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ABSTRACT
Iron (Fe) plays a pivotal role in plant nutrition as well as human health.
Foliar application is being adopted as an economic, targeted and envir-
onment friendly alternative over soil fertilization. However, dependency
of foliar fertilization on crop species, environment, Fe compound and Fe
status of plant makes it a complex practice. Though a large body of
evidence is available on Fe movement from root to shoot, very little is
known on its movement from the leaf surface (extracellular) to various
organelles (intracellular). This article presents possible pathways of foliar-
fed Fe including crossing leaf physical barriers to reach the apoplast,
crossing the plasma membrane, moving through plasmodesmata,
phloem loading and unloading and storage in intracellular compart-
ments. We have also emphasized on various chelating agents present
in intracellular environments along with membrane-bound proteins aid-
ing in Fe movement. Further, genes involved in Fe uptake and transport
from leaf surface are discussed. At organelle level, presence of importer/
exporter in outer membranes or bound Fe (Fe(II) to Fe(III)) form needs to
be identified. The long-distance transport of Fe in phloem supports the
existence of unknown oxido-reductases. The understanding of Fe mobi-
lization pathways from foliage to sink tissues might also assist in mole-
cular biofortification.
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Introduction

Iron (Fe) is the fourth most abundant element on earth’s crust, whose non-availability in soil is a
major concern worldwide. It is one of the essential micronutrients involved in many ubiquitous
metabolic processes, such as respiration, photosynthesis, sulphur (S) and nitrogen (N) assimilation
and biosynthesis of DNA, lipids and hormones, most of them requiring Fe in terms of Fe-heme
groups or Fe-S clusters (Balk and Lobreaux 2005). Plant Fe deficiency leads to leaf chlorosis, stunted
growth and decreased Fe content in edible parts of plants, which is considered as one of the major
causes of Fe-deficiency-induced anaemic people worldwide.

The success with soil-applied Fe fertilizers is limited due to low solubility and Fe-fixation,
including the possibility of leaching and contaminating ground water (Abadía et al. 2011).
Besides soil application, the most effective alternative method to correct plant Fe deficiency is
foliar application. This takes into account the absorption capability of above-ground plant parts,
such as leaves, stems, inflorescences and fruits (Fernández et al. 2013). The response of plants to
foliar Fe application is influenced by physiological factors including leaf age, surface area, leaf
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expansion and source/sink status, chemical composition of stomata, cuticle and lenticels and
environmental factors such as light, temperature, humidity and wind. These lead to differences
in penetration, storage and re-translocation of foliar-applied nutrients (Fernández and Brown 2013).
Moreover, the efficiency of foliar spray in delivering minerals to plants is influenced by the physico-
chemical properties of spray solutions such as concentration, solubility, molecular weight, electric
charge and pH (Fernández et al. 2013). In spite of its complexity and dependency on various
factors, this ‘direct-feeding’ approach (bypassing soil) aids in overcoming nutrient deficiency and
enhances plant’s performance with a special focus on targeted areas thereby making it an
economic way to correct nutritional disorders.

Many reports are available on ameliorating plant Fe deficiency via foliar application with organic
and inorganic Fe compounds (Rios et al. 2016). The successful utilization of nutrients by plants is
achieved by foliar adsorption, penetration through physical barriers (cuticle, aqueous and stomatal
pores) to reach the leaf apoplast, uptake by leaf cellular compartments (chloroplast, mitochondria,
vacuole) and finally translocation to other plant parts (flowers and seeds). Although an efficient re-
translocation of Fe to other plant organs after foliar application has been shown, the information
on biochemical and molecular mechanisms underlying the movement of Fe at leaf physical and
cellular levels is still limited (He et al. 2013). Many authors have covered the information available
on Fe movement from soil to seed but only a few have addressed its movement from leaves to
other organs following foliar fertilization (Grillet et al. 2014a). In this article, we have outlined the
possible pathways of Fe movement from the site of application (foliage) to the site of metabolic
processes (cellular organelles) based on available information. The transporters involved in Fe
movement through various cellular compartments that can be manipulated for successful mole-
cular biofortification have been discussed. In addition, the present review reflects on the current
findings in the field of foliar Fe fertilization, comparing application practices to enhance efficiency.

Iron formulations: type, concentration and efficacy

Efforts have been made to assess the efficacy of foliar-applied Fe solutions by evaluating rate of Fe
absorption, re-greening capacity and its translocation from the site of application (Fernández et al.
2008; Rios et al. 2016). Iron deficiency can be treated by exogenous application of inorganic Fe
compounds as well as natural or synthetic Fe chelates (Abadía et al. 2011). Contradictory results have
been obtained on foliar fertilization using these compounds (Table 1). In comparison to chelates,
inorganic Fe salts have shown increased efficiency of penetration and leaf re-greening (El-Jendoubi et
al. 2014; Rios et al. 2016). Nevertheless, a few studies strongly recommended the use of chelates over
inorganic compounds due to their enhanced mobility, while others observed no difference in their
applicability and concluded their dependability on type of adjuvant-formulation used (Fernández et al.
2006). However, these studies were performed under different conditions with varying concentration
and Fe formulations. Also, there might be intra-species differences in response to foliar Fe application.

In addition to above-discussed formulations, biostimulants such as humic acid (HA) have
popularized as an effective Fe chelate for improving the Fe status of plants under Fe-deficient
environment (Abroskin et al. 2016). Though some studies depict similar Fe translocation rate after
the supply of Fe-ethylenediamine tetra acetic acid (EDTA) and Fe-HA (Nikolic et al. 2003; Sharma et
al. 2018), emphasis has been given to bring into practice the use of HA and other biostimulants
(fulvic acid, N-containing compounds) to increase the nutrient uptake (for review, see Tanou et al.
2017). HA can be obtained from varied sources, thereby its application results in differential
response in plants. This necessitates the comparison of different humic substances to find the
best sources for its efficient penetration into the plant system.

