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Abstract

Purpose The rationale of this paper is to review the state of
the art regarding the biotic and abiotic reactions that can
influence Fe availability in soils. In soil, the management-
induced change from oxic to anoxic environment results in
temporal and spatial variations of redox reactions, which, in
turn, affect the Fe dynamics and Fe mineral constituents.
Measuring the Fe forms in organic complexes and the inter-
action between bacteria and Fe is a major challenge in getting
a better quantitative understanding of the dynamics of Fe in
complex soil ecosystems.

Materials and methods We review the existing literature on
chemical and biochemical processes in soils related with the
availability of Fe that influences plant nutrition. We describe
Fe acquisition by plant and bacteria, and the different Fe—
organic complexes in order to understand their relationships
and the role of Fe in the soil carbon cycle.

Results and discussion Although total Fe is generally high in
soil, the magnitude of its available fraction is generally very
low and is governed by very low solubility of Fe oxides.
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Plants and microorganisms can have different strategies in
order to improve Fe uptake including the release of organic
molecules and metabolites able to form complexes with Fe'".
Microorganisms appear to be highly competitive for Fe com-
pared with plant roots. Crystalline Fe and poorly crystalline
(hydro)oxides are also able to influence the carbon storage in
soil.

Conclusion The solubility of crystalline Fe minerals in soil is
usually very low; however, the interaction with plant, mi-
crobes, and organic substance can improve the formation of
soluble Fe" complexes and increase the availability of Fe for
plant growth. Microbes release siderophores and plant exu-
dates (e.g., phytosiderophores, organic acids, and flavonoids),
which can bind and solubilize the Fe present in minerals. The
improved understanding of this topic can enable the identifi-
cation of effective solutions for remedying Fe deficiency or,
alternatively, restricting the onset of its symptoms and yield’s
limitations in crops. Therefore, development and testing of
new analytical techniques and an integrated approach between
soil biology and soil chemistry are important prerequisites.

Keywords Fe soil availability - Weathering of Fe-containing
minerals - Microbial siderophores - Plant exudates

1 Introduction

Iron (Fe) is an element relatively abundant in many cultivated
soils with, on average, a total concentration of 20 to 40 g kg™
(Cornell and Schwertmann 2003). In its ferrous (Fe'") state, Fe
is mainly present in primary minerals and some
phyllosilicates; its oxidation to the ferric form (Fe') leads to
important changes in pedogenetic processes (Torrent and
Cabedo 1986; Adriano 2001; Stucki et al. 2002) resulting in
the formation of a series of “conjugate bases” where Fe is
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coordinated with water and hydroxyls (Stumm and Furrer
1987; Cornell et al. 1989; Sposito 1989).

Among Fe pedogenetic forms of crystalline Fe
(hydro)oxides, goethite (x-FeOOH) and hematite (cx-Fe,05)
are the most abundant minerals in well-drained soil. Other Fe
oxides may exist in poorly drained soil as crystalline minerals
(lepidocrocite, maghemite, and magnetite), or short-range-
ordered crystalline minerals (ferrihydrite and ferroxite) or
noncrystalline precipitates (Schwertmann 1985; Cornell and
Schwertmann 2003). The general rules governing the behav-
ior of Fe are the redox potential (i.e., oxidizing or reducing
conditions) and pH. Neutral pH conditions promote the pre-
cipitation of poorly ordered Fe minerals (ferrihydrite), where-
as reducing and acid conditions promote the mobilization of
Fe minerals. Goethite and hematite are characterized by high
stability (lower solubility) in the most habitual Eh—pH soil
conditions. At a specific value of pH, Fe oxides (hematites)
and hydroxides (goethite) produce the same Fe concentration
in a solution, while ferrihydrite only at a much lower Eh.
However, in spite of their lower stability, metastable forms
such as lepidocrocite and ferrihydrite often occur in many
soils, particularly in younger soils characterizing the non-
equilibrium state in the pedo-environment as cold climate
and acidic soils (Schwertmann 1988). Small amounts of Fe
minerals can also be found in reducing conditions in acid soil
like pyrite (FeS,) or in alkaline soil like siderite (FeCOs).

