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ABSTRACT 

The absorption and translocation of iron and manganese, alone 

and in combination, by soybeans (Glycine max L.) variety Lee was 

studied to better understand their interaction in plant nutrition. The 

specific objectives were: (1) to study the effect of manganese on the 

native iron of the plant; (2) to study the effect of manganese on uptake 

of iron; (3) to investigate the absorption and translocation of Fe^ as a 

function of time; (4) to elucidate the absorption and translocation of 

Mn^; and (5) to study the iron-manganese interaction under conditions 

of normal concentrations of iron and manganese. 

A procedure was established for growing soybean plants in 

solution cultures with their roots divided into two parts, each of which 

was extended into separate tubes containing the desired nutrient vari

able. The procedure of the split-root technique consisted of seed 

germination, growth of seedlings in complete nutrient solution, 

splitting the roots and growth of plants with their roots separated in 

preculture solutions, followed by transference of plants to the experi

mental solutions. In this manner, it was possible to supply the plant 

with both iron and manganese separate from each other and to main-

tain^such condition for the time period desired. At the end of the 

experimental period, plants were harvested and each separated into 

xiii 
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five parts: stem, upper leaves, lower leaves, root a, and root b. 

59 Analysis of plant parts included total iron, total manganese, Fe , and 

Mn^ contents. Nutrient solutions remaining after plant harvest were 

also analyzed for the radioactive element used. Radioautography of 

representative plants was used to demonstrate the distribution pattern 

of the radioactive element in the plant. 

Results obtained from this investigation may be summarized 

by the following: 

1. Translocation of Fe^ from the root portion which initially 

received radioirpn, to the other root portion to which no Fe^ was added, 

was definitely shown to occur in soybeans. This was accompanied by 

59 a slow release of Fe from the latter root portion to the outside 

nutrient solution. Such release was influenced by the presence, in 

the nutrient solution, of high levels of manganese. A time sequence 

study showed that the absorption of Fe"*^ and it6 subsequent transloca

tion in the soybean plant occurred rapidly,, within an hour after contact 

in the experimental solutions. Accumulation of radioiron in soybean 

tissues occurred progressively as the experimental period was extended 

up to 120 hours. Release of Fe^ from the root portion which initially 

received no Fe*^, to the nutrient solution was not greatly affected by 

time. 

2. Translocation of Mn^ from the root portion to which radio-

manganese was initially added to the other root portion which received 
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no Mn^ was also demonstrated in the soybean plant. However, such 

translocation was inhibited by the presence of iron in the nutrient solu

tion but separate from manganese. In general, translocation and 

accumulation of Mn^ in soybeans was much slower than that for Fe^9. 

3. The iron-manganese interaction in soybean plants appears 

to be manifested during the absorption process as well as inside the 

plant. However, it is the interaction between iron and manganese at 

the root surface that determines the entrance of both elements into the 

plant. Such interaction may take place in the form of a competition 

between iron and manganese for the absorption sites on the root. 

4. Apparently under conditions of supplying the soybean plant 

with normal levels of iron and manganese, the interaction between the 

two elements follows a different mechanism from what occurs under 

conditions of high levels of manganese. 



INTRODUCTION 

The recognition of the two elements iron and manganese as 

essential nutrients for plants has been established for some time. 

Although specific roles have been ascribed to each element in plant 

metabolism, mechanisms concerning their uptake, translocation, and 

subsequent utilization by the plant are not yet certain. 

The first observation of iron-deficiency chlorosis was made 

by Gris (25) in 1843. Since then, considerable information concerning 

the physiology and biochemistry of this disorder has been obtained. 

Despite the fact that up to the present time there is still much confusion 

in our understanding of the causes and effects of iron chlorosis, it has 

been generally agreed that it is not always a low concentration of iron 

that brings about iron chlorosis. Consequently, several factors have 

been advanced to be responsible, either singly or in combination for 

the onset of iron deficiency. Examples of these factors are: calcium 

carbonate in soil, bicarbonate in soil or irrigation water, excessive 

irrigation, high soil phosphate, low or high temperature in the growth 

medium, high light intensities, unbalanced cation ratios, poor aeration, 

certain organic matter additions to the soil, viruses and other organ* 

isms, and high levels of heavy metals such as copper, manganese, 

s&inc, cobalt, molybdenum, and nickel. 

1 
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It is this last factor that constitutes the main interest of the 

present investigation. Recent reviews (6, 11, 65, 69) of the research 

on iron nutrition of plants point out that even though the interference of 

these heavy metals with iron absorption and metabolism is well estab

lished, little is known about the mechanism of such interference. Thus, 

a clear separation of the metal nutritional problems into three consecu

tive phases, namely, absorption, translocation, and utilization, has 

become the necessary path of research through which a better under

standing of the gross problem of iron-heavy metals interrelationships 

might be achieved. 

Besides being among the most important micronutrients from 

the standpoint of practical agriculture, iron and manganese have been 

subjected to intensive study with regard to their observed mutual inter

action. Most of the previous work has dealt with the iron-manganese 

relationship with respect to their critical concentrations in the growth 

medium as well as in the plant, and the visual and chemical observa

tions that accompany any abnprmal fluctuations in those critical con-
4 

centrations. Little effort has been devoted to investigate the iron-

manganese interaction from the standpoint of method and location of 

such interaction during the uptake of these nutrients by the plant. 

The objective of this investigation was to study some aspects 

of the absorption, translocation, and utilization of iron and manganese 

supplied to the plant in various concentrations either separately or in 



combination. Another aim of this study was to examine the problem 

of iron-manganese interaction in an attempt to elucidate whether the 

occurrence of such a phenomenon takes place during the process of 

absorption, or inside the plant, or both. 



LITERATURE REVIEW 

Absorption and Translocation of Iron 

Considerable attention has been directed toward studying the 

mechanisms by which iron is absorbed, translocated, and then utilized 

by various plant species. This was initiated by investigators who 

visualized iron chlorosis as an inactivation of iron inside the plant 

as well as by those who viewed true iron deficiency as the main form 

representing iron chlorosis. 

Ion absorption by plant roots and subsequent transport to the 

shoots has been described as an active process dependent upon the 

metabolic activity of the cells and as a passive process related to 

mass flow and dependent upon the transpirational stream. Branton 

and Jacobson (9) studied iron absorption and translocation in pea plants 

and found that iron transfer across the root to the stele as well as a 

substantial part of its transport were related to the metabolic activities 

of root cells and could be inhibited by 2, 4-dinitrophenol (DNP). 

Accumulation of iron in sufficient amounts in the root parenchyma was 

necessary before any could be released to the xylem. At the same 

time, it was found that DNP inhibited the movement of iron from the 

nutrient solution into the root but it did not affect its diposition on the 

root surface. This led to the suggestion that the two processes of iron 



absorption and iron translocation by pea plants are mutually interde-
t 

pendent. In another experiment, the same investigators (10) reported 

that most of the incoming iron accumulated in the vascular tissues of 

pea leaves, and then was slowly distributed from either the phloem or 

the xylem. In the presence of high amounts of phosphate, this way, 

according to the same reference, accentuate iron accumulation in the 

cells of the vascular bundles rather than precipitate it in the xylem as 

has been previously claimed (7). 

In an experiment to study the absorption of chelated iron by 
.J? 

soybean plants grown in nutrient solutions (57), chlorosis was produced 

by supplying chelating agents with no iron to the plants in the nutrient 

solution. When the chlorotic plants were sprayed with FeSO^ solution, 

chlorosis was alleviated and this was accompanied by a color change in 

the nutrient solution that contained the chelating agent ethylenediarpine 

di(-c-hydroxyphenylacetic acid) (EDDHA). Fe-EDDHA is purple in 

solution. On the tenth day after treatment, the solutions were pink in 

color and contained iron at the levels of 0, 075 x 10"^M as Fe-EDDHA 

in the pote that originally had no iron plus 0. 30 x 10"^M EDDHA, and 

iron at a concentration of 0.12 x 10~^M as Fe-EDDHA in the nutrient 

solutions supplied with 0.6 x 10"^M EDDHA but no iron. This meant 

that some FeSC>4 sprayed on the leaves was transported down into the 

plant roots and then released out into the nutrient solution where it 

reacted with the chelating agent to form Fe-EDDHA. 



Radioactive iron has been a useful tool in the study of iron 

absorption and translocation. By applying Fe^ to the foliage of sor

ghum, cotton, and beans (18), it was observed that very significant 

amounts of radioiron were translocated to the actively growing tissues,. 

especially the newly forming leaves and root tips. This would indicate 

a transport of iron by the phloem. When supplied to cotton plants in 

the nutrient solution, radioactive iron was distributed non-uniformly 

and in small quantities in the mature leaves; however, in the young 

leaves and in the bud, higher concentrations of Fe®^ and a more uni

form distribution was observed. Redistribution of Fe^9 from mature 

leaves to young ones was demonstrated in both cotton and red kidney 

beans. 

Effect of pretreatment with either iron or chelating agents on 

the absorption and translocation of radioactive iron was studied by 

several investigators. Hale and Wallace (28) reported that pretreat-

-3 ment with 10 M EDDHA increased both absorption and translocation 

of subsequently applied Fe"^ to leaves and stems of bush beans. How-

59 ever, when EDDHA was applied along with Fe , the accumulation of 

iron was retarded but its translocation to the leaves was increased. 

Others (9) have found that pea plants receiving no iron pretreatmant 

had the lowest concentration of Fe**^ in the tops of pea plants. Increas

ing the time period of iron pretreatment up to 60 hours resulted in a 

progressive increase in the Fe^ content in the plant tops. This was 
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explained on the basis that the root cells of the iron-starved plants 

absorbed iron to meet their own requirements before any of the 

absorbed iron would be released to the transpiration stream. 

Differentiation between the assumed three separate phases of 

iron uptake as absorption, translocation, and utilization processes has 

been subjected to a rather extensive study particularly from the stand

point of the localization of where iron inactivation or iron deficiency is 

manifested. Khadr and Wallace (39) indicated that the translocation of 

both Fe^ and zn^ to the shoots of either trifoliate orange or rough 

lemon may be considered of more importance than the initial absorption 

by roots. Factors such as bicarbonate and phosphate were found to 

intensify the translocation problem in both species. Dinitrophenol, 

azida, and sine at the respective concentrations of 1 x 10"^, 7 x 10"^, 

and 20 x 10"^M were found to reduce the translocation of Fe^9 to the 

tops of soybean plants to varying degrees (16). Decreased hydrogen 

ion production by the roots was associated with the observed inhibition 

of iron translocation. This led to the conclusion that although iron 

passage from the external solution into the leaves may involve more 

than two phases, the accumulation of iron on and/or in the roots may 

be.considered as a separate phase from its translocation to the plant 

leaves. 

Glenister (24) found that older sunflower leaves contained ten 

times as much iron as the younger upper leaves, which was interpreted 



to mean that iron is not transported from the older tissues to the younger 

ones. That agrees with Ohlrogge (48) and Brown (11) in concluding that 

a continuous supply of iron is necessary for the growth of all plants. 

The latter author (11) provided evidence that iron deficiency is produced 

by a lack of available iron in the growth medium. 

A change in the valence of manganese and iron at the root sur

face was reported to affect the availability of those elements for soy

bean plants (15). The chemical reduction of such elements which 

appears to be a characteristic of some plant roots may be considered 

as an independent factor affecting the availability of nutrients separate 

from the processes of their absorption and translocation into the plant. 

On the other hand, iron inactivation inside the plant was 

advanced by several investigators as being the actual site of iron defi

ciency. Most of the conclusions to support this idea were based on the 

frequent reports that chlorotic leaves contain as much iron as green 

leaves (49, 66). The high pH of alkaline soils or of nutrient solutions 

was considered to increase the OH" ion concentration in leaf tissues 

(6, 51). This would be expected, according to the same investigators, 
I 

to play a large role in the inactivation of iron. Lindner and Harley (42) 

suggested the presence of a dynamic equilibrium in leaf tissue between 

the various forms of iron. Such forms as ions, salts of organic acids, 

phosphate complexes, hydroxide complexes, silica complexes, lipoidal 

iron, hematin iron, iron-nucleoproteins, and the iron-containing 
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"chlorophyll enzyme" were introduced to exist along with the probable 

equilibrium between ferric and ferrous states of iron. 

The existence of "active" and "inactive" forms of iron has 

been postulated by Qserkowsky (49) and supported later by others (6, 

38, 65). The active form was defined to be a protein compound in 

close association with or in the chloroplasts. 

Results obtained by Brown and Tiffin (17) show that iron and 

citrate occurred simultaneously in the stem exudate of two varieties of 

soybeans that differed in their susceptibility to iron deficiency chlorosis. 

This depended on the degree of iron stress produced in the plant before 

treatment whether by limiting the iron supply or by supplying other 

factors such as zinc, azide, or arsenate which were assumed to stop 

the translocation of iron. 

The relation between iron supply and its concentration in the 

plant was of considerable interest to a number of investigators. 

Agarwala and Sharma (1, 2) stated that external iron supply has no 

definite relation to the tissue concentration of iron. Moreover, they 

noted that a lower supply of iron (0. 56 ppm) than that required for 

normal growth pf barley plants resulted in much higher concentrations 

of iron in plant tissues as compared to a normal supply of external iron 

(1.4 ppm). Unlike iron, manganese concentration in plant tissue was 

found to increase with an increase in manganese supply in the growth 

medium. This was accompanied, contrary to iron, with a larger 
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accumulation of other nutrients in plant tissue at the lower manganese 

supply. According to the same investigators, chlorophyll content, and 

catalase activity in the leaves of barley plants were positively correlated 

with the iron supply. Evidence for the relationship between iron supply 

and its concentration in the plant tissue was also obtained by others (17). 

Absorption and Translocation of Manganese 

Being one of the essential micronutrients required for plant 

growth, manganese was credited with several important roles in plant 

metabolism. Perhaps the most important role of manganese in plants 

is that, with the aid of iron, it assists in the synthesis of chlorophyll, 

and thus it plays a vital part in photosynthesis (50). Manganese was 

also found to be involved in several metabolic reactions where it acts 

as a component of several respiratory and other enzymes (3, 4, 75). 

Working with field peas in Michigan, Sherman (55) observed that the 

state of oxidation of several oxidation-reduction systems in the plant 

is regulated or probably controlled by manganese. 

Manganese absorption and translocation in plants has been 

studied rather extensively over a long period of time. However, most 

of those studies were concerned with the mechanisms of manganese 

uptake by plants as it is related to other nutrients, especially iron. 

Vlamis and Williams (67) studied the manganese uptake by barley 

plants as affected by ion competition. They found that manganese uptake 
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increased with an increase in pH of the nutrient solution from 4 to .6.. 

However, iron uptake was found to follow an opposite direction, namely, 

decreasing with an increase in pH. Moreover, it was also noted that 

manganese content of barley leaves increased as its concentration in 

the nutrient solution increased from 0. 006 to 0. 1 ppm. Although this 

was found true in both one-fifth and full strength Hoagland solutions, 

the manganese content in the leaves was higher in the plants grown in 

the one-fifth strength solution compared to the full strength. Other 

investigators (46) have also shown that manganese contents in soybean 

and cowpea plants grown at pH 6. 0 were approximately three times as 

high as that at pH 4. 0 using the same concentration of manganese in the 

nutrient solution 0„ 1 ppm. Plants grown at pH 6. 0 showed poor growth 

along with iron deficiency symptoms which were different from the iron 

chlorosis exhibited by other plants supplied with 5. 0 and 10. 0 ppm of 

manganese in the nutrient solution. 

As early as 1931, Chapman (19) reported that the manganese 

content in both leaves and wood of chlorotic plants in eight species was 

extremely low. However, when single branches were analyzed, the 

analysis showed that there was great individual variation and wood from 

chlorotic plants frequently contained more manganese than normal. By 

injecting manganese into pear and apple trees followed by spraying with 

a two percent ferrous sulfate solution, manganese was found to spread 

readily in the plant, resulting in a considerable reduction of iron 
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solubility inside the plant which reduced the amount\>f iron moving 

from the leaves and thus led to a higher iron content in the leaves. 

