t a l  
s o r p t i o n s  ( t r e a t m e n t / c o n t r o l ) .  

*** Ef fee t  p a r t i e u l a r l y  e v i d e n t ,  a n d  cone lus ive .  

noted that  apparent dilutions or concentrations could be enhanced 
or diminished respectively by moisture percentage differences if 
fresh weights of plants are compared; dry weights were used here to 
avoid this consideration. 

Seasonal effects on the relative differences in yield of top to root 
between a control and a treatment can markedly affect the concen- 
tration and the total distribution of a dependent ion, and thus the 
interpretations 2; relations for the plant as a whole are particularly 
considered here, relative to involvement of interactions in ion sorp- 
tions. 

E//ect o/ selenite on phosphate sorption 
A. bisulcatus plants were cultured with maintenance of a reason- 

ably constant and favorable phosphate concentration within the 
plant by monitoring twice a day, having started with an external 
supply of 3 ~g-at P per liter. The selenite supply concentration was 
varied over a concentration range of zero to 50 ~g-atoms per liter 
of culture. Plant yields and phosphate contents were measured. 
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T A B L E  2 

Possible causal relations where ionic total sorptions are variable with a partieular change 
in plant yield under treatment * 

Yield Concentration change 
ehange of dependent ion Possible causal relations 

C(actu~l) < C**(theoreticM) Effect only in part referable to simple dflution 
part applicable to an interferenee interaction. 

C(actua]} ~ C(theoretical) E f f e c t  possibly applicable in fulI to simple 
dilution a, o r  indeterminate. 

C(actual) ~ C(theoreticaI) 

C(actual) ~ C(tlleoretical) 

E f f e c t  o n l y  in part referable to simple concen- 
tration; part applicable to  a synergistie inter- 
action. 

Effect possibly applicable in full to simple c o n -  

e e n t r a t i o n  t,  o r  indeterminate. 

* A p p l i e a b l e  to  eases  of  4- in total sorption of a dependent ion (see Table 1). 

Total dependent ion sorption by eontrol plant 
** C(theoretical) = Yield under treatment 

i Assume that the rate of sorption is independent of the rate of growth for relatively 
moderate to small differenees in yield. 

Concentrations of the micronutrient metals were determined in the 
plants since from a yield decrease at the 50 ~g-at Se per liter supply 
level a nutritional deficiency was suspected, especially for mangane- 
se; these elements were not monitored in supply as was the phos- 
phate. The experimental data are presented in Table 3. Yield was 
significantly restricted at the  culture level of 50 ag-at Se per liter. 
This was evidently not due to a toxicity per se of Se, but presumably 
caused by an induced deficiency of manganese in the plant; the plant 
coneentration was near the critical for Iavourable growth, a s  
determined in a preliminary study with A. bisulcatus to approxi- 
mate 0.4 mg-at Mn per kg dry weight for the whole plant. The 
phosphorus concentrations were low, but adequate for favorable 
growth. The total phosphate per plant culture significantly decreas- 
ed. The phosphate concentration decrease in spite of frequent 
solution applications to substantially maintain the plant concen- 
tration, especially concomitant with a significant yield decrease, 
demonstrates that sorption of phosphate was suppressed as a con- 
sequence of selenium supply. An interference interaction is implied. 
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In another experiment with A. bisulcatus, plants were cultured at 
a single concentration of phosphate supply (500 ~g-at/1) with in- 
creasing supply concentrations of selenite 3. With increased selenite 
supply concentration, yield was enhanced and the selenium con- 
centration in the plant increased. The concentration of phosphorus 
in the plant concomitantly decreased. Presumably phosphate was 
toxic at the nil level of selenite supply and yield was increased with 
progressively deereasing phosphate excess, whi]e selenium concen- 
trations inocuously increased in the plant. This was borne out by  
observation of decreasing symptoms of what was considered to be 
phosphate injury 3. An interference interaction of selenite on sorp- 
tion of phosphate was evident. 

E//ect o~ selenite on macronutrient catio~~ sorption 

A limited number of observations thus rar with whole plants of 
Astragalus species have not revealed such interaction. Other, 
subsequently considered, interionic effects suggest that  where 
experimental conditions are proper, an interference interaetion might 
occur. Further, ancillary studies with abscised roots of barley 
(Hordeum vulgare) have shown that selenite applied at 10 ~g-at per 
liter repressed sorption of potassium from a solution of KC1. 

