
10. Micronutrients
Chlorinetc "Chlorine"
Documented as essential element by Broyer et al. (1954).  Deficiencies are rare, and appear to be limited to in-land regions that have not required K fertilization.

Chlorine is absorbed as Cl-.  Cl is mobile in the soil and in plants.

In Plants
 Average concentration in plants ranges from 1 to 20 g kg-1 (0.1 to 2%), while the concentration required for optimum growth ranges from 150-300 mg kg-1 (0.015-0.03%).  

Cl functions in plants mainly as a mobile anion in processes related to osmotic pressure regulation (stomatal openings) and charge compensation (as a counter ion in cation transport).

General crop requirement is about 1 unit Cl for 10,000 units of dry matter produced, or about 2-3 kg ha-1.  (Oklahoma receives about 11 lb Cl acre-1 yr-1 annually in rainfall.)

Critical deficiency concentration for optimum growth is reported to range from 70 mg kg-1 in tomato to 1000 mg kg-1 in kiwi.  Recent studies suggest the critical toxicity concentrations range from 3-5 g kg-1 in sensitive plant species and 20-40 g kg-1 in tolerant plant species.

Deficiency symptoms include reduced root growth, wilting and curling of leaves and leaflets, bronzing and chlorosis similar to that for Mn deficiency.

In Soils
Critical soil test level of 43.5 kg ha-1 of Cl in the upper 60 cm suggested by Fixen for identifying responsive soils.

Most common fertilizer source of Cl is muriate of potash (0-0-62), KCl.

Borontc "Boron"
In plants
Critical deficiency concentration ranges from 5-10 ppm in               monocotyledons to 50-70 ppm in dicotyledons, to as high as 100 ppm in latex producing plants such as dandelion.

The critical toxicity concentration is not much higher than the deficiency concentration.  In corn it is about 100 ppm and cucumbers 400 ppm.

The main function of boron is in cell growth and formation.  The action appears to be in binding sugars together in cis-diol ester linkages, resulting in B being strongly complexed in cell walls.  An example of this is shown in the following generalized reactions.

[image: image1.wmf]
Boron is immobile in plants.

In soils
Boron  in aqueous solution is present mainly as undissociated boric acid, B(OH)3.  It dissociates according to the equation:

B(OH)3  + HOH ——> B(OH)-4   + H+     Keq = 10-9.2
[B(OH)-4] [H+]/[B(OH)3 ]   = 10-9.2
 and, rearranging we have

[B(OH)-4] /[B(OH)3] = 10-9.2/[H+]

 taking the log of both sides, results in

log [B(OH)-4] /[B(OH)3] = -9.2 -log [H+], or

log [B(OH)-4] /[B(OH)3] = -9.2 + pH

and at pH 7.2, log [B(OH)-4] /[B(OH)3 ] = -2,

so there is 100 times less B(OH)-4 than [B(OH)3](the ratio is .01), verifying that B(OH)3 is the predominate B species in the soil solution of agricultural  soils.  Hence, unlike all other nutrients plants obtain from the soil, B is apparently  taken up as the uncharged B(OH)3.  

Boron is mobile in soils.

Molybdenumtc "Molybdenum"
In plants
Found in plants primarily as the oxyanion (oxidation state VI), but also as Mo (V) and (IV).

Mo is absorbed as MoO4=, since it is the dominate species above pH 4.5 (see Fig. 10.1 below, taken from Micronutrients in Agriculture)

[image: image2.wmf]
Figure 10.1.  Relationship of molybdate ion species to pH.

Mo functions in electron transfer in plants, primarily in nitrate reductase (see Fig. 10.2 from Micronutrients in Agriculture) in non-legumes and nitrogenase (see Fig. 10.3  from Micronutrients in Agriculture) in legumes. 

In each case N reduction is involved.   Plants supplied with NH4+ have a much lower demand for Mo.
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Figure 10.2.  Structural model of the nitrate reductase with its two subunits. Each subunit contains three prosthetic groups: FAD, heme-Fe, and Mo-pterin.  (Based on Campbell, 1988)

Figure 10.3.  Model of the stepwise N2 reduction by the Mo-containing nitrogenase.

The critical deficiency level ranges from 0.1 to 1 ppm in leaves, whereas critical toxicity concentrations range from 100 to 1,000 ppm.

 Mo is readily translocated and deficiency symptoms are normally found in the oldest leaves.  For legumes the symptoms are like that for N deficiency.  In non-legumes the condition of “whip tail”, where leaf blades are reduced and irregularly formed is common together with interveinal mottling, marginal chlorosis, and accumulation of NO3.

In Soils
The normal concentration of Mo is quite low, ranging from about 1 to 10 ppm.