Using radioactive manganese, Hale (27) found that at three 

concentration levels of manganese, its concentration in the leaves, 

stem, and root of soybeans decreased with an increase in the concen

tration of Fe-EDDHA at pH 4. At pH 7 an opposite effect was observed 

where the uptake of Mn^ increased with an increase in iron-chelate 

concentration. This was explained on the basis that at higher pH values 

the stability of iron chelate is increased resulting in reducing the num

ber of iron ions free to compete with the manganese for binding sites 

on the roots. Growing a genetic strain of chlorosis susceptible soy

beans on calcareous soils, Holmes and Brown (35) compared different 

chelating agents as correctives for chlorosis and observed that, in con

trast to iron, manganese concentration decreased from 190. ppm to 10 

ppm in the plants with increased applications of chelate. Copper fol

lowed a similar pattern. However, contradictory results were obtained 

by Brown et at. (14) in studying the competition between chelating agents 

and red kidney bean roots for the absorption of iron and other ions in 

nutrient solution. They indicated that as the concentration of the 

chelating agent increased, the manganese concentration in plant tops 

increased contrary to what occurred for both iron and copper. Iron 

and manganese concentrations in the roots followed the same trend as 

that exhibited by the plant tops. 
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In an experiment designed to study the influence of cations on 

the uptake and transport of iron in soybeans, Lingle et al. (43) com

pared the absorption and translocation of iron and manganese, and 

54 showed that more Mn was absorbed from the nutrient solution than 

Fe^9, but that less manganese was present in the stem exudate than 

iron. Radioactivity of the respective isotopes in the stem exudate 

showed a maximum of 1500 cps/ml for Mn^ but was more than 20, 000 

cps/ml for Fe^9. 

Hoff (34) studied the rate of manganese absorption by separately 

allowing one and five percent manganese sulfate solutions to contact soy

bean leaves for varying intervals of time. After harvest, proper wash

ing, and rinsing in distilled water, plant tops were analyzed for man

ganese. Results obtained indicate that a very marked and "physiology .. 

ically significant" increase in manganese concentration occurred in a 

relatively short time, and the rate of absorption reached its maximum 

within the first 30 minutes. From that study and others, Hoff noted 

that a continuous supply of manganese to the soybean plant does not 

seem to be essential for the development and normal growth of the plant. 

Manganese concentration in plant tissues as related to its con

centration in the growth medium was of considerable interest to several 

investigators. Weinstein and Robbins (75) observed that the manganese 

contents in green and albino sunflower leaf tissues were positively 

correlated with the manganese concentrations in the nutrient solutions. 



Very small differences were found between the water soluble manganese 

contents of high (10 ppm), intermediate (0.25 ppm), and low (0.001 ppm) 

iron tissues. Optimum growth was obtained for rice and barley (68) 

when the manganese concentration was at 0.1 and 0. 2 ppm in the nutri

ent solutions. Manganese content in the leaves of barley differed from 

that in rice leaves, reaching a value of 1200 ppm in the former while in 

rice it went as high as 7000 ppm. Of interest is that this situation.was 

reversed in the roots of both plants with barley roots having 8000 ppm 

manganese as compared to 5000 ppm for rice. According to the same 

report, the older tissues of both species showed decreased Fe/Mn. 

ratios in contrast to the younger tissues. This was interpreted to 

reflect a greater tendency for the older tissues to accumulate more 

manganese than iron. Other findings substantiate the observed rela

tionship between .manganese concentration in plant tissue and that in 

the growth medium. Twyman (65) reported that the concentration of 

manganese in the tissues of oat, lettuce, and tomato increased as the 

manganese concentration in the culture solution was raised at a given 

iron level. It was also noted that manganese was absorbed and accu

mulated to very high values in those plants supplied with low levels of 

iron.' Ohlrogge (48) stated that a hundred-fold range (0. 1 to 10. 0 ppm) 

in the concentration of manganese in the nutrient solution resulted in a 

fifty-fold range in the soybean plant. This relation extended over a 

wide range from deficient to toxic concentrations of manganese, and 



was found to be true for other legumes. It was also indicated that man

ganese accumulated in the mature leaves of bean plants. Although the 

upper stem showed more accumulation of manganese than the lower 

stem, both were much lower than the mature leaves. 

A concentration of 0. 11 ppm of manganese in solution was 

found insufficient to allow any considerable translocation of that ele

ment to the tops of soybean plants within two hours, while a concentra

tion of 1. 65 ppm of manganese permitted its translocation to occur (15). 

Manganese utilization by plant tissue in general was studied 

with particular emphasis on the relationship between manganese and 

certain enzyme activities. Anderson and Evans (4) studied the effect 

of manganese on isocitric dehydrogenase and malic enzyme activities 

in soybeans. Excessive amounts of manganese in culture solution 

resulted in greater activities of both enzymes as compared with normal 

conditions. These increased enzyme activities were nearly halted by 

the addition of high levels of iron or aluminum (15-25 and 20 ppm 

respectively) to the solution cultures at the same time the high level 

of manganese (8 ppm) was applied. However, addition of similarly 

high concentrations of iron or aluminum alone to normal cultures did 

not cause any significant decrease in the enzyme activities. This was 

explained on the basis that large amounts of iron or aluminum added to 

the manganese-toxic cultures either reduced the enzyme synthesis or 

inactivated them after they were already synthesized. From the 
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inhibition experiments, it was found that Fe+** and Al*** do not com

pete with Mn++ for the same active sites on the enzyme surface but 

rather combine with the enzymes at some other site resulting in their 

inactivation. 

A chlorotic condition in the leaves of Bartlatt pear (42) 

resulted in an increase in the water soluble forms of manganese, 

phosphorus, magnesium, potassium, and calcium. Manganese was 

thought to be present in forms which are either water soluble or "easily 

dissociated" which might be capable of forming compounds in the plant 

that are completely different from those of iron. 

Iron-Manganese Interactions 

The presence of iron chlorosis does not always mean that 

there is a shortage of iron in the growth medium. Among the numer

ous factors that control the availability of iron to the plant is the exces

sive accumulation in the soil of some heavy metals such as copper, 

manganese, zinc, molybdenum, nickel, and cobalt. Consequently, the 

importance of micronutrient balance in plant nutrition came to be one 

of the most interesting problems to which a great deal of attention has 

been devoted but still deserves more genuine research. 

As far back as 1848, Salm-Horstmar (53, 54) studied the iron-

manganese interrelationships using oat plants as the test plant and vary

ing the proportions of iron and manganese in the nutrient medium. 
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Although the results of this early investigation depended mainly on vis

ual observations, it was the first evidence to the fact that manganese 

in the absence of or with little iron may be the main factor bringing 

about iron chlorosis. Since that time, most of the efforts have been 

directed to investigate the antagonistic effect of manganese on iron, 

and vice versa, in different plant species in an effort to gain knowledge 

as to the critical concentrations of each nutrient involved in producing 

chlorosis. This also led to an interesting search for the physiological 

and chemical causes behind such antagonism. 

Hewitt (30) obtained typical iron chlorosis symptoms on the 

younger leaves of sugar beets by adding excessive amounts of several 

heavy metals. It was found that the severity of chlorosis caused by 

each of the added metals is in the following order: Co+* y Cu+* Zn++ = 

CrO^ Ni++ y Cr+++ ~y Mn++ Pb++. By painting the chlorotic leaves 

with a 0. 25 percent ferrous sulfate solution plus a wetting agent, a 

response was evident in about 48 hours and the treated areas completely 

recovered in five days. Accordingly, it was concluded that the chlor

osis was in all cases due to failure in iron metabolism within the plant. 

Using oat plants, Hunter and Vergnano (37) observed chlorosis on 

plants supplied with toxic concentrations of heavy metals; and the order 

of activity in producing chlorosis, on a milliequivalent basis, was as 

follows: Ni y Cu) Co } Cr ) Zn > Mo y Mn. Analysis of the stem extracts 

of the plants showed only minor changes in the major-nutrient content 



including an increase in the phosphate concentration associated with 

toxic concentrations of manganese. The involvement of phosphate in 

the iron-manganese interaction was also noted by Vlamis and "Williams 

(67) who conducted an experiment to study the influence of iron supply 

on manganese uptake by barley plants. It was found that as the iron 

supply was increased, the manganese content of the leaves was reduced, 

especially in old tissues, and the roots exhibited a similar trend. Test

ing the effect of various anions on the iron and manganese concentrations 

in the plant, it was clearly shown that phosphate resulted in higher man

ganese levels in the tissues than when sulfates and nitrates were used. 

This was explained on the possibility that phosphate tied up iron, 

either on the root or within the plant, thus indirectly influenced the 

absorption and/or the metabolism of manganese. 

An increase in the concentration of either iron or manganese 

in the growth medium relative to the concentration of the other appears 

to depress the accumulation of the other in the plant tissue (47, 62, 72). 

However, other investigators (28) have reported that this does not hold 

true in all cases. Results obtained by Leach and Taper (41) show that 

the production of iron and manganese deficiency symptoms in dwarf 

bean and tomato plants can be correlated with two factors: the actual 

concentrations of th® two metals in the nutrient solution, and the ratio 

of iron concentration to that of manganese in the culture solution. 



Similar results were obtained with onions growing in solution contain

ing only iron and manganese salts. 

Considerable controversy has been created regarding the loca

tion of iron-manganese interaction. Whether such interaction takes 

place in the nutrient medium, in other words during the absorption 

process, or it occurs inside the plant is apparently a matter of opinion. 

Even those who support the idea of an interaction within the plant differ 

as to whether the interaction takes place in the leaf where both elements 

are involved in various metabolic reactions or it occurs during the 

translocation process in the stem and other conducting tissues. Bennett 

(6) stated that manganese produced chlorosis by depressing the absorp

tion of iron by plant roots, and further emphasized the mutual antagon

ism between iron and manganese. However, he included the possibility 

that excess manganese hinders the upward movement of iron in the 

plant. Such antagonism was suggested by Brown et^ al. (13) to occur as 

an exterior competition between the microelements in general and iron 

for absorptive sites. Two types of iron chlorosis were found by the 

same investigators to develop in plants grown on three calcareous soils. 

One was described to be an iron deficiency accelerated by improper 

micronutrient balance in two of the soils. The other was an abundance 

of available phosphorus and calcium in the third soil. Some type of 

organic compound or compounds within the plant was hypothesized to 

control iron absorption and translocation and that causative factors of 
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both types of iron chlorosis seem to compete with such organic com

pound or compounds for iron. 

Owing to the extreme insolubility of iron hydroxide, and in 

spite of the higher stability constants of the ferric chelates as com

pared to the chelates of other metals, Wallace (70) and others (26) 

have indicated that other metals can easily displace iron from many 

chelating agents. Therefore, this phenomenon was described to be of 

great importance in iron chlorosis in plants, where it may be mani

fested at the root surface or within the plant. It was also stressed 

that a multiplicity of adverse factors act simultaneously to produce 

iron chlorosis in plants. Hiatt and Ragland (32) found that increasing 

aluminum concentration in the substrate had the same effect ae iron on 

reducing manganese uptake by tobacco plants in excessive amounts. 

This was attributed to competition between the three elements for the 

absorption sites on the root surface. 

On the other side, several views have regarded the conducting 

tissue of the plant to be the location of iron-manganese interaction. 

Chapman (19) found manganese to be able to produce chlorosis in Pinus 

maritima without changing the iron concentration in the ash of the 

leaves or stem. Also, there were indications that manganese influenced 

the transport of iron in the leaf of the plant which had been sprayed 

with iron sulfate solution after previous injection with manganese. 
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Studying the responses of sweet orange and mandarin seedlings 

grown in vermiculite and solution cultures to differential supplies of 

copper, zinc, manganese, and iron, it was shown that the first three 

metals appeared to cause iron chlorosis through their interference with 

the upward movement of iron (59)» Evidence for this was obtained from 

the observation that no reduction in the accumulation of iron in the roots 

occurred as a consequence of heavy metal application. Concentrations 

of 0. 1 ppm for copper, 3. 0 ppm for zinc, and 5. 0 ppm for manganese 

were effective in producing chlorosis in both sweet orangS and mandarin. 

It was reported (69) that Lunt and Oertli have shown manganese 

to possess a much larger depressive effect on the iron translocation to 

the shoots of a chlorosis-susceptible soybean than on a resistant soy

bean or on barley. Whether the manganese effect was on active trans j 

port or translocation of iron was not possible to determine under the 

conditions of their experiment. Tiffin and Brown (64) have explained 

that iron malate or malonate are the forms in which iron is translocated 

to the top of soybean plants. Since an interfering ion such as manga

nese, copper, zinc, or calcium could replace iron in the malic or 

malonic acid complexes, it was thought this could be one method where

by these ions may interfere with iron translocation. This was later 

found not ta be true (43) since neither manganese nor zinc proved to 

interfere with iron by substitution for the latter in the malate complex, 

although zinc interference with the translocation of iron to the tops of 



soybean plants was exhibited to a much larger extent than any possible 

reduction in the uptake of iron by the roots. Smith et al. (58) stated 

that when variables such as bicarbonate, phosphate, and pH increased 

in the growth medium, the foliar-applied Fe^ was inactivated in the 

translocating system of corn and bean plants. This system included 

the petiole of the treated leaf, and the upper and lower stem. This 

resulted in a reduction in the amount of Fe^ reaching the periphery of 

the plant--the roots and the apex leaves. According to the same refer

ence, other studies have shown that the translocation of foliar-applied 

Fe^9 was inhibited by the presence in the growth medium of high levels 

of manganese, zinc, iron, and calcium. 

Considerable efforts have been devoted to the investigation of 

the apparent reciprocal relations in the accumulation of iron and man

ganese in plant tissues. How such interrelationship affects the plant 

resulting in the well-defined iron chlorosis is certainly associated with 

the functional activities of the two elements in the metabolic processes. 

Somers and Shive (60) used soybeans to study the iron-manganese rela

tionships in plant metabolism. Iron chlorosis was produced on plants 

supplied with 2-5 ppm of manganese and with 0. 5-3 ppm of iron. An 

approximate value of two for the Fe/Mn ratio both in the nutrient medi

um and in plant tissue was suggested as a primary requirement for the 

normal growth of soybeans. Any wide deviation from such value would 

result in deficiency or toxicity of either one of the elements. A 



theoretical explanation was suggested for the active role each element 

plays regarding the other, and it centers around two facts: first, it is 

the reduced state of iron which is responsible for the primary function 

of iron in metabolic reactions; and second, that manganese possesses 

a higher oxidizing potential than iron. Therefore, when iron is absorbed 

by plant roots, it is kept in the active ferrous state by the influence of 

the strong reducing agents in the cell. However, if this iron falls under 

the effect of a "counter-reactant" that is sufficiently energetic, it may 

be oxidized to the inactive ferric state. Since manganese, with its 

assumed high oxidizing potential, may serve as the counter-reactant, 

especially when present in high concentrations, then it would be expected 

that iron is converted to the ferric state which is then precipitated in 

the form of some ferric-phosphorus organic complexes that are known 

to be biologically inactive. To test the validity of such an explanation, 

cobalt which is a much stronger oxidizing agent than manganese was 

applied to corn seedlings in place of manganese. Indeed, cobalt proved 

to be more effective than manganese in reducing the soluble iron content 

of the plant. 

Somers and Shive's theory attracted other ideas and much con

troversy was created either in support of or opposing their views. 

Hewitt (29, 30) stated that since most of the heavy metals known to pro

duce iron chlorosis are thought to be combined as complexes after being 

absorbed by the plant, any explanation of the manganese-induced 



chlorosis in terms of oxidation-reduction must await better understand

ing of those metal complexes, and of the precise nature of the so-called 

"active" iron in plants. Also, comparing manganese with other heavy-

metals, manganese proved to be one of the least effective in producing 

iron chlorosis. Therefore, it was stated that any hypothesis based on 

the oxidation-reduction potentials of simple ions is inadequate to explain 

the influence of heavy metals in inducing iron deficiency in the plant, 

and probably more than one mechanism is involved in this disorder. In 

another experiment, Hewitt (31) confirmed the previous statements and 

added that valency of the metal was in some cases a factor, but it was 

not possible to relate the relative oxidation-reduction potentials of the 

metals to the results obtained. On the other hand, Hopkins et al. (36) 

reported that the influence of the iron-manganese antagonism was more 

clearly exhibited in the tops of bean plants while the roots were rela

tively less affected. This pointed to the possibility that chlorophyll 

formation or photosynthesis or both are involved in some way in the 

iron-manganese interaction. It was observed that in the early growth 

of the bean plant, manganese was absorbed faster than iron, but later, 

more iron was absorbed and the toxic effect of manganese was allevi

ated resulting in a disappearance of chlorosis. This was interpreted to 

mean that the nature of the iron-manganese relationship is a reversible 

oxidation-reduction system. Such system would depend upon a certain 

range of manganese content resulting in a normal range of potential that 
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could be withstood by green plants without injury. Within this range, 

iron can act as an oxygen acceptor or donator in carrying on the oxidation 

and reduction reactions involved in cell metabolism. 

Other explanations for the manganese-induced chlorosis in 

plants have been mainly dependent on the involvement of iron in chloro

phyll formation, iron participation in certain important enzymic reac

tions, competitive chelation reactions inside the plant, and other func

tions. Sideris and Young (56) suggested that manganese instead of iron 

may react with prophyrin compounds resulting in their inactivation for 

subsequent conversion to chlorophyll. Other investigators (1, 45) have 

shown a corresponding correlation between the iron and manganese 

levels in the growth media or inside the plant and the dry matter yield 

and the chlorophyll content of the plant. Weinstein and Robbins (75) 

found that both green and albino leaf tissues of sunflower plants con

tained low levels of catalase and cytochrome oxidase when the plants 

were supplied with low levels of iron or high levels of manganese in the 

nutrient solution. A direct competition between iron and manganese for 

a position irt the heme nucleus of an iron-containing enzyme may be 

possible under conditions of high manganese concentrations either in 

the growth medium or in the tissue or both. 

