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EFFECT OF CHELATE COMPOUNDS ON THE IRON NUTRITION OF THE 
BEAN, PHASEOLUS VUWARIS L. 

INTRODUcTION 

Iron deficiency has been the cause of considerable economic 

losses in crops grown on both extremely acid and extremely alkaline 

soils. Although it was the first micro-element deficiency to be 

recognized, and has been the subject of counties experiments, it 

has rerained until vexy recently one of the most baffling de- 

ficiencies to study and to correct. 

However, in 19S1, Jacobson (31, p. 1l3) showed that the terrie 
potassiiin salt of ethylenediaminetetraacctic acid (EDTA) was very 

satisfactory as a source of iron for plants groin in nutrient 

solutions. Shortly after, in l92, Steward and Leonard th7, 

p. 566) reported the successful cure of iron deficiency chiorosis 

in citrus orchards with this raaterial. 

The first successes with citrus were obtained on acid soils. 

UnÎortunate1y, when EDTA was tried ozi alkaline soIls, it frequently 

failed to correct iron deficiency because the Iron complex was not 

sufficiently stable under alkaline conditions. Recently, several 

new compounds have been developed by mang substitutions in the 

chains attached to the ethyienediauine nucleus. Some of these com- 

pounds show promise as cosplexing agents for iron for the 

nutrition of plants under alkaline Conditions. 

The objectives of this study were to develop rigidly control- 

led methods of growing plants in nutrient solutions at alkaline 



pH's, to deter"nine the critical, optimum and toxic levels of two of 

the new compounds, the iron complexes of N-hydroxyethylethylene- 

diaminetetraacetic acid (}kJ11A) and diethylethylenetriamine- 

pentaacetic acid (Dr?Jt), as sources of iron for planta grown in 

nutrient solutions at high pli, to determine the effect of pli, 

phosphorus and calcium concentration of the nutrient solution on 

yield and iron uptake of plants, and to measure the interactions 

between iron and phosphorus, and iron and calcium when iron was 

supplied as chelate complexes. 
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REVIEW OF LITERATURE 

Causes of Iron-Deficiency Chiorosis 

Antognini (2, p. 1.7) considered tha iroi cb1orosi of planta 

could be caused by an actwl deficiency of iron, to oii reaction, 

er to A lack of available iro3 in the soil dus to high manganese, 

copper or lime. Hewitt (52, p. 1I3) stated that iron deficiency can 

be caused b; high lime cortant of calcareous soils, deficiency of 

other eieient, ox' exces of pophru, mangfnee, ,1nc or copper. 

lie thought that siap1e deficiency of iron probably occurred only 

under pot conditions. Porter and Thorre ( , p. 373) considered 

that high oísture, liv temperature, 1gh linie coterìt, and iìigh 

bicarbonate ion concentration in tL soil were aaociated with 

chiorosic. Haertl (18, p. 56) tC;: tìat exti emïe1y acid or basic 

soil frequently leads to iron-deficiency chiorosis . holley aí 

Cain (2g, p. 173) noted that te saxme type of chlorsis found ozi 

calcareous soils cari also reslt fro; the presence of nickel or 

cobalt which apparently interferes with the function of iron. 

Do kock (3h, p. 172) grew netard plants in nitrient solutions under 

oxygen and bicarbonate treatet using several chelat ooipaunds. 

with radioactive iron anc3 tFe autoradiograph techiiae, he showed 

that. in t:ie chl?,rotjc plante tber was little iront in the ntor- 

veinai Ussue but o3nsidorable cDzicentrtions in the con&tctimg 

eleTmerLts. It may be noted throughout these reports that actial 



deficiency of iron is seldom credited with causing iron-deficiency 

chiorosis. 

Effect of Iron DefieiencLpn Plants 

In extrerie s;udie of iron-deficiency c1orosis by steinic 

analyses of th 1eavc of norirtal aud ohiorotic plants, Lijin 

studied th nitrogen distribution, the carbohydrate and organic 

acid ietabolisa, and the asi c3ntont of seventeen species of 

European plants over a period of Loar ysars. 

kJj studies of nitrogen nietabolisn (27, p. 29S) included total 

nitrogen, soluble nitrogen, aiino nitrogen, ainioniuii nitrogen, amide 

nitrogen, aLd realdual nitrogen. He found tha the botal nitrogen 

content ol' young leaves of healthy plants as highest ir th3 spring 

and gradually decreased after the leaves were fully forned. Tìe 

total nitrogen e ntozìt of youxÀg 13aV03 of eblorotic plants at the 

saine tin2e W33 considorably greater. At. tnis stage, the soluble 

nitrogen content of eblorotic leaves raight be five to fifteen times 

as high as that of healthy ones. Soluble nitrogen is rapidly 

assiídlated in healthy leaves. This wa retarded in ohlorotic leaves 

where amino nitrogei ght be several tiies higher than in healthy 

oiles by early aunimer. ¡iwnoniuni nitrcen in noraal and ch].orotic 

tissues in the spring ias lo and au at the sau'e in both. Amide 

nitrogen might b ten or nore tiiie higher in ohiorotic leaves than 

in healthy ones. Insoluble nitrogen Lorraed ninety-four to ninety- 



six per cent of the total nitro'en in healthy, fully-developed leaves, 

whereas only thirty to forty per cent was insoluble in chiorotic 

leaves, Iron deficiency evidently interferes with the conversion of 

soluble nitrogen compounds to the insoluble compounds "Residual 

nitrogenous compounds" (unidentified compounds) were absent in 

healthy foliage or present in email amounts only, whereas in 

chiorotic plants they accounted for forty to sixty-five per cent of 

the soluble nitrogen. 

Halley and Cain (2S, p. 172), investigating the residual nitro- 

genous compounds that Ihm described, studied chiorotic and 

healthy blueberry, apple and magnolia leaves and identified t he free 

amino acids by paper chromatography of the eighty per cent alcohol 

extract. Tne,y determined arginine by a colorimetric method as a 

check on Ui chromatographic method and found that an accumulation 

of free arginine is characteristic of plants affected with iron- 

deficiency chlorosis, and that tne arginine disappears with recovery 

from chiorosis. Chiorotic blueberry leaves contained about 2 

micrograms of free arginine per square centirnetre whereas Rreen 

leaves contained Only 1 microgram per square centimetre, 

In studies of carbohydrate and organic acid metabolism, Iljin 
(28, p. Y50) analyzed the sap of the same seventeen species of 

European plants during four seasons for total organic acids as well 

as for certain specific acids such as citric, rnalic and tartaric. 

Ho considered that the increased carbohydrate content f diseased 



foUace over healthy foliage might result froni impaired translocation 

of carbohydrates out of chiorotic leaves. In those species which 

he considered able to metabolize citric acid, he found several 

tines more citric acid in the leaves of chiorotic plants than in 

those of healthy ones, the amount being directly correlated with the 

severity of the disease. 

In studies of the ash content of leaves, Iljin (29, p. 26) 

found that the mineral content of the sap of ch].orotic leaves ex- 

ceeded that of normal ones. He also found that the mineral content 

of normal leaves increased gradually from spring to autumn, whereas 

irregular fluctuations occurred in chlorotic leaves. There was 

more potassium in the sap of chiorotic leaves than in the sap of 

healthy leaves. Potassi.uin content decreased progressively through- 

out the growing season in normal leaves, but there was a marked 

increase in midsummer in chiorotic leaves. Chiorotic leaves usually 

contained more calcium than healthy ones and the ratio of potassium 

to calcium in chiorotic leaves was higher than that in healthy 

leaves. The magnesiam content increased with increasing chiorosis. 

Wallace and Hewitt (S2, p. l9) considered that the outstanding 

characteristic of the inorganic status of plants suffering from 

lime-induced ch].orosia was the high content of potassium and the 

low calcium to potassium ratio. They suggested that this con- 

dition was an effect of chiorosis rather than a cause. 

Baxter and Beicher (S, p. 3I) titrated suspensions of ground 

leaves and roots of citrus from chiorotic and healthy trees grown 
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on both alkaline and acid soils. In the chiorotic plants, they 

found a nigher p, a higher buffer capacity of the root sap, and a 

higher concentration of calcium and carbonate iOfl2I of the roots 

than in the healthy plants. They conniderd that te accumulation 

of bicarbonate ion in roots unfavorably affected carbon dioedde 

excretion and thus internal pH, and was the main factor in the 

netabolic disturbance leading to iron deficiency. 

Effect of pH of the Substrate on Plant Qrowth 

Arnon and Johnson (1g, p. !25) studied the effect of the pli of 

the nutrient solution on the growth Gf totato, lettuce and Ber!iuda 

grass. They found that complete failure of growth occurred at 1i 3. 

In no case did root growth occur at this pH. At the other extree, 

injury and a inarloed reduction of growth were observed at pIi 9. 

Beet grcrth of plants, as easured by fresh weight, occurred at 

pi3 , 6, and 7. There as considerably reduced growth at pE 14 and 8. 

In a general rview of tne influence of pH of the nutrient 

solutions on plant growth, Hewitt (21, p. 98) stated that the 

ajor:Lty of efficient nutrient solutions had a pli between t.5 and 6. 

The work of a large number of investigators siowed that, in general, 

injury occurred for a wide range of plants at about pH 3. to L on 

the acid side and pH 8.5 on the alkaline side. In tests of the pH 

of the plant sap, Arnon and Johnson (14, pp. 31j-3) found that 

neither the pH of the nutrient solution in tne rango c pH 14 to 9, 



nor the concentration of calciuu in the nutrient solution had any 

effect on the h of the plant sap. 

Arnon and Johnson (1h, p. 33) also studied the effect of pH 

and calcium concentration of the nutrient so].utiori on the weight of 

plants grown in acid nutrient solutions. They found that in lettuce 

and touato higher calcium concentrations increased growth at pH , 

increased growth soiiewbat less at pli 5, and did not increase growth 

at all at pH 6. Hewitt (21, p. 99) pointed out that at high pH 

values, precipitation and non-utilization of iron, calcium and 

phosphorus and in eoae instances manganese can take place. 

Bidduiph and Wood oridga (7, pp. I33-I35) investigated the 

effect of pH of the nutrient solution on the absorption of phosphorus 

by the bean plant. They employed pli values of ¿, 5, 5 and 7 corn- 

bined with iron supplied at i p.p.n. as ferric nitrato. Their data 

show that there was a reduction of phosphorus content of tri- 

foliate leaves between pH 6 and 7, a gradual reduction of phos- 

phorus in cordate leaves betweeti pH L and 7, and a gradual reduction 

of phosphorus content of sterns between ph 1 and 6. 

Tranelocatiui of Minerals in Plan ;s 

According to Bidduiph (6, p. 263) minerals obtaied by the 

plant root from the environment are absorbed by the epidermal cells 

of the root, transferred cell-to-cell across the cortex to the 

cells immediately surrounding the xylen, and secreted into the 



xy1e where they ascend to tne aerial portions of the plant. From 

the xylem, minerals can be captured by adjacent cells such as 

cambium and young phloem, move ].terally through the rays to 

actively nietaboliing cells, deposit in leaves, or move to apical 

primordia. The direction of movement is influenced by netabolic 

use and transpiration. 

Bidduiph (6, p. 267) utilized radioactive tracer elements to 

studr the precipitation of iron and phosphorus at the junction of 

the root and nutrient solution and at the junction of vein and 

mesophyll of bean plants. He found that the presence of a large 

amount o! precipitated iron on the root surfaces inhibited the up- 

take of additional iron. The composition of the precipitate on the 

root was predominarly ferric phosphate below pH 6.0. At pH 6.0, 

soîe calcium was present and at pH 7.0 calclwn was an important 

constituent. He found also that as precipitates o! iron and 

phosphorus increased on the roots, the movement of phosphortw as 

well as iron into the top was impaid. He concluded ttt precipi- 

tation reactions on the roots might influence the ready entrance of 
iron and phosphorus into the root and hence into the plant as a 

whole, and that this precipitation depended in large measure on the 

jI of the growing medium. 

A condition similar to the precipitation on the surface of the 
roots might exist at the xylem extre:'nities where actively metabo-. 

lizinR cells obtain minerals rom the xylem. Althgh prior pre- 

cipitaton ai. ttìe root surfdce might provide sorne protection, it 



seemed valid to him to assume that precipitation might also occur at 

the xylem extremities. 

?hosphorus-Irori Interrelations 

Bidduiph and Woodbridge (7, pp. i43l-U3) have iade compreh- 

erisive studies of the interrelations of phosphorus and iron ii the 

bush bean grown in nutrient solutions at three levels of phosphorus 

(0.2, 1, and 20 molar times 10) and three levels of iron (0, 1, 

and 2 molar times 10) at pH 6. At the high phosphorus level, 

phosphorus uptake was not affected by the level of iron supplied. 

At the medium phosphorus level, phosphorus uptake increased in the 

roots and decreased in tue tn-foliate leaves as the iron level of 

the substrate increased. At the low phosphorus level, the effect on 

the roots was about the same , but was intensified on tk;te tri- 
foliate leaves. The iron content of tne tn-foliate leaves at the 

medium phosphorus level was not affeøted by the iron level in the 

substrate, but tha oi the roots increased sharply as '...ho iroi 

supply increased. 

De Kock (3h, pp. 167-172) grew mustard planta in nutrient 

solutions at pH 7.8 under varying oxygen and bicarbonate levels 

and with three different sources of chelated iron. He found that 

the degree of chiorosis was related to the iron conteit of the 

leaves but that the relation was not "clear-cuV'. However, he 

recalculated the piiosphorus and iron values as trie phosphorus to 
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iron ratio and obtained values of 60 to 70 for chiorotic plants and 

140 to 0 for healthy plants. The degree of chiorosis was then 

correlated with this ratio a a 'wel1-narIed" series. 

oi1e-Jories (8, p. 170) found that. chloro3is in potato plante 

grown under limiting iron supply was induced or accentuated 5y 

the addition of p±osphate. 

Manganese-Iron Interrelations 

Leach and Taper (3, p. 1) grew beans, tatoes and onions 

ici nutrient solutions vaiying in iron and ivafli1ese concentration. 

In one experi:ient with onions, they supplied iron and manganese at 

2, 5 and , ar4 5, and 25 and S p.p.ra. levels. 

The anounts of iron and manganese absorbed in twenty.four hours 

varied directly with the concentration supplied. However, t he corn- 

binad amount of iron arid rangarieso absorbed for any one concentration 

was quita constant though the ratio of the two might be very 

different. 

Potassinm-Iran Interrelatìone 

The interrelations of potassiva and iron have been studied by 

3ol1e-Jonea (8, p. 170) vorkirig with the potato plant. He found 

that when iron supplies were li a ting, iron-deficiency ohloross 

was induced or accentuated by a reduction of potassium. He also 

found that iron deficiency ehiorosis was cured by addition of ILI:;h 
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levels of potassium. This action was attributed to increased 

mobility of iron in the plant associated with reduction of iron 

accumulation in the roots. The status of irDa in t1 plant was 

found to govern the distribution of potassium within tìe plant, 

with high iron levels favoring its translocation to the tubers at 
the expense of the young shoot regions. 

Relati ons between Iron and the Carbon Diode-Carbonate-ßicarbonate 

Syetem 

Yaalon (9, pp. 3,6-363) discussed the physical-cnemical rela- 
tions of calcium carbonate, carbon dioxide and pii. His work was 

based on tne use of experiiientally deternined constants in equations 

derived frora the law of mass action. e demonstrated tiat calcium 

carbonate solubility and the pH of the resulting solution are 

determined by the carbon dioxide pressure in the aseous phase of 

the system. The equilibrium was affected relatively little b 

teniperature or neutral salts. He considered that 0,0033 atmosphere 

C the carbon dioxide concentration of the earth's atmosphere) and 

o.o atmosphere to be the minimum and maximum values of carbon 

dioxide likely to be found in the soil atmosphere. The possible 

extreme values of pi-f at these carôon dioxide concentrati one in a 

o1ution saturated with calcium carbonate are from p1-i 7.6 to 8.7 

at 0.0033 atmosphere carbon dioxide and from pH 6.7 to 7.6 at 0.05 

atmosphere carbon dioxide. 



Lindsay and Thorrie (39, p. 273) i;ivestigated the relations of 

bic rbonae ion con.tration and xygei level to ehLorosis nd iron 

uptake. They studJ.d the soil solutiìs expressed ft'om frs8h soil 
samples ry pressure nenbraiio apparatus. The expressed solution was 

collected under liquid paraffin and analyzed for bicarboxite by the 

carbon dioxide voiuiaetric method. They found that the blcarbnate 
arid calciuû concentrations of these soil solutions were significantly 
rzigher in areas producing chiorotic plants than in adjacent areas 

wnere te plants were green. psuu or sulfur application to the 

i1 decreased the bicarbonas Lori concentration, bw& did not cure 

tiie chiorosis in the raspberries groing on it. 
In greenhouse studlea, the saie livestigators (39, pp. 273- 

27ó) grew beans in hoagland's nutrient golution. T1 bicarbonate 

treaterit was ivade by adding 10 ìdlliequivalent of sodium bicarbon- 

ate per litre to the nutrient s olution. The treatments with no 

bicarbonate received 13 ri1liequivalents of sodiun chloride per 

litre. The solutioLS were aerated with controlled mixtures of air 

and nit.rogen to control the oxygen level but no attenpt wa iiade tu 

control the oarbon dioxide content of the air used. The pH of the 

solutions was 1ept at 7.8. The bicarbonate treatiier4t at the low 

oxygen level reduced both the chlorophyll content and the total 
weighb of the plants. Ineresing te oxygen ccintent of the aera- 

ting mixture caused further decreases in growth. The bicarbonate 

treatment greatly retarded the iovement of radio-iron o stems and 
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leaves, but oxygen level had no effect. The saine treatments were 

used in 3econd experiment with the addition that iron was supplied 

from two sources, soluble iron pnosphate and EtftA. Ìhen EPTA was 

the sirce of iron, there was less reduction of growth and 

chlorophyll content than when the source was soluble iron pnosphate. 