In addition to type of formulation, the concentration of spray solution containing Fe is of utmost
importance as concentrated solutions might reduce the penetration rate or if penetrated, might
cause toxicity to the plant (Fernández et al. 2013; Sharma et al. 2018). During cuticular penetration,
high Fe(III) concentration in foliar spray competes with ionized groups (in cuticle) for water
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(Schonherr 2006). These electrochemical or osmotic interactions of Fe compounds end up reducing
size or causing partial dehydration of aqueous pores that lead to clogging of hydrophilic pathways.
Increasing the concentration of Fe(III) immunodisuccinic acid (IDHA) and Fe(III) EDTA affected the
permeability, for example, increasing the concentration of Fe(III) IDHA from 2.5 to 5.0 mM in the
foliar spray reduced its penetration by 2.2-fold (Schlegel et al. 2006). High concentrations of Fe(III)
in foliar sprays promote the generation of reactive oxygen species and subject the plants to
oxidative stress leading to reduced growth (Sida-Arreola et al. 2015). Thus, choosing lower con-
centrations may be beneficial for successful foliar sprays, but this has to be tested for each plant
species and type of formulation used, in order to make a balance between phytotoxicity and
nutrient supply.

The efficacy of foliar feeding depends on translocation of Fe from the site of application to the
sink. Experiments limited to treated leaves would not provide any fruitful insight since reports have
suggested that mobility of Fe within the plant is a major concern rather than penetration (El-
Jendoubi et al. 2014). Though Fe shows high reproductive mobility in various crops including
wheat (Triticum aestivum) and muskmelon (Cucumis melo), it has been reported to be relatively
immobile in tomato (Lycopersicon esculentum), cucumber (Cucumis sativus) and kidney bean
(Phaseolus vulgaris) (Guzman et al. 1990; Garnett and Graham 2005). Many studies performed
under Fe-sufficient conditions and may be not applicable under Fe-deficient condition, due to
alteration in properties of physical barriers in Fe-deficient leaf. The available literature is not
sufficient to draw conclusions with respect to the type of Fe formulation, since the response
may vary with crop, environment (soil or hydroponics), Fe compound and background Fe status of
plant (Fe-deficient or Fe-sufficient). The efficacy of Fe formulation should not only be judged on the
basis of re-greening effect and local Fe concentration, but its translocation within the plant must
also be considered for obtaining best results. Exploiting the benefits of nano-sized and other Fe
formulations requires the understanding of the factors affecting their bioavailability to plants.

Entry through leaf surface

Foliar-applied Fe crosses the physical barriers to reach the leaf apoplast, and then can deeply
penetrate to enter various cell organelles (Abadía et al. 2011; Pandey et al. 2013; El-Jendoubi et al.
2014). Iron enters the leaf via cuticle through cuticular cracks, aqueous/stomatal pores or other
specialized epidermal structures and possibly through physical damage on leaf surface (Figure 1)
(Fernández and Brown 2013; Fernández et al. 2013).

Cuticle

Plant cuticle is the foremost barrier for all aqueous solutions due to its lipoidal nature. The cutin waxes
and biopolymermatrix together form thewaxy layer, the cuticle proper and the cuticular and pectin layer
that aids in bonding the cuticle with the outer cell wall. However, the chemical composition of the cuticle
is still unclear for most plant species, limiting the understanding of Fe movement through foliage.
Fernández et al. (2016) questioned the independence of cuticle from cell wall, and suggested re-
assessment of its structural and chemical nature. From the available literature, it is clear that cuticle
thickness and epidermal cell wall do play a pivotal role in affecting the penetration of foliar compounds.
The presence of carbonyl/carboxylic and hydroxyl groups in the cuticle impart negative charges that
gradually increase from epicuticular wax to the pectin layer (Gunzman et al. 2014). These negative
charges facilitate the penetration and diffusion of positively charged ions (Fe(III), Fe(II)) along the
concentration gradient (Mengel 2002). Along with ions, Fe might also penetrate the leaf as FeO in the
case of nanoparticles (Dimkpa and Bindraban 2016). Studies showed that the use of laser light caused
microscopic perforations in leaf cuticle, thereby enhancing the penetration of foliar formulation into leaf
cuticle (Etxeberria et al. 2016). However, such technologies need further validation and development for
large-scale application in the field.

4 H. MALHOTRA ET AL.



Aqueous and stomatal pores

The lipoidal make-up of cuticle paves the way for lipophilic solutes by dissolution and diffusion,
while movement of various charged ions or hydrophilic polar molecules (Fe formulations) occurs by
diffusion across cuticular layer through stomatal or aqueous pores (Fernández et al. 2013; Lv et al.
2019). Water-based nutrient solution sprays containing inorganic salts have been hypothesized to
penetrate the cuticle through aqueous pores (Figure 1). The size of aqueous pores is dynamic,
depending on hydration level and movement of water molecules, which may form unbroken
water-phase from cuticle to plasma membrane (Beyer et al. 2005). The movement of ionic species
has been suggested to occur through cuticular aqueous pores and the radii of these pores were
estimated to lie in the range between 0.3 and 3.0 nm (Eichert and Goldbach 2008). The Van der
Waals radius of Fe chelates ranges from 0.5 to 1.3 nm while it is 0.2 nm for FeSO4 (Fernández et al.
2008) which is comparable to the size of aqueous pores suggesting easy penetration of Fe
formulations through cuticular pathway. Since direct evidence for their physical occurrence has
not been found (Tanou et al. 2017), there is still a need to reveal the chemical structure as well as
biological function of these pores.

A few reports presented the uncertainty of nutrient uptake through stomatal pores without the
use of surfactants (for references, see Fernández et al. 2017). However, other reports favour the
uptake of dissolved ionic substances through stomata or adjacent areas under natural conditions
without the requirement of any external pressure or surface active ingredients (Eichert and Goldbach
2008; Burkhardt et al. 2012). Though stomatal pores may also be covered by cuticles, its layer is
thinner compared to the external cuticle which makes stomatal penetration easier than cuticular
(Shahid et al. 2016). Spraying Fe formulations on lower leaf surfaces maximizes Fe penetration as
stomatal density is often greater on abaxial (lower) surface compared to adaxial surface (Álvarez-
Fernández et al. 2004; Eichert and Goldbach 2008; Burkhardt et al. 2012). The molecular radii of Fe(II)

Seed
Fe-NA

Young leaf

Flower

Fe-NA

Sink

b.        Iron formulation sprayed on leaf surface

Cuticle

Mesophyll cells (Spongy and palisade)

Stomatal pores     Aqueous pores

Phloem unloading (Fe-NA)

Phloem loading (Fe-NA)

Long distance transport via phloem (Fe-
protein)

Fe-NA

Entry through stomatal and 
aqueous pores

Cuticle

Phloem

Palisade parenchyma

Upper epidermis

Lower epidermis

Spongy parenchyma     

a.