In studying the manganese content of mustard leaves in relation 

to iron, DeKock and Inkson (22) supported the inverse relationship 

between iron and manganese in plants and established "the Mn/Fe ratio 



as an important parameter in assessing the mineral status of plants. " 

The Mn/Fe ratio was also found to be closely linked to the P/Fe ratio in 

the plant. This means that both metals are associated with phosphorus » 

metabolism. The probability exists that iron and manganese compete 

for certain positions on a common site such as nucleoproteins, and 

this may be related to some enzymes in which the metal takes part and 

which are responsible for the regulation of the oxidation state of the 

metal. Agarwala et al. (3) have observed that iron deficiency and both 

manganese excess and deficiency depressed chlorophyll formation. 

This was considered to suggest that the synthesis of chlorophyll in bar

ley plants was determined by both iron and manganese. It was also 

found that peroxidase was depressed at normal and low manganese levels 

but was increased at the excess manganese level. This was contrasted 

to catalase being depressed by both deficiency and excess of manganese. 

Split-Root Technique 

In spite of the numerous successive attempts to study iron 

chlorosis, most of the previous studies have revealed that iron chlorosis 

is the most difficult of micronutrient deficiencies to correct as well as 

being the most difficult to understand. This is due, in part, to the 

multiple of factors that affect iron nutrition and which form a type of 

diffuse system whose individual parts interact with each other such that 

no single factor can easily be separated from the others. Because of 
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this cotnplicated system, attempts have been made to develop a tech

nique by which plants could be grown in a medium in which iron is 

separated from other variables that are thought to affect iron absorp

tion. Therefore, several methods such as split-medium and split-root 

techniques were devised to investigate iron nutrition under more con

trolled conditions. 

In 1954, Weinstein et al. (73) used sunflower plants grown in 

nutrient solution with their roots divided into two halves, one of which 

was supplied with FeSO^, and the other half was grown with or without 

Na£EDTA (disodium ethylenediaminetotraacetic acid). When EDTA was 

supplied to one portion of the root system, it migrated to the other por

tion and to the plant tops where it caused chelation of the iron thus 

retaining the iron in an available form for metabolic use. Those plants 

supplied with FeSC>4 but without EDTA developed iron chlorosis symp

toms. In another experiment, Weinstein et al. (74) utilized the same 

technique with essentially the same experimental design to study the 

effect of pH on the previous results. Dry weight, water-soluble-, 

water-insoluble-, and total-iron showed a greater increase with the 

addition of EDTA to one portion of the root system at pH 7. 0 than at 

pH 5. 0. In addition, results obtained from the previous experiment 

(73) were confirmed. 

A split-root technique was also used (20, 21) to study the 

absorption and translocation of EDTA in tomato plants and the uptake 



of iron by mustard plants. EDTA absorbed by the roots in one compart

ment enhanced the translocation of iron supplied, in the presence of 

high concentration of phosphate, to the roots of the other compartment. 

About two-thirds of the EDTA supplied had disappeared within one 
t 

month. With iron, it was shown that the transport of iron and other 

metals in mustard plants was an active process. 

Brown et al. (12) developed a split-medium technique consist

ing of an Erlenmeyer flask filled with soil in which soybean plants were 

grown with their roots extending below the soil to a nutrient solution. 

The flasks were kept half inch from the surface of the nutrient solution 

which contained various factors thought to cause iron inactivation. In 

this way, it was possible to demonstrate that iron was inactivated inside 

the plant as a result of the combined effects of phosphorus and calcium. 

In order to evaluate the effect of chelating agent on the iron nutrition of 

soybean plants (63), both split-medium and split-root techniques were 

used. The split-root technique consisted of germination of soybean 

seeds between moist muslin on stainless steel screens. After growing 

the seedlings in a nutrient solution until the lateral roots were two 

inches long, the primary root and all but four lateral roots, two on each 

side of the primary root, were cut off. The seedlings were then left to 

grow in nutrient solution until the lateral roots attained a length of about 

four inches. This was followed by transplanting the seedlings with their 

lateral roots separated, two extending into one nutrient solution, and 



the other two lateral roots extending into another nutrient solution. 

Supplying phosphorus at increasing concentrations with iron to one por

tion of the root system and calcium and EDTA to the other portion, it 

was found that phosphorus decreased the absorption of iron by soybean 

roots and this effect could not be counteracted by the chelating agent. 

To obtain additional information on the uptake of iron and 

chelating agents by plants, a split-root experiment was conducted (5) 

using soybeans as the test plant. It was found that iron supplied to one 

part of the root was more readily translocated to the tops when chelat

ing agents were supplied to the other part. 

Smith, Weibe, and Perur (58) employed various approaches of 

growing plants to study the cause or causes of lime-induced chlorosis. 

Using a split-root technique, it was possible to separate the iron from 

the various factors under experimentation during the absorption pro

cess. It was concluded that there is an interaction between bicarbonate 

and iron resulting in the reduction of iron uptake or the inactivation of 

iron within the translocating system of red kidney beans. 

Matous et al. (45) described another split-root technique which 

consisted of submerging one half of the roots in a nutritive solution in 

an outer chamber, while the other half of the roots extended into an 

inner chamber filled with a mixture of siliceous sand and an ion 

exchange material. It was shown that the nutritive ione sorbed on the 

ion exchanger were not detected in the nutrient solution. 



MATERIALS AND METHODS 

Split-Root Technique 

The procedure used and outlined below was based on the pre

liminary experimontation which explored the applicability of the split-

root technique to the purpose of the present study and helped to deter

mine the general outlines of the over-all investigation. 

Germination of Seeds and Growth of 
Plants in Complete Nutrient Solution 

t 

Soybean seeds (Glycine max L.) variety Lee were germinated 

between two moist sheets of filter paper, then wrapped with aluminum 

foil to avoid light and placed in a vertical position in a dark cabinet at 

a temperature of about 25° C. Initial and subsequent waterings were 

made using deionized water. Seeds were allowed to germinate and grow 

between the sheets of filter paper until the primary root had attained a 

length of about five to eight centimeters. This usually required about 

four to five days. Each germinated seed was then transferred to a 200 

ml. pyrex glass culture tube containing about 190 ml. of full-strength 

nutrient solution-Hoagland No. 2 (33) having a pH value of about 5. 8 + 

0.1. The transference was made by placing the seedlings in the hole 

of a neoprene stopper padded with cotton and previously prepared with 

a triangular cut so that it would appear as shown in Figure 1. The 

30 



31 

TRANSFERENCE OF SEEDLINGS 

INTO CULTURE TUBES 

soybean seed 

primary root 

triangular cut 

neoprene 
stopper 

complete 
nut. soln. 

aeration 
~ tube 

SPLIT- ROOT 

^fl#7 

\ 
stem fixed to 

aeration tube 
with adhesive 
tape 

nut. soln. 

Figure 1. Schematic diagram showing the consecutive steps of 
growing soybean plants using a split-root technique. 



primary root was allowed to pass through the hole in the stopper so that 

it would hang down in the nutrient solution while the seed itself would 

remain above the stopper. The triangular cut made in the stopper pro

vided room for an aeration tube to be slipped through the stopper and 

lowered down to about two-thirds the depth of the nutrient solution. 

Aeration was regulated using a pressure gauge and with the aid of 

small metal valves, one for each tube, and a bubbling rate of approxi

mately one bubble per second was maintained in each tube. Twelve 

culture tubes were placed on a rack, six on each side. Figure 2 shows 

how tubes were arranged on one side of such rack. Thus, a main 

source of aeration was made available to each rack and attachments to 

the aeration tubes were possible through the metal valves. Racks were 

placed under a light bank which contained both fluorescent and incan

descent lights. The light intensity was approximately 900 foot-candles 

at plant level. The temperature during the day was 90° F. and at night 

80° F. The day length was adjusted to 12 hours. Air movement was 

facilitated across the chamber by the use of electric fans. After trans

ference of the seedlings to the nutrient solution, all culture tubes were 

wrapped and covered with brown paper and aluminum foil to permit the 

roots to grow in darkness. The plants wore grown in complete nutrient 

solution which was changed twice during a period of ten days. Figure 

3 shows a front view of the arrangement. 



Figure 2. Soybean plants grown in culture tubes filled with 
complete nutrient solution and before roots were split. 

Figure 3. Front view of the entire apparatus used in a single 
experiment. 
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Splitting of Plant Roots and Growth 
in Complete Nutrient Solution 

After about 14 days of growth, the soybean plants were 

removed from the culture tubes and taken out of the stoppers. Then 

they were transferred to fresh nutrient solution with their roots 

divided into two halves. Each half was placed in a separate culture 

tube-compartment. Splitting the roots was accomplished first by 

choosing six fairly uniform lateral roots, three on each side of the 

primary root, and then cutting the latter just below the chosen laterals. 

All lateral roots other than the six chosen ones were cut off and dis

carded. In this way, each plant was grown in two culture tubes filled 

with complete nutrient solution and held in contact with each other by 

means of Scotch tape. Each compartment or tube was provided with a 

separate aeration tube extending in the nutrient solution. Each plant 

stem was fixed to one of the aeration tubes above the level of the nutri

ent solution by means of adhesive tape. Culture tubes were then 

arranged on the racks as previously described. Figure 1 shows a 

schematic representation of seed germination, transferring the seed

lings into culture tubes, splitting the roots, and growing the plants with 

their split-roots in nutrient solutions. Plants were grown under the 

conditions previously described for about five days. During this period, 

the split-roots were allowed to grow in complete nutrient solution which 

permitted them to adapt to the new conditions, and to give enough time 
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for any probable injuries on the lateral roots and on the stump to heal. 

Five days were also enough to allow the split-roots to grow and attain 

sizes suitable for their subsequent transference to the experimental 

solutions. Later, this period will be referred to as the preculture 

period. 

Transfer of Plants to 
Experimental Solutions 

After the preculture period, plants were removed from the 

complete nutrient solution to new culture tubes filled with the experi

mental solutions. Composition of the experimental solutions used in 

each experiment will be given later. Each plant was grown in two com

partments fixed in the same manner as described before. Extreme 

care was taken to avoid any part of the roots to contact the opposite 

compartment. This was insured by fixing the plant stem to one of the 

aeration tubes in mid-position between the two compartments and about 

one-half inch above the solution level. The period of plant growth in 

the experimental solution, referred to in subsequent sections as the 

experimental period, varied in different experiments and will be 

explained later. 

Harvesting of Plants 

At the end of the experimental period, the plants were removed 

from the nutrient solution with their split-roots separated from each 
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other. In the preliminary experiment, each plant was divided into four 

parts: leaves, stem, root a and root b--representing the two halves of 

the split-roots. However, in subsequent experiments, it was found 

advantageous to have each plant divided into five parts: upper leaves, 

lower leaves, stem, root a, and root b. Upper leaves included the 

uppermost three sets of leaves including the terminal and lateral buds. 

Lower leaves contained all the remaining leaves down the stem. This 

procedure was followed closely in all plants and in all experiments. 

The root portions were washed separately in two successive solutions 

of 0, 01 M HCl, then rinsed twice in deionized water, and placed in 

between absorping paper to remove the extra water. Each plant part 

was placed in a paper bag properly labeled and all plant samples were 

dried in an oven at 65° C. for four days. 

One plant from each treatment was isolated after washing its 

roots as described above and prepared for radioautography. The pro

cedure used consisted of placing the plant on a large sheet of filter 

paper in such a way as to obtain full exposure of all plant parts after 

being dried. The sheet, with the plant fixed on it, was then placed under 

a heavy pressure and left for about seven days to dry. After that, the 

plant was removed and refixed on another sheet of paper appropriately 

labeled with radioactive ink. A no-screen X-ray film* was then placed 

* Kodak, no-screen X-ray film, background density = 2. 



in contact with the plant for the specific exposure time period after 

which the films were removed and developed in the usual manner. The 

exposure period was determined on the basis of plant size and the dose 

of the radioactive element supplied to the plant (8). 

Analytical Procedures 

Plant Tissue Analysis 

Plant samples dried at 65° C. for four days were accurately 

weighed and placed in 200 ml. beakers for subsequent wet digestion. 

The wet combustion method of Maier (44) was used as follows: Ten 

milliliters of concentrated HNO^ (69-71 percent) were added to each 

sample and the sample was shaken gently to be left overnight for slow 

oxidation. Then the sides of the beakers were washed with about 10 ml. 

of deionized water using a polyethylene policeman and 10 ml, of 70-72 

percent HCIO4 were added to each sample. After covering the beakers 

with watch glasses, they were placed on a hot plate to be digested at 

low to medium heat for about four hours. In this manner, the plant 

material was allowed to be thoroughly oxidized after which the mixture 

was carefully evaporated to dryness. The white residue left in the 

bottom of each beaker was then solubilized with 10 ml. of deionized 

water and gentle heating. Solutions were then filtered through a What

man No, 42 filter paper and each filtrate was collected in a 25 ml. 

volumetric flask using deionized water to bring the solution volume to 
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the mark. After careful mixing, suitable aliquots were withdrawn for 

the following chemical and tracer analysis: 

1. Determination of total iron: The method developed by 

Rubins and Hagstrom (52) after some necessary modifications (40) was 

used and may be summarized by the following: A suitable aliquot of 

the sample solution was added to 80 ml. of deionized water in a 200 ml. 

extracto-matic funnel. Five milliliters of two percent HCIO4, 10 ml. 

of acetic acid-sodium acetate buffer (pH 4.5), and one milliliter of 10 

percent NH2OH-HCl solution were added consecutively to the sample-

water mixture. Sample mixtures were then shaken for one minute 

using a VirTis automatic separatory funnel shaker. ̂  To each sample-

reagent mixture, three milliliters of 0. 0025 M bathophenanthroline^ 

dissolved in 95 percent Fe-free ethanol were added and shaking was 

resumed for 30 seconds. Color of the iron-bathophenanthroline com

plex was allowed to develop in the aqueous phase for at least 45 minutes. 

A 10 ml. aliquot of iron-free N-hexyl alcohol was dispensed into each 

funnel and the funnels were again shaken for three minutes. About five 

minutes were allowed for phase separation after which the aqueous 

phase was drained off through the separatory stopcock and discarded. 

The alcohol phase was then drained into 50 ml. beakers and alLowed to 

^Available from VirTis Co., Inc., Gardiner, New York. 

^Supplied by G. Frederick Smith Chemical Co., Columbus, 
Ohio. 



stand in the beakers for about five minutes to permit any aqueous drop

lets to settle to the bottom of the beaker. The alcohol phases were then 

transferred to matched spectrophotometer tubes and percent transmit -

tance was read at 540 mu on a Bausch-Lomb "Spectronic-20" using 

pure N-hexyl alcohol as 100 percent transmittance. Blank samples 

were prepared with each group of samples extracted and the iron con

tent in the blank was subtracted from each sample. 

2. Determination of total manganese: Manganese was deter

mined in sample solutions using a Jarrell-Ash Atomic Absorption/Flame 

Spectrometer Model 82-546 with the following specifications: Ebert 

monochrometer with a grating blaze of 3000° A, entrance and exit slits 

at 100 and 150° A respectively, and 500 mm. focal length. Standard 

and samples were analyzed under the following conditions: wavelength 

of 2795° A, current of 20 m.A, 600 volts, and a combustion mixture 

composed of hydrogen and dry compressed air with pressures of 12/20 

and 15/30 lbs. respectively. Adjustment to the zero percent absorption 

was made using deionized water. 

3. Counting of Fe^ and Mn^: A three-milliliter aliquot was 

pipetted from each sample and delivered into a glass scintillation count

ing tube and counted in a Nuclear Chicago-well counter Model 1810 with 

a Model 192A ultrascaler. Harvest time was used as the zero time to 

which all sample-counts were adjusted. No counting of Mn^ in plant 
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samples was made due to failure to obtain any appreciable counting 

efficiency on the apparatus with radiomanganese. 

Nutrient Solution Analysis 

Nutrient solutions remaining in the culture tubes after harvest

ing the plants were transferred each to a 250 ml. beaker and covered 

with a watch glass. Solutions were then evaporated on a hot plate and 

the volume was brought down to about 10 ml. In order to avoid pre

cipitation of salts in the solutions, five milliliters of concentrated 

HNO^ were added to each concentrated sample and evaporation was 

resumed to reduce the volume to about eight milliliters. After cooling, 

the final volume of solution in each beaker was brought to a volume of 

10 ml. with deionized water. An aliquot of 3 ml. was withdrawn from 

each sample solution and placed in a glass scintillation counting tube 

for subsequent counting as described previously in plant tissue analysis. 