Porter and Thorne (1, p. 381) later investigated the inter- 

relations of carbon dioxide and bicarbonate ion in plant chiorosis. 

They grew beans and tomatoes in Hoagland and Amont nutrient 

solution using soluble ferric phosphate as the source of iron. The 

solutions were aerated with 2 litres per day of mixtures of air 

containing 1, 3, and S per cent carbon dioxide. Two series of 

treatments were made, the first with pH held constant and bicarbon- 
ate varied fror 0,3 to O milliequiva1ents per litre and the second 

with bicarbonate held constant and the pH varied from 7.3 to 8.3. 
When the ph was held constant, leaf chlorophyll decreased as bi- 
carbonate increased and when the bicarbonate was held constant, leaf 

chlorophyll decreased as ph increased, The former effect was much 

more marked than the latter. Increasing concentrations of bicar- 

bonate resulted in increasing leaf iron content even though 

chiorosis increased also. 

De Kock (3Ii, p. 172) grew mustard in nutrient solutions and 

supplied iron in the form of four chelato compounds. Some treat- 

ments received 10 ¡nilliequivalents of sodium bicarbonate per litre 

and others 10 milliequivalents of sodium chloride. Some were 

aerated with 20 per cent oxygen and some with 1 per cent oxygen, 



The i per cent oxygen resulted in less chiorosis than the 20 per cent 

oxygen. Bicarbonate intensified the calorosis. Plants fron the i 

per cent oxygen treatment contained nore iron ir the sterns and roots 

than those treated with 23 per cent oxygen but the leaf content was 

about the same. Bicarbonate slightly depressed the iron content of 

the leaves. 

Nichel-Iran Interrelations 

Crooks, Hunter and Vergnario (]5, p. 311) investigated the in- 

fluence of varying levels of iron and pli on nickel toxicity in oats 

grown in sand and water cultures. They found that toxicity symp- 

toms were less severe when the iron concentration in the nutrient 

solution was high. Iron uptake was reduced by both nickel and in- 

creasing pli and resulted in chiorosis at p11ts above 

Crooke (lk, p. 173) found that nickel as nickel EJYTA applied at 

the rate of 2.S p.p.m. nickel was unavailable to plants, whereas 

ionic nickel produced toxicity symptoms. 

Iron Content of Plants Ha-'ing Iron-Deficiency Chiorosis 

lijiri (30, p. 19S) found that the quantity of total iron in 

plants was not correlated with chiorosis. He stated that in yellow 

leaves the quantity of total iron could be less than, greater than, 

or equal to that in green leaves. 

However, other investigators have indicated that there was a 
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relationßhip between iron content and degree al' iron-deficiency 

cIloroeis. Hill (22, p. 166) found that blueberry plants with iron- 

deficiency chiorosis contained less iron than noria1 plants. 

Wallihan (56, p. 1O1) found that iron chiorosis of citras in 

southern California was caused by a simple deficiency of iron. 

Leonard and Stewart (36, p. O) fotnd that correction of ch1oross 

in citrus was accompanied by eubetantial increases in total irozi, 

After revieairi tkie literature, t1lace and Hewitt (2, p. 253) 

stated that. values of the total iron content of both en and 

chiorotic plants froni the data of different investigators varied 

greatly, and. that it waa erterally recognized that a division of the 

iron into activ&' and inactive* iron wart rLecesary. Tbey noted 

the difficulty of strict comparisons because different irwetigators 

used different methods of fractionation of iron. 

Mason (131, pp. 1O1..lO7) thought that dust ght affect values 

found from iron content and measured the effect of duet contamination 

on the iron cont.ent of apple leaves. He found that dust collected 

near the sampled trees contained 3. per cent iron. He made testes 

of the effectiveness of five leal treatments to re;ove the dust 

contaidnatiori 1. wiping with dry muslin; 2. wiping with wet 

muslin; 3. scrubbing with a soft nylon toothbrush for ten seconds 

while immersed in water; 13. scrubbing as above while ii.niersed in 

0.3 norxïal hydeochioric acid; . scrubbing as above while 1miersed 

in Topol (a detergent). The iron values he f ouiad after treatment 

weret 1. 160 p,p.m. 2. 250 p.p.m. 3. 113 p.p.ti. ).. 107 
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. 108 p.p.m. It is evident that cmsiderab1e urfaoe contamination 

of the leaves occurred with respect to iran. Washing had no effect 

on trie other nutrient eleirients. he also shed that these washing 

techniques had no effect ori the iron values of leaves protected by 

growing under cellophane bags or in a greenhouse. Since most or 

all of the older literature failed to recognize true factor, the 

iron analyses report.ed are correspndiiy open to question. 

Chelatos and the Iron Netritiori of Plante 

Characterist.ics o.f a ohelate compound. A chelato compound is 
described by haorti (19, p. 6) as: '...any compound which will 

inactivate a metallic ion witn trie formation of an inner riug 

structure in the molecule, the aetatlic ion becoming a ue;uber of 

tite rirlg.li 

Tue first synthetic chelating agent generally used in pknt 

nutrition and the parent of the large family of chelates now used, 

was ethylenediaminetetraacetic acid. For c.nvenienco, it is 
generally referred to as EDTA. Haertì pictures its atrticture as 

follows: 
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According to Haerti, EDTA is nt water-8oluble and is therefore 

prepared as the sodium salt. This sodium salt reacts with netallic 

ions such 35 iron to fors a chelate havin' the f ol1owin structure, 
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o = C / \ 
Stewart and LeoriarI (h8, p. 79g) stated that the chelation 

reaction proceeds according to the law of mass action in which the 

constant K of the reaction equals tne ratio of the concentration 

of the netal chalate compound to the concentration of the metal in 

the ionized state tines the concentration of the chelating agent. 
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When is very large, the in concentrat3n is very suall. The K 

value is oomnonl;r referred to as the stability contaut arid i a 

usefì1 guide to predict certain propertieo of chelates since the 

higher the K value, the :&)re stable is the complex. Since at high 

pli values, precipitation reactions may comte with the chelate for 

trie ion, a high K value wit1h its correspondinly 1er concentration 

of unatae;ed ion will make tc chelate :ore stable. 

M!th £ chelate .2Eomds. Holmes and Brciwn (26, 

p. 178) grew 3oybeafls in seventeen naturally calcareous soils and 

used five chelate compounds not containing iron hut "taed" With 

carbon 11 to mobilise soil iron, Autoradiographs showed that the 

ohelates made iron in the soil (iron added two weeks earlier) 

available to the soybeans. The radioactive iron ir the plant was 

concentrated in tne leaf and flewer primordia, whereas the carbon 

114 from the chelate was uniformly diatrith.ted through the plant. 

These results sugrest that the chelate compound enters the plant, 

but that separation occurs with utilization of iron by the metabolic 

processes of the plant. 

Weinstein et al. (S?, p. 1421) izwestic'ated the ahsorptiDn, 

trarialocatjon arid etaholism of E1Y1A bj split-root cltures. They 

used four treatments t (a) whole roots In one o entamer witt iron 

supplied as errous su1Íate (b) split-root culture with iron 

supplied as ferrous sulfate in one container arid no iron or 1DTA in 

the others (c) split-root culture wIth iron supplied as ferrous 
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sulfate in ne container anti EJYTA in the other; (d) whole rt 
c lture wit iron and EI72A snpplied tcgother. All treatrents 'were 

run at pH S0 and pH 7.0 and tne nutrient so1ution were eharìed 

every two dayt . Ali treatent5 produced norma). grwth at pH .O. 

However, a çH 7.0 both treatments without tTiA prothced chiorotic 

plants, w-á1e the treathnt with iron th one container an EIIFA in 

the other artr the tretrnent with iron ani TTA in te ae container 

produced norra&1 plante. Thse res1ts indicate that ETYTA ïiade iron 

available to the pl.nts or asai3t,ecL in th absorption and distri- 

butioc O± iron, 

Do Kock (33, p, L73) found that a 'witer extract of peat ueed 

in one container of a split-root culture was a efecti'e as 

ii mobilizii iron fro'u the other container, Indeed, even hu:tus- 

like substances synthesized fr.'rn reagent grade eucrose were equaliy 

eibe i ve, 

De Konk and Strxnecd (32, p. l2) grew mustard plants with 

lignite of less than O.V tíiiiaetre fiiieneas added to the cultures. 

They found that. avaj1ab11ty of irn was :Lncreaed by the huinic 

acid from the ligriLte. 

}Lill-Cottinghain (23g p. 3147) made an interesting discovery on 

he effect of ligbL on iron cnelates. He f3und thab three chhiates 

that were coapleely stable in tke dark were dcoxipooed on <osure 

to daylight. He su.)ested thau redicion of iron crelates tnay 

take placo in the leaves of plants to yield the less stable ferrous 

compound hi ch could then be reaoved more readily by coaplex forma- 
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ation with proteins. 

Origin and development of use. The first report of the use of 

E1YA as a source of iron in plant nutrition was made by Jacobson 

(31, p. ¿l3) in 19S1. He grew tomato, sunflower, corn and barley in 

Hoacland's solution with FeEJiIA. He found that the compound supplied 

iron satisfactorily at a concentration of to 10 p.p.m. of iron 

and that only one addition was needed in eight weeks, whereas other 

iron compounds become unavailable in a few days. 

Steward and Leonard (ì7, p. 66) developed the use of Efl)TA for 

control of iron deficiency chiorosis in citrus trees. Their first 
approac was high pressure injection of ferrous sulfate into the 

tree trunks. This treatment corrected the deficiency but a more 

practical method was needed. Placing the roots of chiorotic trees 

in solutions of iron sulfate resulted in no iron uptake. When citric 

acid was added to the solutions, the leaves of the trees became 

considerably greener, but wien the solution was applied to the soil 

around chiorotic trees, no response occurred because the citric acid 

was quickly broken down by soil organisms. When, as a result of 

Jacs3n3 work, EDTA was tried as a soil application, good resulta 

were obtained. 

While ELftA has been satisfactory on acid soils, it has not 

been satisfactory on alkaline sils, and new derivatives similar to 

EDTA have been developed for use under alkaline conditions. Holmes 

and Brown (26, p. 168) reported the use of N-hydroxyethylethylene- 



22 

diaidnetetraacetic acid (HEEDrA), diethylenetriaminepentaacetic acid 

(DTPA), cyclohexanediaminetetraacetic acid (CuPA), and an aromatic 

polyaninocarboxy1ic acid of unknown formula (APCA). These compounds 

are reported to form more stable complexes with iron at higher pH 

viues than EDrAS Piesumahly, these compounds could function at 

hiher soil pli values since the iron would still remain complexed. 

Resistance to breakdown in the soil, Haerti (19, p. 6) atated 

that EUPA had not given any indication of being decomposed by 

microbial action. Perkins and Purvis (13, p. 329), however, found 

that wheat and sunflower plants receivinr sodium EDPA as the only 

source of added nitrogen made more growtia than those receiviri no 

nitrogen, but less than those receiving sodium nitrate. Apparent ly, 

nitrogen from EIYPA was utilized by the plants. They do not give 

evidence or speculate as to whether the EIYtA broke down in the 

plant, or in the medium before it was absorbed by the plant. 

composition at alkaline reactions. According to Haerti 

(19, p. 6) FeEDrA begins to become unstable at pH 6.5 and the iron 

precipitates as the hydroxide, whereas the iron complexed with 

HEEIiPA is available up to pH 9. 

Effect chelated iron compounds on the soil. Perkins and 

Purvis (143, p. 329) studied the effect of NaEDrA on the soil. 

They treated soil saniples with 2 to 5000 pounds of the eonpound 

per 2,000,000 pounds of soil (acre, six inches deep). The 000 
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pound rate increased extractable iron to 32 times the original, and 

extractable manganese to 15 times. 

Effectiveness of chelate compounds used on calcareous soils. 

Leonard and Steward (37, p. 109) determined that FeErYFA applied at 

the rate of twenty grams of iron per tree on acid soils turned 

chlorotic leaves green in six weeks. However, five to fifteen 

times as much was needed on calcareous soils. Bould (9,p9I) stated 

that Fe]YJA was not effective in alkaline soils at the rates 

effective in acid soils. In another publicaticn, he stated (io, 

p. 5) that ten to twenty grams of iron as EDDA corrected copper- 

induced chiorosis in acid soi1, but that one hundred to three 

hundred grams were required to correct li :e-induced chiorosia. 

Holmes and Brown (26, p. 178) found two chelates, DTPA and APCA, 

that were effectivo in correcting chiorosis on calcareous soils, 
APCA being the -nost effective. APCA decreased the uptake of man- 

ganese and copper while increasing the uptake of iron. These c- 
pounds were applied without iron and therefore mobilized soil iron 
previously unavailable. 



MATRIAL AND 1EFHODS 

Growth Chamber 

2I 

All planta were grown in a chamber specially o cnstructed to 

provide unifori.ty of temperature, light intensity and dayiength. 

The exterior of tiis chamber and its relation to the main Hortl-. 

culture building are shown in Fig. I. 
The charaber was constructed. separate from other buildings to 

ensure freedom from ethylene gas and other substances toxic to 

plants at extremely low concentrations. Ethylene is a norna1 decom- 

position product of fruits and is frequently present in toxic con- 

centrationa in buildings auch as the nearby Horticulture building 

in which fruits are stored, examnined, or processed. 

The chamber is twelve feet square and eight feet high. It 

is divided into three rooms, two growth rooms ix by eight feet and 

one header room four by twelve feet. The header room provides an 

air lock between cold outside air and the plants in the grth 
room in the winter, and is also used to house the electrical service 

fixtures and various supplies needed for the operation of the 

chamber. The building is insulated with three-inch rock wool batta 

in the walls, floor and ceiling. Only one room is currently fitted 
with a bank of lights suitable for a full growth chariber. The in- 
tenor of this room is shown in Fig. 2. The other room has a sall 

light bank and is used for growing young plants until they can be 

put into the nutrient solutions. 
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Fig. 1. M exterior view of the growth chember used in these 
experiments. 
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Pig. 2. n interior view of the room fitted as a full growth 

chamber showing the light bank and plants growing in five-gallon 

glazed crocks. 
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Fig. 3. A diagram of the plant growth chamber show- 

ing the ventilation and temperature control system. 

Til- thermostat, W- damper. Thermostat 1 controls 

Fan 1, etc. -J 
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Fig. 4. Distribution of light intensity in foot-candles under 

the light bank measured eighteen inches below the tubes. 
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The roozi fitted as a full growth chaaber has a light bank. ei?lit 
feet by three feet consisting of a steel box rour inciies deep with 

ahite vitreous enamel on the lower side supporting. eighteen eiht- 
Loot Generai ¡1ectric 19ÔT12CW cold-cathode coo1-wiite fluorescent 

lanps . &gtr; twenty-five watt incanìdescent lamps supplemeiït the 

red end of the spectrun, because the insufficient red eniissiox of 

t;e fluorescent laraps cauaes abnormally shortened Internodes in 

planti. Iine General Electric 9i6I.-L3O railliainpere ballaats to 

uppiy power to the fluoreacent laulpa are placed i a louvred steel 
box separately ventilated on a wall in the he&der room. The light 
bank supplies a light intensity of about eight hundred foot-candles 

eighteen inches below the lamps. The in- 
tenaity above the crocks is shown in Fig. L The walls of the 

growth chamber are painted flat white to reflect as mìch light as 

possible. 

The teiperaturo in the growth chamber is controlled by exhaust 

fans and electric heaters operated by tharostats When the 

temperature is too high, the exhaust fans rernove hot air and cool air 
flows in through flap dampers to replace it. ihen the temperature 

is too low, electrìc heaters supply ore heat. The air exhaust 

and heater system is shown in diagrammatic foriii in Fig. 3. The 

temperature was held at 70 to 7.5 degrees F. during these experinents. 

Daylength is controlied by ti clock. A daylength of ei;hteen 

hours was used in all experiments. The time clock turned the 
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lights on at eight in the evening and off at twelve noon. In this 

way, the peak heat emission frote the light bank occurred during 

the coolest part of the night, ma}ng it possible to use the growth 

chamber a little er].jor ini the fall and a little ltcr in the 

spring than if the rnadmwn heat emission from the lights coincided 

with trie hottest part of the day. 

8eedlin_Culture 

The experimencal plant u3ed was the 1iva1 variety of the bush 

bean, Phaseolus vularis L. The bean is well suited to indoor 

plant nutrition studies because of its small size and rapid growth. 

Seeds wore dusted with Arasan, a conteercial fungicide, and 

planted in flats io four thches of fine verTniculite, Terralite 
brand, manufactured specially for the gring of plants. The flats 

were watered with a full nutrient solution minus iron. 

When the seedlings were ready to ho transplanted. at the young 

cordate leaf 8tage, they were gently renoved fron the flats and the 

roots washed in water to remove most of the vermiculite. Only 

plants with good root satems wore retained. Four plants ere placed 

in each crock. 

pparatus for N'trient Solution Cultures 

Nutrient eolutions in five Imperial gallon glazed vitreous 

crocks were used for the early experiments, and in three gallon 
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crocks for later ork. Plants were supported between two halves of 

cork stoppers grooved to nold the plant stern. The corks fitted in- 

to ho1e drilled in twelve by twelve inch wood frames of ne inch 

stock, The crocks were filled to within one inch of the top with 

nutrient solution and replenished to that height with ditil1ed 

water from time to tiqe as required. 

Air was supplied to the crocks from a portable compressor at 

first and later from a large automotive type compressor. The air 

was reduced in pressure by a standard wator-or-air pressure 

regulator and )d to each crock by glass tubing. Air flow was re- 

stricted by means of a half inch length of 0.5 m.:. capillary tub- 

ing at the end of .he aeration tube, The solutions were aerated 

continuously, and a large volume of air was used to ensure vigoroas 

mixing of the contents of each crock in order that local areas of 

different p1-i should noi. develop. 