Many crystalline and poorly ordered Fe species may inter-
act with soil components such as inorganic and organic col-
loids to form even more complex aggregates with new sur-
faces (Colombo and Torrent 1991). The solubilization of Fe
from soil mineral sources is a slow process regulated by pH
and by the dissolution—precipitation phenomena of both crys-
talline and poorly ordered Fe-hydroxide minerals (Mengel

Fig. 1 Different species of iron
oxides and hydroxides in soil.
Chemical environment (potential
redox and pH) controls the Fe
solubility primarily through the
oxidation of the Fe-containing
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1994; Lindsay 1988). The solubility product of Fe carbonates
is 3.2x 10" whereas the solubility product of Fe(OH)5 is 4 x
107*® (Lindsay and Schwab 1982). Therefore, the species of
Fe in the soil environment could be summarized in the fol-
lowing: (1) Fe" in primary minerals; (2) Fe'" in secondary
minerals, as Fe crystalline minerals and poorly ordered crys-
talline (hydro)oxides; (3) soluble and exchangeable Fe; and
(4) Fe bound to organic matter in soluble or insoluble forms
(Fig. 1). As Fe participates in some life-sustaining processes
of microbes and plants, it is considered an essential micronu-
trient and its availability is crucial for their growth. Under
acrated conditions and pH values above 7, it has been esti-
mated that the total concentration of inorganic Fe species in
the soil solution is around 10~'® M (Boukhalfa and Crumbliss
2002), that is, 10*-10°-fold lower than that required for an
optimal growth of plants (Romheld and Marschner 1986).
Therefore, Fe deficiency is a frequent problem for many
crops, particularly in calcareous soils (Mengel et al. 2001).
Since Fe geochemistry is strictly connected with physical,
chemical, and biological processes occurring in soil
(Carrillo-Gonzales et al. 20006), factors influencing these pro-
cesses could significantly affect the relative presence of the
different Fe forms and, in turn, the micronutrient availability
for the organisms (microorganisms and plants). As up to now
several aspects related to these phenomena are still poorly
understood, a more detailed knowledge concerning the pro-
cesses involved in the Fe biogeochemistry in soil and of what
could exert an impact favoring higher level of Fe availability
for crops maintaining contemporarily the natural fertility of
soils becomes relevant.

In this context, the present review will focus on the impact
of microbes in association with plant roots and Fe minerals on
the availability of Fe in soils. Since the acquisition of the
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micronutrient by microbes and plants can play an important
role in the equilibria among the different Fe forms in soil,
mechanisms regulating these processes and their roles in
alleviating Fe shortage will be discussed. Attention will be
also paid to soil organic compounds whose accumulation and
stabilization in soil is strongly related with the Fe biogeo-
chemical cycle.

2 Fe acquisition by plant and microbes: mechanisms
and interactions

Microbes and Fe oxides coexist in soils, and their close
association provides ample opportunities for mutual interac-
tions, where primary minerals may provide Fe and many other
important nutrients like P and S in addition to appropriate
habitats for microbes while microbes may influence mineral
weathering (Lowenstam 1981; Lower et al. 2001). Iron-
containing primary minerals are specifically dissolved by
bacteria (e.g., Thiobacillium and Metallogenium sp.), a
weathering factor. These processes are strictly bacteria depen-
dent and known as “sorption, solubilization (chelation), accu-
mulation, transformation, precipitation”. Within the rhizo-
sphere, these mechanisms are even more complex because
of the presence of plants. In fact, plants can affect microbes
(abundance, diversity, and activity), Fe availability, and the
interactions between Fe minerals and microbes as a conse-
quence of root activity (exudation and nutrient uptake) to
satisfy their need of this essential micronutrient. Therefore,

Fig. 2 Contribution of
Fe-chelation processes related
to ligands released by microbes
(siderophores [MS]) and plants
(organic acids, phenols, and
phytosiderophores [PS]) on Fe
acquisition of roots (strategy I and
strategy 1I plants) and
microorganisms. The root
utilization of Fe" produced by
microbe-dependent redox
processes is also reported
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the low supply of Fe'™ to the soil solution and the high demand

of plants and microorganisms (for their intense growth) could
induce a considerable level of competition for Fe in the
rhizosphere (Loper and Buyer 1991; Guerinot and Yi 1994).

The principal means by which soil microbes acquire Fe in
Fe deficiency relies on the synthesis and release of low-
molecular-weight Fe-binding molecules called siderophores
(Fig. 2), MS; (see also the review of Lemanceau et al. 2009).
For their high affinity for Fe'" (Guerinot 1994), MS; are able
to form Fe'™ complexes, which are then transported into
microbial cells via specific Fe-MS; membrane transporters
(Neilands 1981). It is interesting to note that, despite the
specific production of defined MS by different microbial
species, microbes have the capability to take up not only their
own MS; but also those released by other species
(Raaijmakers et al. 1995). Many aerobic microbes depend
critically on their metabolites for the synthesis of these com-
pounds (Lovley and Phillips 1986, 1988). MS, are low-
molecular-weight (<1,000 Da) molecules and belong to a
large group of Fe-binding molecules secreted by microbes in
response to Fe deficiency. The Fe'"-MS, complexes are char-
acterized by very high stability constant ranging from 10> to
102, values that are quite higher than those measured for Fe
complexes formed by organic compounds frequently present
in the rhizosphere like anions of organic acids (oxalate or
citrate with stability constants of 10® and 10", respectively)
or phytosiderophores released by grass roots (PS,, 10'®; Robin
et al. 2008). Fe""-MS, complexes even exhibit the same or
even higher stability constants than Fe-EDDHA and Fe—
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EDTA (10** and 10?, respectively), which are synthetic Fe
chelates commonly used in agriculture to cope with Fe defi-
ciency in crops (Lucena 2000). For this very high stability of
the Fe complex (Albrecht-Gary and Crumbliss 1998), Fe'"—
MS; are considered efficient Fe carriers within the soil solu-
tion up to the root cells and through the cell wall.

