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Micronutrients

Mikronährstoffe

Franz Hadacek
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Biological inorganic chemistry is by its nature an 
interdisciplinary subject with linguistic and conceptual 
problems that render it difficult for students who have a unique 
background in either biology or chemistry. 

The major problem for the student with a background in 
biology is the understanding of the concepts inherent in the 
interactions of chemical species (charged or uncharged) with 
each other. 

Such concepts involve electronic structure and considerations 
of symmetry, which in turn affect the bonding between them. 

In this chapter we will lay out the basics of such concepts with 
particular reference to the interactions of metal ions with 
organic molecules.
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Ionic bonds:
Large differences in electronegativity between atoms in a given molecule 
often cause the complete transfer of an electron from the unfilled outer 
shell of one atom to the unfilled shell of another. The resulting charged 
species (ions) are held together by electrostatic forces.

Covalent bonds:
Orbital overlap, i.e. mutual sharing of one or more electrons, can occur 
when two atoms are in close proximity to each other. The bonding resulting 
from such overlap is referred to as covalent bonding. Most frequently for a 
significant overlap and hence a more stable bond, either both atoms have 
half-filled valency orbitals, as in the H2 molecule, or one atom has a filled 
valency orbital not used for bonding and the other one a vacant valency
orbital. Pure covalent bonding occurs in compounds containing atoms of 
the same element such as H2. Most compounds however contain atoms of 
different elements, which have different electronegativities, and hence the 
commonest type of bonding lies somewhere between purely ionic and 
purely covalent as in HCl.

Na+Cl−
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Coordination bonds:

Coordinate bonds are a special case of covalent bonds where the electrons 
for sharing are supplied by one atom. There is often a fractional positive 
charge on the donor atom and a fractional negative charge on the 
acceptor atom. 

CoBr3·3NH3 exhibits such type of bonding and hence traditionally is referred 
to as a coordination compound.

Central atom (metal ion)

Ligand

Ligand

Ligand

Ligand

Ligand

Ligand
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Lewis acids and bases:

In 1923 the American chemist G.N. Lewis provided a broad definition of 
acids and bases, which covered acid–base reactions not involving the 
traditional proton transfer: an acid is an electron-pair acceptor (Lewis acid) 
and a base is an electron-pair donor (Lewis base). The concept was 
extended to metal–ligand interactions with the ligand acting as donor, or 
Lewis base, and the metal ion as acceptor, or Lewis acid.
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The chelate effect:

Metal ions dissolved in water are effectively complexed to water 
molecules. Displacing the set of water ligands, partially or entirely by 
another set, in such aqua metal ions results informing what is more 
conventionally known as complexes. Displacement of water molecules by 
multi-dentate ligands results in more stable complexes than similar 
systems with none or fewer chelates.
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Coordination geometry:

The shape of a molecule, i.e. its geometry, is generally defined by the bonds 
within the molecule, which are disposed in a 3-D array. The different pairs 
of electrons involved in bonding are attracted by two nuclei and they will 
tend to stay as far from each other as possible to minimize electrostatic 
repulsions. The shape of a molecule can be predicted on the basis of the 
number of electron pairs in the valence shell of the central atom.
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Coordination geometry:

The crystal field theory (CFT) was developed for crystalline solids by the physicist 
Hans Bethe in 1929. The model takes into account the distance separating the 
positively and negatively charged ions and treats the ions simply as point charges 
with the attractive and repulsive interactions between them as purely 
electrostatic/ionic ones. The central point in this theory is the effect of the 
symmetry of the arrangement of ligands on the energy of the d orbitals of a 
central metal atom.
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Biological ligands:
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Discovery of the essentiality of micronutrients for higher plants
Element Year Discovered by

Fe 1860 J. Sachs
Mn 1922 J.S. McHargue
B 1923 K. Warington

Zn 1926 A.L. Sommer and C.B. 
Lipman

Cu 1931 C.B. Lipman and G. 
MacKinney

Mo 1938 D.I. Arnon and P.R. Stout
Cl 1954 T.C. Broyer et al.
Ni 1987 P.H. Brown et al.

Arnon, D.I.; Stout, P.R.,
The essentiality of certain elements in minute quantity for plants 
with special reference to copper,
Plant Physiol. 14 (1939), 371–375.

