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Preface 

Phenomenal progress has been made in our understanding of the several 
and diverse ways in which micronutrients alter or regulate the functioning 
of plants and produce a wide array of responses enabling quantitative and 
qualitative changes in plant yield. Developments on different aspects of 
micronutrients in plants have been reviewed and their implications 
discussed in several contemporary publications dealing with them, both 
collectively and individually. The author's resolve to add a resource on the 
biochemical and physiological roles of micronutrients in plants and the 
diverse ways in which they react to limitations in micronutrient supply, 
contributing to global constraints in crop production, came from his long 
stint as a teacher of plant nutrition at the Lucknow University. This need 
was augmented by spectacular developments in molecular biology. 
Immunocytochemical localization of specific proteins, functional analyses 
of phenotypic mutants, cloning and sequence analysis of genes and their 
expression in transgenics have provided new insight into the functional 
sites of micronutrients, their roles in macromolecular biosynthesis, and 
developmental processes and adaptive response to biotic and abiotic 
stresses. The author's long association with the All India Coordinated 
Research Project on Micronutrients of Soil and Plants, supported by the 
Indian Council of Agricultural Research, New Delhi, provided the impetus 
for adding a resource on the evaluation and amelioration of micronutrient 
deficiencies. These deficiencies account for a wide gap between the 
production potential of the major food crops and their productivity on low 
micronutrient soils and also necessitate their prompt management for 
sustained increase in crop yields. In keeping with these imperatives, the 
book has been presented in two parts. Part I deals with roles of 
micronutrients and the changes induced in plants in response to their 
inadequate supply. Part I1 addresses the factors contributing to 
micronutrients deficiency, their diagnosis, evaluation and management 
through soil - and plant - based approaches. 



The author is deeply indebted to late Professor SC Agarwala, who not 
only inducted him to plant nutrition research, but also provided strong 
motivation to prepare resource material for students opting for advanced 
courses on physiology and biochemistry of micronutrients. During the 
preparation of the book, the author received valuable help from Dr BD 
Nautiyal, Dr Nalini Pandey, Dr GC Pathak and Ms R Pandey, all from the 
Department of Botany, Lucknow University. The author would like to make 
particular mention of the support and helpful suggestions received in the 
making of the book from Dr Nalini Pandey and his son Dr Samir Sharma, 
faculty with the Lucknow University Department of Biochemistry. The 
author is grateful to Dr HK Jain, Director, Center for Science Writing, New 
Delhi, who not only encouraged him to work on the book but also provided 
financial support to defray part of the pre-publication costs. Thanks are 
also due to Mr Abhist Kumar for typing the first draft of the manuscript, 
which made difficult reading. 

The author is conscious of the limitations in bringing out the book single 
handed, which might have left many deficiencies. Any criticism and 
suggestions that may help overcome the deficiencies will be greatly 
welcome. 

Dec. 2005 C.P. Sharma 
Department of Botany 

Lucknow University 
Lucknow 
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PART I 
- -  - -  - -  

ROLES AND DEFICIENCY RESPONSES 





CHAPTER 1 

GENERAL 

1.1 MICRONUTRIENTS AS ESSENTIAL PLANT NUTRIENTS 

The autotrophic plants have an absolute requirement of the following 16 
elements: 

Carbon (C), Hydrogen (H), Oxygen (0), Nitrogen (N), Phosphorus (P), 
Potassium (K), Sulphur (S), Calcium (Ca), Magnesium (Mg), Iron (Fe), 
Manganese (Mn), Copper (Cu), Zinc (Zn), Molybdenum (Mo), Boron (B), 
Chlorine (Cl). 

Of these 16 elements, first three-C, H and %are derived from air and 
water. The remaining 13 elements are all derived from the soil-forming 
minerals, and so also known as mineral nutrient elements or simply 
mineral nutrients. They are all essential for plants in the sense that they 
satisfy the criteria of essentiality as laid down by Arnon and Stout (1939), 
which reads as: 
(1) The plant must be unable to grow normally or complete its life cycle in 

the absence of the element. 
(2) The element is specific and/or cannot be replaced by another element. 
(3) The element plays a direct role in metabolism. 

Based on their chemical (metallic or non metallic) nature, the form taken 
up by plants, biochemical functions and quantitative differences in 
functional requirements, the mineral nutrients have been divided into two 
or more categories. The distinction based on quantitative differences in 
functional requirements-macronutrient elements and the micronutrient 
elements, or for brevity just macro- and micro-nutrients (Loomis and Shull, 
1937)-is most widely followed. Elements which, in solution cultures are 
required at a concentration exceeding 1 mg I-', often many times more viz. 
N, P, K, Ca, Mg or S, are classified as macronutrients; Those required in 
smaller quantities (<I mg I-'), viz., Mn, Cu, Zn, Mo, B, C1 are classified as 
micronutrients. Iron, which quantitatively behaves as a macronutrient, is 
for historical reasons, considered a micronutrient (Arnon, 1954). 



Except for iron-which was known to be essential for plants even before 
von Sachs and William Knop formulated the nutrient solutions for soil- 
less culture of plants (in the 1860s)-unequivocal evidence for the 
essentiality of the micronutrients came after improvement in solution culture 
methods (Hewitt, 1966). The year of establishment of essentiality and the 
names of scientists credited with the discovery are shown in Table 1.1. 

Table 1.1 Establishment of the essentiality of plant micronutrients 

Micronutrient Credit for definitive evidence of essentiality Year 

Manganese J.S. Mc Hargue 1922 

Boron K. Warrington 1923 

Zinc AL Sommer and CB Lipman 1926 

Copper AL Sommer, CB Lipman and G. Mac Kinney 1939 

Molybdenum DI Arnon and PR Stout 1939 

Chlorine TC Broyer, AB Carlton, CM Johnson and PR Stout 1954 

Cobalt and nickel, known to be essential for animals, have appeared to be 
good contenders for addition to the list. Cobalt has been shown to be essential 
for symbiotic nitrogen fixation by legumes (Ahmed and Evans, 1960; Dilworth 
et al. 1979) and also non legumes (Hewitt and Bond, 1966, Johnson et al. 
1966). Cowles et al. (1969) showed cobalt to be essential for rhizobial growth. 
Role of cobalt in N2 fixation is essentially attributed to its role as a cofactor of 
cobalamine (Vitamin b6) which functions as a coenzyme involved in N2 
fixation and nodule growth (Dilworth et al. 1979; Licht et al. 1996; Jordan 
and Reichard, 1998). Wilson and Nicholas (1967) produced evidence of 
cobalt requirement for nodule forming legumes and wheat. Nickel is another 
element which has justified claims for its essentiality (Gerendas et al. 1999). 
Nickel is present in substantial concentrations in the xylem and phloem sap 
of plants. In the xylem sap, nickel is contained both in free ionic form (Ni2+) 
and as chelate (Ni-citrate). Nickel has high mobility in phloem, which 
contributes to its translocation and accumulation in fruits and seeds. Wheat, 
barley and oats grown with nickel-free nutrient solution have been reported 
to develop visible symptoms such as intervenal chlorosis (Brown et al. 1987). 
Dixon et al. (1975) showed nickel to be a cofactor of jack bean urease. Plants 
grown with urea as the sole source of nitrogen showed absolute requirement 
of nickel for urease activity (Gordon et al. 1978; Gerendas and Sattelmacher, 
1997). Claims for nickel as an essential plant nutrient have been reviewed by 
Gerendas et al. (1999). 

1.2 MICRONUTRIENTS AND THE PERIODIC TABLE 

Of the seven micronutrients, five are transition metals. Four of these (Fe, 
Mn, Cu, Zn) are cationic and fall in the first transition series of Period 4. 



The fifth (Mo) is a heavy metal of the second transition series of Period 5. 
All these five micronutrients form stable complexes with organic ligands. 
Complexed to proteins, they function as biological catalysts 
(metalloenzymes). Except for zinc, they all exist in more than one oxidation 
state, which enables them to participate in redox reactions and in electron 
transport. Cobalt and nickel, required for certain biochemical processes in 
plants, fill the gap between iron and copper in the first transition series. 

Boron and chlorine are different from the rest of the micronutrients in 
their place in the Periodic Table and their roles in plants. Boron is a group 
111, A metalloid and chlorine, a group VII halogen. Their electronic states 
do not allow participation in redox reactions or electron transport. Instead, 
they are involved in structural and regulatory roles. 

1.3 GENERAL FUNCTIONS OF MICRONUTRIENTS 

Micronutrients play important roles as constituents of organic structures, 
constituents or activators of enzymes, electron carriers or in osmoregulation. 
They also function in the regulation of metabolism, reproduction and 
protection against abiotic and biotic stresses. Roles and deficiency responses 
of individual micronutrients have been discussed in the following chapters. 
This chapter gives an overview of their diverse functions. 

1.3.1 Micronutrients as Constituents of Organic Structures 

The structural role of micronutrients is best exemplified by the role of boron 
as an essential constituent of higher plant cell walls (O'Neill et al. 2004). 
Boron is essential for covalent linking of the rharnnogalacturonan I1 dimers 
to provide the cell wall with a structure suited to its development (Fleischer 
et al. 1999) and extension growth (O'Neill et al. 2001). It is also involved in 
the development of the cytoskeleton (Yu et al. 2003). Boron and zinc are 
also important to the structure and function of membranes. They are 
necessary to maintain the structural integrity of the plasmalemma. 
Inadequacy of either of the two micronutrients leads to alterations in 
membrane fluidity, causing a marked enhancement in membrane 
permeability, which manifests itself as an increase in the net efflux of 
solutes. Boron's effect on membrane permeability is essentially attributed 
to its role in binding to polyhydroxy groups of the membrane constituents, 
stabilizing the membrane structures. Recently, involvement of boron in the 
membrane structure and function has been attributed to its possible role in 
formation, stability and functioning of membrane rafts (Brown et al. 2002). 
Zinc's effect on membrane structure and function could be indirect, 
involving a more basic role in preventing the generation and effective 
detoxification of reactive oxygen species (Cakmak, 2000). Enhanced 
accumulation of superoxide radicals (02-) and their reactions with H202 





(Haber-Weiss reaction) leads to production of the more toxic oxygen species 
(OH-) which cause damage to the cellular membranes, enzymes and DNA. 

1.3.2 Enzyme Action 

Perhaps the best known role of micronutrients is their catalytic role, driving 
and regulating important enzyme-catalyzed reactions. They are known to 
be a constituent or an activator of several different classes of enzymes but, 
more importantly, oxidoreductases. 

Each, iron, manganese, copper, zinc and molybdenum is a constituent 
of several oxidoreductases involved in basic metabolic reactions that range 
from ion uptake, mineral metabolism, photosynthesis, respiration, nitrogen 
fixation, biosynthetic pathways and stress-defense mechanisms. Manganese 
and zinc are involved in activities of hydrolases and iron, manganese and 
zinc in activities of lyases. Manganese is also involved in the activity of 
glutamine synthetase (a ligase). The reactions catalyzed by these enzymes 
and their metabolic implications are discussed in chapters 2 to 6. 

Micronutrients essentially perform catalytic functions in one of the 
following ways: 
(a) Acquiring high catalytic efficiency by binding to specific proteins, as 

in the case of copper oxidases and haem enzymes. 
(b) Affecting the formation of enzyme-substrate complexes by changing 

the net charge on the protein or removal of an inhibitory substance. 
For example, the ratio of zinc and magnesium alters the optima of 
phosphatase activity (acid or alkaline phosphatases). Iron, zinc and 
cobalt counteract the cysteine inhibition of yeast aldolase. 

(c) Acting as a bridge between the substrate and the enzyme to form an 
active intermediate (metal-substrate-enzyme) complex. For example, 
manganese acts as a ligand between amino and carboxyl groups of the 
substrate and the protein in prolidase. 

(d) Functioning as an activator of enzymes, for example, manganese 
activation of decarboxylases and hydrolases. 

Micronutrients may also influence enzyme activities by acting as 
allosteric effectors. 

1.3.3 Charge Carriers 

As metal cofactors of enzymes-catalyzing redox reactions (Table 1.2), and 
metalloproteins functioning as electron carriers, micronutrients participate 
in the electron transport chains in mitochondria and chloroplasts. They 
mediate the flow of electrons from one molecule to another. At certain steps, 
the transport of electrons is coupled to generation of energy-rich molecules 
(ATP) and production of reducing power (NAD(P)H), needed to drive key 
metabolic reactions. The different oxidation states of manganese enables 
charge accumulation to produce the reducing power required for 



Table 1.2 Higher plants enzymes having micronutrient cofactors 

Enzyme (EC) Micronutrient 
cofactor/activator 

Oxidoreductases: 
Superoxide dismutases (EC 1.15.1.1) 

Lipoxygenase (EC 1.13.11.12) 

Alternative oxidase 

Nitrite reductase (EC 1.7.7.1) 

Fdx-Thioredoxin reductase 

Sulphite reductase (EC 1.8.3.1) 

Succinate dehydrogenase (EC 1.3.99.1) 

NADH-Q oxidoreductase (EC 1.6.99.5) 
(NADH dehydrogenase) 

Catalase (1.11.1.6) 

Peroxidases (1.11.1.7) 

Cytochrome c oxidase (EC 1.9.3.1) 

Cytochrome c reductase (EC 1.9.99.1) 
(Q cytochrome c oxidoreductase, Cyt bc,) 

Glutamate synthase (EC 1.4.7.1, 1.4.1.14) 

NAD' Malic enzyme (EC 1.1.1.39) 

NADP' Malate dehydrogenase (EC 1.1.1.40) 

Isocitrate dehydrogenase (EC 1.1.1.41, 1.1.1.42) 

Catechol oxidase (EC 1.10.3.1) 

Laccase (EC 1.10.3.2) 

Ascorbate oxidase (EC 1.10.3.3) 

Monophenol monoamine oxidase (EC 1.14.18.1) 

Copper amine oxidase (EC 1.4.3.6) 

Alcohol dehydrogenase (EC 1.1.1.2) 

Glutamine dehydrogenase (EC 1.4.1.3) 

Nitrate reductase (EC 1.6.6.1) 

Xanthine dehydrogenase (EC 1.1.1.204) 

Aldehyde oxidase (EC 1.2.3.1) 

Sulphite oxidase (EC 1.8.3.1) 

Hydrolases 
Allantoate amidohydrolase (EC 3.5.3.9) 

Carboxypeptidase A (EC 3.4.17.1) 

Lyases 
Aconitase (EC 4.2.1.3) 

Enolase (EC 4.2.1.11) 

Phosphoenolpyruvate carboxylase (EC 4.1.1.31) 

Carbonic anhydrase (EC 4.2.1.1) 

Ligases 
Glutamine synthetase (EC 6.3.1.2) 

Cu-Zn, Mn, Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 



photooxidation of water in the initial reaction of PS 11. Likewise, the different 
oxidation states of molybdenum enable it to catalyze the enzymatic 
reduction of N=N bond in N2 to NH,. 

Mitochondria1 Electron Transport 
Iron and copper function as cofactors of the electron transport proteins of 
the inner mitochondrial membrane (Fig 1.2). NAD+-isocitric dehydrogenase 
activated by Mg2+ or Mn2+ catalyzes the reduction of NAD+ to NADH in 
the mitochondrial matrix. 

Photosynthetic Electron Transport 
As a constituent of oxygen-evolving complex of PS 11, manganese is 
involved in the oxidation of water. Iron and copper are involved in electron 

INTERMEMBRANE SPACE 
/1 

4H' 
2H+ 

A A 
> - 

C IV 

Oxidase 

NADH NAD 
'X02  +2H+ H,O 

4H' - - MITOCHONDRIAL MATRIX - .  , ---  -, 

Fig. 1.2. Mitochondrial electron transport chain, showing micronutrients (Fe, Cu) as 
components of electron transport carriers 

transport through pho tosystem I1 and photosystem I and in coordinating 
the flow of electrons from PS I1 to PS I. 

The non-haem protein ferredoxin accepts the electrons from P 700 and 
donates them to ferredoxin-NADP reductase. This enzyme catalyzes the 
production of NADPH, which serves as a reductant in Calvin cycle 

1.3.4 Osmoregulation 

Plant nutrient status of micronutrients is known to influence plant water 
relations. Chlorine plays a direct role in osmoregulation. It is involved in 
cell osmotic relations and turgor-dependent extension growth of cells. 
Chlorine and potassium fluxes across leaf guard cell plasma membrane 
induce turgor changes that regulate stomata1 opening. Chlorine also plays 
an important osmoregulatory role under conditions of salt stress. The 





osmoregulatory concentrations of chlorine are, however, of a much higher 
magnitude than the concentrations at which other micronutrients perform 
their critical roles. 

1.3.5. Secondary Metabolism, Growth Hormones and Signalling 
Molecules 

An important role of micronutrients involves their functioning in 
biosynthetic pathways. Many enzymes containing micronutrient cofactors 
catalyze reactions in biosynthesis of secondary metabolites. Precursors for 
the synthesis of aromatic amino acids are synthesized via shikimate 
pathway, whose initial reaction involves the condensation of 
phosphoenolpyruvate and erythrose-4-phosphate to provide 3-deoxy-D- 
arabinoheptulosonolate-7 phosphate (DAHP), catalyzed by the manganese- 
activated enzyme DAHP synthase (Herrmann, 1995; Hermann and Weaver, 
1999). Production of the lignin precursor p-coumaric acid from trans- 
cinnamic acid is catalyzed by NADPH-Cytochrome P450 dependent haem 
enzyme, cinnamate-4-hydroxylase. Zinc-activated cinnamyl dehydrogenase 
catalyzes the conversion of p-coumaraldehyde and other cinnamic 
aldehydes to cinnamic alcohol (monolignols), which are subsequently 
polymerized to lignin. 

Biosynthesis of gibberellins, lately recognized as major signalling 
molecules in plants (Sun and Gubler, 2004), involves the activity of several 
enzymes activated by micronutrients. Synthesis of the gibberellin precursor 
ent-kaurene involves catalysis by kaurene synthase, which is activated by 
Mn2+, Co2+ or Mg2+. The next three steps involving conversion of ent-kaurene 
to ent-kaurenoic acid are catalyzed by ent-kaurene oxidase, which is a P450 
haem monooxygenase (Chapple, 1998). Several 2-oxodependent 
dioxygenases catalyze the conversion of GA,, aldehyde to gibberellins and 
the interconversions of the latter, including those leading to production of 
their bioactive forms (Hedden and Phillips, 2000; Schorr~burg et al. 2002) 
(Fig. 1.4). 

Three enzymes of jasmonic acid biosynthesis contain iron cofactors. 
Lipoxygenase is a non-haem iron-containing dioxygenase (Feussner and 
Wasternack, 2002); fatty acid hydroperoxide lyase and allene oxide 
synthase are cytochrome P450 dependent monooxygenases (Chapple, 1998). 
Terminal steps in the biosynthesis of ethylene and abscissic acid are also 
catalyzed by enzymes having micronutrient cofactors. 1- 
aminocyclopropane-1-carboxylate oxidase, which catalyzes the synthesis 
of ethylene, is specifically activated by iron (Prescott and John, 1996). 
Aldehyde oxidase, which catalyzes the synthesis of abscissic acid from 
abscissic aldehyde, is a molybdoprotein (Romao et al. 1995). Synthesis of 
flavones and anthocyanin also involves catalysis by cytochrome P450 haem 
monooxygenases (Chapple, 1998). 



Geranyl geranyl diphosphate 

ent-Copalyl diphosphate 

I ent-Kaurene synthase 
(Mn, Mg, Co) 

ent-Kaurene 

1 
1 ent-Kaurene oxidase (Fe) 

ent-Kaurenoic acid 

GA,, -aldehyde 

1 GA20, GA3-oxidases (Fe) 

Bioactive gibberellins (GA,, GA,) 

Fig. 1.4. Steps in gibberellin biosynthesis pathway catalyzed by micronutrient requiring 
enzymes 



1.3.6 Protective Role 

Micronutrients are known to influence the generation and detoxification of 
reactive oxygen species that induce oxidative stress and play an important 
role in signal transduction (Ape1 and Hirt, 2004). Enzymes having 
micronutrient cofactors function as a part of the antioxidant system, offering 
protection against damage from excessive generation of reactive oxygen 
species (ROS) during electron transport in mitochondria and chloroplasts 
(Fridovich, 1986; Elstner, 1991; Asada, 1994). Superoxide dismutases, which 
have micronutrient cofactors Fe-SOD, Mn-SOD, Cu-Zn SOD, constitute the 
first line of defense against the ROS (Alscher et al. 2002). Mitochondria 
have high activities of Mn-SOD and chloroplasts show high activities of 
Cu-Zn and Fe-SOD. The cytosol and the apoplasm also show Cu-Zn SOD 
activity. Thus, the superoxide ions (0;) are effectively converted to H202 
within close vicinity of the site of their generation. Accumulation of H202 
in toxic concentrations is prevented by its reduction to water in reactions 
catalyzed by the haem enzymes ascorbate peroxidase (APX) and catalase 
(CAT). APX, which uses ascorbate as its specific electron donor, reduces 
H202 to water with concomitant production of monodehydroascorbate, 
which is spontaneously disproportionated to dehydroascorbate. Working 
in combination with the ascorbate-glutathione cycle, APX functions as a 
potent scavenger of H202 in chloroplasts (Asada, 1992, 1997). Catalase, 
which carries out rapid breakdown of H202, is highly concentrated in 
peroxisomes, wherein conversion of glycolate to glyoxylate also adds to 
accumulation of H202. Thus, acting as cofactors of antioxidant enzymes 
SOD, APX and CAT, the micronutrients (Cu, Zn, Fe, Mn) contribute to 
defense against oxidative stress. Overexpression of superoxide dismutases 
in transgenics has been shown to enhance their tolerance to oxidative 
stress (Gupta et al. 1993; Per1 et al. 1993; Slooten et al. 1995; Van Camp et 
al. 1996). 

A decrease in the activity of the antioxidant enzymes due to limited 
availability of the metal cofactors weakens the antioxidant defense 
mechanism and exposes the plants to greater damage from the ROS. Cakmak 
(2000) has provided a comprehensive update on the role of zinc in protection 
of plants against oxidative stress. 

Another example of the protective role of micronutrients is the role of 
iron as a cofactor of choline monooxygenase (CMO) in glycine betaine 
accumulating plants. CMO catalyzes the first step in the biosynthesis of 
glycine betaine which acts as osmoprotectant, stabilizing the quarternary 
structure of proteins and maintaining the structural integrity of cellular 
membranes under stressful conditions imposed by high salinity and 
temperature (Graham, 1995). 



Choline - Choline aldehyde - Glycine betaine 
Choline Choline aldehyde 

monooxygenase dehydrogenase 

Not only are micronutrients involved in providing protection against 
abiotic stresses, they also provide protection against pathogenic infections 
(Graham, 1983; Graham and Webb, 1991; Huber and Graham, 1999). This, 
micronutrients may do in two ways. Manganese, copper and boron are 
involved in the metabolism of phenolic compounds and their 
polymerization to lignins and suberins, which strengthens the plant cell 
walls, making them less susceptible to penetration by pathogens (Mehdy, 
1994). Another way that the micronutrients offer protection against 
pathogenic infections is through enhanced production of H202, which 
functions as a cytotoxic compound against the pathogens and also activates 
the defense mechanism of the host (Lamb and Dixon, 1997; Orozeo- 
Cardinas et al. 2001). Copper, as a constituent of diamine oxidases, plays 
an important role in generation and regulation of H202 concentration in 
response to attack by pathogens (Fedrico and Angelina, 1991, Rea et al. 
1998). 

1.3.7 Regulatory Role 

Functions of micronutrients are not localized to a particular plant part, cell 
or cell compartment. Therefore, they have to be available at all the functional 
sites in concentrations commensurate with their biochemical requirement. 
This necessitates a mechanism for their homeostasis. This may involve 
induction of high-affinity transport systems in response to deficiency and 
a mechanism for their subcellular sequestration under conditions of 
overload. High-affinity uptake mechanisms for uptake of iron are 
upregulated on sensing iron deficiency (Marschner and Romheld, 1994). 
The level of iron supply may also determine the tissue and cellular 
mobilization of iron (Bereczky et al. 2003, Thomine et al. 2003). The active 
process of boron uptake is induced in response to boron deficiency (Dannel 
et al. 2002). Zinc regulates the uptake of phosphorus by regulating the 
genes encoding high-affinity phosphate transport (Huang et al. 2000). 
Several TF I11 A-type zinc finger proteins such as SUPERMAN, AtZFP1, 
PetSPL3 and Bc ZFPl are implicated in the developmental regulation of 
various floral and vegetative organs (Takatsuji, 1999). Zinc is also reported 
to be involved in the prevention of cell death in plants (Dietrich et al. 
1997). In Arabidopsis, a zinc finger protein functions as a negative regulator 
in plant cell death. 



1.3.8 Role in Reproduction 

So far, the predominant sporophytic generation of higher plants has been 
the main focus of investigations on the roles and deficiency responses of 
micronutrients. It is being increasingly realized that poor reproductive yield 
of plants subjected to deficiency of micronutrients cannot be entirely 
attributed to their effect on photosynthetic efficiency and/or partitioning 
of assimilates. Reproductive development of plants may be severely limited 
even when deficiency is induced, nearing onset of reproductive phase, by 
which time plants have accumulated enough photosynthates. Many studies 
on the reproductive development following deprivation of micronutrient 
supply to plants point to a more direct involvement of micronutrients in 
reproductive development (Graham, 1975; Dell, 1981; Sharma et al. 1990; 
Sharma et al. 1991; Pandey et al. 2006). Development of different floral 
organs in Arabidopsis, petunia and Chinese cabbage has been suggested to 
involves TF I11 A type zinc finger control of cell division and/or expansion 
of particular cell types (Takatsuji, 1999) There are also reports suggesting 
that the role of zinc finger polycomb group proteins in development of 
female gametophyte and seed development (Grossniklaus et al. 1998; Brive 
et al. 2001). Reproductive development may also be inhibited because of 
poor delivery of micronutrients in the reproductive tissues due to some 
morphological limitations or poor transport (Brown et al. 2002; Takahashi 
et al. 2003). Studies using transgenic tobacco plants (naat transgenics) and 
crosses between the naat transgenics and the wild type (Takahashi et al. 
2003) show severe limitation in delivery of Zn, Cu and Mn into the 
reproductive parts due to lack of nicotianamine, which has a role in 
chelation and long-distance transport of the cationic micronutrients (Welch, 
1995; Von Wiren et al. 1999). 

There is a quantitative requirement of the micronutrients for optimal 
performance of their roles. Deviations from the optimum are reflected in 
aberrations in structure, function, and developmental and adaptive 
responses of plants. These issues are addressed in the following chapters 
of Part I. 



CHAPTER 2 

IRON 

2.1 GENERAL 

Iron is the third most abundant element in the earth's crust. It exists in two 
oxidation states-ferric (Fe3+) and ferrous (Fez+). The easy inter-convertibility 
of the two oxidation states (Fe3+ t, Fez+) confers on the metal the ability to 
participate in both oxidation-reductions and electron transport. Iron 
acquires high biological activity on binding to proteins. Iron proteins play 
important roles as donors or acceptors of electrons. Bound in different 
forms, iron forms the cofactor or prosthetic group of several enzymes. Many 
iron enzymes, recently cloned using molecular biology techniques, are 
known to play a role in metabolism of fatty acids and biosynthesis of 
terpenoids, growth hormones and signalling molecules. Iron is involved 
both in generation of active oxygen species and their detoxification. Iron 
homeostasis is critical to sustain metabolism. Redox changes during 
electron transport involving iron proteins and iron involvement in 
biosynthesis of jasmonic acid and ethylene are suggestive of a role of iron 
in signal transduction. 

Iron status of plants is critical to its uptake and compartmentalization. 
There is growing evidence to show that iron plays a homeostatic role to 
ward against abiotic stresses. Cloning of genes encoding enzymes of the 
antioxidant system (Fe-SOD, APX) and their overexpression in transgenics 
has been shown to enhance tolerance to oxidative stress (Slater et al. 2003). 
Overexpression of choline monooxygenase, a cytochrome P450 
monooxygenase, offers osmoprotection against salt and temperature stress. 

2.2. UPTAKE, TRANSPORT, DISTRIBUTION 

Plants show a taxonomic distinction in the way they mobilize iron from 
the rhizosphere and transport it across the plasrnalemma (Brown and Jolley, 
1989; Romheld and Marschner 1986a,b; Marschner et al. 1986a). Iron 



deficiency induces two distinct and mutually exclusive mechanisms or 
strategies for iron acquisition (Bienfait, 1988; Marschner and Romheld, 
1994); one by the dicotyledons and monocotyledons except the graminaceae 
(Strategy I); and the other by the members of the graminaceae (Strategy 11). 
Strategy I plants use a reduction-based uptake mechanism. Roots of plants 
belonging to this strategy reduce external ~ e ~ +  to ~ e ~ +  and transport iron 
across the plasmalemma only in the reduced form ( ~ e ~ + ) .  Strategy I1 plants 
lack this mechanism or express it at a very low level (Zacharieva and 
Romheld, 2001). They mobilize iron from the rhizosphere by producing 
and releasing ferric (Fe3+) solubilizing compounds termed 
phytosiderophores (Takagi, 1976; Romheld and Marschner, 1986). The 
phytosiderophores, exemplified by mugineic acids, are non-proteinogenic 
amino acids produced in response to iron deficiency. Strategy I1 plants 
take up iron in the form of Fe3+ chelates of mugineic acids. 

Strategy 1 Plants 
Strategy I plants, adapted to reduction-based uptake of iron, respond to 
iron deficiency stress by inducing increased reduction of soluble Fe3+ to 
Fe2+. Several morphological and physiological changes in roots have been 
suggested to contribute to the increased reduction of iron. The more 
important of these are: 
(a) Changes in root morphology, such as formation of transfer cells (Kramer 

et al. 1980; Romheld and Marschner, 1981b; Landsberg, 1982, 1986; 
Romheld and Kramer, 1983). 

(b) Exudation of organic acids (Tiffin, 1966). 
(c) Enhanced secretion of reducing substances (Brown, 1978; Hether et al. 

1984). 
(d) Enhanced proton extrusion (Brown, 1978; Landsberg, 1989; Alcantara 

et al. 1991; Rabotti and Zocchi, 1994; Rabotti et al. 1995). 
(e) Reduction of Fe3+ to Fe2+ at the plasmalemma (Chaney et al. 1972; 

Bienfait et al. 1983; Briiggemann et al. 1990; Alcantara et al. 1991). 
Bienfait (1985) first showed that reduction of extracellular Fe (111) chelate 

to Fe (11) chelate is catalyzed by the Fe (111) chelate reductase or a 'turbo' 
reductase, induced in the plasmalemma of root epidermal cells in response 
to iron deficiency stress. Reduction of iron by Fe3+ chelate reductase has 
since been established as the first step (Marschner and Romheld, 1994) and 
the prime factor essential for uptake of iron by strategy I plants. (Moog and 
Bruggemann, 1995; Yi and Guerinot, 1996). Yi and Guerinot (1996) presented 
genetic evidence to show that induction of root Fe (111) chelate reductase 
activity is essential for iron uptake under conditions of iron deficiency. 
Arabidopsis mutantsfrd-1,frd-2 andfrd-3 (Ferric Reductase Defective 1,2 and 3) 
that lack the ability to induce Fe3+ chelate reductase activity show up the 
defect in uptake of iron (Yi and Guerinot, 1996). Similarity between iron 
uptake mechanisms in yeast, which are fairly well understood, and higher 



plants paved the way for characterization of several putative iron transporters 
in plants. Taking the advantage of sequence similarity to yeast Fe3+ chelate 
reductases FREl and FRE2, Robinson et al. (1999) made the first 
characterizatiqn of Fe3+ chelate reductase gene from Arabidopsis. This was 
named FRO2 (Ferric Reductase Oxidase 2) and, on the basis of sequence 
similarity with the human phagocyte NADPH gp 91-phox oxidoreductase, 
identified as a member of the flavocytochrome superfamily. FRO2 encodes 
the integral membrane Fe3+ chelate reductase, which transfers electrons from 
the cytosolic NADPH to the enzyme bound FAD through the haem groups to 
Fe3+ on the opposite (extracellular) side of plasmalemma resulting in 
reduction of Fe3+ to Fez+. It has been shown that At FRO2 is expressed in roots 
and its mRNA levels are upregulated by iron deficiency (Robinson et al. 
1999). Loss of function mutations of FRO2 show a decrease in Fe3+ chelate 
reductase activity, produce chlorosis and inhibit plant growth under iron 
deficiency; FRO2 expression in iron-uptake defective Arabidopsis mutantfrd- 
1-1 restores Fe3+ chelate reductase activity. Another Fe3+ chelate reductase 
gene FROl has been cloned from roots of iron deficient pea (cv. Sparkle) 
(Waters et al. 2002). This gene Ps FROl shows close sequence similarity to At 
FRO2 and its mRNAlevels are correlated with Fe3+ chelate reductase activity. 
Even though most abundant in roots, more so in the outer epidermal cells, Ps 
FROl is also expressed in leaves and root nodules suggesting its possible 
role in whole plant distribution of iron. (Waters et al. 2002). 

The contributions of the morphological and physiological changes 
associated with enhanced reduction of iron in strategy I plants to iron 
uptake have been a subject of discussion (Jolley et al. 1996; Ma and Nomoto, 
1996; Pearson and Rengel, 1997; Rengel, 1999; Schmidt, 1999; Curie and 
Briat, 2003). In a recent study, Zheng et al. (2003) reported induction of root 
Fe (111) chelate reductase in iron efficient red clover (Trifoliurn pretense L) 
cultivar Keenland within 24 h of exposure to iron deficiency, within which 
period the roots did not show any enhancement in H+ extrusion. This 
suggested that proton extrusion is not a pre-condition for reduction of 
iron. It is, however, certain that the external pH plays an important role in 
solubilizing the sparingly soluble Fe3+ in the rhizosphere. Maximum 
reduction of ~ e ~ +  occurs around pH 5.0. High pH of the external solution, 
including the apoplasmic fluid, inhibits ~ e ~ +  reduction (Toulon et al. 1992; 
Susin et al. 1999; Manthey et al. 1996). Some iron deficiency responses are 
possibly regulated by hormones such as ethylene. Romera et al. (1999) 
reported an increase in ethylene production in response to iron deficiency 
and showed that it induced changes in root morphology and Fe (111) 
reductase activity, contributing to enhanced uptake of iron. Schmidt et al. 
(2000) observed enhanced production of ethylene and alterations in root 
morphology of iron-deficient plants of Arabidopsis, which favoured enhanced 
uptake of iron, but these changes had little effect on Fe (111) reductase activity. 



Recently, Zaid et al. (2003) have also reported ethylene-induced changes in 
root morphology, such as the formation of cluster roots, that contribute to 
increased uptake of iron in response to iron deficiency. 

Transport of iron, reduced at the external surface of the plasmalemma of 
strategy I plants, into the cytosol involves a high-affinity transport system. 
In the recent past, concerted efforts have been made to identify and 
characterize possible plasmalemma-bound ~ e ~ +  transport proteins. Making 
use of advancements in molecular biology techniques and functional 
complementation of iron-uptake deficient yeast mutants, several transporter 
genes, belonging to different gene families, have been identified. The first 
iron regulated transporter IRTl (Iron Regulator _Transporter I), belonging 
to the ZIP (ZRT - IRT like Proteins) family was identified from Arabidopsis 
(Eide et al. 1996). The At IRTl was shown to complement the iron uptake 
deficiency yeast double mutant fet3 fet4. Iron deficiency has been shown to 
cause accumulation of At IRTl transcript and recovery from this deficiency 
leads to a decline in the level of the transcript (Connolly et al. 2002). Vert et 
al. (2002) have shown that IRTl mutant line of Arabidopsis is not viable 
unless supplemented with high iron supply. The knock-out (T-insertion) 
mutant of At IRTl (irtl) develops foliar symptoms of iron deficiency and 
developmental defects in different plant parts (Henriques et al. 2002; Vert 
et al. 2002). Grotz and Guerinot (2000) have isolated another putative iron 
transporter gene, IRT2 from Arabidopsis and showed that it is expressed in 
root epidermal cells in response to iron deficiency. Eckhardt et al. (2001) 
have characterized two cDNAs from a library constructed from roots of 
iron deficient tomato plants and designated these Le IRTl and Le IRT2. It 
has been shown that both Le IRTl and Le IRT2 complement iron-uptake 
mutants of yeast and are predominantly expressed in roots; but only Le 
IRTl is upregulated under iron deficiency. An IRT ortholog (RIT1) isolated 
from pea seeds has been shown to encode a protein that is 63% identical to 
At IRTl and is upregulated by iron deficiency (Cohen et al. 1998). IRTl is 
now considered as the main transporter involved in high-affinity iron 
uptake by roots of dicotyledonous (Strategy I) plants under conditions of 
iron deficiency (Connolly et al. 2002; Vert et al. 2002). 

Some Nramp family transporters have also been suggested to be involved 
in uptake of iron (Belauchi et al. 1997; Curie et al. 2000; Thomine et al. 
2000). It has been shown that Arabidopsis Nramps 1, 3 and 4 complement 
iron-transport defect in yeast mutants and are upregulated under iron 
deficiency (Thomine et al. 2000). Nramp 3 and Nramp 1 have recently been 
shown to be involved in vascular transport of iron and other co-substrates 
(Thomine et al. 2003; Bereczky et al. 2003). Thornine et al. (2003) showed 
that the Nramp 3 gene is expressed in vascular bundles of roots, stems and 
leaves and further suggested that the protein encoded by it plays a role in 
long-distance transport of iron and other co-substrates (manganese and 



cadmium). Bereczky et al. (2003) cloned a Nramp 1 gene from tomato (Le 
Nramp 1 )  and showed it to be specifically expressed in roots and 
upregulated in response to iron deficiency. Bereczky et al. (2003) showed 
the Le Nrampl to be localized in the vesicular parenchyma of the root of 
iron deficient plants and suggested that the transporter is possibly involved 
in the mobilization of iron in vascular tissues of plants. 

While it is unequivocally accepted that the strategy 1 response is 
activated by limitation in iron availability, it is debatable as to whether the 
deficiency of iron is sensed and transformed into a signal-regulating iron 
uptake by the root or the shoot (Curie and Briat, 2003). Early experiments 
involving reciprocal grafting of the chlorotic tomato mutant T 3238 fer 
lacking in the ability to activate the strategy I response to the wild type 
showed that the fer gene evoking the iron-deficiency response is required 
in root and not in shoot (Brown et al. 1971; Brown and Ambler, 1973). 
Studies with pea mutant brz also supported this (Kneen et al. 1990). In 
consonance with these findings, Bienfait et al. (1987) reported that 
irrespective of whether potato tubers were sprouted or not, their roots 
showed the same iron-deficiency response. Ling et al. (1996,2002) provided 
genetic and molecular evidences for the root being the organ involved in 
perceiving deficiency of iron and activating the deficiency response. Ling 
et al. (1996) showed that thefer gene was required exclusively in the root. 
Later, they isolated the fer gene by map-bound cloning from roots of iron- 
deficient tomato plants and demonstrated that it encodes a regulatory 
protein (transcription factor) containing a bHLH domain. When the fer 
gene mutant, lacking in ability to activate the iron-deficiency response, 
was complemented with the fer gene, the ability to activate the iron- 
deficiency responses such as upregulation of ~e~ chelate reductase and 
induction of Le l R T l  expression, were restored. Ling et al. (2002) suggested 
that the fer gene is expressed in a cell-specific pattern at the root tip, where 
it senses the availability of iron and activates the iron-deficiency response 
through transcriptional control. Rogers and Guerinot (2002) have 
characterized another gene FRD3 from roots of iron-deficient Arabidopsis. 
The FRD3 gene belongs to the multidrug and toxin efflux (MATE) family 
and is detectably expressed in the roots only. It has been shown that FRD3 
functions in regulation of iron uptake and homeostasis and that the FRD 3 
mutants are defective in iron deficiency signalling and iron distribution 
(Rogers and Guerinot, 2002). In another recent study, Bereczky et al. (2003) 
have demonstrated that the tomato iron transporter genes Le nramp 1 and 
LelRT 1 are expressed specifically in the roots and that both are 
downregulated in roots of the fer mutant. 

Contrary to the above information, several workers (Maas et al. 1988; 
Romera et al. 1992; Grusak, 1995, Grusak and Pezeshgi, 1996) have 
presented evidence for a role of shoot in activating the iron-deficiency 



response. Romera et al. (1992) showed that exposure of half of the roots to 
an iron-deficient nutrient solution in a split-root experiment induced iron- 
deficiency response by the other half of the roots, suggesting signal transport 
through the shoot. Reciprocal grafting experiments by Grusak and Pezeshgi 
(1996) showed that shoot, not the root, determined the phenotypic response 
of the iron-accumulating pea mutants brz and dgl. These mutants possess 
a constitutive Fe3+ chelate reductase in roots, which can be downregulated 
under iron sufficient condition in response to a shoot-derived signal. 

Waters et al. (2002) have shown that the pea Fe3+ chelate reductase gene 
FROl is differentially regulated in root and shoot of the wild type and the 
iron-accumulating mutants brz and dgl. In both the wild type and the 
mutants, FROl expression and Fe3+ chelate reductase activity in shoot 
exhibit the iron-deficiency response. It is the same in the roots of the wild 
type (Sparkle), but in the iron-accumulating mutants brz and d ~ l ,  both 
FROl expression and Fe3+ chelate reductase activity are constitutive. These 
findings are in accord with the results of the reciprocal grafting experiments 
of Grusak and Pezeshgi (1996). The expression of FROl in roots and shoots 
is affected by different signals or iron-sensing mechanisms. The FROl 
expression in roots of the wild type is regulated by a shoot .derived signal 
generated by the shoot iron concentration (Waters et al. 2002). 

Recent findings of Zheng et a1 (2003) show temporal differences in the 
root- and shoot-generated signals regulating the iron-deficiency response. 
Deficiency of iron is first perceived by the root, which activates rapid (within 
24 h) induction of Fe3+ chelate reductase activity associated with proton 
extrusion. Subsequently, the Fe3+ chelate reductase activity is upregulated 
in response to a shoot-derived signal, possibly transmitted from the shoot 
to the root through the iron concentration in the phloem, as was conceived 
earlier by Maas et al. (1988). There is also evidence to show the involvement 
of separate signals for activation of different iron-deficiency responses. 
Schikora and Schmidt (2001) showed that in pea mutants brz and dgl, Fe3+ 
chelate reductase activity is high regardless of iron supply but transfer cell 
formation is induced in response to iron deficiency, which suggests that 
separate signals may be required for induction of Fe3+ chelate reductase 
activity and transfer cell formation. 

Strategy II Plants 
Strategy I1 plants take up iron as ferric complexes of the mugineic acid 
family phytosiderophores (Fe3+-PS). The first step in the uptake of iron 
involves the synthesis of mugineic acids capable of chelating Fe3+- (Mori et 
al. 1990; Ma and Nomoto, 1996). On the basis of short-term experiments 
with iron-deficient barley and various chelating substances, including 
different metals and mugineic acids (MA), Ma et al. (1993) demonstrated 
that formation of MA-Fe3+- complex is a prerequisite for its recognition by 
the specific Fe3+- transport system in barley roots. The mugineic acids have 



been shown to chelate Fe3+ with their amino and carboxyl groups ( Ma and 
Nomoto, 1996). 