For what concerns plants, to acquire Fe for their metabo-
lism and growth, they have evolved active uptake mechanisms
that differ between dicots (including also non-graminaceous
monocots) and monocots (see also the review of Kobayashi
and Nishizawa 2012). In the first case, the micronutrient is
acquired by a reduction-based Fe uptake mechanism (strategy
I, Marschner and Romheld 1994), which involves two steps: a
reduction of Fe' to Fe' and an intake of Fe'. When Fe is
limiting, the response of these plants includes the induction, in
a coordinated form, of the Fe'"-reduction activity at the root
surface and the Fe' transport across the root epidermal cell
membrane (Connolly et al. 2003). In addition, there is an
enhanced release of protons and a subsequent acidification
of the rhizosphere, which affects the levels of Fe in the
rhizosphere and creates a more favorable environment for
the Fe''-chelate reductase activity. However, in monocots,
Fe uptake is based on chelation of Fe' to strong ligands
(phytosiderophores, PS;) belonging to the mugineic acids’
(MAs) family. These ligands are released into the rhizosphere
where they can form chelates with the metal, which are then
taken up as a complex by a specific transporter (strategy 11, Ma
et al. 1995; Von Wiren et al. 1994). Under Fe-deficient con-
ditions, PS; secretion into the rhizosphere and biosynthesis of
Ps, in plant tissues are markedly increased (Nagasaka et al.
2009), with positive effect in the PSi-mediated Fe-
mobilization process in the rhizosphere. It is interesting to
note that rice, a strategy Il plant releasing PSg (2'-
deoxymugineic acid [DMA]) and taking up the entire Fe''—
PS complexes, is also able to take up directly Fe'' from the soil
solution, definitely an advantage when rice is cultivated in
submerged conditions (Ishimaru et al. 2006). On the contrary,
it has been recently demonstrated that a Fe' complex with
DMA, a PS; released by maize roots, could be absorbed
directly by roots of a neighboring dicot using a transporter
codified by a gene belonging to the yellow stripel-like (Y'SL)
family and located at the root epidermis (Xiong et al. 2013),
representing a valid opportunity in Fe acquisition process of
dicots when intercropped with monocots. With respect to the
possibility that plants could utilize Fe"-MS, complexes as Fe
source, due to their very high stability constant, the Fe ex-
change between Fe™MS, and PS, could be very limited.
Therefore, minimal could be the contribution of these micro-
bial Fe complexes to the Fe acquisition of grasses (strategy II
plants) via the “ligand exchange” mechanism, as yet described
in barley when Fe was supplied as complex with a humic
fraction (Cesco et al. 2002) having an estimated stability
constant of 10" (Takahashi et al. 1997). In any case, strategy

IT plants are able to use, although to a low extent, Fe from
Fe'"-MS, complexes via, at least in part, indirect mechanisms
(Duijff et al. 1994; Robin et al. 2008). Also for plants belong-
ing to strategy I (dicots), an impact of Fe'-MS; on the
micronutrient nutrition has been assessed (see also
Lemanceau et al. 2009), with the hypothesis of the involve-
ment of a putative transporter different than IRT1 for the
uptake of the integral Fe"'-MS, complex (Vansuyt et al.
2007). On the other hand, plant-derived Fe—PSg or Fe—organic
acids (like Fe citrate) complexes can be a good source of
nutrient (Fe) and energy (via PS; and organic compound
degradation), inducing the microbes to depress the release of
their own MS; and taking advantage of the Fe mobilized by
these plant chelators (Marschner and Crowley 1998; Von
Wiren et al. 1993; Jones 1998). For these reasons, microor-
ganisms appear to be highly competitive for Fe compared with
plant roots.