Nutrient Soluti on 

The nutrient solution used was one specially selected for 

studies in the ph range froa 3 to 9 by Arnon and Johnson (4 . p. ¶i26). 

Phosphorus precipitates in alkaline solutions and chanes the 

phosphorus concentration. Amori and Jonson avoided ti-ii ciange by 

using for all cultures the concentration of phosphorus rernainixg in 

the solution at the highest pH used, pii 9. 

iddulph and Joodbridge (10, pp. 1431-13h) have found that 

nutrient solutions containing 0.00005 M phosporus provided enough 
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phosphorus for continued crowth of the bush bean. Since Arnon and 

solution contained 0.00006 phosphorus, it was considered 

that there v'ld be little possibility of phosphorus deficieuic: 

occurrirg. 

The composition of Arnon and Johnson' s nutrient solution is 

Constituent Concentrati on 

fr' 

kUJ2PC.L 0.00006 

12S0% 0.O01 

KNO3 0.01 

Ca(NO3)2 0.002 

4gS0 0.001 

For micro-nutrient supply, Amori and Johnson added iron nd 

I1anganese to nutrient solutions as hwnates made from sucrose. In 

the experiments reported in tni s study, however, Hoagland' s B1 

solution of micro elements was used. The stock solution described 

below Wa: added to the nutrient cu1ures at the rate of 0.2 n.11i- 

litre por litre. 
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Çon8tituent Concentration 

3ric acid 1.143 g./ 1. 

(anganous chloride 0.90 g./ 1. 

Zinc acetate 0.08 g./ 1. 

Copper eulpnate 0.039 g./ 1. 

All stock solutions and cultures wore flade up with in"1e- 

distilled water. 

Chelated Iron Compounds 

Two derirativo of the ethylenediamine nucleus were ed: 

HE&YrA and PTPA. Data on these and other chelated irofl compotlnd8 is 

presented in Table 28 in the appendix. Ttuse compounds were made 

up in a stock olutjon arid added to the incra1 nutrint Dlutions 

by adìtion of the proper arnount of the diluted stock solution. 

Only one addition of iron solution was macle during the experinent 

since Jacobson (31, p. 1413) has shown that the chelate compounds 

remain available for considerable periods. 

Adjustment of the pH of the Nutrient Solutions 

A tb±rty millilitre sample of t nutrient solution was taken 

from eaci culture at daily or two-day intervals. The pk of he 

sample was deterrdned with a :node U Beckman glass electrode pH 

aieter. The meter was adjusted each day with a Bec1ian pli 7.00 

buffer solution, 
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The pli of the nutrient solution almost invariably became more 

acid. When this occurred, O. per cent sodium hydroxide was added 

to bring the pli back to the desired value. 

Buffer for Nutrient Solutions 

In the first experints reported in this study, very great 

fluctuations in the pli of the nutrient solutions occurred even though 

the j1 was adjusted as often as three times a day. In addition, 

drifting of the ph meter due to poor buffering made it difficult to 

get accurate readings. The buffering capacity of Arnon and Johnson's 

solution is not adequate for satisfactory pli control. 

Tris-hdroxymethylarninomethane has been used in the region of 

pli 7 to 9 as a buffer for biochemical preparations. This buffer, 

according to the vendor's report(2, p. 13) does not absorb carbon 

dioxide from the air, is compatible with calcium salts whereas 

phosphate and carbonate buffers are not, is stable in solution for 

three months at room temperature, and lacks inhibitory action for 

all the enzymes tested. Swim and Parker (so, p. Ir66) used this buí'-. 

fer at the rate of 2 to 3.6 grams per litre and found that 

embryonic kidney, lung and testicle cultures grew as well in it as 
in bicarbonate buffer. For this reason it was tried in these 

studies as a method of maintaining pli within limits that would make 

the experiments valid. A 0.2 molar stock solution was prepared and 

was used in the nutrient solutions at 0.002 molar or 0.001 molar. 
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Fig. 5. Buffer curves of Anion and Johnson's nutrient 

solution with and without 0.002 molar trishydroxymethyl- 

aiminornethane buffer. 



36 

The effectiveness of the buffer wa ineaaured by making buffer curve8 

of M'non and nutrient solution with and *ithout added 

buffer, as shown in Fig. . Inspection of the curvos revealed at 
once why pH control had been o difficult in the unbuffexd nutri- 
ent solutions. Between pH 73 and pH 8.S the steep slope of the 

curve indicated that a s1ikit addition of alkali or acid produced a 

large change in pH. The solution had practically no buffering action 

in the vicinity of pt 7.f. Examination of the curve will show that 

it would be virtually irnpoaible to maintain a pli of 7., The 

buffered solutions, hever, had a nnch flatter curve in this region, 

and tnis was reflected in the ease of maintenance of a given pli in 

the buffered nutrient cultures. No was noted the 

compound, and no differences in results in iron deficiency experi- 

meats were observed. 

Harvest Procedure 

The plants were harvested about the time that flower buds were 

Just beginning to appear, approxintely three and a half weeks 

after planting. In some of tk early experiments, the plants were 

divided into leaves, stems and roots. It was observed at the time 

that the trifoliato leaves were affected by the treatments much 

more than the cordat.e leaves. In later experieAits, therefore, 

the leaves were furLher divided into trifoliate leaves and cordate 

leaves. The petioles were removed from al]. leaves and included ifl 

the stem samples. 
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The plant parts were put into No. 2 hrwn paper bags, and air- 

dried at room teperature at a relative hunidity ranin, around 

thirty per cent. Later, they v:ere oven-dried at 6 degrees C, and 

oighed. 

Grinding Pissues 

Leaf and root saniples were ground with a mortar an pestle. 

It was found impossible to grind atenas b this technique and those 

were cut into eaai. eces using plastic scissors. All of the 

eanpies were w2.1 ¡iixed. 

Dry As hing 

Ore-gram &amp1es of the variout tisue were dry ahed accord- 

ing ta the nethod of the Association of Official Agricultural 

CheuU»tj for iron (36, secti3n 5,8, p. 9S). Thc method was followed 

exactly except that only one acid extraction of the ai with a 

tiirty minu.te digestion on a water bath was usec. 

Iron Anaiy$IL 

Iron was determined by the method of the Association of 

Official Agricultural Cbeaists for plant riaterial (3C, sections 6.7 

to 6.9, pp. 9-9ó). This an o-phenanthroline calorimetric method, 

The ifltfiSity of colour was reasurod on a lett-Sunuirson colori- 

meter against standards and blanks prepared each day. 



Statistic1 Analysis 

All experiments (except those on vacuum impregnation and 

spray tecûnique) were designed for statistical analysis. Analyses 

of variance were made of ali sets of data and least significant 

differences were calculated. 
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RESULTS 

The experiments in this study were nunibered consecutively In 

the order that they were carried out. SInce it was desirable to 

keep the growth chamber facilities fully utilized, frequently two 

or niore lines of investiation were being developed cncurrently, 

with alternate exçerintg being devoted to each line. ThIs pro- 

cedure allowed a little tinte for appraisal of the results before 

designing the next experinent. In aonie experient8, it was econ- 

omical to combine two different series of treatments for the study 

of the interaction, or simply to determine the effect of different 

leve1 of one treatment at several levels of another treatment, 

One of these combined experiments was so large it had to be rown 

at two consecutive periods, but it is reported as one experiment. 

In reporting the results, the orirjnal serial numbers of the 

experiments are retained, but the experiments are grouped according 

to the linos of study. In those cases where two or more treatments 

were included in one experiment, arts of the experiment are re- 

ported under several major divisions. 

The records of the of the nutrient solutions for each 

experiment are presented in appendix 1. The graphs of dry weight 

and of iron content of tissues are drawLl from the summary tables 

for each experiment and are presented in the body of tne thesis. 

Te summary tables are derived from the complete tables of yield 

arid iron contents which are presented in appendices 2 and 3 
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respectively. 

A. flete inatton the Qimu Level o Ir3rl Supplied as the 

H1EU11A iron Crnp1ex in Alk1jne Nutrient Solutiona 

erirint 14. 

This experiment was planned to deternri.ne tn optinì level o± 

iron supplied as the HEUFA iran coap1ex in. nutrient solutions at 

alkalThe reactions. Iron wa uIied at 0 i, and p.p.m. aoh 

treatment wa replicated three t1s and the whoLe experinent as 

completely randonizei using, random nimtbers front the tables of 

Cocaran and Cc,x (lb, p. L28). Tìe pH p1anrid fr thi exprLent 

was 8.. -iowever, extree fluctuations of pl! occurred, nd lt was 

:toiind to be nore practicable to natnt4n the pi around 7 .. Dry 

weights of leaves, sterns and roots were determined and are presented 

in Table i ani gig. 7. Analyses of the izon content 3f the tissues 

were rnad an1 are presented ln Table 2 and Fig. 7. Representative 

plants from the experitnt are shwn photcgrschicl1y in Fi. fS. 

Note the extreie chiorosis of the tri-foliata leaves contrasted with 

the green of the coiate leaves of the control plot crown under 

these conditions. 

In tIs experinìent, the optiiuiii level of irzin was foit t: oe 

i p.p.. iowever, the difference in yiald beieen the i and 

p.p.m. treatients, although fairly large, wa not significant, and 

p.p1n. cannot be ruled out of the optiriri range1 The iron ontent 
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Fig. 6. Fcperiment 4. Growth of bean plants at O, i and 5 p.pan. 

iron supr].ied as the HEEDTA complex in nthieral nutrient solution 

at pH 7.5. 
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Table 1. £xperimsnt 1. Dry' weights of leaves, stems, and roots of 
bean plants grown at varying levels of iron supplied as 
tise ¡EELTA cothplex in nutrient lutiors at pH 7.5. 

riant parb }.p.p. iron a i1EDIÁ eo'íp1ùx L.SID. 

o 1 5 .05 
grams 

Leaves Ij.8 8.62 6.73 2.75 

Stens 2.88 5.72 11.63 1.71 

Roots 2.52 11.22 3.63 0.95 

Table 2. xperient 1. Iron oontnt of le;ves, stets, and roots of 
bean plants grown at varying levels of iron supplied as 
tie kíiaiDtk cop1ex in nutrient solutions at pH 7.5. 

fiant part P.p.m. iron .s tne HD1VJÂ conpiex L.S.D. 

o i .05 
p.p.m. 

Leaves 211 53 59 N.S. 

Stens 83 77 57 LS. 

Roots 226 313 652. N.S. 



of leaves from this treatment was about SO p.p.m. The iron content 

of the other tissues, particularly of roots, were quite variable 

re8ulting in no significance between means, 

Experiment 8 

Experiment I showed that 5 p.p.ni, iron as HE1]YrA coip1ex de- 

pressed growth and that i p.p.m. iron resulted in aiaximum growth. 

However, it did not show what level between O and i p.p.m. is 

optimum. Experiment 8 was planned to determine what levels between 

O and i p.p.m. gave optimum growth. 

Iron was supplied at 0, 0.1, and 0.3 p.p.m. as HEÌÏJDTA iron 

complex. The pH of tk nutrient solutions was held near 8.5. There 

were three replicate crocks in each treatment, each crock containing 

four plants. The wrole experiment was completely randomized using 

random numbers from the tables of Cochran and Cax (Th, p. h28). 

The young bean plants were transferred to crocks on May S. 

The plants were arrayed in order of size and divided into four 

groups. One plant from each group was placed in each crock. At 

the first three-leaf stage of growth on May 18, ali crocks showed 

iron deficiency and iron as HED1'A was added. When harvested, the 

plants were divided into loaves, stems and petioles, and roots. 

The samples were oven-dried and weighed. Mean dry weights are 

presented in Table 3 and Fig. 9. Mean iron contents are presented 

in Table ¿ and Fig. 9. Representative plants are shown photograph- 
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Fig1 8. Eperiment 8. Growth of bean plants at 0, 0.1 and 0.3 

p.p1m. iron supplied as the HEEDTA complex in mineral nutrient 

solutions at pH 8.5. 
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ically in Fig. 8. Note especially t diffeince in size of the 

control plant contraoted to the 0,1 p.p.ra. plant in view of the 

sini1ar iran content of the leaves in both treatments (I1 and 39 

p.p.m. respectively). 

The 0.3 p.p.m. level appeared to result in nortnal growth, but 

the 0,1 p.p.m. level was insufficient. The íron content of he 

leaves from the 0.3 p.p.m. treatment was almost double that of the 

other two treatments. A large variance in the iron content of 

the teis and roots caused the differences to be non-significant. 

Table 3. Experiment 8. Dry weights of leaves, ste:ns, and roots of 
bean plants grn at varying level3 of iron supplied as 
trie }ED]A iron complex in nutrient solutions at pH 8.S. 

Plant part p.p.m. iron as HEED1'A iron complex L.S.D. 

-.------ ______0 0.1 0.3 

Leaves l.3 
crams 

2.39 .l8 1.50 

Stems 1.S1 1.16 3.b8 0.76 

Roots 0.86 1,26 2.60 0Ii8 

Whole plant 3.90 .11 11.26 2.66 
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Table L. Experiment 8. Iron contents of leaves, stems, and roots 
of bean plants grn at varying levels of iron supplied 
as the k1EE1YA iron complex in nutrient solutions at pH 8.5. 

Plant part p.p.m. iron as HEEIY]A complex L.3.D. 

0 0.1 0.3 .05 
p.p.m, 

Leaves 14h 39 79 17 

Stems l0 3141 225 NS. 

Roots 523 1822 1253 N.S. 

Eperiment 15 

Experient 14 showed that 5 p.p.in. iron as HEEYA complex de- 

pressed growth and that 1 p.p.rn. produced optimum growth. Experi- 

ment 8 showed that 0.3 p.p.m. was adequate and 0.1 p.p.m. was in- 

sufficient. This experiment was planned to span the range covered 

by the two previous experinents. Levels of 0.2, 0.5, 1, 2, 5, and 

10 p.p.m. iron were supplied. The experiment was designed to give 

inîormation also on the interaction of phosphorus with iron, but 

that part of the data is reported in a more appropriate section. The 

six levels of iron were combined th three levels of phosphorus, 

0.00006 molar, 0.0006 molar, and 0.006 molar. The eighteen treat- 

ment combinations were replicated twice. Since the growth chamber 

holds only eighteen crocks, the two complete replicates were run 

separately-. Each replicate was completely randomized by taking 
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rumbers from consecutive carda of a thoroughly ßhuffled group of 

eighteen library cards numbered from i to 18. 
The f1rt replicate was Aeeded on January 2, placed in crocka 

orL Febrtiary 7, and }iarested on Februarr 21, 196. The second 

replicate was seeded on February 12, put in crocks on February 21 

and harvested on March 6. The plants were divided into trifo].iate 
leaves, cordate leaves, steiis and petioles, and roots, and the dry 

weight and iron content of each sanp1e were determined. Dry 

weights are presented in Table and graphically in Fig. 10. Iron 

conterts are presented in Table 6 and Fig. 10. The appearance of 

the plants is shown in Figs. 23, 214, and 2S under section E, experi- 

ment ]h. 

The range from 0.2 to 2 p.p.leI. ol' iron as 1EDTA iron complex 

was found to be optirrniui for y-eld. The iron content of the tri- 

foliate leaves at these leVels of supplywas about LO p.p.r. Trie 

and 10 p.p.ìi. treatments reduced growth. The trifoliate leaven 

from these treatrients contained 614 and 914 p.p.m. of ±ron. However, 

opti1zura yield was attained at 2 p.p.in. with an iron content of 68 

p.p.m. This level cannot e designated toxic, .lthough the 914 

p.p.m. level might be. 
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Table 5. Experirient 15. Dry weights of trifoliate and cordate 
leaves, sterns, and roots of bean plants grown at varying 
levels of iron saprlied as the HEEDTA cnplex in 
nutrient 8OlUtiOflS at pd 7.5. 

Plant part p.p.m. iron as HEErIrA iron conplex L.S.D. 

0.2 0.5 1 2 io 
grams 

Tn-foliate 1eves 3.bl 3.07 3.23 3.01 2.02 1.00 0.77 

Cordate leaves 1.59 1.I5 1.10 1.30 0.92 0.78 0.2 

Stems 2.29 2.10 2,11 2,10 1.66 0,97 0.61 

Roots 2.25 2.19 2.06 2.02 1.17 1.26 0.3)4 

Whole plant 9.55 8.82 8.79 8.142 6,07 14,OO l.6 

Table 6. Experiment 15. Iron content of trifoliate and cordate 
leaves, steins, and roots of bean plants grown at varying 
levels of iron supplied as the }JEETÍI'A complex in nutrient 
solutions at pH 7.5. 

Plant part p.p.m. iron as HEWA iron complex L.3.D. 

0.2 0.5 1 2 10 .05 
p.p.rn. 

Tnifoliate leaves 33 145 37 68 614 914 28 

Cordate leaves 141 59 89 61 90 128 50 

Stems 67 115 52 52 108 11)4 N.S. 

Roots 376 1925 375 533 1128 5735 86 



B. Optimur Level of Iron Sipplied as PA Complex in A1ka1in 

Nutrient Solutions 

Experiierit 9 was planned to determine the optimnìm level of 

i1)1 5 L(JPA in nutrient solutions at. pH 7.5. Five levels of iron 

were supplied: O, 0.01, 0.03, 0.1, and O. p.p.uì. There were two 

replicate crocka in each treatment and tue whole experiment was 

completely randomized using random numbers from the tables of 

Cochran and Cox (114, p. 1x28). The plants were seeded on September 

lo, put in crocks on September 29 and harvested on October 17, l95. 

At harvesting, trie plants were divided into trifoliate leaves, 

cordate leaves, sterna and roots. It wa observed in exçri- 

ment tflat the cordate leaves did not suffer from iron deficiency even 

wben the trifoliate leaves showed extreme deficiency. For this 

reason, it was felt that the trfoliate leaves wcid niake a better 

index of iron nutrition than the cobiìed leaf saip1e used in 

earlier experiments. Hence, the leaves were harvested as separate 

trifoliate and cordate leaf sanpies. The dry weights of the 

tissues are presented in Table 7 and the irorL contents in Table 8. 