E//ect oB selenite on micronutrient metal sorption 

In addition to the interfering effect of selenite on phosphate, re- 
ported above, there was an evident concurrent repression of sorp- 
tion of each of the micronutrient metals (Table 3). The concentra- 
tions of these metals generally decreased in the plants with increased 
selenite supply, emphasized for manganese where an induced defi- 
ciency was suspected, concomitant with a depressed plant yield. 
At the highest selenite supply level, the otherwise progressive de- 
crease of concentration of the metals was counteracted by  a con- 
current restriction on yield presumably induced by  a manganese 
deficiency. The resultant effect of high selenite on the micronutrient 
metals is explicable, then, as a direct effect of the independent ion 
(SeQ-) on plant yield and composition (Table 1). The overall effect 
between Se-O and Se-50 remains as an interference interaction. The 
data of Table 3, therefore, demonstrate that selenite can interact 
repressively on the sorption of the micronutrient metal ions. It  may 
be noted that here, where the internal phosphate concentration 
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was low but adequate for growth, results for iron closely paralleled 
those of the other micronutrient metals; this result may be eontrast- 
ed later herein, where interaction of iron and phosphate in nutrition 
is particularly considered (Table 6). 

The previous experiment demonstrated concurrent interference 
interactions of selenite on phosphate and on micronutrient metal 
sorptions. Another trial confirmed the latter effects. In this ex- 
periment, the phosphate concentration in the plants was again main- 
tained substantially constant and at a level favorable for plant 
growth. With the A.  bisulcatus plants here, however, the manganese 
coneentrations in the plants were always at a favorable nutritional 
concentration (compare with the previous experiment where plant 
Mn was presumably deficient at the highest level of selenite supply). 
The results are presented in Figure 1. Plant growth did not vary 

(Mn++at 0 . 75  ~g a toms/L )  

~ " p l a n t " )  

P l a n t  Mn ~ = 
(~g a t ° m s / g ) ~  = ~ ~ o  = 

I ~ ~ ~ ~ ' ~ ' ~ ~ ' ~  

I 
P l a n t  growth (g)  

I I I 
3 6 12 

Selenlum Supply (l~g atoms/L)  

Fig. 1. Effect of selenite supply on the growth and manganese content of 
A. bisulcalus plants. 

Data  represent averages of three replicate cultures of l ive plants  each. Cultures were 
supplied with macro- and micronutrients,  exclusive of manganese, at  the basal level. 
Manga~lese was suppIied at  0.75 {zg~at/liter, which was adequate here for growth as 
determined by frequent plant  analysis. The total  Mn content of plants at Se supply of 
of 12 ~zg-at/liter was sigilificantly lower (0.1% level) than the nil controls. 
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Fig.  2. E f f ec t  of p h o s p h a t e  s u p p l y  on  t h e  g r o w t h  a n d  s e l e n i u m  COlltent of 

A. canadensis plants. 

Data represent averages of two plants from three replicate cultures of six plants each, 
harvested after two weeks' growth. Cultures were supplied with maeronutrients at 0.1 
basal and micronutrients at 0.01 basal. Selenite was supplied at 0.0125 ~g-at Se/liter, 
since a non-indicator speeies was used. 

significantly at the various levels of selenite supply. Both the manga- 
nese concentration and the total content decreased (the latter 
highly significantly) in the plant with increasing selenium supply. 
It  is evident that  selenite induced an interference of manganese 
sorption. 

E]]ect o/phosphate on selenite sorpEon 
In an experiment with A. canadensis, a non-indicator Se species, 

phosphate supply was varied at two different levels of selenium 
application. Yield and plant composition for selenium were deter- 
mined. Results at one of the two Se application levels are shown in 
Figure 2. Plant growth was unaffected by  the various supply con- 
centrations of phosphate. Both the selenium concentration and the 
total  plant content decreased with increase of phosphate appliea- 
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TABLE 4 

Effect of phosphate on the sorption of selenium 

Macro- and micronutrient supplies were basal. Selenium was applied at 50 ~g-atoms]liter. 
Plant yielcls and their contents represent averages of three replieate cultures of six plants 
each. 'e' is used to designate 'culture.' 