Fe acquisition by plants and microbes, which result in the
removal of soluble Fe from the rhizosphere solution, is able to
affect the chemical equilibria between the different Fe forms
and therefore the extent of the weathering of Fe-bearing
minerals in this specific volume of soil. Where the Fe uptake
mechanism is based on the acquisition of Fe'" in a chelated
form with PS (monocots, strategy II) or MS; (microbes), the
depletion of Fe in the rhizospheric solution occurs simulta-
neously with that of the ligands (PS; and/or MS;). However, in
strategy I plants, because the intake in root cell of Fe" is in its
ionic form, the Fe acquisition process has an impact on the Fe
concentration in the rhizosphere but not on the availability of
ligands that could, theoretically, mediate the Fe-mobilization
process after their release. As a consequence, the weathering
of Fe-bearing soil components could be even more
accelerated.

3 Factors influencing Fe availability in soils

Iron release by weathering of soil mineral sources is a very
slow process, regulated by pH and O, concentration and by
the dissolution—precipitation phenomena (Mengel 1994;
Lindsay 1988). Once mobilized in weathering processes, the
fate of Fe'' is largely dependent both on the redox reaction and
on pH conditions of the soil environment. In particular, under
aerobic conditions and at pH values ranging from 5 to 8, Fe''
released from primary minerals of soils is readily oxidized.
Under anoxic conditions, Fe™ is readily reduced either by
inorganic chemical reactions or by microbial processes. The
same biological processes occurring in soil and related with
the Fe cycle are shown in Fig. 2. The weathering of soil
mineral sources with a subsequent release of Fe could be
affected by soil microbes through their involvement in redox,
complexation, and acidification processes. The extent of these
phenomena is closely dependent on the availability of organic
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molecules (organic carbon) from which the microbes obtain
sustenance.

3.1 Redox processes
Bacteria can reduce Fe' both directly and indirectly (Fortin
and Langley 2005). In the first case, the enzymatic reduction
of Fe'' to Fe' gains energy in contrast, in the second one,
modification of pH and Eh conditions could promote Fe
solubilization at low pH and/or its precipitation in alkaline
conditions.

In the absence of oxygen, Fe'' oxides can be used as a
terminal electron acceptor (TEA) during microbial respiration
(Lovley et al. 2004). In this process, termed enzymatic dis-
similatory Fe reduction (DIR; Lovley 1991), bacteria couple
hydrogen and organic carbon oxidation to the reduction of
Fe'". Dissimilatory Fe-reducing bacteria can utilize Fe'! from
a wide variety of Fe oxides and clay minerals.

In aerate conditions, microbial oxidation of minerals con-
taining Fe'" can be accelerated by a wide range of Fe-oxidizing
bacteria under both acidic/neutral pH conditions.
Microorganisms that are able to oxidize Fe"" are generally
divided into two groups in function of pH: the acidophilic
and neutrophilic bacteria. Many aerobic acidophilic microor-
ganisms are able to couple Fe' oxidation to growth to the
reduction of nitrate (Fig. 1). Acidophilic microbes such as
Acidothiobacillus ferrooxidans have been observed to be
capable of aerobic respiration on both Fe" and reduced sulfur
(Baker and Banfield 2003). At neutral pH, Fe" is subject to
rapid chemical oxidation in relation to O, concentration, and
the Fe™ that is produced quickly hydrolyzes and precipitates
as Fe hydroxides or oxyhydroxides. Due to the fast rate of this
spontaneous reaction, the activity of neutrophilic bacteria has
generally been considered very slow (Sobolev and Roden
2004). Recently, the presence of Fe'"' precipitates associated
with the activity of many neutrophilic bacteria (Gallionella
and Leptothrix species) observed in a variety of soil and water
environments suggests that microbial Fe"" oxidation can suc-
cessfully compete with Fe'" abiotic oxidation (Weiss et al.
2004, 2005; Duckworth et al. 2009).

