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ABSTRACT - Iron deficicncy and toxicity are iinportant yield limiting factors in crop 
production around the world. In this review, an attempt is made to summarize the 
information on diagnosis of Fe deíiciency and toxicity, chemistry of Fe in soil, mechanism of 
Fe uptake, role of chelates in Fe nutrition, factors affecting Fe availability to crop plants and 
measures required to correct Fe deficiency and toxicity. A brief discussion about Fe toxicity 
iii flooded rice is also included. Information presented in this review article should provide a 
basis for cõrrecting this nutritional disorder ia crop plants, and indicates new research efforts 
nceded to solve Pc stress problems. 

Index terms: flooded rice, Pc deficiency, Pc toxicity, Pc uptakc mechanism 

NUTRIÇÃO DE FERRO DAS PLANTAS: QUÍMICA E FISIOLOGIA DA SUA 
DEFICIÊNCIA E TOXICIDADE 

RESUMO - A deficiência e toxidez de Fe são fatores que limitam o rendimento das culturas. 
Nesta revisão é apresentado um resumo das informações sobre a diagnose da deficiência e 
toxidez química do Fe no solo, mecanismo de absorção, importância dos quelados de Fe na 
nutrição de plantas, fatores que afetam a disponibilidade de Fe e dos métodos de correção da 
deficiência e toxidcz de Fe. E feita também uma discussão resumida sobre toxidez de Fe com 
arroz irrigado. Esta revisão fornece informações bklsicas para correção de desordens 
nutricionais que envolvem Fe, e sugere pesquisas a serem feitas visando solucionar problemas 
de estresse de Pc. 

Termos para indexaçáo: arroz irrigado, deficiência de feno, toxidez do feno, mecanismo de 
absorção de feno. 

INTRODUCTION 

Iron stress (deficiency or toxicity) in crop 
plants often mpresents a serious constraint for 
stabilizing and/or inereasing crop yields. Any 
factor that decreases the availability of Fe in a 
soil or competes in the plant absorption 
process contributes to Fe deficiency. 

Iron deficiency occurs in a variety of soils. 
Affected soils usually have a p11 higher than 
6. Iron deficient soils are often sandy, 
although deficiencies have been found on 
fine-textured soils, mucks, and peats (Brown 
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1961). Factors that can contribute to 
Fe-deficiency in plants inciude low Fe supply 
from the sou; high lime and P application; 
high leveis of heavy metals such as Zn, 
Cu, and Mn; low and high temperatures; 
high leveis of nitrate nitrogen; high organic 
matter content; poor aeration; unbalanced 
cation ratios and roots infection by nematodes. 
This means sou, climate, and soil management 
practices are responsible for Fe deficiencies in 
crop plants. 

Iron deficiency is potentialiy a problem on 
most calcareous soils (Chen & Barak 1982). it 
is estimated that as much as about 5.2 million 
hectares of the world land surface is 
calcareous (Dudal 1977) and might therefore 
be susceptible to Fe-deficiency problems. The 
most severely affected Fe-deficient areas tend 
to have less than 50 cm annual rainfail on 
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major soil association of xerosols, arenosois, 
solonetz, rendzinos and chernozems (Vose 
1982). The latter are normally extremely 
fertile soils, but have high base status, high 
p11, and possibly contain frec calcium 
carbonate. They have Fe-deficiency problems, 
especially under moisture stress. 

Iron toxicity is not as common as 
Fe-deficiency. On acid soils, where Fe is most 
available, Fe2  can become toxic to plants. 
Imn toxicity is most commonly found in rice 
soils where unfavorable factors such as poor 
drainage, highly reducing conditions, and high 
sulphide content occur (Foy et ai. 1978, 
Yoshida & Tadano 1978). Iron toxicity is a 
serious problem in flooded rice, but vety little 
attention has been paid to the pmblem. In 
many parts of the world (Africa, South 
America and Asia) where rice is grown on 
acid soils having great potential for rice 
production, Fe-toxicity is or will be a serious 
problem. Therefore, this topic needs special 
attention as far as management of flooded acid 
soils are concemed. Very little information 
exists about Fe-toxicity. Much of the reported 
work deals with either soil or plants, but not 
both. Therefore, in this review, Fe-deficiency 
as well as Fe-toxicity are discussed and both 
soil and plant factors are considered. This 
approach provides a more comprehensive 
understanding of the Fe mineral stress 
problem. 

Various review articles about the Fe 
disorder have appeared in the last two decades 
(Anderson 1982, Chen & Bank 1982, Clark 
1982, Foy et al. 1978, Viets 1962). However, 
in this review the authors will attempt to 
emphasize a slightly different viewpoint, bring 
out developments that have occurred since 
1955, and provide a broader introduction to 
the literature. 

Diagnosis of iron deficiency or toxicity 

Iron deficiency or toxicity can be identified 
by visual symptoms in plants, and by soil and 
plant chemical analysis. Among the three 
methods of diagnosis, identification through 
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visual symptoms is lhe cheapest and plant 
chemical analysis is the most expensive. At 
present, soil analysis is the method most 
commonly used lo evaluate soil fertility. 
However, it is not necessarily lhe superior 
method. The best way to identify nutritional 
disorders in crop plant is a combination of ali 
three diagnostic techniques. Alt these methods 
are discussed in the succeeding paragraphs. 

tron deflciency and toxicity symptoms 

Severe Fe chiorosis of field crops generally 
occurs on calcareous, alkaline soils. Iron, as 
well as many other micronutrients, tend lo 
become insoluble, immobile and unavailable 
in these soils. Iron deficiency has also been 
reported for upland rice grown on acid soils in 
Brazil where high doses of lime and P 
fertilizer were applied (Fageria 1984). Iron 
deficiency was also observed in upland rice 
growing on the high Mn-content cerrado soils 
of Brazil (Fageria 1984). The Fe-content of 
these soils is generally not Iow, but with 
increased p11, availability of Fe decreases. 
Above p11 4, each unit increase in p11 
decreases the solubility of Fe 3  by a factor of 
about 1000 (Latirner 1952). 