Figure 1. Schematic representation of the route of Fe after foliar spray. (a) Movement of Fe into the leaf after foliar application
by crossing the cuticle through stomatal and aqueous pores and reaching the internal cells. (b) Transport of Fe to other tissues
and organs (sink) through phloem loading and unloading once it enters from the leaf surface (source).
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and Fe(III) compounds are far smaller than the size of stomatal pores (average width 3–12 µm), thus
causing easy penetration through these pores (Fernández et al. 2008). The uptake of Fe(III) via
stomata of leek (Allium porrum), asiatic dayflower (Commelina communis) and stonecrop (Sedum
telephium) studied using microscopy and image analysis (Eichert and Burkhardt 2001) stressed the
essentiality of this pathway for penetration of ionic solutes.

Various methods are in use to track the path of Fe movement after foliar application. With the
use of Perls blue staining, the Fe uptake pathway was traced in Prunus leaf showing the beginning
of Fe movement from stomatal areas and progressing towards vascular areas over time (Rios et al.
2016). Another method employed a combination of LT SEM-EDX (low temperature scanning
electron microscopy energy dispersive X-ray) and Perls blue staining to compare Fe-deficient
(chlorotic), Fe-recovered and Fe-sufficient leaf (El-Jendoubi et al. 2014). Interestingly, Fe was
found to be distributed throughout the leaf in Fe-sufficient and Fe-recovered chlorotic leaves
while it was restricted to vascular and parenchymal areas in the untreated parts of sprayed leaves.
The intensity of Fe signals was also higher in Fe-sufficient and Fe-recovered chlorotic leaves when
compared to the Fe-chlorotic leaves. These studies suggest that foliar-applied Fe successfully
enters the treated leaves through stomatal pores and reaches various internal compartments,
including spongy and palisade parenchyma and vascular bundles (Figure 1(a)). However, highly
sensitive staining methods would need to be developed to track Fe movement throughout leaf
internal areas as well as intracellular spaces such as apoplast and symplast.

Various iron binding forms in apoplast, symplast and phloem

The Fe efficiency in leaves depends on Fe distribution between apoplast and symplast. Several
potentiometric, spectrophotometric and mass spectrometry techniques have been used to assess
the chelation capability and pH-dependent stability of Fe complexes with different molecules
(Rellán-Álvarez and Alvarez-Fernández 2008; Álvarez-Fernández et al. 2014; Flis et al. 2016;
AlChoubassi et al. 2017). Fe(II) and Fe(III) are highly reactive species and are extremely insoluble
at alkaline pH (7.0–8.0) of the cytoplasm and phloem sap and so they bind with anionic constitu-
ents and ligands such as nicotianamine (NA), deoxymugienic acid (DMA) and proteins (such as iron
transport protein (ITP) (Kruger et al. 2002). Due to the pH difference, exchange reactions occur
between different chelating agents to bind Fe in leaf cytosol, apoplast and phloem. At apoplastic
pH 5.5, Fe prevails in Fe(III) form while Fe(II)NA exists as major Fe form in cytosol due to slightly
basic or neutral pH environment (Rellán-Álvarez and Alvarez-Fernández 2008). However, some
apoplastic Fe(II) may also form complex with NA available in the apoplast though Fe(II)NA is
unstable at slightly acidic pH (5.5) of apoplast (Grillet et al. 2014a). In phloem, the slightly basic
pH favours the uptake of Fe as Fe-NA or Fe-DMA and long-distance transport of Fe in phloem
occurs via proteins or DMA that complexes preferably with Fe(III) (Inoue et al. 2008; Álvarez-
Fernández et al. 2014). The movement of Fe from apoplast to symplast and through phloem has
been reviewed by Rodríguez-Celma et al. (2016) and Kobayashi et al. (2019). We briefly discuss all
Fe binding partners in the following sections.

Fe and nicotianamine

NA, a non-proteinogenic amino acid, is essential for long-distance transport of Fe within the plant. NA
is known to chelate both Fe(II) and Fe(III), though the kinetic stability of Fe(II)NA is much higher than
Fe(III)NA (Flis et al. 2016). Requirement of Fe-NA is critical for normal development of leaf, flower and
seed. The Fe(III)DMA is converted to Fe(II)NA via two steps: reduction of Fe(III) followed by the
chelation to NA. The reduction step can occur through plasma membrane-bound ferric chelate
reductase (FCR) or by the cytoplasmic Nicotinamide adenine dinucleotide phosphate reduced
(NADPH)-dependent FCR (Ishimaru et al. 2006). This could be followed by the exchange of DMA to
NA as Fe(II)NA is relatively stable at high pH in phloem cells (Rellán-Álvarez and Alvarez-Fernández
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2008). The essentiality of Fe-NA for the development of flowers and seeds has been confirmed using
Arabidopsis, tomato (Solanum lycopersicum) and tobacco mutants defective in NA synthesis (Pich and
Scholz 1996; Takahashi et al. 2003; Klatte et al. 2009). In comparison to non-transgenic plants, the Fe
concentration increased by threefold in transgenic sweet potato (Ipomoea batatas) leaves overexpres-
sing barley nicotianamine synthase (NAS) gene (Nozoye et al. 2017). Similar studies have been
performed in rice and wheat engineered with Arabidopsis and rice NAS gene, confirming the role
of NA in improving grain Fe concentration (Boonyaves et al. 2017; Singh et al. 2017). Thus, these
studies highlighted the importance of NA in Fe distribution at cellular level or in its entry in symplastic
compartment to reach various plant organs.

Fe and carboxylic acids

Several carboxylates such as malate and citrate bind metal ions and assist in their long-distance
transport as Fe-carboxylate complexes. Using Arabidopsis mutants, the involvement of citrate in the
lateral movement of Fe from xylem to aged leaves was revealed while NA exhibited major role in
transporting Fe from phloem to young leaves (Schuler et al. 2012). The Fe-carboxylate complexes
might be present in pure (single organic acid) or mixed (more than one organic acid) forms depending
on the Fe and organic acid ratio but the stability of mixed Fe complexes was found to be higher than
pure Fe complexes. In xylem sap of tomato and pea, several complexes of Fe(II) and Fe(III) with malate
and citrate have been observed (Rellán-Álvarez et al. 2010; Flis et al. 2016). Similarly, such complexes
were also observed in leaf apoplastic fluid of pear (Pyrus communis), beet (Beta vulgaris) and
Arabidopsis (López-Millán et al. 2000; Larbi et al. 2010; Roschzttardtz et al. 2011). Also, the organic
acids bind primarily with Fe(III) whereas Fe(II) is the preferred form for NA (Flis et al. 2016). Under Fe
deficiency, the concentration of carboxylates increases to complex with extracellular Fe pool and
make it available for the long-distance transport (Álvarez-Fernández et al. 2014).