Mugineic acids are synthesized from methionine ( Mori and Nishizawa, 
1987; Shojima et al. 1990; Ma et al. 1995) (Fig. 2.1). The first two reactions of 
the MA biosynthesis pathway involve the synthesis of NA from Met and are 
ubiquitous, in no way confined to strategy I1 plants. In the first reaction of the 
pathway, Met is converted to S-adenyl-L-methionine (SAM) by SAM 
synthase (ATP: methionine S-adenyl transferase). The second reaction 
involves the isomerization of the three molecules of SAM to one molecule of 
NA, and is catalyzed by nicotianamine synthase (NA synthase). The genes 
encoding NA synthase have been cloned and characterized from both 
graminaceous as well as dicotyledonous plants (Shojima et al. 1990; Higuchi 
et al. 1994,1999; Herbick et al. 1999; Ling et al. 1999). Further steps for the 
synthesis of MAS from NA are confined to graminaceous (strategy 11) plants 
and the genes encoding the enzymes catalyzing these reactions have been 
cloned and characterized from plants adapted to this strategy (Okumura et 
al. 1994; Higuchi et al. 1999; Takahashi et al. 1999; Kobayashi et al. 2001). In 
a reaction catalyzed by nicotianamine aminotransfirase (NAAT), the 
graminaceous plants cbnvert NA to an unstable intermediate (NA-3'- 
oxoacid), which is rapidly reduced to 2-deoxymugineic acid (2'-DMA) 
involving catalysis by DMA synthase. The barley NAAT is encoded by two 
genes, Naaf A and Naat B (Takahashi et al. 1999). Introduction of the barley 
NAAT genes into rice enhances the secretion of phytosiderophores and 
contributes to resistance of the transgenics against chlorosis in alkaline soils 
(Takahashi et al. 2001). Other mugineic family phytosiderophores, viz., -3- 
epihydroxy mugineic acid (epi-HMA) and 3-epihydroxy, 2-deoxymugineic 
acid (epi-HDMA) are synthesized by hydroxylation of DMA. The 
hydroxylation reaction is catalyzed by 2-oxoglutarate-dependent 
dioxygenases encoded by two genes Ids3 and lds2. These genes have since 
been isolated from the roots of iron- deficient barley (Okumura et al. 1994; 
Nakanishi et al. 2000; Kabayashi et al. 2001). 

All graminaceous species secrete MA-phytosiderophores under 
conditions of iron deficiency but differ in the secretion of the specific MAS 
(Rengel, 1999). Wheat, rice, corn and soybean genotypes are known to 
release only 2-DMA.Barley, oats and rye; on the other hand, they do secrete 
additional MAS such as 3-hydroxy mugineic acid (HMA) and 3-epihydroxy 
mugineic acid (epi-HMA). These MAS, being more effective in mobilizing 
iron than 2-DMA, contribute to greater tolerance of barley and rye to iron 
chlorosis. It has been suggested that young rice plants are prone to iron 
chlorosis because they secrete only 2-DMA, and this also ceases early, 
resulting in iron deficiency and consequential damage to roots (Mori et al. 
1991). The release of phytosiderophores by the graminaceous plants under 
conditions of iron deficiency has been shown to follow a distinct diurnal 
rhythm (Marschner et al. 1986). 
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Fig. 2.1. Biosynthetic pathway of mugineic acid phytosiderophores (After Takahashi et 
al. 2003) 



Information about the mechanism involved in secretion of MA- 
phytosiderophores into the rhizosphere, wherein they solubilize the 
sparingly soluble Fe3+ by chelation, is rather limited. According to 
Sakaguchi et al. (1999), the MA-phytosiderophores having high affinity for 
Fe3+ are secreted through the plasmalemma via anion channels involving 
Na+/MA symport. Blocking of anion channels in barley root plasma 
membrane has been shown to result in a sharp decline in secretion of 
MAS. Based on DNA micro-array of gene expression in rice, Negishi et al. 
(2002) have suggested the possible involvement of vesicles derived from 
endoplasmic reticulum in secretion of phytosiderophores under conditions 
of iron- deficiency. Microbial siderophores in the rhizosphere are also 
reported to contribute to Fe3+ mobilization by plants, particularly when 
iron supply is limiting (Zhang et al. 1991c; Masalha et al. 2000). 

Uptake of ferric-phytosiderophore complex (Fe3+-PS), in which form 
iron is transported across the plasmalemma in graminaceous (Strategy 11) 
plants, also involves a high-affinity transport system (Marschner and 
Iiomheld, 1994; Curie and Briat, 2003). Initial information about Fe3+-PS 
transporters came from a study of the iron-deficiency response of iron- 
uptake defective maize mutant ysl. The iron uptake defect in ysl was 
caused by a defect in the uptake of Fe3+-PS (Von Wiren et al. 1994). This 
implied that the Fe3+-PS transporter was encoded by YS1. Proof of this 
came from cloning of YS1 gene (Curie et al. 2001). Molecular 
characterization of YS1 showed it to belong to a subclass of oligopeptide 
transporter (opt) family. It was shown that YS1 is expressed both in roots 
and shoots and that its expression is upregulated by iron deficiency. 
Enhanced accumulation of the YS1 transcript in shoots led Curie et al. 
(2001) to propose its role in distribution of iron to the whole plant. 
Yamaguchi et al. (2002) have identified an iron transporter gene ID17, 
localized to the tonoplast in roots of iron-deficient barley plants. It has 
been shown that the transcript levels of ID17 in roots are strongly correlated 
with iron nutritional status and its expression in roots (only) is upregulated 
by iron-deficiency. Yamaguchi et al. (2002) have suggested ID1 7 involvement 
in iron transport across the tonoplast. 

As a rule, the graminaceous plants lack in reduction-based mechanism 
for uptake of iron or this is expressed at a very low level (Zacharie and 
Romheld, 2001), but this may have exceptions. Iron-deficient plants of rice, 
a typical strategy I1 plant, has been recently shown to express a functional 
Fe (11) transporter system, as is characteristic of strategy I plants (Bughio et 
al. 2002). Bughio et al. (2002) isolated a cDNA clone from roots of iron- 
deficient rice plants, and showed that its product functions as an Fe2+ 
transporter. The cDNA clone, named 0 s  IXT1, showed high homology to At 
IRTl. Its expression in iron-uptake and ferric-reductase defective yeast strain 
YH003 reversed the growth defect of the strain. It has also been shown that 



the 0 s  IXTI gene is predominantly expressed in roots and induced by 
deficiency of iron (and copper) (Bughio et al. 2002). 

While there is a clear distinction between the induction of mechanisms 
for increased mobilization and uptake of iron in response to iron deficiency, 
plants adapted to the two strategies show little distinction in the uptake 
mechanism when iron supply is sufficiently met (adequate). Under 
conditions of adequate iron supply, even roots of the strategy I1 plants 
(graminaceae) can carry out Fe3+ reduction, possibly involving the same 
reductive system as in strategy I plants (Bagnaresi et al. 1997). 

Iron transport from roots to the aerial parts takes place through the 
xylem, along the transpiration stream. Presence of ferric complexes with 
organic compounds, particularly citrate, in the xylem exudates suggested 
that iron is transported as ferric citrate (Tiffin, 1996; Cataldo et al. 1988). 
This implies that the iron taken up in the reduced form (Fez+) is reoxidized 
in the cytoplasm prior to its long-distance transport (Brown and Jolley, 
1989). Phloem transport of iron also takes place in an organically bound 
form. Maas et al. (1988) showed that phloem transport of iron takes place 
in the form of Fe3 complexes. The main carrier of iron in the phloem is 
nicotianamine (Pich et al. 1991; Becker et al. 1992; Stephan and Scholz. 
1993; Stephan et al. 1996). Nicotianamine (NA), a non proteinogenic 
tripeptide derived from methane, chelates both Fe3+ and Fez+ but it is only 
as the ~ e ~ +  -NA chelate that iron is transported through the phloem. 

Evidence based on physiological characterization of the maize mutant 
YSI suggests that Fe3+ - NA transport through the phloem is mediated via 
a high-affinity transporter expressed in response to perception of iron- 
deficiency signal (Curie and Briat, 2003, references therein). In addition to 
a role in phloem transport of iron, nicotianamide (NA) is involved in iron 
homeostasis (Pich et al. 2001; Hell and Stephan, 2003). Immunochemical 
determination of NA in both cellular and extracellular components of leaves 
and root elongation zones in pea and tomato grown with varying levels of 
iron supply, as also in their iron-defective mutants, provide evidence to 
show chelation of excess iron accumulated in the vacuoles by NA (Pich et 
al. 2001). 

Using castor bean seedlings model, Kriiger et al. (2002) showed that 
phloem transport of iron occurs as a protein-iron complex. Essentially, all 
the "Fe fed to the seedlings was found to be associated with a protein 
fraction of the phloem. Purification of the iron transport protein (ITP) to 
homogeneity and cloning of the corresponding cDNA from the phloem 
exudates showed sequence similarity between ITP and the stress-related 
late embryogenesis-abundant protein family. It was also shown that the 
ITP binds preferentially to Fe3+ and not Fez+ (Kriiger et al. 2002). 

Mobilization and translocation of iron in strategy I plants is influenced 
by iron accumulation in the apoplasmic fluid. Plants adapted to this 



strategy show substantial accumulation of iron in the apoplasm 
(apoplasmic pool). When plants are subjected to iron deficiency, the 
apoplastic iron is mobilized and translocated to the shoot (Bienfait et al. 
1985; Longnecker and Welch, 1990). In a recent report, Graziano et al. 
2002) suggested a role of nitric oxide (NO) in the internal distribution of 
iron and its delivery to active sites of metabolism. Supply of NO to iron- 
deficient plants prevented the development of chlorosis and inhibitors of 
NO accentuated chlorosis. 

2.3 ROLE IN PLANTS 

2.3.1 Enzyme Action 

Iron enzymes and electron carrier proteins form integral components of 
mitochondrial and photosynthetic electron transport systems. A large 
number of iron enzymes, with a wide range of substrates, catalyze an 
array of reactions that are essential to primary metabolism and biosynthesis 
of secondary metabolites. They are involved in the biosynthesis of 
gibberellins, ethylene and jasmonic acid, which play important roles in 
regulation of developmental processes and also as signalling molecules. 
Iron may bind to proteins either in ionic form (non-haem iron enzymes) or 
in an organically bound form, as iron-protoporphyrin or haem prosthetic 
group (haem enzymes). In the non-haem enzymes, the iron ion forms a 
coordinate bond with the protein amino acids. A group of membrane-bound 
iron enzymes has recently been found to contain a coupled binuclear iron 
centre (Berthold and Stenmark, 2003). In these enzymes, two iron atoms 
forming an oxobridge, are bound to four carboxylate and two histidine 
residues (Fig. 2.2). An important example of the diiron enzymes is the 
mitochondrial alternative oxidase. 

In a large group of non-haem iron enzymes, the iron cofactor is present 
in the form of an iron-sulphur (Fe-S) cluster, in which iron is coordinated 
to sulphide ions. Three main variants of iron-sulphur clusters are shown 
in Fig 2.3. Different aspects of Fe-S clusters have recently been reviewed by 
Johnson et al. (2005). Ease of inter-conversion between the two oxidation 
states of iron ( ~ e ~ +  t, Fe3+) in the Fe-S cluster enables the Fe-S proteins to 
function as efficient acceptors or donors of electrons. 

Iron-sulphur Clusters 
Iron forms coordinate bonds with sulphide ions to forms three main type 
of iron-sulphur complexes (clusters): 

(a) Fe-S: A single iron ion is tetrahedrally coordinated to the sulphydril 
groups of four cysteine residues of a protein. 

(b) 2Fe-2s: Two iron ions are coordinated to two inorganic sulphide ions. 



(c) 4Fe-4s: Contains four iron ions, four inorganic sulphide ions and four 
cysteine residues. 

The Fe-S (single) clusters occur only in bacteria. Lack of one iron ion in 
a 4Fe-4s cluster forms 3Fe-4s clusters (succinate dehydrogenase). One'of 
the iron ions of the iron-sulphur cluster undergoes a change in its oxidation 
state (Fe3+ 5 Fe2+). This enables the Fe-S cluster protein to function as 
acceptors or donors of electrons. Some non-haem iron enzymes, containing 
iron-sulphur clusters also contain an additional flavin (FMN or FAD) 
cofactor. Enzymes containing iron-sulphur and flavin prosthetic groups 
form key components of mitochondria1 electron transport complexes. 

Glu 

Fig. 2.2. Model of the coupled binuclear iron centre of diiron carboxylate proteins. The 
diiron center is liganded to four carboxylate (Glu) and two His residues. (Reprinted from 
Annu.Rea.Plant Biol. Vol. 54 02003, with permission from Annual Reviews. www. 
annualreviews.org.). 

Fig. 2.3. Iron-sulphur clusters-(Fe-S) A, (2Fe-2s) B and (4Fe-S) C. In the (Fe-S) cluster Fe 
ion is tetrahedrally liganded to four Cys residues. In (2Fe-2s) clusters, the two Fe ions are 
bridged by sulphur ions. (Reprinted, with permission, from Biochemistry. JM Berg, J L  
Tymoczko, L Stryer, eds 02002 W.H. Freeman and company. 



In a group of iron enzymes, well known examples of which are catalase, 
peroxidases and cytochrome c oxidase, iron is bound to the apoprotein as 
iron porphyrin or haem, in which an iron ion is chelated to the four nitrogen 
atoms of the four pyrrole groups of protoporphyrin IX. Iron in the centre of 
the tetrapyrrole still possesses two additional ionic bonds (one on each 
side of the haem). Iron (usually Fe2+) lies in the centre of the tetrapyrrole 
ring and undergoes oxidation-reduction (ferrohaem f ferrehaem). 

COO- COO- 

CH = CH, 

Haem b 
(Iron-protoporphyrin IX) 

Fig. 2.4. Haem (Fe-protoporphyrin IX). The Fc ion is coordinated to the four pyrrole 
nitrogen atoms. (Reprinted, with permission, from Biochemistry. D Voet, JG Voet, eds 
02004 John Wiley & Sons. Inc.). 

2.3.1 . I .  Non-haem Iron Enzymes: 

SUPEROXIDE DISMUTASE (EC 1.15.1.1) 
The SODs belong to two separate families of enzymes with unrelated DNA 
sequences. One family contains an enzyme with Cu and Zn as metal 
constituents (Cu-Zn SOD). The other family contains two enzymes, one 
containing Mn (Mn-SOD) and the other containing Fe (Fe-SOD). The Fe- 
SOD contains a single Fe ion bound to an imidazole group along with a 
carboxyl group and is localized in the chloroplasts (Fridovich, 1986). 

Superoxide dismutases (SODs) catalyze the dismutation of superoxide 
(0;) ions to H,02 and molecular oxygen (0,). 



The reaction is completed in two steps involving a cyclic change in the 
oxidative state of the metal (M). In the first step, the oxidized form of the 
metal (Max) reacts with one superoxide ion and a proton to form 0, and 
gets reduced (Mred). In the second step, the reduced form of the enzyme 
reacts with another superoxide ion and a proton to form H202 and the 
oxidized form of the enzyme is regenerated. The enzyme uses two protons 
to convert two superoxide ions to generate a molecule of hydrogen peroxide. 

LIPOXYGENASE (EC 1.13.11.12) 
Lipoxygenases are non-haem containing fatty acid dioxygenases (Prescott 
and John,1996). They are monomeric, with each protein molecule containing 
a single iron (Fe2+) atom. Lipoxygenases catalyze the introduction of 0, 
into unsaturated fatty acids to form hydroperoxy derivatives. The soybean 
enzyme catalyzes the conversion of linoleic acid into 9 hydroperoxy-10,12 
octadecanoic acid or 13 hydroperoxy-9,12- octadecanoic acid. This reaction 
can be summarized as: 

Linoleate + 0, -- 9-hydroxylinoleic acid / 
13-hydroperoxy linoleic acid 

The hydroperoxy derivatives of the polyunsaturated fatty acids are 
considered to play a key role in production of a variety of oxylipins, 
including jasmonate, which functions as a signalling compound in 
development and stress adaptation in plants (Feussner and Wasternack, 
2002). Lipoxygenases are also involved in the production of free radicals 
(Siedow, 1991). 

ALTERNATIVE OXIDASE 
Alternate oxidase (AOX) activity, which was referred to as cyanide resistant 
respiration in earlier literature, is a non-haem iron enzyme, localized to the 
inner mitochondria1 membranes (Siedow et al. 1995; Berthold et al. 2000). 
AOX has recently been shown to contain a coupled binuclear iron centre, 
with the iron (Fe2+) atoms liganded to four carboxylate and two histidines 
residues (Berthold and Stenmark, 2003). When Cytochrome c oxidase is 
slowed down due to limited availability of ADP, the AOX functions as a 
non-proton pumping ubiquinol oxidase. 

Ubiquinol + 0, Ubiquinone + H,O 

AOX functions as a shunt for the dissipation of excess reducing equivalents 
of the ubiquinol pool, preventing their interaction with molecular oxygen, 
which would lead to generation of reactive oxygen species (ROS). Thus, 



AOX provides a mechanism for the overflow of excess reducing equivalents, 
minimizing the damage from ROS (Maxwell et al. 1999; Yip and 
Vanlerberghe, 2001). 

2-OXOGLUTARATE-DEPENDENT ENZYMES 
2-oxoglutarate-dependent dioxygenases (2-ODDS), which catalyze the 
hydroxylation, desaturation and epoxidation of a range of substrates using 
2-oxyacids (e.g., 2-oxoglutarate) as a co-substrate, have a specific requirement 
of Fez+ and, in many cases also, that of ascorbate. The 2-ODDS are involved 
in oxygenation and desaturation reactions in the biosynthetic pathways of 
flavonoids and signaling molecules (Prescott and John, 1996). They are 
also involved in hydroxylation of 2-deoxymugineic acid to 3-epihydroxy 
mugineic acid and 3-epihydroxy 2-deoxymugineic acid, which function as 
phytosiderophores. 

2.3.1.2. Non-haem Iron Enzymes Containing Iron-Sulphur Cluster 
Cofactor 

ACONITASE (EC 4.2.1.3) 
Aconitase (Citrate [isocitrate] hydrolase) is a non-haem, iron-sulphur (4s-4s) 
protein. The enzyme contains four iron atoms complexed to four inorganic 
sulphides and three cysteine sulphur atoms, leaving one of the clusters 
free (for binding to the substrate [citrate, iso citrate]). The enzyme is localized 
in the cytosol and catalyzes the stereospecific dehydration-rehydration of 
citrate to isocitrate during the tricarboxylic acid (TCA) cycle. The reaction 
is catalyzed in two steps. The first step involves the dehydratation of 
citrate to cis aconitate and the second the hydratation of cis aconitate to 
isocitrate. 

NITRITE REDUCTASE (EC 1.7.7.1) 
Nitrite reductase (NiR) of higher plants is a monomeric protein containing 
two prosthetic groups: a [4Fe-4S] iron cluster and a sirohaem bridged by a 
sulphur ligand. The enzyme catalyzes six-electron reduction of nitrite (NO2) 
to ammonium (NH,+) 

NO,' + 6 Fdx re, + 8 H+ - NH,' + 6 Fdx + 2H,O 

Nitrite reductase is localized in chloroplasts and root plastids. In both, 
the electrons for the reduction of nitrite are derived from ferredoxin (Fdx), 
but the chloroplastic and the root plastid ferredoxin differ in their source 
of reducing power. The chloroplastic Fdx is reduced by electrons ejected 
from P700 (non-cyclic electron transport), and the root plastid Fdx is reduced 



by NADPH produced during the oxidative pentose phosphate pathway, 
via ferredoxin:NADP reductase (FNR). This redox reaction is the exact 
opposite of the one taking place in chloroplasts and is made possible by 
the mid point potential of the plastid Fdx which is less negative than the 
chloroplast counterpart (Taniguchi et al. 1997). 

SULPHITE REDUCTASE (EC 1.8.7.1) 
Sulphite reductase is an iron-sulphur protein containing iron in the form 
of iron sulphur clusters. The enzyme catalyzes the six electron reduction of 
sulphite to sulphide, associated with conversion of 6 inolecules of reduced 
ferredoxin (Fdred) to their oxidative state (Fdox). 

SOi + 6 Ferredoxin,, + S, + 6 Ferredoxinox 

FORMATE DEHYDROGENASE (EC 1.2.1.2) 
Formate dehydrogenase (FDH) catalyzes the oxidation of formate into 
carbon dioxide in the presence of NAD' 

Formate + NAD' = CO, + NADH 

Higher plant FDH is essentially localized to the mitochondrial matrix in 
the non-green tissues. It has, however, been reported from Avabidopsis 
chloroplasts (Herman et al. 2002). Overexpression of FDH in response to 
abiotic stress conditions, particularly anaerobisis, enables the stressed 
plants to use formate as a respiratory substrate (Houston-Cabassa et al. 
1998). 

SUCCINATE DEHYDROGENASE (EC 1.3.99.1) 
Succinate dehydrogenase (SDH) is an iron-sulphur flavoprotein. The 
prosthetic group of the enzyme contains three types of iron-sulphur clusters: 
2Fe-2S, 3Fe-4s and 4Fe-4s. The flavin component is the oxidized form of 
flavin adenine dinucleotide (FAD). The enzyme catalyzes the oxidation of 
succinate to formate with concomitant reduction of FAD to FADH,, which 
still remains bound to the enzyme. 

Succinate + FAD --+ Fumarate+FADH, 

The enzyme links the citric acid cycle to the mitochondrial electron transport 
chain, by passing on the two electrons from FADH, to the quinol pool of 
the ETC through Succinate - Q reductase and through it to molecular oxygen 
(0,) (Section 1.3.3.). 

NADH - Q OXIDOREDUCTASE ( EC 1.6.99.5) 
NADH - Q oxidoreductase (NADH dehydrogenase) is a high molecular 
weight (2 88 kd) protein containing at least 34 polypeptide chains. Like 
SDH, NADH-Q oxidoreductase is also an iron flavoprotein, but in NADH- 
Q oxidoreductase, the flavin component is an oxidized flavin 



mononucleotide (FMN) and a series of Fe-S type iron clusters. NADH-Q 
oxidoreductase catalyzes the reaction: 

NADH + Q + 5H+,at,ix + NAD+ + QH2 + 4HfCytmOl 

The FMN prosthetic group of the enzyme accepts high-potential electrons 
from NADH and moves them through the series of iron sulphur clusters 
ending up in the reduction of FMN to FMNH,. As a part of the enzyme 
molecule is embedded in the mitochondria1 matrix and a part protrudes 
into the cytosol, it also acts as a proton pump. 

FDX - THIOREDOXIN REDUCTASE 
Ferredoxin-thioredoxin reductase (FTR) contains iron in the form of [4Fe-4S] 
cluster closely associated to redox active disulphide of the protein. 
Localized to chloroplasts, FTR catalyzes two one-electron oxidations of 
ferredoxin and in doing so, its disulphide bond is reduced to sulphydryl 
groups. The reduced form of the enzyme plays important regulatory roles 
in chloroplasts (Kim and Mayfield, 1997; Schiirmann and Jacquot, 2000). 
Reduced FTR donates electrons to chloroplast protein disulphide isomerase 
(cPDI) which, in turn, reduces chloroplast polyadenylate-binding protein 
(cPABP). Reduced cPABP binds to psbA mRNA causing enhanced 
translation of the Dl  protein in light (Kim and Mayfield, 1997). FTR 
catalyzed reduction of the stromal thioredoxins forms an efficient 
mechanism (ferredoxin-thioredoxin system) for the regulation of disulphide 
containing chloroplast enzymes involved in Calvin cycle and degradative 
processes. The Calvin cycle enzymes, which in the oxidized state are 
inactive (in the dark), are reduced to an active form (in light); and the 
degradative enzymes, such as fructose-Bphosphate dehydrogenase, which 
are active in the oxidized form (in the dark) are reduced to their inactive 
form. In doing so, FTR contributes to light regulated separation of 
biosynthetic and catabolic processes, minimizing their simultaneous 
operation. 

2.3.1.3 Haem Enzymes 

CATALASE (EC 1.11.1.6) 
Catalase (CAT) is a haem enzyme. It contains four iron atoms per enzyme 
molecule, chelated to protoporphyrin IX. The enzyme catalyzes the 
breakdown of hydrogen peroxide (H,O,) into water (H,O) and molecular 
oxygen at a very fast rate. 

As an enzymic constituent of the antioxidative defense system, catalase 
acts as a scavenger of H,O, generated by the SOD catalyzed dismutation 
of superoxide ions (0,-). The enzyme is highly concentrated in peroxisomes, 
where it plays a protective role. It protects the cellular constituents 



(including itself) from toxic effects of H202 generated during the conversion 
of glycolate to glyoxylate 

0 2  ' 3 2 0 2  

Glycolate Glyoxylate 

Catalase also shows peroxidative activity by using H202 to oxidize 
substrates such as ethanol to acetaldehyde: 

PEROXIDASES (EC 1.11.1.7) 
Peroxidases (POXs) are haem-containing glycoproteins encoded by a large 
multigene family. Peroxidases generally lack donor specificity. They catalyze 
the dismutation of hydrogen peroxide to water using a wide range of 
donors. 

AH, + H20 + A + H20 

Ascorbic peroxidase utilizes ascorbic acid as its specific electron donor to 
reduce H202 to water with concomitant generation of monodehydro- 
ascorbate. Peroxidases also catalyze the oxidation of alcoholic (phenolic) 
compounds producing free radical intermediates, which polymerize and 
cross-link the cell wall constituents of the plants. Peroxidases bound to 
cell walls play a role in cell wall lignification. 

Several white rot fungi peroxidases function as manganese peroxidases, 
catalyzing the oxidation of Mn (11) to Mn (111) by hydrogen peroxide (Gold 
and Alic, 1993). The manganese peroxidases possibly posses two binding 
sites that differ in affinity for Mn (11) (Mauk et al. 1998). Mn (111), resulting 
from the oxidation of Mn (11), catalyzes the oxidative degradation of lignin. 

CYTOCHROME c OXIDASE (EC 1.9.3.1) 
Cytochrome c oxidase is a haem-copper protein. The enzyme contains two 
haem molecules (haem a and haem a,), and two copper centres, one 
containing two copper ions (CuA / CuA) and the other a single copper ion 
(Cu B), bound to a 13 polypeptide chain. The enzyme is universal and 
localized in the mitochondrial membrane, where it catalyzes the 
regeneration of reduced cytochrome c, concomitant with the reduction of 
molecular oxygen to water. The CuA/CuA site acts as the acceptor of 
electrons from reduced cytochrome c. The proximity of haem a, and Cu, 
enables them to form an active centre for the reduction of 0, and the transfer 

L 

of eight protons from the mitochondrial matrix. Four of these are used up 
in the regeneration of four molecules of reduced cytochrome c oxidase (in 
the membrane) and four in the reduction of 0, to 2H20. These reactions 
are achieved through cyclic reactions involving four molecules of 
cytochrome c oxidase and can be summarized as: 



SUCCINATE-Q REDUCTASE COMPLEX 
Succinate-Q reductase (mitochondrial electron transport chain complex 11) 
is an iron-flavoprotein enzyme. The iron component is a 4Fe-4s type cluster 
and the flavin component is a molecule of FAD. The enzyme is ubiquitous 
and localized to the mitochondrial membrane. The Fe-S centre of the enzyme 
accepts the electrons generated during the oxidation of succinate to fumarate 
(citric acid cycle) and transports them to ubiquinone (Q) for entry into the 
mitochondrial electron transport chain. 

FADH, ~ e - s  S Q  Z Q H ,  

Q - CYTOCHROME c OXIDOREDUCTASE (EC 1.9.99.1) 
Q - cytochrome c oxidoreductase (Cytochrome bc, complex, complex 111) is 
a haem-protein. It is a dimer, with each monomer containing multiple 
subunits. The enzyme contains three molecules of haem and a 2Fe-2s type 
ion-sulphur cluster. Also known as Reiske centre, the enzyme contains 
two binding sites for ubiquinone (Qo and Q,). The enzyme catalyzes the 
transfer of electrons from ubiquinol (QH,) to oxidized cytochrome c and 
pumps out protons from the mitochondrial side of the matrix into the cytosol, 
regenerating ubiquinone (Q) . 

QH, + 2cyt cox + 2H+ 

Cytochrome P450 Monooxygenases 

A group of monooxygenases that catalyze the incorporation of one atom of 
oxygen from 0, into the substrate and reduce the other to water belong to a 
superfamily of haem-containing proteins which require cytochrome P450 
for catalysis. They are known as cytochrome P450 monooxygenases, simply 
P450 monooxygenases or haem-thiolate proteins. The cytochrome P450 
monooxygenases catalyze the oxidation or hydroxylation of a wide range of 
substrates using NADPH as a co-sibstrate. With a few exceptions, cytochrome 
P450s do not directly react with NADPH. Electrons from NADPH are first 
transferred to a Fe-S flavoprotein-known as P450 reductase-then to 
cytochrome P450 and finally to the haem protein. Beginning with the cloning 
of ripening-related cytochrome P450 gene from avocado fruits (Bozak et al. 
1990), many membrane (ER) localized cytochrome P450 encoding genes 
(designated CYP for cytochrome P450) have been cloned and characterized. 
Enzymes coded by the CYP genes have since been shown to be involved in 
fatty acid metabolism, biosynthesis of secondary metabolites, plant hormones 
and signalling molecules (Chapple, 1998). Some cytochrome P450 
monooxygenases of higher plants have been listed in Table 2.1. Functional 



Table 2.1. Cytochrome P450 dependent monooxygenases of higher plants 

Enzyme Reaction catalyzed Role 

Allene oxide synthase (AOS) 13-Hydroperoxylinolenic acid Fatty acid 
(hydroperoxide dehydratase) - Allene oxide metabolism; 

JA biosynthesis 

Fatty acid Hydroperoxide lyase 13-Hydroperoxylinolenic acid Fatty acid 
(HPO Lyase) - hex-3-en01 + dodec-9- metabolism; Fruit 

enoic acid-12al and vegetable 
volatiles 

Tyrosine-N-hydroxylase(P450,,,) Tyrosine -+ p-hydroxy Fatty acid 
(a multifunctional enzyme) phenyl acetaldoxime metabolism; 

p-hydroxyphenyl acetaldoxime Biosynthesis of - p-hydroxy mandelonitrile cyanogenic 
glucosides 

ent-kaurene oxidase (KO) ent kaurene - ent-kaurenol Gibberellin - ent-kaurenal - ent- biosynthesis 
kaurenoic acid 

Cinnamate-4-hydroxylase (C4H) Trans-cinnamic acid - Phenyl propanoid 
p-coumaric acid pathway; 

Biosynthesis of 
secy. metabolites 
(lignin, flavonoids, 
stelbenes) 

Ferrulate-5-hydroxylase (F5H) Ferrulic acid - 5-hydroxy Lignin biosynthesis 
ferrulic acid (Arabidopsis) 

Flavonoid - 3'5'-hydroxylase Naringenin - Eryodictyol + Anthocyanin 
(F3'5H) Pentahydroxyflavonone biosynthesis 

also: 
Dihydrokempferol- 
Dihydroquercitin + 
Dihydromyrici tin 

analyses of cloned genes and their expression in transgenics (Schuler and 
Werck-Reichart, 2003) have shown that some reactions catalyzed by the 
cytochrome P450 monooxygenases may be rate-limiting steps in the 
biosynthesis of plant hormones. 

2.3.2 Iron Proteins 

Several iron proteins function as carriers of electrons, forming part of the 
mitochondria1 and chloroplastic electron transport systems (Section 1.3.3.). 
These include the haem proteins (cytochrornes) as well as iron-sulphur (2Fe- 
2s) proteins Verredoxins). The root nodules of leguminous plants contain a 
haemoglobin type protein leghaemoglobin, with a very high affinity for 



molecular oxygen. Another protein, phytoferritin serves as a major store for 
cellsf excess iron in plants. 

Cytochromes are haem proteins, which function in the transfer of electrons 
by undergoing reversible change in the oxidative state of iron (Fez+ f Fe3+). 
They are localized in mitochondrial membranes, chloroplasts and in 
endoplasmic reticulum. The mitochondrial electron transport system 
contains cytochromes b, cl, c and a,. Cytochrome b contains two subunits, 
Cyt b, and Cyt b,, which differ in affinity of the haem (L-low, H-high). 
Cytochromes cl and c differ from other cytochromes in the sense that their 
iron porphyrin group is covalently linked to the protein. Cytochromes c 
and a, together constitute cytochrome c oxidase which catalyzes the 
reduction of molecular oxygen to water in the terminal reaction of the 
mitochondrial electron transport system. 

The chloroplasts contain a Cyt b,f complex, which catalyzes the 
transport of electrons from plastoquinone to the copper protein 
plastocyanin. The Cyt b, f complex contains at least three components: one 
containing two b-type haems (Cyt b,), another is the Reiske type Fe-S protein; 
and another one is a molecule of cytochromef, which is a c-type cytochrome. 
The Cyt b, f complex is also involved in the transfer of electrons during the 
cyclic electron flow in photosystem I (Fig. 1.3). Instead of moving electrons 
to Ferredoxin-NADP reductase, reduced ferredoxin moves the electrons to 
cytochrome b, f complex. Since electron movement through the cytochrome 
bhf complex involves spontaneous proton pumping into the thylakoid 
lumen, cyclic electron transport adds to a proton gradient. This assumes 
great importance when the requirement of ATP is more than that for 
NADPH. Reduced cytochrome b, f complex moves the electrons back to 
reduced plastocyanin, which is regenerated on absorption of light by P700. 
A b type cytochrome, cytochrome b,, is also involved in catalyzing the 
desaturation of fatty acids in endoplasmic reticulum. 

Leghaemoglobin is an oxygen-binding protein. The iron component of the 
protein is structurally similar to the haem of the haem enzymes and 
cytochromes. Leghaemoglobin has high affinity for O2 and regulates its 
concentration in the root nodules of leguminous plants to a critical level, 
which is sufficient to meet the growth requirement of the bacteroids, but 
not inhibitory to nitrogenase. Nitrogenase is strongly inhibited by 0,. 
Binding of O2 to leghaemoglobin, in preference to nitrogenase, prevents the 
enzyme from inactivation, allowing it to fix molecular nitrogen. Roots of 
non-nodulating plants are also reported to contain small amounts of 
leghaemoglobin (Appelby et al. 1988), which possibly triggers a shift from 
aerobic respiration to fermentation, on sensing deficiency of 0, (signal 
transduction). 



FERREDOXIN 
Ferredoxins (Fdx) are low molecular weight (9 kDa), water-soluble iron 
proteins. They possess [2Fe-2S] type iron-sulphur clusters and function in 
transport of electrons by a reversible change in the oxidative state of the 
iron ion (Fe" i Fe2+). The ferredoxins are negatively charged and, on 
transfer of electrons to other proteins, form electrostatistically stable 
complexes. They are mainly localized in leaf chloroplasts and root plastids. 
The chloroplastic and plastid ferredoxins differ in their electronegativity. 
The mid-point potential of the root plastid Fdx is substantially lower 
(-320 mV) than the chloroplastic Fdx (-387 mV) (Taniguchi et al. 1997). 

The chloroplastic feredoxin, reduced on accepting the electrons ejected 
by P700, functions as an electron donor for several reductive reactions. In 
a reaction mediated by ferredoxin-NADPf reductase (FNR), it catalyzes the 
reduction of NADP' to NADPH, which functions as a reductant for Calvin 
cycle and many other biosynthetic reactions. Alternatively, it may transfer 
the electrons to ferredoxin-thioredoxin reductase (FTR) on the way to 
thioredoxin, reduced form of which regulates the activities of several 
enzymes. Reduction of the disulphide bond to sulphydryl form by reduced 
thioredoxin activates several enzymes of the Calvin cycle (e.g. Fructose 1,6- 
biphosphatase, sedoheptulose 1,7-biphosphatase, phosphor:ibulose kinase, 
NADPf-glyceraldehyde 3-phosphate dehydrogenase) and inactivates some 
degradative enzymes such as glucose-6-phosphate dehydrogenase 
(Schiirmann and Jacquot, 2000). Reduced ferredoxin also serves as the 
immediate source of electrons for the reduction of nitrite and sulphite and 
reductive deamination of glutamine to glutamate. 

F E ~ N  
Ferritins are non-haem proteins involved in iron storage (Theil, 1987). 
Holoprotein is a shell, which defines a central cavity that may 
accommodate upto 4500 iron atoms (17 to 25% iron). The plant ferritins, 
phytoferritins, form a major sink for storage of iron (Seckbach, 1982; Smith, 
1984) and, subsequently, its release for cellular functions. Synthesis of 
ferritin is regulated by iron status of plants (Lobreaux et al. 1992). Induction 
of ferritin synthesis in response to iron overload (excess) forms a mechanism 
for reducing the concentration of free iron, an excess of which may accelerate 
free radical reactions (Halliwell and Gutterridge, 1986; Price and Hendry, 
1991), causing lipid peroxidation, protein degradation and mutagenesis. 
Effective protection against oxidative damage, triggered in response to iron 
overload, is provided by inductive synthesis of ferritin through 
overexpression of ferritin mRNA (Van der Mark et al. 1983; Lescure et al. 
1991; Lobreaux et al. 1992, 1995). Exposure of cultured soybean cells to 
excess of iron causes activation of the ferritin gene (Lescure et al. 1991), 
substantiating the fact that ferritin synthesis in plants is controlled at the 
transcriptional level. Maize mutant YSI ,  which accumulates less iron than 



the wild type plants, shows enhanced accumulation of ferritin m RNA on 
treatment with iron (Fobis-Loisy et al. 1996). 

2.3.3 Mitochondria1 Electron Transport 

Iron is a constituent of a series of electron transport proteins of 
mitochondrial membranes. These iron proteins function in the transfer of 
electrons from NADH and FADH, (produced during the citric acid cycle) 
to molecular oxygen. The mitochondrial electron transport chain and the 
sequence of carriers therein are shown in Figure 1.2. The transfer of electrons 
from NADH through the components of the electron transport chain is 
accompanied by generation of a proton motive force, which is transduced 
to synthesize ATP (oxidative phosphorylation). 

2.3.4 Photosynthesis 

Photosynthetic Electron Transport 
Iron plays an important function in photosynthetic electron transport (Fig 
1.3). The reaction centre of photosystem I1 contains iron in the ionic form 
and that of photosystem I as three molecules of 4Fe-4s type iron-sulphur 
clusters. During electron transport through photosystem 11, electrons move 
from P680 to pheophytin and then to plastoquinone (Q), reducing it to 
plastoquinol (QH,). The reoxidation of QH, and further movement of 
electrons, ultimately ending in reduction of NADP, involves movement of 
electrons through the components of photosystem I. The link between quinol 
in photosystem I1 and the photoreceptor complex of photosystem I (P700) 
is provided by the cytochrome b,f complex and the copper protein 
plastocyanin (PC). 

QH, + 2PC (Cu++) + Q + 2PC (Cu+) + 2H+ 

On absorption of light by the photoreceptor pigments of the photosystem 
I (P700), the electrons derived from reduced Plastocyanin (PC,) move to 
P700 (Chl a) and, subsequently, through A. (a phylloquinone binding 
protein), A, (Vit K1) and three [4Fe-4S] iron sulphur clusters to ferredoxin. 
The transfer of electrons from reduced ferredoxin (Fdx,) to NADP+ is 
catalyzed by Fdx-NADP+ reductase (FNR). In a two-step reaction, the FAD 
prosthetic group of the Fdx-NADP+ reductase accepts two electrons from 
two molecules of reduced ferredoxin-one at a time-and transfers a 
hydride ion and a proton to NADP+ to produce NADPH, which serves as 
a reductant in Calvin cycle and in many other biosynthetic reactions. 

2Fdxred + NADP+ + H+ - 2Fdxox + NADPH 

CALVIN CYCLE 
Iron, in the form of iron-sulphur clusters, is an integral part of ferredoxin 
and ferredoxin-thioredoxin reductase involved in the photoreduction of 



thioredoxin (Droux, 1989). The ferredoxin-thioredoxin system provides a 
redox mechanism for the regulation of disulphide containing enzymes of 
the Calvin cycle (Schiirmann and Jacquot, 2000). 

The chloroplastic thioredoxins reduced in response to the light signal 
from PSI activates fructose 1,6-biphosphatase, sedohep tulose 1,7- 
biphosphatase, ribulose 5-phosphokinase and NADP+-glyceraldehyde 3- 
phosphate dehydrogenase by reducing their disulphide bonds to sulphy- 
dry1 groups. In the dark, when the photoreduced thioredoxin is converted 
back to its oxidized state, these enzymes are spontaneously converted to 
their inactive or sub-active form. In some plants, the ferredoxin-thioredoxin 
system also regulates the activity of rubisco activase, thus, activating 
Rubisco (Zhang and Portis, 1999). Hence the iron-sulphur clusters function 
as redox signals for light-dark regulation of Calvin cycle (Dai et al. 2000). 

Fdxox Fdx, 

Fig. 2.5. The ferredoxin-thioredoxin system 



2.3.5 Fatty Acid Metabolism 

The reduction of ferredoxin by electrons drawn from water molecule during 
photosystem I1 serves as a source of high reducing power required for the 
synthesis of fatty acids. Repeated carboxylation and acylation of acetyl 
CoA and malonyl CoA produce saturated (C16 and C,,) fatty acids. Three 
membrane bound iron proteins-NADH-cytochrome b, reductase, 
cytochrome b,-and a desaturase are involved in desaturation of the fatty 
acids (Fig. 2.6), providing fluidity to the membrane lipids. The desaturase 
uses 0, and NADH or NADPH to introduce a double bond in the fatty 
acids. 

NADH-Cytb5 Cytb5 Desaturase 
reductase 

Fig. 2.6. Electron transport chain in the desaturation of fatty acids (After Berg et al. 2001) 

At first, electrons are transferred from NADH to FAD moiety of NADH- 
cytochrome b, reductase. The haem iron atom of cytochrome b5 is then 
reduced to Fe2+ state. The non-haem iron atom of the desaturase is 
subsequently converted into the Fe2+ state, which enables it to interact with 
0, and the saturated fatty acyl CoA structure. A double bond is formed 
and two molecules of H,O are released. 

2.3.6 Growth Hormones and Signalling Molecules 

Iron is involved in biosynthesis of plant hormones and signalling molecules 
in a big way. Enzymes with iron cofactors catalyze reactions in the 
biosynthetic pathways of gibberellins, ethylene and jasmonic acid. 
Conversion of ent-kaurene to ent-kaurenoic acid involves three sequential 
cyclization reactions catalyzed by ent-kaurene oxidase, which is a cytochrome 
P450 monooxygenase (Helliwell et al. 2001). Molecular cloning and 
functional expression of gibberellin oxidases from Arabidopsis has revealed 
that several steps in the biosynthesis of gibberellins from GA,, aldehyde are 
catalyzed by 2-oxoacid dependent non-haem dioxygenases (Hedden 
and Phillips, 2000). These include the GA20 oxidase and GA3 oxidase. 
The GA oxidases have also been shown to be involved in the conversion 



of active GAS to their inactive forms. Overexpression of Arabidopsis GA,, 
oxidase has been shown to result in dwarfing of plants as a result of 
lowering of GA concentration (Schomburg et al. 2002). 

The terminal step of ethylene biosynthesis involving oxidation of 1- 
arninocyclopropane -1-carboxylic acid (ACC) to ethylene is catalyzed by 
the non-haem iron enzyme ACC oxidase. The enzyme contains Fe2+ as the 
metal cofactor (Bouzayen et al. 1990, 1991). Biosynthesis of jasmonic acid 
from linoleic acid involves activities of the non-haem iron enzyme 
lipoxygenase and two cytochrome P450 dependent monooxygenases-fatty 
acid hydroperoxide lyase and allene oxide synthase (AOS) (Howe et al. 
2000; Feussner and Wasternack, 2002). Conversion of 13- 
hydroperoxylinoleic acid and that of allene oxide by AOS, are rate-limiting 
steps of jasmonic acid biosynthesis. Overexpression of AOS gene in 
transgenics leads to enhanced synthesis of jasmonic acid (Harms et al. 
1995). Cytochrome P450s have also been involved in the tryptophan- 
dependent, indole-3-acetonitrile pathway of IAA biosynthesis. Hull et al. 
(2000) have cloned and characterized two Arabidopsis genes CYP 79 B2 
and CYP 79 B3 which encode the two P450 enzymes that catalyze the 
conversion of tryptophan to indole-3-acetaldoxine which, in turn, is 
converted to indole-3-acetonitrile, the immediate precursor of IAA. Indole- 
3-acetonitrile is also considered a likely precursor of glucosinolates. The 
cytochrome P450s are also involved in the biosynthesis of brassinosteroids 
(Crozier et al. 2000). 