Any factor that decreases lhe availability of 
Fe in soil or interferes with the absorption 
process, contributes to Fe-deficiency. This 
process is often referred to as lime-induced 
chlorosis or just Fe chiorosis. Factors such as 
high pH and excess phosphate, bicarbonate, 
and Ca salts in the growth mediuni can 
interfere with Pc uptake. Excesses of Cu, Mn, 
Ni, and Zn also can induce Pc chlorosis 
(Brown & Hoinies 1956). Iron deficiency first 
starts in younger leaves in ali crop plants. The 
deficiency is exhibited as a chiorosis 
developing intervenally in the new leaves. The 
arca between the veins becomes light green, 
then turns yellow as the deficiency advances. 
The veins usually remain green except with 
extremely severe deficiency where the entire 
leaf becomes white and Iranslucent (Anderson 
1982). Ira the beginning, Fe-deficiency is 
similar lo Mn-deficiency but aI an advanced 
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stage, Fe-deficient leaves are bieached while 
Mn-deficient leaves form intervenal necrosis 
resulting in dead brown tissue. Most erop 
plants are more susceptible to Fe-deficiency in 
the carly stage of growth. Plants become 
stunted in the early seedling stages. If the 
deficiency is severe and prolonged, plants die. 
Iron deficiency under field condit.ions 
commoniy appears as irregular shaped yellow 
arcas sporadically fading ia and out of areas 
with normally coiored plants. 

Iron toxicity is most common in flooded 
rice grown on acid soils. Due to flooding, 
reducing conditions develop and Fe 3  is 
reduced to Fe 2t Due to this reduction, Fe 2  
concentration and uptalce is increased. Metal 
toxicity, can be expressed in two ways. Direct 
toxicity occurs when an excess of the element 
is absorbed and becomes lethal to the plant 
celi. On the other hand, toxicity can be relatcd 
to nutritional imbalance. When excess Fe is 
present in lhe growth medium, it may inhibit 
uptake, transport and utilization of many other 
nutrients and induce nutritional deficiency. In 
flooded rice grown on acid soiis the second 
type of toxicity is most cornmon. The most 
important nutrient deficiencies observed in 
irrigated or flooded nec in Brazil are P, K, 
and Zn (Barbosa Filho eI ai. 1983). 

Unlike deficiency symptoms, Fe-toxicity 
symptoms first appear in old leaves. In rice, 
Fe-toxicity is characterized by brown spots 
starting from the tips of lower leaves (Tadano 
1976). The spots spread over these leaves and 
the progress to the upper leaves. 

Soil Analysis 

Soil analysis is the most widely uscd test of 
nulritionai status. It consists of chemical and 
physical measurements made on a sou. The 
success of soil analysis depends on proper soil 
sampiing, the extractant used, interpretation of 
lhe analytical results and fertilizer recommen-
dations. The most important part in the 
soil testing program is sampling to reflect 
the true nutrient status of the arca sampled. 
This means that large numbers of soil sampies  

are needcd. A single sampie can seldom 
accurateiy characterize lhe true nutrient status 
of the arca. The error due to sampiing is gene-
rally greater than that due to chemical anaiysis 
(Hemingway 1955, Peck & Meisted 1973). The 
question then is how to obtain the appropniatc 
samples. It is beyond the scope of this article 
lo discuss soil sampling methods, but readers 
may refer lo good artieles published in this 
field (Cline 1966, Hammond eI ai. 1959, Peck 
& Melsted 1973, Weleh & Fias 1956). 

After soil sampling, the next step in sou 
analysis is extracting and measuring lhe 
nutrient. The best extractant is one where the 
quanúties of extracted nutrient correlate well 
with plant uptake of lhe nutrient. In other 
words, lhe extractant should extract approxi-
mately that part of the nutrient pool that 
is a availabie lo the growing piant. Various 
extractants have beca tested and are reported 
ia lhe literature. Sodium pyrophosphate (0.1 
M), either aI pil  10 or adjusted lo pFI 7 wilh 
phosphoric acid, is a good extractant of 
ferriliydrile, and does not extraet Fe from 
more erystailine iron oxides (Wada 1977). 
Olson & Carison (1950) evaivated the use of 
1 M amrnonium acetate, adjusted topil 4.8 with 
acetic acid, and found that the criticai levei of 
Fe is about 2 mg kg of soil. The best method 
so far reported for Fe extraction seems lo be 
the DTPA (diethyiene Iriamine pentaaeetic 
acid) test deveioped by Lindsay & Norveil 
(1969), which invoives 1:2 soillsoiution 
extraction with 0.005 M DTPA, 0.01 M 
CaC12, and 0.1 M triethanolamine, adjusted to 
pH 7.3. Aecording to Lindsay (1979), a 
critical levei of 4.5 mg Fe kg' of soil was 
found with DTPA extraet for 77 Cobrado 
soils. Doer & Reisenauer (1973) confirmed lhe 
effectiveness of lhe DTPA soil test and 5-6 
mg kg'' Fe was reported as a critical Fe levei 
under greenhouse and fieid conditions. 

The third step in soil anaiysis is inter-
pretation of analytical results and rccommen-
dations for fertiiizer. This is generaily done 
through some type of previousiy determined 
correlation between test resuits and known 
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field crop responses. A basic principie of sou 
testing is that a soil test value can, under most 
circumstances, be treated and reiated as an 
independent variabie to the percent yieid and 
response obtained for a specific crop (Meisted 
& Peck 1973). To make appropriate fertiiizer 
recommendations, it is important that fertiiizer 
üials be carried out over the fuil range of 
soils, climatic conditions and crops of con-
cem. Such calibration studies are successfui 
only for iminobile nutrients and ali other man-
agement practices should be at optimum lev-
eis. Studies based on growth of seediings 
under greenhouse conditions do not permit 
plant difference to be expressed as they would 
in the fieid. Therefore, they are not a valid 
basis for calibration of soil test values to be 
usad as a guide for crop pmduction (Cope & 
Rouse 1973). For food crops, cereais or le-
gumes, grain yield is the most iniportant param-
eter for evaluating crop response to fertil-
izers under field conditions. Experiments for 
calibration of chemical tcsts that provid the 
basis for reconnnendations to farmers must be 
conducted in the field. 

Plant Analysis 

Plant analysis is the deterinination of the 
concentration of an eiement or extractable 
fraction of an element in a sampie from a 
particular part or portion of a crop sampled at 
a certain time or stage of morphological 
development (Munson & Nelson 1973). 
According to Fageria (1984), plant analysis, in 
lis simpiest terms, is a study o!' the rela-
tionship of the nutrient content of the piant 
to its growth. Plant analysis is based on the 
principie that the concentration of a nutrient 
within tha plant at any particular moment is an 
integrated value of ali the factors that have 
inlluenced the nutrient concentration up to the 
time o!' sampling. 