Fe and deoxymugineic acid

Mugineic acids (MAs) are a class of phytosiderophores that enhance the bioavailability of Fe by
chelating to Fe(III). DMA, a member of MAs, is biosynthesized from NA via the enzymes nicotiana-
mine aminotransferase (NAAT) and deoxymugineic acid synthase (DMAS) (Wu et al. 2018). The co-
expression of DMA biosynthesizing genes viz. OsNAS1-3, OsNAAT and OsDMAS1 found in the
phloem companion cells in roots and leaves contributes in Fe uptake (Inoue et al. 2008; Bashir et al.
2017). Large amounts of DMA have been detected in phloem companion cells of Fe-sufficient and
Fe-deficient rice leaves and its synthesis was shown to increase under conditions of Fe deficiency
(Inoue et al. 2009). In rice phloem sap, DMA was found to be the major Fe(III) binding chelate form
whereas both Fe(II)NA and Fe(III)DMA were involved in seed loading (Aoyama et al. 2009;
Nishiyama et al. 2012; Díaz-Benito et al. 2018). Increasing DMA levels successfully enhance Fe
concentration in rice embryo and endosperm (Díaz-Benito et al. 2018). Translocation of Fe from
roots to youngest leaf in barley via phloem in the form of Fe(III)DMA was traced using 52Fe
(Tsukamoto et al. 2009). Fe(III)DMA movement from root to flag leaves and seeds by the constitu-
tive expression of HvYS1 transporter in roots of transgenic barley (Hordeum vulgare) plants
suggests that DMA plays a key role in the transport of Fe (Banakar et al. 2017).

Fe and nitrosyl complexes

Nitric oxide (NO) is a biologically active molecule that has a high affinity towards Fe and other
transition metals. The interaction between Fe and NO forms Fe nitrosyl and dinitrosyl complexes
which are important for the biological activity of NO (Borodulin et al. 2013). These are respectively
formed by the reaction of NO with Fe-containing proteins or by the interaction of Fe(II) with NO
and low molecular weight thiols, including glutathione (GS) and cysteine (Severina et al. 2003;
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Shanmugam et al. 2015). The resulting GS-Fe-NO complex can easily diffuse through membranes or
transported by a carrier (Watts and Richardson 2002). Intracellular availability of Fe is improved by
nitrosylated Fe complexes which activate several molecular and physiological responses under Fe-
deficient conditions (García et al. 2011). Application of NO resulted in enhanced FCR activity and
reduction of Fe(III) to Fe(II) as well as increased intracellular Fe pool in Arabidopsis and cucumber
(Chen et al. 2010; García et al. 2011). Further, it was shown that both NO and ethylene are involved
in up-regulation of genes and transcription factors such as FRO2, IRT1, bHLH38, bHLH39 and
MYB72, governing Fe-acquisition and transport in Arabidopsis (García et al. 2011). Application of
NO significantly enhanced the Fe content and leaf chlorophyll in Fe-deficient peanut plants most
probably due to improved antioxidant scavenging system and enhanced FCR and H+-ATPase
activities (Song et al. 2017), thereby confirming that NO has a role in increasing the bioavailability
of Fe under Fe-deficient condition.

Fe and transport proteins

Proteins and peptides are also known to be involved in Fe transport in plants. Several Fe-binding
compounds with molecular sizes ranging from 10–30 kD were found in phloem sap. Using radio-
labelled Fe, it was found that nearly all Fe present in phloem of castor bean (Ricinus communis)
seedlings was bound to ITP, a 17 kD dehydrin (Kruger et al. 2002). However, Nishiyama et al. (2012)
showed that in the phloem sap of rice Fe was present as Fe(III)DMA and the recovery was only 23%
using a 3 kDa membrane filter. This suggests that Fe(III)DMA complexes with high molecular
weight compounds, but the identity of those is still unknown. Also, using Fe-affinity chromato-
graphy some metallothioneins and other Fe-binding proteins were found in the phloem of Lupinus
texensis and Brassica napus (Lattanzio et al. 2013; Gutierrez-Carbonell et al. 2015). This suggests the
presence of different proteins in various plant species for the movement of Fe in phloem. In the
case of ITP, it showed preference for Fe(III) and was only weakly bound to Fe(II) (Kruger et al. 2002)
suggesting an oxido-reduction system operating in phloem. The apparent lack of Fe(II) binding to
proteins implies that another molecule such as NA could be essential for phloem loading and
symplastic pathway while the long-distance movement of Fe occurs through Fe-protein complex.

Apoplastic Fe(III) reduction: candidates and modulators

In biological systems, Fe exists in ferrous (Fe(II)), ferric (Fe(III)) and ferryl (Fe(IV)) forms. It is well
established that root to leaf transport of Fe occurs as Fe(III) (Rellán-Álvarez et al. 2010). Since Fe(II) is
the metabolically active form of Fe in plants, it was assumed that Fe(III) needs to be reduced again
for Fe(II) uptake from leaf apoplast to mesophyll cells. Different systems including leaf discs, plasma
membrane and protoplasts have been used to study Fe uptake by leaf mesophyll tissue
(Bruggemann et al. 1993; Larbi et al. 2001). Results stressed on the essentiality of reduction of Fe
(III) for deep penetration into leaves (Mukherjee et al. 2006; Jain et al. 2014). This reduction process
is modulated by several factors, including plasma membrane FCR activity, leaf apoplasmic pH,
availability of reducing equivalents, light and citrate:Fe ratio (Flis et al. 2016).