Experimental Designs 

The investigation consisted of a preliminary experiment and 

four other experiments. The purpose of the preliminary experiment 

was to establish the procedure of the split-root technique and to deter

mine the proper conditions for the other experiments which are reported 

below under their respective objectives. 
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Effect of Manganese on Native Iron 

After the roots were split and the plants grown in the precul-

ture solutions as previously described, they were transferred to the 

experimental solutions which included the treatments explained in 

Table 1. Iron and manganese were added in the form of ferric ethyl

ene diamine di (O-hydroxyphenylacetic acid) (Fe-EDDHA) and MnSO^* 

H2O respectively. The plants were grown in the experimental solutions 

for five days and were then harvested and separated each into stem, 

upper leaves, lower leaves, root a, and root b. Designation of root 

portions followed their respective compartment identification. Plant 

samples were placed in paper bags, dried in an oven at 65° C for four 

days and retained for subsequent analysis. Six replicates were used 

for each treatment. 

Effect of Manganese on Uptake of Iron 

The main objective was to study the effect of manganese on 

iron when both are added in the nutrient solution either combined in one 

compartment or separately in two compartments. Up to the experi

mental period all plants were grown as outlined previously. The treat

ments used in the experimental period are shown in Table 2. Iron was 

added in the form of Fe^-EDDHA with an activity of two microcuries 

per plant. Manganese was supplied in the form of MnSC>4 • An 

attempt was made to maintain the concentrations of both iron and 



42 

Table 1. Explanation of the treatments employed to study the effect of 
manganese on native iron. 

Concentrations of iron and manganese added 
to the nutrient solution* 

Compartment a Compartment b 

No. Fe Mn Fe Mn 
Treatment 

PPm ppm ppm ppm 

1 i. 0 0. 5 0 0. 5 

2 0 0. 5 0 0 

3 0 3. 0 0 0 

4 0 5. 0 • 0 0 

•Minus-iron, and-manganese Hoagland No. 2 nutrient solution. 
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Table 2. Explanation of the treatments used to study the effect of man
ganese on uptake of iron. 

Concentration of iron and manganese added 
to the nutrient solution* 

Compartment a Compartment b 

No. Fe Mn Fe Mn 

> 

PPm ppm ppm ppm 

1 1. 0 0. 5 0 0. 5 

2 1. 0 0 0 3.0 

3 1. 0 0 0 5. 0 

4 1. 0 3. 0 0 0 

5 1 . 0  5. 0 0 0 

•Minus-iron, and-manganese Hoagland No. 2 nutrient solution. 



44 

manganese at approximately constant levels by changing the nutrient 

solution during the experimental period which lasted for six days. 

Plants were harvested and dried following the procedure described 

previously. For each treatment, seven replicates were used, one of 

which was taken for radioautography at the time of harvest. 

Iron Absorption and Translocation 
as a Function of Time 

Five time periods--one hour, 12, 24, 48, and 120 hours --

were used for the experimental period. Iron was added as Fe^-EDDHA 

to one portion of the roots only (portion a) with an activity of three 

microcuries for each plant. The final concentration of iron in the nutri

ent solution was one part per million. Manganese was applied in the 

form of MnSO^ * and at a concentration of 0,5 ppm to both portions 

of the roots (portions a and b). The experiment was initiated and the 

plants were harvested following the same procedure as in the previous 

experiments. Five plant replicates were used for each treatment. One 

plant from each treatment was taken for radioautography at the time of 

harvest. 

Absorption and Translocation 
of Mn^4 in Soybean Plants 

Another objective of this study was to investigate the iron-

manganese interaction using under the normal concentrations of 

both iron and manganese. Two treatments were included in this 
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experiment: One in which iron and Mn^ were added together to the 

nutrient solution of compartment a while neither iron nor manganese 

was present in the nutrient solution of compartment b. In the other 

treatment, iron was added to the nutrient solution of compartment b 

wl^ile Mn^ was added to the nutrient solution of compartment a. Iron 

was added in the form of Fe-EDDHA at a concentration of one part per 

million. Manganese was applied as Mn^Cl^ • H^O with an activity of 

three microcuries per plant and a final concentration of 0. 5 ppm in the 

nutrient solution. The experiment was conducted in the same manner 

and the plant samples were separated and dried as described earlier. 

Seven plant replicates were used for each treatment using one plant for 

radioautography at the time of harvest. 

Statistical Procedures 

The data obtained from each experiment were analyzed statis

tically by analysis of variance (61) and the means were separated by 

the Duncan Multiple Range Test (23). 



RESULTS AND DISCUSSION 

Preliminary Observations 

The purpose of this phase of the investigation was to establish 

the procedure for the split-root technique and then test its applicability 

to the objectives of the present investigation. The procedure of soy

bean seed germination, growth of seedlings in complete nutrient solu

tion, splitting the roots, and growth of soybean plants in the preculture 

solutions was utilized as described in the previous section. In the 

experimental period, radioiron in the form of Fe^9_EDDHA was added 

to a minus-iron nutrient solution and then supplied to one portion of the 

split-roots--root a, while the other portion--root b, did not receive 

any iron. Two microcuries of Fe*^ were supplied to each plant and 

the final iron concentration in the nutrient solution was adjusted to 

1 ppm. Manganese was included in the nutrient solution of both com

partments a and b at a concentration level of 0. 5 ppm. The experi

mental period was 72 hours. After plant harvest, roots were washed 

and plants were radioautographed as outlined previously. 

Figure 4 shows a radioautograph of one such plant. It can be 

seen that root b which did not receive Fe^ contained a considerable 

amount of radioactivity. This may be an indication of a translocation 

of Fe^9 from root a to root b within the experimental period employed. 
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Figure 4. Radioautograph of a soybean plant supplied with Z/ic of 
F«59-EDDHA for a 72-hour period. Fe59 was supplied 
to root a only while root b did not receive any iron during 
the experimental period. Exposure of the plant to the 
x-ray film was for a ten-day period. 
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A similar observation was reported by Simons et^al; (57) who found that 

some of the FeSO^ that had been sprayed on the leaves of soybean plants 

had moved down into the plant roots and was then released into the nutri

ent solution. The presence of EDDHA chelating agent in the nutrient 

solution caused the released iron to be chelated and resulted in a pink 

color. Consequently, it was decided to analyze the nutrient solutions 

of both compartments a and b to test the possibility of any release of 

Fe^9 from root b. Four-milliliter-aliquots were taken from the nutri

ent solutions of both compartments and placed in counting tubes. Count

ing for Fe^9 in samples of compartment b revealed no appreciable 

radioactivity in the nutrient solution. Since release of Fe^ from root 

b would be in very minute amounts, then, it was thought that analysis 

of all the nutrient solution remaining in compartment b after harvest of 

soybean plants might be a more effective method of testing such a 

hypothesis. Such procedure was followed in subsequent experiments. 

Examination of the radioautograph shown in Figure 4 indicates 

that little Fe^9 had accumulated in the basal primary leaves of the soy

bean plant. This was accompanied by a nonuniform distribution of Fe^9 

in the primary and mature leaves. It can also be seen that radioactivity 

was concentrated mostly in the veins of mature leaves. The highest 

accumulation of radioiron is shown by the young leaves and the lateral 

and terminal buds. Such observations are in agreement with previous 

workers (18, 63). 



Effect of Manganese on Native Iron 

To approach the problem of iron-manganese interaction, one 

must consider two important aspects of such interaction. If the nutri

tion of either iron or manganese influences the uptake of.the other, this 

probably would take place through an interaction between the two ele

ments during their simultaneous uptake by the plant, or it might involve 

the element that is already in the plant {native form) or it might be that 

both possibilities exist. 

An experiment was designed to study the effect of manganese 

on the native iron in soybean plants. Treatments used are explained in 

Table 1. Three days following the transfer-of soybean-plants. to . 

the experimental solutions, some plants exhibited slight symptoms of 

iron chlorosis on the young leaves. Therefore, it was decided to extend 

the experimental period to five days to allow enough time for the develop

ment of iron chlorosis. At the end of the five-day period, the following 

was observed: plants of treatment 1 did not show chlorosis; two out of 

six plants showed slight chlorosis symptoms in treatment 2; while in 

treatment 3, five of the six plants used exhibited varied degrees of 

chlorosis; and in treatment 4, five plants were severely chlorotic. 

Based on those observations, it was found advantageous to separate 

each plant into five parts; namely, stem, upper leaves, lower leaves, 

root a, and root b. 
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The data in Table 3 show the concentrations of iron and man

ganese and the Fe/Mn ratio (calculated on concentration basis) in soy

bean tissues as affected by manganese treatments. Addition of 3 or 5 

ppm of manganese in the nutrient solution produced a highly significant 

decrease in the concentration of iron and a corresponding increase in 

the concentration of manganese in the stem tissue (Figure 5). This 

resulted in a sharp decrase in the Fe/Mn ratio of the same tissue. 

Although the concentration of manganese was significantly increased in 

tissues of the upper leaves (Figure 6), the accompanied decrease in the 

concentration of iron was not significant"~3espite the observed decrease 

in Fe/Mn ratio. Since no iron was supplied to the plant during the 

experimental period, the young upper leaves probably did not contain 

enough iron to be affected by the high levels of manganese. In tissues 

of the lower leaves (Figure 7) only treatment 4 showed a significant 

decrease in the concentration of iron; however, both treatments 3 and 

4 resulted in a considerable increase in the concentration of manganese 

and a significant decrease in the Fe/Mn ratio. The same trend was 

exhibited by the tissues of root a (Figure 8) except for the observed 

small differences between treatments 2, 3, and 4 in the concentration 

of iron. These results are in agreement with the above mentioned 

visual observations regarding symptoms of iron chlorosis found in 

most of the plants in treatments 3 and 4. 
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Table 3. Iron and manganese concentrations and Fe/Mn ratio in soy
bean tissues as affected by manganese treatment. 

Plant Part 
Treat- Upper Lower "Whole 
ment Stem Leaves Leaves Root a Root b Plant 

ugm Fe/gm dry matter ^ 

1 47.2b 91.0 138.5b 1288. 7b 576. 0 119. 7b 
2 40.9ab 81.5 136.4b 806.6a 791.0 107.9b 
3 35. 5a 74.9 139.6b 671.2a 834. 7 104. 1b 
4 31.4a 68.0 98.2a 484.0a 721.0 81.4a 

"F" 6.6** 3.0ns 3.6* 9.6** 0.3ns 8.1** 
value 

^ ugm Mn/gm dry matter > 

1 9.7a 35.4a 68.5a 156.0b 79-9b 35.8a 
2 6.0a 33.1a 61.8a 54.1a 36.7a 27.5a 
3 17.1b 56.5b 115.0b 166.4b 52.9ab 55.0b 
4 26.4c 66.2b 122.6b 263.0c 48.8ab 69.7c 

"F" 41. 3** 7.5** 12.7** 32.0** 3. 2* 26.1** 
value 

•4 _____ Fe/Mn ratio ^ 

1 5.1b 2.6b 2.0b 8.7b 8.0a 3.4c 
2 7.1c 2.7b 2.4b 15.5c 23.6b 4. Od 
3 2.1a 1.4a 1.2a 4.1a 15.8a 1.9b 
4 1.2a 1.1a 0.8a 1.9a 14.7a 1.2a 

"F" 34.3** 14,7** 14.4** 38.8** 6.4«* 36.0** 
value 

Each value represents the mean of six replicates. Complete replicate 
data are shown in the Appendix in Tables 10, 11, and 12. Explanation 
of treatments is given in Table 1« All values with the same letters 
belong to the same population. 

ns Not significant 
* Significant at the 5% level 

** Significant at the 1% level 



Figure 5. Iron and manganese concentrations and the iron to manganese ratio in stem tissue 
of soybean plants as affected by different manganese applications. 

Treatment 1 contained Fe (1. 0 ppm) in compartment a, and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained no Fe and Mn (0. 5 ppm) in compartment a„ 
Treatment 3 contained no Fe and Mn (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5. 0 ppm) in compartment a. 
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Figure 6. Iron and manganese concentrations and the iron to manganese ratio in upper leaf 
tissue of soybean plants as affected by different manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained no Fe and Mn (0. 5 ppm) in compartment a. 
Treatment 3 contained no Fe and Mn (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5° 0 ppm) in compartment a. 
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Figure 7. Iron and manganese concentrations and the iron to manganese ratio in lower leaf 
tissue of soybean plants as affected by different manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained no Fe and Mn (0. 5 ppm) in compartment a. 
Treatment 3 contained no Fe and Mn (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5. 0 ppm) in compartment a. 
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Figure 7. Irbn. and manganese concentrations and the iron to manganese ratio in Lower 
leaf tissue of soybean plants as affected by different manganese applications. 
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Figure 8. Iron and manganese concentrations and the iron to manganese ratio in root a 
tissues of soybean plants as affected by different manganese applications; 

Treatment 1 contained Fe (1. 0 ppm) in compartment a and Ma (0. 5 ppm} in 
both compartments a and b. 

Treatment 2 contained no .Fe and Ma (0. 5 ppm) in compartment a. 
Treatment 3 contained no Fe and Ma (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5.0 ppm) in compartment a. 
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Figure 8. Iron and manganese concentrations and the iron to manganese ratio in root a 
tissues of soybean plants as affected by different manganese applications. <JI 
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The effect of manganese on the concentration of iron in stem, 

upper leaves, lower leaves, and root a'may be explained on the basis 

that the absorbed manganese was translocated inside the plant in large 

quantities and then replaced iron in the iron-organo complexes inside 

the plant thereby rendering iron inactive. The phenomenon of iron 

inactivation inside the plant either by manganese or by other elements 

was reported by several investigators (6, 51). Wallace (70) and others 

(26) have shown that metals other than iron can easily displace iron 

from many chelating agents and this may occur outside as well as 

inside the plant. This is generally attributed to the extreme insolu-

bility of iron hydroxide which may be effected under certain conditions 

in spite of the higher stability constants of the ferric chelates as com

pared to the respective chelates of other metals. Since no iron was 

supplied to the plants during the experimental period, any decrease in 

the iron concentration of soybean tissues as a function of manganese 

addition to the nutrient solution suggests that the iron replaced by man

ganese would be transferred somewhere else. This may be better 

understood if treatment 3 or treatment 4 is compared with treatment 2. 

Since concentrations of iron in treatments 3 and 4 are, in general, 

lower than that in treatment 2, then the possibility of iron transference 

to other parts of the plant--possibly root b--or being released from 

the roots to the outside solution is the only manner through which that 

phenomenon could be explained. 
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Data presented in Table 3 and in Figure 9 reveal an interest* 

ing and peculiar trend exhibited by tissues of root b. Treatments 2, 3, 

and 4 showed some increase, although non-significant, in the concen

tration of iron compared to treatment 1. This may be used to sub

stantiate the above explanation. Brown et al. (18) have reported that 

redistribution of iron from mature and maturing leaves to other parts 

of the cotton plant is possible. Also, migration of iron from old tissues 

of barley plants to the maturing tissues was indicated by Vlamis and 

Williams (67). Concentration of manganese in the tissues of root b 

showed some decrease in treatments 3 and 4 compared to treatment 1. 

This was accompanied by an increase in the Fe/Mn ratio as a function 

of manganese addition and in the absence of iron. A probable explana

tion is that manganese translocation in soybean plants is considered to 

be slower than that of iron (15, 36, 43). The possible combination of 

two phenomena, namely, iron movement from the other parts of the 

plant and the slow supply of manganese to root b, may account for the 

non-significant effect of manganese on the concentration of iron in root b. 

In the whole plant, concentration of iron decreased progres

sively as the manganese level in the nutrient solution was increased 

(Figure 10)o This was accompanied by a corresponding increase in the 

concentration of manganese in plant tissue and was reflected in a sharp 

decrease in the Fe/Mn ratio of the entire plant. Thus, the iron-

manganese relationship in the whole plant was in a fairly good agreement 



Figure 9« Iron and manganese concentrations and the iron to manganese ratio in root b tissues 
of soybean plants as affected by different manganese applications. 

Treatment 1 contained Fe (1. 0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained no Fe and Mn (0o 5 ppm) in compartment a. 
Treatment 3 contained no Fe and Mn (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5. 0 ppm) in compartment a. 
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Figure 10. Iron and manganese concentrations and the iron to manganese ratio in the whole 
soybean plant a* affected by different manganese applications. 

\ ' 
Treatment 1 contained Fe (1. 0 ppm) in compartment a and Ma (0. 5 ppm) in both 

compartments a and b. 
Treatment 2 contained no Fe and Mn (0. 5 ppm) in compartment a. 
Treatment 3 contained no Fe and Mn (3. 0 ppm) in compartment a. 
Treatment 4 contained no Fe and Mn (5. 0 ppm) in compartment a. 
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Figur e 10. Iron and manganese concentrations and the iron to manganese ratio in the 
whole soybean plant as affected by different manganese applications. 
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with the trend exhibited by the individual parts of the plant, and may be 

explained on the sa.me basis as mentioned previously. 