Treatment Plant compositions 

P, Yield, P Se 

Bg-at/1 g/c mg-at/kg mg-at/kg ~zg-at/e 

5 0.94 154 28.9 27.1 
50 1.45" 356 17.4 25.2 

500 1.05 519 9.0 9.45 

The yield was significantly higher at P 50 than at either P 5 or P 500, at the 5% level. 

tion. These data clearly demonstrate an interference interaction of 
phosphate on selenite. Like results were attained when the selenite 
supply coneentration was ten times that  reported in Figure 2. 

Similar results were obtained with A. bisulcatus, an accumulator 
species. Data are presented in Table 4. Plant yield was repressed at 
the 5 ~g-at P/liter supply level due to a deficient manganese con- 
centration in the plant (see Table 6), the repression here probably 
being due to an interference interaction of Se on Mn sorption 
(see earlier results and discussion of Table 3). Decreased yield at the 
500 ~g-at P/1 level was related to an excessive phosphate concen- 
tration in the plant particularly the top, where visum symptoms 
were evident; see Table 6). As would be expected, phosphorus concen- 
trations in the plants increased with increased supply concentration. 
Selenium concentrations and the totals per plant culture decreased 
with phosphate increase. For the increased yield comparison (P-5 
to P-50), only part of the selenium concentration change could be 
attributed to dilution. This is evident since, if the total Se in the 
plant, at the 5 ~zg-at P/1 ('control') supply level, of 27.1 ~g-at Se 
per culture were distributed in the plant dry weight of 1.45 grams per 
culture at the 50 ~zg-at P/I ( ' treatment') supply level, the calculated 
theoretical concentration of selenium would be 18.7 mg-at Se per kg 
dry weight. The actual measured concentration was 17.4 mg-at Se 
per  kg, which is less than the theoretical value; therefore, an inter- 
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TABLE 5 

Effect of phosphate on the sorption of the macronutrient cations 

Conditions were the same as indicated in Table 4. (c = culture). 

Treatment Plant compositions 

Yield, P K Ca Mg 

Bg-at/l g/e mg-at mg-at /xg-at mg-at /,g-at mg-at /,g-at 
/kg /kg [c /kg [c ]kg ]c 

5 0.94 154 1.01 0.94 0.108 0.101 0.155 0.144 
50 1.45" 356 1.30 1.89 0.164 0.238 0.164 0.238 

500 1.05 519 1.39 1.45 0.218 0.213 0.170 0.178 

ference interaction occurred for P on Se sorption. (See Tables 1 and 
2 for interpretation of the data and computations.) Ad ilution expla- 
nation, even in part, cannot be invoked for the yield and selenium 
concentration changes of P-5  or P-50 to P-500, since in this com- 
parison yield was either constant or decreasing with concurrent 
decreases of both selenium concentration and the total sorbed per 
culture. Here, then, the results can be attr ibuted to an interference 
interaction. Further, under the conditions of these experiments at 
least, phosphate and selenite appear to reciprocally inhibit each 
other in ionic sorption. 

E[[ect o[ phosphate on macronutrient cation sorption 
In the same experiment just reported (Table 4), where effects of 

phosphate on sorption of other ions from the culture media were 
sought, possible effects on the macronutrient cations were deter- 
mined. Results of interactions of phosphate on sorption of potassium, 
calcium, and magnesium are presented in Table 5. With increased 
plant yield between P-5  and P-50, concentrations and total con- 
tents per culture increased for K, Ca, and Mg. Synergistic ionic 
interactions of phosphate on the macronutrient cations are evi- 
dent. With yield decrease between P-50 and P-ó00, concentrations 
of K, Ca, and Mg increased, which results are not contrary to con- 
sideration of a synergistic interaction of phosphate on the macro- 
nutrient cation. Considering the computation suggested for ± 
designations in Table 1 (see Table 2) where treatment yields are 
less than controls, it is clear that  calculated theoretical concentra- 
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t i o n s  e x c e e d e d  t h e  a c t u a l  m e a s u r e d  v a l u e s  for  K ,  Ca, a n d  Mg. T h e  