The Fe(III) reduction system consists of a FCR of the ferric chelate reductase oxidase (FRO) family.
Several reports have confirmed the presence of FCR activity in intact leaf mesophyll cells to reduce
Fe(III) citrate, Fe(III) malate and Fe(III) EDTA prior to its uptake as Fe(II) (Bruggemann et al. 1993;
Larbi et al. 2001). Expression of FRO gene has been detected in leaf, stem, rosette, silique in
Arabidopsis (FRO 5–8) and in flower of pea (Pisum sativum, FRO1) (Wu et al. 2005; Mukherjee et al.
2006). Expression of FRO helps in reduction of Fe(III) to Fe(II) at the cell surface prior to its entry into
the cytoplasm (Jeong et al. 2008; Jain et al. 2014; Gayomba et al. 2015). However, some studies
failed to detect FCR activity or FRO expression in leaf discs raising doubts over requirement of Fe(III)
reduction before its uptake by leaf cells (Schmidt 1999; Grillet et al. 2014b). This could probably be
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due to the localization of FRO protein in the internal leaf cells rather than on its surface or there
may be existence of reduction systems other than FCR.

Photosynthetically active light stimulates both enzymatic and non-enzymatic photoreduction of
Fe(III) and thereby increases movement of Fe(II) from the apoplast into leaf mesophyll cells
(Bruggemann et al. 1993; Schmidt 1999; Grillet et al. 2014a). Under low light intensity, Fe(III)
reduction rates were lower when compared under normal light intensity (de la Guardia and
Alcantara 1996). However, the extent to which photoreduction of Fe(III) is likely to occur remains
an open question. Abadía et al. (2011) stressed on the use of new mass spectrometry-based
analytical tools to confirm the role of light in Fe(III) reduction.

Organic anion leakage (ascorbic acid and phenols) at the leaf wound also has the capability to
induce photo- or non-photochemical reduction of Fe(III) (Larbi et al. 2001; Grillet et al. 2014b).
These reductant molecules increase Fe uptake in leaves. In cowpea (Vigna unguiculata), the reactive
oxygen species or strong blue light might mediate the reduction of Fe(III) to Fe(II) before its entry
into leaf mesophyll cells (Bruggemann et al. 1993). Using radio-labelled 55Fe, it was demonstrated
that extrusion of ascorbate from pea embryos is essential to reduce Fe(III) bound to either citrate or
malate complexes (Grillet et al. 2014b). Further experimentation is required for the successful
validation of such non-enzymatic mechanisms in plants.

Leaf apoplastic pH is another important factor for cellular Fe acquisition. A range of pH optima
for ferric chelates reduction were observed in leaf discs of various crops such as 6.5–6.8 in V.
unguiculata, 6.0–6.7 or 5.5–6.0 in sugar beet, 6.0 in Faba bean and 5.0 in leaf apoplast of sunflower
(Kosegarten et al. 1999; Gonzalez-Vallejo et al. 2000; Larbi et al. 2001). High apoplastic pH hinders
Fe(III) reduction to Fe(II) followed by its transportation across the plasma membrane into symplast
thereby decreasing the efficiency of Fe uptake in leaf mesophyll cells (Rajaie and Tavakoly 2018).
The absence of optimum pH in leaf apoplast may lead to increased levels of Fe in inactive form in
leaves with restricted translocation.

The citrate:Fe molar ratio is another key player controlling the stability of Fe complexes and its
uptake by leaf cells (López-Millán et al. 2000; Flis et al. 2016). Under Fe deficiency, increase in
citrate:Fe ratio decreases the FCR activity in sugar beet leaf apoplastic fluid by 62%. Upon Fe
resupply, decrease in citrate:Fe ratio from 1700 to 50 caused 10–20% increase in the FCR activity
(Larbi et al. 2010). The predominant [FeCit2]

−3 species under Fe deficiency in contrast to
[FeCitOH]−1 under Fe sufficiency would experience a strong electrostatic repulsion with the
negatively charged plasma membrane and hence cause progressive impairment of Fe acquisition
mechanisms in leaf cells (López-Millán et al. 2000). Thus, uptake of Fe depends on the efficiency of
FCR, which in turn is modulated by factors discussed above. The FCR activity might change under
Fe-deficient or -sufficient condition owing to pH change and presence of different Fe complexes.
Thus, it is necessary to study the Fe pathway under both Fe-deficient and -sufficient conditions.

Fate of Fe(III) after reduction: traversing the plasma membrane

Upon Fe reduction, the entry of Fe into the symplast takes place by crossing the plasma mem-
brane. The symplastic environment is comprised of cytoplasm and several intracellular organelles
where Fe reaches through various membrane-bound transporters viz. IRT (iron-regulated transpor-
ter) and OPT (oligopeptide transporter) family (Grillet et al. 2014a; Gayomba et al. 2015). The
phloem can take up Fe from the surrounding tissues through the apoplast via transporters on
plasma membrane or symplast via plasmodesmata.

Iron-regulated transporter

After reduction, Fe enters the leaf mesophyll cells through IRT transporters (Figure 2). In
Arabidopsis, AtIRT1 is a plasma membrane-bound transporter that mediates uptake of Fe into
leaf mesophyll cells. IRT1 and IRT2 are expressed in both root and shoot but were mainly
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reported in roots under Fe deficiency (Eide et al. 1996; Bauer et al. 2004). The expression of
AtIRT1 was also detected in anther filaments of unpollinated flowers irrespective of Fe nutri-
tional status suggesting a role in supplying Fe to developing pollen grains. Conversely, the
expression of IRT1 and IRT2 could not be detected in Arabidopsis shoots under both Fe-deficient
or-sufficient conditions (Vert et al. 2002). Later reports confirmed AtIRT3 to function as a Fe-
uptake transporter in Arabidopsis shoot (Lin et al. 2009). In poplar trees, the expression of PtIRT3
also increased under Fe deficiency (Huang and Dai 2015). Although results suggest that IRT is
indeed essential for the uptake and translocation of Fe within the plant, the expression of IRT as
well as FRO is tightly regulated by a complex regulatory network of transcription factors (Gao et
al. 2019). Sixteen members of basic helix-loop-helix (bHLH) transcription factors belonging to
different clades interact with each other and negatively regulate FER-LIKE IRON-DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT) which downstream controls induction of genes FRO2
and IRT1. The bHLH encoded by FER in tomato and by OsIRO2 in rice were shown to regulate Fe
uptake and translocation (Ling et al. 2002; Ogo et al. 2011). Several other Fe regulators such as,