The non-haem dioxygenases are involved in the biosynthesis of 
flavanoids and anthocyanin (Prescott and John, 1996). Flavanones are 
converted to flavonals involving two enzyme-catalyzed steps. In the first 
reaction, flavanone is converted to dihydroxyflavonal by flavone-3'5'- 
hydroxylase. In the second reaction, dihydroxyflavonal is converted to 
flavonal by flavonal synthase (FS). Both the enzymes have a specific 
requirement of Fe2+ for activation. Dihydroxyflavonal also serves as the 
branching point for the synthesis of anthocyanins. 

2.3.7 Free Radical Production 

The superoxide ions (02-) generated out of one-step reduction of 
oxygen (02) and hydrogen peroxide (H202), to which 0; are dismutated 
by the superoxide dismutases, make two reactive oxygen species that 
cause oxidative damage to cellular constituents. Allowed to react 
together, 0; and H202 produce still more toxic hydroxyl radicals (Haber- 
Weiss reaction). This reaction is catalyzed by free and loosely bound ionic 
iron. Free Fe2+ reacts with H202 to produce hydroxyl radicals (Fenton 
reaction) 

Fe2+ + H202 -+ Fe3+ + OH'+ OH- 



The Fe3+ produced by Fenton reaction, on reacting with superoxide ions, is 
cycled back to Fe2+ 

Fe"+ + 0; -+ 0, + ~ e ~ +  

Thus, traces of free inorganic iron accelerate the Haber-Weiss reaction, 
generating highly toxic hydroxyl radicals and resulting in oxidative damage 
to diverse cellular constituents (Halliwell and Gutteridge, 1989). 

0,- + H202 --t OH' + OH- + 0, (Haber-Weiss reaction) 

Fe2+ may also react with molecular oxygen (0,) to produce still more toxic 
compounds such as ferry1 (Fe2+O) or perferryl (Fez+ 0,) (Qian and Buettnov, 
1999). These highly reactive oxygen species damage membrane lipids, 
proteins and DNA and induce mutations. Another way iron could contribute 
to production of reactive oxygen species is through action of lipoxygenase. 
This iron enzyme, essentially involved in hydroxylation of linoleic acid, 
may also catalyze the production of singlet oxygen species ('0,). 

2.3.8 Protective Role 

Iron plays a role in protection of plants against damage from reactive oxygen 
species, salt stress and pathogen attack. 

~ETO~~FICATZON OF REACTZVE OXYGEN SPECIES 
While free ionic iron accelerates the generation of reactive oxygen species 
(Halliwell and Gutteridge, 1989; Becana et al. 1998), iron in the protein 
environment (enzymes) contributes to their effective detoxification. Iron 
deficiency may affect both the generation of reactive species and the 
antioxidative defenses (Iturbe-ormaetxe et al. 1995; Becana et al. 1998). The 
iron isoenzymes of superoxide dismutase (Fe-SOD) carry out the 
detoxification of 0; by dismutating them to H202. The haem enzymes 
catalase and ascorbate peroxidase acts as effective scavengers of H202 in 
the different cellular compartments. Iron deprivation of sunflower plants 
is reported to result in marked decrease in the activity of ascorbate 
peroxidase, concomitant with increased accumulation of hydrogen peroxide 
(Ranieri et al. 2001). As a component of the mitochondria1 electron transport 
chain, the iron enzyme alternative oxidase (AOX) provides an alternate 
pathway to the reducing equivalents from quinol and prevents them from 
interacting with oxygen to generate reactive oxygen species (Purvis, 1997; 
Millenaar et al. 1996, 1999). 

OSMOPROIEC~ON 
As a Reiske type cofactor of Fdx-Choline monooxygenase 
(Rathinasabapathy et al. 1997)) iron is involved in the biosynthesis of 
glycinebetaine, which offers osmoprotection against high salinity and 
extremes of temperature by maintaining the structure and integrity of 
plasma membrane (Gorham, 1995, references therein). 



DEFENSE AGA~NST PATHOGENS 
Some iron enzymes are involved in defense against plant pathogens. Haem 
peroxidases are suggested to be involved in polymerization of the cinnamyl 
alcohols to form lignin (Hartfield and Vermerris, 2001), which contributes 
to mechanical resistance to pathogen attack. Caruso et al. (2001) have shown 
a more direct involvement of haem peroxidase in defense against invading 
pathogens. Caruso et al. (2001) purified and characterized a peroxidase 
from wheat kernel and showed it to inhibit the g e m  tube elongation of 
phytopathogenic fungi. 

2.4 DEFICIENCY RESPONSES 

2.4.1 Visible Symptoms 

Plants subjected to iron deficiency develop visible symptoms considerably 
early, even before growth becomes depressed. Deficiency typically appears 
in the form. of chlorosis of young leaves, appearing first at the base of 
leaves/leaflets. Chlorosis gradually intensifies in the interveinal areas, 
appearing as chlorotic striping in parallel veined leaves (in graminaceous 
plants) and fine chlorotic mottling or 'marbling' in reticulate veined leaves. 
Prolonged or acute deficiency leads to bleaching and disintegration of 
mesophyll of the chlorotic areas, as a result of which these areas become 
dry and papery. The severely chlorotic areas may turn brown and necrotic. 
Some plants may develop purple or pink tints. 

Plants vary in sensitivity to iron deficiency. Amongst cereals, compared 
to wheat, barley and oats, maize, rice and sorghum are more susceptible to 
iron deficiency. Even at the seedling (nursery) stage, rice develops severe 
chlorosis. Apical part of young leaves of sorghum plants turns severely 
chlorotic and exudes a viscous fluid, indicating leakage of solutes through 
the membranes of epidermal cells. The chlorotic leaves may also develop 
reddish brown necrotic lesions. When subjected to severe deficiency of 
iron, the coloured petals of some crucifers and legumes show loss of 
pigmentation, which agrees with the involvement of cytochrome P450 
monooxygenases in the biosynthesis of flavanoids (section 2.3). 

In fruit trees, iron deficiency is evident in the reduction in leaf size and 
chlorosis of young leaves. The severely chlorotic lamina turns papery and 
leaf margins often turn reddish brown. Under severe deficiency, young 
shoots may even 'die-back'. 

2.4.2 Enzyme Activities 

Activities of several enzymes have been studied in relation to iron nutrition 
of plants. Amongst the iron enzymes investigated in response to iron 
deficiency, the haem enzymes-catalase and peroxidase figure prominently. 
There are several reports of iron-deficient plants showing decreased 



activities of catalase and peroxidase (Agarwala and Sharma, 1961; 
Agarwala et al. 1965; Machold, 1968; Del Rio et al. 1978a; Bisht et al. 
2002a). Sijmons et al. (1985) have described low activity of suberin specific 
peroxidases in roots of iron-deficient beans. Catalase has been found to be 
more responsive to iron-deficiency than peroxidase (Agarwala et al. 1965; 
Machold, 1968; Bisht et al. 2002a). Low activity of catalase is also obtained 
in plants showing lime-induced chlorosis (Bertamini et al. 2002) or when 
they are subjected to excess supply of heavy metals (Agarwala et al. 1977a; 
Pandey and Sharma, 2002b, 2003). While a decrease in catalase activity is 
a universal response to iron deficiency, it is not always so in case of 
peroxidase. Instances of iron deficiency induced increase in peroxidase 
activity are also known (Dekock et al. 1960). Species specificity and 
developmental stage of plants may contribute to differences in peroxidase- 
related responses of iron-deficient plants. Ranieri et al. (2001) made a study 
of the effect of iron deficiency on the activities of non-specific peroxidase, 
as well as ascorbate-specific peroxidase (involved in the detoxification of 
hydrogen peroxide) and found that iron deprivation of sunflower plants 
made little difference to the activities of the non-specific peroxidase but 
produced a marked decrease in the activity of ascorbate peroxidase. Other 
iron enzymes-activities of which are reported to be low in iron-deficient 
plants-include aconitate hydratase (Hsu and Miller, 1968; Mehrotra and 
Jain, 1996) and Fe-SOD (Leidi et al. 1987a). Formate dehydrogenase, a key 
enzyme of anaerobic metabolism, is reported to be overexpressed in 
response to iron deficiency (Suzuki et al. 1998). 

Iron nutrient status also influences the activities of enzymes of which it 
is not a constituent or a specific activator. The iron-deficiency response of 
these enzymes includes activation as well as inhibition of enzyme activities. 
Rabotti and Zocchi (1994) showed a decrease in the activity of H+ ATPase, 
involved in iron reduction, in the roots of cucumber plants exposed to iron 
deficiency. Espen et al. (2000) reported enhancement in activities of 
glyceraldehyde-3 phosphate dehydrogenase, pyruvate kinase and fructose 
6-phosphate kinase in roots of Fe-deficient cucumber plants, which suggests 
accelerated glycolysis with concomitant decrease in starch concentration. 
Plank et al. (2001) described iron-dependent changes in the activity of acetyl 
CoA carboxylase. The activity of acetyl CoA carboxylase in leaves of soybean 
plants showed a decrease in response to iron deficiency. Several enzymes 
have been shown to be activated when plants are grown under conditions 
of iron deficiency. Tomato leaf acid phosphatase shows several fold increase 
on iron deprivation (Hewitt and Tatham, 1960; Bisht et al. 2002a). Bisht et 
al. (2002a) showed a reversal of enhancement in enzyme activity following 
increase in iron supply from deficiency to sufficiency. Like acid phosphatase, 
ribonuclease is also activated under iron deficiency (Agarwala et al. 1965; 
Bisht et al. 2002a). Iron-induced activation of ribonuclease is also reversed 



on recovery from iron deficiency (Bisht et al. 2002a). Phosphoenol pyruvate 
carboxylase (PEPCase) also shows a marked increase in response to iron 
deficiency (Rabbotti et al. 1995; De Nisi and Zocchi, 2000). De Nisi and 
Zocchi (2000) have suggested a role of iron in regulation of PEPCase activity 
at the transcriptional level. 

2.4.3 Photosynthesis 

Involvement of iron in chloroplast development, harvesting of light energy 
and transport of electrons from water to NADP+ leads to impairment of 
photosynthesis under iron deficiency. Chloroplasts of iron-deficient plants 
are smaller in size and show a decrease in the number of thylakoid 
membranes and an increase in stroma (Spiller and Terry, 1980; Platt-Aloia 
et al. 1983). Thylakoids show a marked decrease in lipid and protein content 
(Nishio et al. 1985a). Iron deficiency induced decrease in chloroplastic 
proteins is much more than in cytoplasmic proteins (Shetty and Miller, 
1966). Chloroplasts of iron-deficient plants also lack in polyribosomes (Lin 
and Stocking, 1978). 

Chloroplasts of iron-deficient plants show a decrease in the concentration 
of light harvesting pigments. There are several reports of decrease in 
chlorophyll concentration in plants suffering from iron deficiency (Marsh 
et al. 1963; Hsu and Miller, 1968; Machold, 1968; Del Rio et al. 1978a;Miller 
et al. 1984; Spiller et al. 1982; Chereskin and Castelfranco, 1982; Leidi et al. 
1987b). Barley plants grown with varying levels of iron showed close 
correspondence between the levels of iron supply and leaf chlorophyll 
concentration (Agarwala and Sharma, 1961). Decrease in chlorophyll 
concentration on iron deprivation is reversed on resumption of adequate 
supply of iron (Agarwala et al. 1965; Bisht et al. 2002a). Terry and Low 
(1982) demonstrated the effect of iron deficiency on chlorophyll to be 
associated with changes in the intracellular localization of iron. Iron- 
deficient plants also exhibit changes in the concentrations of carotenoids 
and xanthophylls (Morales et al. 1990, 1992; Quilez et al. 1992; Abadia, 
1992). Concentrations of the individual carotenoids and xanthophylls may, 
however, be affected differentially. Characteristically, iron-deficient leaves 
show decrease in the concentration of p-carotene and neoxanthine and 
increase in the concentration of lutein and violaxanthine cycle pigments 
(Abadia et al. 1991; Quilez et al. 1992). This leads to an increase in the 
ratio of the 1utein:chl a and vio1axanthin:chl a in the leaves of iron-deficient 
plants (Abadia, 1992). 

There are several components of photosystem I, wherein iron is involved 
in electron transport (Hopkins, 1983; Sandman and Malkin, 1983). This 
makes photosystem I sensitive to iron deficiency. Leaves of iron-deficient 
plants show a decrease in ferredoxin (Alcaraz et al. 1985; Huang et al. 
1992) and cytochrome content per unit area (Spiller and Terry, 1980). A 



study of iron deficiency effect on photosynthetic apparatus of 
Chlamydomonas reinhardti by Moseley et al. (2002) showed a disconnection 
of the LHC I antenna from photosystem I (PS I) even before the iron-deficient 
cells developed chlorosis. The authors attributed this to observed changes 
in physical properties of the PS I-K. On persistence of iron deficiency, the 
photosynthetic apparatus undergoes some adaptive changes, such as 
degradation of existing proteins coupled to synthesis of new proteins that 
leads to a new steady state with decreased stoichiometry of electron 
transport complexes. Iron deficiency induced changes in PS I activities are 
largely reversed on recovery from the deficiency (Terry, 1983; Pushnik and 
Miller, 1989). Severe deficiency of iron also impairs PS I1 and the impairment 
is irreversible, possibly because of a structural damage to the PS I1 reaction 
centre. Bertamini et al. (2002) examined the effect of iron deficiency on the 
photosynthetic efficiency and PS I1 membrane organization of field-grown 
grapevine (Vitis vinefera L. Pinot noir). The chlorotic leaves (lime-induced 
chlorosis) showed more severe decrease in PS I1 activity than PS I activity, 
which could be attributed to severe degradation of Dl, 33, 28-25 and 23 
kDa polypeptides. Bertamini et al. (2002) inferred that the lime-induced 
chlorosis in grapevine leaves was the visible manifestation of accelerated 
degradation of the PS I1 light harvesting chloroplastic proteins (LHCP). 

Information on iron deficiency effects on the reactions of photosynthetic 
carbon reduction cycle is limited. Sharma and Sanwal (1992) showed a 
decrease in rate of C02 fixation in leaves of iron-deficient maize plants. 
Arulananthan et al. (1990) showed an impairment in RuBP regeneration 
under iron deficiency, and attributed it to possible inhibition of Ru5P kinase. 

2.4.4 Organic Acids 

Iron-deficient plants show increased accumulation of organic acids, 
particularly citric and malic acids. The effect has been observed in both 
roots (Landsberg, 1981; Miller et al. 1990) and leaves (Palmer et al. 1963; 
Bindra, 1980; Welkie and Miller, 1993) and has been shown to be more 
pronounced in Fe-efficient rather than Fe-inefficient cultivars (Miller et al. 
1990). Fournier et al. (1992) compared the iron deficiency effect on the 
accumulation of organic acids in two sunflower lines RHA291 and HA89, 
known to differ in Fe-efficiency. When subjected to iron deficiency, the 
roots of Fe-efficient line RHA291 accumulated high concentrations of 
organic acids, particularly citric acid but the less Fe-efficient line HA89 
did not show any such response. Accumulation of organic acids in response 
to iron deficiency is generally attributed to enhanced proton extrusion by 
roots of iron-deficient plants, which contribute to the alkalization of the 
cytoplasm and favour the dark fixation of C02  (Gueren et al. 1991; Rabotti 
et al. 1995). Lopez-Millon et al. (2001) described iron deficiency effect on 
the concentration of organic acids and certain enzymes involved in the 



metabolism of organic acids in sugarbeet leaves. It was shown that 
deprivation of iron supply led to increase in the total organic acid 
concentration; and supply of iron to the Fe-deficient plants restored the 
total organic acids to levels found in Fe-sufficient plants. Increase in enzyme 
activities due to iron deficiency was also reversed on resupplying iron 
(Lopez-Millan et al. 2001). In a recent study, Bisht et al. (2002a) reported an 
increase in free (titrable) acids in fruits of sand-cultured tomato plants 
exposed to iron deficiency, which could be largely overcome when iron 
supply was raised adequately at the time of initiation of flowering. Lopez- 
Millan et al. (2001) suggested that enhanced accumulation of organic acids 
under Fe-deficiency was caused by their enhanced transport from roots to 
leaves, as also due to increase in carbon fixation in the leaves. 

2.4.5 Nucleic Acids, Proteins 

Iron-deficient plants show a decrease in the number of polyribosomes (Lin 
and Stocking, 1978) and ribonucleic acid (Spiller et al. 1987; Bisht et al. 
2002a). Spiller et al. (1987) showed that a decrease in the mRNA and rRNA 
concentration in iron-deficient plants was reversed on recovery of plants 
from iron deficiency. They suggested a high requirement of iron for 
chloroplastic mRNA and rRNA. Bisht et al. (2002a) showed a decrease in 
the total RNA content in leaves of iron-deficient tomato plants, which could 
be reversed when the level of iron supply was raised from deficient to 
sufficient. They suggested low RNA content in iron-deficient plants to be a 
consequence of iron inhibition of RNase activity. 

There are several reports of decrease in the protein concentration in 
leaves of iron-deficient plants (Perur et al. 1961; Shetty and Miller, 1966; 
Price et al. 1972; Bisht et al. 2002a). 

2.4.6 Nitrogen Fixation 

The nodulating legumes need a high dose of iron because it is a constituent 
of the nitrogenase complex, ferredoxin and leghaemoglobin, which are all 
involved in nitrogen fixation (Udavardy and Day, 1997). Iron fertilization 
of nodulating legumes not only benefits dry matter production, but also 
nitrogen content of plants (OIHara et al. 1988; Tang et al. 1990). Iron 
deficiency has been shown to inhibit nodulation and N2 fixation in Lupinus 
angustifblius (Tang et al. 1990, 1992) and Arachis hypogaea (OIHara et al. 
1988; Tang et al. 1991). 



CHAPTER 3 

MANGANESE 

3.1 GENERAL 

Manganese, lying in the centre of the first transition series, exists in several 
oxidation states. Of the common oxidation states in plants-Mn2+, Md+, 
Mn4+ and Mn5+-the most dominant and stable is manganous (Mn2+). It is 
readily oxidized to the less stable manganic form (Mn3+). Manganese forms 
strong bonds with oxygen containing species. It forms ligands with 
aminoacid residues of the D I protein of the PS I1 reaction centre and 
functions as a charge accumulator by undergoing changes in its oxidation 
states. As a constituent or an activator of enzymes, manganese plays a 
catalytic role in cellular metabolism including C02 fixation in C4 and CAM 
plants and detoxification of oxygen-free radicals. Plant response to 
inadequate supply of manganese is suggestive of its role in reproductive 
development, including seed set and development. 

3.2 UPTAKE AND TRANSPORT 

Plants absorb manganese as Mn2+. Uptake was suggested to involve 
facilitated diffusion. Polarization of the plasmalemma due to proton 
pumping (H+ efflux) is thought to cause acidification of the external 
solution, leading to enhanced Mn-uptake. Reflux of H+ into the cytosol 
depresses plasmalemma polarization and inhibits Mn-uptake (Yan et al. 
1992). However, reports of cation competition in uptake and genotypic 
differences in manganese uptake and transport suggested possible 
involvement of PM-bound manganese transporter in plants. Recent 
researches in this direction have led to isolation and characterization of 
several genes encoding possible manganese transporter proteins belonging 
to different unrelated gene families (Hall and Williams, 2003). Axelsen and 
Palmgren (2001) presented evidences suggesting participation of a P-type 
ATPase in manganese transport. The Arabidopsis transporter ECA1, which 



belongs to the Ca2+-ATPase subfamily, was shown to complement Ca2+ 
pump defective yeast mutants grown on a medium containing manganese. 
This was attributed to the ability of ECAl to form a Mn2+ dependent 
phosphoprotein (Liang et al. 1997). Subsequently, ECAl was shown to 
function as an ER-bound Ca2+/Mn-pump, which, under conditions of 
calcium deficiency or manganese excess, supports growth and confers 
tolerance to excess manganese (Wu et al. 2002). Recently, Delhaize et al. 
(2003) have isolated a proton: Mn2+ antiporter Sh MTPl from Stylosanthes 
halmata. The Sh MTPl belongs to the cation diffusion facilitator family 
transporters. When expressed in yeast mutants and in Arabidopsis, Sh MTPl 
confers tolerance to manganese. Delhaize et al. (2003) have suggested that 
located on the internal membrane of the cell organelles, Sh MTPl confers 
tolerance to Mn2+ through internal sequestration. Another cation/Ht 
antiporter CAX2 (Cation exchanger 2) has been suggested to be involved 
in low-affinity manganese transport across the tonoplast (Hirschi et al. 
2000). When expressed ectopically in yeast, CAX2 suppressed the yeast 
mutants sensitive to high manganese concentrations. Localized in the 
vacuolar membranes, CAX2 is suggested to participate in accumulation of 
Mn2+ (Ca2+ and Zn 2+) (Hirschi et al. 2000). Direct transport measurements 
in Arabidopsis have provided further evidence to suggest that CAX2 
functions as Mn2+/H+ antiporter (Shigakai et al. 2003). There are also 
reports of 1RT1 involvement in manganese transport. Korshunova et al. 
(1999) showed that the Arabidopsis IRTl complements the manganese-uptake 
deficient mutant of yeast, suggesting its involvement in manganese 
transport. 

Nramp family transporters have also been suggested to be involved in 
manganese transport. Thomine et al. (2000) cloned Nramp3 and Nramp4 
genes from Arabidopsis and showed them to complement manganese (and 
iron) uptake defective yeast mutants. It has been recently shown that 
Nramp3 has multiple substrate specificity (Mn, Fe, Cd) and is expressed in 
vascular bundles of root, stem and leaves (Thomine et al. 2003). Nramp3 
has been suggested to play a role in mobilizing manganese (and other 
substrates) from the vacuolar pool and in their long distance transport 
(Thomine et al. 2003). 

Long-distance transport of manganese through xylem takes place either 
in the ionic form or as chelates (Tiffin, 1972). White (1981) showed that in 
soybean and tomato, root to shoot transport of manganese takes place in 
the form of manganese complexes of citric and malic acids. Evidence on 
phloem mobility of manganese is conflicting (Welch, 1995). Most findings 
suggest poor mobility of manganese in phloem (Wittwer and Teubner, 1959; 
Hocking, 1980; Pearson and Rengel, 1994). The relative translocation of 
manganese to the leguminous fruits through the xylem and phloem 
depends on the manganese status of plants. Under conditions of limited 



availability of manganese, xylem input of manganese into the fruit is 
relatively small as compared to its input through the phloem, but in plants 
that are adequately supplied with manganese, the condition is reversed 
(Pate and Hocking, 1978). Studies using radioactive 55Mn show low rates 
of translocation from leaves to the developing grains in wheat (Pearson 
and Rengel, 1994,1995b). The damaged seeds of legumes, as also low seed 
vigour and viability-observed when mother plants are subjected to 
manganese deficiency-have been suggested to be a consequence of 
limitation in Mn-translocation to the developing seeds (Crosbie et al. 1993; 
Longnecker et al. 1996). 

3.3. ROLE IN PLANTS 

3.3.1 Enzyme Action 

Manganese plays a catalytic role as a constituent or activator of over 30 
enzymes (Burnell, 1988). While requirement for manganese is specific for 
some enzymes, many enzymes activated by magnesium (Mg2+) are also 
activated by manganese and by other dimetal cations. 

Mn-SUPEROXIDE DISMUTASE (EC. 1.15.1.1) 
The mitochondria1 superoxide dismutase (Mn-SOD) is a manganese 
metalloprotein. It is a dimeric protein with - 20 kDa subunits. Each subunit 
contains a single manganese ion (Mn3+) which binds to three imidazole 
(histidine) groups, a carboxyl group and a hydroxyl ion (-OH) or H,O with 
a site open for binding to the substrate (0,-). The enzyme catalyzes the 
dismutation of two superoxide ions (0;) to a molecule of hydrogen peroxide, 
accompanied by generation of a molecule of oxygen. During the process, 
two protons are taken up and manganese undergoes oxidation-reduction 
(Mn3+ + Mn2+). 

20,- + 2H+ - H,O,+O, 

Mn-SOD functions as a component of the antioxidative system of the 
mitochondria, which forms major site for generation of reactive oxygen 
species. 

PHOSPHOENOL PYRUVATE CARBOXYKINASE (EC 4.1.1.49) 
Phosphoenol pyruvate carboxykinase (PEPCK), which catalyzes the 
reversible conversion of oxaloacetate to phosphoenolpyruvate, has an 
absolute requirement of manganese (Mn2+) that cannot be substituted by 
Mg2+. PEPCK is of particular importance to C,  (aspartate type) plants, where 
it catalyzes the decarboxylation of oxaloacetate to phosphoenolpyruvate in 
the bundle sheath chloroplasts. The CO, thus released serves as the entry 
point for the Calvin cycle 

Oxaloacetate + ATP Phosphoenolpyruvate + ADP + CO, 



Recently, Chen et al. (2002b) have shown that PEPCK of guinea grass (C,) 
Panicum maximum has a high affinity for C0, and suggested that it may 
catalyze the reverse reaction by functioning as a carboxylase. 

NAD+ - MALIC ENZYME (EC 1.1.1.39) 
The NAD+ - Malic Enzyme (Malate - NAD+ oxidoreductase, 
decarboxylating) of C, (aspartate) plants specifically requires manganese 
(Mn2+) for activation (Hatch and Kagawa, 1974). The enzyme catalyzes the 
oxidative decarboxylation of malate to pyruvate in the mesophyll cells of 
C, plants. 

Malate + NAD+ + H+ Pyruvate + C0, + NADH 

The CO, generated in the reaction serves as a substrate for Rubisco in the 
bundle sheath chloroplasts and provides the point of entry into the Calvin 
cycle. 

ALLANTOATE AMIDOHYDROLASE (EC 3.5.3.9.) 
The manganese-containing allantoate amidohydrolases, which catalyze 
the oxidative decarboxylation of allantoate to uredoglycine, require 
manganese as a cofactor (Winkler et al. 1987; Lukaszewski et al. 1992). 

co2 
Allantoate Uredoglycine + NH, + CO, 

The enzyme is involved in the cataboism of ureides in the group of legumes 
(including soybean, cowpea) wherein nitrogen fixed in the root nodules is 
exported to the aerial part as ureides (allantoate, allantoate). 

NADP+ - MALATE ENZYME (EC 1.1.1.40) 
NADP+-Malate dehydrogenase, which catalyzes the oxidative 
decarboxylation of malate to generate pyruvate and NADPH in C4 (malate 
type) plants, is activated by magnesium as well as manganese. 

Malate + NADP+ + H+ Pyruvate + CO, + NADPH 

The NADP+ - malate dehydrogenase functions in C, photosynthesis. It is 
also important for fatty acid biosynthesis in lipid storing seeds (castor seed 
endosperm), wherein oxidative decarboxylation of pyruvate to acetyl CoA 
provides the carbon skeleton for fatty acid biosynthesis (Smith et al. 1992). 

ISOCITRATE DEHYDROGENASE (EC 1.1.1.42) 
Isocitric dehydrogenase (IDH) catalyzes pyridine nucleotide-dependent 
conversion of isocitrate to a-ketoglutarate. The enzyme is activated by 
magnesium as well as manganese. The conversion of isocitrate to a-  
ketoglutarate is catalyzed in two steps. The first step involves the oxidation 
of isocitrate to oxalosuccinate. In the second step, the unstable 
oxalosuccinate molecule is decarboxylated to a-ketoglutarate. 

co2 
Isocitrate Oxalosuccinate a-ketoglutarate 



The plant enzyme exists in two forms which differ in their localization 
and requirement of pyridine nucleotide as a co-substrate. The mitochondria1 
isoform has a specific requirement of NAD+ (NAD+-Isocitrate 
dehydrogenase, EC 1.1.1.41). It functions as a component of the citric acid 
cycle and provides the first molecule of NADH during the turn of the cycle. 
The plant enzyme differs from its mammalian counterpart in the sense that 
ATP does not inhibit it. Instead, it is inhibited by NADH and is very 
sensitive to NAD: NADH ratios. The other form is found in the cytosol, 
plastids, peroxisomes and also mitochondria, and is NADP+ dependent 
(NADP+-Isocitrate dehydrogenase, EC 1.1.1.42). The cytosolic IDH is the 
main source of carbon skeleton for the assimilation of ammonium. It provides 
a continuous supply of a-ketoglutarate in such quantities as are required 
for the assimilation of NH; in into amino acids involving glutamine 
synthetase and glutamate synthase (GOGAT). The cytosolic enzyme not 
only contributes to amino acid synthesis but also prevents the accumulation 
of NH,+ in toxic concentrations. 

PHOSPHOENOLPYRUVATE CARBOXYLASE (EC 4.1.1.31) 
Phosphoenolpyruvate carboxylase (PEPCase), essentially a Mg2+ enzyme, 
is also activated by Mn2+. The spinach PEPCase contains 12 subunits, 
each containing a bound manganese ion (Mn2+). The enzyme catalyzes the 
carboxylation of phosphoenolpyruvate to form oxaloacetate, with carboxyl 
phosphate as an unstable intermediate. 

Pi 

Phosphoenol pyruvate + HCO, j Oxaloacetate 

The enzyme plays a key biosynthetic role in plants. It is involved in 
'priming' the citric acid cycle and biosynthesis of amino acids (aspartate, 
glutamate). In C, plants, the enzyme functions as a CO, concentrating 
mechanism. 

GLUTAMINE SYNTHETASE (EC 6.3.1.2) 
Glutamine synthetase (GS), involved in the primary pathway of ammonium 
metabolism, requires Mg2+ or Mn2+ for activation. The enzyme catalyzes 
the amidation of glutamate to glutamine in an ATP-dependent reaction. 

Glutamate + NH,+ + ATP +Glutamhe + ADP + Pi 

Glutamine synthetase plays an important role in the regulation of nitrogen 
metabolism. 

ENOLASE (EC 4.2.1.11) 
Manganese (Mn2+), as also magnesium (Mg2+), activates enolase, an enzyme 
involved in the reversible dehydration of 2-phosphogycerate to form 
phosphoenol-pyruvate (PEP), the phospho-derivative of the en01 form of 
pyruvic acid. 

2-Phosphoglycerate Phosphoenolpyruvate + H 2 0  



The dehydration of phosphoglycerate markedly elevates the transfer 
potential of the phosphoryl (en01 phosphate) group, allowing easy transfer 
of its phosphate group to ADP, leading to the formation of ATP by pyruvate 
kinase. The enzyme plays a role in sugar metabolism and is very responsive 
to environmental stresses such as high temperature. It has been suggested 
to act as a general stress protein involved in protection of cellular 
components (Schweisguth et al. 1995). 

3.3.2 Photosynthesis 

Early work on the effect of manganese deficiency on photosynthetic 0, 
evolution (referred under 3.4.3) led to investigations that substantiated a 
role of manganese in oxidation of water in PS 11 (Ono and Onone, 1991; 
Renger and Wydrzynski, 1991; Hoganson and Babcock, 1997). More 
conclusive evidence of this came from flash photolysis studies using Mn- 
depleted PS I1 (Hoganson et al. 1993). Investigations using x-ray absorption 
spectroscopy (Yachandra et al. 1993) led to development of a structural 
model showing that the PS I1 complex contained four (two pairs) 
manganese atoms in a cluster llnked to (Fig.3.1) into a proximal calcium 

Fig. 3.1. Model of the Mn-cluster of the PS-11 complex. Four Mn atoms are liganded to the 
arninoacids residue of PS-I1 protein Dl, as well as to oxygen and chloride. (Reprinted, 
with permission, from Biochemistry and Molecular Biology of Plants. BB Buchnam, W 
Gruissem, RL Jones, eds 02000 American Society of Plant Biologists.). 



atom and a halide (Yachandra et al. 1993; Ananyev and Dismukes, 1997). 
The manganese cluster binds to the aminoacid residues of the DI protein of 
PS I1 core complex (Campbell et al. 2000; Ono, 2001) and functions as a 
locus for charge accumulation. The manganese cluster passes through a 
series of oxidation states (So to S,) and provides a binding site for the water 
molecules and accumulation of the charge generated by four successive 
quanta absorbed by P680. Through this process, four electrons are extracted 
from water and a molecule of oxygen is released. 

Being an activator of enzymes involved in the carboxylation and 
decarboxylation of C, acids, manganese plays an important role in C4 
photosynthesis. The first reaction of C, photosynthesis involves 
carboxylation of phosphoenol pyruvate (PEP) to oxaloacetate (C4 organic 
acid) by PEP carboxylase, which is activated by Mn2+. In both malate and 
aspartate type plants, Mn2+ is involved in decarboxylation of C, acids in 
the bundle sheath cells to produce CO,, which is refixed in a C:, compound 
by Rubisco. While NADP+ malic enzyme, that catalyzes decarboxylative 
dehydrogenation of malic acid in malate type plants, is activated by both 
Mn2+ and Mg2+, NAD+ malic enzyme and PEP carboxykinase, catalyzing 
decarboxylation of C, acids in the two variants of the aspartate type plants, 
have a specific requirement of Mn2+ for activation (Burnell, 1986). In this 
way, manganese contributes to a CO, concentration mechanism in the 
bundle sheath cells of C, plants that favour carboxylase activity of Rubisco 
to its oxygenase activity. 

3.3.3 Secondary Metabolism 

Biosynthesis of secondary metabolites in plants involves multistep pathways, 
some steps being catalyzed by manganese-activated enzymes (Burnell, 1988; 
Hughes and Williams, 1988). Synthesis of isopentenyl diphosphate (IPP) in 
cytosol and ER, via acetate-mevalonate pathway involves conversion of 
mevalonic acid to mevalonic acid-5-phosphate, catalyzed by the manganese 
activated mevalonic acid kinase (Lalitha et al. 1985). 

ATP ADP 

Mevalonic acid Mevalonic acid-5-phosphate 
Mevalonic acid kinase (Mn) 

Isopentenyl diphosphate (IPP) serves as the precursor for biosynthesis 
of terpenoids and provides branch points for the synthesis of several other 
secondary products such as the chloroplast pigments (phytol, carotenoids) 
and gibberellins (Fig. 3.2). Two steps in the conversion of IPP (C,), 
synthesized in plastids (via pyruvate-glyceraldehyde 3-phosphate pathway) 
to phytoene (C,) are catalyzed by Mn2+ activated enzymes. The conversion 
of dimethyl ally1 diphosphate to geranyl diphosphate is catalyzed by 



geranyl diphosphate synthase (Croteau and Purkett, 1989) and that of 
geranyl diphosphate to phytoene by phytoene synthase (Maudinas, 1977), 
both of which require manganese for activation. 

Isopentenyl diphosphate 

I lsopen tenyl diphospha te isomerase 

Dimethyl ally1 diphosphate 

I Geranyl diphosphate synthase (Mn2+) 

Geranyl diphosphate 

Farnesyl diphospha te syn thase 

* 
Farnesyl diphosphate 

Geranyl geranyl diphospha te syn thase 

Geranyl geranyl diphosphate -b Chlorophyll, Gibberellins 

I Phytoene synthase (Mn2+) 

Phytoene b Carotenoids 

Fig. 3.2. Scheme for carotenoid biosynthesis showing steps catalyzed by Mn2+ - activated 
enzymes 

Geranyl geranyl diphosphate (GGPP) also provides the starting point 
for the biosynthesis of phytol sidechain of chlorophylls and gibberellins. 
On way to gibberellin biosynthesis, GGPP undergoes a two-step conversion 
to ent - kaurene. Synthesis of ent kaurene, the first committed precursor for 
gibberellins is catalyzed by kaurene synthase which requires ~ n ~ + ,  (Co2+ 
or Mg2+) for activation. 

Copalyl 
GGPP - diphosphate - en t-kaurene 

Copalyl diphosphate Kaurene synthase 
syn thase (Mn2', MgZ+, co2+) 



Manganese is also involved in the biosynthesis of aromatic amino 
acids-phenylalanine, tyrosine and tryptophan-that function as 
precursors of a diverse group of compounds such as flavanoids, indole, 
and lignin (Burnell, 1988; Hughes and Williams, 1988). Phenylalanine and 

Phosphoenol pyruvate 
+ 

Erythrose-4-phosphate 

1 3-Dehydroarabino heptulosonate 
7-phosphate synthase (Mn) 

-'/-phosphate (DHAP) 

1 
1 
1 
1 

Chorismate 

Anthranilate Arogenate 

Tryptophan Phenylalanine 
and Tyrosine 

Fig 3.3. Scheme for biosynthesis of aromatic amino acids in plants, the first reaction of 
which involves catalysis by a Mn-activated enzyme 



tyrosine, which form the starting material fox- phenylpropanoid metabolites, 
including phenols, phenolic alcohols and their polymerization products 
(lignans, lignins), are synthesized through the shikimate-chorismate- 
arogenate pathway (Fig. 3.3). The first reaction of this pathway involves 
condensation of phosphoenol pyurvate with erythrose-4-phosphate to 
produce 3-Deoxyarabinoheptulosonate-4-phosphate (DAHP) catalyzed by 
DAHP synthase, the plastidic form of which is activated by Mn2+ (Hermann, 
1995; Hermann and Weaver, 1999). 

Being an activator of arginase (Burnell, 1988), manganese plays a role 
in the synthesis of polyamines, which play important roles in plant growth 
and development, and also in detoxification of active oxygen species (Evans 
and Malmberg, 1989). 

3.4 DEFICIENCY RESPONSES 

3.4.1 Visible Symptoms 

Manganese deficiency generally manifests itself as small chlorotic patches 
in the interveinal areas of the subterminal or upper middle leaves. 
Gradually, the patches increase in number and size and coalesce to form 
chlorotic stripes in case of parallel veined leaves (as in rice, barley) and 
fine chlorotic mottling in reticulately veined leaves of dicotyledonous plants. 
In case of prolonged or severe deficiency, the interveinal areas turn necrotic 
and develop buff, brown or reddish-brown colouration, often followed by 
splitting of the lamina. In early description of manganese deficiency in 
sugarcane, the more or less countinuous red stripes followed by splitting 
of the lamina along the stripes were referred as 'Pahala blight'. Sugarbeet 
and mangold are particularly sensitive to manganese deficiency. Leaves of 
manganese-deficient plants of sugarbeet show yellow-green mottling 
followed by chlorosis, necrosis and eventually breakdown of lamina. The 
leaf margins roll inward giving the leaves a sagitate or an arrow-shaped 
appearance and the leaves tend to remain more upright than in normal 
plants. Amongst cereals, oats are very sensitive to manganese deficiency. 
Middle and old leaves of manganese-deficient oat plants develop grey or 
buff-coloured patches, some distance away from the base; the patches are 
more numerous near the margins and appear more conspicuous on the 
undersurface of leaves. These patches gradually enlarge and coalesce to 
form more or less continuous streaks, which eventually turn brown. 
Somewhat similar symptoms are produced in rice, another cereal sensitive 
to manganese deficiency. The interveinal chlorotic patches produced in the 
middle of the leaf blades turn reddish brown (Agarwala and Sharma, 1979). 
The leaf sheath and the stem internodes may also develop similar 
symptoms. If severe deficiency persists, the entire plants give a bronzed 



appearance. Tillering, panicle emergence and grain filling is severely 
inhibited and a large percentage of glumes remain empty (Longnecker et a1 
1991a). 

Under moderate deficiency of manganese, which permits plants to go 
reproductive, seeds of beans and peas show browning, necrosis and 
eventually disintegration of the central part of the cotyledons. In early 
observations, such an effect in peas was described as 'marsh spot'. 

3.4.2 Enzyme Activities 

Deprivation of manganese supply leads to changes in the activities of 
enzymes that contain manganese as a cofactor or require manganese for 
activation. Manganese-deficient plants show low activity of malic 
dehydrogenase (Agarwala et al. 1986; Sharma et al. 1986). In rice, the 
decrease in malic dehydrogenase activity under manganese deficiency has 
been shown to be more in plants-supplied with nitrogen as ammonium 
nitrate than those supplied with nitrate nitrogen. Manganese deficiency 
alters the activity of superoxide dismutase but the effect is not consistent 
and also varies with the metal cofactor of the enzyme. Del Rio et al. (1978b), 
Leidi et al. (198713) and Kroniger et al. (1995) observed a decrease in Mn- 
SOD activity under manganese deficiency. On the contrary, Mehlorn and 
Wenzel (1996) and Yu and Rengel (1999) found enhanced activity of Mn- 
SOD in manganese-deficient plants. Overexpression of Mn-SOD in 
transgenic tobacco plants has been shown to enhance tolerance to freezing 
injury (Mc Kersie et al. 1993) and oxidative damage (Slooten et al. 1995). 
Yu et al. (1998) observed an increase in the activity of Cu-Zn SOD in 
response to manganese deficiency and attributed it to manganese deficiency 
induced increase in accumulation of Cu and Zn. 

Manganese deficiency is reported to decrease the activity of allantoate 
amidohydrolase (EC 3.5.3.9), leading to enhanced accumulation of ureide. 
Increase in manganese supply increases the rate of ureide degradation 
and N, fixation in soybean under conditions of water deficit (Purcell et al. 
2000; Vadaz et al. 2000). Not all cases of enhanced accumulation of ureide 
can, however, be attributed to impairment in the activity or to the role of 
manganese as an activator of allantoate amidohydrolase (Vadez and 
Sinclair, 2002). Oxidative decarboxylation of allantoate is also catalyzed 
by another enzyme, allantoate amidinohydrolase (EC 3.5.3.4) that does not 
involve a manganese cofactor (Shelp and Ireland, 1985). In soybean cv. 
Jackson, ureide degradation does not involve manganese as a cofactor. 
Instead, it is catalyzed by allantoate amidinohydrolase. Sinclair et al. (2003) 
did not find ureide accumulation to be related to manganese in six out of 
the eight soybean lines with N, fixation tolerance to soil drying. 

Activities of several other enzymes that have no specific manganese 
requirement, undergo changes in response to manganese deficiency 
(Khurana et al. 1991,1999; Chatte rjee et al. 1989,1994). Manganese-deficient 



plants show decreased activity of acid phosphatase (Khurana et al. 1991) 
and ATPase (Chatterjee et al. 1994). Agarwala et al. (1986) showed that 
manganese effect on activities of iron enzymes, aconitase and succinic 
dehydrogenase in rice is influenced by the form of nitrogen supply, which 
influences the response of rice to iron deficiency. In plants-supplied nitrogen 
as ammonium nitrate, activities of aconitase and succinic dehydrogenase 
showed little change in response to manganese deprivation, but in plants- 
supplied nitrogen as nitrate, activities of these enzymes showed significant 
increase in response to manganese deficiency. This may possibly involve 
influence of nitrogen source on the physiological availability of iron. 
Manganese effect on the two haem enzymes, catalase and peroxidase, is 
not identical. Almost invariably, low manganese plants show increased 
activity of peroxidase with little effect or decrease in the activity of catalase 
(Agarwala et al. 1964; Bar-Akiva and Lavon, 1967; Chatterjee et al. 1989, 
1994). Mn deficiency is also reported to cause enhancement in the activity 
of IAA oxidase (Morgan et al. 1976). Manganese is also reported to regulate 
the activity of nitrate reductase (Leidi and Gomez, 1985). Diverse results 
have been reported in respect of manganese-deficiency effect on 
ribonuclease (RNase) activity. While Sharma et al. (1986) reported enhanced 
activity in the leaves of manganese-deficient sugarcane, Chatterjee et al. 
(1994), reported a decrease in RNase activity in leaves of manganese- 
deficient wheat plants. 