Dissimilatory Fe-reducing bacteria can also consume Mn
and some other elements during their activity accumulating,
selectively, some of them in paddy soils. As the redox poten-
tial of most waterlogged soils tends to approach 0 V, Fe' is the
predominant Fe species in a solution as in flooded soil dedi-
cated for rice cultivation. In this condition, like in paddy soils,
the benefit for plants could derive from the high Fe"' solubility
(about three orders of magnitude greater than Fe'; Fiedler
et al. 2007) and thus able to guarantee higher levels of Fe
availability for plants. However, in cultivated soils, due to
their redox fluctuation, most of soluble Fe is present in the
Fe'" form with the exception of poorly drained soils, where
the quantity of its Fe" form could reach sufficient levels for
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plant uptake (Lindsay 1979, 1988). In fact, under waterlogged
conditions, where the redox potential is low (Eh<0.4 V) and
the pH is below 5, Fe'"" is easily reduced to Fe'' by reducing
bacteria, thus increasing consistently the micronutrient solu-
bility (Borch et al. 2010). Microbial sulfidogenesis can strong-
ly affect Fe geochemistry through a variety of processes. A
predominant reduction of Fe'" is observed in acid sulfate soil
characterized by redox potential <0.4 V and strong acidity
(pH<4). In anaerobic conditions, dissimilatory SO,* reduc-
ing bacteria (Desulfotomaculum or Desulfosporosinus) can
drive the rapid reductive dissolution of poorly ordered ferric
(hydr)oxides, such as ferrihydrite (Stackebrandt et al. 1997
Stubner 2002). In addition, sulfidogenesis can also sequester
Fe by facilitating the precipitation of Fe-sulfide minerals such
as pyrite (Burton et al. 2009, 2011). This is one of the most
common microbial reactions in anaerobic soils (Fig. 3).
Problems arise when the oxidation of Fe sulfides exceeds
the pH buffering capacity of the soil. Acid sulfate soils pro-
duced by drainage become severely acid within weeks or
months. Usually, they can be identified by straw yellow mot-
tles of jarosite, KFe3(SO4),(OH)e, that develop on the soil
surface. The major limitation to soil productivity often is not
the acidity of the soil itself but increased Al and Mn toxicity to
plants caused by the release of these elements due to the
acidification. The acidification of these soils results mainly
from microbial oxidation of pyrite when reducing conditions
change and oxygen is increased. The gradual restoration of
aerobic conditions at neutral pH, contemporary with the in-
crease of Eh values, can lead to a formation of Fe-Mn nod-
ules. The shift from anoxic to oxic conditions and vice versa
can frequently occur in cultivated soils like poorly drained
soils, while anaerobic condition can be a prolonged condition
in the growing period of rice in paddy—cultivation systems
typical of wetland. It has been clearly observed that the shift
from oxic to anoxic soil condition is accompanied by a pro-
gressive Fe transformation from Fe'" to Fe" forms (Munch
and Ottow 1980). Many paddy soils are the result of specific
agronomic practices of soil management, e.g., to optimize rice
cultivation. This management-induced change forms oxic to
anoxic environment, which results in temporal and spatial
(vertical and horizontal) variations of redox reactions, which,
in turn, affect the dynamics of organic and mineral constitu-
ents (Cheng et al. 2009). The translocation of Fe can also
occur in various directions and by different processes (includ-
ing eluviation and illuviation) starting from the reduction of
Fe'™. In this latter reaction, also Fe'™ in the crystal structures of
primary minerals can be reduced by the activity of indigenous
microbes. In poorly drained soils, where anoxic conditions are
frequent and present for long period of times, the drainage of
water, following a submersion period, may result in an in-
crease of oxygen availability with a rapid oxidation of Fe';
this redox reaction favors, in turn, the formation of a short-
range-ordered hydroxide, such as ferrihydrite or crystalline
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oxides like lepidocrocite, goethite, and maghemite in Fe—Mn
nodules (Liu et al. 2002). The differences in reducibility
between the various Fe' (hydr)oxides can be explained by
differences in reactive surface area and follows the same order
as the reactivity order of these minerals with respect to
sulphidication processes, which is ferrihydrite>lepidocrocite
>goethite>hematite. Although the reducibility of crystalline
Fe'" (hydr)oxides is much lower than that of amorphous Fe'™
(hydr)oxides, the contribution of crystalline phases to total Fe
reduction can be highly significant, up to 10-20% in some
soils (Roden and Zachara 1996; Jakobsen and Postma 1999).

3.2 Fe complexation processes

With respect to the Fe geochemistry in soil, MS; are able to
react directly with the surfaces of Fe minerals mobilizing the
micronutrient via a complexation process (Kostka et al. 1996).
The insoluble Fe sources mainly subjected to weathering by
MS; are Fe-containing primary silicates and Fe (hydr)oxides
(Kraemer 2004). It has been observed that the smaller the
particles, the greater (tenfold) the dissolution rate of these
particles; in particular, those with sub-10 nm size are particu-
larly available to aerobic microbes and, following the attack
by MS;, able to guarantee sufficient Fe for bacterial growth
(Treeby et al. 1989). In addition to Fe minerals, MS may also
be able to remove Fe from organic complexes (like Fe com-
plexed by organic acids, phenols, soil humic substances [HS],
etc.) via ligand exchange, as also described for PS and Fe-HS
(Cesco et al. 2000). Part of these organic ligands may be
released by plants in the rhizosphere, particularly under Fe
shortage, organic acids (Jones 1998) and phenolics, being the
most represented. For instance, for soils where Fe oxides are
responsible of phosphate fixation (Borggaard et al. 1990;
Colombo et al. 1994; Hinsinger 2001), low-molecular-
weight organic acids can favor the availability of phosphate
for plants through an exchange process of the anion adsorbed