Deficiencies are uncommon, but are more likely in acid than alkaline soils apparently because MoO4= is strongly adsorbed to iron oxide surfaces in acid soils, either as a result of chemical bonding or simple anion exchange associated with  pH dependent charges in acid soils..  Liming these acid soils increases the availability of Mo and is a common procedure for correcting Mo deficiency.  
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Bonding mechanisms

[image: image6.wmf]
Exchange mechanisms

Irontc "Iron"
In Plants
The deficiency concentration of Fe in mature plant tissue is about 50 ppm.  Total Fe may be much higher than this level, even in Fe-chlorotic plants because Fe in the plant is not always all metabolically active.  HCl extractable Fe is sometimes assumed to be metabolically active and a better guide to plant sufficiency.  Fe in plants is found in the Fe+++ state, any Fe++ is present only as a transitory state (free Fe++ is phytotoxic).

Fe functions as a co-enzyme, in important electron transfer enzymes, and the formation and component of enzymes that are precursors to chlorophyll.  The two important categories of enzymes are the Fe-S proteins and the heme proteins.

Heme proteins are characterized by a tetrapyrrole ring structure that has Fe as the centrally coordinated metal.  Fe is involved as a                          co-factor in the synthesis of protoporphyrin, which is the precursor                          to both heme and chlorophyll as depicted in Fig. 10.4.

The Fe-S proteins are formed when Fe is coordinated to the thiol

group of cysteine, or inorganic S, or both (see illustration below). 

[image: image7.wmf]
Figure 10.4. Role of Fe in biosynthesis of heme coenzymes and chlorophyll.

The best known Fe-S protein is ferredoxin, important in both                    nitrate reductase and nitrogenase.  Other Fe-S proteins have important functions in the citric acid cycle, respiration, SO4 and SO3 reduction, and chlorophyll (see Fig. 10.5).
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[image: image9.wmf]Because Fe is strongly bound it is not easily translocated and should be considered immobile in plants.  The characteristic deficiency symptoms are interveinal chlorosis in the new leaves of growing plants.

Figure 10.5.  Role of Fe and other micronutrients in the photosynthetic electron transport chain. PS=photosystem (PS I, PS, II); S = water-splitting enzyme; g~4 = non-heme Fe-S group; Z = tyrosine residue-containing electron donor to P 680; P 680 = primary electron donor of PS I; Ph = primary electron acceptor pheophytin; QA = quinone-Fe complex; PQ = plastoquinone; Cyt = cytochrome; PC = plastocyanin; and X, B, and A = Fe4S4 proteins. Schematically drawn as Z scheme. (Based on Terry and Abadia, 1986; Rutherford, 1989.)

Iron in soil
Soils contain about 1 to 5% iron, which is many fold more than that

required for plants, however, in aerobic environments Fe is mainly present in the Fe+++ oxidation state as iron oxide (written as either   Fe2O3. nH2O or Fe(OH)3 ) which is very insoluble.  The amount of Fe+++ in aqueous solution is governed by 

Fe(OH)3 <_____> Fe+++ + 3(OH) , for which the equilibrium condition is expressed in molar concentrations as

(Fe+++)(OH)3/ Fe(OH)3  = 10-39.4
(1)

Since Fe(OH)3 is a solid, it has an activity of unity (1) and the equation becomes

(Fe+++)  (OH)3  = 10-39.4
(2)

and the value 10-39.4, instead of being called the equilibrium constant (Keq),is called the solubility product constant (Ksp). The concentration of Fe+++ in solution is given by

Fe+++  = 10-39.4 /  (OH)3
(3)

and at pH = 7.0,

Fe+++ = 10-39.4 / (10-7)3 ;   =10-39.4 / 10-21   ; = 10-18.4 moles/liter.

Since the atomic weight of Fe is 55.85, the concentration in ppm would be

55.85 g/mole x 1000 mg/g x 10-18.4 moles/liter = 

55.85 x 10-15.4 mg/liter;  =  55.85 x 10-15.4 ppm

The plant’s dilemma:  The concentration of Fe necessary to provide plants a sufficient amount of Fe by passive uptake has been suggested to be about 10-6 moles/liter.  At pH 7 the soil supply, as identified by equation (3) is 12 orders of magnitude too small!  Even at pH 5 the difference between supply and requirement is still 6 orders of magnitude too small (students should verify this by calculation). 

Two things are obvious; (a) the plant cannot get enough Fe by passive uptake from the soil solution, and (b) there will be a 1000 fold decrease in supply of available Fe from Fe(OH)3 in the soil with each unit increase in soil pH.  Consequently, one should expect Fe deficiency to be most common in high pH soils and least in acid soils.  This is in fact what is observed.  But, how do plants get enough Fe, and why are not all plants subject to Fe chlorosis when grown in neutral and alkaline soils?