3.4.3 Photosynthesis 

Much before manganese was shown to be a constituent of the PS I1 reaction 
centre, algal cultures deprived of manganese were reported to show a 
decrease in photosynthetic 0, evolution (Pirson, 1937, Kessler et al. 1957; 
Eyster et al. 1958). Similar observations were later extended to higher plants. 
There are several reports of Mn-deficiency induced decrease in the rate of 
photosynthesis (Cheniae and Martin, 1970; Terry and Ulrich, 1971; Nable 
et al. 1984; Kriedemann et al. 1985; Debus, 1992). Mn-deficiency effects on 
photosynthesis have also been shown to be reversed on resumption of the 
Mn-supply (Nable et al. 1984; Kriedemann and Anderson, 1988). Inhibition 
of photosynthesis under Mn-deficiency is essentially attributed to its role 
as a constituent of PS I1 (Hoganson et al. 1993; Yachandra et al. 1993). 
Inhibition of photosynthesis could also result from manganese deficiency 
induced changes in leaf ultrastructure (Possingham et al. 1964; Polle et al. 
1992). In Norway spruce, Mn-deficiency has been shown to cause enhanced 
peroxidation of the membrane lipids and structural damage to the thylakoids 
(Polle et al. 1992). In peppermint, manganese deficiency is reported to cause 
a significant decrease in CO, exchange rates, chlorophyll content and 
essential oil content (Srivastava and Luthra, 199413) which were reversed 
on resupply of manganese. Srivastava and Luthra (1994) inferred that 



manganese deficiency reduces the availability of photoassimilates for 
essential oil biosynthesis because of their preferential utilization in some 
primary metabolic processes. 

3.4.4 Carbohydrates, Fatty Acids 

Manganese deficiency is reported to induce changes in concentration of 
carbohydrates and fatty acids. In general, plants exposed to manganese 
deficiency display enhanced accumulation of soluble carbohydrates. There 
are several reports of decrease in fatty oil content of seeds of manganese- 
deficient plants (Heenam and Campbell, 1980, Wilson et al. 1982; Campbell 
and Nable, 1988; Sharma et al. 1995). 

3.4.5 Nitrogen Metabolism, Nucleic Acids 

Manganese-deficient plants show enhanced accumulation of soluble 
nitrogenous compounds. Because of manganese involvement in activation 
of arginase (Burnell, 1988) and allantoate amidohydrolase (Winkler et al. 
1985), Mn deficiency leads to increased accumulation of arginine and 
ureides. Manganese-deficient plants of sugarcane are reported to be low in 
nucleic acids (Sharma et al. 1986; Chatterjee et al. 1994). Decrease in RNA 
could either result from decrease in its synthesis, catalyzed by RNA 
polymerase which requires Mn2+ for activation (Ness and Woolhouse, 1980), 
or from its enhanced degradation caused by elevated levels of ribonuclease 
under manganese deficiency (Sharma et al. 1986). 

3.4.6 Secondary Metabolism 

Concentration of several secondary metabolites of terpenoid biosynthesis 
pathway and shikimate-chorismate-arogenate pathway is reported to be 
influenced by manganese nutrition of plants. Wheat plants deprived of 
manganese supply showed decreased concentration of chloroplast 
pigments (Wilkinson and Ohki, 1988). Brown et al. (1984) reported 
manganese deficiency induced decrease in the concentration of phenolics 
and lignin, which could be attributed to change in activities of manganese- 
activated enzymes. Manganese-deficient plants show decreased activity of 
phenylalanine ammonia lyase, which catalyzes the conversion of 
phenylalanine to cinnamic acid, which is subsequently converted to 
cimamic alcohols and finally to lignin. 

3.4.7 Defense Against Oxidative Damage, Pathogenic Diseases 

As a cofactor of the mitochondria1 superoxide dismutase (Mn-SOD), a 
constituent enzyme of the plants' antioxidant system, manganese provides 
protection against oxidative damage. By catalyzing dismutation of 0; to 
H202, it prevents the damage resulting from excessive accumulation of 
superoxide ions and their derivatives in the mitochondria (Bowler et al. 



1991). Inadequate supply of manganese may enhance plant disposition to 
oxidative stress. Transgenic tobacco overexpressing Mn-SOD in the 
chloroplasts is reported to show enhanced tolerance to oxidative stress 
(Slooten et al. 1995). Mn-SOD is also suggested to contribute to drought 
tolerance in plants. Wu et al. (1999) described an increase in the Mn-SOD 
expression in wheat seedlings on the induction of drought-like conditions 
and a decrease in its expression on rehydration of the seedlings. 

Manganese provides resistance against pathogenic diseases (Graham, 
1983; Huber and Wilhelm, 1988; Huber and Graham, 1999). The incidence 
of take all disease of wheat in Western Australia has been shown to be 
related to manganese concentrations in plants (Brennan, 1992). Low 
manganese status of plants rendered them susceptible to the disease. Rengel 
et al. (1994) found differences in wheat genotypes to take all to be related to 
the difference in the pattern of biosynthesis of phenolics and lignin in their 
roots and suggested that manganese involvement in the biosynthesis of 
such compounds, which inhibits the penetration of the pathogens into the 
host cells, contributes to its protective role against pathogenic fungi. 
Manganese fertilization is reported to decrease the incidence of take all in 
wheat (Graham and Rovira, 1984; Huber and Wilhelm, 1988), brown spot 
of rice (Kaur et al. 1979) and rust in soybean (Morab et al. 2003). Foliar 
sprays of 0.3% MnSO, to the rust-susceptible soybean variety 15-335 has 
been reported to decrease the per cent disease index of soybean following 
inoculation with Phakospora pachyrrhizi Syd. from 90% (untreated control) 
to 34%. 

3.4.7 Reproductive Development and Yield 

Manganese effect on yield attributes is a major factor contributing to low 
yield of manganese-deficient plants. In barley, manganese deficiency inhibits 
tillering and thus the number of effective (ear bearing) tillers (Longnecker, 
1991a). In cotton, wherein the flowers are borne on the tertiary branches, 
capsule yield is severely limited by Mn deficiency because of inhibition of 
tertiary branching (Pandey et al. 2002a). Sharma (1992) has shown that, 
for the same level of deficiency, reduction in the reproductive yield of wheat 
is more marked than vegetative yield. This is ascribed to critical requirement 
of manganese for reproductive development. In wheat, manganese 
deficiency limits grain yield not only by inhibiting tillering and the nurr~ber 
of ears plant-' but also by causing pollen-sterility and reducing the number 
of seeds ear-'. Manganese deficiency has been reported to decrease the 
pollen-producing capacity, size of the pollen grains, their cytoplasmic 
contents pollen tube growth (Sharma et al. 1991, Sharma, 1992) and 
activities of some anther enzymes (Kaur et al. 1988). 

Hand pollination studies by Sharma et al. (1991) showed that when 
emasculated ears of the manganese-sufficient plants were pollinated with 



pollen from manganese-deficient plants, the number of seeds ear-' was 
reduced much below that in Mn-sufficient plants. Cross fertilization of 
manganese-deficient plants with manganese-sufficient pollen produced 
about the same number of seeds ear-' but lower seed weight than in 
manganese-sufficient plants (Table 3.1). It was inferred that manganese 
deficiency retards both fertilization and seed maturation. Impairment in 
manganese supply affects seed quality in pea (Khurana et al. 1999). 
Manganese-deficient plants of lupin show discolouration, splitting and 
deformity of seeds (Campbell and Nable, 1986). 

Table 3.1. Manganese effect on seed set by cross-pollination in maize (Zea mays L cv. 
G 2). 

Cross Cob Seed weight Seeds set Seed weight 
6 X 9 weight (g) (g cob-') (No. cob-') (mg) 

(After Sharma et al. 1991) 

Analysis of manganese levels at different stages of seed development in 
Arabidopsis (Otegui et al. 2002) shows storage of Mn (as Mn-phytate) in the 
endoplasmic reticulum of the chalaza1 region of the endosperm, and its 
mobilization to the embryo at the late bent-cotyledon stage. The 
disappearance of Mn- phytate from the endosperm coincides with the 
accumulation of two Mn-binding proteins of the embryo-the Mn-SOD 
and the 33KD protein of the Mn-complex of PS 11. It is suggested that Mn 
stored in the endosperm as Mn-phytate functions in the assembly of Mn- 
proteins during embryo development (Otegui et al. 2002). 



CHAPTER 4 

COPPER 

4.1 GENERAL 

Copper is a redox-active transition metal. It exists in two oxidation states, 
cuprous (Cu+) and cupric (Cu2+). The more stable form is cuprous (Cut). 
The ability of copper ions to undergo reversible change in oxidation states 
(Cu+ + Cu2+) enable copper to function in cellular oxidation-reduction 
processes. Like iron, copper provides sites for reaction with molecular 
oxygen. It has great affinity to combine with organic ligands. Many copper 
proteins function as enzymes and electron carriers catalyzing oxidation- 
reduction reactions in cellular metabolism. As a constituent of cytochrome 
c oxidase, copper functions as a terminal component of the mitochondria1 
electron transport system. The blue copper protein plastocyanin functions 
as single electron carrier during photosynthetic electron transport. A similar 
copper protein phytocyanin has been reported from cucumber seeds (Guss 
et al. 1996). Copper is also involved in the detoxification of superoxide 
radicals, lignification of plant cell walls and in pollen fertility. 

4.2 UPTAKE, TRANSPORT, DISTRIBUTION 

Plants take up copper as Cu+, to which state it is reduced by plasmalemma- 
bound cupric reductases (Hasset and Kosman, 1995; Georgatsou et al. 
1997). This possibly involves the same plasma merr~brane reductase system, 
which carries out the reduction of Fe3+ (Welch et al. 1993; Cohen et al. 
1997). Cohen et al. (1997) have shown enhanced induction of root cell 
plasma membrane ferric reductase and acidification of the rooting medium 
in response to copper deficiency. Rornheld (1991) has suggested a role of 
phytosiderophores in copper uptake by graminaceous plants. 

Copper uptake is an active process, with specific transporter proteins 
mediating transport across the plasmalemma (Fox and Guerinot, 1998). 
Kampfenkel et al. (1995) isolated a putative copper transporter COPT1 



which showed high sequence similarity to yeast gene CTR2 that encodes a 
low-efficiency copper transporter, and complements the copper-uptake defect 
in yeast mutants. COPT1 is reported to be expressed in leaves, stem and 
flowers but not in roots (Kampfenkel et al. 1995). Recently Sancefion et al. 
(2003) have identified five putative copper transporters COPT1, COPT2, 
COPT3, COPT4 and COPT5 from Arabidopsis. The COPT 1-5 transcripts were 
detected in leaf, stem, flowers and also roots but their abundance differed in 
different plant parts. COPTI, 2, 3, and 5, more so COPTI, and COPT2, 
functionally complemented high-affinity copper transport yeast mutant and 
were downregulated under copper excess (Sancefion et al. 2003). 

Long-distance transport of Cu2+ takes place in the form of copper complex 
with some amino acids (Loneragan, 1981). In soybean, copper transport 
mostly takes place as a complex with asparagine and histidine and in 
tomato as a complex with histidine, asparagine and glutamic acid (White 
et al. 1981; Loneragan, 1981). Both xylem and phloem mobility of copper is 
low (Hocking, 1980) and influenced by copper status of plants. Movement 
of copper from leaves to the developing grains is severely limited under 
copper deficiency (Loneragan, 1981). In the common vetch, during the pod 
filling stage, very little copper is translocated from the leaves into the seeds 
(Caballero et al. 1996). Fox and Guerinot (1998) have suggested the 
possibility of functioning of multiple copper trafficking pathways for 
delivery of copper to its different functional sites. Several intracellular metal 
transport proteins, known as metallochaperones, have been shown to be 
involved in the intracellular transport of copper. The copper-haperone 
proteins are involved in the transport of Cu+ ions from the cytoplasm to the 
functional sites at which it is incorporated into the functional proteins, e.g. 
Cu-Zn SOD (Huffman and 0' Halloran, 2001). 

4.3 ROLE IN PLANTS 

4.3.1. Enzyme action 

Copper is cofactor of a number of plant oxidases including mixed function 
oxygenases, that cause reduction of one atom of molecular oxygen (02) to 
water ana utilize the other atom for oxygenation or hydroxylation of 
substrates (e.g. the phenolase complex). The active centre of the copper 
enzymes contains the metal in different oxidation states - Cu2+ (type 1 and 
type 2), Cu+ (type 3) or both. Copper is also involved as a cofactor in some 
multimetal enzymes, such as superoxide dismutase and cytochrome c 
oxidase. 

In the recent past, the incorporation of copper ions into enzyme proteins 
such as cytochrome c oxidase and Cu-Zn superoxide dismutase, has been 
a subject of active investigations. Using the yeast model, a new family of 
soluble metal receptor proteins, termed copper metallochaperones, have 



been shown to function in the delivery of copper to the Cu-proteins. They 
function in a chaperone like manner, guiding the copper ion to the target 
proteins, offering protection from other copper-binding sites (Lippard, 1999; 
Rae et al. 1999; O'Halloran and Culotta, 2000). 

ASCORBATE OXIDASE (EC 1.10.3.3) 
Ascorbate oxidase is a dimeric blue copper protein. Eight copper ions (Cu2+) 
are bound mol-I enzyme proteins. The enzyme catalyzes the 
dehydrogenation of ascorbate (the ionized form of ascorbic acid) to 
dehydroascorbate, coupled to the four-electron reduction of molecular 
oxygen to water: 

2L Ascorbate + O2 -+ 2Dehydroascorbate + 2H20 

The reaction involves a valency change (Cu2+ Cut), and is catalyzed 
in two successive one-electron reactions involving mono-dehydroascorbate 
as an intermediate. The enzyme is of wide occurrence in cell walls and 
cytoplasm of plant cells. 

CATECHOL OXIDASE (EC 1.10.3.1) 
Catechol oxidase, typifying polyphenol oxidases or phenolases, is a copper 
protein. It contains four copper ions mol-'. The enzyme catalyzes the 
oxidation of o - or p - diphenols to quinones coupled to the reduction of 
molecular oxygen to water. 

20-diphenol + O2 -C 20-quinone + 2H20 

Polyphenol oxidases are important for secondary metabolism of plants. 
They are involved in flavonoid metabolism and biosynthesis of lignin and 
alkaloids. They also account for the formation of melanotic substances 
produced on the cut (wounded) surfaces of fruits and of phytoalexins that 
inhibit fungal growth. 

LACCASE (EC 1.10.3.2) 
Laccase (p-diphenol oxidase), first isolated from latex of Japanese lac tree, 
is a copper enzyme. It contains four copper ions of mixed valency states 
(Cu2+ Cut) per mole' and catalyzes the oxidation of p-diphenols to p- 
quinones. Catalysis involves a free radical mechanism, coupled with the 
reduction of molecular oxygen to water. 

2p-diphenol + 0, -+ 2p-quinone + 2H20 

Laccase can also catalyze coupling reactions of monolignols (using O2 
instead of H202 as the electron acceptor), leading to lignin biosynthesis. It 
is also possibly involved in the synthesis of chloroplastic quinone 
(plastoquinone) involved in PS I1 electron transport (Ayala et al. 1992). 

TYROSINASE (EC 1.14.18.1) 
First identified in mushrooms, but widely distributed in plants, tyrosinase 
typifies a mixed function monophenol monoxygenase, in which one oxygen 



atom from molecular oxygen is incorporated in the substrate (tyrosine), 
and the other is reduced to water. The enzyme contains four copper ions 
mol-I and is involved in the conversion of tyrosine (or o-monophenol) to 
dopa-quinone in a two-step reaction. In the first reaction (cresolase), the 
enzyme catalyzes the hydroxylation of tyrosine to 3,4 
dihydroxyphenylalanine (DOPA). The second reaction (catecholase) involves 
the oxidation of dopa-quinone, coupled with the reduction of molecular 
oxygen to water. The overall reaction can be summarized as: 

Tyrosine + dihydroxyphenylalanine + 0, + 

Dihydroxyphenylalanine + DOPA-quinone + H20  

Unlike the animal tyrosinase, which is relatively specific for L-tyrosine 
and dihydroxy-L-phenylalanine (dopa), the plant enzyme acts upon a large 
variety of monophenols. 

DIAMINE OXIDASE (1.4.3.6.) 
Copper is an intrinsic constituent of certain diamine oxidases (DAO). They 
catalyze the oxidative deamination of several biologically active amines 
(e.g. putrescine, cadaverine) with the production of the corresponding 
aminoaldehydes, ammonia and hydrogen peroxide. 

RCH,NH, + 0, + H,O + RCHO + NH, + H,O, 

Copper amine oxidases are of common occurrence in leguminous plants 
during early stages of growth (Walker and Webb, 1981; Laurenzi et al. 
2001). They are suggested to play a role in regulating the H202 supply for 
peroxidase activity involved in lignin/suberin synthesis. Since H202 is 
cytotoxic to pathogens and activates the defence genes (Lamb and Dixon, 
1997), enhanced production of H20, resulting from activation of Cu amine 
oxidase may contribute to defence against pathogens (Rea et al. 2002). 

SUPEROXIDE DISMUTASE (EC 1.15.1.1) 
The chloroplastic superoxide dismutase (Cu-Zn SOD) is a homodimer, the 
active site of which contains one atom each of copper (Cu2+) and zinc 
(Zn2+) in each subunit. The enzyme carries out the disproportionation of 
the superoxide ions (0,) to hydrogen peroxide (H,O,) and oxygen (0,). 

Cu-Zn SOD offers protection against damage from reactive oxygen 
species (ROS) produced as a result of univalent reduction (photoreduction) 
of dioxygen (0,) in PS I. Through use of rapid freezing and substitution 
method, followed by innmuno-gold labeling, Ogawa et al. (1995) have 
shown that in spinach leaf chloroplasts a large proportion of Cu-Zn SOD 
is attached to the stromal faces of the thylakoids, close to the PS I complex. 
The proximity of the enzyme to the site of superoxide generation enables 



rapid disproportionation of the superoxide ions to H202. Ascorbate 
peroxidase (APX), which is also bound to the thylakoids in vicinity of the 
PS I (Miyake et al. 1993), catalyzes the ascorbate based reduction of H202 
to water before it can diffuse into the stroma and cause damage to the 
enzymes of the CO, fixation cycle. It has also been shown that 
monodehydroascorbate resulting from APX catalyzed oxidation of ascorbate 
is photoreduced to regenerate ascorbate by the photoreduced ferredoxin in 
the thylakoids (Miyake and Asada, 1994). 

CYTOCHROME c OXIDASE (EC 1.9.3.1) 
Cytochrome c oxidase (COX) is a multimetal enzyme protein. Three Cu+ 
ions and two haem molecules constitute the metal cofactors of the enzyme. 
It catalyze the reduction of molecular oxygen (02) to H20 in the terminal 
step of the mitochondria1 electron transport. Cytochrome c oxidase also 
functions as a proton pump. 

4 Cytochrome c ( ~ ~ ~ )  + 4H+ + O2 + 4 Cytochrome c(,,) + 2H20 

OTHER COPPER ENZYMES 
The nitrite and nitrous oxide reductases of denitrifying bacteria have copper 
and haem cofactors. 

4.3.2 Copper Proteins 

Copper is a constituent of several intensely blue copper proteins such as 
plastocyanin (Fig. 4.1), which functions as single electron carriers protein. 

Plastocyanin 
Plastocyanin is a low molecular-mass (11 kDa) blue copper protein 
universally present in chloroplasts of green plants. More than 50% of the 
chloroplast copper is bound to this soluble protein. Localized in the lumen 
of the thylakoid membrane, plastocyanin functions as a mobile electron 
carrier, linking photosystems 11 to photosystem I. It accepts an electron 
from the cytochrome b,f complex and rapidly donates it to PS 1 (P700), 
which functions as a light-dependent plastocyanin-ferredoxin 
oxidoreductase. 

Cu metallothioneins, Phytochelatins 
Free ionic copper may bind to low molecular weight proteins in order to 
form Cu-thioneins (six Cu2+ ions mol-I). Copper ions may also bind to. 
polypeptides to form Cu-chelatins. Chelation of copper with thioneins and 
chelatins provides an effective method for reducing its free (ionic) 
concentration in the cytoplasm under conditions of copper overload. 

4.3.3 Photosynthesis 

Copper is involved in the structural organization of PS I1 (Baron et al. 
1990). As a metal constituent of plastocyanin, copper plays a key role in 
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Fig 4.1. Structure of Plastocyanin. The copper atom is liganded to the side chains of the 
two His residue, a Cys residue and a Met residue in a distorted tetrahedral manner. 
(Reprinted, with permission, from Biochemistry. JM Berg, JL Tymoczko, L Stryer, eds 
02002 W.H. Freeman and company). 

linking PS I1 and PS I and their cooperative functioning in non-cyclic 
transport of electrons from water to NADP. Plastocyanin accepts electrons 
from the cytochrome b,f complex and donates them to PS I, which then 
transfers them to ferredoxin, enabling it to function as a strong reductant 
(mid point potential -420 mV), capable of reducing NADPt. Plastocyanin 
activity is also involved in cyclic transport of electrons associated with PS 
I mediated ATP production. 

Besides its role as a constituent of plastocyanin, copper bound to some 
polypeptides functions in the maintenance of the lipid environment 
favouring the movement of plastoquinone molecules during PS 11 electron 
transport (Droppa et al. 1984,1987; Baron et al. 1995; Maksymiec, 1997). 

4.4 DEFICIENCY RESPONSES 

4.4.1 Visible symptoms 
Copper deficiency effects appear first in young, emerging leaves. Symptoms 
generally initiate as deformation of leaves and cessation of apical growth, 
followed by development of lateral buds. Symptoms vary with leaf 
morphology. In grarn.jnaceous plants, the youngest leaf fails of unroll and 
appears needle like. The apical part of the sub-te&al leaves also turn 
severely chlorotic, withered and twisted. The lower half of these leaves 



and the old leaves remain apparently normal or turn dark bluish-green. 
In general, winter cereals like wheat and barley are more sensitive to 
copper deficiency then the summer crops like maize and sorghum. Copper 
deficient plants of wheat show profuse tillering, but the tillers remain 
unproductive and develop symptoms similar to the main shoot. The stem 
remains slender and upright. Most broad-leaved vegetable crops (cowpea, 
aubergine) show fine mottling of intervenal areas, rolling of leaf margins 
and malformations of young leaves. The mottled areas later develop into 
necrotic patches, particularly along the veins and leaf margins. Leaves of 
copper-deficient plants often give a wilted appearance, which is attributed 
to copper involvement in lignification (Rahimi and Bussler, 1973 b; 
Hopmans, 1990). 

In fruit trees, common symptoms of copper deficiency include severe 
reduction in size and chlorotic mottling of young leaves and marginal 
scorching of the subterminal (upper middle) leaves. In citrus and deciduous 
fruit trees, copper deficiency had earlier been described as 'exanthema' or 
'die-back'. Spring shoots of Cu-deficient citrus plants appear S shaped 
and produce abnormally large dark green leaves. Later, these leaves turn 
chlorotic. Subterminal leaves of the apical shoots develop yellow patches 
with a diffused outline. 

4.4.2 Enzyme Activities 

Role of copper as a constituent of enzymes is reflected in a change in 
activities of enzymes in plants exposed to copper deficiency. Copper- 
deficient plants show a severe decrease in the activity of Cu-Zn SOD (Ayala 
and Sandmann, 1988; Tanaka et al. 1995; Yu et al. 1998). There are several 
reports of decrease in activity of phenolases in leaves of copper-deficient 
plants (Hewitt and Tatham, 1960; Davies et al. 1978; Judel, 1972; Walker 
and Loneragan, 1981; Marziah and Lam, 1987). In copper-deficient 
sunflower, decrease in phenolase activity is associated with increased 
accumulation of phenolic compounds (Judel, 1972). Walker and Loneragan 
(1981) showed decreased activity of polyphenol oxidase in subterranean 
clover leaves to be confined to young leaves, in which copper concentration 
was reduced to deficiency limits, and which exhibited visible symptoms of 
copper deficiency. Ascorbate oxidase is another copper enzyme, which is 
very sensitive to changes in copper concentration. Its activity shows a 
marked decrease under conditions of copper deficiency (Hewitt and Tatham, 
1960; Bar-Akiva et al. 1969; Loneragan et al. 1982; Delhaize et al. 1982; 
Nautiyal et al. 1999). Nautiyal et al. (1999) reported close correspondence 
between the level of copper supply, ranging from deficiency to sufficiency, 
and the activities of ascorbate oxidase and polyphenol oxidase. In view of 
the close correlation between leaf tissue concentration and ascorbate 
oxidase activity, ascorbic oxidase has been suggested as a biochemical 



parameter to diagnose copper deficiency (Bar-Akiva et al. 1969; Delhaize et 
al. 1982). Activity of copper amine oxidase also shows a close 
correspondence with the level of copper supply (Delhaize et al. 1986). 
Bligny and Douce (1977) reported a marked decrease in cytochrome c 
oxidase activity in mitochondria1 preparations of copper-deficient cells of 
Acer pseudoplatanus, with little effect on the respiratory rate. Their findings 
suggest a possible shift to alternative oxidase pathway in response to copper 
deficiency stress when cytochrome oxidase may be limiting due to low 
level of cellular copper. 

Copper deficiency also alters the activities of several enzymes which 
have no specific requirement of copper. Hewitt and Tatham (1960) reported 
a marked increase in the activities of peroxidase, acid phosphatase and 
isocitrate dehydrogenase in leaves of copper-deficient tomato plants. 
Activities of peroxidase and IAA oxidase are also reported to be enhanced 
under copper-deficiency (Davies et al. 1978). 

4.4.3 Photosynthesis 

Copper deficiency results in decreased photosynthetic activity (Spencer 
and Possingham, 1960; Botrill et al. 1970; Barr and Crane, 1974; Horvath et 
al. 1983; Casimiro et al. 1990; Ayala et al. 1992; Pandey and Sharma, 1996). 
The most obvious cause of this is a decrease in photosynthetic electron 
transport activity (Baszynski et al. 1978; Droppa et al. 1984; Casimiro et al. 
1990). While activities of both PS I1 and PS I are inhibited, the effect is more 
pronounced on PS I. Fluorescence measurements on intact flag leaves of 
wheat plants show more severe inhibition of PS I activity than that of PS 11, 
with associated decrease in PS I / PS I1 activity ratio. This reconciles with 
the role of copper as a constituent of plastocyanin, which couples the 
transfer of electrons from the cytochrome complex of PS I1 to the PS I reaction 
centre (Katoh, 1977; Sandmann et al. 1983). In some algae and 
cyanobacteria. synthesis of plastocyanin is dependent on the availability 
of copper (Merchant and Dreyfuss, 1998). Under copper starvation, 
Chlamydodomonas reinhardtii synthesizes a haem protein-cytochrome c ,  which 
substitutes for plastocyanin to function as carrier of electrons from the 
cytochrome complex of PS I1 to PS I reaction centres (Merchant and Dreyfuss, 
1998). Shikanai et al. (2003) suggested that under conditions of copper 
deficiency, plastocyanin-mediated electron transport and chloroplastic Cu- 
Zn SOD activity may suffer a loss because of limited availability of copper 
within the chloroplast. Based on characterization of six Arabidopsis mutants 
defective in PAA I gene, Shikanai et al. (2003) have concluded that the 
Arabidopsis gene PAA I encodes a P-type ATPase (PAA I), which mediates 
the transport of copper across the plastid envelope. Inspite of adequate leaf 
tissue copper, the chloroplastic concentration of copper in the paa 1-1 
mutant may not be enough to meet the cofactor requirements of plastocyanin 



and Cu-Zn SOD. The electron transport defect of paa 1-1, evident under 
copper deficiency (< 1pM Cu), could be suppressed on elevating the level 
of copper supply (10 pM Cu). 

Copper deficiency may also contribute to decreased photosynthetic 
activity because of its effect on chloroplast organization, photosynthetic 
pigments and leaf CO, conductance. Photosynthetic electron transport may 
be inhibited due to copper deficiency effect on the plastoquinone content of 
the thylakoids (Droppa et al. 1987; Horvath et al. 1987), possibly because 
of copper involvement in polyphenol oxidase, which contributes to synthesis 
of quinones. Droppa et al. (1984) reported that copper is involved in the 
synthesis of polypeptides that contribute to the fluidity of the chloroplast 
membranes and provide a proper lipid environment for plastoquinone- 
mediated electron transfer. Droppa et al. (1989) and Baron et al. (1993) 
have attributed low rates of PS I1 electron transport in Cu-deficient plants 
to Cu-deficiency induced changes in lipid composition of the thylakoid 
membranes. The thylakoid lipids of the Cu-deficient plants contain high 
levels of unsaturated fatty acids, causing impairment in PS I1 electron 
transport. 

Copper-deficient plants showed ultrastructural changes in the 
chloroplasts (Baszynski et al. 1978; Henriques, 1989; Casimiro, 1990). 
Transmission electron microscope examination of flag leaf chloroplast 
ultrastructure in copper-deficient wheat plants (Casimiro et al. 1990) show 
disorganization of the thylakoids at the level of grana. While chloroplasts 
of copper-sufficient plants show well-structured grana and intergrana, the 
copper-deficient chloroplasts exhibit disorganized and swollen thylakoids. 
Copper-deficient plants also show a decrease in the concentration of 
photosynthetic pigments (Baszynski et al. 1978; Horvath et a1.1983; 
Henriques, 1989; Pandey and Sharma, 2002a). Copper deficiency induced 
decrease in chlorophyll content (Casimiro et al. 1990; Pandey and Sharma, 
2002a) may not be limiting for photosynthesis during early stages of 
deficiency, but prolonged and acute deficiency of copper causes substantial 
loss of photochemical activity of chloroplasts (Pandey and Sharma, 1996). 

Decrease in leaf conductance of CO, in copper-deficient plants (Casimiro, 
1987; Pandey and Sharma, 1996,2002a) may lower the CO, concentration 
in mesophyll cells to levels that may further affect photosynthetic efficiency. 
Pandey and Sharma (1996) showed that restoration of adequate supply of 
copper to safflower (Carthamus tinctorius) plants reversed the decrease in 
both leaf conductance and rate of photosynthesis. (Table 4.1) 

4.4.4 Carbohydrates 

Copper deficiency affects the leaf tissue concentration of soluble 
carbohydrates but the increase or decrease changes with the stage of plant 
development (Graham, 1980). During the vegetative phase, copper-deficient 



Table 4.1. Copper effect on leaf conductance, photosynthesis and transpiration in 
safflower (Carthamus tinctorius) leaves 

Plant copper status 
Cu- Cu- Cu- 

sufficient deficient resupplied 

Tissue copper (pg g-I dry wt.) 8.0 3.4 5 .1  

Stomata1 conductance (m mol m-2s-') 3.83 1.54 2.73 

Intercellular CO, (pg 1.') 3.50 3.19 4.24 

Hill activity (DC PIP reduced mg-I chl.) 1.24 0.49 0.61 

Photosynthetic rate (p mol CO, m2 s-') 5.89 3.91 4.08 

Transpiration rate (pg-I c,-* s-I) 6.99 2.48 4.40 

(After Pandey and Sharma, 1996) 

plants show decreased concentration of soluble sugars (Brown and Clark, 
1977; Mizuno et al. 1982), which is in consonance with low rates of 
photosynthesis under copper deficiency (Casimiro et al. 1990; Ayala et al. 
1992). Copper deficiency response during the reproductive phase may be 
just the opposite, at least in cereal crops, where developing grains form the 
dominant sink for carbohydrates and the sink capacity is severely limited 
by copper deficiency (Section 4.4.7). In wheat plants, wherein setting of 
seeds is severely limited by copper deficiency, flag leaf shows high 
accumulation of soluble carbohydrates (Graham, 1980). Development of 
many non-productive tillers during the reproductive phase of the copper- 
deficient plants has been attributed to utilization of the accumulated 
carbohydrates for renewed vegetative growth. 

4.4.5 Phenolics, Lignification 

Leaves of copper-deficient plants show increased accumulation of phenolic 
substances (Judel, 1972; Adams et al. 1975; Robson et al. 1981). Judel (1972) 
reported that increased accumulation of phenolic compounds in leaves of 
copper-deficient sunflower plants is associated with a concomitant decrease 
in the activity of polyphenol oxidase, which catalyzes the oxidation of 
phenolic compounds. Robson et al. (1981) made a study of the phenolic 
constituents of young leaves of wheat plants subjected to and recovering 
from copper deficiency. Copper deficiency caused an increase in the 
concentration of phenolic acids including ferulic acid, but decreased the 
concentration of p-coumaric acid. The former was attributed to their limited 
polymerization to form lignins, possibly because of decrease in laccase 
activity. In wheat, copper deficiency reduces lignification and thickening 
of cell walls of xylem elements, fibres and epidermal cells (Schutte and 
Mathews, 1969). Histochemical localization of lignin (using acidic 



phloroglucinol) revealed poor lignification of xylem vessels under copper 
deficiency (Rahimi and Bussler, 197313). The wilted appearance of young 
leaves of well-watered but copper-deficient plants is attributed to poor 
lignification of the cell walls (Rahimi and Bussler, 1973a) and so is the 
case with the failure of rupture of the anthers of copper-deficient plants 
along the stamina (Dell, 1981). 

4.4.6. Stress Disposition 

As a constituent of Cu-Zn superoxide dismutase, copper functions in the 
disproportionation of superoxide (0;) ions. Localized close to the PS I 
complex (Ogawa et al. 1995), Cu-Zn SOD catalyzes rapid dismutation of 
the superoxide ions to generate hydrogen peroxide (H20,) and molecular 
oxygen (02). Decrease in Cu-Zn SOD activity resulting from inadequate 
supply of copper weakens the antioxidant defence system of plants, making 
them susceptible to oxidative damage. 

Copper involvement in tissue lignification (Graham and Webb, 1991) 
contributes to a protective role of copper against pathogenic infections 
(Graham, 1983). Decrease in lignin content in epidermal cells reduces the 
resistance to penetration of the pathogenic organisms and makes copper 
deficient plants more vulnerable to pathogenic infections. Copper deficiency 
makes wheat plants susceptible to take-all. Soil application of copper 
suppresses the infection. Protection against pathogens may also be provided 
through enhanced generation of reactive oxygen species, which are cytotoxic 
to the pathogen and also activates the defense mechanism of the host (Lamb 
and Dixon, 1997). Rea et al. (1998, 2002) have shown a role of the copper 
diamine oxidases in activation of defense mechanism of plants. In chickpea, 
wounding and pathogenic infection (Ascochyta mbiei) activate copper amine 
oxidase leading to enhanced production of H202, which contributes to the 
defense mechanism of the host (Lamb and Dixon, 1997). 

4.4.7 Reproductive Development 

Copper is involved in plant reproductive development in more than one 
way. Copper deficiency leads to delayed flowering and a reduction in the 
number of flowers (Graves and Sutcliffe, 1974; Davies et al. 1978; Reuter et 
al. 1981; Pandey and Sharma, 2002a). The latter can often be attributed to 
decrease in the number of flowering shoots. In cotton, where flowers are 
borne on the tertiary branches, flowering is drastically reduced because of 
failure of emergence of these branches in plants deprived of adequate copper 
supply (Pandey and Sharma, 2002a). Resupply of copper to copper-deficient 
plants during vegetative phase initiates renewed growth including 
development of tertiary branches, which contributes to an increase in the 
number of flowers. One of the reasons for delayed flowering of copper- 
deficient plants (Davies et al. 1978; Reuter et al. 1981) has been attributed 



to a decrease in the activity of polyphenol oxidase, leading to increased 
accumulation of phenolics, and IAA oxidase and peroxidases, causing the 
accumulation of IAA to levels that may become inhibitory to flowering. 

Higher concentration of copper in anthers and ovaries than in other 
floral parts (Knight et al. 1973) suggests copper involvement in development 
of reproductive parts. Inadequate supply of copper limits the size of anthers 
(Graham, 1975; Agarwala et al. 1980; Dell, 1981) and prevents their 
dehiscence (Dell, 1981). Failure of anther dehiscence in copper-deficient 
plants is attributed to poor lignification of anther cell walls, which is critical 
for the rupture of stamina and, thus, release of pollen grains. 

The anthers of copper-deficient plants show a non-functional tapetum 
(Jewell, 1988). Instead of supplying nutrients to the developing pollen 
grains, the tapetum becomes expansionary. Copper-deficient plants of 
durum wheat are reported to show abnormal (polyploid) pollen grains 
(Azouaou and Souvrk, 1993). In copper-deficient wheat plants, the number 
and size of pollen grains is severely restricted, pollen grains lack dense 
cytoplasmic contents, appear deflated and lack fertility (Graham, 1975; 
Agarwala et al. 1980). The pollen grains of copper-deficient plants lack the 
high starch content that is characteristic of normal, viable pollen grains 
(Agarwala et al. 1980; Jewell et al. 1988). In vitro germination of copper- 
deficient pollen grains is severely limited (Agarwala et al. 1980). Pandey 
et al. (1995a) followed ultrastructural changes in pollen grains of green 
gram following copper deprivation and resupply. Copper deficiency caused 
a decrease in the size and pore diameter of pollen grains and increase in 
the thickness of exine. The exine architecture was also altered. The muri 
were thick and with undulated walls and the baculae showed pilate 
projections. In the pollen grains produced following resupply of Cu, the 
ultrastructural changes were minimized and germination percentage was 
increased. Cross-pollination studies by Graham (1975) showed that 
decreased seed setting in copper-deficient wheat plants is a function of 
male sterility (and not ovule sterility). Pollination of copper-sufficient plants 
with pollen grains of copper-deficient plants limited the number of grains 
headm1 to just 2, as against 47 in copper-deficient plants fertilized with 
pollen grains of copper-sufficient plants (Graham, 1975). Role of copper in 
rnicrosporogenesis and pollen fertility offers an explanation for more severe 
reduction in reproductive (seed) yield than dry matter production by 
copper-deficient plants (Brown et al. 1972; Graham, 1975). Copper also 
affects the maturation and quality of seeds (Nautiyal and Chatte rjee, 1999; 
Nautiyal et al. 1999). Copper-deficient rice plants are reported to show 
increased activities of invertase and amylase during the grain filling stage 
and decrease in seed reserves of starch, soluble sugars and protein 
(Nautiyal et al. 1999). 



4.4.8 Water Relations 

Copper status of plants affects water relations parameters (Graham, 1976; 
Sharma and Sharma, 1987; Pandey and Sharma, 1996, 2002a). Leaves of 
copper-deficient plants of safflower have low stomata1 conductance 
associated with low rates of transpiration and these changes are largely 
reversed on elevating copper supply from deficiency to sufficiency (Fig. 
4.1). 



CHAPTER 5 

ZINC 

5.1 GENERAL 

Zinc is essential for all organisms. It is a group I1 b metal, with a completed 
d subshell and two additional s electrons. Thus, unlike other cationic 
micronutrients, it has only one oxidation state (Zn2+). Zinc plays a structural 
as well as functional role in plants. It forms a structural component of a 
large number of proteins with catalytic or regulatory functions. Usually, 
the Zn2+ ion binds to nitrogen or sulphur-containing ligands through ionic 
bonds, forming a tetrahedral geometry. Over three hundred enzymes are 
known to contain Zn as a cofactor (Valee and Auld, 1990). By providing 
stability to many regulatory proteins, or domains thereof (zinc fingers, zinc 
clusters and RING finger domains), zinc plays a role in transcriptional 
regulation (Coleman, 1992). Zinc may chelate with polypeptides, 
synthesized in response to excessive accumulation of heavy metals 
(including itself), to form metallopolypeptides like phytochelatins and 
metallothioneins and contribute to tolerance mechanisms against metal 
hyperaccumulation. Over the years, zinc has been shown to play critical 
roles in plant reproductive development, prevention of water stress and 
protection against toxic effects of reactive oxygen species. 

5.2. UPTAKE, TRANSPORT, DISTRIBUTION 

Zinc is largely taken up by plants in the ionic form, as free Zn2+. Studies 
based on root uptake of Zn2+ by certain graminaceous species grown over 
a wide range of Zn concentrations in solution cultures (Chaudhry and 
Loneragan, 1978; Veltrup, 1978; Mullins and Sommers, 1986) showed zn2+ 
uptake to be concentration-dependent and saturable, which implied its 
carrier-mediated transport. Measurement of Zn2+ influx from chelated 
buffered solutions, in which zn2+ activity was maintained close to the 
concentrations found in soil solution in most agricultural soils, lent support 



to carrier-mediated transport of Zn2+ (Norvell and Welch, 1993; Hart et al. 
1998). Hart et al. (1998) showed Zn2+ uptake by wheat seedlings to be 
concentration dependent, with smooth saturating curves characteristics of 
carrier-mediated transport. Uptake was also shown to be inhibited by low 
temperatures indicating dependence on active metabolism. Zinc uptake 
measurements, using the Chara corellina model (Reid et al. 1996) showed a 
bi-phasic pattern of uptake, which showed that Zn2+ uptake was mediated 
by two separate systems-a high-affinity system that saturated at 100 nm 
and a low-affinity system that showed a linear dependence on 
concentrations upto at least 50 mM. Strong evidence in support of 
involvement of both a low concentration-high affinity system and a high 
concentration-low affinity system in Zn2+ uptake has come from short- 
term measurement of 65~n2+up take  by wheat cultivars grown 
hydroponically at zinc concentrations ranging from 0.1 nM to 80 mM 
(Hakisalhoglu et al. 2001). According to Hakisalihoglu et al. (2001), the 
high-affinity transport system forms the predominant mechanism for Zn2+ 
uptake from soils, in which Zn2+concentration in the soil solution lies 
close to the lower limits of the nanomolor range (Welch, 1995). 

Phytosiderophores, involved in iron uptake by graminaceous plants, 
are also secreted by the plants in response to Zn-deficiency (Zhang et al. 
1989, 1991a; Walter et al. 1994; Cakrnak et al. 1994, 1996; Rengel 1997; 
Rengel et al. 1998; Hopkins, 1998). Reported ability of phytosidophores to 
mobilize not only iron but also zinc from calcareous soils (Treebly et al. 
1989) suggested their possible involvement in mobilization and uptake of 
zinc under Zn-deficiency conditions. Evidence for a role of 
phytosiderophores in enhancing Zn mobilization and uptake came for the 
studies reported by Zhang (1999a) and Von Wiren et al. (1996) and reports 
of a positive relationship between the ability of wheat genotypes to secrete 
phytosiderophores and their zinc efficiency (Walter et al. 1994; Cakmak et 
al. 1994,1996). Hopkins et al. (1998) attributed the differences in tolerance 
of sorghum, wheat and corn to Zn deficiency to the ability of their roots to 
release phytosiderophores under conditions of zinc deficiency. When Zn 
supply was limiting, release of phytosiderophores by roots followed the 
order wheat> sorghum >corn, which corresponded to their tolerance to Zn 
deficiency (Hopkins et al. 1998). Doubts have, however, been raised about 
release of phytosiderophores by roots of graminaceous plants as a 
mechanism for enhanced mobilization and uptake of Zn in response to Zn 
deficiency. Erenoglu et al. (1996) did not find any positive relationship 
between Zn efficiency of bread wheat genotypes and the capacity of their 
roots to secrete phytosiderophores. According to Rengel (1998), enhanced 
secretion of phytosiderophores under Zn deficiency is possibly caused by 
Zn-deficiency induced impairment in iron transport resulting in its 
deficiency, which activates the secretion of the phytosiderophores. 