i n d e t e r m i n a t e  c a u s a l  r e l a t i o n  (Tab l e  2) is e x p l i c a b l e  t h e n  as  a d i r e c t  

e f fec t  of t h e  i n d e p e n d e n t  H 2 P 0 4  ion  on  p l a n t  g r o w t h  a n d  c a t i o n  con-  

t e n t ;  t h e  o v e r a l l  e f fec t  b e t w e e n  P - - 5  a n d  P - - 5 0 0  r e m a i n s  s y n e r g i s t i c  

for  t h e  a p p r o x i m a t e l y  e q u a l  y i e l d s  (Tab l e  1). 

E//ect o/phosphate on micronutrier~t metal sorption 

A p r e l i m i n a r y  g r o w t h  t r i a l  was  p e r f o r m e d  w i t h  A. bisulcatus t o  

e s t a b l i s h  f a v o r a b l e  leve ls  of s o l u t i o n  c u l t u r e  s u p p l y  of p h o s p h a t e  a n d  

t h e  m i c r o n u t r i e n t s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  of s e l e n i u m  a p p l i -  

P 

2 . 0  
(Se a t  50 ~g atoms SeO~ IL)  

T o t a l  Mn(~g atoms, 
" p l a n t " )  / 

1 .5  

/ P l a n t  growth..o 
1 .0  - / (g )  _ ~ ~  

0 . 5  

1 7  ~" P l a n t  Mn 
~ ~ ~ ~ - I /  (~g a t o m s / g ~  

Plant P (~g atums/ 
g x I I I000) 

0.1 

5 50 500 
Phosphorus Supply (l~g atoms/L) 

Fig. 3. EEect  of phosphate supply on the growth and manganese content of 
A. bisulcatus plants. 

Data represent averages of thre e replicate cultures of live plants each. Cultures were 
supplied with macronutrie~lts at the basal level and micronutrients at 0.4 basal. Selenite 
was supplied at 50 ~xg-at/liter of solution culture. Yield increased significantly at 500 
txg-at P/1 ; manganese was deficient (by plant analysis) at 5 and 50 ~g-at P/1. 
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TABLE 6 

Effect of phosphate on the sorption of micronutrient metal ions 

Coliditions were the same as indicated in Table 4. Plant fractions are designated T, tops; 
R, roots; and P, plant as a whole. 

Plant compositions 

Plant Yield P MII Zn Cu Fe 

part  g/c mg-at mg-at ~zg-at mg-at ~tg-at mg-at ~xg-at mg-at ~zg-at 
/kg /kg le /kg / c /kg [c /kg le 

5 tzg-at P per liter 

T 0.56 156 0.40 0.22 0.38 0.21 0.12 0.067 4.81 2.70 
R 0.38 150 0.29 0.11 1.61 0.61 0.24 0.09 15.90 6.03 
P 0.94 154 0.36 0.33 0.88 0.82 0.17 0.16 9.31 8.73 

50 Fg-at P per liter 

T 1.01 402 0.47 0.47 0.46 0.46 0.19 0.19 1.87 1.89 
R 0.44 251 0.96 0.42 2.94 2.94 1.29 0.15 24.5 10.80 
P 1.45" 356 0.62 0.89 1.21 1.21 1.75 0.34 8.74 12.69 

5oo t~g-at P per liter 

T 0,73 505 0.97 0.71 0.54 0.54 0.39 0.13 1.74 1.27 
R 0.32 550 2.56 0.82 4.39 4.39 1.41 0.13 32.7 10.5 
P 1.05 519 1.45 1.52 1.71 1.71 1.80 0.26 11.2 11.8 