Part of the solution to the plant’s dilemma of getting enough Fe from the soil is found in chemical reactions called metal chelation.  This is the process whereby metals are bound in ring-like structures of organic compounds.  The more rings in the structure that the metal is a part of, the stronger the metal is bound.  The chemical forces involved are mainly coordinate bonds where the metal acts as a Lewis acid (electron acceptor) and the chelating material has functional groups (sometimes called ligands), like amino, hydroxyl, and phenolic groups that act as Lewis bases (electron donor).  The transition metals seek to fill the d orbital to attain the electron configuration of the inert gas of that period, krypton.   Heme and chlorophyll are examples of natural chelates that hold Fe and Mg as a centrally coordinated atom.

[image: image10.wmf]As an example of chelates, consider the common synthetic chelate EDTA. EDTA stands for the chemical compound ethylenediaminetetraacetic acid.  

[image: image11.wmf]Note in the Fe-EDTA complex there are five rings formed with Fe, and
that the complex has a single negative charge.  As a result, the complex is mobile in the soil and so is the Fe it is carrying.  Two other common synthetic chelates are DTPA (commonly used in micronutrient metal soil test extraction procedures) and EDDHA (a commercial chelate for supplying Fe in calcareous soils).

Figure 10.6.  Sequestrene 330 Fe (DTPA) is monosodium hydrogen ferric diethylenetriamine pentaacetate, which has a molecular weight of 468.
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Figure 10.7.  Chel 138 HFe (EDDHA) is hydrogen ferric ethylene bis (alpha-imino-2-hydroxy-phenyl-acetic acid), which has a molecular weight of 413.

Two important natural chelating compounds in plants are citrate and hydroxamate.  Citrate is important as a carrier for the micronutrient metals Cu, Zn, Fe, and Mn.  Hydroxamate is a siderophore (produced by micoorganisms) believed responsible for complexing Fe in calcareous soils and increasing its availability to plants.

The reaction of chelates with metals to form soluble metal chelates is given by the general equilibrium reaction

M + L = ML
(4)

Where M refers to the metal concentration, L the chelate (or Ligands) concentration, and ML the concentration of metal chelate.  At equilibrium the relative amounts of each present are described in relation to the equilibrium constant as

ML / (M) (L) = Keq
(5)

Since the equilibrium condition strongly favors the reaction to the right (equation 4), Keq is called the formation constant Kf.  The formation constants for citrate and hydroxamate are 1012.2 and 1032, respectively.

The benefit of chelates for improving Fe availability can be demonstrated by considering just the reactions involved in chelates complexing Fe from Fe(OH)3.  If the reactions are considered simultaneously they can be written as follows for an equilibrium situation where a weak chelate such as citrate is present.



Log10 K

Fe(OH)3 ————> Fe+++ + 3(OH-)
-39.4

Fe+++ + L ————>  FeL
12.2

3(OH) + 3H+ ——————> 3H2O
   42 
Fe(OH)3 + L + 3H+ ————>  FeL
14.8

Fe(OH)3 + L + 3H+ ————>  FeL
1014.8              
(6)

Equation (6) was obtained by summing the equations (canceling         components that appear as both reactant and product of the reactions) and the log10 of the solubility and formation constants.  The concentration of products and reactants can be expressed for the general reaction in terms of the equilibrium constant as

(FeL) / (L) (H+)3   =    1014.8         

or in terms of (FeL) as

(FeL) = 1014.8  x (L) (H+)3
If the soil pH is 7 and the concentration of citrate is 10-6 , then the concentration of FeL is

(FeL) = 1014.8  x (10-6) (10-7)3
(FeL) = 10-12.2
Compared to the concentration of Fe+++ in solution from Fe(OH)3                                                                                    dissolving, which is 10-18.4, this is an improvement of 106.2 (10-12.2 / 10-18.4).    In other words, the presence of even a weak chelating agent like citrate has improved the availability of iron a million fold!  

One should be aware, that in the case of a metal nutrient like Fe, the concentration of FeL in the soil solution is mainly a function of the formation constant (Kf) and the concentration of L since the other factors are constant.  For example, consider Eq. (5)

ML / (M) (L) = Keq  

This can be rewritten as 

ML =  Keq  (M) (L)

Where M is Fe+++, and is a constant identified by the solution pH and Ksp for Fe(OH)3.  Since Keq is also a constant, these can be combined into one constant, to give 

ML =  K (L)   

                                                        
(7)

Equation (7) identifies that any condition that results in increasing the concentration of L for complexing or chelating Fe will increase the concentration of FeL and thus the availability of Fe for the plant.  The two most obvious ways of increasing L will be by  (1) drying the soil so the water soluble L will become more concentrated and, (2) producing more L in the soil solution.  In fact, a common observation is that Fe chlorosis is lessened in susceptible plants when there are definite drying cycles as opposed to continuously moist soil.  Also, Fe chlorosis can often be lessened by  incorporating large amounts of decayed or decaying organic matter to the soil which will directly provide more L.