The resulte of this experi ment are evident from the photoraph, 

Fig. 11, where tt may be observed that poor growth was found in all 

of the treatments. Only the highest concentration showed very much 

green colour and none of the samples showed much growth, The 

highest iron content of the trif oliate leaves was 36 p.p.m., which 

is inadequate for optimum growth according to the evidence from 



Fig. 11. cer1inent 9. Growth oI plants in 0, 0.01, 0.03, 0.1 

and 0.5 p.p.ln. iron suriolied as the DTPAcomDlex in mineral 

nutrient solutions at pI-I 7.5. (numerals on hotograph indicate 

o.p.m. actual DTPA) 



otrer xporinierit. 

Table 7, Experinent 9. Dry weights o.f tn-foliate leaves, cordate 
leaves, steins ar2d roots of bean plants grown at varj.ng 
levels of iron supplied as the DiTA iron complex. 

Plant part p.p.m. iron as D1PA iron coniplex L.S.D. 

O 0.01 3.03 0.1 0. .05 
grams 

Tri-Loliate leaves 0.98 1,10 1.30 1.6k 1,12 0,26 

Cordae leaves l.16 1,25 l.od 1.03 0.90 0.30 

otcifis 1.93 1.82 l.7 1.62 1.36 0.22 

Roots l.2S 1.]J. 1.31 1.b2 1.90 0.35 

no1e plant 5.6ó 5.32 5.SI 6.12 5.29 h.5. 

Table 8. Expenimtnt 9. Iron contents of tn-foliate arid cordate 
leaves, stems and roots of bean plants grown at varying 
levels of iron aupplied as the £YPA complex in nutrient 
solutions at H 7,. 

Plant part p.p.m. iron as tffPA iron coìp1x L.S.D. 

O 0.0]. 0.03 0.1 0.5 .05 ________ ___ 
p. p. ra, 

____ 

Trj-f1iate leaves 23 31 2 25 36 14.5. 

Cordete leaves 27 37 29 3k 51 

Sta:is 106 112 98 72 87 14,8, 

Roots 7285 h67 3100 2385 7080 

-.- -- --.----- -J ----- *---_- ------ - . 
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This experiment was planned to determine the optiniuin level of 

iron as PA in nutrient solutions at pH 7., since expeririient 9 did 

not provide su!ficient inforiation, In experiarant 9, increasing 

yield of tn-foliate leaves was obtained up to O.S p.p.rn. iron. 

Levo1 in this e,perient inc1ided O.S, 1, 2, S, 10, and 20 p.p.xn. 

iron Each treathent was replicated three times, and the exoeri- 

nent was laid out in three blocks, each block consisting of one row 

of s1x crocks run.ning the full 1mih of th light bank. Treat- 

:etr within th b1oc1s were onp1ete1y randornizd by the us of 

randon numbers from the tables of Cochran and Cox (1I, p, 128). The 

planta were seeded on November 22, placed in OT3Cic on Dsce'bor 2 

and harvest.d on December 16. The dry weights of tissues are shown 

io ah1e 9 and Fig. 13. The iron contertj of tissues re resented 

in Cab1e 10 and Fi. 33. A pnotograph of representative plants is 

aiown a Fig. 12. 

Ttìe graph of the weight of tri-.foliae leaves shows that OS 

to 2 p.p.. iron as fPJ1 was 3ptiuin, and tat.ì large reduction 

in growth occurred at 10 nd 20 p.p.m. The optirmini level of iron 

in the leaves was find to be O to 8 p.p.m. Levels of 120 and 

130 p .p.ni. iron in the leaves resulted in markedly less growth. 



Fig. 12. periment 11. Growth of bean plants at 0,5, 1, 2, 5, 

10 and 20 p. p.m. iron sup1ied as the DTPA complex in mineral 

nutriet solutions at pH 7.5. 
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Table 9. Expinient Li. Dry' weigits of tri-f oliate and cordate 
leaves, stems, and roots of bean plants grown at varying 
levels of iron as JY1PA complex in nutrient solutions at 
pii. 7.. 

Plant part p.p.m. iron as DTPÀ co.çisz L.S.D. 

0. 1 2 10 20 .0 

grams 
Tn-foliate leaves 2.33 2,9 2.h1 1.96 0.79 0.97 O. 

Cordate leaves 1.60 l.I2 1.66 1.61 163 1.62 N.S. 

Stems 1.77 l.8S 1.99 l.71 i.i6 1.S8 0.31. 

Roots l,0 1.314 1.66 l.2 l. l.6 N.8. 

Whole plant 7.20 7.20 7.7 .83 .I4L S.90 0.87 

Table 10. Experiitent 11. Iron contents of tn-foliate and cordate 
leaves, stems, and roots of bean plants grown at varying 
levels of iron supplied a 1YPA complex in nutrient 
solutions at pli 7.. 

Plant part p.p.rn. iron as UfPA Iron complex L.S.D. 

0. 1 2 13 23 .0 

p. p. !, 

Tn-foliate leaves 141 148 14 8 120 130 N.S, 

Cordate leaves 22 142 149 67 814 60 N.B. 

Stems 2 149 314 60 61 81 N.B. 

Roots 37 f2 18 10141 212 1143 N.B. 



Experirnont 16 

]urther irforination on the optiium 1ve1 o iron euplied as 

tre TPA cDnplex was 3htained irL this experinent which, hoe.ver, was 

designed priri1î to give inforration ori the effect of calelum 

corlcerLtration of the n'itrjent solution Yield and Iron uptake and 

on the interaction betwsen calciw and iron. Those spect of 

te zperiment repoirted itder asctiois G arid H, exprte ]. 

Iron was upp1ied ts flPA )., 2, wii lu p.n.a. and calcium 

was supplied at iL, 8, and 6 nillieivalents per litre, ach 

treatment cornbinaton was replicated twice, naiig eighteen cul- 

t'res. One cocnpit repliate waa run in eacn of wo blocKs, and 

treatments were assioned wi thir blocks ty the use of randorii 

numbers fror the table3 of Cochran and Gox (Th, p. I28). The 

plants were seeded on Februcir- 29, placed in orock on March 9, 

and harvested on liaron 23, 1955. At harvest, they- re divided in- 

to tn-foliate leavss and cordate leaves, 3tertls, and roots. Dry 

weihts were determined on all sa?tpls3 arid iron contents cn te 

leaf sa'nplos only. Dry weights are pre8ented in Table 11 and in 

Fig. 114. Ir.n contents are presented in Table 12, arid in 1?±i. lL. 

Fhot3graphs of representativa plants are presented in Fige. 2R, 

29 and 30. 

Tae 0.5 nci 2 p.p.n. treatmerLs both gave opt!urn Yields. The 

10 p.p.xn. treataient redueed yield somewhat. Tile tn-foliate 

leaves in the optimum yield ranre contained about fl p.p.r. iron, 



u) 

I 
4 

(D 

I- 

X 
(D 

w 

>- 

o 

4 
TRI-F 

Ii 
C OR DATE 

II 
STEMS 

i Ii 

2111 
0.5 2 IO 

FE 

50 

lOO 

I 
Q- 

Q- 50 

I- 
z 
w 
t- 

z 
o 
o 
z 
o 
z NOT DETERMINED 

NOT DETERMINED 

0.5 2 IO 

PPM. IRON AS DTPA PPM. IRON AS DTPA 

Fig. 14. Eoeriment 16. Effect of iron concentration of 

the substrate on dry weights and iron contents of tri-f oliate 

leaves, cordate leaves, steins end roots of bean plants grown 

in nutrient solutions at pH 7.5. 



61 

but where yield was reduced by excessive iron supply, the tri- 

foliate leaves contained 90 p.p.m. 

Table 11. Experiment 16. Dry weight8 of tri-f oliate, and cordate 
leaves, steins, and roots of bean plants grown at varying 
levels of iron in nutrient solutions at pH 7. when the 
iron was supplied as I1IPA complex. 

Plant part p.p.zn. iron as the DIPA complex L.&.D. 

0.5 _2 10 
grams 

Tn-foliate leaves 1.30 1.38 0.93 0.29 

Cordate leaves l.I8 l.6 1.57 NS. 

Steins 2.08 2.26 2.07 N.S. 

Roots 1.98 1.98 1.81 N.S. 

Whole plant 6.85 7.17 6.37 N.S. 

Table 12. Experiment 16. Iron contents of tri-f oliate and cordate 
leaves, stems, and roots of bean plants grown at varying 
levels of iron as L1.FPA in nutrient solutions at pH 75. 

Plant part p.p.m. iron as JJTPA complex L,S.D. 

0.5 2 3.0 .05 
p.p.m. 

Tn-foliate leaves 15 58 89 N.S. 

Cordate leaves 32 37 NS. 
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C. Spraying and Vacuum Impregnation a Methods of App1yig Chelated 

Iron to Plants 

Experiment 5 

This experinent was planned tn test the effectivene3s of intro- 

ducing chelated iron into leaves by impregnation under vacuum as 

previously described. Single plant plots were used with three re- 

plicates. The plants were at the stage of half-grown cordate leaves 

when they were treated. Tìiey were lifted from the vermiculite 

aeedbed, treated, and re-planted in vermiculite in eight ounce 

glass jars. There were two check treatments: one with no reatment 

except transplanting, and another including vacuum impregnation 

with distilled water. Tie stock JiA solution contained 23 per 
cent iron. The first group treated on March 28, l9S, included 

three treatments: 230 p.p.rn. (a 1:100 dilution of the stock 

solution) and the two checks. In trie 230 p.p.m. treatment, the 

leaves wilted and fell off the plants, indicating serious damage. 

However, no damage occurred in either of the check treatments, 

snowing ttìat the chelae and not the method of treatment caused the 

damage. The second group vías treated on March 29 with a 23 p.p.m. 

iron solution. A little damage resulted. The third group was 

treated on April 3 with a i.6 p.p.in. solution. There was still 

slight damage. N íuore planta were avaIlable at the tiiìe and work 

was necessarily suspended. 



HA 

Fig. 15. eriment 5. Effect of impregnation of cordate leaves 

under vacuum with solutions of iron sup:lied as the HEE1)TA complex. 

fra left to right: 1. 4.6 p.p.m. 2. 23 p.p.m. 3. 230 p.p.m. 

4. impregnation with water. 5. no treatment. 
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The results o.f the first series are shcm'n photographically in 

Fig. 1. It seems rather peculiar that damage resulted from this 

procedure since presumably the amount of iron complex introduced by 

auch a procedure would be considerably lesa than that taken up 

through the roots from culture soluticns. 

xpe riment ]1 

Experiment showed severe damage at 230 p.p.m. iron as fftED1A, 

and slight damage at b.6 p.p.m. iron. This experiment was planned 

to clarify tne toxic level of solutions for impregnation b; vacuum 

still further, Treatments used were 1000, 100, 10, 1, and 0.1 

p.p.nt. iron as }ïA applied by vacuum and by dipping. The dip 

treatment was included to compare the toxicity as }EJYIA on the 

outside of the leaf and the inside of the leaf. The dip treatment 

included a wetting agent (Dreft) to ensure complete wetting of the 

leaf surface. Each treatment was replicated twice. Dry weights 

and iron content would have had relatively little meaning in this 

experiment and were not determined. 

The results are shown photographically in Fig. 16 for vacuum 

impregnation and in Fig. 17 for dipping. There was no daiiage from 

the 01 and 1 p.p.zn. treatments under vacuum ïmpregnation. however, 

the 10, 100, and 1000 p.p.m. treatments damaged the tissues. 

Indeed, the 1000 p.p.ra. treatment caused coniplete defoliation. 

There was no damage in the dipped plants from toe 0.1, 1, or 10 

p.p.m. treatments. Only the 100 and 1000 p.p.m. levels caused 
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Fig. 16. Ecperthent 14. Effect of impregnation of cordate leaves 

under vacuuzn with solutions of iron sutplied as the HEEDTA complex 

at 0.1, 1, 10, loo and 1000 p.p.m, iron. (Labels on photograph 

are in reverse order) 
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Fig. 17. cperiment 14. 

5 Ei4 ¿1 

Effect of sDraylng of cordate leaves 

with solutions of iron as HEEDTA complex at 0.1, 1, 10, ioo and 

1000 p.p.m. iron. (labels on photograph ere in reverse order) 
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danage to the tissues, the 1000 p.p.m. treatment causing a1nost 

coffp1ete defoliation. Both nìethods were satisfactory for intro- 

ducing chelated iron into plants as judged by green color of the 

plant. 

D. Effect of pH of the Nutrient Solution in the Alkaline Range ori 

Growth and Iron Uptake of Bean Planta 

Experi«ent 13 

xfrirnent 13 was planned to provide information as to the 

effect of pH in the alkaline range ori the iron nutrition of the 

bean plant. There were six pH levels: 7.0, 7., 8.0, 8., 9.0, 

and 9.!5. Iron was supplied to all treatments uniformly at i 

p.p.n. iron as the HETA complex. osphorus was supplied at the 

low level as required in Amori and Johnson's nutrient solution. 

Each treatment was replicated three times and the whole experinient 

was divided into three blocks each containing six crocks. The 

plants were seeded on Januarr I, put in crocks on January 13 and 

harvested on January 31. 

The effect of the treatments is shown photographically in 

Fig. 18 where the reduced growth at hiher pH's is readily seen, A 

graph of the dry weights and iron contents of tissues is shown in 

Fig. 19. The dry weithts of the tissues are presented in Table 13 

and the iron contents in Table lii. 

The opjinum yield was obtained at f 7.. Growth was progres- 



Fig.. 16. xperiiient 13, Effect of pH of the nutrient solution 

on growth of been plants when iron was supplied at i p.pm. as 

the HETA conpiox. 
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sivei less at. higher pH's, as 1i as at the ler pii of 7.0. The 

iron contents were progressively less from pH 7.0 to 8.0. Tne re- 

duced yield at pH 7.0 might readily be attributed to the high iron 

content of tIte plants, 170 p.p.n. It is worthy of note that maximum 

yield was obtained w:th 108 p.p.m. iron content, a level found to 

be toxic in other experinents. 

Table 13. Experiment 13. Dry weihte of bean plants grown at vary-. 
Ing pH values in nutrient solutions supplied with 1 
p.p.m. iron as the HEEUJA iron complex. 

Plant part ph of the nutrient solution 
L.S.DI 

- - -- _7.0 7. 8.0 8. 9.0 9. _____t9_ 
grams 

Tn-foliate leaves 2.23 2.98 2.67 1.72 1J7 1.33 0.50 

Corciate leaves 1,16 1.2L 1.10 1.16 0.92 0.92 N,S. 

Stems l.9 2.08 1.80 1.149 1.1414 1.314 0,33 

Roots 1.01 1.29 1.114 1.10 1.19 1.1414 N.S. 

Whole plant 6.03 7.59 6.71 5.147 5.03 5.014 1.35 

L 



71 

Table 11. Bxperinient 13. Iron contents of bean plants grown at 
varying pli values in nutrient solutions supplied with i p.p.m. iron as the HEE111A iron coniplex. 

Plant part pli of the nutrient solution I.S.D. 
7.0 7. 8.0 .0 

p p. . 

Tri-f oliate leaves 169 108 72 61i 87 6 

Cordate leaves 71 36 1i 30 0 )4 N.S. 

Stems 208 130 170 119 208 117 N.S. 

Roots 162 1282 1231 2327 231 27i2 N.S. 

E. Effect of Phosphorus Concentration in the Nutrient Solution on 

Growth and Iron Content of Bean !lanta Grown at pli 7.fi. 

Experiment 12 

Ezperirnert 12 was planned to show th effect of the phosphorus 

level of the nutrient solution on the uptake of iron from }fTA and 

iri iron complexes in the nutrient solution, Three levels f 
phosphorus viere used: 0.00006 molar, 0.0006 molar and 0.006 aolar. 

Both chalate compounds were supplied at the rate of i p.p.m. iron 
and the pli was maintained at pli 7.. Each treatment. coibination 

was replicated three tiies. The whole experimsnt was laid out in 

three blocks, each containing one complete replicate. Treatnents 

were assigned to crocks by use of a table of random numbers from 

Cochran and Cox (1L, p. L28). The planta were seeded on December 16, 

transplanted tc crocks on December 23 and harvested on January 10. 



Fig. 20, Ecperiment 14. Growth of bean plant8 in nutrient 

solutions at pH 7.5 at low, medium and high phosphorus levels 

when iron was supplied at i pp.m. as the }IEEDTA complex. 
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Fig, 21 creriTnent 12. Growth of bean plants in nutrient solu- 

tions at pH 7,5 at low, medium and high hosphorus concentrations 

when iron was supplied at i p.p,zn.as the DTPA complex. 
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Dry weigi'ts and iron contents of the tn-foliate and. cordate leaves, 

sterns and roots were determined. 

In this experirìent, it was observed that the plants that develo- 

ped noderate chiorosis in the high phosphoris tretnents were 

affected in the cordate leaves as ch as in the trifoiiate leaves, 

This is in contrast to the effect of iron deficiency observed inì 

earlier experiments in which the cordate leaves were not affected, 

but the tn-foliate leaves were seniDusly affected. 

The highest phosphorus treatrnent reduced both dry weight and 

iron content markedly, and cased a mild overall chiorosis of 

leaves. The PPß treatrneats resulted in much less grth and ch 

hi'-her irn contents at all levels of phosphorus. 

Table 3.5. xpeniment 12. Dry weights of bean plants grown in 
nutrient solutions at varying levels of phosphorus with 
iron supplied at i p.p,m, as tus FIEEi1iA and 1PA iron 
complexes. 