to Fe oxides (Liu et al. 1999). An analogous process has been
described for flavonoids and citrate released by roots of white
lupin, which, solubilizing Fe from an insoluble Fe phosphate,
favored indirectly the mobilization and the availability of
phosphate (Shaw et al. 2006; Tomasi et al. 2008). With respect
to Fe, it has been demonstrated that the Fe-mobilization ca-
pacity of these organic ligands (Cesco et al. 2000, 2010) and
the contribution of their Fe complexes in the acquisition
process of the micronutrient by plants (Cesco et al. 2002,
2006; Pinton et al. 1999; Tomasi et al. 2009a, b) could be
quite different among the complexes. In the mobilization
process, MSg can act alone or in combination with simple
carboxylic acids and organic reducing agents of different
origin; in this combined form, an additive effect with an
enhanced extent of Fe dissolution from minerals has been
observed (Dhungana et al. 2007; Dehner et al. 2010).
Among the organic molecules detected in the rhizosphere in
addition to MS,, oxalate needs to be mentioned as for its
abundance among rhizodepositions and for its direct involve-
ment in the biological and efficient weathering of minerals
(Jones and Wilson 1985; Adamo et al. 1997). Flavonoids
released by roots have a direct effect on soil minerals and on
biological activity in the soil that play an important role in Fe
solubilization processes (El Hajji et al. 2006; Tomasi et al.
2008; Cesco et al. 2012). However, although the impact of
flavonoids on soil microorganisms could also be of relevance
in terms of microbe-mediated Fe oxidation—reduction in soil
(Tomasi et al. 2008; Cesco et al. 2010, 2012), the relative
contribution of these molecules to the Fe availability in the
rhizosphere and to the use of this Fe source for plant nutrient
acquisition has not yet been comprehensively studied. It ap-
pears evident that the release of Fe'™-complexing organic
compounds by roots and microorganisms can contribute to
Fe (hydr)oxides dissolution and/or to Fe mobilization from
unavailable sources (see Figs. 1 and 2). Iron complexing
organic compounds are considered the main part of soluble
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Fe'" species in soil and are of real relevance particularly in an
agricultural context (Hinsinger 1998; van Hees and
Lundstrom 2000; Hinsinger 2001). This aspect is even more
important when calcareous soils are considered; in fact, the pH
values of calcareous soils are so unfavorable to the solubility
of Fe ions that these induce very often the onset of severe Fe-
deficient symptoms in cultivated plants (Loeppert et al. 1984;
Marschner and Romheld 1994; de Santiago and Delgado
2006). There are vast differences in the ability of the various
organic chelates to maintain soluble Fe in soil solution. The
order of decreasing ability of five natural and synthetic organ-
ic compounds to chelate Fe in soils is as follows: EDDHA>
DTPA>EDTA>citric acid>oxalic acid (Lindsay 1979). The
natural organic acids (citric and oxalic) are not effective che-
lators above pH 7, while only EDDHA and DTPA have the
ability to chelate significant amounts of Fe in the pH range
above 7.0. These equilibrium relationships are typical of those
generally observed when these chelates are used as Fe fertil-
izers in soils of different pH. However, it is necessary to
highlight that Fe solubility in soil depends not only on pH
values and on the concentration of the organic ligands present
but also on the oxidation state of soil (Lindsay 1988).