Plant absorption of soil Fe (Dicotyledons)

Until recently, the mechanisms responsible for allowing some species of plants to grow well in calcareous soils while others commonly exhibited iron chlorosis were not well understood.   The observation that some dicots were “iron efficient” while others, even varieties within a species, were “iron inefficient” is explained by an  adaptive response mechanism inherent in iron efficient plants.  Characteristics of this mechanism, which is activated when plants are in an Fe stress situation  are

1. Enhanced root-associated Fe+++ reduction

2. Enhanced H+ efflux from roots

3. Accumulation of citrate in roots

4. Increased root hair development

5. Increased absorption of Fe

A description of the mechanism is illustrated in Fig. 10.8.
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Figure 10.8.  Ferric-chelate reduction-based model depicting the various physiological processes thought to be involved in the reduction of Fe(III) at the root-cell plasma membrane, and the subsequent absorption of Fe(II) ions into the root-cell of dicot and nongraminaceous monocot plants.  Central to this model is the inducible Fe(III) reductase (Ri) in the plasma membrane that is induced in response to Fe deficiency.  A constitutive Fe(III) reductase (Rc) is hypothesized to function under Fe-sufficient conditions.

Grasses

[image: image14.wmf]In grasses, Fe uptake is enhanced by a different mechanism, one that relies on the plant production of phytosiderophores.  Phytosiderophore is a term used to describe plant produced chelates or complexing material that can increase the availability of Fe+++.  An illustration of this mechanism is provided in Fig. 10.9.

Figure 10.9.  Phytosiderophore-based model for Fe absorption in grasses.               

Manganesetc "Manganese"
In plants
Manganese is absorbed as Mn++ 

The critical deficiency concentration is about 10 - 15 ppm.

Deficiency symptoms include “gray speck” in cereals, a condition that results when there is interveinal discoloration on the middle-aged leaves.

Mn functions in electron transfer processes and as a co-factor for some enzyme reactions.  The most widely known function is probably its involvement in the Hill reaction of photosynthesis, wherein there is a 4e- transfer that results in the splitting of water and release of O2.

2H2O +  4e- —> 4H+ +O2
In soils
Mn concentration in soils varies widely (20 to 3,000 ppm) depending upon parent material and the degree of soil weathering.

Mn is easily oxidized from the Mn++ to Mn+++ and Mn++++ , the  Mn++ is not strongly  chelated, while the Mn++++ may be strongly complexed.  Oxides of the highest valence state are quite insoluble, hence availability can be greatly affected by redox potential.  Mn uptake is improved in some plants if they undergo Fe stress and are able to respond by producing a reducing agent since it will reduce both iron and manganese to more soluble oxidation states.

Deficiencies are most common in highly weathered soils that have been recently limed.

Coppertc "Copper"
In plants

The critical deficiency concentration is about 1 to 3 ppm.

Typical deficiency symptoms are chlorosis (white tip), necrosis, and die-back in the youngest leaves.

Cu is absorbed as Cu++ and  is relatively immobile in the plant.

Because it undergoes oxidation-reduction reactions relatively easily, Cu is involved in electron transfer and enzyme systems much like Fe, most notably the oxidase enzymes.

In soils
Of the divalent cations, Cu++ is the most strongly complexed by organic matter.  Deficiencies are most common in high organic (peat) soils because the Cu in the soil is bound too tightly for plants to extract adequate amounts.

As much as 98% of all the Cu++ in the soil solution may be present as organic complexes.

Zinctc "Zinc"
In plants
The critical deficiency concentration is from 15 to 30 ppm, higher if leaf P is above normal .

Zn has only one oxidation state as an ion, Zn++.  Zn++ is immobile in both the plant and soil.

Zn functions as an ion for coupling enzymes and substrate.  The most common Zn containing enzyme is alcohol dehydrogenase.

Deficiencies are manifested by a shortening of internodes to the extent it appears leaves are all emanating from the same point on stems (condition is called “rosetting”).  In corn, chlorotic bands appear along the leaf midrib.  Zn deficiency symptoms on older leaves is mainly a result of P toxicity (retranslocation of P is inhibited by Zn deficiency.) Deficiencies are common in pecans and corn, but have not been reported for wheat even in very deficient soil.

In soil
Total content ranges from 10 to 30 ppm

Availability is closely linked to soil pH and organic matter content.
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