Marschner‘s Mineral Nutrition of Higher Plants
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Chlorine:

Cl−
Monovalent anion

and
the most abundant in plants

and
an essential counter ion

for membrane potential stabilization
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Cl• Photosynthetic O2 evolution PSII complex

• Stimulation of various membrane-bound phosphorylating enzymes, 
ATPases amongst others

• Stomatal regulation (together with K+ and malate)

http://www.farmspeak.com/nutrient-deficiency.html

Marschner‘s Mineral Nutrition of Higher Plants
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press
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Iron:

FeII FeIII− e−

+ e−

Transition metal
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Haber-Weiss (inkl. Fenton) Reaction:

Superoxid Dismutase (SOD):

Fe
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• Heme proteins
(e.g. cytochromes)

• Fe-S proteins
(e.g. ferredoxin)

• Other enzymes
(e.g. lipoxygenases)

Fe

http://www.farmspeak.com/nutrient-deficiency.html
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Iron uptake mechanisms by plant roots:

Dicots and nongramineous
monocots

Gramineous monocots

Lemanceau et al., 2009, Plant Soil 321: 513-35 

Fe
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Phytosiderophores:

Marschner‘s Mineral Nutrition of Higher Plants

EDTA
(Ethylenediaminetetraacetic acid)

Fe
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FeFerritin:

Huard DJE et al., 2013, Nature Chemical Biology 9:169-176

An animated presentation of ferritin molecules with eight subunits –
five L-subunits in blue, and three H-subunits in red to show the 
mineralization process of iron by the ferritin protein shell. Oxidation 
of Fe2+ is performed by the ferroxidase centre of the H-subunit. This is 
followed by nuclei formation and iron core growth facilitated by L-
subunits. Once the iron core reaches a sufficient size oxidation of 
Fe2+ can take place on the surface of the iron core.

Koorts AM & Viljoen M, Ferritin and ferritin isoforms
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press
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Boron:

B(OH)3 + 2 H2O ↔ B(OH)4
− + H3O+

Boric acid Borate

Complexes with diols and polyols
cis-diol configuration in

mannitol, mannan, polymannuronic acid,
pectin and hemicelluloses

Metalloid
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B

Marschner‘s Mineral Nutrition of Higher Plants
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• Cell wall structure

• Cell adhesion processes

• Nodule formation in symbiotic interactions

• Membrane integrity and function (also associated enzymes)

• Root and shoot meristems

• Mechanisms still unclear

B

A. Network of cellulose fibrils, hemicelluloses, pectins and cell wall 
proteins. Plasma membrane with attachment sites of actin and 
tubulin

B. Galacturonic and backbone with various side chains linked by B
C. Membrane bilayer showing glycosphingolipids, sphingomyelins, 

glycosylphosphatidyl-inositol anchored proteins and other 
membrane components.

Marschner‘s Mineral Nutrition of Higher Plants
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press



32

MnManganese:

MnII − e−

+ e− MnIII − e−

+ e− MnIV

Transition metal
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Mn
• Superoxide dismutase

Marschner‘s Mineral Nutrition of Higher Plants

• Mn protein in PSII

• Oxalate oxidase

• Mn2+ acts as cofactor for 35 different enzymes (shikimate pathway and
aromatic amino acids, various peroxidases, terpenoid and lipid
biosynthesis)
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press



35

ZnZinc:

ZnII

ZnOH+

Transition metal
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Zn
• Only metal that is present in all 6 enzyme classes, 

including oxidoreductases, transferases, hydrolases
lyases, isomerases and ligases

• Zn2+ is a cofactor for dehydrogeneases, aldolases, isomerases, trans-
phosphorylases and RNA and DNA polymerases, amongst others

• Tertiary structure of peptide chains

“Zinc finger“
• Protein synthesis in ribosomes
• Membrane integrity and protection

against lipid peroxidation

Marschner‘s Mineral Nutrition of Higher Plants
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press



38

CuCopper:

Transition metal

CuI CuII− e−

+ e−
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Cu
• Present in more than 100 different proteins

• More than 50 % in plastocyanin in electron transport
chains of PSI

Marschner‘s Mineral Nutrition of Higher Plants

• Superoxide dismutase, ascorbate oxidase etc.

• Lignification
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Maathuis FJM, Plant Mineral Nutrients,  Humana Press
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NiNickel:

Transition metal

NiI − e−

+ e− NiII − e−

+ e− NiIII
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Ni
• Present in at least 9 proteins, in plants Ni Urease and Ni

Urease associated protein

Urea toxicity
(yellow leaf tips)

Marschner‘s Mineral Nutrition of Higher Plants



43

Maathuis FJM, Plant Mineral Nutrients,  Humana Press
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Molybdenum:

Transition element,
More present in the lithosphere than in soils

MoO4
2−

Mo
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Mo
• Nitrate reductase cofactor Moco

“whiptail“

• Nitrogenase (all N2 fixing microorganisms)

Marschner‘s Mineral Nutrition of Higher Plants
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Oxidative stress
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Heavy metal tolerance in plants: possible mechanisms

(1) Binding to cell wall; 
(2) restricted influx through plasma membrane; 
(3) active flux; 
(4) compartmentation in vacuole; 
(5) chelation at the cell wall–plasma membrane interface; 
(6) chelation in the cytoplasm.

Marschner‘s Mineral Nutrition of Higher Plants
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Transpiration enhances nutrient uptake



49 Marschner‘s Mineral Nutrition of Higher Plants

Xylem unloading
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Root exudation

Rovira AD, Bowen GD & Foster RC (1983) In: Inorganic Plant Nutrition (A. Läuchli, R.L. Bieleski, eds.), Springer.
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