Figure 2. Intra-cellular translocation of Fe transport from source leaves (Fe fed) to sinks. This includes apoplastic uptake,
movement through plasmodesmata, phloem loading and unloading and Fe movement to sink. After reaching apoplast (pH
5.5), Fe(III) is reduced to Fe(II) via FRO (ferric-chelate reductase oxidase), the light or ascorbic acid (A) and enters into the cell
cytoplasm via IRT1 (iron-regulated transporter) (B). Reduced Fe is complexed with nicotianamine (NA) present in cytoplasm (C)
and moves to adjacent cells via plasmodesmata (D). Fe(II) (or Fe(II)DMA) may also bind to apoplastic NA (E) to reach cell
cytoplasm (F) or directly into phloem (G) via membrane-bound YSL (yellow stripe like) transporters. The reduced cytoplasmic Fe
can also lead to the formation of dinitrosyl Fe complex (RS-Fe-NO) (F) that enters cytoplasm via some membrane-bound
transporter (G) and moves into chloroplast (H) for further action. Cytoplasmic Fe is loaded into phloem via symplastic (I) or
apoplastic pathway (J) as the Fe(II)NA complex. Unknown oxido-reductases oxidize Fe(II) to Fe(III) (K) which further binds it to
proteins (L). Long-distance transport of Fe occurs in this form through phloem (M). Fe(III)DMA can directly enter mesophyll cell
(N) or phloem (O) through diffusion or some membrane-bound carrier. Cytoplasmic Fe(III)DMA gets reduced to Fe(II)DMA via
NADPH-dependent FCR (P). Fe(III)DMA can also contribute to the long distance movement of Fe via phloem (Q). During phloem
unloading, Fe(III) is again reduced to Fe(II) and binds to NA (R) to enter sink cell via symplastic (plasmodesmata, M) or
apoplastic (YSL, T) pathway, ultimately reaching cellular organelles (U). OPT (oligopeptide transporter) can also contribute in
transporting Fe (V) but the chelating agent is unknown.
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HEMERYTHRIN MOTIF-CONTAINING REALLY INTERESTING NEW GENE AND ZINC-FINGER PROTEIN
(HRZ1 AND HRZ2), IDEF, POPEYE (PYE) and BRUTUS (BTS) have been identified and functionally
characterized in rice and Arabidopsis (Long et al. 2010; Kobayashi et al. 2012, 2013; Rodríguez-
Celma et al. 2018). However, whether these transcriptional regulators also influence the absorp-
tion of foliar-applied Fe needs to be revealed.

Oligopeptide transporter family

Plasma membrane localized YSL (Yellow Stripe Like) transporters, belonging to the OPT family, load
Fe from mature leaves to flowers and developing seeds, thus transporting Fe across cell mem-
branes (Figure 2). In shoots of Fe-deficient maize plant, ZmYS1 was strongly expressed and was
involved in transport of Fe(III) and Fe(II) complexes with NA throughout the plant (Schaaf et al.
2004). Fe translocation from shoots to seeds takes place by YSL1 and YSL3 in Arabidopsis and YSL2
and YSL13 in rice, which is expressed strongly in vascular parenchyma cells in leaves and in various
parts of seed (Koike et al. 2004; Bashir et al. 2017; Zhang et al. 2018). In addition to OsYSL2,
upregulation of OsYSL15 under Fe deficiency in flowers and developing seeds confirmed its role in
long-distance Fe transport (Koike et al. 2004; Inoue et al. 2009). In barley, HvYS1 selectively
transports Fe while its overexpression in rice caused increased Fe uptake and translocation to
shoot and seed (Banakar et al. 2017). The apoplastic uptake of Fe by YSL transporters in phloem is
decided by the formation of Fe-NA or Fe-DMA complex in the apoplast. OsYSL2 is expressed in leaf
phloem companion cells as well as developing seeds of Fe-deficient rice plants allows the transport
of Fe(II)NA, but not Fe(III)DMA (Koike et al. 2004). Conversely, OsYSL15, OsYSL16 and OsYSL18 are
involved in transport of Fe(III)DMA, but not Fe(II)- and Fe(III)-NA (Aoyama et al. 2009; Inoue et al.
2009; Kakei et al. 2012). Thus, different YSL proteins are responsible for the transport of Fe
complexed with NA or DMA in different species.

Another member of OPT family, OPT3, was reported to deliver Fe complexed with NA to seeds in
Arabidopsis (Figure 2) (Mendoza-Conzatl et al. 2014; Zhai et al. 2014). Expression of OPT3 was
observed in companion cells that transport Fe(II) from mature leaves to young leaves and seeds in
Arabidopsis; however, its ability to transport naked Fe ions is not yet established (Zhai et al. 2014).
Using Arabidopsis mutant, opt3-1, it was proved that OPT3 is essential for embryo development
(Stacey et al. 2002, 2008). Besides OPT3, expression of other members (AtOPT1,4, 6, 7, 8) was
comparable to AtOPT3 and was localized in vascular tissues of vegetative and reproductive organs
(Stacey et al. 2006). In a recent study, opt3 mutation in Arabidopsis led to Fe overload in leaves and
roots, preventing its further translocation to seeds (Khan et al. 2018). This highlights the role of
OPT3 in Fe nutrition of developing seeds but the chemical nature of the Fe species is yet to be
identified.

Molecular basis of Fe storage in cell organelles

Several metabolic processes occurring in distinct intracellular compartments require Fe at different
concentrations, thus adequate amount of Fe should reach these cell organelles. Excessive Fe can be
stored in the vacuole by its association with Fe storage proteins (Mary et al. 2015). Several
transporters and storage proteins that participate in import, export and storage of Fe in various
cellular organelles are presented in Figure 3. It was found that rice lines expressing IRT1, NAS1 and
ferritin (FER) resulted in higher accumulation of Fe in grain as compared to lines expressing only
IRT1 and NAS1 depicting the significance of Fe storage protein ‘ferritin’ in these organelles (Khan et
al. 2018).
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Transport and storage of Fe in vacuole

In germinating seeds, vacuole represents the initial source of Fe prior to its uptake by roots (Figure 3(a)).
Arabidopsis vacuolar iron transporter (AtVIT) mediates Fe(II) transport into vacuole during maturation
of the embryo (Kim et al. 2006). This was confirmed by using vit1-1 mutant that failed to store Fe in
seeds and embryos appropriately. Two VIT genes, VIT1 and VIT2, play a pivotal role in the distribution of
Fe in seeds in rice and wheat (Zhang et al. 2012; Connorton et al. 2017) resulting in enhanced seed Fe
content, which can improve biofortification in these crops. The expression of OsVIT2 was highly
induced in rice under Fe excess conditions thereby detoxifying excess Fe in plant (Aung et al. 2018).
Thus, VIT is required for loading and storing Fe in the endodermal cells of seeds which is utilized during
germination.