The validity of piant tissue analysis is 
mostiy dependent on the caie taken in 
collecting, handiing, preparation, and analysis 
of the plant tissue. Errors made in these 
different phases can result in misinterpretation 
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of ana!ytical results and the purpose of plant 
analysis as a diagnostic instrunient is defeated. 
Thcrefore, it is iniportant that those empioying 
plant analysis be familiar with recommended 
handiing and analysis procedures. It is beyond 
the scope of this article to discuss these 
aspects, but the reader shouid refer to the 
articies by Jones Júnior et ai. (1971) and Jones 
Júnior & Steyn (1973). 

Studies have shown that chiorotic leaves 
may contain higher Fe concentrations than 
green ieaves (Dekock et ai. 1979, Dekock 
1981, Wallace et ai. 1982). Because of this it 
lias been suggested that "active Fe" and not 
total Fe is the important fraction in plant 
tissues. Active Fe in plants has been reported 
to be Fe2t  (Dekock et ai. 1979). Active Fe is 
considerad to be that portion of Fe availabie 
for, or participating in metabolic reactions or 
incorporated into molecular structure (Pierson 
& Clark 1984). Katyal & Sharrna (1980) 
deveioped a method for the determination o! 
Fe2  in plant tissues using OPh (1,10-0-phe-
nanthroline) to extract Fe 2 . Signiflcant 
differences between green and chlomtic leaf 
tissue were noted; chlorotic ieaves had less 
Fe2  than green leaves. However, this method 
had two main limitations. The fzrst one is the 
use of fresh tissue would restrict Fe 2  
determinations to presentiy growing plants (an 
important iimitation for many investigations); 
and second, 16-hour extraction time appeared 
to be too long when reactions that can occur 
with Fe are considered. According to Pierson 
& Clark (1984), Fe2  could be readily 
extracted from leaf tissue with aqueous 
solutions o!' the chelating agents OPh 
(1 ,10-o-phenanthroline) and PDTS [Ferrozine; 
3-(2-pyridyl)-5,6-bis-4-phenyl-sulfonic acid)-
1 ,2,4-triazine]. Since Fe2  values remained 
constant after the second extraction of the 
same tissue, three extractions were considerad 
adequate to obtain consistent Fe 2t  values. An 
extraction time o! 30 minutes was as effective 
as 16-hours. Even though fresh tissue yielded 
higher Fe 21  values than freeze-dried or oven-
dried tissues, dried tissue could be used with- 
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out difficulty for Fe 2  determination (Pierson 
&Clark 1984). 

Plant analysis is not as commonly used as 
analysis to evaluated soil fertility. The main 
mason for this is the high cost invoived in 
plant tissue analysis and lack of calibration 
data for many plants and for many growing 
conditions. For interpretation of piant analysis 
results, it is essential to have preestabiished 
critical or sufficiency nutrient leveis for each 
crop and agroclimatic region. To determine 
critical or sufficiency levei, a calibration curve 
is constructed relating nutrient concentration 
lii a speciíic piant part to gmwth. Growth is 
usuaiiy expressed as a percent of the treatment 
giving maximum growth. 11 there is plânt 
response to the appiied nulrient, the calibration 
curve generaily is represented by four zones. 
The first zone is known as the deficiency zone 
in which plant growth increases sharply as 
more nutrient is absorbed, but there is little 
change in the concentration of the nutrient in 
the piant part anaiyzed. The second zone is 
the transition zone, in which both nutrient 
concentration and growth increase as more 
nutrient is absorbed. The third zone, caiied 
adequate or sufficiency zone, is the region of 
the curve where each additjon of the nutrient 
raises nutrient concentration without a corre-
sponding increase in growth. If the 
appiied nutrient is in excess, a fourth zone 
known as the toxic zone is deveioped. Iri this 
zone there is an increase iii nutrient 
concentration, but yieid is decreased. The 
critical concentration lies within the transition 
zone and is usualiy associated with a 10% 
reduction in growth. The sufficiency or 
adequate values of Fe rtported for some 
important crops are presented in Tabie 1, 

The sufficiency nutrient levei in piants is 
influenced by severai factors such as stage of 
piant growth, plant part sampied, soil fertiiity 
levei, cultivar, climatic and managernent 
factors. These factors have been discussed lii 
detaii by Bates (1971). Bacause 50 many 
factors affect criticai or sufficiency nutrient 
leveis in piant tissue, developing standard 
values for each agroclimatic region, and for  

each crop under different management prac-
tices is advisabie. 

Piant analysis resuits are nonnaily ex-
pressed in concentration (mg kç' or xg g') 
and uptake (concentration x dry matter yieid). 
Sometimes, it is doubtfui which is the best 
way of expressing these results. Concentration 
is useful in identifying nutrient deficiency, 
sufficiency and toxicity whereas, uptake is 
usefui iii determining nutrient maintenance 
leveis to appiy for different soil test leveis and 
crop yietds. Research on this subject needs 
constant review, especiaiiy when improve-
ments in varieties and management are being 
made. 

Chemistry of iron in soils 

Geochemical principies provide a basis for 
understanding the distribution of elements in 
soil parent material. They can be used to 
pmdict areas of micronutrient sufficiency and 
deficiency. Iron is a major constituent of the 
lithosphere, comprising approximately 5.1%; 
the average content of soils is estimated at 
3.8% (Lindsay 1979). In primary minerais, Fe 
occurs iargeiy as ferromagnesium minerais. 
During weathering, these minerais decompose, 
and the Fe reieased precipitates as ferric 
oxides and hydroxides. Iron is inciuded in a 
group of heavy metal cations that heid in soiis 
principaily on organic or inorganic surfaces or 
substituted as accessory constituents in 
common soil minerais (Hodgson 1963). The 
divalent form of Fe 2  is iess stmngiy heid by 
soil surfaces than Co, Cu, and Zn. When these 
elements area oxidized to higher valence 
states, they can forrn very insoiubie oxides 
and phosphates, which renders these eiements 
much less availabie to processes of leaching as 
weii as to piants. 