Chelated eempnd 
Plant part iEDTA IYFPA 

low?rned P high P lo P ned? high P 
grams 

Tn-foliate leaves I.7O 5.30 

Cordate leaves 

Stems 

Roots 

Whole plant 

1.63 1.75 

3.33. 3.52 

2.25 1.81 

1.52 l.81 1J.3 0.66 

1.145 1.S 1.143 1.I6 

1.70 1.77 1.SZ.L 1.23 

1.39 1.68 l.12 lJ5 

11.89 12.39 6.05 6.63 5.83 L.8o 
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Table 16. erirent 12. Iron contents of bean plants grown in 
nutrient solutione at var!1g 1ve1s of phosphorus when 
supplied with iron as the HEEPA and DPÄ cornplexes at 
i p.p.rn. iron. 

Chelated coapound 
Plant part tiEEZYÌ'A IYTPA 

low P red P Piw PedP high P 
p.p.m. 

Tri-f oliate leaves 70 72 62 123 12]. 

Cordate leaves b7 j9 71 77 148 

7 32 127 149 36 

Roots 193 219 261 368 2l 227 

Tablo 17. xperirnent 12. ffect of phosphorus level in the 
nxtrient 
chelate 

solution on dry weight of 
cornpouns combined. 

tissues for both 

Phosphorus L.3.D. Chelate L.S.D. 

level 

?Jart part La Med High ,0 IE}.11A UrPA ,0 

Trj-fofla&e 1aves 3,27 3.37 1.09 1.23 3.ß14 1.31 D.98 

Cordate leaves 1.59 1.59 1. N.S, 1.61 1.148 N.5. 

Stems 2.14 2.53 1.6 0.58 2.914 1.51 0.147 

Roots 1.97 1,62 1.142 0.3? 1,82 1.52 0.27 

Whole p1aat. 9.36 9.11 5.143 1.97 10.11 5.o2 1.61 



Table 18. cperient 12. Effect f phospnoru$ level of the nu.tr ent 
solution on iron content of tiasuea for both chelates 
conthLned. 

Phosphorus L.S.D. Chelate L.S.D. 
level 

Plant part Low Medj .05 HEEL11A D?PÂ .05 
p.p.nl. 

Tn-foliate leaves 98 98 58 N.S. 68 99 LS. 

Gordate leaves 62 67 50 LS. 50 67 N.S, 

Stems 102 5h 35 h5 55 71 LS. 

Roots 281 218 2h5 LS. 22h 270 k,S. 

ient 

me design of this experiment has been described under section 

A, experiaerit 15. One of the f eatures of tne design was the effect 

o phosphorus levai in the nurieit solution on grth of plants 

and uptake of iron. Three levels of phosphorus were supplied: 

0.00006, 0.0006, and 0.006 molar. 

Dry weights and iron contents of tni.-foliate leaves, cordate 

leaves, stems and roozs are shown in Tables 19 and 20 ana in graph 

form ilk Fig. 27. Ihe resu1is are shown photographically in iiga. 
2h, 25 and 2t. 

The results a1ow jiat 0.006 molar phosphorus, which is a 

normal phosphorus level for nutrient o1utions, seriously retarded 

growth and reduced tk iren content of tn-foliate leaves, whereas 



Pig. 24. cperiment 15. Growth of bean plants in nutrient 

solutions at pH 7.5 when fron was supplied at 0.2, 0.5, 1, , 

5 and 10 p.p.m. as the HEEDTA complex, and phosphorus 'îas 

supplied at 0.00006 molar. 



Fig. 25 &periment 15. Growth of bean plants in nutrient solu- 

tions at pH 7.5 when iron was supplied at 0.2, 0.5, 1, 2, 5 and 

10 p.p.m. as the HEEDTA coniplex and phosphorus was supplied at 

0.0006 molax. 
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Fig. 26. Ebcperiment 15. Growth of bean plants in nutrient 

solutions at pH 7.5 when iron was su11ed at 0.2, 0.5, 1, 2, 

5 and 10 p.p.m. as the HEEJJTA complex and phosohorus was 

supolied at 0.006 mo1ar 
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.00O5 molar phosphorus did not retard c'rnwth cr f.rect leaf :Lron 

coten. The plants in the hJh phosphorus treatieit, as in axperi- 

ieiit 12, develiped a ìild clorosis which was evident in the 

cordate leavea as well as Th the tri-foliote leaves. 

Table 19. ßperiment 15. Effect of phosphorus level of tìe 
nutrient soluti cn the dry weight of the tiseus when 
iron is supplied at the rate of i p.p.. as the kEA 
iron complex. 

?hosphorus concentrati on-molar L.SID. 
!lnt_prt 0.30006 0.3006 0.00 

graTh8 

Irj-fojiate leaves 3.!3 3.38 1.06 0.514 

(ordate leaves 1.17 1.16 1.39 0.18 

Sterns 2.03 1.97 1.52 0.143 

Roots 2.05 206 1.51 0.214 

Whole plant 8.68 8.57 5.58 1.11 

Table 20. Experiment 15. Effect of phosphorus level of the nutrient 
SolutiOn on the iron content of tissues when iron is 
upp].ied as the HEEDIA iron complex ab the rate of i 

p.p.íL. iron. 

Phosphorus e oncentrati on-molar L S D. 
Plant rart 0.00006 0.0006 3.00e 

pp.in 

Tn-foliate leaves 58 71 142 20 

Cordato leaves 77 62 96 N.5. 

Stems 106 83 614 N.B. 

Roots 3266 900 953 61 
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Y. Interaction of Iron Complezed as kfFE1YFA and Pho5phorus When 

Supplied in Mineral Nutrient Solution at pH 7j. 

Experiment l 

The design of this experiment has been described under section 
A, experiment 15. The main effects of iron level and phosphorus 

level have already been described. The remaining factor to be 

reported is the interaction between iron and phosphorus. The term 

interaction is used in this study exclusively in its statistical 
meaning of the effect of two factors together above the sum of 

their Individual effects. Data for treatment combinations are 

presented as Table 22 for dry weights and Table 23 for iron contents. 

The interaction effect was separated from all other effects 
by the analysis of variance method. The analysis of variance for 

the yield data for tn-foliate leaves indicates a very smell inter- 
action when compared with the very large main effects of phosphorus 

and iron, as shn in Table 21. InteractIons for yield of cord- 

ate leaves, sterns, roots and whole plants were not significant. 

All interactions for iron content of tissues were non-significant. 



Table 21. periment ]5. Analysis of variance of the yield of tri- 
foliate leaves of bean plants supplied with i p.p.m. iron 
as the HFßDTA complex, shing interaction between iron 
and phosphorus, 

Variation Sum of Degrees of Mean F 
due to sqres freedom _are __________ 

Iron 26,101j933 .22O987 ]3.Th ILS. 

Phosphortis LtI.O26SO 2 22.02632S i.lL5 H.S. 

Interaction 12.776617 iO 1.277662 3.22 ass. 

Blocks O,831178 i 0.8314178 

Error 6,721422 17 0.397201 

Total 9O.2O80O 35 

Table 22. Experinnt l. Mean dry weights of whole plants, roots, 
steins , cordate and tn-foliate leaves of bean plan ba 
grown at pH 7.5 in nutrient solutions at three levels of 
phosphorus and six levels of iron. 

Phosphorus p.p.m. iron as NEW?A complex 
Plant part Concentration 0,2 0.5 1 2 S 10 

. - 
grams 

Tri'4olist. 0.00006 14.77 14.]5 14.16 3.81 2,82 0,86 
Zaa.s 0.0006 14.60 14.32 1.07 3.88 2.25 1.20 

0.006 0.86 0.714 1.14S 1.38 1.00 0,91 

Cordate 0.00006 1.61 1.37 1.18 1.23 0.86 0.714 
leaves 0.0006 1.141 1.30 1.314 1.23 0.89 0.75 

0.006 1.72 1.67 1.66 1.141 1.01 0.814 

Stems 0.00006 2.70 2.30 2.22 2.143 1.78 0.314 

0.0006 2.60 2.28 2.38 2.26 1,80 1.014 

0.006 1.57 1.73 1.73 1.60 1.38 1.01 



Thble 22. con't. Experiment 15. Mean dry weihts of whole plants, 
roots, stems, cordate and tn-foliate leaves of bean 
plants grown at pH 7.5 in nutrient solutions at three 
levels of phosphorus and six levels of iri. 

Phosphorus p.p.m. iron as HEE]JIA complex 
Plant part Concentration 0.2 0.5 1 2 5 ------- 10 

grane 

Roots 0.00006 2.6]. 2.53 2,12 2.23 1,60 1,08 
0.0006 2.50 2.19 2.11 2.11 1.53 1.32 
0.006 1.65 1.83 1.93 1.68 1.26 1.38 

Whole plant 0.00006 11.69 10.36 9.69 9.7]. 7.06 3.53 
0.0006 11.15 10.10 9.90 9.147 6.148 14.31 
0.006 S.81 5.98 6.77 6.08 L6S L]5 

Table 23. Experiment iS. Mean iron contents of tissues of bean 
plants grown at pH 7.5 in nutrient solutions at three 
levels of phosphorus and six levels of iron. 

Phosphoni p.p.m. iron as HEEDTA ccnp1ex 
Plant part Concentration 0.2 0.5 1 2 5 10 

p.p.m. 

Tn-foliate 0.00006 26 148 145 62 143 110 
leaves 0.0006 33 146 139 92 109 96 

0.006 28 140 17 50 140 77 

Cordate 0.00006 51 514 107 50 89 107 
leaves 0.0006 27 143 141 143 96 119 

0.006 143 78 78 89 85 ]57 

Sterna 0.00006 61 199 SIi 614 109 150 
0,0006 814 ¿7 51 148 132 137 
0.006 56 97 149 53 81 514 

Roots 0.00006 597 5563 14914 9141 1722 10279 
0.0006 309 376 332 305 898 3176 
0.006 220 335 297 351 762 3750 



87 

G. affect of Calcium Concentration of the Nutrient Solution on 

Growth and Iron C-ntant of Bean Plants Grown at pli 7.. 

£xperiment. 16 

The design of this expiaent has been described under section 

B, experiment 16. One of tho features of the design was the effect 

of calcium level of the nutrient solution on grth of plants and 

urtnke of iron. Three levels of calcium were suppliedz L, 8, and 

16 mull-equivalents per litre. 
Dry weights of tn-foliate leaves, cordate leaves, ste«ìs and 

roots are presented in Table 2L, and in graph forni in FIg, 31. 

Iron contents are presented similarly in Table 25 and Fig. 30. 

Results are shcn photographically in Figs. 28, 29 and 30. 

There was no difference in the effect of the vaniis levels of 

calcium on the yield or on the iron uptake. The high musan iron 

content of tn-foliate leaves at high calcium supply was cauaed by 

a single extremely high result and may be dIscounted. 
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Fig. 23. cperiment l, Growth of bean Dlaxits at low calciun 

level in nutrient solutions at pH 7.5 when iron was sunplied at 

0.2, 1 and 10 p.p.m. as the DTPA complex. 
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Fig. 29. Experiment 16. Growth of bean plants at medium calcium

level in nutrient solutions at pH 7.5 when iron was supplied at

0.2, 1 and 10 p.p.m. as the DTPA complex.



Fig. 30. Experiment 16. Growth of bean plants at high calcium 

levels in nutrient solutions at pH 7.5 when iron was suDr.lied at 

0.2, 1 and 10 p.t.m. as the DTPA complex. 
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Table 21i. Experiment 16. Effect of varying calcium concentration 
of tI nutrient solution on dry weights of bean plants 
grown with i p.p,mn. of iron supplied as the DI'PA complex. 

Calcium concentration of cultures L.S.D. 
muli-equivalente 

Plant part 8 16 
grains 

Tri-f oliate leaves 1.O 1.32 1.214 

Cordate leaves 1.W. 1.55 1.62 0.11 

Sterna 2.13 2.12 2,16 

Roots 1.89 1.95 1.914 N.S, 

'ho1e plant 6.50 6.914 6.96 N.5. 

Table 25. Experiment 16. Effect of varying levels of calciu:i in 
the nutrient solution on iron contents of bean plants 
grown with i p.p.ìn. of iron supplied as the TYtPA complex. 

Calcium concentration of cultures L.S.D. 
iilli-equiva1ents 

Plant part 14 8 16 .05 
p.p.m. 

Tn-foliate leaves 57 145 89 N.S. 

Cordate 1eave 37 36 39 W,S, 

I. Interaction of Iron Supplied s_PA and Calcium in Nutrient 

Solutions at pH 7.5. 

Experiment 16 

Te design of this oxperimeni. has been dascried under section 

13, experinnt 16. Crie feature f tie design of te exprimeût was 
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the interaction between iron and calcium. The data for the treat- 
ment combinations was presented in Table 26 for dry weights and 

Table 27 for iron content of tissues, 

The interaction effect was separated from all others by the 

analysis of variance method, The analyses of variance for both 

yield and iron content showed all interactions between calcium 

and iron to be non-significant, 

Table 26. cperiment 16. Mean dry weights of tn-foliate leaves, 
cordate leaves, stems and roots of beìn plants grown in 
nutrient solutions at three levels of calcium and three 
levels of iron supplied as the I'PA complex. 

Calcium p.p.m, iron as UFPA iron complex 
Plant P! Conoentrat.on 2 10 

milliequivale nta grains 

Tn-foliate leaves L 1,26 1.16 0.72 
8 1.30 1.1L5 1.19 

16 l.31. l.S0 0.86 

Cordate leaves 1.30 1.SS l.I6 
8 l.2 1.i6 1.66 

16 1.62 1.66 1.S7 

Stens IL 2.09 2.25 2.01 
8 1.99 2.19 2.17 

16 2.16 2.32 1.99 

Roots 14 1.87 2,03 1.7LL 
3 2.08 1.81 1.9S 

16 1.99 2.09 1.7J. 

Whole plant 4 13.06 11.i.01 11.93 
8 13.80 13.86 13,97 

16 Th.2I 1S.16 l2.31 



Table 27. Experi.ier.t 16. Mean iron contents of tissues of bean 
plants grown in nutrient solutions at three levels of 
calciuu and three levels of iron supplied as tac EPÁ 
complex. 

Calcium p.p.m. iron as 1YPA cornplex 
Plant part Concentration O. 2 10 

¡ui11íequIvatta p.p.m. 

In-foliate leaves 14 8 131 128 
83 80 109 

16 99 1314 299 

Cordate leaves 14 714 73 714 

3 67 81 67 
16 3 102 81 
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D13CUSEIO 

The procedures developed during the course of this study have 

proved to be rery satisfactory for the inve.st1ation of plant 

aneral nutrition at high pkl. The procedure used at the beginrU.ng 

'ras fair frani eati8faotory because the nutrient solution used had 

such a low buf1er capacity that large fluctuations in the pH 

3ccurr3d. Tho use o±' triehy4roxymothylaininoaethane as a buffer 

in the nutrient solutions redticed the fluctuations in ph very 

markedly. Tnere was no evidoace o any toxic effects, or any 

harmful effect on plant growth or arw effect on the iron nutrition. 

This is believed to b the first us of thiz compound or an organic 

compound in nera1 nurisnt 3olutions solely for iìffering. 

Close control o' the pH of mineral natrient solutions, as is 

required wrien pH sensitive compounds sh es tno chelating agente 
are utilized, is made quite practical. 

Contamination of leaves by dust eontaining iron was shn by 

Mason (al, PP. lOL-lO7) to be a serious disturbing factor in iron 

analysis of plants grown outdoors. In the experiniants reported 

;era, plants were grown indoors and although cool outside air was 

drawn into the chamber for control of temperature, it was believed 

that there would be little dust contaiination. This contention 

is borne out by the levels of iron found in the leaves in experi- 

ment 9 in which li cultrs preved to be iron dePic1nt, The 

iror c'ntents were 23, 3], th, 2 and 36 p.p,m. The 'elstiv uni- 
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formity and the low levels of tbese analyses support the ccntention 

that dust contaninatj3n was 1,w. 

There was a largo amount of residual variation in almost all 
the iron analyses , taore than would be expected in SUC h experimental 

material for otlr elements. It ndght be suspected that contamina- 

tion of' sorae samples did occur, but it is di.fficult to seo hw the 

contamination could be caused by dust, since sanp].es fron the same 

treatment in the saille experiment frequently varied very widely in 

iron content. Further3re, while leaves might be xpeted to be 

contaminated by dust, it is difficult to explain the large varia- 

tian in iron content of stes on this basis, since storns present 

such a small surface area in relation to their we!:ht. In the 

root analyses the iron present on the outside of the root in the 

form of precipitated iron or dried residual nutrient eolution is 
necessarily included in the analysis. Large variation was to be 

expected here, since the amount of precipitate renaining on the 

roots on removal from the nutrient solution varied widely. 

As far as can be determined from the literature, these experi- 

ments represent the first really successful attempt at growing 

plants at closely controlled pH levels above ii 7. Nutrient sO].u- 

tion cultures in particular have been unsuccessfu.l in the past be- 

cause iron nutrition has presented a problem for which no adequate 

solution existed. Since so little was known, it was necessary to 

determine some rather simple points before proceeding to the more 

complex ones. One such point was the optimum level of iron when it 
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wa8 supplied as the two chelate complexes HIJA and L1LPA. 

The optimuni level of iron aa HEEIIIA in nutrient 8o1utics at 

pH 7.5 has been found by these experiments to e in the ranc'e of 

0.2 to 2 p.p.. It was hn in experiment 8 that 0.1 p.p.:i. was 

not adequate and. in experiments I arid 15 that p.p.rn. retarded 

rrowth considerably. The middle or the rane 0.2 to 2 is i 1. 

Thìs is very close to i and therefore the optinum level is placed 

t i p.p.m. 

The optiuum level of iron as UEPA in nutrient solutions at 

ph 7. ha8 beeii ahi tu te in the range of 0. to 2 p.p.m. In 

experiment 9, 0.5 p.p.ai. was insufficient to prevent chiorosis, 

however, in exkriment Il the yield from t.e 0.5 p.p.. treatment 

was only slightly less tìan the hLghet yield. At high levels of 

iron in the nutrient solution, 5 p.p.m. reduced yie3i slightly, but 

10 and 20 p.p.m. reduced yield markedly. The aiddle of the rane 

0.5 to 2 p.p.m. is 1.25 p.p.m. Again, this is very close to I and 

therefore the op-iwz level i set at 1 p.p.. 