Several transporters belonging to the ZIP (ZRT-IRT-like proteins) 
(Guerinot, 2000) and the CDF (cation diffusion facilitator) family (Williams 
et al. 2000) have been recently suggested to be involved in transport of 
zinc. Four ZIP transporter genes, ZlP1,2,3 and 4, have been isolated from 
Arabidopsis (Grotz et al. 1998; Guerinot, 2000). ZIPl, 2,3 and 4 are expressed 
in roots of zinc-deficient plants. ZIP4 is also expressed in shoots and is 
predicted to have a chloroplast-targeting sequence. Expression of ZIP1, 
ZlP2, and ZIP3 genes of Arabidopsis in zinc-defective yeast mutant zrtl zrt2 
has been shown to restore growth limitation due to zinc-deficiency. Another 
zinc transporter gene ZNTl has been cloned from Zn/Cd accumulator 
plant Thalspi caerulescens (Lasat et al. 2000; Assuncao et al. 2001). The Tc 
ZNTl is a ZIP gene homologue and expressed at high levels in both roots 
and shoots (Assunczo et al. 2001). In the non-hyperaccumulator species 
T.arvense, TcZNTl, and another ZIP gene homologoue ZNT2, are expressed 
at much lower levels and only in response to zinc deficiency (Lasat et al. 
2000; Assunciio et al. 2001). Another member of the ZIP family Gm ZlPl, 
isolated from soybean, has recently been shown to functionally complement 
the zrtl/zrt2 mutant of yeast (Moreau et al. 2002). It has been reported that 
Gm ZIP1 is highly selective for zinc and is expressed only in root nodules, 
where it is largely localized to the peribacterial membrane, suggesting its 
possible role in symbiosis (Moreau et al. 2002). 

Van der Zaal et al. (1999) have characterized a cation diffusion facilitator 
family transporter ZAT from Arabidopsis and showed that it functions in 
zinc transport under condition of zinc excess. At ZAT is constitutively 
expressed throughout the plant. Its overexpression in transgenics exposed 
to zinc excess leads to increased accumulation of zinc. Var. der Zaal et al. 
(1999) have suggested that ZAT-mediated transport of zinc leads to 
vascular/vacuolar sequestration of zinc, contributing to zinc homeostasis 
and tolerance. 

Zinc is phloem mobile. Haslett et al. (2001) have shown that foliar 
application of zinc to wheat can provide sufficient zinc for meeting the 
requirements for vigourous vegetative growth. Zinc, supplied through 
leaves, was shown to be phloem translocated to different plant parts 
including roots. In wheat, sufficient amount of zinc (65Zn) has been shown 
to be translocated from leaves to the developing grains during the grain- 
filling period (Pearson and Rengel, 1994, 1996; Pearson et al. 1995). 
Transport to seeds has been shown to be influenced by zinc status of the 
mother plants (Pearson and Rengel, 1995a). Limitation in zinc transport 
under conditions of zinc deficiency could result from its possible binding 
to cellular metabolites, Zn enzymes and the exterior of the plasma membrane 
(Welch, 1995). 

Phloem transport of Zn takes place in the form of zinc complexes with 
organic acids such as citric and malic acids (White, 1981a,b) or 



nicotianamine (Stephan and Scholz, 1993; Schmidke and Stephan, 1995) 
Recent studies by Takahashi et al. (2003) suggest a role of nicotianamine in 
transport of zinc to floral parts and intracellular trafficking to sites where 
it is integrated in to the functional proteins. 

5.3 ROLE IN PLANTS 

5.3.1. Enzyme Action 

Zinc is a constituent of a multitude of enzymes (Valee and Auld, 1990; 
Valee and Falchuk, 1993; Berg and Shi, 1996). Since zinc has only one 
oxidation state (Zn2+)-unlike other metalloenzymes-Zn enzymes cannot 
function in oxidation-reduction reactions. In the Zn metalloproteins, the 
zinc ion binds to three-imidazole groups (Schiffs' base), with the fourth 
coordination position left free for interacting with the substrate. Generally, 
the fourth coordination site is bound to a water molecule that facilitates 
hydration or hydrolysis reactions and most zinc enzymes catalyse such 
reactions. 

CARBONIC ANHYDRASE (EC 4.2.1.1) 
Carbonic anhydrase (CA) contains zinc as an essential cofactor and is 
found in abundance in all living beings. Unlike the mammalian enzyme, 
which is a monomer, the plant enzyme can be a dimer, tetramer, hexamer 
or an octamer. Each subunit contains a single zinc atom, bound close to 
the active site to three imidazole rings of the histidine residues. The fourth 
coordination site is left free to react with the substrate. The enzyme catalyzes 
the reversible conversion of carbon dioxide to bicarbonate, which has high 
solubility in water. 

CO, + H20 HCO, + H+ 

Carbonic anhydrase is critical to photosynthesis in C4 plants, in which 
the first carboxylation reaction is catalyzed by phosphoenolpyruvate 
carboxylase (PEPCase), which uses bicarbonate as a substrate (O'Leary, 
1982). Unlike the C, plants, wherein CA is largely localized to mesophyll 
chloroplasts, in C4 plants CA is localized to the cytosol of the mesophyll 
cells, which is also the site for PEPCase-catalyzed carboxylation (Burnell 
and Hatch, 1988). An analysis of the CA activity (at in vitro CO, 
concentrations) and associated rates of photosynthesis, showed that even 
a small decrease in CA activity could result in such a large decrease in 
steady-state HCOi concentration, as could limit C4 photosynthesis (Hatch 
and Burnell, 1990). In C, plants, the role of CA in photosynthesis has been 
somewhat uncertain ( ~ t s u n o m i ~ a  and Muto, 1993). Randall and Bouma 
(1973) observed decreased CA activity with little effect on photosynthesis 
in zinc-deficient plants. Inhibition of CA activity did not cause a decrease 
in photosynthesis (Sasaki et al. 1998). 



SUPEROXIDE DISMUTASE (EC 1.1.1.2) 
The enzyme structure and catalytic function have been described in 
Chapter 4 (Section 4.3.1.). 

ALCOHOL DEHYDROGENASE (EC 1.1.1.2) 
Alcohol dehydrogenase contains two zinc atoms per molecule, one of which 
performs a structural and the other a catalytic function (Coleman, 1992) 
Alcohol dehydrogenase catalyzes the oxidation of acetaldehyde, formed 
by decarboxylation of PEP generated during glycolysis, to ethanol. 

Acetaldehyde + NADH , Ethanol + NAD+ 

Increased activity of alcohol dehydrogenase in response to anaerobic 
stress such as flooding enables the plant roots/tissues to temporarily meet 
the energy requirement from ethanolic fermentation (Gibbs and Greenway, 
2003; Ravichandran and Pathmanabhan, 2004). 
CARBOXYPEPTIDASE A (EC 3.4.17.1) 
Carboxypeptidase A is a zinc metalloenzyme that catalyzes the hydrolysis 
of peptide bond at the C-terminal end by activating a water molecule. 

Peptidyl-L-amino acid + H,O Peptide + amino acid 
Carboxypeptide A is widely distributed. The plant enzyme catalyzes the 
hydrolysis of reserve proteins of seeds. 

Other Zinc Enzymes 
Zinc is a cofactor of certain DNA-dependent RNA polymerases involved 
in transcription (Falchuk et al. 1977; Petranyl et al. 1978). Zinc is tightly 
bound to the enzyme protein and its removal results in enzyme inactivation. 
Petranyl et al. (1978) reported inactivation of wheat germ RNA polymerase 
I1 on removal of Zn from the enzyme protein. Strater et al. (1995) have 
described the crystal structure of a purple acid phosphatase from kidney 
bean which contains a dinuclear Fe (111)-Zn(I1) active site. 

There are several enzymes that are known to have a cofactor requirement 
of zinc in animals, fungi and bacteria but not in plants. Some of these are 
of wide occurrence in plants and their activities are inhibited under zinc 
deficiency. Common examples of such enzymes and the reactions catalyzed 
by them are: 

NAD+-Glutamate Dehydrogenase (EC 1.4.1 -2) 
L-Glutamate + NAD+ a-Ketoglutarate + NH4+ + NADH + Hi 

Aldolase (EC 4.1.2.13) 
Fructose-1,6-bisphosphate Dihydroxy acetone phosphate + 

D-Glyceraldehyde-3-phosphate 

ALA Dehydratase (EC4.2.1.24) 
GAminolevulinate Porphobilinogen 



H+-ATPase 
A plasma membrane H+-ATPase of corn roots has been shown to use 

zinc as the substrate and function as Zn-ATPase (Katrup et al. 1996). 

5.3.2 Zinc Finger Proteins 

Apart from being a constituent of zinc-metalloenzymes, zinc functions as a 
constituent of several regulatory proteins which interact with DNA and 
control gene expression. In the form of zinc finger, it forms a structural motif 
of the DNA-binding region of the transcriptional regulatory proteins (Berg 
and Shi, 1996). Originally recognized in transcription factor TF IIIA, involved 
in the transcription of 5s RNA by RNA Polymerase 111 genes in Xenopus, zinc 
finger motifs have been identified for several other transcription factors 
(Klug and Rhodes, 1987). The TF IIIA-type DNA binding proteins, also 
designated as the C2H2 or the classical zinc finger proteins, contain a Zn 
atom which is tetrahedrally coordinated to two Cys and two His residues 
to form a compact finger structure (Fig. 5.1). Structural studies over the past 
decade have shown that the TF IIIA-type Zn finger proteins of plants have 
two characteristic features, which distinguish them from other eukaryotic 
zinc figure proteins. First, the a - helix of the zinc finger, which makes contact 
with the major genome of DNA, contains a conserved amino acid sequence 
QALGGH; second, the adjacent fingers are separated by long spacers of 
diverse lengths, which recognize the spacing between the core sites of the 
target DNA (Takatsuji, 1999). The number of zinc fingers in a TF IIIA-type 
zinc finger protein range from one to four, with each additional finger 
resulting in increased specificity (Takatsuji, 1999; Laity et al. 2001). Some TF 
IIIA-type zinc finger proteins are involved both in protein-protein and 
protein-DNA interactions (Mackay and Crossby, 1988).. While some zinc 
fingers interact with proteins, others react with DNA. First to be identified 
in a DNA-binding protein of petunia (EPF, renamed ZPT2-I), (Takatsuji et 
al. 1992), several TF IIIA-type zinc finger proteins have been isolated 
and characterized from different plants species and shown to be implicated 
in floral organogenesis, leaf initiation, gametogenesis and stress 
responses (Takatsuji, 1999). The gene encoding a TF IIIA-type zinc finger 
protein SUPERMAN (SUP), isolated and characterized from Arabidopsis has 
been shown to control the cell division demarcating the boundary between 
the third and the fourth whorl of flowers and determine the stamen number 
and carpel development (Sakai et al. 1995). It is also involved in 
morphogenesis (Gaiser et al. 1995). Nakagwara et al. (2004) have 
described a SUP gene homologue from petunia (Ph SVP I ) ,  whose product 
also functions in morphogenesis of placenta, anther and connective tissues 
between the floral organs. More recently, Nakagwara et al. (2005) have 
described another zinc finger protein from petunia which structurally 
resembles SUP and designated it as LIF (for Lateral shoot-Inducing Factor). 



The LIF cDNA has been shown to be specifically expressed around the 
dormant axillary buds of transgenic petunia plants. Its over expressions 
induces axillary buds and dwarfed growth. The alterations in plant forms 
are attributed to changes in the cytokinin metabolism. Nakagawa et al. 
(2005) haves suggested that controlled expression of LIF transgene can 
possibly be made use of in optimizing the extent and the pattern of shoot 
branching to increase the harvest yield of plants. 

Fig 5.1. Schematic diagram of zinc finger motifs. Each unit shows a Zn2+ ion tetrahedrally 
liganded to two Cys and two His residues. (Reprinted, with permission, from Biochemistry. 
D Voet, JG Voet, eds 02004 John Wiley & Sons. Inc). 

Yanagisawa (1995) have characterized a family of single zinc finger 
proteins, naked Dof (for DNA binding with one finger), from plants. In the 
Dof zinc finger protein, the zinc atom is coordinated to Cys residues only 
(C2C2), with the zinc finger domain containing a 52 amino acid stretch. 
The Dofs are suggested to function as transcriptional activators or repressors 
of tissue-specific and light-regulated gene expressions in plants 
(Yanagisawa and Sheen, 1998). 

Recently, transcription factors with zinc-finger binding domains have 
been designed and used for targeting specific DNA sequences of 
endogenous genes (Gum et al. 2002; Ordiz et al. 2002). Guan et al. (2002) 
designed a polydactyl zinc finger transcriptional factor that could target 
the Arabidiopsis gene APETALA 3 (AP 3) and induce a dramatic change in 
its expression. Another important biotechnological use to which zinc finger 



proteins have been put is the designing of zinc finger nucleases and using 
them for targeted mutagenesis (Lloyd et al. 2005). Zinc finger nucleases, 
synthesized by fusing non-specific DNA cleavage domains from Fok 1 
endonuclease with DNA-binding domains composed of three Cys-2 His-2 
fingers (Kim et al. 1996), make effective tools for targetted mutagenesis of 
plant genes (Lloyd et al. 2005). 

5.3.3 Membrane Integrity 

Bettger and O'Dell (1981) showed the importance of zinc in maintaining 
the structural integrity of biomembranes. Welch et al. (1982) were the first 
to suggest zinc involvement in the permeability of plant plasma membranes. 
They showed enhanced leakage of 32P and 36C1 from roots of wheat plants 
subjected to zinc deficiency. Resupply of zinc showed reversal of 
enhancement in leakage of the ions. Welch et al. (1982) concluded that 
deficiency of zinc makes the plasma membranes more leaky due to loss of 
structural integrity. Lindsay et al. (1989) suggested that zinc is involved in 
protection of the plasma membrane at its apoplasmic side. They opined 
that zinc reacts with negatively charged molecules of the membranes and 
contributes to their structural stability. Cakmak and Marschner (1988a) 
showed enhanced leakage of solutes (K', amino acids, sugars, phenolics) 
by roots of zinc-deficient plants of four different plant species, which could 
be reversed on resupply of zinc, a feature not shown by calcium that is 
known for its effect on membrane permeability. Plasma membrane vesicles 
isolated from roots of zinc-deficient plants also showed higher permeability 
(proton flux) than the vesicles isolated from roots of Zn-sufficient plants 
(Pinton et al. 1993). 

Effect of zinc deficiency in increasing membrane permeability resembles 
the effect induced by enhanced peroxidation of the membrane constituents 
(Van Ginkel and Sevanian, 1994). Zinc-deficient plants show decreased 
fatty acid content of the membranes. Effect on the concentration of 
unsaturated fatty acids and phospholipids (Cakmak and Marschner, 1988~) 
and that on reactive sulphydryl (-SH) groups is particularly marked (Welch 
and Norvell, 1993; Rengel, 199513). The decrease in the concentration of - 
SH groups under zinc deficiency is more in zinc-sensitive wheat cultivar 
Durati, than in tolerant cultivar Warigal, and is reversed on resupply of 
zinc (Rengel, 1995b). Zinc has been suggested to protect the -SH groups of 
plasma membrane proteins from oxidative damage. 

5.3.4 Anti Oxidant Activity 

There is increasing evidence for a protective role of zinc against oxidative 
stress (reviewed by Cakmak, 2000). Oxidative stress results from production 
of reactive oxygen species (ROS) in quantities in excess of what can be 
effectively detoxified by the plant's inherent antioxidant system. Zinc 



protects plants from oxidative damage in two ways: by preventing enhanced 
production of the ROS; and by their rapid detoxification. Zinc inhibits the 
accelerated production of ROS by inhibiting the activity of membrane bound 
NADPH oxidase, which catalyzes the production of superoxide ions. 

20, + 20, 
NADPH oxidase 

Bettger and O'Dell (1981) provided evidence of zinc involvement in 
protection of cellular membranes against peroxidative damage from 
NADPH-derived free radicals. Enhanced peroxidation of membrane lipids 
destabilizes the membranes and makes them more leaky. 

As a constituent of superoxide dismutase (Cu, Zn SOD), a key component 
of the inherent antioxidant defense mechanism of plants, zinc catalyzes 
rapid detoxification of superoxide ions by producing hydrogen peroxide, 
which can be taken care of by the other enzymatic components of the 
antioxidant system (e.g. catalase, ascorbate peroxidase). Accumulation of 
superoxide ions (0;) may lead to production of hydroxyl (OH') radicles 
(Haber-Weiss reaction), which are even more reactive than 0; and cause 
more severe damage to cellular membranes, nucleic acids and proteins. 

5.4 DEFICIENCY RESPONSES 

5.4.1 Visible Symptoms 

Zinc deficiency symptoms generally appear in subterminal leaves after 
apparently normal growth during the early stages. Zinc deficiency responses 
of plants are varied. Common symptoms, shared by most plants, include 
reduction in leaf size and condensation of shoot growth. Combination of 
the two is often reflected as the clustered or rosetted appearance of the 
terminal growths. Fading of lamina, intervenal chlorosis, often associated 
with development of reddish-brown or bronze tints, and a metallic sheen 
on leaves are other common symptoms of zinc-deficiency. In some crops, 
leaves of zinc-deficient plants exude a viscous fluid, which on drying, 
appears as salt incrustations on the leaf surfaces. Such a feature is possibly 
a result of damage caused to cell membranes (Section 5.3.3). Response of 
vegetable crops to zinc deficiency is varied. Beans and radish exhibit zinc 
deficiency in the form of intervenal chlorosis. The chlorotic leaf areas turn 
brown, papery and necrotic, ending up in disintegration of the lamina. 
Leaves of zinc-deficient plants of cabbage and cauliflower show thickening 
of laminae and a thick deposition of epicuticular wax. These leaves remain 
turgid, possibly because of restricted opening of stomata. Leaves of zinc- 
deficient tomato plants show epinasty and inward curling of lamina, 
resembling auxin deficiency response. The laminae also turn thick and 
brittle. Older leaves often develop brown or orange tints and turn necrotic. 



Amongst the cereal food crops, maize, rice and wheat are extremely 
sensitive to zinc deficiency. Symptoms initiate in fully expanded young 
leaves as fading of lamina and appearance of light brown necrotic lesions 
some distance away from the base. With continued deficiency, the lesions 
coalesce and spread apically. The apical part of the leaves of Zn-deficient 
wheat plants wither out, curl, hang down and even break out from the 
middle of the leaf. Zn-deficient wheat leaves also show epidermal 
exudations suggestive of leaky membranes. 

5.4.2 Enzyme Activities 

Plants subjected to zinc deficiency display alterations in the activity of 
many enzymes, including those which are not known to have any specific 
requirement of zinc as a cofactor or activator. Decrease in carbonic 
anhydrase activity in leaves is an universal response to zinc deficiency 
(Wood and Sibly 1952; Bar-Akiva and Lavon, 1969; Edward and Mohamad, 
1973; Sharma et al. 1981a, 1982; Seethambaram and Das 1985; Silverman 
1991; Pandey and Sharma, 1998, 2000; Rengel, 1995; Sasaki et al. 1998; 
Pandey et al. 2002b). Resupply of zinc to Zn-starved plants reverts the 
enzyme activity to normal (Sharma et al. 1981a; Bisht et al. 2002b). While 
there is a correlation between zinc supply, leaf tissue concentration of zinc 
and carbonic anhydrase (CA) activity, for the same level of zinc content 
different genotypes may show substantial differences in CA activity. Rengel 
(1995a) described higher CA activity in Zn-efficient wheat genotype 
'Warigal' than in Zn-inefficient wheat genotype 'Durati' even when their 
leaf tissue concentration of zinc was about the same. Zinc deficiency 
induced decrease in CA activity has been shown to be associated with a 
decrease in the stomatal opening (Sharma et al. 1995; Pandey and Sharma, 
2000) and an increase in CO, transfer resistance (Pandey and Sharma, 
1989; Sasaki et al. 1998). Sharma et al. (1995) showed a good correlation 
between zinc concentration, guard cell CA activity (and K+ content) and 
stomatal opening. Zinc-deficient rice plants are reported to show loss of 
alcohol dehydrogenase activity (Moore and Patrick, 1988). 

Zinc-deficient plants also show decreased activity of superoxide 
dismutase (SOD) (Cakmak and Marschner, 1993; Yu et al. 1998; Yu and 
Rengel, 1999; Pandey et al. 2002a,b). As expected, compared to the total 
SOD activity, the activity of Cu-Zn SOD is more responsive to zinc deficiency 
(Yu and Rengel, 1999; Pandey et al. 2002a,b). Leaves of zinc-deficient plants, 
showing low Cu-Zn SOD activity, may exhibit elevated activity of Fe-SOD 
(Yu and Rengel, 1999 Bonnet et al. 2000). As in case of CA, genotypes may 
differ in their efficiency of zinc utilization in SOD activity. Cakmak et al. 
(1997~) showed genotypic differences in SOD activity for the same level of 
zinc deficiency. Activities of other enzymes of the antioxidative defense 
system are also influenced by Zn nutrient status (Fig. 5.2). Zinc-deficient 



plants show low activities of catalase (Marschner and Cakmak, 1989; Bisht 
et al. 2002b) and ascorbate peroxidase (Yu et al. 1998; Pandey et al. 2002b). 

Glutathione reductase (GR), an important enzyme of the ascorbate- 
glutathione cycle, also responds to changes in Zn nutrient status of plants 
but the effects of Zn deficiency on GR activity are inconsistent. Cakmak 
and Marschner (1993) described a decrease in GR activity in zinc-deficient 
bean plants. On the contrary, Pandey et al. (2002b) reported increase in GR 
activity in leaves of zinc-deficient maize. Not much is known about the 
significance of enhancement in GR activity under zinc deficiency; but it is 
reported that increase in GR activity in response to xenobiotics and 
environmental stresses contributes to plant tolerance against these stresses 
(Malan et al. 1990; Lascano et al. 1998; Donahue et al. 1997). 

There are several reports of zinc affecting the activities of non-zinc 
enzymes. Inadequate supply of zinc causes a decrease in the activity of 
ribulose biphosphate carboxylase (Jyung and Camp, 1976), fructose 1,6 
biphosphatase (Shrotri et al. 1983) and fructose 1,6 biphosphate aldolase 
(OISulliuan, 1970; Agarwala et al. 1976; Sharma et al. 1981; Quinland and 
Miller, 1982; Pandey et al. 2002b). Bisht et al. (2000b) have reported a sixfold 
increase in alanine aminotransferase activity in leaves of tomato plants 
subjected to zinc deficiency. On recovery from zinc deficiency, the enzyme 
activity was restored to near normal. 

Zinc is reported to exert a strong inhibitory effect on the plasma 
membrane-bound NADPH oxidase, which catalyzes the production of 
superoxide (Om2) ions. Cakmak and Marschner (1988b) reported increased 
activity of NADPH oxidase in roots of zinc-deficient cotton plants. 
Supplying zinc to the deficient plants reversed the effect. Pinton et al. (1994) 
reported marked enhancement in the NADPH oxidase activity, with 
concomitant increase in Om2 production in plasma membrane vesicles 
isolated from zinc-deficient bean plants. 

Several workers have reported the enhancement of ribonuclease (RNase) 
activity under zinc deficiency (Dwivedi and Takkar, 1974; Johnson and 
Simons, 1979; Sharma et al. 1981a; Chatterjee et al. 1998; Bisht et al. 2002b; 
Pandey et al. 2002b). Increase in RNase activity, even before the external 
manifestation of zinc deficiency (symptoms), prompted Dwivedi and Takkar 
(1974) to suggest RNase as a biochemical parameter for diagnosing zinc 
deficiency. The increase in RNase activity is related to the extent of the 
deficiency (Sharma et al. 1981a) and is reversed on raising Zn supply from 
deficiency to sufficiency level (Bisht et al. 2002b). Zinc deficiency induced 
activation of RNase is associated with a decrease in the total RNA 
concentration (Sharma et al. 1981a; Bisht et al. 2002b). These observations 
suggest a role of zinc in regulation of RNA metabolism. Possibly, zinc 
prevents RNA degradation through allosteric inhibition of RNase. Low 
cellular concentration of zinc negates its inhibitory action on the enzyme, 
leading to accelerated degradation of RNA and, consequently, a decrease 



in protein synthesis. Similar to RNase, acid phosphatases are also activated 
under Zn deficiency (Hewitt and Tatham, 1960; Sharma et al. 1981a; Bisht 
et al. 2002b; Pandey et al. 2002b). Activation of acid phosphatases under 
Zn deficiency is also reversed on recovery from deficiency. Zinc is possibly 
involved in the maintenance of organic pool of phosphorus. 

Presently, there is lack of direct evidence to substantiate zinc regulation 
of non-zinc enzymes in higher plants, but in yeast and animal cells, a 
nurrlber of metabolically critical enzymes are known to be inhibited by 
zinc and activated on removal of the metal from the inhibiting site (Maret 
et al. 1999). It is not unlikely that zinc may influence the synthesis of 
enzymes with no specific Zn requirement by virtue of its role as a constituent 
of RNA polymerase and zinc finger transcription proteins. 

5.4.3 Photosynthesis 

Plants exposed to zinc deficiency show decreased rate of photosynthesis 
(Fu.jiwara and Tstsumi, 1962; Ohki, 1976; Ghildiyal et al. 1978; Shrotri et 
al. 1981; Pandey and Sharma, 1989; Hu and Sparks, 1991; Sharma et al. 
1994). Zinc nutrition effect on photosynthesis may involve changes in 
chloroplast structure, photosynthetic electron transport and/or CO, 
fixation. Zinc deficiency induces changes in chloroplast ultrastructure 
(Thomson and Weier, 1962; Shrotri et al. 1978). Leaves of zinc-deficient 
maize plants show abnormalities in both mesophyll and bundle sheath 
chloroplasts. While mesophyll chloroplasts show a decrease in the number 
of grana and size of the granal thylakoids, the bundle sheath chloroplasts 
show, increased inter lamellar spaces and presence of osmophyllic globules 
(Shrotri et al. 1978). Low rates of photosynthesis in zinc-deficient plants 
could also result from damage to the thylakoid membranes caused by 
enhanced generation of reactive oxygen species under zinc deficiency 
(Marschner and Cakmak, 1989; Caktnak and Engels, 1999). Henriques (2001) 
has shown that zinc deficiency causes disorganization of chloroplast 
thylakoids, followed by degeneration of thylakoid and stromal components, 
causing a corresponding decrease in the photosynthetically active area of 
leaves. Effect of zinc on photosynthesis may also involve inhibition of 
carbonic anhydrase (CA) activity (Badger and Price, 1996). In C4 plants, 
CA catalyzes the production of bicarbonate (HCO-,), which functions as 
the substrate of phosphoenolpyruvate carboxylase (O'Leary, 1982; Hatch 
and Burnell, 1990). In C, plants, CA contributes to a CO, concentration 
mechanism at the site of carboxylation by RuBP carboxylase by facilitating 
the conversion of HCO-, to CO, (Cooper et al. 1969). This may become 
crucial under zinc deficiency, when there is a decrease in CO, concentration 
because of increased resistance to CO, diffusion following closure of stomata 
(Sharma et al. 1982, 1995c; Pandey and Sharma, 1989; Sasaki et al. 1998). 



Sharma et al. (1995~) have suggested CA involvement in stomata1 
functioning, and this may compound the effect of zinc deficiency on 
photosynthesis. 

Srivastava et al. (1997) showed decreased photosynthetic rate, CO, 
partitioning and essential oil accumulation in leaves of zinc-deficient 
peppermint. Incorporation of 14C0, in essential oil in young developing 
leaves, which are actively involved in oil biosynthesis, was also decreased. 
The authors inferred that inadequate supply of zinc limits the production 
of photoassimilates, as also their availability for essential oil biosynthesis. 
When zinc supply is not adequately met, the products of photosynthesis 
are possibly utilized in primary metabolism in preference to essential oil 
biosynthesis. 

5.4.4 Carbohydrates 

Leaves of zinc-deficient plants show increased accumulation of 
carbohydrates (Sharma et al. 1982; Marschner and Cakmak, 1989; 
Marschner et al. 1996). Sharma et al. (1982) showed marked accumulation 
of starch in Zn-starved leaves of cabbage. Two possible explanations have 
been advanced for increased accumulation of starch in Zn-deficient plants. 
The first explanation involves limitation in shoot-root partitioning of 
photoassimilates (Marschner and Cakmak, 1989), possibly because of a 
limitation in phloem loading. The second involves a limitation in 
development of adequate sink capacity resulting from reduced male fertility 
and seed set under zinc deficiency (Sharma et al. 1990). Zinc is also 
suggested to be involved in starch metabolism (Jyung et al. 1975) and 
sucrose biosynthesis (Shrotri et al. 1980). 

5.4.5 Nucleic Acids, Proteins 

There are several reports of increased accumulation of non protein nitrogen 
and decrease in protein content in leaves of zinc-deficient plants (Sharma 
et al. 1982; Kitagishi and Obata, 1986; Obata and Umebayashi, 1988; 
Obata et al. 1999; Cakmak et al. 1989; Bisht et al. 2002b). Obata and 
Umebayashi (1988) showed a requirement of zinc for synthesis of protein 
in cultured cells of tobacco. Decrease in protein content in response to Zn 
deficiency has been attributed to Zn deficiency induced changes in 
ribosomes and nucleic acid metabolism. Leaves of zinc-deficient plants 
show a decrease in concentration of ribonucleic acid (Sharma et al. 1982; 
Bisht et al. 2002b). As a constituent of 80s ribosomes, zinc deficiency leads 
to a loss of integrity of ribosomes. Meristematic tissue of zinc-deficient rice 
plants shows a decrease in the number of 80s ribosomes associated with 
a decrease in protein synthesis (Kitagishi et al. 1987). Role of zinc as 
a constituent of transcription factors may also contribute to decreased 
protein synthesis. 



























Fig 6.3. Molecular model of molybdenum-iron cofactor (FeMoCo) of symbiotic bacterial 
nitrogenase. The (FeMoCo) consists of one (We-3s) cluster and one (1Mo-3Fe-3s) cluster 
bridged by three atoms of inorganic sulphur. The Mo atom is linked to homocitrate. 
(Reprinted, with permission, from Biochemistry and Molecular Biology of Plants. BB Buchnarn, 
W Gruissem, RL Jones, eds 02000 American Society of Plant Biologists). 

potential electrons and eight protons for catalyzing the reduction of one 
molecule of nitrogen to ammonia (N2 -t NHJ. 

N2+ 16 ATP + 8e-+ 8H+ + 2NH, + H20 + 16 ADP + 16 Pi 



Nitrogenase is highly sensitive to inactivation by 0,. In leguminous 
plants, which fix nitrogen symbiotically the enzyme is prevented from 
inactivation by the iron protein leghaemoglobin. Leghaemoglobin has very 
high affinity for 0, and restricts the root nodule concentration of 0, to 
levels that are sufficient to meet .the growth requirement of bacteroids but 
not inhibitory to nitrogenase. 

6.4 DEFICIENCY RESPONSES 

6.4.1 Visible Symptoms 

Symptoms of molybdenum deficiency in a wide variety of plant have been 
described by Hewitt (1956) and Gupta (1997d). In general, symptoms appear 
late in the growing season and initiates as fine chlorotic mottling of old or 
lower middle leaves. Plants belonging to Brassicaceae are particularly 
sensitive to molybdenum deficiency. In cauliflower, molybdenum deficiency 
symptoms appear in the form of chlorotic mottling and cupping of middle 
leaves. Leaf margins appear scorched and withered. Scorching and tissue 
disintegration gradually extends to the entire lamina. If deficiency persists, 
the young emerging leaves fail to expand and apical growth is arrested. 
Under moderate deficiency, after apparently normal growth for some time, 
the middle leaves develop small patches in between the veins. The lamina 
underlying these patches gradually turns translucent and disintegrates. 
Eventually the leaves are left with no lamina, except in a little strip along 
the midrib (whiptail syndrome). Chloroplast disintegration precedes the 
loss of lamina and is attributed to enhanced peroxidation of chloroplast 
membrane lipids (Fido et al. 1977). The damage does not involve any direct 
role of molybdenum and can, to a large extent, be prevented by substitution 
of tungsten for molybdenum. In radish, which is also sensitive to 
molybdenum deficiency (pers. obs.), old leaves show yellow-green mottling 
in between the veins. Leaf margins appear to be wilted. The entire lamina 
appears bleached and curls downward. Somewhat similar symptoms are 
exhibited by tomato. Old and middle leaves of molybdenum-deficient tomato 
plants show fine yellow-green mottling with their margins curled inwards. 
In beans, and other broad leaf legumes (e.g. cowpea), which are also 
sensitive to molybdenum deficiency, old leaves of molybdenum-deficient 
plants develop chlorotic mottling in between veins and this is followed by 
necrosis of the intervenal areas, commonly referred to as 'scald'. Citrus 
shows somewhat different but characteristic symptoms (Yellow spot) in 
response to molybdenum deficiency. Leaves appearing during the early- 
summer flush develop water-soaked areas which later enlarge, turn yellow 
and coalesce to form linear or irregular patches except along a narrow area 
adjacent to the veins. Leaves affected thus fall prematurely causing 
denudation of branches. 



Cereals are comparatively resistant to molybdenum deficiency. Symptoms 
of molybdenum deficiency appear considerably late in the growing season. 
In wheat plants subjected to severe deficiency of molybdenum, at the time 
of ear emergence, the tips of middle leaves turn golden yellow (Agarwala 
and Sharma, 1979). Yellowing spreads down towards the base along the 
leaf margins. Middle leaves may also develop small faded or chlorotic 
areas in the middle. These areas gradually spread to the entire leaf blade, 
which eventually turns dry and papery. At this stage, the tips of the young 
leaves twist to form spirals. 

6.4.2 Enzyme Activities 

Of the different enzymes, activities of which are influenced by plant 
molybdenum status, nitrate reductase figures most prominently. Nitrate 
reductase is an inducible enzyme induced by molybdenum in the presence 
of nitrate. Plants supplied with a reduced form of nitrogen (NH,+) show 
very low or totally absent NR activity, even when supplied with adequate 
molybdenum. Molybdenum deprivation of nitrate-grown plants leads to a 
marked decrease in NR activity (Hewitt et al. 1957; Afridi and Hewitt, 
1964; Hewitt and Gundry, 1970; Agarwala et al. 1978b, 1988; Chatterjee et 
al. 1985). Resupply of molybdenum to molybdenum-deficient plants leads 
to reconstitution of NR activity (Chatterjee et al. 1985). Witt and Jungk 
(1977) showed a close correspondence between molybdenum supply, 
molybdenum accumulation and nitrate reductase activity in spinach leaves. 
They also showed that within 2 h of infiltration of molybdenum in leaf 
segments of plants subjected to molybdenum deficiency (< 0.01 mg Mo I-'), 
NR activity was raised to about the level obtained in molybdenum-sufficient 
plants. Decrease in nitrate reductase activity under molybdenum deficiency 
and its reversal on resupply of molybdenum has also been reported by 
Agarwala et al. (1979, 1988). Sensitivity of nitrate reductase activity to 
changes in tissue molybdenum concentration has formed the basis for its 
use as a biochemical parameter for assessing molybdenum status of plants 
(Shabed and Bar-Akiva, 1967). 

Besides molybdoenzymes, several other enzymes are also influenced by 
plant molybdenum status. Molybdenum-deficient plants show decrease in 
the activities of the iron enzymes--catalase (Agarwala et al. 1978b, 1986), 
cytochrome oxidase (Chatte rjee et al. 1985) and sllccinate dehydrogenase 
(Agarwala et al. 1986). Molybdenum effect on peroxidase is, however, 
inconsistent. Molybdenum deficiency effect on catalase can be reversed on 
resumption of adequate molybdenum supply (Agarwala et al. 197813,1988). 
Chatterjee and Agarwala (1979) found decreased activities of catalase and 
succinic dehydrogenase in molybdenum-deficient tomato plants to be 
associated with reduced absorption and root to shoot transport of iron 
(59Fe) and suggested it to be a possible outcome of molybdenum effect on 



availability of iron. In an earlier report, Berry and ICeisenaur (1967) had 
shown a decrease in iron absorption by molybdenum-deficient tomato 
plants and attributed it to decrease in iron reduction capacity of roots. 
Interaction of molybdenum and iron in their uptake mechanism seems to 
be more complex and a promising area for future investigations. 

Agarwala et al. (1978b) reported decreased activities of aldolase and 
alanine aminotransferase in corn plants subjected to molybdenum 
deficiency. Restoration of adequate molybdenum supply to low 
molybdenum plants led to partial restoration of the enzyme activities. Kaplan 
and Lips (1984) reported a decrease in the activities of glycolate 
dehydrogenase and glycolate oxidase under molybdenum deficiency. In 
an early study, Fujiwara and Tstusumi (1955) reported a decrease in the 
IAA oxidase activity in molybdenum-deficient plants. Activities of several 
enzymes are increased by molybdenum deficiency. Molybdenum-deficient 
plants show several-fold increase in the activity of acid phosphatase 
(Spencer, 1954; Hewitt and Tatham, 1960, Agarwala et al. 1978b, 1986, 
1988; Chatte rjee et al. 1985). This has been attributed to an inhibitory effect 
of molybdenum on the enzyme activity (Spencer, 1954). Molybdenum 
deficient plants also show enhancement of ribonuclease activity (Agarwala 
et al. 197813; Chatterjee et al. 1985). 

6.4.3 Nitrogen Fixation 

As a constituent of nitrogenase, molybdenum plays a key role in the fixation 
of atmospheric nitrogen by free-living N, fixing microorganisms and 
symbiotic bacteria (Xhizobacterium legtiminosarum) in the root nodules of 
leguminous and some non-leguminous plants (e.g. Alnus glutinosa). The 
leguminous plants are sensitive to molybdenum nutrition because of a 
dual requirement of molybdenum: one for nodulation and nodule 
development, and the other for the synthesis of nitrogenase. Molybdenum- 
deficient legumes produce many small nodules with low N, fixing activity. 
The nodules also lack the characteristic pink colour attributed to 
leghaemoglobin and the bacteroids show structural deformities. It has been 
suggested that under conditions of molybdenum deficiency, Mo requirement 
for root nodules is met in preference to that for the growth of the host plant 
(Ishizuka, 1982). Application of molybdenum to nodulating soybeans 
increases the size and dry weight of root nodules, particularly during later 
stages of plant growth (Hashimoto and Yamasaki, 1976). In a study with 
nodulating soybeans, Parker and Harris (1977) showed an increase in the 
ratio of nodule dry weight to leaf Mo content in response to Mo fertilization, 
which implies greater requirement of Mo for N, fixation than for nitrate 
assimilation. Efficiency of molybdenum accumulation also affects the 
efficiency of nitrogen fixation. Brodrick and Giller (1991) reported high 
rates of N, fixation by molybdenum-efficient genotypes of bean (Phaseolus 



vulgaris). Use of high molybdenum seeds benefits both plant growth and 
N, fixtion (Brodrick et al. 1992). 

6.4.4 Carbohydrates 

As a part of studies on the role of molybdenum in growth and metabolism 
of plants and their dependence on the source and level of nitrogen supply, 
Hewitt and coworkers (see Hewitt, 1963) described molybdenum deficiency 
induced changes in several organic compounds. Suboptimal supply of 
molybdenum was reported to decrease the concentration of sugars in leaves 
of cauliflower (Agarwala and Hewitt, 1955). Its effect on reducing sugars 
was particularly marked. 

6.4.5 Nitrogenous Compounds, Nucleic Acids 

Since nitrate reductase is an inducible enzyme, induced by molybdenum 
in presence of nitrate, molybdenum deficiency effect on nitrogenous 
compounds is influenced by the source of nitrogen. As would be expected, 
the nitrate-grown plants respond to molybdenum deficiency by showing 
enhanced accumulation of nitrate associated with decreased concentration 
of nitrite and organic nitrogenous compounds. Early studies with 
cauliflower (Hewitt et al. 1957) showed marked accumulation of nitrate, 
associated with a decrease in the protein and total organic nitrogen contents, 
in nitrate-grown plants deprived of molybdenum. The concentration of 
aminoacids, in particular glutamic acid, aspartic acid and alanine, 
especially glutamic acid, was severely reduced. Plants-supplied nitrogen 
as ammonium compounds showed no such effect. Instead, these plants 
showed high accumulation of arginine. Gruhn (1961) also reported 
enhanced accumulation of amino acids in molybdenum-deficient plants. 

In nodulated leguminous plants, wherein N, is reduced to NH, under 
the catalytic influence of nitrogenase, glutamic acid forms the first organic 
compound into which ammonia is incorporated. This explains the observed 
decrease in the glutamic acid content of legumes subjected to molybdenum 
deficiency. In the ureide type of nodulating legumes (soybean, cowpea), 
low molybdenum availability in soils may inhibit transport of the ureides 
(allantoin and allantoic acid) to the host cells. This is in consonance with 
the role of Mo as a constituent of xanthine dehydrogenase. Decrease in 
xanthine dehydrogenase activity leads to increased accumulation of 
xanthine in root nodules of molybdenum-deficient plants. 

Chatte rjee et al. (1985) reported a decrease in the concentration of nucleic 
acids (DNA, RNA) in leaves of mustard (Brassica campestris var. Sarson) 
plants subjected to molybdenum deficiency. The decrease in RNA content 
was particularly marked. This could result from an increase in ribonuclease 
activity under molybdenum deficiency (Agarwala et al. 197813; Chatterjee 
et al. 1985). Studies on molybdenum nutrition of cauliflower, grown with 



different forms of nitrogen (Hewitt et al. 1957), showed a decrease in the 
adenine content of nitrate-grown plants subjected to molybdenum 
deficiency. Plants that received nitrogen in the form of ammonium 
compounds showed no such effect. 

6.4.6 Organic Acids 

Molybdenum-deficient plants, which accumulate nitrate in high 
concentrations, are generally low in organic anions. Merkel et al. (1975) 
reported a marked decrease in malate and citrate contents under 
molybdenum deficiency. Compared to nitrate-grown plants, accumulation 
of the organic anions is larger in plants that are also supplied ammonium 
nitrogen. Opposite observations were, however, made by Hofner and Grieb 
(1979) in molybdenum-deficient plants. 

6.4.7 Ascorbate Metabolism 

Involvement of molybdenum in ascorbate metabolism of plants was first 
demonstrated by Hewitt et al. (1950). It was shown that in nine different 
plant species grown in sand culture, molybdenum deficiency led to a 
decrease in ascorbic acid content ranging from 55 to 75%. Injection of 
molybdenum through the petiole caused increase in ascorbic acid content, 
that could be detected within 24 h and attained 75 to 95% the concentration 
in molybdenum-sufficient plants in three to five days. The decrease in 
ascorbic acid content under molybdenum deficiency was found with all 
forms of nitrogen supply, but was most pronounced with nitrate (Agarwala 
and Hewitt, 1954; Hewitt and McCredy, 1956). Agarwala and Hewitt (1954) 
also observed an increase in the dehydroascorbic acid/ascorbic acid ratio 
in molybdenum-deficient plants. 

6.4.8 Reproductive Development, Seed Physiology 

Sand culture studies on molybdenum nutrition of maize (Agarwala et al. 
1978b, 1979), sorghum (Agarwala et al. 1988) and wheat (Chatterjee and 
Nautiyal, 2001) have shown that reproductive development, including grain 
yield, is sensitive to changes in molybdenum nutrition. Deprivation of 
adequate supply of molybdenum to corn leads to severe retardation in cob 
size, failure of styles (silk) to protrude out of the husk, and poor setting of 
grains (Agarwala et al. 197813). Molybdenum deficiency effect on 
development of tassels and pollen grains in maize is marked (Agarwala et 
al. 1979). The development of tassels and their emergence is delayed and 
the lemma and the palea turn severely chlorotic and papery. Under severe 
deficiency (0.01 yg Mo I-'), anther size is severely restricted and the anthers 
appear shriveled (because of lack of sporogenous tissue). Even under less 
severe deficiency (0.1 yg Mo I"), the pollen-producing capacity is severely 
limited, and the size of the pollen grains is reduced (Table 6.1). Pollen 



grains lack dense cytoplasmic contents and fail to stain with iodine- 
potassium iodide solution, suggesting lack of starch and poor viability. 
The pollen grains also show low activity of invertase, which reflects poor 
sucrose utilizing capacity and loss of viability. This is substantiated by 
poor in vitro germination of pollen grains of molybdenum-deficient plants. 

Table 6.1. Molybdenum effect on some pollen attributes of maize (Zea mays L.) 