fle soiubility of Fe in soils is controlied by 
Fe(OFI)3 in well-oxidized soiis, by Fe3(OH), 
(fenosic hydroxide) in moderateiy oxidized 
soils, and by FeCO3 (siderite) in highiy 
reduced soiis (Lindsay & Schwab 1982). The 
Fe3  hydroiysis species Fe(OH) and Fe(OH) 
are the major solution species of inorganic Fe, 
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TABLE 1. lron sufliciency levei for different crops 

Crop 	Plant part 	Stage of 	 Suíticiency 	
Reference  analyzed 	growth 	range (mg kg') 

Barley Whole tops Ileading 50-150 Ward etal. 1973 
Common bean Fully developed Fiowering 100-450 Wilcox & Fageria 1976 

Trifolia te 
Com Ear Jeaf Ai siJk 50-200 .Jones Júnior & Eck 1973 
Cotton Mature leaves Early bioom 30-300 Sabbe et ai. 1972 
Peanut Upper Stem Fiowering 50-300 Small & Ohlrogge 1973 

& Leaves 
Rice Whole Top Tiliering 70-300 Fageria 1984 
Sorghum 3rd leaf At bioom 65-100 Lockman 1972 

below head 
Sugarbeet Biade Not given 60-140 Nagarajah & Ulrich 1966 
1966 
Sugarcane Blade Not given 20-600 Schmehl & Humbert 1964 
Soybean Fully developed Prior to 51-350 Small & Ohlrogge 1973 

Trifoliate pod set 
Wheat Whole Tops 1-leading 50-150 Ward etal. 1973 

but they are maintained at too low levels to 
supply available Fe to piants. 

The dissolution and precipitation of ferric 
oxides is the major factor controliing the 
solubility of Fe in well aerated soils. The 
activity of Fe 3  maintaned by these oxides is 
highiy p11 dependent. The solubility of Fe 3  

•decreases 1000-fold for each unit increase iii 
pH and is decreased to leveis beiow 10 20M 
as pH rises above 7.5 (Lindsay & Schwab 
1982). Calcium carbonate buffers soi!s in the 
general pH range of 7.4 to 8.5. In this pH 
range, iron oxides attain their minimum 
solubiity, and Fe deficiency in p!ants is most 
severe. The Fe 3  oxides have different 
solubilities which decrease in the order 
Fe(OH)3(amorph.) > Fe2(OH)3(soil) > Fe203 
(maghemite) > FeOOH(lepidocrocite) > 
Fe203(hematjte) > FeOOH(goethite). 
Undsay (1979) showed that Fe solubiity in 
well-aerated soi!s tends to approach that of 
Fe(OH)3(soil) or "soii-Fe". lis solubiity is 
represented by the fo!lowing reaction: 

Fe(OH)3(Soil) + 3H = Fe3t  + 3 H20 
If soluble Fe sa!ts are added do weIl-aerated 
soils, they quickly dissolve to precipitate 
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Fe(OH)3(ainorphj. Over a period of several 
weeks the solubility of Fe decreases slowly 
and approaches that of "soil-Fe". 

Ferric ions hydrolyze readiiy in aqueous 
media to give a saies of hydrolysis products, 
mainiy Fe(OH), Fe(OH)3 and Fe (OH);. 

The sum of these various hydroiysis species 
and of Fe3  gives the total soiuble inorganic 
Fe. Measured Fe concentrations iii sou 
soiutions are usualiy in the range 10" to l0 
M (Bradford et ai. 1971, O'Connor et ai. 
1971, Uren 1984); and therefore, are higher 
than those predicted from thermodynamic 
equilibrium calculations. This bigher Fe 
solubility is mainly due to soluble organic 
complexes (Olomu et ai. 1973). 

Besides concentration, nutrient mobility is 
also important. Mobiity of an element iii sofis 
is no more than a reflecüon of its solution 
concentration as it is affected by the 
movement of water through the profile. As 
such, any factor that affects the solubility of 
an element in the same way affects the 
movement. 

The presence of soluble substances leached 
om organic residues or procluced through 
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microbial action influences the movement of 
Fe in two ways: 1) by stabilizing hydrosois of 
Fe lii Lhe soil solution, or 2) by forming 
strictly solubie organic complexes (Hodgson 
1963). From the standpoint of sou 
fertilization, micronutrient amendments do not 
generaily move far in Lhe soU profile but 
organic chelates can promote Lhe movement of 
Fe along with other heavy metais. 

One of the most importaM factors affecting 
Lhe mobilization and immobilization of Pc ia 
soils is drainage. The manner and degree to 
which soil acration alters Lhe chemistiy of Fe 
is well known. Oxidation of Pc ia soils is, of 
course, a reversible process. As drainage 
becomes impeded and Lhe oxidation potential 
(Eh) approaches 0.2 voits, oxides of Fe 3  can 
be reduced. 

Mechanism of iron uptake 

PlanLs primariiy absorb Fe 2 , but in normal 
aerated soiis Fe 3  is Lhe form present. Lron 
(Fe3 ), Lherefore, has Lo be reduced Lo 
before iL can be absorbed by piant roots. 
Reduction of Pe 3  Lo Fe2  is known Lo be an 
obligatory step in Lhe Fe uptake by 
Fe-efficient species (Chaney eL ai. 1972). Two 
opposing hypotheses have been suggested for 
the mechanism of Fe 3  reduction. According 
Lo Brown & Ambier (1973) and Olsen eL ai. 
(1981), Fe deficiency causes a release of 
reducing substances from plant roots. flese 
substances reduce Fe 3  in Lhe apparent free 
space of Lhe roots and/or ia Lhe externai 
solution. This reduction is followed by uptake 
of Fe2t  into Lhe root celis. The reductant 
produced by a stressed plant consists of 
severai compounds which accumuiate in 
relatively high leveis in Lhe periphery of 
young roots (Olsen et ai. 1982). One of Lhe 
reductants is caffeic acid. ILs syiithesis and 
oxidation is under enzymatic control in Lhe 
mots. Release of reducing substances under 
Pc deficiency is reported under certain 
conditions such as acidification of Lhe external 
solution by enhanced H-effiux from roots 
(Olsen & Brown 1980) or by addition of  

acetic acid (Olsen eL ai. 1981). Many ions 
inhibit Lhe reduction of Fe 3  by plant roots. 
Some of Lhe more effective ions include P, Cu, 
and hydroxide. OLher ions, including Mn 2 , 

2t  and molybdaLe inhibit Lo a lesser extent. 
iberefore, these ions, when present in an 
excess amount in Lhe growth medium, induce 
or aggravate Fe-deficiency in planLs. As an 
altemative Lo Lhe model of Fe 3  reduction by 
released reducing substances, Chaney eL ai. 
(1972) and BienfaiL eL ai. (1982) put forward a 
hypothesis of enzymatic Pc reduction at Lhe 
outer surface of Lhe piasmalemma of Lhe 
corticai ceiis. This hypothesis was supporLed 
by Romheld & Marschner (1983) working 
with peanut piants. 