While 1 p.p.m. iron supplied as a chelate compiex prevented 

chlorosLs and resulted in nor1a1 growth at pH 7.5 in these exri- 

mente, it is worthy of note that i p.p.m. iron without chelate 

would probably not have been sufficient for nora1 growth and pre- 

vention of chiorosis beyond pli 5.0 or 5.5. 

The rane of optirxurn concentrations of iron supplied as the 

HEEUJA and DTPA conpiexes in nutrient solution was not wide. 
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Deficiency comzeneed at about 3.1 p.p.in. and tuxicity at about 5 

p.p.m. Tbi eeni to be a soìethat more limited range than has been 

found in the use of chelates on soll where, although the optimum 

application of iran s EDI'A 1a about 20 'ra per bree for citrus, 

toxicit:r i no observed until levels application of 200 gras or 

i'iore are reacited, Of course, in a tree, the toxic level of iron 

in the tissues vou1d be reacied more alowly because of the size ol' 

the orani3in, During this tì1Te tne chelating coiripourìd would be dia- 

appearing from thè soil bj leaching, actions of icroorganiss, 

and the like. These experiiert.s are not òiretly compaaole to 

field oonditicis. kiowever, these experitueriLs do indicate a need 

for really wz)rk under possibi- 

lity of toxicity can be di3counted. 

In tn-foliate leaves, when the hLA iron complex was the 
source of iron, toxicity occurred when the iron content reached 60 

to 2 p.p.'n. and the optimum range wa 3 to 80 p.p.ni. when the 

D1PA iron complex was the sirce of iron, deficiency occurred at 

30 p.p.m. and toxicity at 85 to 133 p.p.zn. Tne optimum ran'.e was 

113 to 85 p.p.m. There is ensral agreement between the deficient, 

optimum and toxic levels for the two sources of iron. enlapping 

of ranges is evident, but this is common occurrence in ali 

nutrients in plant tissues. In general, deficiency occurred helot 

I3 p,p.m, and toxicity above 80 p.p.n. the optinum ranqe being from 

1i.3 to 80 p.p.n. 



In cordate leaves, when REE]A was the source of iron, toxi- 

city occurred at 90 p.p.m. and the optimum range was 1O to 90 

p.p.m. When JYPA was the source of iron, deficiency occurred at 

27 to 51. p.p.m., toxicity at 35 to 85 p.p.m. and the optimum range 

was 20 to 50 p.p.m, In general, deficiency occurred below 30 

p.p.m., toxicity above 65 p.p.m. and the optimum range was 30 to 

65 p.p.m. This range appears to be slightly lower than that for 

tn-foliate leaves. 

In stems, when HEEDTA was the source of iron, levels of iron 

in deficient plants were from 85 to 350 p.p.cn., in plants suffering 

from toxicity 5.5 to 105 p.p.m. and in plants having optimum iron 

contents 50 to 220 p.p.m. When DIPA was the source of iron, levels 

of iron in deficient plants were 100 p.p.m,, in plants suffering 

from toxicity 35 to 85 p.p.m, and in normal plants 20 to 50 p.p.m. 

There appears to be an inverse correlation between the adequacy of 

iron nutrition as judged by yield, and the iron content of stems. 

In roots, when HEEt/]A was the source of iron, levels of iron 

in deficient plants were 250 to LS00 p.p.m., in plants suffering 

from toxicity 650 to 5500 p.p.m., and in normal plants 300 to 2000 

p.p.nl. When IflPA was the source, there were 2500 to 7000 p.p.m. in 

the deficient plants, 1000 to 2000 p.p.m. in the toxic plants and 

300 to 500 p.p.m. in the normal ones. There is no correlation be- 

tween iron content of the roots and iron nutrition of the plants. 

This is not surprising since the roots were in many oases coated 

with heavy precipitates which were probably largely ferne pnos- 



phate, and tne amount of precipitate present on the root and also 

the amount retained on the root on removal from the nutrient solu- 

tion varied widely. The iron analyses of the roots were extramely 

variable, and as a result the statistical analyses seldom showed 

significant differences. 

The effect of pH of the nutrient solution on the yield of 

plants was quite large. Optimum yield was obtained at pR 7.. 

Reduced yield occurred at lower and higher pH's. These results are 

somewhat at variance with the results of Arnon and Johnson (b, 

p. 52S) who found that the best growth of plants occurred between 

pH S.O and 7.0 for tomato, lettuce and Bermuda grass. However, 

the results agree closely on the alkaline side since they found 

considerably reduced growth at ph 8. The depressed rowth at pH 

7.0 mignt have been caused by toxicity of iron as is evidenced by 

the fact that tne tn-foliate leaves contained 170 p.p.in. A 

lower level of iron complex at tnis pH might have produced higher 

yields. The depressed growth at p1-i's above 8.0 might possibly 

have been prevented if higher levels of iron had been supplied. 

it is dangerous to predict this, since the leaves contained ade- 

quate iron for norl growth. 

The most remarkable effect of ph, however, was on the iron 

content of the plant. The iron content of tn-foliate leaves 

dropped from 169 p.p.m. at pH 7.0 to 108 p.p.m. at pH 7. and 72 

p.p.m. at pH 8,0. There was no further drop at pH 8., 9.0 and 
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9.5. 

Thia is a very large drop indeed, less than cn-e-ha1f the con- 

tant 3f ±3fl being taken xp by the tn-foliate leaves when pH la 

increased by only- 1.0 pH unit. There was a sna1ier, though aii1ar, 

effect ri the cordate leaves. Tkuis would be expected since these 

leaves were ha1f-forned before the difrerentlal treatments were 

applied. The iron content of tie sterns was affected very little by 

trie treatments , bit the usual large variation was present and may 

have obscured th effect. In the roota, there was a minimum iron 

content at pii 7.5 to 6.0, wit}! higher contents at pH 7.0 and at pH 

6.5 to 9.5. The trend in levels in the roots was in inverse re- 

lation to that in the tri-f ollate 3.saves. 

The level of phosphorus in tte nutrient solution affect.ed yield 

and iron content ,f the tissues very strongly. When iran was 

aupplied as the TA iron canplex, yield as markedly reduced at 

the high phosphorus level, even though the iron content of the 

tn-foliate leaves at all three levels of phosphorus was the sajne at 

about 70 p.p.m. and therefore presumably adequate for growth. The 

iron content of the stens was reduced and that of the roots in- 

creased as the phosphorus level increased. These results appear to 

be in accord with Biddulp&s theory that at hLgh phosphorus levels, 

iron is precipitated at the xylet extremities in the leaf as an in- 

organic salt and does not reach the leaf parenchna cells. How- 

ever, when iron was supplied as tk:a DITA iron co'iiplex, the results 
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were different. At low and medium phosphorus levels, iron content 

of tne tn-foliate leaves was very high, about lliO p.p.ni., but at 

the high phosphorus supply it dropped to SO p.p.'n. However, In the 

steins and roots, the iron content was high at the low phosphorus 

level, but low at the irediwn and high phosphorus levels Yield was 

low at all pnosphorus levels, but lowest at the high phosphorus 

level. These results are hard to interpret. The uptake of iron is 

much higher than would have been expected at a i p.p.m. level of 

supply and the yield much lower. However, careful checking has 

failed to reveal any errors in the level of iron supply. 

It is of interest to compare this work with similar work done 

(6, p. 268) uain non-chelated iron as the iron sonrce. 

He found that at medium phosphorus level (0.0001 molar) at pH 1, 

radioactive iron entered the plant rapidly and was uniformly dis- 

tributed. At the sanie phosphorus level, at pH 7, there was rapid 

entry of iron only as far as the vein system, but little or no 

distribution of iron in the mesophyll. At high phosphorus level 

(0.001 molar) at pki 7, the iron actually failed to enter the xylem 

due to precipitation at the root surfaces. In contrast, in these 

studies, when iron was supplied as chelated iron, the sdiwm phos- 

phorus and pH 7. treatment produced optimum growth. Indeed, the 

medium phosphorus was 3.0006 molar jn comparison to l3iddulph's 

medium phosphorus of 0.0001 molar and the p11 was half a unit higher. 

It seems clear that chelated iron is much more effective than 
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non-chelated iron in preventing ïron deficiency in the leaf 

parenhynia due to prior precipitation in the veina in the root. 

Tne iron level required for optimum yield was not the sane at 

all ievele of phosptru8. At t} low and rnediunt phphorua levels, 

there was little difference between the yields at 0.2, 0., 1, 

and 2 p.p.m. However, at the high phosphorus level, the best 

yield was produced at i ar 2 p.p.ìu. iron but this yield was only 

one-third of that produced at the !'ediunl and low piosphoru levels. 

Leverttieless, it indicates that the higher phosphorus levels re- 

quired a higher iron supply. 

Plants which were chiorotic because of excessive levels of 

phosphorus in the nutrient solution were affected in a different 

way from plants which were o lorotic becau9e of a deficiency of 

iron. The iron-deficîent plants developed severe chiorosis and 

necrosis of the tn-foliate leaves but the cordat,e leaves reiìained 

normal in colour and size. In contrast, the p].ants in the high 

phosphorus treatment developed chiorosis in batrì the tri-f oliate 

and cordato leaves. This differential effect rry be attributed to 

precipitation of the iron by the high phosphorus content of the 

tissues preventing the iron reaching tne leaf parenchyma from ex- 

hibiting maximum availability. 

The chiorosis in the two cases had a different appearance. 

Chiorosis due to iron-deficiency was characterized by a pale, 

clear yellow to white colouring of the leaves, whereas onlorosis 
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du to ÀiigLL pho5ph3rua wa characterized by a iudd3r ye11ow-gi'en 

co1r, The pale yellow c:J.or3sis might, pertlap8, be attributed to 

almuoct oommplee lack oÍ' formation of chlorophyll, and the muddy 

yellow chiorosis to bleaching of the chlorophyll present and. in- 

sufficient rep1acernt. 

The effect of calcium concentration of the nutrient solution 

on yield and iron content of tn-foliate and cordate leaves, ste 

arid roots was very- siall. The sizeable increase in iron content 

01' tn-foliate leaves at the high calcium leei can oe attributed to 

the farge variation since no significance was attained in the 

statistical analysìs. This lack of an effect by calciim ws not 

anticipated in view of the effects of calcium on iron nutrition tnat 

bave been rejorted in the literature. No explanation of this 

finding seems to have sufficient merit to be incorporated hero. 
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1. A method for griing bean plants In nineral nutrient culture 

under imito rìi enironrnerit at alkaline pI values has been developed 

in order to study the ef'ects of various synthetic chelating nu 

stances on the availabiii.ty of iron under these conditions. 

2. An orcanic buerin coitpcund was found to :tve adequate 

control of pH without givirì any symptoiis of toxItity or 

participation in the Iron nutriti îri of the plant. 

3. At pH 7. it was fmd that about i p.p.. of iron co 

plexed iîith I[EDTA and D'FA av optfrium growth of bean piant3. 

The le-eis of the two wore found to be sinilar but not identical. 

4. The effect of iron c mplx was different in the oate 

as contrasted t the tri-f oliate leaves, and the effects in the 

trt-follate leaves 'vere foum to be iore significant. Tiseue 

levels of iron varIed scrnewhat but were otinum about }3 to 80 

p.p.in. 

. Iron applied as a conplex by v&cuum infiltration r by 

foliar surface application was toxic at fairly l levels even 

thygh the total amount of iron applied was far less than that 

absorbed tlrough the roots. 

6. At low and ntdiumì levels of phosphate in te nutrient 

silution at pH ?.! there was little interference in iron nutrí- 

tion but at high levels the Interference was marloed. Cordate 

leaves were affected the sare as tn-foliate leaves. 
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7. When i p.p.nt, ircn wa supplied as the chelate, optiirnri 

gr-th was found at ph 9. with a small decline at ph 7,0 an a 

:narked decline at pH .0. The decline at pH 7.0 could have been 

du to iron toxicity, but at the higher pH values adequate iron 

eeed to be present in the leaves. 

8. The interaction of iron and phosphorus was sr.all and 

probably not significant. No interaction ae found for iron and 

calcium. 
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APPENDIX 1. INDEX OF CHELATE COOUNDS 

Table 28. Cheinica3. formulae, letter designations, trade nanes, and 
manufacturers of chelate compounds. 

1. Chemical description: ethylenediaininetetraacetic acid 

Letter designation: EDTL 

Trade naines Versene anufacturer: Versenes Inc., framingham 
Massachusetts. 

Soquestrene Manufacturer: Airose Chemical Co. Divi- 
sion of Geigy Chemical Co. 

Nullapon Manufacturer: Antara Chemicals, Ne lork 

Tetrine Manufacturer: Glyco Products Co.Brooklyn 
New York. 

Perazaldeer Manufacturer: Refined Products, Lynd- 
hurst, New Jersey. 

2. Chemical description: N-hydroxyethylethylenediaininetriacetic acid 

Letter designation: HEEDTA, EDTA-OH, NaFeEEDTA 

Trade Name: Versen-ol Manufacturer: Versenes Inc., Framingham, 
Massachusetts. 

Data: A solution containing 2.3 per cent iron. 

3. Chemical description: diethylethylenetriaminepentaacetic acid 

Letter designation: DTPA 

Trade names Chel 330 Manufacturer: Geigy Chemical Corporation, 
89 Barclay St, New York 

Data: Dry material 10.5 per cent iron. 

Ll_. Chemical description: N, N'-dihydroxyetbD.yethlyenediaminediacetic 
acid 

Letter designation: HF&DTL 

Trade name: Ver8ene-dio]. Manufacturer: Berworth Chemical Co., 
?rarningham, Massachusetts. 
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Table 28 Con't. Chexnical i'orrnulae, letter designations, trade names, 
and manufacturers of chalate compounds. 

5. Chemical descriptions An aronatic polyaminocarboxylic acid 

Letter designation: APCA 

Trade nane: Chel 138 anufactirer: Geir Chemical Co. 
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AFPDIX 2. RECORDS OF pff OF NUTRIENT SOLUTIONS OF ALL XPERIFNTS 



Table 29. ixperinierit I. Record of pH of nutrient solution. 

crock no. 
Date Time 1 2 3 Ii S 6 7 8 9 

March 
29 3.00 p.m. pH 7.0 7.1 7.0 7.2 7.1 7.2 7.2 6.9 7.0 

I, Added 15 15 15 15 ° 
6.00 p.m. pH 0 0 0 0 0 9.2 8.7 8.1 8.2 

30 9.30 a,i. pli 

Jdded 
(.1 

15 
71 

15 
7.1 

15 
7.2 

15 
7.1 

3$ 
7.2 

15 
7.2 

15 
7.0 

15 
7.1 

15 
lj.30 p.m. pH 7.6 7.5 7.h 7.7 7.7 7.1 7.Li 7.li. 7.7 

I. idded 10 10 10 10 10 10 li 10 10 

3]. 9.30 a.ni. 
n 

pH 
Added 

7.0 
15 

7.0 
15 

7.1 
3$ 

7.2 
15 

7.3 
15 

7.3 
2$ 

7.3 
15 

7.3 
15 

7.2 
15 

11.30 a.ia. pH 7.1 8.0 7.9 8.2 8.5 8.2 8.5 8.1 8.5 
s' Added 3$ S S 5 0 5 0 5 0 

h.1S p.ni. pH 7.1 7.6 7.7 7.9 7.8 7.7 7.7 7.8 7.8 
Added 25 10 10 10 10 10 10 10 10 

April 
1 a.ii. pH 7.1 7.3 7.b 7.6 7.5 7.1 7.5 7.3 7.4 7S00 

Aed $ 15 15 15 15 15 15 iS 15 
.00 p.m. pH 7.] 7.6 7.7 7.9 7.8 7.6 7.7 7.6 8,0 

Added 15 15 15 3.5 15 15 15 15 15 

2 9.00a.m. Added 35 15 3.5 3.5 15 15 3.5 3$ 3$ 
9.00 p.ni. pH 7.6 7.5 7.5 7.7 7.6 7.5 7,1k 7.3 7.7 

0 Added 15 15 3.5 15 15 15 35 15 15 



Table 29 Con't. Experiment l. Record o pH of nutrient solutions. 

Crock no. 

Date Time i 678 
April 

3 10.00 a.m. PH 7.6 7.6 7.6 7.9 7.? 7,3 7.6 7.6 7.8 
't Added l l l l 15 l ] l 

14 10.00 a.m. pH 7.6 7.6 7. 7.8 ?. 76 7.6 7.3 7.7 
f1 Added 15 iS ]$ 15 l 15 3$ 3$ 15 

14.hS p.m. Added iS 15 15 15 15 3$ 15 15 15 

s 9.00 a.m. pH 7.11 7.7 75 7.8 7.7 7,7 7.7 7.6 7.7 
'4 Added 15 15 35 15 iS 15 3$ 15 15 

l.15 p.m. Added 15 15 15 3$ 15 15 15 ].5 15 

6 9.00 a.in. pH 7.9 7.6 7.6 7.9 7.8 8.7 7.9 7.5 8.5 
w Added 10 10 10 10 10 0 ID 15 0 

14.00 p.m. pH 8.1 7.7 7.6 7.9 7.7 7.7 7,7 7.6 7.8 

Ad4ed 10 15 15 15 15 15 15 15 15 

7 1.00 p.m. Added 15 15 15 15 15 15 15 15 3$ 

b.00 p.m. Added 15 15 15 15 15 15 15 15 15 

8 9.00 a.m. pH 8.Ii, 7.6 7.5 8.2 7.8 8.2 7.9 7.5 8.0 
Added 5 3$ 35 5 lo 5 lO 15 5 

9 9.00 a.m. pH 7.8 7.6 7.14 7,8 7.9 7.9 8.2 7.5 7.8 
Added 3$ 15 15 15 15 15 10 3$ 15 

* 
Indicates n1. 0.5% aodium hydrwdde added. 