It may be of interest to point to the fact that treatment 4 which 

consisted of adding 5 ppm of manganese was generally the most effec

tive treatment in bringing about iron "inactivation" inside the plant. 

This coincides with what had been reported previously (59, 60); namely, 

that 5 ppm of manganese would produce iron chlorosis. 

Effect of Manganese on Uptake of Iron 

This experiment was designed to study the influence of manga

nese on iron when both elements are added in the nutrient solution either 

combined in one compartment or separately in two compartments. The 

two concentration levels of manganese were 3 and 5 ppm. The normal 

concentration of 0. 5 ppm of manganese was used as a control. Iron 

was added at the level of 1 ppm in all treatments. Complete description 

of the treatments employed is given in Table Z. At the fourth day of 

growth in the experimental solutions, some plants began to show iron 

chlorosis symptoms. Accordingly, it was decided to extend the experi

mental perigd to six days at the end of which visual observations of 

chlorosis Were recorded. No chlorosis symptoms were exhibited by 

any plant in treatment 1. Two out of the seven plants used in each of 

treatments 2, 3, and 4 developed mild symptoms of iron chlorosis. 

In treatment 5, six of the seven plants used showed varied degrees 



of iron chlorosis (mild to severe symptoms of chlorosis). 

Table 4 contains the data which show iron and manganese con

centrations and the Fe/Mn ratio (calculated on concentration basis) in 

soybean tissues as affected by iron and manganese treatments. Addi

tion of manganese at both 3 and 5 ppm levels resulted in a significant 

decrease in the concentration of iron in stem tissue (Figure 11). 

Whether iron and manganese were added separately (treatments Z  and 

3) or combined (treatments 4 and 5) did not produce any significant 

effect on the concentration of iron in soybean stem. Moreover, rais

ing the concentration of manganese from 3 to 5 ppm did not result in 

any significant differences in the concentration of iron in stem tissues. 

However, data given for the concentration of manganese in tissues of 

the stem show that treatment 5 gave a higher concentration than treat

ment 3. This means that more manganese was translocated to the 

stem when both iron and manganese were combined in one compartment. 

This may be explained on the basis that more iron was translocated to 

the stem when iron was separated from manganese and this exerted 

some antagonistic effect on the translocation of manganese resulting 

in a lower concentration of the latter<> The antagonistic effect of iron 

on manganese has been observed by several investigators (67, 68). 

The data for Fe/Mn ratio show a significant decrease as a function of 

manganese application in treatments 2, 3, 4, and 5 compared to the 

control. Again treatment 5 yielded the lowest Fe/Mn ratio. 
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Table 4. Iron and manganese concentrations and Fe/Mn ratio in soy
bean tissues as affected by iron and manganese treatments. 

Plant Part 
Upper Lower Whole 

Treatment Stem Leaves Leaves Root a Root b Plant — •- - • • - • --- ... ...... ... . mr. . .  ^  — —  _  .  .  —  .  

^ ugm Fe/gm dry matter > 

1 53.2b 120.6c 148.0b 626. 7 534. 1c 128.3b 
2 35o la 73.6ab 120.9ab 485.4 371.8ab 93.9a 
3 35. 8a 91.5b 114.7a 504. 7 634. 7b 97.8a 
4 37. 3a 82.3ab 111.5a 542.2 418. 7b 99.6a 
5 36.6a 70.3a 95.0a 483.3 320. 0a 85.6a 

value 7. 0** 9.4** 3.5* 1.7ns 6.8** 10.3** 

ugm Mn/gm dry matter 

1 
2 
3 
4 
5 

12. 2a b 35. 7 106. 7 149.2b 115. 2 50. 2 
11. 5a 31. 3 125. 3 59. 2a 96. 7 52. 6 
,15. . 44. 2 121. 6 57.4a 120. 4. 57. 6. 
14. lab 42. 8 102.4 174.9bc 93. 4 52. 8 
18. 5c 47. 5 123. 7 221.6c 78. 8 66. 2 

7. 2»* 2. 5ns 1. 3ns 19.7** 1. 6ns • 2. 4ns 

. Fe/Mn ratio > 

1 4. 4c 3. 4c, 1. 4c 4. 5a 4. 8 2. 6c 
2 3. lb 2. 5b 1. Oab 9.6b 4. 1 1. 8b 
3 2. 4ab 2. lb 1. Oab 9.0b 3. 7 1. 7b 
4 2. 7a b 2. 0b 1. lb 3. la 5. 4 1.9b 
5 2. 0a 1. 5a 0. 8a 2. 2a 4. 7 1. 3a 

"F" value 13. 1** J 7. 7** 5. o** 11.0** 0. 9ns 17.1** 

Each value represents the mean of six replicates. Complete replicate 
data are shown in the Appendix in Tables 13, 14, and 15. Explanation 
of treatments is given in Table 2. All values with the same letters 
belong to the same population 

ns Not significant 
* Significant at the 5% level 

** Significant at the 1% level 
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Figure 11. Iron and manganese concentrations and the iron to manganese ratio in stem tissue of 
soybean plants as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0« 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1. 0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1.0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1.0 ppm) and Mn (5. 0 ppm) in compartment a. 

1 
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Figure 11. Iron and manganese concentrations and the iron to manganese ratio in stem tissue 
of soybean plants as affected by different iron and manganese applications. 
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In tissues of the upper leaves (Figure 12) there was a highly 

significant reduction in the concentration of iron as a consequence of 

the application of high levels of manganese. However, there were no 

appreciable differences as a result of raising the concentration of man

ganese from 3 to 5 ppm. Comparing treatments 3 and 5, one can notice 

that treatment 5 produced a much lower concentration of iron than treat

ment 3. This may be interpreted to mean that presence of manganese 

in the same compartment with iron resulted in the inhibition of iron 

uptake. This could have taken plac*e as an interaction between iron and 

manganese either in the nutrient solution or at the root surface where 

competition between iron and manganese for absorption sites might 

have been manifested. Competitive effects occurring during plant 

absorption of iron and other micronutrients were shown to exist in 
I 

several plant species (6, 13, 32, 70, 71). Brown etaU (14) speculated 

that the stability of iron chelate was changed at the roots of bean plants. 

Ferric iron may then be converted to the ferrous form which is more 

mobile and more easily replaced by other cations due to the lower 

stability constant of the ferrous-chelate compound. Guinn and Joham 

(26) obtained evidence that Cu, Zn, and Mn can displace Fe from 

Fe-EDTA (ferric ethylenediaminetetraacetic acid) and Fe-HEEDTA 

(ferric hydroxyethylethylenediaminetriacetic acid) to. give the corre-. - . 

sponding Cu-, Zn,-, and Mn- chelates. Displacement of iron by the 

other elements tested was found'to occur even at pH 5 and increased 



I 

Figure 12. Iron and manganese concentrations and the iron to manganese ratio in upper leaf 
tissue of soybean plants as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1. 0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1. 0 ppm) and Mn (5. 0 ppm) in compartment a. 
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Figure 12. Iron and manganese concentrations and the iron to manganese ratio in upper Leaf 
tissue of soybean plants as affected by different iron and manganese applications. 



with an increase in pH. Although the concentration of manganese in 

tissues of the upper leaves increased with the application of high levels 

of manganese, these increases were not significant. However, the 

Fe/Mn ratio dropped from 3. 4 in treatment 1 to 2. 1 and 1. 5 in treat

ments 3 and 5 respectively. This is in accord with what has been 

mentioned previously in the stem tissue. 

Data given for lower leaves (Figure 13) show a trend generally 

similar to that exhibited by the upper leaves. Figure 14 shows iron 

and manganese concentrations and the F«/Mn ratio in the tissue of root 

a. Although the decrease in the concentration of iron shown by treat

ments 2, 3, 4, and 5 compared to treatment 1 was non-significant, the 

concentration of manganese was generally increased in treatments 4 

and 5. This could be explained on the basis that owing to the accumu

lation of iron on or in the tissues of root a, the effect of manganese on 

iron uptake was not clearly manifested. As in the stem, the application 

of iron and manganese separately resulted in lower concentrations of 

manganese even when applied at 3 or 5 ppm levels. This can be 

observed in comparing treatments 2 and 3 with treatment 1. The 

Fe/Mn ratio in the tissues of root a did not show any definite trend. 

In the tissues of root b (Figure 15), a clear reduction in the 

concentration of iron was shown. If treatments 3 and 5 are compared 

with each other, it can be seen that combination of both iron and man

ganese in one compartment has greatly affected the translocation of 



Figure 13. Iron and manganese concentrations and the iron to manganese ratio in lower leaf 
tissue of soybean plants as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1. 0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1. 0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1. 0 ppm) and Mn (5. 0 ppm) in compartment a. 
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ure 13. Iron and manganese concentrations and the iron to manganese ratio in lower le&f 
tissue of soybean plants as affected by different iron and manganese applications. 



Figure 14. Iron and manganese concentrations and the iron to manganese ratio in root a tissue of 
soybean plants as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1. 0 ppm) in compartment a and Mn (0. 5 ppm) in both 
j compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1. 0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1.0 ppm) and Mn (5. 0 ppm) in compartment a. 
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Figure 14. Iron and manganese concentrations and the iron to manganese ratio in root a 
tissue of soybean plants as affected by different iron and manganese applications. 00 



Figure 15. Iron and manganese concentrations and the iron to manganese ratio in root b tissue 
of soybean plants as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1.0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1.0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1.0 ppm) and Mn (5. 0 ppm) in compartment a. 
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Figure 15. Iron and manganese concentrations and the iron to manganese ratio in root b 
tissue of soybean plants as affected by different iron and manganese applications. 
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iron to root b. This may be considered a direct result of the iron-

manganese interaction in compartment a either in solution or at the 

root surface and further substantiates the previous explanation of the 

competitive effects of iron and manganese for the absorption sites on 

the root. Both manganese concentration and the Fe/Mn ratio did not 

show any significant differences as a function of the treatments 

employed. 

Considering the entire soybean plant (Figure 16), one may 

notice that as the concentration of iron decreased, the concentration of 

manganese increased, although statistically non-significant, as a func

tion of applying high levels of manganese. Data given for the Fe/Mn 

ratio show that the Fe/Mn ratio was appreciably lower in treatments 2, 

3, 4, and 5 compared to treatment 1. However, treatment 5 resulted 

in a significant decrease in the Fe/Mn ratio compared to treatment 3, 

again reflecting an interaction between iron and manganese in compart

ment a. Such behavior agrees with what has been previously shown for 

most of the individual parts of the plant. 

CQ 
Data of Fe analysis in soybean tissues are presented in 

Table 5 and in Figures 17 and 18. It can be noticed that treatments 4 

and 5 produced the lowest concentrations of Fe^ in the stem tissue. 

Application of manganese at either 3 or 5 ppm levels and Fe^ in the 

same compartment resulted in reducing the concentration of Fe®^ in 

tissues of the stem to almost half of that produced by treatment 1. In 



Figure 16. Iron and manganese concentrations and the iron to manganese ratio in the entire 
soybean plant as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1.0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1. 0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1. 0 ppm) and Mn (5. 0 ppm) in compartment a. 
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Figure 16. Iron and manganese concentrations and the iron to manganese ratio in the entire 
soybean plant as affected by different iron and manganese applications. 
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Table 5. Concentration of radioiron in soybean tissues as affected by 
iron and manganese treatments. 

Plant Part 
Treat- Upper Lower Whole 
ment Stem Leaves Leaves Root a Root b Plant 

{ cpm Fe^^/gm dry matter ^ 

1 5296b 18239c 11925c 110837 8616b 13531c 

2 4944b 14213b 8269b 119510 7852b 11264b 

3 4392b 14502b 11469c 94578 8086b 11228b 

4 4260a 6259a 5084a 133176 4898a 8673a 

5 2630a 5036a 3725a 120628 4411a 7693a 

npit 

value 
13. !»• 32. 6*# 15. 5** 1. 9ns 6. 2»* 10. i 

Each value represents the mean of six replicates. Complete replicate 
data are shown in the Appendix in Table 16. Explanation of treatments 
is given in Table 2. All values with the same letters belong to the same 
population. 

ns Not significant 
** Significant at the 1% level 



Figure 17. Concentration of radioiron in stem, upper leaves, and lower leaves of soybean plants 
as affected by different iron and manganese applications. 

Treatment 1 contained Fe (1. 0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe {1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1. 0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1. 0 ppm) and Mn (5. 0 ppm) in compartment a. 
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Figure 17. Concentration, of radioiron in stem, upper leaves, and lower leaves of 
soybean plants as affected by different iron and manganese applications. 



Figure 18. Concentration of radioiron in root a, root b tissues, and the entire soybean plant as 
affected by different iron and manganese applications. ^ 

Treatment 1 contained Fe (1.0 ppm) in compartment a and Mn (0. 5 ppm) in both 
compartments a and b. 

Treatment 2 contained Fe (1. 0 ppm) in compartment a and Mn (3. 0 ppm) in 
compartment b. 

Treatment 3 contained Fe (1. 0 ppm) in compartment a and Mn (5. 0 ppm) in 
compartment b. 

Treatment 4 contained both Fe (1.0 ppm) and Mn (3. 0 ppm) in compartment a. 
Treatment 5 contained both Fe (1.0 ppm) and Mn (5. 0 ppm) in compartment a. 



ROOT a ROOT b WHOLE PLANT 

Fe AND Mn TREATMENTS 

Figure 18. Concentration of radioiron in root a, root b tissues, and the entire 
soybean plant as affected by different iron and manganese applications. -o 
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the upper leaver, the effect of manganese was more pronounced than in 

the stem. Treatments 2 and 3 produced a lower concentration of Fe^ 

in tissues of the upper leaves compared to the control treatment. How

ever, treatments 4 and 5 resulted in a more significant decrease in the 

59 concentration of Fe compared to either the control treatment or to 

treatments 2 and 3. This may indicate that the iron-manganese inter

action was manifested during the absorption process as well as inside 

the plant. But since the combination of both nutrients, in one compart

ment resulted in a larger decrease of Fe^ concentration, one may con

sider the interaction of iron and manganese during their absorption by 

plant roots to be of much greater magnitude than their interaction inside 

the plant. This again could be noticed in examining the data given for 

the lower leaves where treatments 4 and 5 were essentially the most 

effective in reducing the concentration of Fe^. Referring back to the 

previous mention of iron chlorosis symptoms observed during plant 

growth, one can see that visual observations agree with the analytical 

data. 

In root a there was no significant difference between the vari

ous treatments. This agrees with the data shown for the concentration 

of total iron in root a (Table 4). This probably is due to the accumula

tion of iron in or on the tissues of root a (to which Fe^ Was added dur

ing the experimental period) which may have overcome any possible 

influence of manganese that could have occurred. 
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Root b showed a similar trend to that of stem. Treatments 4 

and 5 gave the lowest concentrations of Fe^ compared to other treat

ments. Concentrations of radioiron in treatments 1, 2, and 3 were 

almost twice as much as that in treatments 4 and 5. It appears that 

translocation of Fe^' into the stem and to root b_ is practically similar. 

Consequently, the effect of manganese on Fe^ during the absorption 

process left a certain amount of Fe*^ to be translocated to both tissues. 

Also, it is worthy to note that the presence of manganese at either 3 or 

5 ppm levels in compartment b did not exert any inhibitory effect on the 

translocation of Fe^ from root a to root b. An interesting conclusion 

could be made from the analogy of the above statements, that is, it is 

the interaction between iron and manganese at the root surface that 

determines the amount of both elements that are absorbed by the plant 

roots. Once iron is allowed to be translocated in the plant, interference 

by manganese would be at a minimum until iron is utilized in the leaf. 

During the utilization and incorporation of iron in other compounds, it 

is possible that interference by manganese becomes apparent again 

where manganese might replace iron in those compounds. 

The phenomenon of iron replacement by manganese in the 

various iron-containing compounds has been suggested by others. 

Sideris and Young (56) hypothesized that manganese instead of iron 

may react with porphyrin compounds resulting in their inactivation for 

subsequent involvement in chlorophyll formation. Weinstein and 
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Robbins (75) stated that a direct competition between iron and manga

nese for a position in the heme nucleus of an iron-containing enayme 

may be effected by high concentrations of manganese either in the . 

growth medium or in plant tissues or both. Competition between iron 

and manganese for certain positions on a common site such as in 

nucleo-proteins was considered by DeKock and Inkson (22) to be the 

probable mechanism of iron-manganese interaction. 

Although the fate of the replaced iron cannot be determined 

under the conditions of this investigation, the possibility of its redis

tribution in other parts of the plant or its release from root b to the 

outside nutrient solution cannot be ignored. Results obtained from the 

previous phase of the investigation, as well as results shown by other 

investigators (18, 67), support the idea of iron redistribution inside 

the plant. 