~ o l ~ b d e n u m  supply (pg I-') 
0.01 0.1 20 

Mo concentration in pollen grain 0.017 0.061 0.092 

(pg g-' dry wt.) 

Pollen grains anther-' (no.) 1,300 1,937 2,437 

Pollen diameter (pm) 6 8 8 5  9 4 

Pollen germination (%) 27 5 1  8 6 
- - - - - - - 

(After Agarwala et al. 1979) 

Gubler et al. (1982) reported a phenomenal increase in the number of 
melon (Cucumis me10 L.) fruits produced on acid soil in response to 
molybdenum application. This could possibly be due to a beneficial effect 
of molybdenum on pollen fertility. Chatterjee and Nautiyal (2001) have 
described molybdenum effect on development of wheat seeds, their chemical 
composition and vigour. Seeds produced on molybdenum-deficient plants 
show decreased endosperm reserves. The concentrations of starch, sugars, 
protein and non-protein nitrogen are also decreased. Seed protein also 
shows qualitative changes. Relative to seeds of Mo-sufficient plants, seeds 
of Mo-deficient plants are low in prolamins, glutelin and globulin and rich 
in albumin. In chickpea also, molybdenum deficiency leads to qualitative 
changes in seed proteins. While the relative concentration of legumins and 
vicilins is reduced, that of albumins is increased (Nautiyal et al. 2005). 
Chatterjee and Nautiyal (2001) had considered the increase in the relative 
proportion of albumins in seeds of molybdenum-deficient wheat to be a 
factor contributing to their poor viability and loss of vigour. 

Deficiency of molybdenum reduces seed dormancy and causes pre-harvest 
sprouting of cereals grains. Low molybdenum seeds of maize are reported 
to sprout on the cobs (Tanner, 1978; Farwell et al. 1991). In wheat, premature 
sprouting of grains can be controlled by foliar application of molybdenum 
(Cairns and Kurtzinger, 1992). The findings are in consonance with the 
role of molybdenum as a cofactor of aldehyde oxidase, which catalyzes the 
conversion of abscissic aldehyde to abscissic acid (Seo and Koshiba, 2002). 
Abscissic acid is responsible for suppressing premature germination 
through the induction of primary dormancy. High molybdenum content of 



soybean seeds had earlier been shown to benefit the establishment of 
seedlings and seed yield of plants grown on low molybdenum soils (Gurley 
and Giddens, 1969). 



CHAPTER 7 

BORON 

7.1 GENERAL 

Boron is a subgroup I11 metalloid. Boron atoms exist in three valency states 
and have a strong affinity for oxygen. Unlike other micronutrients, 
essentiality of boron is confined to vascular plants. Boron (boric acid) in 
plants has the property to form complexes with hydroxyl radicals of 
compounds having two closely situated -OH groups in cis- configuration. 
Important among these compounds are the o-diphenols and sugars (Loomis 
and Durst, 1991). Strong boron-diol complexes are formed between boric 
acid and cis-diol furanoid groups of sugars such as apiose and fucose. 
This property of boron forms the basis for a structural and functional role 
of boron in plant cell walls and plasma membranes. 

The role of boron in bridging the hydroxyl groups accounts for the 
presence of a large number of naturally occurring boron-containing 
compounds in plants (Dembitsky et al. 2002, references therein). Biological 
significance of most of these is, however, not known. Recent researches on 
the role of boron in plants has led to the establishment of its role in cross- 
linking of cell wall polysaccharides (O'Neill et al. 2004), which explains 

- C - O H  

- - C-OH I =7- 

Cis-diol Borate Borate easter 

Fig 7.1. Complex formation between cis-diol furanoid groups of sugars and boron 



many physiological responses and symptoms of boron deficiency. Boron 
deficiency responses of plants are, however, much wider (see reviews by 
Goldbach, 1997; Blevins and Lukaszewski, 1998, Brown et al. 2002; Lauchli, 
2002) than can be explained in terms of its structural role as a constituent 
of the cell wall. 

7.2 UPTAKE, TRANSPORT, DISTRIBUTION 

Boron is present in soil solution in several different forms-B02-, B,O;, BO,, 
H2BO; and B(OH,). The most important form of these is the soluble 
undissociated boric acid (B[OH],). At the common cytoplasmic pH (7.5), 
more than 98% of boron is reported to exist as free boric acid and less than 
2% as the borate anion (B[OH];) (Woods, 1996). 

Dependence of boron concentration in excised barley roots on the 
concentration of free boric acid in the nutrient solution led Oertli and 
Grgurevic (1975) to suggest that plant uptake of boron involves a passive 
process. Theoretical considerations also supported this contention (Raven, 
1980). Studies on boron uptake by sunflower and squash and cultured 
tobacco cells by Brown and Hu (1994) provided convincing evidence to 
show that boron uptake involves passive diffusion followed by rapid 
formation of boron complexes which contributed to a concentration 
gradient. While it is widely accepted that boron is taken up by a passive 
mechanism (Power and Woods, 1997; Hu and Brown, 1997; Nable et al. 
1997; Dordas and Brown, 2000), results reported by several workers show 
that boron uptake also involves an active metabolic process (Neales, 1971; 
Shu et al. 1991; Hu and Brown, 1997). Dannel et al. (1997) and Pfeffer et al. 
(1997; 1999a) presented evidence to suggest that boron uptake involves 
both passive and active mechanisms, the predominant mechanism being 
determined by the availability of boron. When plants are adequately 
supplied with boron, its uptake is passive, but when boron is in short 
supply, it is taken up by an active, metabolic process (Pfeffer et al. 1999b). 
It has been shown that boron deficiency induces an energy dependent, 
high-affinity transport system which contributes to a boron concentration 
mechanism in roots (Pfeffer et al. 1999b; Dannel et al. 2000). Studies 
involving boron transport across vesicles isolated from squash roots 
suggested that boron uptake is mediated partly through the lipid bilayer 
and partly through the proteinaceous channels in the plasma membrane 
(Dordas and Brown, 2000; Dordas et al. 2000). Dordas et al. (2000) also 
suggested the possible involvement of some major intrinsic proteins in the 
uptake process. In a recent review, Dannel et al. (2002) have suggested that 
transport of boric acid across the plasmalemma involves three molecular 
mechanisms: (i) diffusion across the lipid bilayer; (ii) facilitated permeation 
through channel-like major intrinsic proteins, that contributes to a passive, 



constitutive mechanism; and (iii) an energy dependent high-affinity 
transport system, induced in response to low boron supply (active process). 
Active uptake of boron is also supported by inhibition of boron uptake by 
metabolic inhibitors and also bv short-term uvtake studies, which show 
that boron uptake at low boron;upply follow; ~ichaelis- ent ten kinetics 
characteristic of high-affinity uptake (Pfeffer et al. 2001). 

Long-distance transport of boron through the xylem is related to 
transpiration rates (Raven, 1980). Boron is quite mobile in phloem (Oertli 
and Richardson, 1970; Oertli, 1993). 

Retranslocation of boron to sites that do not lose water rapidly 
(inflorescence, fruits, etc.) involves phloem (Shelp et al. 1995). Measurement 
of boron flux in xylem and phloem fluids during fruit development of 
Arachis hypogaea and Trifolium subteraneum suggested that boron demand 
of fruits and storage organs is almost exclusively met through phloem 
transport. Studies using the stable isotopes 1°B and "B (Marentes et al. 
1997) showed that retranslocation of boron to the developing sinks 
predominantly takes place through phloem and that this involves boron- 
diol complexes as transport molecules (Hu and Brown, 1996; Hu et al. 
1997). Hu and Brown (1996) showed that differences in phloem transport 
of boron in different species of Pyrus, Malus and Prunus are related to their 
sorbitol concentration. Species rich in sorbitol are relatively more efficient 
in phloem transport of boron. Boron-polyol complexes have been isolated 
and characterized from several plant species (Hu et al. 1997). Phloem sap 
of celery was shown to contain a boron-mamitol complex, and the peach 
nectar a boron-sorbitol complex. Close correspondence between boron 
transport and the boron-polyol complexes in phloem strongly suggests 
that boron is transported through phloem in the form of boron-polyol 
complexes. Species differences in the polyols suggest that the specific polyol 
molecules involved in phloem transport of boron may differ in different 
species. On the basis of the presence of large quantities of pinitol in soybeans 
and its responsiveness to boron fertilization, Blevins and Lukaszewski 
(1998) suggested that in soybeans, phloem transport of boron takes place 
in the form of boron-pinitol complex. It has been shown that enhanced 
synthesis of sorbitol in tobacco transgenics facilitates phloem boron 
transport and enhances tolerance to boron deficiency (Bellaloui et al. 1999; 
Brown et al. 1999). 

Translocation of boron from roots to shoots, as also the intracellular 
compartmentalization of boron are reported to be influenced by the level of 
boron supply (Dannel et al. 1998; Pfeffer et al. 1997, 2001; Noguchi et al. 
2000; Li et al. 2001). Boron-sufficient plants retain a larger proportion of 
boron in roots than boron-deficient plants. Short-term deprivation of boron 
causes more marked decrease in boron concentration in shoots than in 
roots (Damel et al. 1998; Li et al. 2001). Boron inefficiency of tomato mutant 



T 3238 (Brown and Jones, 1971) and Arabidopsis mutant bor-1-1 (Noguchi 
et al. 1997, 2000) has been attributed to limitation in transport of boron 
from roots to shoots under boron deficiency. Pfeffer et al. (2001) have shown 
that unlike boron-sufficient plants, the roots of boron-deficient plants 
contain no boron in the free space. Pfeffer et al. (2001) attributed this to 
possible induction of high-affinity B-uptake mechanism involved in boron 
transport from free space in to the inside of the cell. While a relatively large 
proportion of the total cell boron has been shown to be localized to the cell 
wall as water-insoluble residue (Hu and Brown, 1994; Pfeffer et al. 2001), 
its compartmentation is reported to be determined by the level of boron 
supply, the plant organ and the genotype (Dannel et al. 2002). 

7.3 ROLE IN PLANTS 

7.3.1 Cell Wall Structure 

The property of boron to form diester bonds with diol groups of 
polysaccharides and occurrence of a large proportion of boron in cell walls 
(Loomis and Durst, 1992) suggested a role of boron in cell walls. Studies 
with cultured cells (Matoh et al. 1992; Hu and Brown, 1994) in which the 
possibility of inclusion of extraneous boron in cell wall preparations is 
minimized, showed that boron is present in the cell walls as an integral 
component of their polysaccharide complexes and not just bound externally 
to the cell wall polysaccharides. In cultured tobacco BY-2 cells as much as 
92% of cellular boron contained in cell walls is complexed to it as B- 
polysaccharides (Matoh et al. 1993). Hu and Brown (1994) showed that 
the cell wall boron in cultured cells of tobacco and squash was closely 
associated with cell wall pectins and suggested a role of boron as a 
constituent of cell walls. Hu et al. (1996) analyzed as many as 24 species, 
differing in boron requirement, for cell wall pectin and inferred that 
differences in boron requirement of plants are related to differences in the 
pectin content of cell walls. Significant contributions to role of boron in cell 
wall structure were made by Matoh and coworkers (Matoh et al. 1993, 
1996; Kobayashi et al. 1995,1996) and O'Neil and coworkers (O'Neill et al. 
1996; Pellerin et al. 1996) and Ishii and Matsunaga (1996). Their findings 
provided evidence to show that the rhamnogalucturonan I1 component of 
the cell wall pectic polysaccharides provides a site for boron diester bond 
formation leading to the formation of boron-rhamnogalacturonan I1 complex 
(B-RG 11). Boron, as boric acid, was shown to function in covalent bonding 
of the two chains of monomeric rhamnogalacturonan I1 to produce dimeric 
RG I1 complex which forms an essential constituent of higher plant cell 
walls (Kobayashi et al. 1996; Matoh et al. 1996; Matoh and Kobayashi, 
1998; OrNeill et al. 1996). O'Neill et al. (1996) showed that boron, as boric 
acid, functions in covalent linking of two chains of rhamnogalacturonan I1 



(RG 11) to produce dimeric RG II complex. The borate ion binds to two 
apiose residues of two RG I1 monomers to form a borate diester bond. 
Fleischer et al. (1999) showed that when cells of Chenopodium album L. 
were cultured on boron-deficient medium for over an year, they contained 
monomeric rhamnogalacturonan I1 (m RG-II) but no borate ester cross linked 
RG-I1 dimer (d RG-11-B) and relatively large-sized pores in the cell wall. 
When boric acid was added to the cultures, it was rapidly (within 10 min) 
bound to the cell walls, d RG-11 was produced and cell wall pore size was 
reduced. The boron-dependent changes were ascribed to formation of boron 
ester cross-linked pectic network in the primary cell wall. 

SCde Chain D Side Chin C 

Fig 7.2. Boron cross-linking of two rhamnogalacturonan I1 (RGII) molecules, each 
possessing four side chains-A,B,C and D. The aposyl residues in the side chain A of the 
two molecules become covalently cross-linked by a 1:2 borate diol-ester. (Reprinted from 
Annu.Rev.Plant Biol. Vo1.55 02004, with permission from Annual Reviews 
www.annualreviews.org.) 

The borate cross linking of the cell wall RG I1 (Fig. 7.2) provides the 
structural organization to the cell walls needed for turgor-driven growth of 
plant cells (O'Neill et al. 2001). The leaf cell walls of the Arabidopsis thaliana 
mutants rnur 1-1 and mur 1-2, that are dwarfed and have small rosette 
leaves that do not grow normally, contain normal amounts of RG I1 but 
only half of it exists as a boron cross-linked dimer. Foliar application of a 
sdrRian cm- bmir srid d C-hroase enhances b i z a t i o n  d RG 
11, leading to turgor-driven growth of the rosette leaves. Rescue from the L- 
fucose deficiency defect makes rnur 1-1 mutants resemble the wild type. In 
a recent study, Ryden et al. (2003) have shown that boron addition to the 



fructose biosynthesis defective mutant mtlr 1 rescues the poor mechanical 
strength of the hypocotyls and inflorescence stems by contributing fucosyl 
residues to the pectin network of the cell wall via the RG 11- borate complex. 
Based on these studies, Ryden et al. (2003) suggested a role of RG 11- borate 
complex in providing tensile strength to cell walls. 

Kobayashi et al. (1997) showed that, to some extent, germanic acid could 
substitute for boron in the formation of dimeric RG 11, which provided an 
explanation for the sustained growth of cell lines of tomato in culture 
medium wherein boric acid was substituted by germanic acid (Loomis and 
Durst, 1992). Recent studies by Ishii et al. (2002) are not supportive of a 
role of germanium in cross-linking of RG I1 monomers. Ishii et al. (2002) 
examined the effect of boron deprivation on rhamnogalacturonan I1 in 
pumpkin (Cucurbita moschata Duchesne). The leaf cell walls of boron- 
deficient plants contained less than one half of the borate cross-linked 
rhamnogalacturonan I1 (RG 11) dimer found in boron-sufficient plants. Foliar 
application of 'OB-enriched boric acid increased the proportion of dimeric 
RG 11 in the leaf cell walls. Application of germanium failed to produce 
any such effect, showing that germanium does not substitute for boron in 
cross-linking of RG I1 and that boron requirement for cross linking of RG I1 
in the cell walls is absolute. 

7.3.2 Membrane Integrity and Function 

Boron deficiency effect on ion uptake by plant roots suggested a role of 
boron in membrane function (Robertson and Loughman, 1974). Robertson 
and Loughman, (1974) and Pollard et al. (1977) showed reversal of boron 
deficiency induced change on ion uptake on recovery from boron deficiency. 
Boron deficiency induced decrease in uptake and efflux of 32P and 14C 
glucose by sunflower roots and carrot cell cultures is rapidly reversed on 
resupplying boron and inhibited by vanadate. (Goldbach, 1985). Blaser- 
Grill et al. (1989) provided direct evidence of boron effect on membrane 
potential (Eo) of roots and H+ extrusion by roots of carrot and suspension 
cultured cells of Elodea densa and Helianthus annuus. They demonstrated 
depolarization of cell membranes on transfer of Elodea densa leaflets and 
Helianthus annilzis root segments from boron sufficient to boron deficient 
medium and reversal of the effect on restoration of boron supply. Similar 
observations were made by Ferrol and Donaire (1992) and Raldin et al. 
(1992). Their findings suggested a role of boron in generating a proton 
gradient across the plasmalemma. Decrease in proton extrusion by 
microsomal membranes isolated from the roots of boron-deficient plants 
was associated with decreased activity of H+ATPase (Ferrol et al. 1993). In 
consonance with this, addition of boron to cultured carrot cells increased 
plasma membrane electron transport and proton secretion (Barr et al. 1993). 
Using electrophysiological techniques, Schon et al. (1990) demonstrated a 



direct effect of boron on the membrane potential (Em) of sunflower root tips. 
Hyperpolarization of the root tip plasma membrane within 3 minutes of 
addition of boron to boron-deficient root tips showed that the boron effect 
on cell membrane permeability is rapid and can account for the changes in 
ion uptake induced by boron deficiency (observed earlier). Rapidity of the 
change in membrane function was attributed to the property of boron to 
form diester bonds with diol groups of membrane polysaccharides (Parr 
and Loughman, 1983). In a recent article, Brown et al. (2002) have proposed 
a model depicting boron involvement in formation and functioning of 
'membrane rafts' and hypothesized that the role of boron in cellular 
membranes involve its role in formation, stability and function of the 
membrane rafts. These domains contain abundance of molecules having 
cis-diols in appropriate positions (Simons and Ikonen, 1997), providing 
sites for forming complexes with boron. Boron has also been suggested to 
be involved in maintenance of membrane potential by reacting with redox 
enzyme systems (Barr et al. 1993; Lawrence et al. 1995). 

While boron effect on membrane function is well evidenced, there is a 
lack of evidence on the presence of boron as an integral constituent of 
plasma membrane. Using a spectrofluorometric method for detection of 
boron, Tanada (1983) reported the occurrence of boron in mungbean 
protoplasts, but use of a sensitive, microscale method for boron 
determination failed to show significant amounts of boron in the 
membranes of cultured tobacco BY-2 cells (Kobayashi et al. 1997). 

7.4 DEFICIENCY RESPONSES 

7.4.1. Visible Symptoms 

As would be evident from the several descriptive names given to symptoms 
of boron deficiency (Table 10.1), plants show wide variation in boron 
deficiency symptoms. In general, the major targets of boron deficiency are 
the terminal growths and the soft conducting tissues (phloem) of the stem. 
Symptoms are almost always associated with anatomical or histological 
abnormalities. Generally, symptoms of boron deficiency appear first in terminal 
shoots in the form of small, deformed leaves, borne on severely condensed 
branches. The growth of the apical meristems is arrested and the shoot apex 
turns necrotic, giving rise to multiple axillary branches, which meet the 
same fate and eventually turn necrotic. This gives the boron-deficient plants 
a bushy appearance. Stem of boron-deficient plants also turns brittle 
and shows longitudinal splits of the cortex. There are large differences in 
sensitivity of plants to boron deficiency. Most cruciferous, leguminous and 
solanaceous crops show high susceptibility to boron deficiency. 

Leaves of cabbage plants subjected to boron deficiency develop dull 
green water-soaked areas, which turn translucent owing to disintegration 
of mesophyll tissue. Under severe deficiency, the growing point of the shoot 



turns necrotic and heads are not formed. Under moderate deficiency, the 
outer leaves of the head appear thick and brittle. Cauliflower shows 
somewhat similar symptoms. Under moderate deficiency, the outer leaves 
appear thick and brittle and leaf petiole and midrib develops small blisters 
and cracks. Curds of boron-deficient plants develop small water-soaked 
areas, which later turn brown and necrotic (browning of curd). The interior 
of the stem also develops water-soaked areas, which eventually turn brown 
and necrotic. Decay of soft tissues (phloem) produces large cavities, turning 
the stem hollow (hollow stem). A conspicuous feature of boron-deficient 
leaves of cabbage and cauliflower is a thick layer of epicuticular wax that 
gives the leaves a bluish appearance. In lettuce, margins of young leaves 
become scorched and ragged and the leaves appear 'hooked' and distorted. 

In root crops such as turnip, radish and sugarbeet, discolouration, 
browning and curling of the young terminal leaves (crown) form early 
symptoms of boron deficiency. As deficiency persists, the basal part of the 
leaf petiole and the growing point turns dark brown and necrotic and the 
areas close by decay out (crown rot). The root surface develops wrinkles 
and cracks, and the softer tissue of the core develops water-soaked areas 
resulting in tissue disintegration. 

In most fruit trees, boron deficiency leads to shortening of internodes 
and malformation of leaves of young shoots. Under severe deficiency, the 
terminal shoot may 'die-back' and the terminal buds remain rudimentary. 
Stem shows splitting of the bark. Fruits have a rough surface, develop 
cracks and are often malformed. 

Unlike the other cereal crops, maize is sensitive to boron deficiency. 
Severe symptoms of boron deficiency are produced in hybrid maize subjected 
to boron deficiency in sand culture (Sharma et al. 1979a). Elongation of 
internodes is severely restricted and young leaves develop white irregular 
areas that enlarge and coalesce intervenally. Lamina also splits 
longitudinally. The apical margins of the old leaves become dry, shrivelled, 
scorched and necrotic. Leaves also give a bronzed appearance and may 
exude some water-soluble compounds which, on drying, form a crust on 
the leaf surfaces. 

7.4.2. Cell Wall and Membranes 

High net efflux of K+ and of phenolics, sucrose and amino acids in response 
to boron deficiency indicates increased leakiness of the plasma membranes 
(Cakmak et al. 1995; Tang and De La Fuente, 1986). 

Making use of specialized techniques, several workers have investigated 
the effect of short-term deprivation of boron on structural changes in cell 
walls. Yu et al. (2002) made an immunofluorescence microscopic study of 
the distribution pattern of cell wall pectins in meristematic cells of root 
apices of maize and wheat plants following boron deprivation. Under boron 



deficiency, pectins show enhanced accumulation because of restricted 
internalization. Recently, Yu et al. (2003) investigated the effect of boron 
deprivation on the cytoskeletal proteins in maize and zucchini root apices. 
Using immunofluorescence microscopy and western blot, they showed that 
in maize, short-term deprivation of boron led to increased accumulation of 
actin and tubulin, associated with alteration in the polymerization pattern 
of the cytoskeletal assemblies. Rapid cytoskeletal changes in response to 
boron deprivation suggested a role of boron at translational or post- 
translational level. Yu et al. (2003) proposed that accumulation of 
cytoskeletal proteins under boron deficiency is an adaptive response, which 
contributes to mechanical reinforcement of the cells of root periphery. 

Changes in membrane- function such as proton extrusion (Blaser-Grill, 
et al. 1989; Ferrol, 1993) and enhanced efflux of ions and other solutes 
(Robertson et al. 1974; Tang and De La Fuente, 1986; Pollard et al. 1977; 
Cakmak et al. 1995) induced in response to boron deficiency indicate 
boron involvement in maintenance of membrane integrity. Enhanced 
accumulation of phenolics (Cakmak et al. 1995) and increased activity of 
phenol-oxidizing enzymes such as polyphenol oxidase (Pfeffer et al. 1998) 
in boron-deficient tissues may lead to increased production of quniones. 
The quniones are known to react with oxygen to generate reactive oxygen 
species (Appel, 1993) and cause peroxidative damage to membrane 
constituents. Cakmak et al. (1995) suggested a role of boron in preventing 
the oxidation of phenols by forming boron-phenol complexes. While 
changes in membrane permeability under boron deficiency are well 
substantiated, observations made by Pfeffer et al. (1998) and Cara et al. 
(2002), do not support enhanced oxidation of phenols to be the cause of 
loss of plasma membrane integrity. Cara et al. (2002) showed that enhanced 
accumulation of phenols following boron deprivation was associated with 
a decrease in polyphenol oxidase activity. Functional changes in 
plasmalemma, such as the activities of merr~brane-bound ATPase and 
ferric-chelate reductase were observed only under conditions of severe 
boron deficiency, subsequent to loss of membrane integrity (Cara 
et al. 2002). 

7.4.3. Photosynthesis, Carbohydrates 

Boron deficiency has been shown to decrease photosynthetic 0, evolution 
and photosynthetic efficiency of sunflower leaves (Kastori et al. 1995). Boron 
deficiency induced decrease in the rate of PS I1 electron transport and 
quenching of fluorescence emission by chlorophyll molecules (at 655 nm) 
has been attributed to oxidative damage caused to the thylakoid membranes 
(El-Shintinaw y, 1999). 

Boron nutrition of plants affects the metabolism of carbohydrates through 
its effect on the activities of enzymes catalyzing the interconversion of 



sugars. The pentose phosphate pathway, which forms an alternative to 
glycolysis, is particularly sensitive to changes in boron status of plants. 
This pathway consists of two phases; the first phase involves the oxidative 
generation of NADPH and the second, synthesis of 5-carbon sugars 
involving non-oxidative interconversions. In the first reaction of the 
oxidative phase, catalyzed by glucose 6-phosphate dehydrogenase, glucose 
6-phosphate is oxidized to 6-phosphogluconate. The 6-phosphogluconate 
thus formed is then oxidatively decarboxylated by 6-phosphogluconate 
dehydrogenase to ribulose 5-phosphate. 

Glucose 6-phosphate 

Glucose 6 phosphate T Iz NADP' 

dehydrogenase NADPH + H+ 

6 phosphoglucono S-lactone 

6-phosphogluconate TIz NADP 

dehydrogenase NADPH + H' 

Ribulose 5-phosphate + CO, 

Fig. 7.3. The oxidative pentose phosphate pathway 

In boron-deficient plants, the activities of both glucose 6 phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase increase (Lee and 
Aronoff, 1967; Gomez-Rodriguez et al. 198%). Lee and Aronoff (1967) 
attributed the increase in 6-phosphogluconate dehydrogenase activity in 
boron-deficient plants to the property of borate to form complex with 6- 
phosphogluconate (B-6-phosphogluconate), rendering it inactive to function 
as substrate for 6-phosphogluconate dehydrogenase. Gomez-Rodriguez et 
al. (1987b), on the other hand, attributed high activity of 6- 
phosphogluconate dehydrogenase in boron-deficient plants to associated 
increase in the activity of glucose 6-phosphate dehydrogenase, causing 
increased production of its substrate. 



Boron-deficient plants show diverse changes in the concentration of 
carbohydrates. The effect on the different carbohydrate fractions is possibly 
influenced by the severity of deficiency, the developmental stage of the 
plant and plant organs. Leaves of boron-deficient plants often show 
increased accumulation of sugars (Saeed and Woodbridge, 1981). Boron 
effect on non-structural carbohydrates during the reproductive phase seems 
to be determined by sink capacity. Poor fertilization and seed set under 
boron deficiency severely limit sink capacity, causing increased 
accumulation of photoassimilates in the source leaves, even to levels that 
inhibit photoassimilation. 

7.4.4. Nitrogen Assimilation, Nucleic Acids 

There are several reports of inhibition of nitrate reductase activity and 
enhanced accumulation of nitrate in boron-deficient plants (Bonilla et al. 
1980; Kastori and Petrovic, 1989; Ramon et al. 1989; Shen et al. 1993; 
Camacho-Christobal and Gonzalez-Fontes, 1993). These changes could 
result from possible involvement of boron in synthesis of the enzyme protein 
or facilitation of nitrate uptake (Ruiz, 1998a). 

Boron deficiency induced changes in the concentration of nucleic acids 
and enzymes of nucleic acid metabolism suggest its involvement in nucleic 
acid metabolism (Dugger, 1983). Many workers reported a decrease in nucleic 
acids, in particular ribonucleic acid, in plants deprived of boron (Johnson 
and Albert, 1967; Shkolnik, 1984). Johnson and Albert (1967) reported 
alleviation of boron deficiency symptoms on addition of RNA or individual 
purines and pyrimidines to nutrient solution. Decrease in RNA content in 
boron-deficient plants was attributed to inhibition of RNA synthesis. But, 
high turnover of RNA in boron-deficient plants fed with radioactive 
precursors of RNA (Cory and Finch, 1967; Chapman and Jackson, 1974) did 
not substantiate this. Decrease in the RNA content under boron deficiency is 
possibly a consequence of its enhanced degradation resulting from activation 
of ribonuclease (Shkolnik, 1984; Dave and Kannan, 1980; Sharma and Abidi, 
1986; Chatte rjee et al. 1989; Agarwala et al. 1991). 

7.4.5. Phosphate Metabolism 

Boron deficiency induced changes in pentose phosphate pathway have 
been described earlier (Section 7.4.2). Several workers have described an 
increase in the activity of acid phosphatases in boron deficient plants 
(Hewitt and Tatham, 1960; Hinde and Finch, 1966; Sharma and Abidi, 
1986; Agarwala et al. 1991). Restoration of boron supply reverts the enzyme 
activity to the level of control plants. It is likely that boron is involved in 
enzymatic regulation of the pool of phosphate esters. Galloway and Dugger 
(1990) have reported boron-inhibition of phosphoglucomutase. 



7.4.6 Phenolics 

One of the most common responses to boron deficiency is enhanced 
accumulation of phenolic compounds. Early work on boron effect on 
phenolic compounds and possible explanations thereof were reviewed by 
Dugger (1983) and Pelbaum and Kirkby, (1983). Enhanced accumulation 
of phenolic compounds in boron-deficient plants could result from 
activation of pentose phosphate pathway (Lee and Aronoff, 1967; Dugger, 
1983; Gomez-Rodriguez et al. 1987b) or increased activity of enzymes 
involved in the biosynthesis of phenylpropanoids. Boron deprivation of 
plants increases the activities of polyphenol oxidase (Pfeffer et al. 1998; 
Camacho-Christobal et al. 2002) and phenylalanine ammonia lyase 
(Cakmak et al. 1995; Ruiz et al. 1998 b; Camacho-Christobal et al. 2002). 
Boron deprivation not only induces enhanced accumulation of the existing 
phenolics but also synthesis of new phenolic compounds (Camacho- 
Christobal et al. 2002, 2004). In a recent study, Camacho-Christobal et al. 
(2005) reported increased accumulation of putrescine in tobacco plants 
deprived of boron. Accumulation of phenolic compounds, particularly 
caffeic acid and quinones, which are highly reactive, leads to enhanced 
generation of the superoxide ions (0,-), which are known to cause 
peroxidative damage to cellular membranes. Cakmak et al. (1995) have 
ascribed the changes in membrane structure and function under boron 
deficiency to peroxidative damage resulting from enhanced accumulation 
of the reactive phenolic compounds. The enhanced accumulation of the 
phenolics has also been suggested to elevate the endogenous levels of auxin 
(IAA) to toxic limits. Shkolnic et al. (1981) attributed necrosis of the apical 
growths in boron- deficient plants to increase in auxin concentrations. 
High build up of phenolics under boron deficiency could inhibit IAA 
oxidase (Coke and Whitingham, 1968; Rajaratnam and Lowery, 1974; 
Shkolnic et al. 1981), preventing its oxidative breakdown. However, there 
is little evidence to show boron involvement in regulation of auxin 
concentration. Hirsh and Terry (1980) pointed out the differences between 
ultrastructural changes in roots of sunflower-induced in response to boron 
deficiency-and auxin application. Endogenous level of auxin in root and 
shoot tips also show little difference in response to boron deficiency (Hirsh 
et al. 1982; Fackler et al. 1985). 

7.4.7. Secondary Metabolism 

Boron deficiency induced changes in plants suggest boron involvement in 
synthesis of lignin (Lewis, 1980a), polyphenols (Watanabe et al. 1964), 
flavanoids (Carpena et al. 1984), and alkaloids (Srivastava et al. 1985). 
Dixit et al. (2002) showed increase in curcumin content of rhizomes of 
turmeric (Curcuma longa) grown under boron deficiency and suggested it to 



be a consequence of diversion of some photoassimilates to serve as 
intermediates of curcumin biosynthesis. 

Boron involvement in metabolism of phenolics and lignin biosynthesis 
contributes to strengthening of plant defense against pathogenic infections. 
Possibly, boron deficiency induced changes in metabolism of plants 
produce a more favourable environment for the pathogens. Exposure of 
wheat plants to boron deficiency predisposes them to infection by powdery 
mildew (Schutte, 1967). 

7.4.8. Auxin, Ascorbate Metabolism 

There are several early reports of boron affecting IAA concentration in 
plants, but the results reported are not consistent, possibly because the 
findings are based on long-term observations that may involve indirect 
effects. Bohnsack and Albert (1977) examined short-term response to boron 
deprivation on root tips of squash and described a 20-fold increase in IAA 
oxidase activity in the root tips within 24 h of withholding boron supply. 
Boron stimulates the activity of auxin-sensitive NADH oxidase 
(semidehydroascorbate reductase), which catalyzes the transfer of electrons 
to ascorbate free radical (Barr and Crane, 1991; Barr et al. 1993). Inhibition 
of NADH oxidase in membranes of boron-deficient plants could explain 
the reported decrease in the ascorbate concentration (Lukaszewski and 
Blevins, 1996; Cakmak and Romheld, 1997). Decrease in ascorbate level in 
boron-deficient plants could also result from enhancement of ascorbate 
oxidase activity under conditions of boron deficiency (Brown, 1979). 
Lukaszewski and Blevins (1996) described cessation of root elongation 
(apparently an auxin-deficiency response) and a concurrent decrease in 
the ascorbate concentration in boron-deficient squash roots. Addition of 
ascorbate to boron-deficient culture solutions counteracted the boron- 
deficiency induced increase in MA and promoted root growth. This is in 
consonance with earlier reports of decrease in ascorbic acid content of 
boron- deficient plants (Steinberg et al. 1955; Agarwala et al. 197713) and 
increase in ascorbate concentration following field application of boron 
(Chandler and Miller, 1946; Mondy and Munshi, 1993). Mondy and Munshi 
(1993) reported that boron fertilization of potatoes not only increased 
ascorbate content of tubers but also prevented them from discoloration 
during storage. The latter is attributed to accumulation of phenolic 
compounds. Lukaszewski and Blevins (1996) ascribed the decrease in IAA 
concentration in boron-deficient squash root meristems to ascorbate induced 
decrease in p-coumaric acid, which functions as monophenol cofactor for 
IAA oxidase activity. However, recent work with transgenic plants provides 
little evidence for a role of IAA oxidase in regulation of IAA concentration 
(Lagrimini, 1991, Bandurski et al. 1995; Normanly et al. 1995). 



7.4.9. Nitrogen Fixation 

Early work by Brenchley and Thornton (1925) showed decreased 
nodulation and nitrogen fixation by roots of faba bean grown with a boron- 
deficient nutrient medium. Requirement of boron for the growth of N, fixing 
cyanobacterium (Anabaena PCC 7119) and observed decrease in the 
glycolipid content of heterocyst envelope following boron deprivation 
(Mateo et al. 1986) suggested a role of boron in N2 fixation. It was postulated 
that the inner glycolipid layer of the hetrocyst envelop offered resistance to 
diffusion of 0, into the heterocyst and, by doing so, protected the 
inactivation of nitrogenase (Layzell and Hunt, 1990; Garcea-Gonzalez, 
1988, 1991; Bonilla et al. 1990). Boron deficiency induced changes in the 
heterocyst membrane, favoured greater diffusion of 0, ,  causing inactivation 
of nitrogenase and inhibition of N, fixation. ~amagishi and Yamamoto 
(1994) and Bolanos et al. (1996) found the early stages of nodule 
development in soybean to be particularly sensitive to boron deficiency. 
Inadequate supply of boron during early stages of nodule development 
limited both the development of the root nodules and nitrogen fixation 
(Yamagishi and Yamamoto, 1994). Bolanos et al. (1996) made a study of 
the boron effect on Rhizobium-legume cell-surface interaction and nodule 
development in pea. In boron-deficient plants, the number of Rhizobia 
infecting the host cells and the number of infection threads were reduced 
and the infection threads developed morphological aberrations. Bolanos et 
al. (1996) suggested the involvement of boron in Rhizobium-legume cell 
surface interaction favouring nodule development. The cell walls of root 
nodules of boron-deficient plants showing structural aberrations are 
reported to lack the covalently bound hydroxyproline /proline rich proteins 
(Bonilla et al. 1997), which contribute to an 0, barrier, preventing 
inactivation of nitrogenase and associated decrease in N, fixation. 

In a group of legumes (that includes soybean, cowpea), wherein nitrogen 
fixed in the root nodules is exported to the aerial parts as ureides (allantoin, 
allantoate), boron is involved in the catabolism of ureides via the allantoate 
amidohydrolase pathway. Deficiency of boron leads to decrease in the 
activity of allantoate amidohydrolase, which catalyzes the oxidative 
decarboxylation of allantoate to uredoglycine, with concomitant 
accumulation of allantoate. 

7.4.10. Oxidative stress 

Boron has recently been implicated in oxidative stress. Boron deprivation 
of cultured BY-2 tobacco cells causes over expression of early salicylate- 
inducible glucosyl transferase (ToGT) and glutathione-S-transferase (GST) 
genes ( ~ o b a ~ a s h i  et al. 2004), which may rescue the system against 
oxidative stress imposed by redox imbalance resulting from boron- 
deficiency induced changes in cell wall stucture. 



7.4.11. Water Relations 

Roth-Bejerano and Itai (1981) showed enhancement of stomatal opening in 
isolated epidermal strips of Commelinlz communis. Sharma et al. (1984a) 
showed that boron deprivation of cabbage plants led to a decrease in the 
stomatal opening associated with increase in diffusive resistance and 
decrease in transpiration rate (Fig. 7.4). Similar observations were made for 
cauliflower (Sharma and Sharma, 1987) and mustard (Sharma and 
Ramachandra, 1990). In cauliflower, the boron deficiency effect on leaf 
diffusive resistance and transpiration could, to a great extent, be reversed 
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Fig 7.4. Boron deficiency effect (relative values) on specific water content (SWC), water 
potential (yr), water saturation deficit (WSD), transpiration (E), diffusive resistance (DR) 
and proline content (Pro) in cabbage (Brassica oleracea L. var. Capitata cv Pride of India) 
(After Sharma et al. 1984). 

on resupply of boron. Observed effects of boron deficiency on tissue 
hydration (RWC) are not consistent. In early works (Leaf, 1953; Backer et 
al. 1956), leaves of plants exposed to boron deficiency were reported to 
have low water content. Opposite results were reported subsequently. 
Sharma et al. (1984b) and Sharma and Ramachandra, (1990) reported 
increase in RWC in leaves of boron-deficient plants, but this was associated 
with decrease in leaf water potential. 

Boron-deficient plants also show enhanced accumulation of proline 
(Sharma et al. 1984b), which is a typical feature of water-stressed plants. 
The decrease in water potential of boron-deficient plants, inspite of their 
high tissue hydration, has been interpreted to be caused by its increased 
partitioning into the bound form, as had been proposed earlier by Backer 
et al. (1956). 

7.4.12. Reproductive Development, Seed Yield 

When plants are exposed to moderate deficiency of boron, their reproductive 



development is inhibited to a greater extent than vegetative development 
or dry matter production (Gauch and Dugger, 1954; Sharma et al. 1981, 
Sherrell, 1983; Loomis and Durst, 1992). Relatively high concentration of 
boron in reproductive parts of flowers such as anthers, ovary and stigma 
(Gauch and Dugger, 1954; Syworotkin, 1958) and induction of floral 
abnormalities in boron-deficient plants (Adams et al. 1975; Xu et al. 1993) 
also point to an involvement of boron in plant reproductive development. 
Inadequate supply of boron manifests in the form of delayed and restricted 
flowering, premature bud abscission, pollen sterility, decreased seed set 
and poor development of seeds. In plants subjected to boron deficiency, 
both number and size of flowers are severely restricted (Adams et al. 1975; 
Zhang et al. 1994). Decrease in the number of flowers in boron-deficient 
plants may be caused by restricted emergence of flower bearing branches 
and premature bud abscission. 

Boron involvement in pollen development and fertility has been central 
to boron nutrition for a long time. Way back in 1937 (Lohins, 1937) reported 
atrophy of anthers in boron-deficient plants of several cereal crops. 
Agarwala et al. (1981) showed that in boron-deficient maize plants, 
emergence of tassels and anthers is delayed, anthers lack sporogenous 
tissue and many stamens turn into floral appendages or staminodes. Several 
other studies substantiate a role of boron in microsporogenesis and male 
fertility. Boron-deficient plants of oilseed rape show an abnormally 
developed tapetum (Zhang et al. 1994) and arrest of microsporogenesis 
beyond the pollen mother cell stage (Xu et al. 1993). 

In boron-deficient maize, pollen size and germination percentage is 
severely reduced (Agarwala et al. 1981; De Wet, 1989). Decrease in pollen 
germination is observed even before induction of visible symptoms of boron 
deficiency (Agarwala et al. 1981). Boron-deficient plants of wheat show 
poor development of anthers and inhibition of floret fertility (Huang et al. 
2000). Inhibition of pollen germination due to boron deficiency has also 
been reported in perennials, e.g. avocado (Smith et al. 1997) and Picea 
meyeri (Wang et al. 2003). Low in vitro germination of pollen grains is 
reflected in poor fertilization (Garg et al. 1979; Agarwala et al. 1981; Huang 
et al. 2000). Boron deficiency induced cytoskeletal changes in tips of 
meristematic cells (Baluska et al. 2002; Yu et al. 2002) and reported 
interaction between cytoskeleton, membranes and cell walls of pollen grains 
(Li et al. 1997; Franklin-Tong, 1999) suggest possible involvement of boron 
in cytoskeletal changes preceding pollen germination and pollen tube 
growth. 

Not only does boron play a role in microsporogenesis and pollen 
germination but it also affects pollen receptivity of the stigma, pollen tube 
growth through the stylar tract and development of the megagametophyte. 
The germination of pollen grains on the stigma of boron-deficient Campsis 



grand$ora is reported to be inhibited because of enhanced accumulation of 
phenolic compounds on the stigmatic surface (Dhakre et al. 1994). In boron- 
deficient oilseed rape, the stigmatic papilla shows morphological 
aberrations (Xu et al. 1993) and the rate of pollen tube elongation is retarded 
(Shen et al. 1994). Based on cross fertilization experiments, Vaughan (1977) 
had attributed the poor setting of grains in boron-deficient maize plants to 
non-receptiveness of silks. Robbertse et al. (1990) described a gradient of 
boron concentration along the style and suggested that this facilitated the 
growth of pollen tubes. High concentration of boron in stigma and style is 
also reported to cause inactivation of callose by forming a boron-callose 
complex at the interface of the pollen tubes and styles (Lewis, 1980b). Boron 
deficiency is reported to inhibit the development of ovules in cotton 
(Birnbaum et al. 1974) and oilseed rape (Xu et al. 1993). The boron-deficient 
plants of oil seed rape are reported to develop abnormal embryo sacs (Xu 
et al. 1993). 

Role of boron in reproductive development of plants has a direct bearing 
on seed yield (Mozafar, 1993; Rerkasem et al. 1993; Cheng and Rerkasem, 
1993; Rawson, 1996a). Low seed yield of wheat in certain areas of warm 
subtropical Asia is attributed to male sterility caused by reduced transport 
of boron to the flowering parts, where it is critically required for 
microsporogenesis and pollen fertility (Huang et al. 1996; Rerkasem, 1996; 
Rawson, 1996b, Subedi et al. 1998). Boron is also important for post- 
fertilization development and seed maturation. In sunflower, deprivation 
of boron supply, even as late as the time of anthesis, produces 
morphological aberrations in seeds and reduces the seed content of non- 
reducing sugars, starch and oil (Chatterjee and Nautiyal, 2000). Seeds of 
low boron sesamum plants show enhanced accumulation of phenolic 
compounds and decrease in oil content (Sinha et al. 1999). Seeds of low 
boron black gram plants showed poor germination and lack of vigour (Bell 
et al. 1989). Foliar application of boron during the reproductive phase of 
sunflower leads to enhancement in seed yield because of boron involvement 
in reproductive processes (Asad et al. 2003). 