Fe export from the vacuole is mediated by another Fe transporter called Natural resistance-
associated-macrophage proteins (NRAMP3 and NRAMP4) located in the vacuoles of vascular tissues
of shoots that play an essential role in mobilizing vacuolar Fe during seed germination. Functional

Figure 3. Sub-cellular import, export and storage of iron. (a) Vacuole entry of Fe into vacuole takes place through VIT (vacuolar
iron transport) transporter. Fe may bind with ferritin or phosphate and stored as complexes internal in vacuolar globoids.
NRAMP (natural resistance associated macrophage protein) releases Fe from these stored forms and exports Fe out of the
vacuole. YSL (yellow stripe like) plays dual role by importing and exporting vacuolar Fe. (b) Chloroplast Fe import in outer
chloroplast envelope is mediated as Fe(III) by unknown importer. FRO (ferric-chelate reductase oxidase) localized on inner
envelope reduces ferric to ferrous form which is then imported into stroma by PIC (permease in chloroplast), NiCo (nickel-
cobalt transporter family), NAP14 (non-intrinsic ABC transporter protein), MAR1 (multiple antibiotic resistance) and MFL
(mitoferrin like) transporters. FDR 3 (Fe deficiency related) is localized in stroma or thylakoid lumen to import Fe into
thylakoids. Ferritin is Fe storage protein in chloroplasts. (c) Mitochondria Fe is imported into outer mitochondrial membrane
through unknown transporter followed by entry into mitochondrial inner envelope through MIT (mitochondrial iron transport)
after reduction by FRO located on inner envelope. Here it is stored as Ferritin-Fe or forms Fe-S clusters using frataxin (FH). Fe is
exported to the cytosol through ATM/MIE (mitochondrial ATP cassette transporter/mitochondrial iron exporters) though
transporter for its export from outer membrane is unknown.
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characterization of AtNRAMP3 proved to be crucial for Fe transport in plants. The double mutant
nramp3nramp4 seeds failed to remobilize Fe from vacuoles and showed 90% lethality during
germination highlighting the involvement of NRAMP transporters in vacuolar Fe movement
(Mary et al. 2015; Bastow et al. 2018). In addition to NRAMP, YSL also mediate intracellular delivery
as well as long-distance transport of Fe. The transport of Fe-NA complex in and out of the vacuole
is mediated by YSL4 and YSL6 (Jaquinod et al. 2007). In excess Fe condition, it is concentrated in
cytoplasm and vacuole in contrast to its accumulation in cytoplasm only during Fe sufficiency and
deficiency.

The Fe transported to vacuoles is stored in globoid bodies (Mary et al. 2015). In Arabidopsis
seeds, vacuole globoids containing phytate constitute the major site for storing Fe due to very little
ferritin reported in Arabidopsis (Ravet et al. 2009). Lanquar et al. (2005) also detected the associa-
tion of Fe to vacuole globoids using microanalysis of Fe in Arabidopsis seeds.

Transport and storage of Fe in chloroplast

Photosynthesis, chlorophyll and heme biosynthesis are important Fe demanding metabolic pro-
cesses that takes place inside chloroplasts, thereby necessitating Fe delivery to chloroplast for
efficient plant productivity (Figure 3(b)). A double membrane organelle raises the question whether
any difference exists among the two membranes in the form of Fe during entry or exit? The
majority of Fe form identified between the two envelopes was Fe(III)citrate while the minor form
was Fe-sulphur cluster (Fe4S4) protein (Solti et al. 2012). In intact sugar beet chloroplast, Fe(III)
citrate was the preferred form than Fe(II)citrate as Fe source while in pea chloroplast inner
envelope, the transport was in the form of Fe(II) (Shingles et al. 2002; Solti et al. 2012). Likewise,
Müller et al. (2019) also reported that intact chloroplast isolated from B. napus utilizes Fe(III)citrate
effectively as compared to Fe(III) or Fe(II)-NA. Many studies indicate the presence of FCR activity on
chloroplast inner envelope which is strongly dependent on photosynthetic electron transport
(Schagerlof et al. 2006; Solti et al. 2014; Müller et al. 2019). Out of eight members of FRO family
in Arabidopsis, only FRO7 contributes to Fe uptake by chloroplast as shown by 75% reduced FCR
activity in fro7 mutants (Jeong et al. 2008). Hence, FRO carries out the reduction of Fe(III) in the
inter-envelope space, thereby preparing it to enter chloroplast matrix (Solti et al. 2014).

The permease in chloroplasts (PIC) is a chloroplast Fe importer targeted to the inner envelope
(Gong et al. 2015). After reducing Fe(III), FCR feeds Fe(II) to PIC1 for its immediate transport into
stroma and, hence FCR and PIC1 work in close association on the chloroplast inner envelope facing
the inter-envelope space (Duy et al. 2007; Solti et al. 2014; Müller et al. 2019). PIC1-overexpressing
lines accumulated 2.5 times more Fe in chloroplasts (Duy et al. 2011) while pic1 mutant exhibited
impaired chloroplast development, but the overall Fe levels in leaf remained unchanged (Teng et
al. 2006). This was also accompanied by an increase in ferritin clusters which are contemplated to
sequester excess Fe (Duy et al. 2007). PIC also interacts with another protein called NiCo (nickel-
cobalt) which function together to transport Fe into the chloroplast for Fe-S cluster biogenesis (Duy
et al. 2011; López-Millán et al. 2016; Müller et al. 2019).