The fact that the tissues of root b contained considerable 

amounts of Fe"^ supports what has been found previously concerning 

the translocation of Fe®^ from root a, to which radioiron was added, 

to root b, which received no Fe^. This was also confirmed by 

radioautography. 

Data given for the entire plant indicate that application of 

manganese to the plant roots reduced the concentration of radioiron 

in the plant tissue. Although both separation of iron and manganese 

in two compartments and their combination in one compartment produced 



a significant decrease in the concentration of Fe^ in plant tissue, their 

combination was much more effective in bringing about a greater reduc

tion in the concentration of radioiron. This differs from what has been 

found concerning the concentration of total iron in the whole plant where 

treatments 2, 3, 4, and 5 were essentially similar. Such a difference 

would be expected since in the case of radioiron the interaction between 

iron and manganese occurred mostly during the experimental period 

while with total iron, it included the iron that had been utilized by the 

plant before and after initiation of the experimental period. 

Based on the previous observations made with regard to the 

rapid translocation of Fe^ from root a to root b, it was thought that 

analysis of the nutrient solutions remaining after harvest of plants may 

reveal the possibility of Fe"^ being released from root b to the outside 

nutrient solution. The nutrient solution remaining in each compartment 

was retained and treated in the manner described in Materials and 

Methods. Table 6 and Figure 19 show the data obtained from analysis 

of nutrient solutions for Fe"^. jt can be seen that some radioactivity 

was detected in the nutrient solution of compartment b which initially 

did not receive Fe®^. This would indicate that some of the Fe^9 that 

has been translocated from root a, or from any other part of the plant 

to root b was released from the latter to the nutrient solution. A simi

lar observation has been reported by Simons et al. (57) who found that 
t 

ten days following spraying the leaves of soybean plants with FeSC>4 
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Table 6. Amount of radioiron in remaining nutrient solutions of 
compartments a and b as affected by iron and manganese 
treatments. 

Treatment 
Nutrient solution 
of compartment a 

Nutrient solution 
of compartment b * — 

1 

2 

3  

4 

5 

cpm Fe^_ 

91759 

99140 

101046 

98444 

107328 

•> 

130b 

42a 

64ab 

63ab 

20a 

'FM value 1. 5ns 3 .4*  

Remaining nutrient solution after harvest of soybean plants. Each 
value represents the- mean of six replicates. Complete replicate data 
are shown in the Appendix in Table 17. Explanation of treatments is 
given in Table 2. All values with the same letters belong to the same 
population. 

ns Not significant 
* Significant at the 5% level 



Figure 19. Effect of iron and manganese applications on the amount of 
radioiron remaining in the nutrient solutions of compart
ments a and b after harvest of soybean plants. 

Treatment 1 contained Fe (1.0 ppm) in compartment a and 
Mn (0. 5 ppm) in both compartments a and b. 

Treatment 2 contained Fe (1.0 ppm) in compartment a and 
Mn (3.0 ppm) in compartment b. 

Treatment 3 contained Fe (1.0 ppm) in compartment a and 
Mn (5. 0 ppm) in compartment b. 

Treatment 4 contained both Fe (1.0 ppm) and Mn (3. 0 ppm) 
in compartment a. 

Treatment 5 contained both Fe (1. 0 ppm) and Mn (5. 0 ppm) 
in compartment a. 
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Figure 19- Effect of iron and manganese applications on the 
amount of radioiron remaining in the nutrient 
solutions of compartments a and b after harvest 
of soybean plants. 
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solution, soma iron had moved down into the roots and out into the 

nutrient solution. 

As shown in Table 6 and in Figure 19, the presence in the 

nutrient solution of high levels of manganese either with iron in com

partment a or separately in compartment b resulted in a considerable 

reduction in the amount of Fe^ released from root la to the outside 

nutrient solution. This probably is due to an inhibition, by the high 

levels of manganese, of iron absorption by root a and/or its release 

from root b assuming that both processes occur at the root surface 

through similar mechanisms. 

i 

Iron Absorption and Translocation 
as a Function of Time 

Based on what has been found in the previous phases of the 

investigation, it was thought desirable to further investigate the trans

location of radioiron in soybean plants with particular emphasis on its 

movement from root a to root b and outside the root. For this purpose, 

an experiment was initiated to study the translocation of iron in soy

beans as a function of time. Description of the experiment is given in 

Materials and Methods. 

Table 7 and Figures 20 and 21 show the data for the concentra

tion of Fe~^ in soybean tissues as influenced by time. In stem tissue, 

the concentration of radioiron increersed about four fold as the experi

mental period was extended from one hour to 120 hours. Although the 
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Table 7. Concentration of radioiron in soybean tissues as affected by 
time. 

Time Plant Part 
period Upper Lower Whole 
hours Stem Leaves Leaves Root §i Root b Plant 

1 

12 

24 

48 

120 

f cpm Fe^/gm dry matter 

178a 612a 591a 7310a 1724a 639a 

550b 1080a 1563a 28397ab 3092ab I696ab 

584bc 1611a 1173a 33927b 3290b 1904ab 

649bc 1181a 1700a 47163b 4631b 2397b 

768c 17207b 7677b 123983c 10477c 10492c 

"F" 12.4** 154. 5** 41. 3** 37. 8** 34.5** 84. 0«* 
value 

Each value represents the mean of four replicates. Complete replicate 
data are shown in the Appendix in Table 18. All values with the same 
letters belong to the same population. 

** Significant at the 1% level 
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Figure 20. Concentration of radioiron in stem, upper leaves, and 
lower leaves of soybean plant as affected by time. (All 
Fe59 count values are expressed per gm. dry matter. ) 
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Figure 21. Concentration of radioiron in root a and root b tissues 
and the entire soybean plant as affected by time. (All 
Fe59 count values are expressed per gm. dry matter. ) 
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concentration of Fe^ in 12 hours was more than three times that in one 

hour, increasing the experimental period to 24 or 48 hours did not pro

duce any further significant increase in the concentration of Fe^ in 

stem tissue. In tissues of the upper leaves, a significant increase in 

the concentration of radioiron was obtained by allowing soybean plants 

to grow for a 120-hour period in the experimental solution. A similar 

trend was exhibited by tissues of the lower leaves where the 120-hour 

period was the only treatment that gave a significant increase in the 

concentration of Fe®^. 

In the tissues of root a, progressive accumulation of Fe^ 

occurred as the experimental period was extended consecutively. 

Again, the longest period gave the highest concentration of Fe^9 in 

root a; however, the 12-, 24-, and 48-hour periods also showed sig

nificant increases in the concentration of Fe^ over the one-hour period. 

In root b, the accumulation of radioiron as a function of time followed 

essentially the same pattern as that of root a. It is interesting to note 

the rapid translocation of Fe^ into root b where it accumulated to 

more than twice that in the upper leaves and to almost six to ten times 

that in the stem. This rapid translocation of Fe^ into root b confirms 

what has been found in the previous phases of the investigation. Such 

rapid accumulation of radioiron in root b could not be accounted for by 

any redistribution of Fe^9 from other parts of the plant and most prob

ably it took place through direct translocation of Fe^ from root a. 
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However, the possibility of Fe^ redistribution in the later stages of 

plant growth cannot be overlooked. s 

With regard to the whole soybean plant, it was observed that 

a progressive accumulation of radioiron occurred as a function of an 

59 increase in time. In 120 hours, the concentration of Fe in plant 

tissue increased to about 16 times as much as in one hour. 

Figure 22 shows radioautographs for five plants representing 

the five experimental periods used. The progressive accumulation of 

Fe^ in the various plant parts, especially root b, is clearly demon

strated. The pattern of Fe^ distribution in soybean plants is very 

similar to that shown in Figure 4. The young-upper leaves contained 

the highest concentration of radioiron excluding root a. In the mature 

leaves, Fe^ was distributed non-uniformly with appreciable amounts 

located in the vein*. In the stem, Fe^ was distributed almost equally 

although more radioactivity accumulated in the nctdes. Very JittLe -

radioiron was located in the basal primary leaves of soybean. Similar 

results were obtained in the previous experiments and by other investi

gators (18, 63). 

Data obtained from the tracer analysis of nutrient solutions 

remaining after harvest of soybean plants are shown in Table 8 and in 

Figure 23. It can be observed that the amount of Fe^ detected in the 

nutrient solutions of compartment b did not change appreciably as a 

function of time* An exception to this is the 120-hour period, although 



Figure 22. Radioautographs of five soybean plants representing five 
experimental periods as follows: (1) 120 hours, (2) 48 
hours, (3) 24 hours, (4) 12 hours, and (5) one hour. 
Radioiron was supplied at the level of 3AIC to the root a 
portion only. Exposure of plants to the x-ray films was 
for a ten-day period. 
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Table 8. Amount of radioiron in remaining nutrient solutions of com
partments a and b as affected by time. 

Time period Nutrient solution Nutrient solution 
hours of compartment a of compartment b 

1 

^ cpm Fe^-

98777a 

> 

20a 

12 103350ab 23a 

24 100522a 19a 

48 109566b 21a 

120 116323c 36b 

"F" value 12.1** 5. 0*« 

Remaining nutrient solution after harvest of soybean plants. Each 
value represents the mean of four replicates. Complete replicate data 
are shown in the Appendix in Table 19. All values with the same letters 
belong to the same population. 

••Significant at the 1% level 
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Figure 23. Amount of radioiron in remaining nutrient solutions of 
compartments a and b after harvest of soybean plants 
as affected by time. 
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the values obtained for Fe^ jn all periods are relatively small and 

could not be depended upon for any reliable conclusion. In examining 

the data shown for nutrient solutions remaining in compartment a, an 

interesting observation was made. As the length of the experimental 

period was increased, there was some increase in the amount of Fe^9 

present in the nutrient solution remaining in compartment a after har

vest of soybean plants. This was particularly true with the 120-hour 

period. Although such phenomenon would be hard to explain, it might 

be possible that a reverse flow or leakage of Fe^ from root a back into 

solution occurred as a matter of time. 

Absorption and Translocation 
of Mn54 in Soybean Plants 

The objective of this study was two-fold: (1) to investigate the 

absorption and translocation of manganese in soybean plants, and (2) to 

study the iron-manganese interaction uBing Mn^ under conditions of 

normal concentrations of both iron and manganese. A description of 

the experimental design and the treatments used are given in Materials 

and Methods. .Due to failure in obtaining any considerable efficiency of 

Mn^4 counting in plant and nutrient solution samples, no data for Mn^ 

are given. However, radioautographs of representative plants were 

prepared and are shown in Figure 24„ 

As shown in the radioautographs, Mn^ was translocated from 

root a--to which Mn^ was added--to root b--which received no Mn^. 

1 



Figure 24. Radioautographs of two soybean plants to each of which 3 nc 
of Mn^ in the form of Mn^4ci^ • H2O were supplied to root 
a only. Iron was supplied in the form of FeEDDHA either 
to root a (plant 1) or to root b (plant 2). Exposure of plants 
to the x-ray films was for a ten-day period. 
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This translocation depended on whether manganese was supplied sepa

rately from or in combination with iron. In treatment 1, root b con

tained some radiomanganese but in treatment 2 the same root portion 

did not show any radioactivity. A probable explanation is that the pres

ence of iron in compartment b of treatment 2 inhibited manganese trans

location to root b through the former's antagonistic effect on manganese 

translocation. If this was true, then the presence of both elements in 

compartment a as in treatment 1 would be expected to produce at least 

an effect similar to that produced in treatment 2. However, consider

ing iron to be a "counteractant" to manganese, their interaction might 

be manifested in a greater magnitude in case of treatment 2 where both 

elements may be in contact with each other inside the plant after they 

have been absorbed by separate roots. Since concentration of manga

nese in compartment a of treatment 1 was lower than that of iron, this 

would not exert any appreciable inhibition on the absorption and subse

quent translocation of iron. In this manner, both elements would be 

translocated inside the plant with less interaction than in the other 

case. Such explanation might not be conclusive but under the conditions 

of this experiment no better explanation can be offered. 

Comparing the previously shown radioauto graphs for Fe^ with 

those of Mn^, it can be observed that the distribution and accumulation 

of Mn^ in the entire soybean plant is much lower than the distribution 

and accumulation of Fe^9 using similar experimental periods. This 
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would support the previous explanation concoming the slow transloca

tion of manganese compared to iron. 

Data for the concentrations of total iron and total manganese 

and the Fe/Mn ratio (on concentration basis) in soybean tissues are 

presented in Table 9 and in Figures 25, 26, and 27. Application of 

iron and manganese separately in two compartments (treatment 2) 

resulted in a significant decrease in the concentration of iron in all 

parts of the plant excluding root a and root b where the concentration 

of iron in either one depended on whether or not it received iron in the 

nutrient solution in which it was grown. The.manganese data also show 

that the concentration of manganese was, in general, lower in the case 

of treatment 2 compared to treatment 1. . This would seem to contradict 

the results obtained from previous experiments. However, this agrees 

in part with what has been found previously that the presence of iron 

and manganese in one compartment resulted in an increase in the man

ganese concentration of stem tissues. A possible explanation might be 

that due to the low. concentration of manganese used, the interaction 

between iron and manganese in solution was negligible. In such case, 

an interaction inside the plant where both elements may accumulate to 

a larger concentration than in the nutrient solution would be more 

feasible. Consequently, separation of the two elements during their 

absorption by plant roots would give a better chance for iron-manganese 

interaction to occur inside the plant. 
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Table 9. Iron and manganese concentrations and Fe/Mn ratio in soy
bean tissues as affected by iron and manganese treatments. 

Treat
ment Stem 

Plant Part 
Upper 
Leaves 

Lower 
Leaves Root a Root b. 

Whole 
Plant 

ugm Fe/gm dry matter' -> 

1 
2 

35.5 
33. 3 

100.9 
81. 7 

117.0 
97. 0 

3219 
415 

861 
2745 

187.4 
151.4 

iipn 

value 
7. 5• 6. 0* 6 . 1 *  50. 0** 23. 7** 9. 0* 

ugm Mn/gm dry matter • 

1 
2 

9. 1 
7. 7 

34. 5 
23. 8 

74. 8 
66. 3 

147.5 
76.4 

85. 1 
48. 7 

38.8 
32. 3 

iijrn 

value 
0. 5ns 8. 6* 3. Ins 10. 4** 6.  1* 5.1* 

Fe/Mn ratio-

1 
2 

4. 4 
5. 0 

3. 1 
3.5 

1. 6 
1.5 

23. 5 
5.9 

10. 0 
59.9 

4.9 
4. 8 

npii 

value 
0. 6ns 0. 9ns 0. 3ns 39.7** 43. 8*• 0. Ins 

Each value represents the mean of six replicates. Complete replicate 
data are shown in the Appendix in Tables 20, 21, and 22. Treatment 1 
contained both iron and Mu^ in compartment a. Treatment 2 contained 
iron in compartment b and Mn®4 in compartment a. 

ns Not significant 
* Significant at the 5% level 

** Significant at the 1% level 



Figure 25. Iron and manganese concentrations and the iron to manga
nese ratio in stem and uppdr leaf tissues of soybean plants 
,as affected by different iron and manganese applications. 

Treatment 1 contained both iron and Mn^ in compartment a. 
Treatment 2 contained iron in compartment b and Mn^ in 

compartment a. 



STEM 

E 20 

UPPER LEAVES 

Mn Fe I Mn 

1 2 
Fe AND Mn TREATMENTS 

Figure 25. Iron and manganese concentrations and the iron to 
manganese ratio in stem and upper leaf tissues of 
soybean plants as affected by different iron and 
manganese applications. 



Figure 26. Iron and manganese concentrations and the iron to manga
nese ratio in lower leaf and root a tissues of soybean plants 
as affected by different iron and manganese applications. 

Treatment 1 contained both iron and Mn^ in compartment a. 
Treatment 2 contained iron in compartment b and Mn^ in 

compartment a. 
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26. Iron and manganese concentrations and the iron to 
manganese ratio in lower Leaf and root a tissues of 
soybean pLants as affected by different iron and 
manganese applications. 



Figure 27. Iron and manganese concentrations and the iron to manga
nese ratio in root b tissue and the entire soybean plant as 
affected by different iron and manganese applications. 

Treatment 1 contained both iron and Mn^ in compartment 
Treatment 2 contained iron in compartment b and Mn^ in 

compartment a. 
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Figure 27. Iron and manganese concentrations and the iron to 
manganese ratio in root b tissue and the entire 
soybean plant as affected by different iron and 
manganese applications. 
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Brown and Jones (15) reported that chlorotic soybean plants 

absorbed much more manganese--supplied in a nutrient solution--than 

other non-chlorotic plants that have been pretreated with Fe-EDDHA. 

This would indicate that pretreatment with Fe-EDDHA prevented man

ganese from being taken up by the plant in large quantities. 