3.3 Soil pH: acidification and alkalinization of the soil
environment

The solubility of Fe-bearing minerals is controlled by disso-
lution—precipitation equilibria, and its extent is dependent on
soil pH and ionic strength. Iron as trivalent ions exists only at
very low pH values (pH<3) while at neutral pH, the solubility
of Fe'" drops off very fast. At neutral pH, Fe oxides reach a
minimum solubility near 10~'® M, at pH range of 7.5-8.5
(Lindsay and Schwab 1982). In soil with low Fe availability,
bacteria and many graminaceous plants in response to Fe
shortage have developed different strategies to solubilize Fe
by improving soil acidity and producing chelating com-
pounds. The latter are released as simple low-molecular-
weight organic acids and many other complex molecules
known as rhizodeposits. The lower the pH of soil solution,
the higher is the availability of soluble Fe (Robin et al. 2008).
In this regard, microbes are able to give their contribution to
soil acidification with their metabolism. In fact, thanks to their
respiration, the p CO, is increased, enhancing the concentra-
tion of carbonic acid (Hinsinger et al. 2003); furthermore,
bacteria involved in the oxidation of ferrous Fe sulfide, such
as pyrite, and in that of ammonium leading to the formation of
sulfuric and nitric acids are also able to acidify the surrounding
soil (Yu and Bishop 2001). To this phenomenon of rhizo-
sphere acidification, plants, with their roots, take part also.
In fact, rhizosphere pH has been reported to be up to 1-2 pH
units below or above bulk soil pH; in addition to the metab-
olism of roots, carboxylate release of these tissues in the
rhizosphere, when the exudation is coupled with proton
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efflux, can cause a significant decrease of the pH of this
specific volume of soil. A link between organic acid excretion
and proton extrusion by roots of white lupin has been clearly
demonstrated (Tomasi et al. 2009a, b). Plasma membrane H'-
ATPase activity of roots, mainly involved in the proton extru-
sion coupled with the release of citrate previously described, is
known also for being stimulated by soil HS (Pinton et al.
1997a). In soils with low Fe availability, the occurrence of
organic acid (citric, malic, and oxalic) also contributes to pH
decrease when their exudation is coupled with proton efflux;
the concentration in the rizodeposition varies among plant
species and depends on soil pH (Hinsinger et al. 2003).
Small organic acids from bacterial metabolism also contribute
to pH decrease. This is the case for oxalic acid, which is
produced in large amounts by fungi and lichens (Jones and
Wilson 1985). With respect to the mineral weathering, disso-
lution reactions by protons are generally considered to be the
rate-determining step for weathering processes in acidic con-
dition; on the contrary, in soil environment and sediments, due
to prevailing neutral conditions, proton-promoted dissolution
of primary Fe-bearing minerals is neglectable.

4 Soil organic carbon related with iron cycle

Bacteria can obtain sustenance from organic molecules, often
exuded by plant roots and derived from the decomposition of
soil organic matter (Lovley 1991). Therefore, the activity of
bacteria is strictly dependent on the availability of organic
carbon. In this context, the interaction between bacteria and
Fe minerals appears to be sustained by plant action, specifi-
cally root exudation of complex organic compounds used by
bacteria as a source for their sustenance. In fact, the
weathering of these minerals can be strongly accelerated by
the activities of living organisms, as shown for microorgan-
isms and plants (Welch et al. 1999; Baker and Banfield 2003;
Hansel et al. 2004; Liu et al. 2006). Organic matter decompo-
sition is one of the most important processes linked with the
Fe cycle in soil environment. In cold-temperate climates, the
carbon storage in Spodosols is largely a function of the con-
tents of crystalline Fe and poorly crystalline hydroxides
(Wiseman and Piittmann 2005). In hot, humid climates, the
intense microbial activity that rapidly and completely miner-
alizes available organic matter prevents extensive formation
of poorly ordered Fe minerals. Bacteria and fungi can use a
wide spectrum of organic compounds, such as cellulose, pec-
tin, lignin, tannine, lignocellulose, sugars, organic acids, and
amino acids and are able to generate more complex molecules
precursors of HS. With respect to HS, for their complex nature
and thus poor decomposability, they are not able to stimulate
in a similar extent as root exudates the growth and activity of
soil microorganisms. On the other hand, HS could also act
directly in the processes related to the soil Fe chemistry by
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improving the solubility of Fe in soil at concentration much
higher than those achievable exclusively with chemical—dis-
solution reactions (Schnitzer 1978; Stevenson 1994; Colombo
etal. 2012). Depending on molecular size and solubility of HS
fractions, the stability and mobility of complexes of HS with
Fe" in soil vary with the pH and redox potential (Eh). The
solubility of soil Fe is considerably increased by the chelation
of Fe' with organic ligands that make up the dissolved
organic matter or other soluble macromolecules with carbox-
ylic or polyphenolic functional groups (Schwertmann 1990)
and more complex and diverse macromolecules constitutive
of insoluble HS (Stevenson 1994). The capability of HS to
form complexes with metals in soils, especially cationic
micronutrients, is well known. As a consequence of this
process, the solubility of many nutrients can be consistently
modified, and this phenomenon is especially true and relevant
for those metals, like Fe, whose solubility is regulated by the
formation of insoluble hydroxides. With regard to Fe avail-
ability, molecular size and solubility of HS are important
factors to consider. HS fractions with high molecular mass,
which are mostly insoluble, can hold quite large amounts of
the metal, especially in alkaline environments. Thus, Fe'" is
subtracted from its available pool via precipitation and subse-
quent crystallization processes (Schwertmann 1991).
Differently, HS fractions with low molecular mass, like fulvic
acids, can contribute to the available pool of Fe present in soil
solution due to their solubility and capability in forming Fe
complexes. With respect to these low-molecular-weight hu-
mic fractions, it has been clearly demonstrated that they can
act efficiently as natural substrates for Fe acquisition by roots
of monocots and dicots (Pinton et al. 1997b, 1999; Cesco et al.
2002). HS increase Fe bioavailability through their Fe-
chelating properties and have redox-reactive properties
(Kogel-Knabner et al. 2008). These properties are related to
phenolic groups contributing to Fe'! reduction. The chemical
reduction of Fe'! by HS is strongly pH dependent; as pH
increases, HS are more frequently bound to metal cations
and therefore have a decreased reducing ability. In soils with
changing redox conditions, HS may act as redox buffers by
accepting electrons from microbial respiration under anoxic
conditions (Heitmann et al. 2007) and, upon re-aeration, by
donating electrons to oxygen. This process is very important
in peatlands and bogs, where it is believed to significantly
decrease methanogenesis. In addition to acting as redox
buffers, HS mediate chemical redox reactions, including the
transfer of electrons from microorganisms to poorly accessible
mineral phases, such as Fe' oxides (Bauer and Kappler 2009;
Kogel-Knabner et al. 2010). Lalonde et al. (2012) proposed
that the associations between organic matter and Fe are
formed primarily through co-precipitation and/or direct che-
lation; these processes are able to promote the preservation of
organic carbon in marine sediments and act as a key factor in
the long-term storage of organic carbon. The reason could be