This reduction hypothesis mostly operates 
in dicoLyiedonous planLs. In grasses, uptake of 
Fe" is of major imporLance (Lindsay & 
Norveil 1969). Grasses have developed a 
different strategy for responding Lo Fe-
deficiency. In general, Lhey are iess 
susceptible Lo Iime-induced chiorosis Lhan 
most dicotyledonous species. In Fe-deficient 
grasses, nonproteinogenic amino acids ac-
cumuiaLe in and are reieased from the roots 
(Fakagi 1976). Some of Lhem, inciuding 
avenic acid, have been idenLified (Fushiya eL 
ai. 1982). These amino acids form highiy 
stabie compiexes wiLh Fe 3 , but no with Fe2  
(Benes et ai. 1983) and are very effecLive in 
dissoiving FeOOH at high pH (Sugiura eL 
al.1981). Chemically Lhey are closely reiated 
Lo nicotianamine, which is widely distributed 
in higher piants (Marschner 1986). 
NicoLianamine is an effective chelator for 
Fe2 , buL noL Fe3t In response Lo Fe 
deficiency, grasses obviousiy transform 
nicotianamine inLo substances such as avenic 
acid which are reieased into Lhe rhizosphere 
for mobihzaLion of Fe 3  by chelation. These 
Fe3  chelates are LransporLed into Lhe root 
celis. 

Role of chelates in iron nutrition 
Chelating agenLs have been used Lo correct 

Fe deficiency for more than five decades 
(Wallace 1962). The most commonly available 
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chelating agents are EDTA (ethylenediaminc-
tetraacetic acid - C101115O,N2), DTPA (diethy-
lenetriarninepentaacetic acid - C 14 1-1230 10N3) 
CDTA (cyclohexanediaminetetraacetic acid - 
C 14112209 N2),E1313HA (ethyienediaminedi-o-
hydroxyphenyiacetic acid - C 18 1-1 2006N2), 
IIEEDTA (hydroxyethylethylene-diaminetri-
acetic acid - C 10H 18 07N2), and ECTA (ethy-
leneglycol-bis (2-aminoethylether) tetraacetic 
acid - C 14 1-1 24010N2). Lindsay (1976, 1979) 
lias pointed out that chelates do not increase 
the activity of Fe" or Fe 21  in soils, they only 
increase the concentration of chelated iron. 
Cheiated Pc is importam, because it establi-
shes a larger diffusion gradient to aid in the 
transport of Fe to plant roots. The ability of 
chelating agents to maintain cheiated Fe 
in solution as pFI rises foliows the order: 
EDTA < DTPA C CDTA< EDDHA. Iron is 
dispiaced from EDTA above pi-!  6.7, and from 
DTPA and CDTA above p11 7.7 (Lindsay & 
Schwab 1982). The driving force that enabies 
chelating agents to function in the vicinity of 
piant roots is the release of Fl and r and 
the uptake of Fe 2 . The rate limiting step of 
diffusion is overcome by the presence of 
chelated Fe which is generaily added at leveis 
of 10 °  or ir M (Lindsay & Schwab 1982). 

Factors alTecting the availability of iron 

Soiis and plants are the most important 
factors affecting Fe availabilility to plants. The 
availability of Fe is particular)' sensitive to 
changes in the soil environment. Part of the 
sensitivity to these changes is related directly 
te the perfonnance of the root system in 
exploring the soil volume for this nonmobile 
element, and part is related to the pool or 
bonding of the element in the sou (Viets 
1962). Soil conditions important to the 
availability of Fe have not been fully defined 
largely because solubility relationships for Fe 
are very complex. Iri the case of an insoluble 
nutrient like Fe, the transport process from 
soil to plant roots is generaily the rate limiting 
step in nutrient uptake. A number of the 
factors that influence these relationships are 
known and are briefly discussed below. 
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Sou pli 
Soil reaction is one of the most important 

factors affecting Fe availability to plants. The 
soU p11 is known to influence the solubihty of 
Pc in soil (Bohn et. aI. 1979, Elgala et ai. 
1976). As p11 increases, Pc is converted to 
less soluble forms, principally to the oxide 
Fe203. The reaction responsible for the 
reduced solubihty of Pc with increasing p11 is 
well understood. It results in the precipitation 
of Fe(Ol-1)3 as the concentration of 011 ions 
is increased as indicated by the following 
reaction: 

Fe3  + 30W = Fe(OH)3 

The Fe(OH)3 is chetnically equivalent to 
the hydrated oxide, Fe203.31120. Acidifi-
cation shifts the equihbrium, causing a greater 
release of Fe" as a soluble ion. Liming is 
and essential management practice for erop 
production in acid soils. But when the pil 
values of cerrado soils in Brazil are increased 
fiam 5 to 6, Fe-deficiency lias been observed 
in upland rice, bean and com, even when 
soil analysis showed a high Fe concentration 
(Fageria 1984). 

Oxidation-reduction 
One of the soil properties which lias a 

marked effect on Fe behavior is the 
oxidation-reduction or redox potential. 
Oxidation-reduction factors affect the valence 
of Fe and thereby its uptake by plants. 
Oxidation-reduction reactions involve the 
Iransfer of electrons from one ion ar molecular 
to another. Oxidation is the donation, and 
reduction is the acceptance, of electrons from 
other substances (Bohn et ai. 1979). Oxidizing 
agents accept electrons from other substances 
and thereby undergo reduction. Reducing 
agents donate electrons to other substances. 
Iron (Fe2 ) loses an electron to form Fe 3t The 
oxidation-reduction of Fe is described by the 
foliowing eqúation: 

Fe3  + r = Fe2 	log K0 = 13.04 

Oxidation-reduction processes affect the 
valence of Fe and thereby its uptake by . plants. 



IRON NUTRITION OF PLANTS 
	

561 

When Fe 3  is reduced to Fe 2 , its concen-
tration increases and so does uptake. On the 
other hand, when Fe 2  is oxidized to Fe 3 , its 
concentration is reduced and uptake by plants 
is also reduced. 