Severe limitation in reproductive development and seed yield of boron- 
deficient plants could result from several factors restricting the supply of 
boron to the reproductive organs. Transpiration, and -through it the passive 
delivery of boron to the reproductive organs, may be restricted because of 
the foliar coverings of the reproductive parts and the inflorescence 
architecture (Hansen and Breen, 1985) or due to the environmental 
constraints such as temperature, light, humidity and availability of water 
during the critical stages of reproductive development (Rawson and 
Noppakoonwong, 1996; Dell and Huang. 1997). Other major factors that 
may cause shortfall in boron supply needed for reproductive development 
are poor translocation of boron from leaves and other mature tissues to the 



floral parts (Brown et al. 1999) and poor access of the pollen grains and 
the embryo sacs to the vascular supply (Rawson and Noppakoonwong, 
1996; Dell and Huang, 1997; Brown et al. 2002). As the vascular supply to 
the anther terminates at the tapetum and that to the ovules at the hypostate, 
the male and' the female gametophytes are deprived of access to boron 
supply directly through the vascular channels. 



CHAPTER 8 

CHLORINE 

8.1 GENERAL 

Last to be added to the list of micronutrients (Broyer et al. 1954), chlorine is 
group VII halogen element. It has only one stable oxidation valency state 
(Cl-) and exists in plants as free anion (Cl-), bound to exchange sites or as 
organic molecules. More than 130 chlorine-containing organic compounds 
have been reported from plants (Engvild, 1986). Their significance is 
currently not known, but at least one of these- 4-chloroindole acetic acid- 
shows high auxin activity (Flowers, 1988). Chlorine is a structural 
component of the manganese cluster of photosystem I1 that catalyzes the 
oxidation of water. Large accumulation of chloride in the vacuoles suggests 
its involvement in maintenance of turgor and osmoregulation. Chlorine 
has also been shown to be involved in regulation of enzyme activities and 
stomata1 functioning (Xu et al. 2000). 

8.2 UPTAKE, TRANSPORT, TRANSLOCATION 

While most soils contain chlorine predominantly as C1- ions, it is also 
reported to occur as natural organochlorine compounds (Fleming, 1995; 
Oberg, 1998). Chlorine is taken up by plant roots either as free anion (Cl-) 
or in association with a monovalent cation. Salts of chlorine are highly 
soluble and mobile in the rhizosphere. Besides absorption by roots, chlorine 
is also absorbed by aerial parts of plants, either as an anion (Cl-) or as gas 
(Johnson et al. 1957). Rainwater and environmental pollutants also 
contribute substantial amounts of C1- in plants. Different facets of plant 
uptake and transport of chloride have been reviewed by White and Broadley 
(2001). 

Pitman (1969) suggested chloride uptake across the plasma membranes 
to involve two transport components, an active component driven by proton 
pumps (H+ ATPases) and a passive component involving facilitated 



diffusion. The former, coupled to ATP hydrolysis, involves a Cl-/nH+ 
symport. Felle (1994) produced evidence of an electrogenic C1-/2H+ 
symporter in the plasma membranes of Sinapis alba root hair cells. The 
passive component, mediated through anion channels (Tyerman, 1992; 
Skerrett and Tyerman, 1994), may contribute to major C1- influx across the 
tonoplast. Based on available experimental evidence, White and Broadley 
(2001) inferred that active transport of C1- dominates chloride uptake under 
low external C1- concentrations and passive transport under more saline 
conditions. In a recent study, using transgenic Arabidopsis expressing anion 
probe, Lorenzen et al. (2004) have presented evidence substantiating that 
under saline conditions C1- influx is passive through channels and that 
anion transport is coupled with the transport of corresponding cation. 

Epstein (1972) proposed that chloride transport across plasmalemma 
involves multiple-mechanisms with contrasting affinities for Cl. Study of 
C1- fluxes through roots of intact plants and excised root segments shows 
that the capacity for C1- uptake is determined by the plant nutrient status 
(Pitman, 1969; Lee 1982; Cram 1983). 

Root-to-shoot transport of C1- takes place through the xylem. Under most 
conditions, C1- loading into the xylem involves the symplastic pathway 
(Pitman, 1982) but apoplastic transport is also likely (White and Broadley, 
2001, references therein). Root-to-shoot transport of C1- is influenced by 
transpiration rate and the rate of shoot growth (Greenway, 1965; Pitman, 
1982; Storey, 1995; Moya et al. 1999). Xylem transport of chloride is also 
influenced by the form of nitrogen supply. Ammonium (NHc,) favours and 
nitrate (NO,) inhibits transport. Chloride interaction with the form of 
nitrogen possibly involves its function in maintenance of charge balance. 

Chloride is phloem mobile (Lessani and Marschner, 1978). When 
subjected to salt stress, several species (castor bean, lupin, maize) show 
relatively high phloem/xylem C1- ratio (Flowers, 1988; Jeshke and Pate, 
1991; Jeshke et al. 1992; Lohous, 2000). Relatively high concentration of 
C1-in the phloem sap could contribute to phloem loading and unloading 
of sugars. 

8.3 ROLE AND DEFICIENCY RESPONSES 

8.3.1 Photosynthesis 

Chlorine is a structural constituent of the manganese containing oxygen 
evolution complex (OEC) of photosystem 11. It is postulated to ligand to one 
or more manganese atoms of the Mn-cluster involved in the donor side 
reactions of PS I1 (Renger, 1997; Hoganson and Babcock, 1997). Even before 
the establishment of C1 as a component of the OEC, chlorine deficiency 
was shown to decrease O2 evolution by isolated chloroplasts of higher 
plants (Bove et al. 1963; Kelley and Izawa, 1978). It has, however, been 



shown by Terry (1977) that the chlorine effect on photosynthesis in sugarbeet 
is indirect, and caused by reduction in leaf area resulting from restricted 
cell division and inhibition of extension growth of cells due to chlorine 
deficiency. The chlorine-deficient plants of sugarbeet, that show marked 
decrease in plant growth, show little change in rate of photosynthesis per 
unit leaf area. Studies on chlorine deficiency effect on stomatal functioning 
in onion also suggest an indirect effect of chlorine on photosynthetic activity 
(Schnable, 1980). Proton pumping across the tonoplast causes influx of C1- 
simultaneous with K+, followed by movement of water into the guard cells, 
which leads to increase in turgor and opening of stomata, affecting CO, 
exchange. 

8.3.2 Osmoregulation 

Chlorine has an osmoregulatory role in plants. The level of concentrations 
at which chlorine functions in osmoregulation is very wide. Chlorine 
functions as osmotically active solute in roots, affecting plant water relations 
in excess of 50 mM (Flowers, 1988), which is far in excess of the level at 
which the other micronutrients play their functional roles in plants. 
Chlorine needs of other osmoregulatory functions, such as extension growth 
of cells in root and shoot apices, development of stigma and stomatal 
functioning, is much less and possibly of the some magnitude as that of 
the other micronutrients. Chlorine accumulates in relatively high 
concentrations in the extension zones of root and shoot apices, promoting 
their turgor-induced extension growth. When deprived of chlorine, maize 
plants show severe inhibition of root elongation (Hager and Helmle, 1981). 
The rapid growth of stigma following anthesis in grasses is attributed to 
extension growth of cells resulting from enhanced cell turgidity following 
rapid mobilization of K+ and C1- from the neighbouring cells (Heslop- 
Harrison and Roger 1986). This osmoregulatory role of C1 may have an 
important bearing on the biology of fertilization. 

A study of chloride involvement in stomatal functioning in faba bean 
leaves by Hanstein and Felle (2002) indicates CO, induced enhancement 
of C1- efflux from guard cells into the apoplastic fluid. This is attributed to 
CO, induced activation of anion channels of the guard cell plasma 
membranes. Hanstein and Felle (2002) ascribe the slow nature of the 
observed response to possible involvement of some CO, derived effectors 
in the activation of the anion channels. 

Chlorine has also been shown to be involved in seismonastic movements 
of Mimosa pudica (Fromm and Eschrich, 1988) and circadian rhythm of 
Samanea saman leaflet movements (Kim et al. 1993). Opening of S .  saman 
leaflets on exposure to blue light is associated with increased influx of K+ 
and C1- and consequential changes in turgor of extensor cells. The process 
is reversed on exposure to red light followed by a dark period. This 



response, characteristic of a phytochrome-mediated process, suggests that 
K+ and C1- fluxes across the ion channels of the plasma membranes are 
light controlled and involve phytochrome action. 

8.3.3 Regulation of Enzyme Activities 

Even though chlorine is not directly involved in catalysis, it is reported to 
play a role in regulation of enzyme activities. Rognes (1980) showed chlorine 
stimulation of asparagine synthetase, which catalyzes the glutamate 
dependent synthesis of asparagine. 

ATP AMP + PPi u Glutamine + Aspartate 4- Glutamate + Asparagine 

Asparagine synthetase can also catalyze the amination of aspartate to 
asparagine. Asparagine functions in storage of nitrogen and its transport 
from source to sink. It is the major nitrogenous constituent of the phloem 
sap of several legumes. 

8.3.4. Deficiency Symptoms 

In controlled culture experiments, avoiding contamination from nutrient 
solution and the aerial environment (rainfall, pollutants), chlorine 
deprivation of plants has been shown to retard growth, restrict expansion 
of young leaves and induce visible symptoms. Chlorine deficiency leads to 
severe restriction in area of young leaves, possibly due to inhibition in cell 
division rate. This could also result from a decrease in osmoticum, leading 
to inhibition in extension growth of cells (Section 8.3.2). 

A common feature of chlorine deficiency is intervenal chlorosis or 
yellowing of young leaves. In most plants, the margins of these leaves 
invariably turn brown and appear flaccid or wilted (Broyer et al. 1954; 
Ulrich and Ohki, 1956; Johnson et al. 1957). Wilting of the leaf margins is 
particularly prominent on hot, sunny days and is possibly related to 
impairment of osmoregulation. Young leaves of chlorine-deficient plants of 
red clover curl and shrivel and eventually turn necrotic (Whitehead, 1985). 
While sugarbeet, lettuce, coconut palm, and kiwi fruit trees show high 
sensitivity to chlorine-deficiency, seed legumes are relatively tolerant. 



PART I1 

OCCURRENCE, EVALUATION AND 
AMELIORATION OF DEFICIENCIES 





CHAPTER 9 

CAUSES AND SPREAD OF DEFICIENCIES 

9.1 GENERAL 

Plants depend for their micronutrient needs on their availability in the 
rooting zone. This is a function of their total content, derived from the soil- 
forming minerals in the parent material, and the several soil chemical and 
physical properties. The latter determine the dynamics of the equilibrium 
between the total content of a micronutrient in the soil and its labile pool, 
from which they are acquired by plant roots. The acquisition of 
micronutrients from the labile pool is also affected by biological activities 
in the soil, the physical factors of the environment (temperature, pH, light 
intensity, etc.) and cultural practices. Genetic attributes and stress 
disposition of plants also influence the acquisition of micronutrients. 
Sustained growth and yield of crop plants is a function of the interactive 
influences of the soil, plant and environmental factors. Any one or more of 
these factors may adversely affect the availability of micronutrients and 
reduce it to deficiency concentrations. 

Factors influencing the availability of micronutrients to plants have been 
discussed in general terms in several publications on soils, soil fertility 
and plant nutrition (Black, 1993; Barber, 1995; Brady and Weil, 1999; 
Marschner, 1995; Mengel and Kirkby, 2001) and in a more specific manner 
in publications dealing with one or more micronutrients (Loneragan et al. 
1981; Katyal and Randhawa, 1983; Graham et al. 1988; Mortvedt, 1991; 
Robson, 1993; Gupta, 1993, 1997a; Abadia, 1995; Rengel, 1999). 
Comprehensive information about the geographic distribution of 
micronutrient deficiencies the world over is provided in articles by Welch 
et al. (1991) and White and Zasoski (1999) and in the several publications 
on particular micronutrients referred above. 

Some common factors influencing the availability of the micronutrients 
are listed in Table 9.1. Factors contributing to deficiency of particular 
rnicronutrients have been discussed in subsequent sections. 



Table 9.1. Factors affecting the availability of micronutrients to plants 

SOIL FACTORS 
Minerals, total content 
Soil reaction (pH), redox 
Cation exchange capacity 
Organic matter 
Nutrient balance 
Moisture 
Aeration 
Soil microorganisms 

PLANT FACTORS 
Nutrient uptake efficiency 
Root-shoot transport 
Nutrient accumulation, compartmentalization 
Nutrient utilization, transformation into biogenic molecules, 
Metabolic activity; rate and stage of growth 

ENVIRONMENTAL FACTORS 
Light intensity 
Temperature 
Drought 
Flooding; Hypoxia 

CULTURAL PRACTICES 
Cultivation practices 
Fertilizer use 

9.2 IRON DEFICIENCY 

Even though the inherent iron content of most soils is adequate to meet the 
iron requirement of plants, its deficiency is widespread globally. Most semi. 
arid and arid soils with high base saturation and high oxidation state of 
its Fe-minerals (ferric hydroxides) are low in available iron. Several factors 
restrict the availability of iron in soil (Wallace and Lunt, 1960). The more 
important ones are: 

High pH (calcareous, alkaline soils) 
Low organic matter 
Light soil texture 
Nutrient imbalance (high phosphate, nitrate, heavy metals) 
Water logging (except in lowland rice) 
Low or high temperatures 
Genotypic inefficiency 

Iron deficiency is most common on poorly drained calcareous soils 
containing free carbonates. Even though not lacking in iron content, the 
calcareous soils, with high bicarbonate content, are low in plant-available 
iron (Chen and Barak, 1982; Mengel et al. 1984; Mengel, 1994). This is 
because at high pH, the soluble iron is converted to insoluble hydroxides 
and rendered unavailable. Increase of pH by one unit decreases the 



solubility of iron by a factor of Grauber and Icosegarten (2002) have 
shown that an increase in the pH of the leaf apoplast is the primary cause 
of physiological inactivation of iron in plants grown on calcareous soils. 
High uptake of nitrate, which contributes to high leaf apoplastic pH 
(Mengel, 1994; Kosegarten et al. 2001) can be a major cause of Fe-deficiency 
on calcareous soils. Chlorosis observed in young leaves of plants growing 
on calcareous soils is commonly known as 'lime-induced chlorosis' (LIC) 
or simply as 'Iron chlorosis' (IC). Iron deficiency is also observed on high 
pH sodic soils. Mengel and Geurtzen (1988) have shown a direct 
relationship between soil alkalinity and development of chlorosis in maize 
(Zea mays L.). 

Organic matter in soils binds iron to form organic complexes and serves 
as a source of plant-available iron. Lack of organic matter in soils may 
contribute to iron deficiency. Soil conditions favouring biological oxidation 
of iron (Fe2+ + Fe") have a similar effect. Availability of iron is also adversely 
affected by excess concentrations of the other nutrient elements or even 
non-essential elements. Manganese (Mnb) oxidizes Fe2+ to Fe"', reducing 
its uptake by plants (Paul and Clark, 1996). 

Iron deficiency is the most common and widely distributed rnicronutrient 
. disorder world over. Its intensity is particularly high in the calcareous 

soils of the semi-arid regions. 

9.3 MANGANESE DEFICIENCY 

Manganese deficiency is common on soils derived from parent material 
low in manganese bearing minerals. Other major soil factors that contribute 
to manganese deficiency are: 

High pH (free carbonate) 
High organic matter 
Impeded drainage 
Overliming of acid soils 
Microbial oxidation 

High soil pH strongly inhibits the availability of manganese and 
constitutes the most common cause of its deficiency on calcareous soils. 
Increase in soil pH, resulting from overliming, may also reduce manganese 
availability to deficiency levels. Availability of manganese is also reduced 
in soils rich in organic matter, particularly so on peats. On low manganese 
soils, deficiency may also be aggravated by environmental factors. 

Soil microorganisms play an important role in influencing the availability 
of manganese by carrying out redox changes in the rhizosphere. Manganese 
in soils exists in several oxidation states (Mn2+, Mn3+, Mn") but is taken up 
by plants only as the divalent cation (Mn2+). Microorganisms that oxidize 
Mn2+ to higher oxidation states reduce the availability of manganese and 



those which reduce the higher oxidation states to Mn2+ enhance its 
availability. Plant root secretions influence the growth of both manganese 
oxidizing and manganese reducing microorganisms in soils. The nature of 
these reactions also shows genotypic variations. The root secretions of the 
manganese efficient genotypes favour the growth of manganese-reducing 
microorganisms. Allelopathic effects may also influence availability of 
manganese. Oats form a suitable pre-crop to wheat because its root exudates 
inhibit the activities of manganese oxidizing microorganisms. This increases 
the availability of manganese to the subsequent wheat crop, and also 
provides protection against the take-all disease (Huber and Mc Cay-Buis, 
1993). Soybean grown in areas where take-all was severe on the previous 
wheat crop, contains low concentrations of manganese and may even 
develop visible symptoms of manganese deficiency (Huber and Mc Cay- 
Buis, 1993). 

Manganese deficiency is common and widely spread on alkaline (high 
pH) soils of Malta, India, Pakistan, Syria, Italy, Egypt and Lebanon 
(Sillanpaa, 1982). It has also been reported from the agricultural zones of 
Australia (Donald and Prescott, 1975) and from France and the USA. 

9.4 COPPER DEFICIENCY 

Copper deficiency in plants is caused by low copper content in the soil 
parent material and unfavourable influences of soil chemical factors on its 
availability (Jarvis, 1981). The more important soil factors that contribute 
to copper deficiency are: 

High organic matter 
High pH 
Coarse texture 

Copper released during the weathering of the minerals is adsorbed on 
the cation exchange sites. In soils rich in organic matter, relatively large 
proportions of copper released during the weathering are complexed to 
organic compounds and rendered unavailable for plant uptake (Alloway 
and Tills, 1984). Availability of copper also decreases with increase in pH. 
Alkaline soils, rich in organic matter, are particularly susceptible to copper 
deficiency. Deficiency is common in plants grown on peats. Copper 
availability to plants grown on light-textured (sandy) soils may be reduced 
to deficiency levels, particularly where leaching losses are high. 

Copper deficiency has been widely reported from Australia, Egypt, the 
USA and European countries. 

9.5 ZINC DEFICIENCY 

Except in some coarse-textured acid soils, which may be low in total zinc 
because of leaching losses, almost invariably, zinc deficiency in plants is 



caused by reduced availability of zinc. Zinc availability is strongly 
influenced by soil conditions, environmental factors and cultural practices. 
Frono et al. (1975b) discussed the importance of soil factors contributing to 
zinc deficiency in rice, which acquired alarming proportions in south Asian 
countries during the 1970s. Importance of different factors affecting zinc 
uptake by plants has been discussed at length by Marschner (1993). The 
more common soil factor contributing to zinc deficiency are: 

High pH 
Low organic matter 
Coarse soil texture 
High phosphorus fertilization 

Solubility of zinc (Zn2+) is highly dependent on pH. Solubility is high at 
acid pH. With increase in each pH unit, its solubility shows a 100-fold 
decrease. High pH-induced zinc deficiency is of common occurrence on 
calcareous soils. 

As organic matter in soils provides ligands that bind to Zn2+ and 
subsequently make it available to plants; low organic matter in soils 
contributes to decrease in its availability. High incidence of zinc deficiency 
is reported from sandy soils that are poor in organic matter. The peat and 
muck soils, which contain organic matter in different stages of 
decomposition, are exceptions to this. High build up of phosphorus in 
soils, resulting from high application rates of phosphatic fertilizers, may 
retard zinc uptake by plants and induce its deficiency. Cakmak and 
Marschner (1986, 1987) reported decreased physiological availability of 
zinc to cotton plants exposed to excess supply of phosphorus. 

Environmental factors such as temperature, moisture and light intensity, 
which influence zinc acquisition by plants, may contribute to zinc 
deficiency. Availability of zinc is reduced in cool, wet seasons. Rise in 
temperature alleviates the deficiency. Nambiar (1976a,b) showed that plants 
grown on dry soil absorbed more 65Zn than plants grown on wet soils. 
Marschner and Cakmak (1989) reported an increase in the severity of 
chlorosis and necrosis in leaves of bean (Phaseolus vulgaris) plants exposed 
to high light intensity. Other likely causes of zinc deficiency are agricultural 
practices such as use of high analysis fertilizers that carry little zinc as 
contaminant and intensive cultivation of high-yielding crop cultivars that 
have relatively high demand on zinc. Preceding crops may secrete 
allelochemicals that immobilize zinc and restrict zinc availability to crops 
grown subsequently (Rice, 1984; Saxena et al. 2003). 

Zinc deficiency is widespread the world over (Takkar and Walker, 1993, 
Rashid et al. 1994; Graham and Welch, 1996). It is the single most important 
constraint in crop production on coarse-textured soils that are low in 
organic matter and alkaline (with free lime). Zinc deficiency has been 
reported in a wide variety of crops of the tropical and temperate regions. It 



is the most common micronutrient disorder limiting crop production in 
different agro-ecological regions of India (Singh, 2001). Zinc deficiency is 
reported to be common on calcareous alluvial soils of the middle and lower 
Yangtse river valley in China (Liu et al. 1990) and on agricultural as well 
as pasture lands of Australia (Donald and Prescott, 1975; Graham et al. 
1992). It is a major problem limiting wheat production in Central Anatolia 
region of Turkey (Cakrnak et al. 1996d). 

9.6 MOLYBDENUM DEFICIENCY 

The most important soil factors that affect the availability of molybdenum 
are pH and organic matter. Availability of molybdenum is drastically 
reduced in acid mineral soils with pH < 5.5. It is particularly so if the soils 
are rich in iron oxide hydrates, which provides sites for adsorption of 
molybdate ions (Moo:-). In soils rich in organic matter, relatively large 
proportions of molybdenum may be complexed to soil organic matter, from 
which it may subsequently be released slowly. Situation is different in 
peats, wherein a large proporfion of molybdenum (MOO:-) is reduced and 
fixed to humic acid, causing a sharp decrease in its availability. This 
accounts for common occurrence of molybdenum deficiency on low pH 
peat soils. Different factors affecting plant uptake of molybdenum have 
been discussed by Gupta (199%). 

The world distribution of molybdenum deficiency closely corresponds 
to the distribution of acid soils. Deficiency is most common in African 
countries, particularly Sierra Leone, Zambia, Nigeria and Ghana (Sillanpaa, 
1982). Molybdenum deficiency is also widespread in Western Australia, 
New Zealand, Nepal, Brazil and the calcareous soils along the Yellow 
river in China. 

9.7 BORON DEFICIENCY 

Boron availability in soils is largely determined by boron adsorption 
reactions, the soil properties that affect these reactions and weather 
conditions (Goldberg, 1997). The main soil factors that contribute to boron 
deficiency are: 

High pH 
Coarse texture 
Low organic matter 
Low moisture 

High pH is the single most important factor limiting boron availability. 
Except in saline-sodic soils, availability of boron is reduced by increase in 
soil pH (>6). This effect is particularly marked in calcareous soils, because 
of enhanced adsorption of borate ions on free carbonates (Goldberg and 



Foster, 1991). For the same reason, overliming of acid soils may result in 
boron deficiency. Boron deficiency is further aggravated by dry weather 
conditions, which retard the decomposition of organic matter and also 
prevent the penetration of roots in the soil. High light intensity accentuates 
boron deficiency by increasing the boron requirement of plants (Tanaka, 
1966; Cakrnak et al. 1995). 

Boron-deficient soils are distributed globally. Deficiency is most prevalent 
on coarse-textured (sandy) soils of the humid regions, where high leaching 
losses of boron (e.g. podsols, podzols) further deplete the inherently low 
boron content of soils to deficiency levels. Soils' analysis reveals boron 
deficiency to be common in Nepal, Phillipines, India and Thailand 
(Sillanpaa, 1982). As many as 132 crop species from 80 countries have 
been reported to respond to boron fertilization (Shorrocks, 1997). 

9.8 CHLORINE DEFICIENCY 

Chlorides are highly water soluble and leachable. This may reduce C1- 
availability in highly leached mineral soils, particularly where soils have 
not been previously fertilized with C1- containing fertilizers (e.g. KC1). 

In general, chlorine deficiency is not a field problem in any part of the 
world. There are, however, reports of beneficial effects of chlorine containing 
fertilizers on crops, particularly wheat. This may be attributed to possible 
involvement of chlorine in reducing the incidence of soil-borne fungal 
infections (e.g. take-all). 



CHAPTER 10 

EVALUATION OF DEFICIENCIES 

10.1 GENERAL 

Diagnosis of micronutrient deficiencies and evaluation of their severity are 
a prerequisite for their correction. Early studies on plant nutrition were, 
therefore, concentrated on development of methods for diagnosis of 
micronutrient deficiencies. Pioneering contributions in this regard have 
been made by Wallace (1961), Sprague (1964) and Chapman (1966). The 
methods for diagnosis of micronutrient deficiencies are essentially based 
on the following: 
a. Foliar symptoms 
b. Plant analysis 
c. Soil tests 
d. Biochemic~: and spectral changes 
e. Crop response to fertilizer amendment 

Judicious and sustainable management of deficiency of a micronutrient 
requires a quantitative assessment of its availability to plants. This is critical 
for correction of deficiency through fertilizer amendments. The dose of 
micronutrient amendment has to be chosen in such a way that it raises the 
availability of the applied micronutrient to give optimal yields but does 
not build its concentration to a toxic level. It, thus, becomes imperative to 
not only identify the limiting nutrient but evaluate the severity of its 
deficiency which determines crop responsiveness to fertilizer application. 

10.2 FOLIAR SYMPTOMS 

There is a range of concentration within which a micronutrient is required 
for different cellular and/or physiological functions in plants. If its 
concentration falls short of the requirement, the cellular functions are 
impaired and this manifests as retardation of growth and development of 
visible symptoms. The latter are, to a great extent, characteristic of the 



limiting micronutrient, and have been suggested to serve as an aid for 
diagnosing the deficiencies. Some micronutrient deficiency symptoms 
appeared so characteristic that they were given descriptive names (Table 
10.1); some even before they were identified as micronutrient deficiencies. 
For example, the wither tip or reclamation disease in wheat grown on 
reclaimed heath and moorland soils of Netherlands (copper deficiency), 

Table 10.1. Common names ascribed to some micronutrient deficiency symptoms 

Micronutrient Plant Descriptive name 

Manganese Oats (Avena sativa L.) .. 
Sugarbeet (Beta vulgaris L. ssp. Vulgaris) 
Pea (Pisum sativum L.) 
Tung (Aleuritis sp.) 
Sugarcane (Saccharum spp.) 

Copper 

Zinc 

Citrus (Citrus spp), deciduous fruit trees 
Apple (Malus sylvestris Mill.) 
Wheat (Triticum aestiuum L.) 

Citrus (Citrus spp.) fruit trees 

Apple (Malus sylvestris Mill) 
Pecan (Carya pecan) 
Cocoa (Theobroma cacao) 
Tung (Aleuritis fordii) 
Maize (Zea mays L.) 
Rice (Oryza sativa) 

Molybdenum Cauliflower (Brassica oleracea 
L. var. botrytis) 
Beans (Phaseolus spp.) 
Citrus (Citrus spp.) 

Boron Apple (Malus sylvestris Mill.) 
Apricots (Prunus armenica L.) 
Rasberry 
Citrus (Citrus spp.) 
Celery (Apium graveoleus L.) 
Hops (Humulus lupulus) 
Lucerne, Alfalfa (Medicago sa tiva L.) 
Sugarbeet (Beeta vulgaris L. ssp. 
vulgaris) 
Cauliflower (Brassica oleracea 
L. var. botrytis) 
Tobacco (Nicotiana tabacum L.) 
Turnip (Brassica rapa var. Rapa L.) 

Swede, Rutabaga (Brassica napus L. 
napobrassica group) 

Grey speck 
Speckled yellows 
Marsh spot 
Frenching 
Pahala blight. 

Exanthema, 
Summer die-back 
Wither tip, white tip, 
reclamation disease 

Mottle leaf,frenching, 
little leaf 

Little leaf 
Rosette 
Sickle leaf, narrow leaf 
Bronzing 
White bud 
Khaira 

Whiptail 

Scald 
Yellow spot 

Internal cork, corky pith 
Brown spot 
Die-back 
Hard fruit 
Cracked stem 
Ivy leaves 
Yellows 
Heart rot, Crown rot, 
Dry rot 
Browning of 
curd, Hollow stem 
Top sickness 
Canker, 
Internal black spot 
Brown heart, Rahn 









































Crop response to nutrient amendment is influenced by variations in 
chemical form of the fertilizer, the time and mode of its application, the 
plant genotype and the physiological stage of the plant at which fertilizer 
is applied. The response curves are, therefore, soil and plant specific. The 
theoretical and practical aspects of the response curves related to crop 
nutrient status are exhaustively discussed by Black (1993). 

Besides field trials, crop response to micronutrients can also be tested 
through pot-culture trials under greenhouse conditions. In a pot trial, the 
soil to be tested for plant availability of a micronutrient is filled in pots of 
a suitable size and the particular rnicronutrient is added to the soil in the 
form of a suitable carrier. The crop plant to be tested for the response is 
raised in pots with graded doses of the micronutrients and quantified for 
biomass and/or harvest yield. The yield increment, relative to the 
unfertilized soil (control) indicates the response to the micronutrient, which 
is related to its deficiency in the soil and serves as a guide for optimizing 
crop yield through fertilizer amendment. For example, findings of a pot 
trial conducted to evaluate a soil for Zn deficiency (unpublished) (Fig 10.3; 
Table 10.10) suggest that Zn-fertilization of the soil under study @ 10 kg 
h-I (= 10 mg kg-' soil) can be predicted to nearly double the yield of maize 
grown thereon. 

Fig. 10.3. Response of maize (Zea mays L.) to zinc (ZnSO,) fertilization of a low zinc soil: 
Arranged left to right are pots applied zinc (ZnSO,) @ O(Control), 2, 5, 10, 15 and 20 mg 
kg-' soil. 



Table 10.10. Response of maize (Zea mays L.) to zinc (ZnSO,) fertilization of a low Zn 
sandy loam soil in pot culture 

Zn- Available soil-Zn Dry Tissue Zn Yield 
application concentration matter (pg g-' dry wt) response 
(mg kg-'soil) ( ~ g  g-' dry wt) yield (% control) 

(g pot-') 

0 (control) 0.28 62.8 16.4 

2 0.48 80.8 21.6 2 9 

5 0.56 96.3 24.8 5 3  

Limited soil volume, root space and nutrient availability in the 
rhizosphere make pot-culture conditions different from field conditions 
(Huang et al. 1996), but for short duration, annual crops, it still serves a 
useful purpose in evaluating soil micronutrient status and fertilizer use for 
optimizing crop yield. 



CHAPTER 11 

AMELIORATION OF DEFICIENCIES 

11.1 GENERAL 

Amelioration of micronutrient deficiencies involves two approaches. The 
first approach aims at correction of deficiencies through application of the 
limiting micronutrients or amendments that increase their availability to 
plants. The second approach aims at raising crop genotypes with high 
nutrient efficiency on soils lacking in their availability. Once a micronutrient 
has been identified to be deficient in a soil and the extent of deficiency has 
been evaluated by appropriate methods (Chapter lo), it can be applied to 
the soil (soil amendment) or the plant (foliar amendment) to overcome the 
deficiency. This approach has been followed since the beginning of 
cultivation by man and is still the most widely followed method for 
amelioration of micronutrient deficiencies (Murphy and Walsh, 1991). 
Where the availability of micronutrients is limited by some soil chemical 
condition (e.g. high pH), deficiencies can be ameliorated through soil 
amendments (e.g. liming), causing an increase in the availability of 
micronutrients through modification of the soil chemical conditions. 
Micronutrient deficiencies caused by excessive salinity can be ameliorated 
by application of gypsum (CaS0,.7H20), which increases exchangeable 
Ca2+ and decreases exchangeable A1 (Shainberg et al. 1989). Availability of 
micronutrients (Fe, Zn) can also be increased through biologcal methods 
such as VAM associations or microbial siderophores. Rhizosphere 
microorganisms can affect plant nutrition by influencing the availability of 
plant nutrients, growth and morphology of roots and nutrient uptake 
processes (Rovira et al. 1983). Organic manures provide another potential 
source of micronutrients. They have an edge over the artificial fertilizers in 
that they also improve soil conditions to favour enhanced availability of 
native as well as applied micronutrients. 

The second approach, that finds favour over the first, because of cost 
effectiveness, energy costs and sustainability, is the plant-based approach 



wherein the deficiency constraint is overcome by going in for cultivation of 
plant genotypes that, by virtue of high nutrient efficiency, can perform well 
on soils of low micronutrient availability. Use of genotypes, that have high 
efficiency of absorption, translocation and/or utilization of micronutrients, 
is particularly advantageous in overcoming deficiencies imposed due to 
adverse soil conditions such as calcareousness, salinity and sodicity, which 
are otherwise difficult to correct. During the recent years, greater thrust has 
been laid on overcoming deficiencies (and toxicities) of micronutrients 
through use of efficient genotypes (Sattelmacher et al. 1994; Welch, 1995; 
Graham and Welch, 1996; Pearson and Rengel, 1997; Rengel, 1999; Nielsen 
and Jensen, 1999). The choice of the approach for management of deficiencies 
differs with particular micronutrients, soil conditions and crop species. 

11.2 MICRONUTRIENT AMENDMENTS 

The limiting micronutrient(s) can be supplemented in different ways. This 
may be achieved by application of the limiting micronutrient in a suitable, 
inorganic or organically complexed form as (a) soil amendment, (b) foliar 
application or through (c) seed treatment. 

Efficiency of soil application of a micronutrient for correction of deficiency 
depends on the proportion in which the added fertilizer contributes to the 
labile pool of micronutrients in the rhizosphere. This is influenced to 
varying extents by the interactions of the added micronutrient carriers with 
the soil physico-chemical conditions and environmental influences. A large 
proportion of boron and manganese added to the soil through inorganic 
carriers may be rendered unavailable, particularly in high pH soils, and 
this, reduces their efficiency as corrective measures. The effectiveness of 
foliar application of micronutrients, on the other hand, depends on their 
phloem mobility. High phloem mobility of molybdenum makes its foliar 
sprays an effective method for correction of molybdenum deficiency. Seed 
micronutrient content has an important bearing on seed vigour and 
viability. When sown to soils deficient in a micronutrient, seeds rich in 
that micronutrient can establish and support early seedling growth much 
better than seeds lacking in that micronutrient. Enrichment of seeds in 
micronutrients either through parental nutrition or seed treatment have 
been found effective in overcoming their marginal deficiencies. The effects 
of seed coatings and seed treatments on the establishment of seedlings on 
nutritionally poor soils are discussed by Scott (1989). 

11.2.1 Iron Deficiency 

Son, AMENDMENT 
Several iron salts find use in correction of iron deficiency (Table 11.1), but 
they have a common drawback in that a large proportion of iron supplied 



through the inorganic carriers is rendered unavailable, and this necessities 
their application at rates that are prohibitive. Amongst the inorganic iron 
fertilizers, the most commonly used are the ferrous or ferric sulphate. Both 
are supplied at rates providing 100 to 500 kg Fe ha-l. 

Table 11.1. Common inorganic iron fertilizers 

Fertilizer Chemical formula Fe content 
(Yo )  

Ferrous sulphate FeS0,.7H20 20.5 

Ferric sulphate Fe2(S0,)3 20.0 

Ferrous ammonium sulphate (NH,), SO,, FeS0,.6H20 14.0 

Ferrous carbonate FeCO, 42.0 

The problem of non-availability of iron supplied through inorganic 
fertilizers can be circumvented through use of synthetic iron chelates 
(Table 11.2). 

Table 11.2. Common synthetic iron chelates 

Iron-chelate Common name 

Ferric-Ethylene diamine tetraacetic acid Fe-EDTA 

Ferric-Diethylene triamine pentaacetic acid Fe-DTPA 

Ferric-Hydroxyethyl ethylene diamine tetraacetic acid Fe-HEEDTA 

Ferric-Cyclohexane trans 1,2-diamino tetraacetic acid Fe-CDTA 

Ferric-Ethylene diamine-dihydroxy phenylacetic acid Fe-EDDHA 

Synthetic chelates of iron, in particular Fe-EDDHA (6% Fe), have been 
successfully used in correcting iron deficiency. The rates of application of 
the chelates vary widely. Even at low concentrations (0.5 to 1.0 kg ha-'), 
they provide effective control of iron deficiency. The only deterrent in their 
large-scale use is their high cost. Complexes of iron with naturally occurring 
organic compounds, such as lignin sulphonates, polyflavonoids and 
methoxyphenyl propane, have also been used for correction of iron 
deficiency. Use of iron frits, wherein iron is fused to glass, serve as a source 
of slow releasing iron. Their use has been advocated for correction of iron 
deficiency on acid soils with high percolation rates. 

Because of widespread occurrence of iron chlorosis, particularly on 
calcareous soils, its prevention and correction have always been areas of 
major interest in plant nutrition (Hogstrom, 1984; Mortvedt, 1991b; Wallace, 
1991, and references therein). Besides inorganic iron fertilizers and iron 
chelates that have been in wide use for several decades, recommendations 



have been made for the use of soil application of acid-and Fe-fortified 
organic wastes and sulphur-pyrite mixes (Wallace, 1991). Effectiveness of 
Fe chelates is increased by making them slow release or applying with 
seed (Wallace, 1992). 

FOLIAR APPLICATION 
Foliar sprays of both inorganic iron compounds and iron chelates find 
wide application in correction of iron deficiency, particularly so in fruit 
and vegetable crops. The most widely used inorganic iron fertilizer for 
spray application is ferrous sulphate. Foliar spray of 1 to 3% solution of 
FeSO4.7H2O at 300-400 1 h-I is generally effective in correction of iron 
chlorosis. Wide use is made of foliar application of iron chelates for 
correction of iron deficiency in calcareous soils. Effective recovery from 
iron chlorosis is commonly obtained with a high volume spray (500 to 
1,000 1 ha-l) of 0.05% solution of Fe-EDTA repeated at fortnightly 
intervals. 

SOIL MANAGEMENT 
Iron deficiency on high pH (including calcareous) soils can be successfully 
prevented by soil acidification through sulphur compounds. This is, 
however, not specific for iron deficiency and involves high expenses. 

11.2.2 Manganese Deficiency 

SOIL AMENDMENT 
Several inorganic compounds of manganese are used for correction of 
manganese deficiency. The most widely used is manganese sulphate 
(MnS04.3 H,O). Its rate of application may vary from 5 to 100 kg Mn ha-l, 
depending on the severity of deficiency, the soil pH and the method of 
application-broadcast or band placement. Broadcast is preferred for soils 
with acidic pH (< 6.5). When soil pH exceeds 6.5, band placement gives 
better results. In general, precipitation of manganese at high pH decreases 
the efficiency of manganese fertilizers on alkaline soils. Even otherwise, 
soil application of manganese is often not considered a dependable method 
for correction of manganese deficiency. 

FOLIAR APPLICATION 
Usual method for control of manganese deficiency is through foliar 
application of manganese sulphate (Reuter et al. 1988). Foliar application 
is preferred over soil application because of relatively low rates of 
application and low cost involvement. But, because of poor residual value, 
control of manganese deficiency through foliar spray is obtained only on 
repeat applications of manganese sulphate (at a concentration of 10 kg 
ha-l). Foliar application of chelated manganese (Mn-EDTA) provides 
another effective method for correction of manganese deficiency but on 
economic considerations its use is limited. Foliar spray of manganese 



containing dithiocarbamates, used for control of pathogenic diseases, are 
reported to add to manganese content of the foliage and reduce the severity 
of manganese deficiency. 

SEED TREATMENT 
Manganese deficiency can be substantially prevented by use of seeds of 
high manganese content. Such seeds can be obtained from parent plants 
that had been adequately fertilized with manganese or by soaking the 
seeds in a solution of manganese sulphate. Longnecker et al. (1991b) 
observed improvement in plant growth and grain yield of barley grown on 
manganese-deficient soils when the crop was raised from seeds of 
high manganese content. Wheat plants raised from seeds of high 
manganese content, showed low incidence of take-all than plants raised 
from seeds of relatively low manganese content (Huber and McCay-Buis, 
1993; McCay-Buis et al. 1995; Pedler, 1996). It is suggested that use of seeds 
with high manganese may provide more effective control of manganese 
deficiency in wheat than manganese fertilization of soil (Moussavi-Nik at 
al. 1997). 

11.2.3 Copper Deficiency 

SOIL AMENDMENT 
Effective and persistent control of copper deficiency is secured through 
application of copper sulphate, copper oxide, Cu-chelates (Table 11.3) and 
copper containing slag. The most widely used and perhaps the cheapest 
copper fertilizer is copper sulphate. The most common dose of copper 
application to soil through copper sulphate is lOOg Cu ha-'. 

Table 11.3. Common copper fertilizers 

Fertilizer Chemical formula Cu content 
( % I  

Copper sulphate 

Copper oxide 

Copper chelates 

CuS0,.5H20 
CuS0,.H20 

c u 2 o  
c u o  

Na,-Cu EDTA 

Na-Cu EDTA 

Copper chelates are easily available but they are expensive and provide 
little advantage over inorganic copper compounds. The most widely used 
dose of chelated copper (Cu-EDTA) is 30g Cu ha-l. The rate of copper 
application has to be based on the severity of copper deficiency and the 
method of application. In both inorganic and chelated form, relatively large 



doses are required for broadcast application than for band placement. Since 
copper fertilizers have a high residual effect, they provide a long-term 
solution to copper deficiency. Soil application of inorganic copper salts, 
oxides or slow release compounds @ 15 kg Cu ha-', has been reported to 
provide effective protection against copper deficiency for over a decade. 
Care should, however, be exercised in selecting the application rates of 
copper fertilizers to ensure that they do not build up copper concentrations 
in soil to toxic limits. 

FOLIAR APPLICATION 
Foliar application of copper in the form of inorganic salts, oxides or 
chelates provides effective correction of copper deficiency. This is preferred 
to soil application as it avoids build up of Cu in soils to toxic limits. Most 
widely used source of copper for foliar application is copper sulphate. 
Neutralization of copper sulphate with lime prevents the toxic effects on 
the foliage. The need for the treatment has to be based on soil analysis 
and/or copper deficiency symptoms in the previous crops. Generally, a 
single spray is effective in correcting even severe deficiency. Copper chelates 
of EDTA or HEEDTA form other effective methods for control of copper 
deficiency but repeated applications of these may be required for optimum 
results. 

11.2.4 Zinc Deficiency 

Son AMENDMENT 
Soil application of zinc-containing inorganic fertilizers offers effective 
control of zinc deficiency. Several salts of zinc are used for the purpose 
(Table 11.4). 

Table 11.4. Common inorganic zinc fertilizers 

Fertilizer Chemical formula Zn content 
(Yo> 

Zinc sulphate ZnS0,.7H20 
ZnSO,.H,O 

Zinc oxide ZnO 

Zinc chloride ZnC1, 

Zn carbonate ZnCO, 

Zinc oxide-sulphate ZnO-ZnSO, 

Zinc ammonium phosphate Zn(NH,)PO, 

Sulpherilite ZnS 

The most widely used zinc fertilizer is zinc sulphate. Generally, zinc 
sulphate is applied at a rate providing 5 to 20 kg Zn ha-'. Actual rates 



would depend on the crops to be fertilized, the type of soil and the method 
of application. Metallic zinc (as zinc dust) is also used as a soil amendment. 

The efficiency of zinc fertilizers is influenced by several environmental 
and biological factors. Morgan (1980) described large variations in flux of 
zinc (and phosphorus) fertilizers with changes in soil temperature. Nayyar 
and Takkar (1980) evaluated the suitability of different sources of zinc for 
fertilizing rice on alkali soils. According to them, zinc deficiency on 
calcareous soils can be readily corrected by soil application of inorganic 
zinc salts such as ZnSO,. Effective control of zinc deficiency is secured 
through soil application of zinc chelates (Zn-EDTA, Zn-HEDTA) at 
considerably low (0.5 to 1.0 kg Zn ha-') concentrations. 