related with the biological interactions with nano-Fe oxide
particles that are strongly associated with organic matter.
Such organic molecules may for instance interact in acid or
neutral condition with Fe oxide particles by gradual solubili-
zation or by oxidation of Fe"" from primary minerals. Natural
and anthropogenic changes in climate and global biogeo-
chemistry will alter the mobility of Fe and other trace metals
to the soil, which may cause changes of soil carbon dynamic.

5 Conclusions

Plant, microbes, and Fe oxides coexist in soils, and their close
association provides ample opportunities for mutual interac-
tions with an impact on mineral weathering of primary Fe
minerals and on the availability of this nutrient for microbe
and plant growth.

In cultivated soils (aerobic conditions), Fe is mostly oxi-
dized and precipitated as ferric oxides with low availability for
plants. In order to cope with the Fe shortage, the release of
exudates (Fe-complexing organic compounds, e.g., PS¢ and
organic acids) by roots results also in an effect on microbial
density and activity. The high demand for Fe in the soil
together with its low availability in soils leads to a competition
between plant and other living organisms, being particularly
strong in alkaline soils. A better understanding of these phe-
nomena could be surely of relevance also in identifying effec-
tive solutions for remedying Fe deficiency or, alternatively,
restricting the onset of its symptoms and yield limitations in
Crops.

In paddy and poorly drained soils (anaerobic conditions),
microbes can catalyze the reduction of Fe' for their energy
needs by coupling oxidation of organic matter to the Fe
reduction. In this context, microbial metabolism is reputed to
play an important role in controlling Fe'"-reduction chemistry.
Differently, in aerated soils, Fe oxidation is considered a major
process involved in the decomposition of organic matter and
can play an important role in the stabilization of organic
carbon.

In cold and temperate climates, the carbon storage in aer-
obic soils (Spodosols, Andosols, Hystosols, etc.) is largely a
function of the contents of crystalline Fe and poorly crystalline
(hydr)oxides, possibly due to the biological interactions with
nano-Fe oxide particles. In particular, adsorption of HS on
crystalline Fe oxides has become more relevant because of its
impact on the carbon balance. Natural and anthropogenic
changes in climate and global biogeochemistry will alter the
mobility of Fe and other trace metals in the soil with conse-
quences on the soil carbon dynamic.

The improved understanding of amounts and intensity of
interaction between different species and forms of Fe and
organic molecules in soil presents a major challenge in under-
standing the dynamics of the Fe biogeochemical cycle in soil.
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The understanding of the Fe biogeochemical cycle enables
identification of means to remedy Fe deficiency or, alterna-
tively, restrict the onset of symptoms of Fe deficiency and its
limitations of crop yield. Development and testing of new
analytical techniques and an integrated approach, which in-
cludes soil microbiology and soil chemistry, are essential to
understand the Fe cycle. Thanks to the fast development of
spectroscopic methods (Mossbauer spectroscopy and
synchrotron-based X-ray spectroscopies), the high-resolution
microscopic techniques (high-resolution transmission electron
microscopy and atomic force microscopy), and the molecular
biological approaches (including high-throughput sequencing
and bioinformatics), it is now possible to examine the surface
properties of metal oxides in order to improve the compre-
hensive understanding of the interaction processes of Fe'" and
Fe"' with organic molecules and microbes.
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