Although under the conditions of the present study no better 

explanation could be given for the observed behavior of iron and man

ganese, it appears that under conditions of supplying the plant with 

normal concentrations of iron and manganese, the interaction between 

these nutrients follows a different mechanism from what occurs under 

conditions of high levels of manganese. Vlamis and Williams (67, 68) 

have reported that the characteristic behavior of manganese nutrition 

depends greatly on its concentration in the nutrient solution. 

Data presented for the Fe/Mn ratio in soybean tissues show that 

there were no significant differences between treatments 1 and 2 in all 

parts of the plant except root a and root b. Tissues.of root a and root b 

exhibited a characteristic variation depending on whether or not either 

one was supplied with iron in the experimental period. Nevertheless, the 

data of Fe/Mn ratio indicate that the differences observed in the concentra

tions of iron and manganese in the various tissues are not of great impor

tance with regard to any reliable interpretation of the iron-manganese 

interaction. Tracer analysis for Mn^ in plant tissues might have been 

of considerable help in explaining the above mentioned discrepancies. 



SUMMARY 

A series of experiments was conducted to investigate the 

absorption and translocation of iron and manganese and their inter

relationships in plants. Soybean (Glycine max L. ) variety Lee was 

used as the test plant. The investigation was mainly concerned with 

establishing a split-root technique for growing soybean plants and to use 

such a technique, to investigate the following: (1) the effect of man

ganese on native iron; (2) the effect of manganese on uptake of iron; 

(3) the absorption and translocation of Fe^ as a function of time; (4) 

the absorption and translocation of Mn^; and (5) the iron-manganese 

interaction under conditions of normal concentrations of iron and 

manganese. 

In the split-root technique, soybean seeds were germinated 

between two filter papers moistened with deionized water and kept in 

a vertical position during germination period (4 days). Soybean seed

lings were then transferred each to a culture tube filled with complete 

nutrient solution and permitted to grow for ten days. After two weeks 

of plant growth, plants were removed and their roots were split. 

Three approximately equal lateral roots were chosen on each side of 

the primary root, and the remaining lateral roots were cut off and dis

carded. The primary root was also cut just below the chosen lateral 

99 
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roots. Plants were then grown with their split-roots separated in two 

culture tubes filled with complete nutrient solution. This allowed the 

plant to adapt itself to the new conditions and presumably gave enough 

time for injuries on the roots to heal. This period was called the pre-

culture period and usually consisted of five days. After the preculture 

period, plants were transferred to the experimental solutions with 

their split-roots grown in two compartments filled with different nutri

ent solutions as specified in the various treatments. 

During preliminary experiments, it was observed that radio -

iron was transferred from the root portion to which Fe^ was initially 

added to the other root portion which received no Fe^^. 

The study of manganese effect on native iron was conducted to 

examine the effect of high levels of manganese on the native iron of soy

bean plants. Manganese was supplied at 3 and 5 ppm in the nutrient solu

tion in the form of MnSO^* H^O. No iron was supplied to the plants dur

ing the experimental period except in the control treatment. At the con

clusion of the experimental period, symptoms of chlorosis were observed 

on plants supplied with either 3 or 5 ppm of manganese. At harvest, 

plants were separated each into stem, upper leaves, lower leaves, root 

a, and root b. Each part was dried and then retained for chemical anal

ysis. Analysis of the various plant tissues for total iron and manganese 

showed that addition of the two levels of manganese resulted in reducing 

the concentration of total iron and increasing the concentration of total 

/ 

I 
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manganese in most of the plant tissues. This was explained on the 

basis that high amounts of manganese were absorbed and then trans

located inside the plant to result in the replacement of iron by manga

nese in iron-containing compounds. This would involve iron inactiva-

tion and possible transference to other parts of the plant. Since root b 

(to which no high levels of manganese were added) showed an increase 

in the concentration of total iron, the possibility of iron redistribution 

into root b may be valid. The 5 ppm concentration level of manganese 

was generally the most effective in bringing about iron "inactivation" 

inside the plant. 

A study of the influence of high concentrations of manganese 

on the absorption, translocation, and utilization of iron in soybean 

plants was conducted. For this purpose both nutrients were added in 

the nutrient solution either combined in one compartment or separately 

in two compartments. Two concentration levels--3 and 5 ppm--were 

used for manganese in the form of MnSO^ • H2O. The normal concentra

tion of 0. 5 ppm of manganese was employed as a control. Iron was 

added at the level of 1 ppm and in the form of Fe^-EDDHA jn all treat

ments used. Two microcuries of Fe"^ were supplied to each plant. 

The experimental period was extended to six days at the end of which 

iron chlorosis symptoms were observed and recorded. Only a few of 

the plants supplied with manganese separately from iron showed mild 

chlorosis. However, most of the plants receiving 5 ppm of manganese 
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in the same compartment with iron showed severe symptoms of chloro

sis. At the end of the experimental period plants were harvested, sepa

rated, and dried. Data for the concentration of both total iron and man

ganese in the various parts of the plant showed that, in general, the 

combination of iron and manganese in one compartment resulted in 

reducing the concentration of iron and increasing the concentration of 

manganese in most of the plant tissues. The inhibition of iron uptake 

by high concentrations of manganese present in the same compartment 

with iron could take place as an interaction between the two elements 

either in the nutrient solution or at the root surface where competition 

between iron and manganese for absorption sites may be manifested. 

This was substantiated by the tracer analysis of Fe^ in soybean tissues. 

Although application of high levels of manganese, either combined or 
i 

59 separately from Fe , produced a reduction in the concentration of 

radioiron in the stem, upper leaves, and lower leaves, the combination 

of both nutrients in one compartment was more effective in producing a 

greater reduction in the concentration of Fe^9 in those tissues. This 

indicates that the iron-manganese interaction may be manifested during 

the absorption process as well as inside the plant. However, it is the 

interaction between iron and manganese at the root surface that influ

ences the amount of both elements that are absorbed by the roots. The 

fact that the tissues of root b(to which no Fe^9 vvas added) contained a 

59 considerable amount of Fe supports what had been found earlier in the 

I 
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study. The translocation of from root a (to which Fe^9 Was added) 

to root b (which received no Fe^) was also confirmed by radioautog-

raphy. Analysis of the nutrient solutions remaining in compartments 

a and b after harvest of soybean plants showed that Fe^^ was present 

in the nutrient solution of compartment b^ which received no Fe^ ini

tially. This indicates that some of the Fe"^ that has been translocated 

from root a, or from any other part of the plant, to root b^ was released 

from the root to the nutrient solution. Such release of Fe^^ was affected 

by the presence in the nutrient solution of high levels of manganese 

regardless of being combined with or separated from iron. 

Another phase of this investigation included the study of the 

absorption of Fe^ and its translocation in the soybean plant as a func

tion of time. Iron was supplied to one portion of the split-roots at the 

level of 1 ppm and in the form of Fe^-EDDHA. Three microcuries of 

Fe^9 -were added to each plant. Manganese was applied at a concentra

tion of 0. 5 ppm and in the form of MnS04 • H2O to both portions of the 

split-roots. Five time periods--l, 12, 24, 48, and 120 hours--were 

used. At the end of the specific experimental period, plants were har

vested, separated, and dried. A progressive accumulation of Fe^ in 

all parts of the plant was found to occur as the experimental period was 

extended. This was shown both by tracer analysis and by radioautog-

raphy. Since all parts of the plant showed considerable concentrations 

of Fe®9 when the experimental period was only one hour, this may point 
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to the rapid absorption and subsequent translocation of Fe^ in soybeans. 

This was especially true with root b which received no Fe®^ during the 

experimental period. 

The absorption and translocation of manganese in soybean plants 

and the iron-manganese interaction under conditions of normal concentra

tions of both nutrients were also examined. Iron was supplied at the level 

of 1 ppm and in the form of Fe-EDDHA only to one portion of the split-

root. Manganese was applied at the level of 0. 5 ppm and in the form of 

Mn^Cl^ • H2O with an activity of 3 microcuries per plant. The experi

mental period lasted for five days at the end of which plants were har

vested, separated, and dried. Translocation of Mn^ from root a (which 

received radiomanganese) to root b (to which no Mn^ was added) was 

shown by radioautography. This translocation was found to be affected 

by iron when both elements were supplied in two compartments. The 

data of chemical analysis for total iron and manganese also showed that 

separation of both elements in the nutrient solution resulted in a subse

quent reduction in the concentration of both nutrients in the plant tissue. 

However, this cannot be used to draw any reliable conclusion since data 

for Mn^ were not attainable because of failure to obtain any consider

able efficiency in the counting of Mn^. It appears that under conditions 

of supplying the plant with normal concentrations of iron and manganese, 

the interaction between the two nutrients follows a different mechanism 

from that which occurs under conditions of high levels of manganese. 
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Table 10. Iron concentration in soybean tissues as affected by manga
nese treatment. 

ugm Fe/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 

1 
2 
3 
4 

1 
2 
3 
4 

40. 2 
35. 6 
38.3 
34._4 

50.3 
39. 6 
33.9 
24.1 

55. 2 
41. 0 
41. 1 
34. 5 

46.9 
54. 7 
40.4 
27. 7 

39.8 
31. 5 
36. 6 
30. 5 

50. 7 
42.9 
22. 8 
37.2 

47. 2 
40.9 
35. 5 
31.4 

Upper Leaves 
67. 3 103.0 91.3 101.4 76.5 106. 3 91.0 
73. 5 75.4- 75. 5 111. 3 68.3 35. 1 81.5 
73.6 74.5 94. 8 83.5 68.3 54. 8 74.9 
77.4 68. 5 60. 0 52.4 71. 7 77.9 68.0 

Lower Leaves 
1 
2 
3 
4 

150.1 
102. 0 
170. 2 
111. 2 

156. 9 
119- 2 
132.4 

95. 2 

156. 5 
151. 6 
146. 7 
115. 0 

153. 2 
157. 5 
121.4 

75. 6 

93. 7 
134. 2 
181. 7 
80.9 

120.9 
154. 1 

85. 5 
111. 2 

138. 5 
136.4 
139. 6 

9 8 . 2  

1 
2 
3 
4 

Root a 
1760.0 946.3 1368. 3 1573. 8 738. 1 1345.5 1288.7 

653.9 720. 1 796. 797. 2 648.2 1221. 6 806.6 
854. 1 725.4 1110. 1 444. 0 429. 2 464.2 671.2 
312. 6 507. 7 248. 6 597.6 580. 7 656. 8 484.0 

Root b 
1 
2 
3 
4 

449. 7 
1220.3 

637.8 
581. 1 

1404.6 
236. 8 

1861.4 
312. 3 

442.9 
769. 2 
764. 1 

1833. 3 

369.6 
864.5 
418. 1 
621.6  

325. 2 
551.0 
817.6 
670.5 

464. 0 
1204. 5 

509.3 
307. 1 

576. 0 
791.0 
834. 7 
721. 0 

Whole Plant 
1 
2 
3 
4 

110. 7 
94. 0 

113. 6 
88. 2 

137. 8 
93. 5 

101. 6 
80. 1 

133. 8 
104.9 
119. 2 

71. 6 

126. 5 
130.4 
102. 8 

73. 8 

93. 6 
101. 2 
107.4 

8 1 . 6  

115. 7 
123. 6 

80. 1 
92.9 

119- 7 
107.9 
104.1 

81.4 



107 

Table 11. Manganese concentration in soybean tissues as affected by 
manganese treatment. 

Treat
ment 

ugm Mn/gm dry matter 
Replications 

Mean 

1 
2 
3 
4 

Stem 
10. 3 8.9 9.8 7.5 13. 7 8. 0 9.7 

6. 0 4. 0 5.2 7. 3 6. 3 7. 0 6.0 
15.3 14. 6 16. 2 21. 3 20. 7 14. 6 17.1 
27.4 23. 2 36. 7 20^2 25.9 25. 2 26.4 

1 
2 
3 
4 

Upper Leaves 
29. 1 27. 8 37. 0 41.8 43. 0 33.9 35.4 
20.7 25.9 29. 1 58. 7 22.9 41. 3 33.1 
51. 1 47.4 53.7 „70. 2 62. 7 47.8 56.5 
90.5 40.5 89.3 44. 7 78. 1 54. 2 66.2 

1-
2 
3 
4 

Lower Leaves 
76. 1 77.9 67.4 70. 1 56. 5 63. 0 68.5 
48.6 30. 0 69. 3 76. 6 80. 2 66. 3 61.8 

113. 5 82. 6 141. 7 115. 6 123. 2 113. 5 115.0 
158.4 114.6 165.8 83. 5 105. 1 107.9 122.6 

1 
2 
3 
4 

166. 0 
49. 7 

246. 8 
269. 1 

92. 6 
45. 1 

136. 5 
294. 5 

134.4 
44. 7 

154.4 
247.3 

Root a 
224. 0 
37. 8 

169.5 
279. 3 

182. 5 
51. 9 

138.9 
289. 5 

136. 6 
95. 5 

152. 3 
198.4 

156. 0 
54.1 

166.4 
263. 0 

1 
2 
3 
4 

62. 5 
43. 0 
74. 7 
36.4 

75. 5 
10. 5 
67. 3 
27.9 

77.2 
47. 6 
42. 6 

113. 3 

Root b. 
79. 7 
41. 0 
35. 3 
37.4 

134.4 
16 .  1  
46. 0 
31.4 

50. 5 
61. 8 
51. 7 
46.4 

79.9 
36. 7 
52.9 
48. 8 

Whole Plant 
1 
2 
3 
4 

32. 7 
24.0 
52.8 
84.5 

32. 6 
17.4 
41. 5 
61. 1 

35.7 
26. 7 
57. 7 
90. 7 

36. 5 
35.4 
60. 7 
51. 0 

42. 3 
30. 1 
58. 7 
69.2 

34.9 
31.4 
58.4 
61. 8 

35. 8 
27. 5 
55. 0 
69. 7 
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Table 12. Iron-manganese ratio in soybean tissues as affected by man
ganese treatment. 

Fe/Mn ratio _____ 
Treat- Replications 
ment 1 2 3 4 5 6 Mea 

Stem 
1 3.9 5. 6 5. 6 6. 2 2.9 6. 3 5. 1 
2 6. 0 9. 8 7.9 7. 5 5. 0 6. 2 7. 1 
3 2. 5 2. 3 2. 5 1.9 1. 8 1. 6 2. 1 
4 1. 3 1. 0 0.9 1.4 1. 2 1. 5 1. 2 

1 2.3 3. 7 
Upper Leaves 

2.5 2.4 1. 8 3. 1 2. 6 
2 3. 6 2.9 2. 6 1.9 3. 0 2. 1 2. 7 
3 1.4 1. 6 1. 8 1. 2 1. 1 1. 2 1.4 
4 0.9 1. 7 0. 7 1. 2 0.9 1.4 1. 1 

Lower Leaves 
1 2. 0 2. 0 2. 3 2. 2 1. 7 1.9 2. 0 
2 2. 1 4. 0 2. 2 2. 1 1. 7 2. 3 2. 4 
3 1. 5 1. 6 1. 0 1. 1 1. 5 0. 8 1. 2 
4 0. 7 o

 
00

 

0. 7 0.9 

Root a 

o
 

00
 

1. 0 0. 8 

1 10. 6 10. 2 10. 2 7. 0 4. 0 9.9 8. 7 
2 13. 2 16. 0 17. 8 21. 1 12. 5 12. 7 15. 5 
3 3. 5 5.3 7. 2 2. 6 3. 1 3. 1 4. 1 
4 1. 2 1. 7 1. 0 2. 1 

Root b 

2. 0 3. 3 1.9 

1 7. 2 18. 6 5. 7 4. 6 2. 4 9.2 8. 0 
2 26. 0 22. 7 16. 2 21. 1 36. 2 19. 5 23. 6 
3 9. 5 27. 6 18. 0 11.9 17. 8 9.9 15. 8 
4 16. 0 11. 2 16. 2 16. 6 21. 3 6. 6 14. 7 

Whole Plant 
1 3.4 . 4. 2 3. 8 3. 5 2. 2 3. 3 3.4 
2 3.9 5.4 3.9 3.7 3.4 3.9 4. 0 
3 2. 2 2. 5 2. 1 1. 7 1. 8 1. 4 1.9 
4 1. 0 1.3 0. 8 1. 5 1. 2 1.5 1. 2 
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Table 13. Iron concentration in soybean tissues as affected by iron 
and manganese treatments. 

ugm Fe/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 
1 41.5 44. 8 60.4 54.6 68. 0 50.0 53. 2 
2 38. 5 27. 5 37. 0 32. 7 29.8 44.9 35. 1 
3 34. 7 44. 1 37. 7 38. 1 31. 6 27. 8 35. 8 
4 49. 2 35. 8 34. 7 39.2 30. 3 34. 8 37.3 
5 31.2 46. 6 46.5 30. 2 34.4 30. 5 36. 6 