cation. The results showed that  the plants with higher selenium 
supply became deficient in manganese at a 0.4 basal micronutrient 
supply where phosphate was applied at either 5 or 50 ~g-atoms per 
liter; visual deficiency symptoms were evident at 5 ~g-at P per 
liter. At a 500 ~zg-at P/liter supply level, growth was greater and the 
plants revealed no manganese deficiency. Experimental plant 
yields and chemical plant analyses confirmed the manganese defi- 
ciency at the lower phosphate supplies where selenium was applied 
at 50 ~g-at per liter (Fig. 3). The data further showed that  the in- 
crased growth was not due to an increased plant phosphorus con- 
eentration, it being approximately constant and within a favorable 
nutritional range. Since both the manganese concentration and its 
total content in the plants increased as growth increased with the 
phosphate-500 application, clearly phosphate supply enhanced the 
sorption of manganese with a concomitant increase in plant growth. 
Similar results were obtained in this experiment, where the selenium 
was supplied at a lower concentration (viz 20 ~zg-at Se/l); however, 
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the manganese concentration and yield were greater at 20 than at 
50 ag-at Se per liter. This comparison between the two selenium 
supply levels, and like trends with Zn and Cu, implies that  the se- 
lenium interference interaction and the phosphate synergistic 
interaction ean be effective simultaneously, and thus counteracting 
on sorption of these micronutrient metals. 

Similar synergistic effects of phosphate on the sorption of all of 
the micronutrient metals are evident in another part of the experi- 
ment discussed immediately above. Here, the micronutrient level 
was basal including the manganese which was applied at one ~g- 
atom per liter; this coneentration should have been fully adequate 
for growth at a nil level of selenium supply (compare Fig. 3 and dis- 
cussion). The results are presented in Table 6. The data are separated 
into top and root values (and their sums) in order to contrast the 
distribution effects of phosphorus on iron from those of the other 
micronutrient metals. The yield at 50 ag-atom P per liter was 
significantly higher than that  at either the 5- or 500-P level. At 
the 5-P level, i. anganese was deficient in the plants; at the 500-P 
level, phosphoru, was toxic. The 50-P level was apparently favour- 
able from these t "o standpoints. With improved yields (comparë 
5- to 50-P), particL'~rly evident with the tops, the concentrations 
and totals per culture for Mn, Zn, and Cu increased in both plant 
fractions and in the plant as a whole, with increasing phosphate 
supply and sorption. Definite synergistic interactions of these 
metals and phosphate are evident. The results for iron, for the plants 
as a whole, are definitely synergistic for the total sorption differenees, 
but unconfirmed by concentrations. (Dilution computation is in- 
valid here, since the t reatment  total exceeds the control; computa- 
tions hold true only where ± total ion differences occur in Table 1 .) 
The plant part data suggest a synergistic eIfect for iron with the 
roots; concentrations and totals per culture increased with increas- 
ing phosphate. The tops, however, show an inverse trend in eon- 
centration. This is probably related to the phenomenon of induced 
chlorosis in plants under conditions of high phosphate supply where 
iron is restricted in its mobility from roots to shoots. Thus, where 
results of synergistie or interference interactions on sorption are 
sought, whole plants rather than parts should be considered. 
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Microsutrient metal interactions 

Relations between or alnong the Inicronutrient Inetals on sorp- 
tion and plant yield were not specifically studied in this work with 
the nutrition of the Astragali. Such effects have been reported be- 
tween iron and Inanganese, for exalnple, with Soya max. 12. There, 
S o m e r s  and S h i v e  delnonstrated a reciprocal interference inter- 
action between these Inicronutrient Inetals. Excess non-toxic con- 
centration in the plant of either one produced a deficiency of the 
other, concolnitant with depressed yield. Ratios of the ions as weil 
as their particular concentrations seeln to be ilnplicated. Certainly, 
in solne ineasure, this type of interaction was effective in the pre- 
sent research. Such would produce yet another interrelated influence 
on the overall results, reported here. 

Resultant ef/ect o/ ionic interactioss in nutrition 

The net effects of selenium application on growth and plant coln- 
position were in part  reported elsewhere ~. It  was shown there in 
Figures 2 and 3 that  with increasing seleniuln supply, and with 
phosphate and Inanganese concentrations in the plant adequately 
maintained, the yield decreased while the seleniuln concentration in 
the plant increased. Although the selenium concentration in the 
plant could have been toxic, hut since no foliar symptoms developed, 
the growth decrease was probably related to a progressively deficient 
supply of solne Inicronutrient element (uncharacterized) other than 
manganese. This suggestion is supported by  the observation that  
growth was not suppressed at the 50 and was less suppressed at the 
100 wg-atom/liter selenite supply levels where additional P and Inicro- 
nutrients (exclusive of Fe) were initially supplied, concomitant with 
decreased seleniuln and increased Inicronutrient sorption. The coln- 
plexity of the resultant effects is obvious. 