The critical redox potentiais for Fe 
reduction and consequent dissolution are 
between ±300mVand -+-lOOmVatpI-l6and 
7, and -100 mV at p11 8, while at p11 5 
appreciable reduction occurs at +300 mV 

(Gotoh & Patrick Júnior 1976). 

Organic matter 

The relative iniluence of soluble and 
insoluble organic compounds and their 
relation to inorganic soil constituents in the 

average mineral soil is stil! debatable. The 
presence of organic matter may promote the 
availability of Fe, presumably by supplying 
so!uble complexing agents that interfere with 
lis fixation. When Fe is added to a soil in 
chelated form, or when chelation occurs by 
soluble organic compounds, the concentration 
and gradient in soil solution is usualiy higher 
than the concentration and gradient of 
unchelated Fe and transfer bydiffusion is 
greatiy enhanced (O'Connor et ai. 1971). 

Several investigators, such as Milier & 
Oh!rogge (1958), Kononova (1966), and 
Schnitzer (1969) have found that under normal 
soil conditions, relatively high amounts o! 
water-soluble Fe are present in organic forms 
and natural organic chelating agents play a 
mie in keeping Fe in solution under aIka!ine 
soil conditions and the presence o! CaCO3 
(Elgala et ai. 1976). Fulvic acid and amino 
acids were among the active organic 
components that have been found to play a 
mie in binding Fe and transporting Fe in soils 
(1-!(>dgson 1969, Shnitzer 1969). 

Microbial 

Alexander (1962) gives five ways that 
microorganisrns may affect the availabihty of 
Fe. These are: 1) the release o! inorganic Fe 
ions during the decomposition of organic 
material, 2) immobi!ization of Fe by  

incorporation mio microbial tissue, 3) 
oxidation o! Fe generaily to a less available 
fomi, 4) reduction of an oxidized form of Fe 
under conditions where oxygen is limited, and 
5) indirect transformations; e.g. changes in p11 
or oxidation potential. 

Soil steri!izatiorj is known to increase Fe 2  
ia sou. It is well established that flooded soi!s 
are subject to a succession o! Fe trans-
formations from the Fe 3  to the Fe 2  state 

under reducing conditions. This is caused 
by a wide variety of facuitative anaerobic 
soil bacteria (Bromfieid & Williams 1963, 
Ottow & G!athe 1971, Takai & Kamura 1966). 
Takeda & Furusaka (1970) found that the 
number o! !acultative anaerobes was greater 
than that of strict anaembes when the bacteria 
were anaerobicaliy separated from paddy soi!. 

In the event aeration becomes lirniting in a 
soil, e.g. under flooded conditions, micro-
organisms can a!so play a very significant 
mie in !owering the redox potentia! (Eh) and 
accordingiy, the relative concentrations o! Fe 3  
and Fe2  as shown by the equation (Oisen et 
ai. 1982). 

E11  = E° + 59 log [Fe3 t]I[Fe2 ] 

This equation indicates that a decrease in 
Eh o! 59 mi!livolts wili increase the 
concentration o! Fe 21  tenfoid if Fe 3  remains 
constant. 

Plant genetic variability 

Tbe total quantity o! Fe in a soil is usua!ly 
sufficient for plant growth, but the use of this 
Fe by the plant is genetically control!ed by an 
adaptive mechanism. This inechanism is 
activated in Fe-e!ficient p!ants in response to 
Fe stress, but remains inactive i! Fe is 
sufficient (Brown et ai. 1972). 

Iron-efficient piants release 1-P ions and 
reductants from their roots whbn they are 
under Fe stress. The p1-! at their root zone is 
iowered which favors Fe" solubi!ity and 
reduction o! Fe 3  to Fe2 . The Fe is reduced 
externa!ly by the root where it can be 
prevented from entering the piant by trapping 
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with 	the 	ferrons 	chelator 	BPDS- 

bathophenanthrolin-ediSulfOflate (Brown & 
Ambier 1974, Chaney et al. 1972). The 
factors activated in response to Fe stress 
are associated with lhe plant's increased Fe 
uptake. 

Interaction with other nutrients 

Two or more growth factors are said to 
internet when their influence individua!ly is 
modified by the presence of one or more of 
the others (Sumner & Faxina 1986). 
Interactions may be positive or negative 
depending on the growth response. lf the 
growth response is greater with two combined 
factors as compared to the sum of their 
individual effects, it is a positive interaction, 
and when the combined effects are !ess, the 
interaction is negative. 

A number of nutrients appear capable of 
reducing the availability, absorption and 
utilization of Fe iii crop plants. These 
so-calted negative interactions may result from 
interactions that occur either outside the root 
or within the root. Those taking place in the 
external root environment are usually 
precipitation or similar reactions that reduce 
lhe chemical availability of the nutrient. Those 
that influence absorption or utilization 
processes alter lhe effectiveness of a nutrient 
by reducing its physiologica! availability. 

Iron deflciency of plants is difficult to 
correct by application bf inorganie salts 
(Olsen 1972). Some synthetic chelates such as 
FeEDDHA effectively suppiy Fe to plants, but 
they are expensive. Since the correction of Fe 
deficiency is not simply achieved by a 
management practice, knowledge of inter-
actions !eading to Fe deficiency becomes very 
important in Fe nutrition of plants. 

Iron deficiency induced by heavy appii-
cations o! P has been widely reported (Brown 
et ai. 1955, Sumner & Faxina 1986, Wallace 
1951, Watanabe et al. 1965). Some expe-
riments indicate that Fe phosphate may 
precipitate externally on the roots (Ayed 1970, 
Biddulph 1953), but the interaction of Fe and 

Pesq. agropec. bras., Brasflia, 25(4):553-570. aS. 1990 

P !eading to Fe ch!orosis appears to be caused 
by an internal immobilization of Fe probab!y 
due lo lhe fomiation of Fe phosphate (II idduiph 
1953, Rediske & Biddulph 1953). 

Simi!ar!y, Fe deficiency is causal by lhe 
accumuiation o! excess Mn and Cu in the soi! 
(Bingham et al. 1958, Brown et ai. 1955, 
Nason & McElroy 1963, Olsen & Watanabe 
1979). The interactions of Fe with Mn and Cu 
appear to be of a physioiogica! nature. They 
may reflect lhe joint participation of these 
nutrients in some of the sarne biochemical 
systems, the proper functioning of which 
depends on the relative proportions of each of 
lhe nutrients present. High Mn in soils or 
plants may oxidize Fe to an inactive state. 
Competitive effects on Fe uptake have also 
been observed with excess Ca 2 , Mg2 , K, 

2+ and Mo (Dekock 1956, Hanger 1965, 
Lingie et ai. 1963). 