Upper Leaves 
1 87.9 128. 2 124. 0 134.0 107. 7 144. 3 120. 5 
2 54.6 62. 2 81. 6 81. 5 71. 1 90.8 73.6 
3 90. 7 117. 1 102. 2 106.9 69. 5 62.4 91.5 
4 96. 2 62. 1 88. 5 89.4 75.4 82. 5 82. 3 
5 61. 8 70. 7 80. 1 61. 7 73. 0 74. 6 70.3 

Lower Leaves 
1 152.4 143. 1 148. 1 147. 2 144. 2 153. 3 148. 0 
2 93.8 92. 7 88.9 128. 6 103.9 217. 6 120. 9 
3 125. 2 131. 8 114. 6 119. 3 97.0 100. 2 114. 7 
4 117. 2 117. 6 115. 3 100.9 100. 2 117. 7 111.5 
5 118.7 120. 0 101. 1 82. 5 79.0 68. 6 95. 0 

Root a 
1 417.5 817. 5 658. 3 811.9 556. 6 498.4 626. 7 
2 453. 5 349. 5 463. 2 552. 9 561.9 531. 6 485.4 
3 596.9 602. 3 461.9 485. 8 451.9 429. 6 504. 7 
4 579.4 552. 3 440. 3 591. 0 549. 7 540. 8 542. 2 
5 ' 576.3 576. 9 549. 8 593.6 308. 7 294. 3 483. 3 

Root b 
1 577. 5 427. 8 574. 7 566. 2 510. 0 548. 3 534.1 
2 331. 3 313. 4 329. 0 415. 0 391.5 450.4 371. 8 
3 423. 3 419. 8 395.5 485. 8 513. 7 369.9 434. 7 
4 466.1 387. 3 287.7 545. 6 325. 8 399. 7 418. 7 
5 376.9 363. 5 470.4 251.-6 225.4 232. 2 320. 0 
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Table 13--Continued 

ugm Fe/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Whole Plant 
1 112.5 122.2 138.0 137.2 130.3 129.8 128.3 
2 87.3 77. 8 82.9 97.0 90. 2 128.3 93.9 
3 99. 7 115.2 97.0 108. 6 85. 8 80. 1 97.8 
4 108.6 101.7 93. 0 103.6 88.3 102. 1 99.6 
5 88.5 98.4 97. 2 75.6 78.6 75. 5 85.6 
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Table 14. Manganese concentration in soybean tissues as affected by 
iron and manganese treatments. 

ugm Mn/gm dry matter 
Treat- • Replications 
ment 1 2 3 4 5 6 Mean 

Stem 
1 11.7 12. 7 12. 1 14.1 10. 7 12. 1 12. 2 
2 9.7 8. 1 12.9 10. 7 11. 5 16.1 11.5 
3 13.9 20. 6 11. 0 16. 1 14.5 15. 7 15.3 
4 18. 5 15. 2 13.8 13.6 9.9 13.7 14.1 
5 15. 8 18. 3 20. 8 16.4 18. 6 21. 2 18. 5 

Upper Leaves 
1 25. 7 33. 1 43. 2 37.9 30. 6 43. 6 35. 7 
2 18.4 19. 9 36.9 34.9 35. 7 41. 8 31. 3 
3 37. 5 68. 0 36. 8 41.1 37. 3 44. 7 44.2 
4 69.7 34. 2 34. 5 40. 6 31.9 46. 2 42. 8 
5 46. 7 56. 0 45. 6 40.1 41. 0 55. 6 47.5 

Lower Leaves 
1 95. 5 102. 0 106. 7 104< 8 108. 1 123.0 106. 7 
2 117.0 89. 5 112. 2 161. 7 125. 0 146. 0 125. 3 
3 112.9 159. 5 97.9 150. 8 80.9 127.6 121. 6 
4 91. 3 99. 9 96. 2 113.1 87.1 126. 6 102.4 
5 149.2 159. 0 103.4 106. 2 95.1 129. 3 123. 7 

Root a 
1 74. 6 264. 6 172. 0 14$. 1 117.9 116. 8 149.2 
2 46. 5 27. 3 111. 6 66. 2 61.9 41. 5 59.2 
3 39. 1 56. 8 30. 7 64.6 90.1 62. 8 57.4 
4 108.4 149. 3 136.1 182. 0 179.8 203. 8 174.9 
5 209.4 194. 2 226.9 264. 5 164. 2 270. 3 221. 6 

Root b 
1 125.0 93. 8 86. 8 124. 2 100. 4 161. 3 115. 2 
2 77.0 59. 1 152. 7 115.3 76.9 109. 3 96. 7 
3 127.8 132. 3 103. 3 129.2 136. 6 92.9 120.4 
4 158.9 42. 3 67. 5 142.6 62. 7 86. 5 93.4 
5 37.1 66. 1 138.9 81. 7 76. 8 72.0 78. 8 



112 

Table 14--Continued 

ugm Mn/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Whole Plant 
1 43.3 48.8 5 273 5T7T 48.7 56.3 — 50.2 
2 49.5 36.3 55.3 64.5 54. 1 55.7 52.6 
3 51.0 74.0 45. 6 41.9 45.4 57. 8 57.6 
4 60.6 45.3 45. 1 60.8 43.0 61.9 52.8 
5 61.5 73. 6 60.4 57.4 58.5 85.9 66.2 



113 

Table 15. Iron-manganese ratio in soybean tissues as affected by iron 
and manganese treatments. 

Fe/Mn ratio 
Treat- Replications 
ment 1 2 3 4 5 6 Mea 

Stem 
1 3.5 3.5 5. 0 3.9 6.4 4.1 4.4 
2 4.0 3.4 2.9 3.1 2. 6 2. 8 3. 1 
3 2. 5 2.1 3.4 2.4 2. 2 1.8 2.4 
4 2.7 2.4 2.5 2.9 3. 1 2.5 2.7 
5 2.0 2.5 2. 2 1. 8 1.9 1.5 2.0 

1 3.4 3.9 
Upp 

2.9 
er Leaves 

3.5 3.4 3. 3 3.4 
2 3.0 3. 1 2. 2 2.3 2.0 2. 2 2.5 
3 2.4 1. 7 2. 8 2. 6 1.9 1.4 2.1 
4 1.4 1. 8 2. 6 2. 2 2.4 1.8 2. 0 
5 1. 3 1. 3 1.8 1.5 1. 8 1. 3 1. 5 

Lower Leaves 
1 1. 6 1.4 1.4 1.4 1. 3 1.3 1.4 
2 0. 8 1. 0 0. 8 0. 8 0. 8 1.5 1. 0 
3 1. 1 0. 8 1. 2 0. 8 1. 2 

00 .
 

o
 1. 0 

4 1.3 1. 2 1.2 0.9 1. 2 0.9 1.1 
5 0.8 0. 8 1.0 0.8 

Root a 

o
 

.
 

00
 

0,5 0. 8 

1 5. 6 3. 1 3.8 5. 5 4. 7 4. 3 4. 5 
2 9.8 12. 8 4. 5 8.4 9.1 12.8 9.6 
3 15.3 10. 6 15. 0 7.5 5.0 6. 8 9.0 
4 2.9 3. 7 3. 2 3.3 3. 1 2. 7 3.1 
5 2.8 3. 0 2.4 2. 2 

Root b 

1.9 1.1 2. 2 

1 4. 6 4.6 6. 6 4. 6 5.1 3.4 4.8 
2 4.3 5.3 2. 2 3. 6 5.1 4.1 4.1 
3 3. 3 3. 2 3.8 3.8 3. 8 4.0 3. 7 
4 2.9 11. 5 4. 3 3.8 5. 2 4.6 5.4 
5 10. 2 5.5 3.4 3. 1 2.9 3. 2 4. 7 
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Table 15--Continued 

Fe/Mn ratio 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Whole Plant 
1 2. 6 2.5 2.6 2.7 2. 7 2.3 2.6 
2 1.8 2. 1 1.5 1.5 1.7 2.3 1.8 
3 2.0 1.6 2. 1 1.5 1.9 1.4 1.7 
4 1.8 2.2 2.1 1.7 2.1 1.7 1.9 
5 1.4 1.3 1.6 1.3 1.3 0.9 1.3 
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Table 16. Concentration of radioiron in soybean tissues as affected by-
iron and manganese treatments. 

cpm Fe^/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 
1 4131 6915 6369 4736 4476 5152 5296 
2 5554 4719 4833 5222 3401 5934 4944 
3 3671 4769 5188 5843 2919 3959 4392 
4 2656 3398 2386 2207 2234 1879 2460 
5 1988 3988 2488 1974 2447 2900 2630 

• Upper Leaves 
1 15836 20060 20303 22135 13203 17899 18239 
2 9400 18034 13796 14026 11882 18141 14213 
3 14336 16462 16707 16647 10098 12759 14502 
4 6320 7110 4346 6764 5758 7256 6259 
5 4633 5120 4831 4602 5472 5561 5036 

Lower Leaves 
1 12596 14433 9536 12082 12233 10670 11925 
2 7084 13244 6678 5586 5144 11876 8269 
3 9831 11805 14601 15643 9813 7121 11469 
4 5210 3762 6384 6303 3836 5011 5084 
5 3896 4115 3763 3270 3323 3984 3725 

Root a 
1 113062 124921 11600$ 123900 88774 98358 110837 
2 108309 96238 133482 135324 128391 115316 119510 
3 90188 92136 109386 94160 92380 89221 94578 
4 188825 97937 123030 158665 102661 127935 133176 
5 162809 148085 126052 140996 80312 65513 120628 

Root b 
1 10950 12200 6736 7417 7751 6645 8616 
2 6287 7795 9145 8228 5600 10058 7852 
3 9079 6323 12397 11292 9426 6413 8086 
4 6737 5922 3309 4107 5127 4187 4898 
5 3976 5714 4325 2680 4262 5509 4411 
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Table 16--Continued 

cpm Fe59/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Whole Plant 
1 
2 
3 
4 
5 

14737 
10757 

9782 
9299 
8937 

14280 
14352 
11271 

7895 
8664 

13324 
8530 

13649 
8452 
7104 

13460 
10520 
14188 
10916 

6246 

11935 
9056 
9475 
5990 
7537 

12848 
14368 

9000 
9488 
7665 

13531 
11264 
11228 

8673 
7692 
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Table 17. Amount of radioiron in nutrient solutions of compartments 
a and b as affected by iron and manganese treatments. 

cpm of Fe^ in remaining nutrient solution* 
Treat- Replications 
ment 1— 2 3 4 5 6 Mean 

Compartment a 

1 92865 92749 82860 91710 93305 97065 91759 
2 90990 114833 82748 110817 105930 89520 99140 
3 100289 85454 110253 95240 104150 110892 101046 
4 81826 93054 103945 115178 96528 100135 98444 
5 118337 94921 86310 104211 127031 113156 107328 

Compartment b_ 

1 225 60 23 23 165 282 130 
2 56 75 15 15 60 30 42 
3 111 35 11 79 81 69 64 
4 15 61 76 43 81 103 63 
5 15 20 27 15 23 21 20 

* Remaining nutrient solution after harvest of soybean plants. 
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Table 18. Concentration, of radioiron in soybean tissues as affected by 
time. 

Time cpm Fe^/gm dry matter 
period Replications 
hour 8 1 2 3 4 Mean 

Stem 
120 711 646 789 925 768 

48 728 583 324 565 550 
24 591 771 514 461 . 584 
12 453 661 722 761 649 
1 165 203 189 153 178 

Upp er Leaves 
120 15832 16975 20799 15222 17207 

48 1554 1242 804 1125 1181 
24 1888 2136 1261 1157 1611 
12 1177 789 798 1555 1080 
1 725 654 615 452 612 

Lower Leaves 
120 8780 5681 8665 5980 7677 

48 1005 2224 1060 2510 1700 
24 1246 1339 1078 1029 1173 
12 1672 1292 1223 2065 1563 

1 772 468 590 533 591 

Root a 
120 149877 135493 94942 115620 123983 

48 54526 38609 30423 65093 47163 
24 32341 53200 25424 24749 33929 
12 39325 23475 21536 29250 28397 

1 10401 6449 6255 6136 7310 

Root b 
120 13616 8601 10988 8704 10477 

48 4468 5103 4743 4211 4631 
24 2836 3473 3000 3850 3290 
12 3916 2778 2892 2780 3092 
1 1891 1878 1724 1724 
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Table 18 - - Continued 

Time cpm Fe^/gm dry matter ~ 
period Replications 
hours 1 2 3 4 Mean 

Whole Plant 
120 11561 10873 11631 7903 10492 

48 3323 2390 1440 2436 2397 
24 2166 1791 2.041 1617 1904 
12 1423 1585 1753 2023 1696 
1 643 593 707 612 • 639 
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Table 19. Amount of radioiron in nutrient solutions of compartments a 
and b as affected by time. 

Time cpm of Fe^ in remaining nutrient solution* 
period Replications 
hours 1 2 3 4 Mean 

Compartment a 

1 103689 94664 101530 95224 98777 
12 103818 106835 104404 98341 103350 
24 99314 97855 100400 104519 100522 
48 106416 111955 113042 106851 109566 

120 123326 121400 119826 101738 116323 

Compartment b 

1 29 14 14 22 20 
12 19 19 26 26 23 
24 26 19 19 11 19 
48 26 22 22 15 21 

120 25 49 32 39 36 

1 Remaining nutrient solution after harvest of soybean plants. 
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Table 20. Iron concentration in soybean tissues as affected by iron 
and manganese treatments. 

ugro Fe/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 

1 44. 1 37. 1 34.5 41.2 43.5 37. 1 35.5 
2 41. 1 30. 7 29.9 33. 3 33. 2 38. 8 33.3 

Upper Leaves 

1 101.9 103. 1 104.4 102.9 96. 8 96. 1 100.9 
2 86. 8 116.7 76.5 76. 8 70.2 63.4 81.7 

Lower Leaves 

1 118. 1 112. 1 106.9 110. 1 153. 5 101.4 117.0 
2 94.4 108. 0 90.3 96.3 101. 2 91. 8 97.0 

Root a 

1 4930 2566 2330 3423 3550 2514 3219 
2 474 393 490 358 451 324 415 

Root b IT-

1 2138 674 596 844 608 303 861 
2 3616 2391 2391 1904 3556 2614 2745 

Whole Plant 

1 203.3 177. 1 167.5 225.4 188. 8 162.4 187.4 
2 170. 7 170, 8 146. 7 143.4 151.5 125. 6 151.4 
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Table 21* Manganese concentration in soybean tissues as affected by 
iron and manganese treatments. 

ugm Mn/gm dry matter 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 

1 8.0 10. 5 7.7 8.5 10. 3 9.5 9.1 
2 16.6 5. 2 6.9 4. 7 6. 8 6. 1 7.7 

Upper Leaves 

1 44.3 30.8 31.2 24.4 38.9 37. 1 34.5 
2 33. 7 21.5 24.0 24. 1 18.9 20.4 23.8 

Lower Leaves 

1 66.0 79.4 75.8 82. 6 76.0 68.8 74.8 
2 82.9 64. 2 64. 0 70.0 64.5 51. 8 66.3 

Root a 

1 195.4 141. 1 75.3 100.8 192.3 179.9 147.5 
2 76.2 113.6 85.6 62.5 55. 5 52. 7 74.4 

Root b 

1 143. 1 91.3 46.9 61. 5 82.4 85.4 85.1 
2 50.6 . 64.4 64.4 27.0 46.4 39.5 48.7 

Whole Plant 

1 37.2 41.3 35.6 37.7 38.2 42. 7 38.8 
2 44.5 31. 3 31.8 32. 2 29.0 25.2 32.3 
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Table 22. Iron-manganese ratio in soybean tissues as affected by iron 
and manganese treatments. 

Fe/Mn ratio 
Treat- Replications 
ment 1 2 3 4 5 6 Mean 

Stem 

1 5.5 3. 5 4. 5 4.9 4. 2 3.9 4.4 
2 2. 5 5.9 4.4 7. 0 4.9 5. 2 5.0 

Upper Leaves 

1 2. 3 3.4 3.4 4. 2 2. 5 2. 6 3. 1 
2 2. 6 5.4 3. 2 3. 2 3. 7 3. 1 3.5 

Lower Leaves 

1 1.8 1.4 1.4 1. 3 2.0 1. 5 1.6 
2 1.1 1.7 1.4 1.4 1.6 1.8 1.5 

Root a il 

1 25. 2 18.2 30.9 34. 0 18. 5 14. 0 23.5 
2 6. 2 3. 5 5. 7 5. 7 8. 1 6. 2 5.9 

Root b 

1 14.9 7.4 12. 7 13. 7 7.4 3.6 10.0 
2 71. 5 37. 1 37. 1 70. 7 76. 7 66. 1 59-9 

Whole Plant 

1 5. 5 4. 3 4. 7 6. 0 5. 0 3. 8 4.9 
2 3. 8 5. 5 4. 6 4. 5 5. 2 5. 0 4.8 
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