Table 30. ethent 8. Record of pH of nutrient o1utiois. Objective, pH 8.S. 

crock no. 
- Time i 2 3 I 5 6 7 8 9 10 

ay 
6 9.00 &.m. pH 8.2 8.5 8J. 8.3 8.2 8.3 .3 8.2 .1 8.1k Mded*5 2 3 14 14 It S 6 3 

U.30 a.m. pki 8J. 8.3 8.2 8.0 7.9 8.0 6.1 .Q 7.9 8.1 
Added 20 20 20 20 2 20 20 20 2 20 

7 9.00 a.za. pH 8.i 8.S 8.5 8.5 8.3 8.I Ll BJ. 8.5 8.5 
Add*d 10 10 10 10 10 10 10 10 10 10 

8 Cracked hyfrogen e1ect,ode not relaced until May U. 

]1 2.00 p.n. pki 8.2 8.2 ti.3 .2 8.1 8.1 8.2 8.2 8.1 8.2 
Added 20 20 20 20 20 20 20 20 20 20 

12 2.00 p.m. pH 8.j 8.i 8.b 8.2 8.2 8.2 1.3 t3.2 8.1 8.3 
Added 25 25 25 30 30 30 25 30 30 25 

13 11.00 a.m. pH 8.5 8.5 8.5 8.3 8.3 8.14 8.3 8.14 8.3 8.5 
Added 15 15 15 35 35 25 35 25 35 15 

114 14.00 p.m. pH 8.3 6.14 8.3 8.2 6.2 8.14 8.3 8.3 8.3 6.3 
Added 35 35 35 50 50 35 35 35 35 35 

15 10.00 a.m. pH 8.7 8.7 8.6 8.7 8.7 8.6 6.6 8.5 6.7 8.6 
Added O O O O O O O O O O 

I-J 



Table 30 Con't. Expernent 8. Record o2 pH o! nutrient eolutione. Cjective, pH 8.5 

Date Time 1 2 314 Crock 
5 

no. 
6 7 8 9 10 

May 
1? 2.00 p.m. 8.0 6.0 7.8 7.8 7.9 8.1 6.1 8.14 8.2 8.14 

Added 58 50 6o 6) 60 50 3 50 35 

13 Air comprescr niotor burned out, but vae repiced. 
H 8.8 8.5 8.5 8.14 8.8 8.7 8.6 8.5 8.7 8.6 

Add 10 25 25 25 10 10 20 25 15 20 

19 2.00 p.m. pH 8.6 8.6 8.5 8.11 8.7 8.6 8.5 8.5 8.6 b.b 
Added 20 20 25 35 20 20 25 25 20 20 

20 Added 20 20 20 20 20 20 20 20 20 20 

Second air compressor motor burned oi.t. Aeration ceased. 

* 
ru. 0.5% sodium hydr-xide. 

'o 



Table 31. Experinent 9. Record of pli of nutrient solutions. Objective pH 7.5. 

Crock no. 
Date Time 1 2 3 14 5 6 7 8 9 10 

Septenber 
29 8.145 a.ia. pH 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

30 2.30 p.m. pli 7.5 7.5 7.14 7.5 7.5 7.5 7.14 7.5 7.5 7.5 
Added* O O 5 0 0 0 5 0 0 0 

October 
1 3.00 p.m. pli 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

3 14.30 p.m. pli 7.14 7.5 7.5 7.5 7.5 7.14 7.5 7.14 7.5 
Added O S O O O O S O 5 0 

14. 10.00 a.m. pH 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

5 1.30 p.m. pH 7.14 7.14 7.5 7.5 7.14 7.5 7.14 

5 
7.14 

5 
7.14 

5 
7.5 
0 Added 5 5 0 0 5 0 

6 2.00 p.m. 7.5 7.5 7.14 7.14 7.14 7.14 7.5 7.14 7.5 7.1.4 7.5 
Added 0 10 10 10 10 0 10 0 10 0 

7 14.30 p.m. pH 7. 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

9 6.30 p.m. pH 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

U 3.00 p.m. pH 7.14 7.5 7.5 7.14 7.5 7.14 75 7.5 7.5 7.5 
Added lo 0 0 10 0 10 0 0 0 0 L-I 



Table 31 Con't. Experiment 9. ecord of pli of nut?ient solutions. Objective pli 7.5. 

Crock no. 
Date Tine 1 2 3 5 6 7 8 9 10 

October 
12 2.00 p.m. pM 7.5 7.5 7.L 7J4 7.Li 7.14 7.14 7.14 7.14 7!i. 

Added 0 0 10 10 10 10 10 10 10 10 

13 2.30 p.n. pli 7.14 7.5 7.5 7,14 7.5 7.5 7.14 7.5 714 714 
Added 10 0 0 10 0 0 10 0 10 10 

114 3.30 p.ni. pM 7.5 7.5 7.5 7.14 7.5 7.5 7.5 7.5 7.5 7.5 
Added O 0 0 15 0 0 0 0 0 0 

15 5.00 p.m. pH 7.5 7.5 7.5 7.14 7.5 7.5 7.5 7.5 7.6 7.5 
Added O 0 0 15 o 0 0 0 0 0 

* 
mis. 0.5% sodium hythoxi.de. 

I-J 



Table 32. erierit U. ie*4 of pl at 1t *o3.uttoets. Objective pii 75. 

___ -- r 
Crock rio. 

Date Tue 1 2 5 6 7 8 

December 
2 3.30 p.m. pli 7.5 7J. 7.5 74 7.5 

- -, -t r' 
AddecP O 10 J. J.) U J -' ..-.# 

3 1.30 p.m. pH 7.5 7.6 7.6 7.6 7.5 76 1.5 job 76 
Added 2 0 0 0 0 0 0 2 0 

6 3.30 p.m. pH 7Js 7.5 7.6 7.6 7o 7, 7a 7.k 
Added o O O O O O 5 0 

î 2.00 p.m. pli 7 7.5 .6 7.6 7.5 ?e 7.5 7J 7.5 

Added 2 2 0 0 0 0 0 2 2 

9 3.00 p.m. pH 7.5 7.5 li6 7.6 7.5 7.5 7.5 7.5 1.4 
Added O O O O O O 0 0 5 

12 10.00 a.zn. pli 7.5 7.14 7.6 7.6 7.6 7.5 76 7.5 7.4 

Added 0 10 0 0 0 0 0 0 10 

14 2.00 p.m. pH 7eS 7.5 liS 7e6 liS 7.5 1.5 7.5 7.4 
Added O O O O O O 0 o 15 

r', 



Table 32 Cori' t. Ezper-iment 11. Record of pH of nutrient solutions. Objectivo pH ?.S. 

--- ----- - -*- - - ------------- 
Crock no. 

- - --- - 

Date Thiie 10 II 12 13 iii. 15 16 17 18 _____ 

Deonber 
2 3.30 p.m. pH 7. 7.S ?.ti i.1 7.1. 7.ìj 7. 7,5 

Added O O 10 10 iS 10 31) () 

5 1.30 p.m. pH 7.5 7.5 7.6 7.6 7.6 7. 7.5 ?. 7.6 

Added O O O O O O O O O 

6 3.15 p.m. p11 7.1 7.b 7.5 7.5 7.5 7.5 7.5 7.5 7.5 
Adñed 5 0 0 0 0 0 0 0 

7 2.00 p.m. pH 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 
Added 5 0 0 0 0 0 0 0 0 

9 3.00 p.m. pH 7.Ij 7.5 7.5 7.6 7.5 7.5 7.5 7.6 7.5 
Added 5 0 0 C) 1) 0 0 0 0 

12 10.00 a.m. pH 7.5 7.5 7.5 7.6 7.6 7.6 7.5 7.6 7.5 
Added O O O O O O O O O 

lii. 2.00 p.m. pH 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.6 7.5 
Added O O O O O O O Q O 

* 
ml. o.5% sodiu hydroxide. 

-J 



Thble 33. perL'ent 12. Record of pff of nutrient solutions 

Crock no. 
Date Time 1 2 3 - 5 - 6 7 8 9 

Deciber 
26 3.30 p.m. pH 7.2 7.2 7.14 7.3 7.14 7.14 7.14 7.14. 7.2 

Added* 3 3 1 1 1 1 1 1 3 

28 11.00 am. pH 7.5 7,5 7.6 7,5 7.6 7.6 7.7 7.5 7,14 
Added O O O O O O O O 

30 1.135 p.m. pff 7.1 7.14 7.6 7.14 7.6 7.14 7.14 
Added ]b 10 0 2 0 10 0 10 25 

January 
1 3.00 p.m. 

3 3.00 p.m. 

5 11.30 a.m. 

7 3.30 

lo 

pH 7.14 7.14 

Added 15 15 

pif 7.5 7.5 
Added O O 

pH 7.5 7.5 
Added O, O 

pII 7.5 7.5 
Added 0 O 

liarve ted 

7.6 7.2 7,6 7,14 7.7 1.2 7.14 

o 35 o 15 o 35 

7.6 7.5 7.6 7.6 7.7 7.7 7.14 

O O O O O 0 25 

7.3 7.6 7.5 7.7 7,6 7.14 
O 25 0 0 C' 0 35 

7.5 7.3 7.5 7,5 7.6 7.2 7.li. 

0 35 0 0 0 25 35 



Table 33 Con't. Experiment 12. Record of pH of nutrient solutions. 

Crock no. 
Date Time 10 11 12 13 3)4 iS 16 17 18 

December 
26 3.00 p.m. pH 7.1 7.3 7.14 7.1 7.1 7.3 7.Li 7.14 7.5 

Added 14 1 1 14 14 1 1 1 0 

27 11.00 a.m. pU 7.3 7.5 7.7 7.14 7.5 7.6 7.6 7.6 7.5 
Added 25 0 0 10 0 0 0 0 0 

30 1.145 p.m. pH 7.3 7.14 7.6 ?.ti 7.3 7.5 7.5 7.6 7.5 
Added 25 10 0 10 25 0 0 0 0 

January 
1 3.00 p.m. pH 7.3 7.5 7.6 7.14 7.14 7.3 7.2 7.6 7.5 

Added 35 0 0 15 15 25 35 0 0 

3 3.00 p.m. pH 7.5 7.14 7.7 7.5 7.5 7.7 7.7 7.6 7.5 
Added 0 10 0 0 0 0 0 0 0 

5 11.30 a.ni. pH 7.5 7.2 7.6 7.5 7.5 7.6 7.? 7.7 7.5 
Added 0 35 0 0 0 0 0 0 0 

7 3.30 p.m. pH 7.5 7.14 7.6 7.14 7.5 7.5 7.8 7.6 7.5 
Added 0 25 0 15 0 0 1 0 0 

'-i 
r') 

* 
Millilitres of 0.5% sodium hydroxide. 



Table 3h. Experiment ]3. Record of pH of the nutrient solutions 

crock no. 

Dits 1Tiae 2 3 b 6 .7. 8 9 

R.qnir 7.5 9.5 7.0 8.0 9.0 8.5 LO 7J 8.5 

Janu*r7 
16 - pH 7.6 8.3 7.1 7.7 8.0 7.8 7.7 7.6 7.8 

Added* O So O 50 50 50 O u 

pli - 9.2 - 8.9 9.0 9.0 8.9 - 8.9 
Added O 15 0 0 0 0 0 0 0 

17 9.30 a.m. pli 7.7 8.9 7.2 8.0 81l.s 8.3 8.2 7.7 8.2 
Added O 35 0 0 35 15 0 0 1.5 

18 9.20 a.m. pH 7.5 8,9 1.1 8.0 8.h 8.1 8.0 7.7 8.1 
Added O $ o o So 35 0 0 35 

1.30 p.m. pH 0 9.0 - - 9.1 8.8 - - 8.8 
Added go 

19 3.30 p.m. pH 7.6 9.0 7.1 7.9 8.b 8.2 8.0 7.6 8.2 
Added O 3.5 0 15 $ 25 0 0 25 

20 11.50 a.m, pH 7.5 8.8 6.9 8.0 8.5 8.2 7.9 7.6 8.2 
Added O 60 15 0 60 50 15 0 50 

3.30 p.m. pH - 9.2 7.3 - 9.2 8.9 8.2 - 8.9 
Added O 35 O 6 

B-;-7. 

O O 0.5 
pH - - 7.0 - - _ 



Tabla 314 Con't. Eqeriment 13. Record of pli of the nutrient solutions. 

Crock no. 
Date Time 1 2 3 14 5 7 8 9 

January 
22 12.16 p.m. pli 7.3 8.7 6.8 8.0 8.5 8.2 7.9 7.6 8.2 

Added 15 90 10 0 O J.) ) u 

23 9.20 a.m. pli . 7.6 9.2 7.li 8.0 8.8 8f3 8.0 7.6 8.2 
Added O 50 Q2 O 35 35 0 0 35 

214 10.30 a.m. pli 7.li. 9.2 7.3 8.0 8.9 8.5 8,0 7.6 8.5 
Added 15 15 O 15 0 0 0 0 

26 11.00 a.ra. pli 7.7 6.8 7.0 8.0 8.5 8.3 8.0 .6 8.2 
Added O 35 0 0 25 3$ O O 25 

27 11.00 a.m. pU 7.7 8.9 7.0 8.0 8.6 6.14 8.0 7.6 8.3 
Added 35 0 0 25 15 0 0.25 15 

28 10.30 a,rn. pli 7.5 8.9 7.0 8.0 8.6 8.14 8.0 7.5 8.3 
Added 0 50 0 0 50 25 0 0 35 

29 2.30 p.m. pli 7.6 8.8 7.1 7.9 8f6 8.14 8.0 7.5 8.3 
Added C) 120 0 5 90 30 0 0 50 

30 10.00 a.m. pH 7.6 9.2 7.2 7.9 9.1 8.5 8.0 7.5 8.6 
Added 0.2 100 0.2 10 50 30 0 0 25 

* 
Millilitres of 0.5% ßodium hydroxide. 
millilitres of i normal sulphuric acid 



Table 3. Expricient 13 Record of pli of nutrient 3olutiofls 

Crack no. 
Date Tine 10 11 12 j3 1I 15 16 17 - 
Required pLI 7.0 9. 9.0 7.0 9.0 8.0 7.5 8.5 

January' 
16 - pH 7.I, 8.0 7.9 7J. 7.9 7.7 7.6 7.8 8.0 

Added* Q 100 100 0 100 U U AJJO J.AJ 
pH s. 9.6 9.7 9.7 9.0 9'7 9.8 

17 10.00 .m. ph 7J. 8. 9.1 7.5 9.0 8.2 7.7 9.2 
2 

9.ì 
15 

Added 1*35 0 1 0 0 0 
pH b.9 9.h - 7.0 - - - 8.7 - 

18 9.38 a.ut. ph 7.3 3. 8.c 7.3 8.3 8.0 7.6 8.2 

35 

8.b 

50 Added 2 50 35 2 50 0 O 
1JJO p.m. pli 6.2 9.1 9.1 .1 9.1 - 8.9 

1 
9.3 

35 Added 50 5o O 50 
e. 

0 

- 
0 
- 

0 

- 8.6 9.6 3.25 p.m. pli 8.5 9.6 

0 2 0 0 0 0 Added 2 0 0 

-.- 3j.5 p.tn. pli 7.6 - - 7.3 - - - - 

19 14.00 p.m. ph 7.0 9.1 8. 6.9 
15 

8.l 

35 
7.9 

15 
7.5 
0 

8.2 

35 
9.1 

35 Added O 35 35 

20 11.OD a.ni, pH 7.0 9.0 9,0 7.3 8.5 7.9 
15 

7.5 
0 

8.5 
0 

9.1 
60 Added O 70 0 

- 

0 

- 

70 

9.3 8.2 - - 9.5 3.37 p.m. pli - 9.5 



Table 3S Can't. Er'erient 13. Record of pH of nutrient solutions 

Crock no. 
Date Tirre 10 U 12 13 1h 15 16 17 18 

January 
22 12.hS p.m. pH 6.8 8.7 7.0 6.h t.0 7.h 7,.8 8.8 

23 - 

2h U.0C a0m. 

26 1l.00 a.m. 