Phosphate toxicity in plant growth and developlnent could arise 
through chemical Inass action of inorganic phosphate repressing 
otherwise favorable energy production or transfer reactions. Nulner- 
ous competitive and non-colnpetitive ionic interferences in sorption, 
in addition to those described herein, have been reported 5. They 
have concerned unilateral or reciprocal effects with single or Inore 
carrier sites and Inechanislns, and related to different values or 
ranges of ion supply concentrations. The biolnechanics, particularly 
related to synergistic interactions, are not clearly evident here. The 
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result with iron and phosphate obviously involved a secondary 
interference (probably including precipitation in roots) causing de- 
creases of iron concentration in the plant tops. Whole plants must 
be used where interionic sorption effects are considered. Thus, for 
sorption by the whole plant here, it is possible that with the relatively 
high phosphate supply concentration, iron was 'fixed' as Fe-P, se- 
quentially decreasing a competitive Fe to Mn ratio (for example) and 
leading to a particularly effective enhancement of manganese sorp- 
tion. Such a succession would then reveal a synergistic increase of 
sorption of the dependent ion (Mn) with increased supply concen- 
tration of the independent ion (H2PO4). In like manner, the resul- 
tant effect among selenite, phosphate and micronutrient supplies on 
the growth of, and ionic concentrations in, A.  crotolariae may be 
considered 3. Here, the enhanced intim supply of micronutrient 
could have itself allowed greater growth with dilution of the selenium 
concentration in the plant and/or the added phosphate could have 
offset an increasing interference of selenite on micronutrient sorp- 
tion thus allowing better growth with a decreased selenium concen- 
tration in the plant. Thus, although enhanced sorptions may be 
direct between two ions, they may be rather indirect among more, 
through auxiliary direct interferences allowing other dependent ions 
to be sorbed more effectively. In any event, the observed growth and 
plant composition are the resultant of all the interrelated internal 
conditions and processes which have previously occurred under the 
environmental conditions and within the limits established by the 
hereditary potentialities of the organism. 

G r e e n w o o d  6 has reported a synergistic enhancement of phos- 
phate sorption by copper, which may be the inverse of elfects re- 
ported here. A synergistic interaction of phosphate on molybdate 
sorption was shown by S t o u t  et al. with subterranean clover la; 
sulfate, on the other hand, appeared to interact interferingly on 
molybdate. The unique precipitation and induced immobilization 
deficiency of iron by higher phosphate concentrations in plants has 
been demonstrated and discussed by Red i ske  and B i d d u l p h  10; 
compare with P toxicity 6. With lower phosphate supply, the pre- 
sent synergistic interaction is exemplified. Antagonistic actions 
between copper and iron have been suggested 4. S h a r m a  et al. have 
reported a mutually competitive interaction of Zn and P in plants 11 
The interpretation would appear to be subject in part to another 
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effect, however; application of phosphate increased growth, thereby 
allowing an enhanced zinc deficiency to develop through a dilution 
effect. The P on Zn interaction reported here is of the opposite sort 
from that shown by S h a r m a  et al. 11. Dissimilarity of experilnental 
conditions no doubt determines the different results. The latter 
experiments were with soils, which variably modify the effective, 
indeterminate P and Zn supply concentrations and could confound 
the interpretation of results. 

Recently, Z i e b u r  and S h r i f t  have reported results of studies 
with appliedse lenium using undifferentiated callus from Astragalus 
species 15. Data on the chernical composition of the dependent ions 
in the callus were not presented. In the absence of such, we sublnit 
that  the yield decreases may have been related either to Se toxicity 
per se, or to an induced deficiency, through interference interaction 
on sorption, of some dependent essential nutrient ion. 

In recapitulation, here, selenite tended to depress the sorption of 
phosphate and the micronutrient metals; phosphate tended to res- 
trict selenite sorption; and phosphate tended to enhance the sorption 
of the macronutrient cations and the Inicronutrient metals in inter- 
actions which often resulted in yield differences. Where the influen- 
ces were relatively well balanced, plant growth was favorable and 
yields were relatively constant 8 

Received June  21, 1971 
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