Phytosiderophores 

Phytosiderophores are defined as Fe 
containing cheiates of microbial origin and are 
wide-spread among fungi and bacteria 
(Winkeimann 1982). There are two c!asses of 
phytosiderophores: lhe catechois, produced by 
bacteria and lhe hydroxarnates produced 
rnainly by fungi (Powell et al. 1982). The 
microbial siderophores are generaily produced 
under Fe stress and are and irnportant factor in 
determining Fe acquisition by p!ants. 

According to Marschner (1986), grasses 
respond quite differentiy to Fe deficiency by 
sharp!y increasing lhe release of nonpro-
teinogenic amino acids (phytosiderophores) 
from the roots. The release of these compounds 
is typical for grasses but cannot be found in 
dicots (ralcagi eI al. 1984). These amino acids 
mobilize sparingly soluble inorganic Fe3  

in the rhizosphere by the fonnation of Fe 3  
chelates. Most !ikely, these chelates are taken 
up readily by the roots of grasses. Neither lhe 
pathway of biosynthesis of phytosiderophores, 
nor lhe mode of reguiation by Fe are known 
(Powell et ai. 1982). 
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Iron toxicity in floodcd rice and its 
corrcction 

Rice is an important food crop for the 
world's popuiation. Giobally, it ranks second 
to wheat iii terms of arca harvested, but rice 
pmvides more calories per hectare than any 
other cereal crop (Fageria 1984). Based on 
water source and land preparation method, 
rice can be divided into two groups; upland 
and lowland rice. Upland rice refers to rice 
grown on both flat and sloping fields that are 
prepared and seeded under dryland conditions 
and depend on rainfail for moisture. This type 
of rice cuitivation is most common on srnali 
and medium size farms in South America, 
Asia. and Africa. Brazil is the world's largest 
producer of upland nec (Fageria et ai. 1982). 
On the other hand, flooded nec is grown on 
flat land with controlled irnigation. li is also 
known as irrigated rice, lowland dcc and 
wateriogged dcc. The common practice of 
flooded dcc cuiture is flooding when 
seedlings are 25 to 30 days old. The water 
levei varies from 10-15 cm and is maintained 
until one weck to 10 days, before harvesting. 

flue to reducing conditions, the chemical 
properties of flooded dcc soiis are cntirely 
different from those of drained soils. The 
reduced conditions of fiooded dcc bring some 
changes which are beneficial as well as 
harmful. One harmful effect is increased 
concentrations of Fe 2  which sometimes reach 
levels toxic to dcc piants. 

No other food crop except dcc can be 
grown under submerged or flooded conditions 
becausc all other food crops are sensitive to 
watcrlogging. If other crops have to be grown, 
thcse soils first nccd to be drained. Since dcc 
is such an important world food erop, it is 
wonthwhile to discuss Fe-toxicity in flooded 
dcc. 

Iron toxicity in flooded dcc has been 
reported in Southeast Asia, Afdca, and Sõuth 
Amenica (Fageria et ai. 1984), Fagenia & 
Rabelo 1987, Inada 1966, Ottow et ai. 1982). 
In Brazil, this problem has been reported in 
Lhe states of Minas Gerais, Goiás, Pará, Santa 

Catarina, and Rio Grande do Sul. Jron toxicity 
may be attributed to high Fe content in the 
soil, low soU pH, low soil fertility as well as 
to accumulation of harmful organic acids 
and/or hydrogcn sulphide (maria 1966, Ota & 
Yamada 1962, Sahu 1968, Tanaka et ai. 1966, 
Trolldenirer 1973). Plants generaily show 
bmnzing if dissoived Fe in the rooting mediun 
is in the 300 to 500 mg kg' range. 

Reduction is the most irnportant chemical 
change bmught about by flooding, and 
oxidation-reduction potential or redox 
potential is a quantitative measure of the 
intensity of this change (Ponnamperuma 1972, 
Ponnamperuma et ai. 1967, Savant & 
McCiellan 1987). The most drastic changes 
that occur when a soil is submerged and its Eh 
falis, are reduction of NO to nitrous oxides, 
Mn*' to Mn*' and Fe3  to Fe2 . Thc 
concentration of water-soiuble Fe, which pdor 
to submergence rarely exceeds 0.1 mg kg', 
may dse to 600 mg kg', or it may reach 
plateau seldom exceeding 20 mg kg' 
(Ponnamperuma 1978). Ia some acid sulfate 
soils the peak values may be as high as 5,000 
mg kg 1  (Ponnamperuma et ai. 1973). 

The increase in concentration of water-
soiuble Fe foliowing flooding can be de-
scribed for most mineral soils by the equation 
(Ponnamperurna 1978): 

Eh = 1.06 - 0.059 iog Fe2  - 0.177 p14  
or 
pE = 17.87 + pFe2  —3 pH 

Effcctive measures to amciionte Fe 
toxicity include peniodic surface drainage, 
liming and good fertilizer management. If Fc 
toxicity is not severe, the use of tolerant dcc 
cultivars alone may serve as an alternative to 
thcse measures (Fageda et ai. 1984). The 
existence of an oxygen transport system frorn 
shoot to root in the dcc plant prevents 
suifocation of root tissues in an anaerobic root 
environment. The rate of diffusion of oxygen 
frorn shoot to root varies markediy among 
different dcc cuitivars. Tadano (1976) 
proposed that threc functions of dcc roots 
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account for the tolerance of rice to high 
concentrations of Fe in soil solution: 1) 
oxidation of Fe in the rhizosphere, 2) 
exclusion of Fe at the root surface, and 3) 
retention of Fe in the root tissues which 
prevents transiocation of Fe from the root to 
the shoot. 

Correcting iron deficiency 

Iron is an essentiai etement and its 
deficiency can reduce plant growth and yietd. 
Of course it is a micronutrient but as cropping 
systems become more intensive in modern 
agriculture, changes in soil management prac-
tices frequentiy alter micronutrient avail-
abiity, and depletion of nutrients not added in 
fertilizers becornes more rapid. As the demand 
for higher yield increases and the plant's 
requirements for major elements are more 
effectively met, other nutrients are more likely 
to become limiting. Correcting Fe-deficiency 
and toxicity is important for yield improve-
ment of food crops. The question then be-
comes what is the best method of correcting 
this nutrient disorder. 