Added 10 90 35 0 50 0 ,O 

r11 7.1 9.2 8.8 7.1 8.8 8.0 7.S 8.S 9.3 
Added O 60 3 O 3 O O O 35 

71 93 9.0 7.1 8.9 8.0 7.5 8.3 9.3 
Added O 15 0 0 35 0 0 15 15 

pH 7.1 8.8 BJ.& 7.0 8.5 80 7.6 8.5 8.8 
Added O 35 35 0 35 0 0 15 35 

27 U,,OC a.rn. pH 7.2 8.8 8.5 7.0 8.6 8.0 7.5 8.h 8.8 
Added 35 25 0 25 0 0 3.5 35 

28 10.30 a.m. pR 6.6 8.8 8.5 7.0 8.7 8.0 7.6 8.b 3.9 
Added 35 50 50 0 35 0 0 15 50 

29 2.30 p.ui. pH 7.b 5.7 i.6 7.1 8.6 b.O 7.6 b.3 
Added 120 90 0 90 0 0 30 120 

30 10.00 a.in. pH 7.1 9.3 9.0 7.2 9.2 8.0 7.6 8.L 9.3 
Added 0 70 50 0.2 30 0 0 30 70 

* Îfl1ilitres of 0.5% sodium hydroxide 
0.5 millilitres of 1 normal sulfuric acid 



Table 36. Experiment 15. Record of pH of nutrient solutions 

Crock no. 
Date Tine 1 2 3 5 6 7 8 9 

February 
10 1.30 p.m. pH 7.8 7.6 Teli, 7.2 7.li. 7.6 72 7.2 7.14 

Added" Q 0 15 3.0' 1 O j.U' J.U' .L 

13 9.00 a.m. pH 7.8 7.6 7.3 7.3 7.14 7.14 7.5 7.14 7.14 
Added 1.0 0.5 35 3.0' 30 30 0 1.0' 30 

15 10.00 asia. pH 7.6 7.14 7,6 7.6 7.8 7.8 7.5 7.5 7.6 
Ackled 0 10 0 0 0 0 0 0 0 

17 ].0.00 a.m. pH 7.6 7.5 .6 7.6 7.6 7.6 7.5 7.5 7.14 
Added O O O O O O 0 0 10 

19 11.00 a.m. pH 7.6 7.5 7.14 7.6 7.6 7.3 7.5 7.5 7.3 
Added O 0 10 0 0 15 0 0 25 

t o 



Table 36 Con't. Bxperiint 15. Record of pH of nutrient $olutionn 

Crock no. 
Date Time 3.0 U 3.2 3.3 114 15 16 17 18 

February 
10 1.30 p,m pli 72 7.2 72 7.6 7.14 7.14 7.5 7.5 7.5 

Added 3.0' 15 3.0' 0 15 1.0' 0 0 0 

13 9.00 a.m, pli 7.14 7.14 7.14 7.6 7.3 7.3 7.14 7.5 7.6 
Added LO' 15 1.0' Q 35 2.0' 30 0 

15 31.00 p.m pI 7.6 7,6 7.5 7.5 7.7 7.6 7.7 7.6 7.5 
Added O O O O O O O O O 

17 10.00 a.m. pli 7.5 7.5 7.5 7.6 7.7 7.6 7.14 7.5 7.5 
Added O O O O 0 0 10 0 0 

19 11,00 a.m. pH 7.5 7.5 7.5 7.6 7.6 7.6 7.14 7.5 7.5 
Added O O O 0 0 0 15 0 0 

* 
Millilitres o! 0.5% sodium hydroxide 
millilitres of 1 normal sulfuric acid 

2.0' millilitres of 15% øodium hydroxide 

t 
'-J 



T*bl 3?. er*eut 16. Ro of pH of nutrient solutions 

crock no. 

Date 1 2 3 b 6 7 8 

April 
12 8.00 p.a. pH 7.3 73 7") 7.3 7.3 7.3 7.3 7.2 7.3 

,Ir' 
Added" z: Z> " ' ' 

ib 2.00 p.m. pH 7.6 7.5 7.5 7J 7.5 7j ?J 7.5 7.5 
O Added O O O O O O O O 

16 10.00 a.m. pH 7.6 7.6 7.5 7.6 7.5 7.5 7.6 .6 

O 
7.6 
O O O O O O O O 

19 2.00 p.*. pli 7.5 7.5 7.5 7.5 
0 

7.b 
15 

7.b 
15 

7.5 
0 

7.5 
0 

7.6 
0 AMad O O O 

21 9.00 a.n. pH ?.b î.b 7.L 7.5 7.5 7.5 7.5 7.5 7.5 
0 Added 15 15 10 0 0 0 0 0 

N 



Table 37 Con't. Experiment 16. Record of pH of nutrient solutions 

Date Time :io u 12 13 31 iS 16 1? 18 

April 
12 8.00 p.m. pli 7.6 7.1 7.0 7.li 7.2 7.! 7.2 7.3 7.2 

Added O O 60 l 35 35 3 2 35 

114 2.00 p.m. pH 7.6 7.5 7.6 7.6 7.5 7.5 7.6 7.5 7.6 
Added O O O O O O O O O 

16 10.00 aaa. pH 7.7 7.6 7.7 7.6 7.6 7.6 7.6 75 7.6 
Added 0.5 0 0 0 0 0 0 0 

19 - pH 7.6 7.6 7.6 7.6 7.6 7.5 7.5 7.5 7.6 
Added O O O O O O O O O 

21 9.00 a.m. pH 7.7 7.6 7.6 7.6 7.5 7.5 7.5 7.5 7.6 
Added 0.7 0 0 0 0 0 0 0 0 

* Millilitres of 0.5% sodium hfrox.de 

Q millilitres of 1 normal sulfuric acid 



1314 

APFENDIX 3. DR! W1iGHTS OF TIS..UES, flDIVIDUAL READINGS 

Table 38. Experiment b. Oven-dry weights of tissues 

Treatient, p.p.m. Fe as HEEDTA iron complex 

___________________ S 
grams 

Leaves 5.25 7.75 

14.60 10.145 7.85 

3.60 7.65 14.93 

Stems and petioles 3.30 5.05 5.145 

2.75 6.8o 5.35 

2.60 5.30 3.140 

Roots 3.20 3.85 3.55 

2.50 4.145 14.00 

1.85 4.35 3.35 

1hole plants 11.75 16.65 i6.io 

9.85 21.70 17.20 

8.05 17.30 11.68 



i$ 

Table 39. Experiment 8. Oven-dry weights of tissues 

Treatment, p.p.ni. 7e as HEEDTA iron complex 
Plant part 0 0.1 0.3 

grams 

Leaves 2.60 1.71 14.18 

1.148 2.31 5.014 

1.52 3.15 6.33 

Stems and Detiolos 1.55 1.39 2.814 

1.52 1.37 3.146 

1.147 1.62 14.13 

Boote 0.914 1.26 2.30 

0.88 1.20 2.145 

0.75 1.33 3.06 

'Whole plant 14.09 14.36 9.32 

3.88 14.88 10.95 

3.711 6.10 13.52 



136 

Table 40. Experiment 9. Oven-dry weight of tissues 

p.p.a. fron as DT?A fron complex 
Tissue 0 0.01 0.03 0.l_ 0.5 

grams 

Thi-foliate Ïeaves 1.08 1.03 1.32 i.6L 1.2i 

0.89 1.].? 1.28 1.&5 1.01 

Cordate leaves 1.148 1.22 1.114 0.86 0.95 

1.145 1.28 1.22 1.20 0.86 

Sterna 1.96 1.714 1.69 1.55 1.39 

1.91 1.91 1.8]. 1.70 1.33 

Roots 1.146 1.114. 1.37 1.79 2.00 

1.10 1.15 1.25 1.86 1.60 

Whole plant 5.98 5.13 5.52 5.ßh 5.58 

5.35 5.51 5.56 6.14]. 5.00 



137 

Table iii. Exerirnent 11. Oven-dry weight of tissues. 

p.p.m. Fe as DTPA iron complex 
PÀ&flt part O.i I 2 f 10 20_ 

grams 

Tn-foliate leaves 2.59 2.1i3. 2.05 1,32 0.73 O.71 

2.1.O 2.75 2.63 2.06 o.8S 0.93 

2.00 2.62 2.4 2J.i.9 0.80 L.2S 

Cordate leaves i.6L 1.76 1.60 .76 l.19 1,83 

1.6v 1.25 1.66 1.70 1.81 1.80 

1.51 1.25 1.71 1.38 1.60 1.214 

Stems potioles 1.75 L?? 1.80 1,57 1.146 1.514 

1.88 1.89 2.1]. 1.80 1.142 1.69 

1.67 1.90 2.05 1.86 1.149 1.50 

Roots 1.50 1.50 1.36 1.55 1.58 1.70 

1.70 1.29 2.07 1.60 1.Th 1.714 

1.30 1.22 1.56 1.140 1.314 1.25 

Whole plant 7.148 7.1414 6.81 6.20 5.26 5.81 

7.63 7.18 8.147 7.16 5.82 6.16 

6.148 6.99 7.96 7.13 5.23 5.73 
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Table 2. Experiment 12. Oven-dry weight of tissues 

Chelated coqound 
uzDv DTPA 

?]ntp*rt Hi!ghP LowP MedP High? 
granie 

fri-foliate leaves 1.5l 1.9O 1.18 3.S9 0.69 O.L6 

Z.36 6.5ti 1.76 O.O 2.4 0.90 

J3 11j43 1.63. 1.02 1.20 0.62 

Cordate leaves 3.68 X.9 l.7 l.5 1.52 1.29 

1.6k 1.8. 1.29 i.6 1.30 1.Th 

1.57 1.71 3.31 1.52 1.k8 1.36 

Sterna 3.12 3.314 1.uJ 2.53 1.314 l.Oi 

3.09 14.28 1.69 1.2o 1.8 1.39 

3.72 2.95 1.67 1.149 1.38 1.23 

Roots 2.18 1.73 i.14o 2.]D 1.36 1.21 

1.85 1.76 1.31 1.62 i.6o 1.5]. 

2.73 1.914 1.140 1.32 1.3]. 1.63 

Whole plant 11.149 11.66 6.12 9.77 14.91 14.03 

10.914 114.147 6.o5 5.36 7.20 5.514 

13.2 11.03 5.99 5.35 .37 14.614 
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Table 3. 1;;erient 13. Oven-dry weigni o.t tiasues 

PH oí nìxtrient soluti 
:f!t part 7.0 7.S 8.0 8. 9.G 9. 

gras 

Tri-toliate leave3 2.L7 2.!i.6 2.61 1.J 1.1 1.20 

2.26 3.32 2.39 2.01 1,L6 1.Li$ 

1.95 3.15 3.00 1.70 1.bS 1.3b 

Cordate leaves 1.2b 1.19 0.91 0.96 0.» 1.00 

1.3k 1.25 1.07 1.39 0.80 0.71 

0.90 1.29 1.31 1.1ì 1.01 1.06 

Stexns and petioles 1.80 1.81 1.70 1.39 1.26 1.31 

1.8 2.22 1.6]. 1.67 1.17 1.29 

1.L9 2.20 2.09 1.14 1.60 1.Lh 

Roots 1.35 1.02 l.ld 1.01 1.06 1.Li.6 

0.91 1.51 1.01 1.18 1.36 1.3b 

0.78 1.35 1.2I 1.1]. 1.15 1.52 

Miole plant 6.86 6.I8 6.bO L.8]. IL.?8 IL.97 

6.01 8.30 6.08 6.25 5.09 b.79 

5.12 7.99 7.6IL 5.36 5.2]. 5.36 



Table Eeriznent 15. Dry weights of tissues 

Plant Phosphorus 

T- 

p.p.m. 

. 

iron as HßD2 iron complex 
part Block ccentration 0.2 O.S i 2 5 10 

M grams 

Tri-foliats X 0.00006 1.S2 3,69 li.O2 2.81-i 2.66 l.Sh 
leaves o.0006 1.53 i.12 3.29 3.12 2.15 1.68 

0.006 o.Ll 0.57 l.21 1.71 0.95 i,U 

II 0.00006 5.02 !.6l 1.3o i.78 2.98 0.19 
0.0006 ¿4.68 li.52 1.66 1.55 2.35 0.73 
0.006 l.i2 0.92 l.(6 1.05 1.05 0.39 

Cordato I o.006 1.56 1.38 l.15 1.O 0.90 0.b3 
leaves 0.0006 1.50 1.13 1.13 1.3h 1.26 0.85 

0.006 1.72 1.83 1.62 1.L2 1.28 1.13 

II 0.00006 1.ó7 1.37 1.22 1.07 O.b2 0.ò6 
0.0006 1.39 1.1I7 1.50 1.13 0.52 o.65 
0.006 1.72 1.52 1.70 l.11 o.Th 0.55 

Stems X 0.00006 2.16 1.70 1.58 1.87 1.35 1.10 
o.0006 2.].]. 1.57 1.55 1.69 1.69 l.)J. 

o.006 1.,0 1.76 l.h7 1.52 1.52 1.35 

II 0.0o006 3.21. 2.90 2.b7 2.99 2.21 0.59 
o.0006 3.10 3.00 3.21 2.8J 1.89 0.9l 

0.006 1.65 1.70 1.99 1.ô9 1.1l 0.8 

Roots I o.o0006 2.10 2.63 2.L2 2.18 1.91 1.28 
0.0006 2.55 2.31k 2.12 2.29 1.89 1.11 
o.006 1.29 1.62 1.75 i.L.6 1.72 

II o.00ao6 2.52 2. 1.83 2.29 1.30 o.s8 
0.0006 2.L5 2.05 2.10 1.99 1.18 1.23 
0.006 2.01 1.83 2.25 1.62 1.06 1.01k 

Whole I o.o0006 l0.91 9.!0 9.17 8.29 6.62 .75 
pilant o.0006 10.69 9.16 8.]1 8.th 7.02 5.08 

0.006 .92 6,00 5.95 6.bo 5.05 S.64 

Lt 0.00006 ]2.15 11.32 10.22 11.13 7.3]. 2.32 
0.0006 U.62 U.o1 11.67 10.51 5.94 3.55 
0.006 6.70 5.97 7.60 5.77 ¿.26 2.66 
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APcENDIX l. IRON CONTENT OF TISSUES OF ALL EXPERIMEJTS 

Table b6. Experiment b. Iron content oi tissues. 

p.p.m. Fe as IIE1DT& iron cOEnpiex 

Plantpart O 1 

Leaves 26 89 58 

23 36 77 

23 314 142 

Stems 112 b6 14)4 

20 83 60 

118 102 66 

Roots 1145 178 1481 

87 180 10914 

14146 581 378 
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Tátie 7. Fxperihaent 8. fron content of tissuos. 

p.p.m. iron a HDTA iron ca1lplex 
Plant part 0 0.1 0.3 

grams 

Leave - 80 

56 35 71 

40 Lt1 87 

Stems 106 123 146 

75 171 415 

270 730 114 

Roots 6800 312 2240 

5700 3041 1024 

1068 2062 495 



Table L. qrent 9.. Iron content of tiu6s 

p.p.Iii. iron as DTPA iron ccaaplex 
Plant tart C) 0.01 0.03 0.1 0.5 

p.p .. 

Tn-foliate leaves 19 25 22 2h 51. 

2 37 26 26 19 

Cordate leaves 20 35 3h ho 

3 30 25 26 63 

Steius 13h U? 163 102 8h 

78 106 132 US 177 

Roots 5120 3925 3780 3080 6000 

9h50 5009 2h20 1690 81w 



Table 149. Experiaent 11. Iron content of tissues 

Treatient p.p.m. iron as DTPA iron complex 
Plant part 1 2 10 20 

p.p.m. 

fri-foliate leaves 27 38 79 69 68 171 

53 31 81 156 200 1114 

143 76 91 31 92 1014 

Cordate leaves 21 20 53 5l 38 147 

18 76 67 113 38 78 

26 29 26 314 175 56 

Steins 36 29 140 88 39 liii. 

36 35 314 ¿a. 314 136 

814 314 27 So 109 62 

Roots 615 111.6 300 1485 2027 1018 

177 1080 10146 5814 365 1760 

278 1431 209 205% 14o614 185o 
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Table O. Experiiuent 12. Iron content of tissues 

Chelated coupound 
HDTA DTPA 

Plant part Low P Msd P High P Lw P Med P High P 
p.p.m. 

fri-foliate leaves 143 86 514 56 12]. 3? 

60 61 145 1614 13h, 52 

108 148 86 1149 129 66 

Cordate leaves 53 142 59 71 69 140 

53 32 147 28 83 69 

36 90 140 123 80 36 

Stexas 83 146 140 1145 28 26 

59 70 214 1914 62 35 

82 58 32 14]. 56 148 

Rooti 233 250 3142 136 176 3143 

lib 2140 181 760 2148 159 

172 166 260 207 222 179 
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Table Si. Experiment 13. Iron content of tissues 

pH of nutrient aolutionø 
Plant part 7.0 7.5 8.0 8.5 9.0 9.5_ 

p.p.m. 

Tri.-toliate leaves 1h8 38 IL? ILO 26 

162 137 66 87 156 89 

198 1146 1014 56 614 52 

Cordate leaves IL8 26 91 37 55 36 

59 35 37 26 39 69 

105 14? 33 27 55 26 

Stems 168 98 120 127 139 2.29 

233 57 157 2214 210 122 

22h 23h 2314 95 2714 100 

Roots 890 7140 10714 2020 1013 2065 

2006 2058 570 3022 149S2 3320 

2059 10149 2050 19140 1059 21L2 



]J48 

Table 52. Experiment 15. Iron content of tissues 

Plant Phosphorus p.p.m. iron as UEEDT& iron complex 
part Block concentration 0.2 0.5 1 2 5 10 

p.p.m. 

Tri..foliate I 0,00006 33 6j, 56 69 55 87 
leaves 0.0006 3h liS 70 162 169 ?1 

0.006 28 53 15 57 55 98 

II 0.00006 10 33 35 55 32 133 
0.0006 32 b8 28 23 50 118 
0.006 28 27 20 I3 25 56 

Cordate I o.o0006 32 76 65 61. 66 66 
leaves 0.0006 21 51 53 13 10 69 

0.006 ¿i]. 102 112 10? 110 92 

II 0.00006 7] 33 11.9 ¿sO 1.12 1)49 

0.0006 33 36 29 ¿sl 153 169 
0.006 145 55 128 72 61 222 

Stems I o.00006 27 322 7)4 80 72 180 
0.0006 14 60 140 62 1143 1714 

0.006 78 151 óLs 3)4 130 1414 

II o.00006 96 76 314 148 1)46 12]. 

0.0006 27 35 63 3)4 122 100 
0.006 35 14)4 35 52 33 65 

Roots I 0.00006 7)45 616 25)4 1058 25)40 10220 
0.0006 1.O8 312 265 296 1090 6100 
0.006 167 336 312 3)42 1030 660 

II 0.00006 1450 10510 735 825 905 10338 
0.0006 210 141]. )400 31)4 707 252 
0.006 27)4 3314 282 360 1495 68)40 
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Table 53. Experiiiìerit 16. Iron content of tissues 

Calcium 
Plant part Block concentration 

p.p1m. 

0.5 

iron as 
complex 

2 

DTPA 

10 
m.eg. p.p.m. 

fri-foliate leaves 1 13 136 iii 68 

8 35 39 59 

16 1414 149 59 

2 14 39 90 6o 

8 138 14 So 

16 55 85 2140 

Cordate leaves 1 14 liA) 14 39 

8 33 147 314 

16 23 26 141 

2 14 314 32 35 

8 314 314 33 

16 30 76 ho 