FOLIAR APPLICATION 
Foliar application of zinc is often the preferred form of zinc fertilization of 
fruit trees and vegetable crops. It is also the method of choice where adverse 
soil chemical conditions render a large proportion of soil applied zinc 
unavailable to plants. The most commonly used inorganic carrier of zinc 
for foliar application is zinc sulphate (neutralized with lime). Effective 
control of zinc deficiency is secured through 2 or 3 foliar applications of 
0.5% ZnSO, + 0.25% lime sprayed @ 400 1 ha-'. Use of a wetting agent 
improves the efficiency of the treatment. Haslett et al. (2000) have shown 
that foliar application of zinc, either in inorganic or organic form, can 
effectively meet the zinc requirements of wheat. 

SEED TREATMENT 
Seed treatment of zinc may not provide total correction of zinc deficiency. It 
has, however, been shown that zinc content of seeds contributes to early 
seedling growth and that high zinc content of seeds may act as a starter- 
fertilizer, helping establishment of seedlings on low zinc soils (Rengel and 
Graham, 1995a,b; Grewal and Graham, 1997). 

11.2.5 Molybdenum Deficiency 

Molybdenum deficiency can be successfully ameliorated through use of 
inorganic molybdenum fertilizers (Table 11.6). Dose of molybdenum 
fertilizers to correct the deficiency has to be based on the molybdenum 
requirement of plants, which differs in nodulating and non-nodulating 
plants and is influenced by the level and form ofnitrogen fertilization. 
Studies on soybean have shown that response to molybdenum application 
is largely restricted to nodulating plants (Parker and Harris, 1977). This is 
attributed to greater need of molybdenum for nitrogen fixation than for 
assimilation i f  nitrate. As would be expected on the basis of need of 
molybdenum for nitrate reduction (Hewitt and McCredy, 1956), the response 
to molybdenum application is high when plants are fertilized with nitrogen 



as nitrate than with ammonium fertilizers. The level of nitrogen fertilization 
also influences response to molybdenum application. Response is high 
when soils are not adequately supplied with nitrogen. Sources and methods 
of molybdenum fertilization of high molybdenum requiring crops are 
discussed by Mortvedt (1997). Application of molybdenum at low rates 
along with inoculation of suitable strains of Rhizobium may substitute for 
high rates of molybdenum fertilization. Generally, the fertilizers are applied 
at a rate delivering 70 to 200 g Mo ha-l. Crops having higher molybdenum 
requirement may need higher rates of fertilization (up to 400 g Mo ha-'). 

Table 11.5. Common molybdenum fertilizers 

Fertilizer Chemical formula Mo content 
("/.) 

Sodium molybdate NaMo0,.2HO 3 9 

Ammonium molybdate (NH4), M07024.4H20 54 

Molybdenum trioxide MOO, 66 

Molvbdenite MoS- 60 

FOLIAR APPLICATION 
As molybdenum is phloem mobile (Kaman and Ramani, 1978; Brodrick 
and Giller, 1991), most crops that develop molybdenum deficiency benefit 
from foliar sprays of molybdenum (Gupta and Lipsett, 1981). Generally, 
foliar application of 0.1 or 0.3% solution of ammonium or sodium 
molybdate produces good results. Foliar application of molybdenum is 
very effective in increasing the yield of legumes (Adams, 1997), because it 
is preferentially translocated to the root nodules (Brodrick and Giller, 1991) 
and this benefits both N, fixation and final yield of the host plants. In view 
of molybdenum requirement for plant reproductive development foliar 
application of molybdenum at the onset of reproductive phase is expected 
to produces better results. 

SEED TREATMENT 
Seed treatment provides an effective and economic method for prevention 
of molybdenum deficiency. Seed treatment has an advantage over soil 
application because the low quantities in which molybdenum is required 
by plants can be better administered through seed treatment than soil 
application. Gurley and Giddens (1969) have shown a direct relationship 
between molybdenum content of seeds and subsequent seed yield of soybean 
grown on low molybdenum soils. 

Seed application of molybdenum generally involves palleting of seeds 
with molybdenum trioxide (Moo,). The method has been found effective in 
overcoming molybdenum deficiency in tropical pasture legumes (Kerridge 



et al. 1973). The rate of application through seed treatment ranges between 
50 to 100 g Mo ha-'. Hafner, et al. (1992) have shown that in certain legumes, 
such as groundnut, seed palleting with 100 g molybdenum produces higher 
increments in dry matter yield and plant nitrogen content than soil 
application of 60 kg ha-' of ,mineral fertilizer nitrogen. 

SOIL MANAGEMENT 
Liming of acid soils (to pH around 6.5) provides an effective method for 
correction of molybdenum deficiency. Effective and long-term control of 
molybdenum deficiency through liming has to be based on knowledge of 
soil acidity as well as molybdenum status. Excessive application of lime 
may cause adsorption of soil molybdenum to CaCO,, reducing its 
availability to plants. On soils that are low in molybdenum and acidic in 
reaction, the best and longest lasting response may be provided by a 
combination of liming and molybdenum fertilization of soils (Adams et al. 
1990). 

11.2.6 Boron Deficiency 

SOIL AMENDMENT 
Several boron compounds are used as carriers of boron. It is commonly 
applied as borax (disodium tetraborate) or as soluble borates, available 
under proprietary names (Table 11.6). 

Table 11.6 Common boron fertilizers 

Fertilizer Chemical formula B content 
(70) 

Borax 

Boric acid 

Sodium tetraborate 

Fertilizer borate 46 Na2B407.5H,0 14 

Fertilizer borate 65 N2B407 20 

Sodium pentaborate Na2B,,016. 1OH,O 18 

Solubor Na2B,07.5H20 20-21 
+ Na2B,,016.10 H20 

Colemani te Ca2B6O1,.5H2O 10 

Because of wide differences in plant requirement for boron and the low 
concentration at which boron may become phytotoxic, the rates of boron 
application have to be chosen carefully. Application at a rate of 1 to 2 kg B 
ha-' (=I0 to 20 kg borax ha-') may benefit most crops. High boron requiring 
crops such as sugarbeet may need more. Boron fertilizers may be applied 
either broadcast or as basal placement. In keeping with the low rates of 



application, borax or the other more soluble boronated compounds can 
also be applied as spray to the soil just before planting. As response to soil 
application of boron is not very persistent on sandy soils, correction of 
severe boron deficiency may necessitate repeat applications of boron 
fertilizers, but this has the risk of toxicity to susceptible crops. Boron frits, 
in which boron is contained in a moderately soluble glass, may serve as 
slow release boron carriers. 

FOLIAR SPRAY 
Foliar application of boron as boric acid and other boronated compounds 
provide effective control of boron deficiency. Good response is obtained 
both on vegetative growth and reproductive development. Schon and 
Blevins (1990) reported marked increase in the number of pod bearing 
branches as well as number of pods in soybean in response to foliar 
application of boron. Hanson (1991) reported a large increase in the 
number of flowers and fruits of sour cherry trees sprayed with boron. 
Repeated sprays of 0.5 to 1.0 kg B ha-' (as borax, boric acid or sodium 
tetraborate) provide effective control of boron deficiency. Early sprays are 
more effective. 

11.2.7 Chlorine Deficiency 

Chlorine deficiency is generally not a field problem. There are, however, 
reports of benefits from C1- fertilization. This relates to both increase in 
yield and resistance from pathogenic infections. Fertilization of crops with 
chloride fertilizers (40 kg C1 ha-l) has been reported to prevent the incidence 
of take-all disease in the Pacific Northwest (Christensen et al. 1987). 

11.3 USE OF MICRONUTRIENT EFFICIENT GENOTYPES 

In general, the traditional method of applying micronutrients to plants 
subjected to their deficiency provides effective control of their deficiencies 
but this method involves high-energy inputs. Costs on both labour and 
fertilizers are high. Continuous fertilizer usage also contributes to resource 
depletion and, at times, soil pollution. The alternative approach of 'tailoring 
the plant to fit the soil' (Foy, 1983) circumvents these problems. Growing 
plant genotypes that can produce reasonably well under conditions of low 
micronutrient availability, where the other commonly cultivated crop 
genotypes fail, offers a low input and ecologically safe approach for 
amelioration of the deficiencies. 

Ability to withstand or tolerate the deficiency stress is a function of the 
nutrient efficiency of the genotype, which is a heritable trait. High nutrient 
efficiency could be due to high ability for nutrient uptake (uptake efficiency), 
shoot to root transport (transport efficiency) and/or biochemical utilization 
(utilization efficiency). Considerable information has been gathered on 



genotypic differences in micronutrient efficiency of plants and the 
mechanisms which contribute to these differences (Viets, 1966; Lucas and 
Kezek, 1972). Different mechanisms contributing to nutrient efficiency of 
genotypes have been discussed by Sattelmacher et al. (1994) and reviewed 
by Rengel (1999b). In general, uptake efficiency is a function of root 
morphology, root exudations and nutrient transport across plasmalernrna. 
Not only nutrient influx but efflux contributes to genotypic differences in 
nutrient efficiency. Rengel and Graham (1996) showed high efflux of zinc 
by Zn-inefficient wheat genotypes. Mechanisms contributing to nutrient 
efficiency may be constitutive or inducible (inductive). The latter are 
expressed by the efficient genotypes in response to deficiency stress, as is 
the case with iron deficiency stress. In Fe-efficient genotypes of both strategy 
I and strategy I1 plants, the efficiency mechanisms are induced only in 
response to Fe-deficiency stress (Jolley et al. 1996; Pearson and Rengel, 
1997). Likewise, Zn-efficient genotypes of wheat are reported to show 
increased rates of Zn uptake only when subjected to Zn deficiency stress 
(Rengel and Wheal, 1997). Better nutrient efficiency could result from more 
efficient transport of nutrients from root to shoot involving their loading 
into the xylem sap, and in case of nutrients transported as organic 
complexes, the availability of the organic ligands. Genotypes also differ in 
their capacity to make functional use of the nutrients. It has been shown 
that for about the same concentration of Zn, as in Zn-inefficient genotypes 
of wheat, the Zn-efficient genotypes show higher activity of carbonic 
anhydrase (Rengel, 1995a), which may contribute to higher rates of 
photosynthesis (Fischer et al. 1997), and superoxide dismutase (Cakmak et 
al. 1997~)~ which functions as a component of the antioxidative defense 
system (Cakmak, 2000). 

Notwithstanding the mechanisms contributing to higher nutrient 
efficiency, which may, except for isogenic lines, differ in different genotypes, 
the use of efficient genotypes provide an opportunity to manage the 
deficiencies unless they are very severe. Under conditions of severe 
deficiency, a combination of efficient genotypes and fertilizer amendment, 
at a much lower rate than needed for an inefficient genotype, may provide 
the desired yield response. Efficient genotypes are of particular advantage 
in management of deficiencies on problem soils, where their correction 
through fertilizer use alone is difficult. 

In view of the fact that use of nutrient-efficient (= tolerant) genotypes 
provides a low-input and environmentally friendly approach for 
management of deficiencies (Lynch, 1998), increasing thrust is being laid 
on breeding and identifying the existing genotypes for nutrient efficiency. 
Nutrient efficiency traits being inheritable and efficiency being the dominant 
factor, development of nutrient efficient genotypes should be possible 
through conventional breeding (Cianzio, 1999). So far, major emphasis has, 



however, been laid on identifying existing crop cultivars for tolerance to 
micronutrient deficiencies and toxicities through appropriate screening 
methods. 

IRON DEFICIENCY 
Because of the several factors that render iron unavailable to the plant, iron 
deficiency forms the most common and widespread micronutrient disorder 
of plants, particularly on calcareous soils. Long-term, sustainable solution 
to the problem, through a soil-based approach is not a successful story. The 
problem finds a more practical, sustainable and cost-effective solution in 
raising crop cultivars or genotypes, which have high efficiency of uptake, 
transport and/or utilization of iron. Interest in genotypic approach for 
overcoming the constraints of lime-induced deficiency of iron dates six 
decades back, when Weiss (1943) showed iron chlorosis in soybean to be a 
heritable trait, determined by a single recessive gene pair. It was observed 
that when grown on calcareous soils, soybean cv. PI 54619-5-1 (PI) developed 
iron chlorosis but cv Hawkee (HA) showed apparently healthy growth (free 
from iron chlorosis) (Brown, 1961). The difference in the tolerance of the two 
cultivars to iron chlorosis was found to be related to the difference in the 
ability of their roots to absorb and translocate iron (Brown, 1963). Higher 
efficiency of iron uptake by HA roots was related to higher capacity of its 
roots to reduce Fe"+ to Fez+, in which form alone soybeans absorb iron. Over 
the years, it has been established that, under conditions of iron deficiency, 
transport of iron across the plasmalemma involves the activity of 
plasmalemma bound Fe(II1) chelate reductase (Bienfait, 1985), and that it is 
the main factor contributing to iron efficiency of strategy I plants. When 
subjected to iron deficiency, roots of some dicotyledonons plants secrete 
riboflavin, which leads to enhanced uptake of iron (Welkie and Miller, 1993). 
The Fe-efficient genotypes have been shown to possess greater capacity for 
riboflavin secretion in response to Fe-deficiency than the Fe-inefficient 
genotypes (Jolley et al. 1991; Welkie, 1996). 

The Fe-efficiency of strategy I1 genotypes is essentially a function of the 
capacity of their roots to produce and release phytosiderophores in response 
of iron deficiency stress (Romheld and Marschner, 1990; Jolley and Brown, 
1991a) and the uptake kinetics of the Fe-phytosiderophores (Von Wiren et 
al. 1995). The phytosiderophores released by plant roots in response to 
iron deficiency from a complex with Fe3+ and contribute to increased uptake 
of Fe3+ in the chelated form. The capacity to produce and release the 
phytosiderophores is genetically determined. The Fe-efficient genotypes of 
the strategy I1 plants, that show tolerance to iron chlorosis on calcareous 
soils, have been found to be efficient in release of phytosiderophores such 
as hydroxymugineic acid (HMG). The efficiency of cereal crop species 
growing on calcareous soils is related to the capacity of their roots 
to release phytosiderophores. It has been suggested that release 



of phytosiderophores by roots can form a criterion for evaluation of Fe- 
efficiency of the graminaceous plants (Hansen et al., 1995, 1996). Such an 
attempt should, however, take into account the fact that release of 
phytosiderophores by roots shows diurnal variations (Romheld and 
Marschner, 1981a; Zhang et al. 1991b; Walter et al, 1995; Cakrnak et al. 
1998). 

A prerequisite to management of iron-deficiency using the iron-efficient 
genotypes is the identification of such genotypes through suitable screening 
procedures. Identification of bicarbonate as the soil factor inducing chlorosis 
in susceptible genotypes of soybean grown on calcareous soils (Coulombe 
et al. 1984a) led to development of a screening method in which bicarbonate 
was included in the nutrient solution to simulate soil calcareousness 
(Graham et al. 1992). The method developed for screening soybean 
genotypes for iron effectivity included bicarbonate and low (1.5 to 2pm) 
concentration of iron supplied as Fe-EDDHA (Coulombe et al. 198413). 
Subsequently, Fe-EDDHA was replaced with Fe-DTPA as the source of iron 
(Coulorribe and Chaney solution) because DTPA has higher iron buffering 
capacity than EDDHA (Chaney et al. 1989). The method was further 
improved for screening a wide range of dicots (strategy I plants) for Fe- 
chlorosis (Chaney et al. 1992a,b). While use of 25 pm Fe-DTPA was suggested 
for general screening, 15 pm Fe-DTPA was recommended for screening 
highly chlorosis resistant cultivars. Methods have also been developed for 
screening of plant genotypes for iron chlorosis by raising seedlings on a 
calcareous soil under greenhouse conditions. Ocumpaugh et al. (1992) found 
the method suitable for screening oats for iron deficiency. A positive 
correlation between root Fe3+-reducing capacity and Fe-efficiency (Camp et 
al. 1987; Jolley and Brown, 1987; Tipton and Thawson, 1985) formed the 
basis for development of large scale short-term methods for screening of 
plant genotypes for iron efficiency (Jolley et al. 1992; Stevens et al. 1993). 
The Fe3+ reduction capacity of roots of soybean genotypes was found to be 
highly correlated to their field susceptibility rating for iron chlorosis (Jolley 
et al. 1992). Lin et al. (1998) made a comparative study of linkage map and 
quantitative traits loci (QTL) in F,:, lines from two soybean populations- 
Pride B 216 X A 15 and Anoka X A7 grown in nutrient solution and on 
calcareous soils under field conditions. Identical traits were expressed under 
both the conditions, which showed that both the systems identified similar 
genetic mechanisms of iron uptake and/or utilization. 

MANGANESE DEFICIENCY 
The general, mechanisms contributing to nutrient uptake, transport and 
utilization fail to provide a satisfactory basis for manganese efficiency of 
genotypes (Rengel, 1999). It is largely so because manganese efficiency is 
expressed in the soil system but not in solution cultures (Huang et al. 
1994) that provide a suitable technique for investigating the physiological 



basis of genotypic differences in nutrient efficiency. According to Rengel 
(1999), the main factor that contributes to manganese efficiency of a 
genotype is the capacity of plant roots to excrete substances that facilitate 
larger mobilization of manganese from the rhizosphere. The root secretions 
possibly include reductants and organic ligands capable of chelating 
manganese and microbial stimulants. Secretions that favour the growth of 
the Mn-reducing organisms or inhibit the Mn-oxidizing microorganisms 
are likely to contribute to manganese efficiency (Timomin, 1965). Differences 
in the pattern of internal compartmentalization and remobilization of 
manganese are other likely factors contributing to genotypic differences in 
manganese efficiency (Huang et al. 1993). 

Differences in tolerance of crop genotypes to manganese deficiency have 
been reported (Graham, 1988; Bansal et al. 1991). Based on field screening 
on low manganese soils, Bansal et al. (1991) have identified some 
manganese deficiency tolerant genotypes of wheat. Ingeneral, information 
on genotypic differences in crop tolerance to manganese deficiency is limited 
possibly because manganese deficiency does not pose a serious problem to 
crops on a large scale. 

COPPER DEFICIENCY 
Graham et al. (1987a) described copper efficiency 'as the ability of a 
genotype to yield well on a copper deficient soil, and also, taking account 
of different yield potentials, as relative yield of paired-Cu and +Cu plants 
i.e. (-Cu/+Cu) x 100'. Differences in Cu-efficiency of genotypes have been 
made out best in case of cereal crops, which are sensitive to copper deficiency 
(Agarwala et al. 1971; Graham et al. 1987a). Rye has high copper efficiency, 
which is attributed to location of gene(s) controlling copper efficiency on 
the long arm of its 5 R chromosome (5 RL) segment (Graham et al. 1987a). 
The efficiency of this segment has been successfully transferred to the rye- 
wheat hybrid triticale (Graham and Pearce, 1979) and, through back- 
crossing and selfing, into wheat (Graham et al. 1987a). The wheat-rice 
translocation lines show marked increase in copper efficiency. Their grain 
yield on copper deficient soils is reported to be more than double that of 
the parental lines. 

ZINC DEFICIENCY 
With the possible exception of iron, more studies have been carried out to 
study the causes for genotypic differences in zinc efficiency than any other 
micronutrient. The subject has been recently reviewed by Rengel (1999). 
There are indications that enhanced uptake of zinc by the Zn-efficient 
genotypes is an inducible response evoked in response to zinc deficiency 
(Rengel and Wheal, 1997). The Zn-efficient genotypes also show increased 
apoplast to symplast transport of zinc under conditions of Zn-deficiency 
(Rengel and Graham, 1996; Rengel and Howkesford, 1997; Rengel et al. 



1998). Genotypic differences have also been shown to be influenced by 
rates of zinc efflux. Higher efflux of zinc by Zn-inefficient genotypes could 
result in decrease in zinc concentration (Rengel and Graham, 1996). Some 
genotypes may show higher Zn-efficiency because of a higher capacity for 
biochemical utilization of zinc. Even with little change in uptake or 
transport of zinc under zinc deficiency conditions, the Zn-efficient 
genotypes may show higher activities of zinc enzymes such as carbonic 
anhydrase (Rengel1995a, Hacisalihoglu et al. 2003) and Cu/Zn superoxide 
dismutase (Yu et al. 1999; Hacisalihoglu et al. 2003). Hacisalihoglu et al. 
(2003) have shown that Zn-efficient and Zn-inefficient genotypes of wheat, 
which show no differences in uptake and transport of zinc and do not 
differ in water soluble zinc content or sub-cellular compartmentalization 
of zinc, show marked differences in the expression of zinc enzymes. When 
subjected to zinc-deficiency stress, the Zn-efficient genotype Kargz, showed 
higher activities of Cu/Zn SOD and carbonic anhydrase than the Zn- 
inefficient genotype BDNIE. Northern analysis showed that the activities of 
the two enzymes in the Zn-efficient genotype were upregulated in response 
to Zn-deficiency stress. Thus, Zn efficiency of Kargiz is a function of its 
higher ability for biochemical utilization of zinc under conditions of its 
limited availability. Zinc-efficient genotypes of wheat are also reported to 
have high tolerance to crown rot decrease caused by Fusarium graminiarium 
(Grewal et al. 1996). 

While little advance has been made in breeding zinc-efficient genotypes 
(Cianzio, 1999), a large number of crop species have been investigated for 
genotypic differences in zinc efficiency (Table 11.7). In India, where zinc 
deficiency forms a major constraint in crop production, promising varieties 
of Indian crop plants have been evaluated for tolerance to zinc deficiency 
(Takkar, 1993). Agarwala et al. (1978) examined 35 rice varieties for tolerance 
to zinc deficiency. Rice variety Sabarmati, showed high tolerance to 
zinc deficiency (Fig. 11.1). Screening of wheat varieties for tolerance to 
zinc deficiency showed var. WL 212 to be tolerant to zinc deficiency 
(Fig. 11.2) (Agarwala and Sharma 1979). 

Use of zinc-efficient genotypes offers a low-input approach for 
overcoming zinc deficiency and minimizing fertilizer use for optimum 
yields. This approach is especially effective in management of zinc 
deficiency when it is induced due to adverse soil chemical conditions, 
such as calcareousness (Sakal et al. 1988; Cakmak et al. 1997a) and sodicity 
(Qadar, 2002). Recently, Singh et al. (2005) have discussed the factors 
contributing to Zn-efficiency of cereals and suggested that this could be 
improved through manipulation of mechanisms involved in synthesis and 
release of Zn-phytosiderophores and improving root architecture. The latter 
has been shown to play an important role in determining the Zn-efficiency 
of wheat genotypes (Dong et al. 1995). 



Fig. 11.1. Zn-deficient and Zn-sufficient plants of rice vars. Jagannath, Calrose and 
Sabarmati (arranged left to right). Grown with Zn-deficient nutrition, var. Jagannath 
shows severe restricition of growth and Zn-deficiency symptoms, whereas var. Sabarmati 
shows normal growth, free from Zn deficiency symptoms. Var. Calrose figures intermediate 
in terms of tolerance to Zn deficiency (Source: Agarwala and Sharma, 1979). 

Table 11.7. Some crops investigated for genotypic differences in tolerance to zinc deficiency 

Crop Reference 

Wheat (Triticum aestivum L.) 

Barley (Hordeum vulgare L.) 

Rice (Oyza sativa L.) 

Maize (Zea mays L.) 

Triticale (Secale cereale) 

Chickpea (Cicer arietimum L.) 

Soybean (Glycine max L.) 

Navy bean (Phaseolus vulgaris) 

Oilseed rape (Brassica napus) 

Agarwala et al. (1971), Sharma et al. (1971, 
1976), Graham et al. (1992), Graham and 
Rengel (1993), Takkar (1993), Rengel and 
Graham (1995~)~  Cakmak et al. (1996~) 

Takkar et a1 (1983), Gene et al. (2002) 

Frono et al. (1975), Agarwala et al. (1978), 
Sakal et al. (1988), Qadar (2002) 

Ramani and Kannan (1985) 

Cakmak et al. (1997b) 

Khan et al. (1998) 

Saxena and Chandel (1992) 

Jolley and Brown (1991b) 

Grewal et al. (1997) 

Potato (Solanum tuberosum L.) Sharma and Grewal (1990) 



Fig. 11.2. wheat vars. PV18 (left three pots) and WL 212 (right three pots) raised at 
0.0001 pM, 0.001pM and 1.0 pM Zn (arranged left to right). At low (0.0001 and 0.001 pM) 
Zn supply, var. PV18 shows severe limitation in growth and visible symptoms of Zn 
deficiency, whereas var. WL 212 shows moderately good growth, and only mild symptoms 
of Zn-deficiency (Source: Agarwala and Sharma, 1979). 

MOLYBDENUM DEFICIENCY 
Information on genotypic differences in molybdenum efficiency is limited. 
In an early study, Young and Takahashi (1953) reported differences in 
performance of alfalfa cultivars on molybdenum-deficient soils of Hawai 
and suggested avoiding cultivation of the susceptible cultivars as forage. 
Based on growth depression and severity of visible symptoms induced in 
response to molybdenum deprivation, Agarwala and Sharma (1979) 
reported differences in tolerance of several wheat, rice and maize varieties 
to molybdenum deficiency under sand culture conditions. Wheat var. 
Sonalika, was reported tolerant to molybdenum deficiency (Fig. 11.3). 
Franco and Munns (1981) reported differences in molybdenum 
accumulation in common bean (Phaseolus vulgaris L.) genotypes in acid 
soils, which are low in available molybdenum. In beans, genotypic 
differences in molybdenum accumulation corresponded with the differences 
in their N, fixation ability (Brodrick and Giller, 1991). 

Several crop genotypes are known to show genotypic differences in boron 
efficiency (Nable et al. 1990; Bellaloui and Brown, 1998; Rerkasem and 
Jamjod, 1997,2004, references therein). Based on differences in seed yield 



Fig. 11.3. Mo-sufficient and Mo-deficient plants of wheat vars. Sonalika, and WG 377 
(arranged in that order from left to right). Grown with Mo-deficient nutrition, var. Sonalika 
shows apparently normal growth, whereas var. WG 377 exhibits growth depression and 
symptoms of Mo-deficiency (Source: Agarwala and Sharma, 1979). 

on low boron soils of Chiang Mai (Thailand), Rerkasem and associates 
(see Rerkasem and Jamjod 1997). have reported genotypic differences in 
boron efficiency in wheat, barley, green gram, black gram and soybean. 
Wheat cultivars SW 41 and Fang 60 showed marked difference in boron 
efficiency. The B-inefficient wheat cultivar SW 41 showed even higher 
sensitivity to boron deficiency than the dicotyledonous cultivars. Wheat 
has otherwise been rated as highly tolerant to boron deficiency (Martens 
and Westermann, 1991). Rerkasem and Jamjod (2004) have suggested that 
advanced lines of wheat genotypes, found to be B-efficient on the basis of 
performance (yield) on low boron soils, should be used for development of 
B-efficient varieties. This has advantage over the use of the international 
wheat germplasm available with the International Center for Maize and 
Wheat Research (CIMMYT) in breeding for tolerance to B deficiency as the 
latter is reported to be largely B-inefficient (Rerkasem and Jamjod, 2004). 
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Magnesium 3, 7,50,51,52,153 
Maize (Zea mays L), Corn 24,25,37,43, 

46, 62, 69, 71, 81, 85, 86, 87, 89, 93, 
99, 106, 107, 116, 117, 124, 125, 128, 
129,135,141,143,145,146,161,162, 
178,179,180 

Male sterility 74, 90, 125 
Malonyl CoA 40 
Malus 111,141 
Manganese 

availability in soils 135,136 
defense against oxidative damage 60, 
6 1 

defense against pathogens 61 
deficiency amelioration 166, 167 
efficiency, genotypic differences 175, 
176 

enzymes 7, 9, 11, 50-53, 54-57 
evaluation of deficiency 148,151,152, 
158, 160 

gibberellin synthesis 11, 12 
long distance transport 49, 50 
photosynthesis 53, 54 
secondary metabolism 11, 54-57 
uptake, transporters 9, 19, 48-50 

Manganese deficiency effects 

carbohydrates 60 
enzyme activities 58, 59 
fatty acids 60 
nitrogen metabolism 
nucleic acids 60 
photosynthesis 59, 60 
reproduction, seed yield 61, 62 
secondary metabolism 60 
visible symptoms 57, 58, 141, 143, 
Plate 2 

Mangold 57 
Marsh spot 58, 141 
Megagametogenesis 91 
Membrane fluidity 5 

function 114, 115, 117 
integrity 83, 114, 117 
potential (Eo) 114 
rafts 5, 115 
structure 5, 120 

Mesophyll cells 51, 71, 79,99 
Me tallochaperones 64 
Metallopolypeptides 76 
Metalloproteins 7, 79 
Mevalonic acid kinase 54 
Micronutrients 

availability in soils 133-139 
defense against stresses 13, 14 
deficiency amelioration 163-180 
deficiency symptoms 141,143, Plates 
1-6 

efficient genotypes 172-180 
electron carriers, transport systems 

7, 9, 10 
enzymes 7, 8 
essentiality 3, 4 
homeostasis 14 
hormone biosynthesis 11, 12 
osmoregulation 9 
Periodic table 6 
reproduction 15 
secondary metabolism 11 
structural role 5 

Micronutrient deficiency evaluation 
biochemical tests 156-160 
critical concentrations, deficiency, 
toxicity 144-147 



crop response 160-162 
plant analysis 142, 144-150 
soil tests 150-156 

Microsporogenesis 74,90,91,124,125 
Mimosa pudica 129,201 
Mineral soils 138, 139, 152 
Mixed function oxygenases 64 
Molecular nitrogen 36 
Molybdenum 

availability in soils 138 
bioassay 155 
deficiency amelioration 169-171 
efficiency, genotypic differences 179, 
180 

enzymes, molybdoproteins 8,11,96- 
102 

evaluation of deficiency 149,154,155, 
159, 160 

uptake, transport 95, 96 
Molybdenum deficiency effects 

ascorbate metabolism 106 
carbohydrates 105 
enzyme activities 103, 104 
nitrogen fixation 104 
organic acids 106 
nitrogenous compounds 105 
nucleic acids 105,106 
reproductive development, yield 
106-108 

visible symptoms 102, 103, 141, 143, 
Plate 5 

Molybdenum cofactor (MoCo) 96,97, 
98 

Molybdopterin (MPT) 97 
Monodehydroascorbate 13, 67 
Monolignols 11, 65 
Monooxygenases 11,34,35,41,43 
Monophenol monoamine oxidase 8 
Monophenols 66 
Morphogenesis 81 
Mottle leaf, Frenching, Little leaf 141 
Mugineic acids 17,21,22 
Multimetal enzymes 64 
Mustard 105,123,143 

NAD' Malic enzyme 8,54 

NAD+-Glutamate dehydrogenase 80 
NADH dehydrogenase 8,31 
NADH-Q oxidoreductase 8,31 
NADP+ Malate dehydrogenase 8 
NADP+-glyceraldehyde 3-phosphate 

dehydrogenase 37, 39 
NADPH oxidase 84,86 
Narrow leaf 141 
Neoxanthine 45 
Nickel 4,5 
Nicotianamine 15, 22, 25, 79,91 

aminotransferase 22 
synthase 22 

Nitrate reductase 8, 59, 96, 97, 98, 99, 
100,103,105, 119,159 

Nitric oxide 26,99, 100 
Nitrite reductase 8, 30 
Nitrogen 3 

fixation 4, 7, 47, 95, 100, 104, 105, 
122, 169 

Nitrogenase 36, 47, 96, 100, 101, 102, 
104,105,122 

Nodulating legumes 47, 105,149 
Non-cyclic electron transport 30 
Non-haem iron 11, 26, 27, 28, 29, 30, 

40,41,157 
Nramp family transporters 19, 49 
Nutrient efficiency 163, 164, 172, 173, 

175 
transport 172 
uptake 134,172,173 
utilization 172 

Oats 4, 22, 43, 57, 136,141, 143, 175 
Onion 129,143 
Organic acids 17,46,47,78,106 
Organic manures 163 
Organo-chlorine compounds 127 
Osmoprotectac tion 13 
Osmoregulation 5,9,127,129,130 
Overliming 135,139 
Oxidative pentose phosphate pathway 

30,118 
Oxidative phosphorylation 38 
Oxidoreductases 7,8 



Oxygen (0,) barrier 122 
Oxylipins 29 

P450 monooxygenases 11,34,35,43 
P450 reductase 34 
Pahala blight 57,141,142 
Panicunz maximum 51 
Passive transport 128 
Pathogenic diseases 60,61,167 

fungi 43/61 
infections 13,14, 73, 121, 172 

Pathogens 14,43,61,66,73,121 
P-coumaric acid 11,35,72, 121 
Pea 4, 18, 19, 20, 21, 25, 40, 43, 49, 50, 

51, 57, 58, 62, 68, 69, 73, 74, 78, 84, 
85, 91, 99, 100, 102, 103, 105, 106, 
107, 111, 115, 116, 122, 130, 135, 136, 
137,138,141,143,147,164,166,168, 
172,173,176, 178 

Peach 111 
Pecan (Carya pecan) 141 
Pectic polysaccharides 112 
Peppermint 59/88 
Perferryl iron (Fe2+ 0,) 42 
Peroxidases 8, 28, 33,43,44, 74, 89 
Peroxidative damage 84, 117, 120 
Petunia 15, 81,82,91 
Phakospora pachyrrhizi Syd. 61 
Phaseolus vulgaris 105, 137, 178, 179 
Phenolases 65, 69 
Phenolic alcohols 57 

compounds 14,69,72,120,121, 125 
Phenols 57/65, 66, 109, 117, 120 
Phenylalanine 56, 60,66, 120,158 

ammonia lyase 60, 120, 158 
Phenylpropanoid metabolites 57 
Pheophytin 38 
Phloem loading 88, 128 

mobility 49, 64,96, 164 
transport 25,78,111 

Phosphatic fertilizers 137 
Phosphoenol pyurvate (PEP) 11,50,52, 

57, 79, 87 
carboxylase (PEPCase) 8,45, 52, 79, 
87 

6-phosphogluconate 118 

dehydrogenase 118 
Phosphoribulose kinase 37 
Phosphorus 3,14,87,96,137,149,169 
Photosynthesis 7,38,45,51, 53,54,59, 

67, 70, 71, 72, 79, 87, 88, 117, 128, 
129, 173 

Photosynthetic efficiency 15, 46, 71, 
94, 117 

electron transport 9, 10, 26, 38, 63, 
70, 71, 87 

Photosystem I (PS I) 9, 11, 12, 29, 35, 
36, 38, 40, 41, 46, 48, 53, 54, 59, 62, 
65-68, 70, 71, 73, 83, 109, 117, 127, 
128, 142, 150, 178 

Photosystem I1 (PS 11) 9, 38,40,46,48, 
53, 54, 59, 62, 65, 67, 68, 70, 71, 117, 
127, 128 

Phylloquinone 38 
Phytoalexins 65 
Phytoene 54,55 

synthase 55 
Phytoferritin 36, 37 
Phytol, carotenoids 54 
Picea meyeri 124 
Plant analysis 140,142, 144,147 
Plasmalemma polarization 48 
Plastocyanin 36,38,63,67,68,70 
Pollen fertility 63, 74,90, 107, 125 

receptive area 90 
receptivity 124 
tube growth 61, 124 
-producing capacity 61,107 
-sterility 61 

Polyphenol oxidases 65 
Polyribosomes 45, 47 
Poppy 149 
Potassium 3,9, 107 
Potato 20, 121, 178 
Powdery mildew 121 
Premature sprouting of grains 107 
Prosthetic group 16, 26/27, 30, 31, 32, 

38, 100 
Protein disulphide isomerase 32 
Proton extrusion 17,18,21,47,114,117 

gradient 36, 114 
pumps (H+ ATPases) 127 

Protoporphyrin IX 28, 32 



Prunus 111,141 
Pterin 97, 98, 99 
P-type ATPase 48/70 
Pumpkin (Cucurbita moschata 

Duchesne) 114 
Purine catabolism 99 
Putrescine 66 
Pyrus 111 
Pyruvate-glyceraldehyde 3-phosphate 

pathway 54 

Q cytochrome c oxidoreductase 8 

Radish 84,89,102,116,143,158 
Rahn 141 
Raspberry 141 
Reactive oxygen species (ROS) 5, 13, 

29, 41, 42, 50, 66, 73, 76, 83, 87, 93, 
100,117 

detoxyfication 5, 13, 16, 42, 44, 48, 
57, 63, 84, 93, 100 

Red clover 18, 130 
Redox changes, reactions 5, 7, 16, 96, 

135 
Reiske centre 34 
Relative yield 142,145, 146,176 
Reproductive development 15,48, 61, 

73,76,89,91,106,123,124,125, 170, 
172 

yield 74 
Rhizobium (Rhizobacterium 

leguminosarum~ 104,122,170 
Ribonuclease 45, 59, 60, 86, 104, 105, 

119, 159 
Ribulose 5-phosphate 118 
Ribulose biphosphate carboxylase/ 

oxygenase (Rubisco) 40,51,54,86 
Rice 22, 24, 37, 43, 47, 134, 137, 141, 

142,143,158,169,176,177,178,179 
Root morphology 17, 18, 19, 173 
Rosette 84, 113,141, 143 
Rubisco activase 40 

S 

Safflower (Carthamus tinctorius) 71,72, 
75 

Samanea saman 129 
Sand, solution culture 144 
Scald 102,141 
Screening plant genotypes 144 
Secondary metabolism 11, 54, 60, 65, 

120 
Sedoheptulose 1,7-biphosphatase 37, 

39 
Seed coat topography 91 

development 15, 62, 89/91 
dormancy 107 
maturation 62, 125 
protein 91, 107 
reserves 72 
set 48/62, 74, 88,90, 119,124 
treatment 164,167, 169, 170, 171 
vigour 50,164 

Seismonastic movements 129 
Semidehydroascorbate reductase 121 
Sesamum 125 
Shikimate pathway 11, 57, 60 
Sickle leaf 141 
Siderophores, phytosidesphores 17,21, 

22, 23, 24, 30, 63, 77, 163, 174, 175, 
177 

Signal transduction 13,16,36 
Signalling molecules 11,13,16,26,34, 

36/40 
Sinapis alba 128 
Singlet oxygen 42 
Sink capacity 72,88,119 
Soil acidification 166 

amendment 163,164,166, 167,168, 
169,171 

physico-chemical conditions 164 
tests 140, 150, 151, 154, 155 

Soluble carbohydrates, sugars 60, 71, 
72/75 

Sorghum 43,69,77,106,143 
Soybean 22,29,37,44,49,51,58, 61,64, 

78, 99, 104, 105, 108, 111, 122, 136, 
143, 157,169, 170,172,174,175,178, 
180 



Speckled yellows 141 
Spinach 52,66,103,143 
Squash 110,112,121 
Starch metabolism 88 
Stomata1 aperture 92 
Stress, abiotic 13, 16 

biotic 5, 11, 16 
oxidative 13, 16, 61, 83, 93, 94, 122, 
160 

salinity (salt) 11, 13/42! 43, 128 
temperature 16 

Stress-defense mechanisms 7 
Stylosanthes halrnata 49 
Suberin 14 

synthesis 66 
Subterranean clover 69 
Succinate dehydrogenase 8,27,31,103 
Sucrose biosynthesis 88 
Sugarbeet (Beta vulgaris L.) 47,57, 116, 

129,130,141,171 
Sugarcane (Saccharurn spp.) 57,59,60, 

141,142,143 
Sulphite oxidase 8,96,100 
Sulphite reductase 8,31 
Sulphur 3,26, 27,30,31,32,34,35,37, 

38,40, 76, 95,96, 99, 101, 152, 166 
Sulphur-pyrite mix 166 
Sulphydryl (-SH) groups 32 
Summer die-back 141 
Sunflower 42, 44, 46, 69, 72, 110, 114, 

115,117,120,125, 143 
Superoxide dismutases 8, 13, 28, 41, 

160 
Superoxide ions (0;) 13,32,41,50,66, 

84,93,120 
Swede, Rutabaga (Brassica napus L. 

napobrassica group) 141 
Symbiosis 78 
Symbiotic bacteria 95, 100, 101, 104 
Symplastic pathway 128 
Synthetic iron chelates 165 

Thalspi arvense, T. caerulescens 78 
Take all disease 61 
Tapetum 74 
Tassel emergence 89 

Terpenoids 16,54 
Thalspi crzerulescens 78 
Thioredoxin 32,39 
Thylakoid lipids 71 
Tobacco 15,58,61,88,91,110,111,112, 

115,120, 122,141,143 
BY-2 cells 112,115 

Tomato 19,20,25,44,47,49,64,70,84, 
86,96,102,103,104,111,114,143 

Top sickness 141 
Trans-cinnamic acid 11,35 
Transcriptional control 20 

regulation 76 
Transfer cells 17 
Transgenics 13,15,16,22,35,41,78,91, 

111 
Transition metals 4 
Transpiration 25, 72, 75, 92, 111, 123, 

125, 128 
rate 72,92, 111, 123, 128 

Tricarboxylic acid (TCA) cycle 30 
Trifoliurn subteraneurn 111 
Tryptophan 41,56,89 
Tubulin 117 
Tung (Aleuritis sp.) 141 
Tungsten 95,102 
Turbo reductase 17 
Turgor-driven growth 113 

-induced extension growth 129 
Turmeric (Curcurna longa) 120 
Turnip 116,141 
Tyrosine 35,56, 66 

u 
Ubiquinol (QH,) 34 
Ubiquinol oxidase 29 
Ubiquinone (Q) 34 
Univalent reduction 66 
Urease 4 
Uredoglycine 51, 122 
Ureide synthesis 99 

type plants 99 
Ureides 51,60,99, 105, 122 
Uric acid 99,152 

v 
Vacuolar sequestration 78 



Vanadate 114 
Vanadium 95 
Violaxanthine 45 
Visible symptoms 4, 43, 57, 68, 69, 84, 

89, 102, 115, 124, 130, 136, 140, 142, 
143, 157, 158, 179, Plates 1 to 6 

Water deficit 58/92, 93 
potential 123 

Water-soaked areas 102, 115, 116 
Wheat 4, 22, 43, 50, 59, 60, 61, 69, 70, 

71, 72, 73, 74, 77, 78, 80, 83, 85, 89, 
99, 103, 106, 107, 116, 121, 124, 125, 
136,138,139, 141,143, 157,167,169, 
173,176,177,178,179,180 

Whiptail 102 
White bud 141 
Withertip,white tip, reclamation 

disease 141 

Xanthine 8,45,96,97,99, 105 
dehydrogenase 8, 97,99,105 
oxidase 96,99 

Xanthophylls 45 

Yeast, mutants (zrt zrt,) 19, 49, 64, 78 
Yellow spot 102, 141 
Yellows 141 

Zinc 

availability in soils 136-138 
defense against oxidative stress 13, 
83/84 

deficiency amelioration 168, 169 
efficiency, efficient (tolerant) 
genotypes 173, 176-179 

enzymes 8, 66, 79-81 
evaluation of deficiency 148,149,153, 
154, 159 
-finger nucleases 83 
-finger polycomb proteins 91 
-finger proteins, regulation of 
transcription 14, 81-83, 91 

membrane integrity, leakage 83 
secondary metabolism, lignin 
biosynthesis 11 

uptake, transporters 76-79 
Zinc deficiency effects 

auxin (IAA) metabolism 89 
carbohydrates 88 
enzyme activities, antioxidant 
enzymes 85-87, 177 

nucleic acids 88 
protein 88 
oxidative stress 13, 83, 84, 93, 94 
photosynthesis 87, 88 
reproduction, seed yield 89-91 
stomata1 opening 92 
visible symptoms 84, 85, 141, 143, 
Plate 4 

water relations 91, 92 
Zn-ATPase 81 
Zucchini 117 