The most widespread incidence of 
Fe-deficiency in plants occurs on alkaline and 
calcareous soiis characterized by high pH and 
the presence of fite CaCO3 (Berger & Pratt 
1963, Wallace 1962). This abnormality has 
often been termed, "lime induced chiorosis." 
A large part of the world's land area is 
calcareous. Imn, as well as many other 
micronutrients, tends to become insotubie, 
immobile, and unavailable in these soiis. Tron 
chiorosis or deficiency can be corrected by 
soil and foliar apphcation of Fe. Anderson 
(1982) investigated several sources of Fe 
appiied to soil and as a foliar spray on 
peanuts. Of the several soil applied Fe sources 
(Fe2  and Fe3  sulfates, chelates, lingno-
suifonates, finely powdered elemental 
Fe by-products), oniy the chelate FeEDDHA 
(Chel 138) at the rate of 10 kg Fe hr' 
alleviated the visual Fe chlorosis. Iron 
deficiency was also corrected by foliar 
application of 3% PeSO 4  solution to peanuts 
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and sorghum (Anderson 1982). If the 
deficiency is severe, multiple applications at 
10 day intervals may be required. Most sources 
were somewhat effective in alleviating Fe 
chlorosis when soil apphed at sufficiently 
high rates (50 kg Fe ha'), however, few were 
economicatly feasible in severe Fe chlorosis 
situations. Another alternative for correcting 
Fe-deficiency is use of Fe-efficient cultivars. 
Ibere ai-e varietal differences in Fe-uptake 
by com (Zaharieva 1982), oat (McDaniel & 
Brown 1982), sorghum (Williams et ai. 1982), 
dry beans (Coyne et ai. 1982), and wheat 
(Vittal & Subbiah 1982). 

SoU applications of some synthetic Fe 
chelates are effective for crops under some 
conditions, but their high cost restricts their 
use. Wallace & Lunt (1960) reported that 
FeEDTA (ethylenediaminetetraacetic acid) 
was effective in controlling Fe chiorosis of 
citrus Florida, but this chelate is not effective 
on catcareous sois. The most effective chelate 
for caicareous soil systems is FeEDDHA 
(ethylenediaminedi - o - hydroxyphenyiacetic 
acid). Differences in agronomie effectiveness 
of synthetic chelates are related to how their 
stabilities vary with soil pH (Norvell 1972). 
The stabiiity constant for FeEDTA is much 
lower than that for FeEDDHA; the former is 
effective mainiy in acid soils, while the later is 
effective at all soil pH levels. 

Soil applications of inorganic Fe sources 
usualty are not effective in correcting Fe 
chiorosis unless the rates are very high. 
Withee & Carison (1959) reported that 
optimum yields of grain sorghum were 
achieved with a broadcast apphcation of 600 
kg of PeSO4  ha'. Mather (1970) also showed 
that high PeSO 4  rates were required for 
correction of sorghum chlorosis in green-
house and field tests. The effectiveness of 
Fe3(SO4)3 and Fe (N11 4)2(SO4)2 generaily 
is similar to that of PeSO 4 , while PeCO3 and 
Fe203 are not effective as soil applications. 
Greenhouse results by Mortvedt & Giordano 
(1971) showed that banding PeSO 4  or 
Fe2(SO4)3 with ammonium polyphosphate 
fertilizers was more effective than applying 
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these Fe sources alone lo sai!. Soil application 
of Fe sources would be preferred by most 
growers if the effecüveness was equal lo thal 
of foliar sprays. Works by Tan cl ai. (1971), 
Milier cl ai. (1969), and famas & Mathers 
(1979) indicate that animal manures can be 
good sources of Fe and other micronutrients 
as we!l as possib!e complexors ar che!ators 
of supplemenlal Fe mixed with lhe manures. 
Sulphur has been used in lhe past as a means of 
acidifying soil lo correcl Fe chiorosis, but 
lhe quantities required were too large to be 
economically feasib!e for food crops (O!son 
1951, Viets 1962). 

Iran is usua!ly considered lo be iminobi!e 
within growing planls (Sa!isbury & Ross 
1969). The new growth of a p!ant deprived of 
Fe soon becomes ch!orotic whi!e the older 
lissue remains green. Because of lhe immobile 
nature of Fe ia growing plants, foliar appli-
cation ofFe lo çh!orolic plants is rccommended. 

In certain types of erop production, foliar 
sprays area popular and used on a world-wide 
basís (Menge! & Kirby 1978, Murphy & 
Wa!sh 1972). But Fe-deficiency has been 
parlicularly difficult lo correct by foliar sprays 
and controversy remains on the subject. 

CONCLUSION 

Iron deficiency has been observed in 
imporlant food crops such as com, sorghum, 
peanuts, soybeans, common beans, oats and 
barley in many paris of lhe world. Whereas, 
Fe-toxicity is mosily restricted to flooded or 
lowland dce. Much research work has been 
conducted under laboratory and greenhouse 
conditions concerning Fe chemistry, Pc 
uptake, and Fe transport and storage 
mcchanisms. But very Little attcntion has been 
given to determining lhe most effective and 
economical ways to solve this nutritional 
disorder. At present, foliar applicalion is the 
only feasible means for overcoming 
Fe-deficiency in most crop plants. Inorganic 
sources of Fe are ineffective for soil 
application when applied at low ar moderate  

rales and higher doses are uneconomical. 
However, foliar application of nutrients is nol 
lhe right so!ution in modem agricu!ture where 
higher produclivity is lhe goal. In addition, 
foliar appplication is restricted by weather 
conditions and cosI. 

This means more fie!d research is needed lo 
so!ve Fe-deficiency or toxicity prob!ems. One 
feasib!e and economical approach may be 
selection of crop genotypes which are more 
efficient or tolerant under low and high Fe 
concenlrations, respectively. To achieve this 
objective, il is necessary lo have a cooperative 
effort among soil scientisls, p!ant physi-
ologists and plant breeders. A lol of work has 
been done in identifying genotypes with high 
efficiency ar resislance lo loxicily, but these 
msu!ls have aol beca taken lo farmers. 
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