Besides PIC and FRO, there are other Fe importers into the chloroplast. Fe complexes can enter
chloroplasts through transporter, Multiple Antibiotic Resistance (MAR1), Non-intrinsic ABC trans-
porter Protein (NAP14) and Mitoferrin-like 1 (Mfl1), which plays a major role in Fe chelation, storage
and sequestration (Conte and Lloyd 2010). However, the expression of MAR1 was found to be lower
in leaves of oilseed rape (Müller et al. 2019). NAP14 is present in chloroplast inner envelope and
might have a role in Fe-S cluster biogenesis, although this needs further confirmation (López-Millán
et al. 2016). Mfl1 is mainly expressed in leaves and contains a predicted chloroplast targeting
peptide (Tarantino et al. 2011). Another chloroplast localized Fe Deficiency Related 3 (FDR3) protein
was identified in maize stroma or thylakoid lumen involved in Fe import (Han et al. 2009). The Fe
export from chloroplast is mediated by YSL4 and YSL6, but their localization and ion specificity are
controversial (Müller et al. 2019). The ysl4ysl6 double mutant of Arabidopsis showed Fe
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accumulation in chloroplasts with a concomitant increase in ferritin (Divol et al. 2013). This report
indicates that only YSL transporters are involved in exporting Fe out of the chloroplast.

The storage of Fe in chloroplast occurs in the form of ‘Ferritin’, a ubiquitous Fe storage protein
consisting of large spherical 24-mer protein complexes and is functional under Fe excess condition
(Briat et al. 2010). Though they do not constitute major Fe pool in Arabidopsis seeds and leaves,
they are essential for protecting cells against oxidative damage (Ravet et al. 2009). In Arabidopsis,
all four ferritin genes are predicted to be localized in plastids (Petit et al. 2001). The expression of
FER2 is restricted to seeds while others are expressed in shoots and flowers as proved by using
Arabidopsis triple mutant (fer1fer3fer4) with silenced non-seed ferritin coding genes. In this mutant,
Fe was translocated from stem to flowers by FER2 resulting in higher Fe accumulation in flowers.
This ultimately led to abnormal flower development and oxidative stress, though chloroplast and
leaf development were not affected (Ravet et al. 2009). Also, integration of tri-omics study
confirmed the importance of ferritin in the development of flowers (Sudre et al. 2013). So,
chloroplast seemed to be an important Fe sink while ferritin was involved in sequestering excess
Fe, thereby acting as Fe buffer and preventing excess Fe movement into the flower (Morrissey and
Guerinot 2009). In Arabidopsis, ferritin accounted for only 5% of total seed Fe while in pea, ferritin
was 92% of total seed Fe (Ravet et al. 2009). This implies that Fe storage is species dependent and
needs further confirmation on other plant species.

Transport and storage of Fe in mitochondria

Similar to chloroplast, mitochondrial requirement of Fe is also large to carry out respiration process
and synthesis of heme and Fe-S clusters (Balk and Lobreaux 2005). The excess of both electron and
free Fe can be toxic highlighting the importance of maintaining mitochondrial Fe levels. This is
achieved through transporters and Fe sequestering proteins in mitochondria (Figure 3(c)).
Mitochondrial iron transporter (MIT1) identified in rice imports Fe and its reduced expression
affected Fe-S cluster synthesis in mitochondria (Bashir et al. 2011). The essentiality of MIT1 was
proved by using mit1 knock out rice lines which displayed embryo lethal phenotype, reduction in
concentration of mitochondrial Fe and chlorophyll as well as poor seed yield. This was accompa-
nied by an up- and down-regulation of FER and VIT1 expression, respectively. This evidence
supports the cross-talk between mitochondria, chloroplast and vacuole for Fe homeostasis (Jain
and Connolly 2013). However, further characterization of OsMIT1 is necessary for clear under-
standing of mitochondrial Fe homeostasis. Other members of FRO family (AtFRO3 and AtFRO8),
expressed in shoots, possess mitochondrial targeting sequence suggesting the reduction of Fe
prior to its uptake by this cellular compartment (Mukherjee et al. 2006). The presence of Fe
reduction system is essential due to oxidizing environment of mitochondrial inter-membrane
space but their exact roles are still not clear (Hu et al. 2008; Abadía et al. 2011). Moreover, in rice
mitochondria, the FROs have not been identified which raises the possibility of presence of a non-
reductive or other transport system of Fe in these mitochondria (Jain and Connolly 2013).

Three Fe exporters homologous to yeast mitochondrial ATP cassette transporter1 (ATM1)
identified in Arabidopsis were the only mitochondrial Fe exporters (Chen et al. 2007). These are
localized in mitochondrial inner envelope and involved in efflux of Fe-S clusters from the mito-
chondrial matrix (Bernard et al. 2009). Arabidopsis plants defective in sta1 (functional homolog of
yeast atm1) also accumulated higher levels of non-heme and non-protein Fe as compared to wild-
type mitochondria (Kushnir et al. 2001). Out of the three ATMs present in Arabidopsis, ATM3
showed functional similarity to ScATM followed by ATM1 which are suggested to be involved in Fe
transport (Chen et al. 2007). However, there was uncertainty over role of AtATM3 in mitochondrial
Fe homeostasis and stressed on the identification and characterization of existing and additional
transporters responsible for Fe import into mitochondria (Bernard et al. 2009). Using rice mutants, it
was proved that mitochondrial ATM3 was essential in Fe-S cluster assembly and Fe homeostasis
(Zuo et al. 2017).
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In mitochondria, two Fe-binding proteins, ferritin and frataxin (FH), were identified as Fe
storage protein and are involved in sequestration of excess Fe, thereby protecting mitochon-
dria from oxidative damage. Presence of ferritin was confirmed in mitochondria isolated from
pea stems and Arabidopsis cell cultures (Zancani et al. 2004). AtFER4 and AtFH were targeted
to mitochondria with highest expression in flowers and floral stalk. Cell size and plasma
membrane were affected in callus cultures of fer4 mutant with an increased mitochondrial Fe
concentration resulting in accumulation of reactive oxygen species (Tarantino et al. 2010). The
ferroxidase activity of ferritin helps to oxidize Fe(II) to Fe(III) and store it as hydrous ferric
oxides but the mechanism of Fe release from ferritin core needs to be unravelled (Arosio et
al. 2009). Although atfer4 loss-of-function mutants failed to show any distinctive phenotype
but loss-of-function frataxin (atfh) produced increased reactive oxygen species resulting in
decreased vegetative growth and seed set (Busi et al. 2006). Frataxin has an important role in
embryogenesis as proved by knocking out AtFH gene that arrested embryo development at
globular stage. However, along with its role in Fe sequestration and embryogenesis, frataxin
also serves as a chaperone to deliver Fe to Fe-S cluster assembly scaffold (Gomez-Casati et al.
2018). These studies indicate that ferritin and frataxin together play an important role in Fe-S
cluster biogenesis, cellular Fe homeostasis and protection against oxidative stress; however,
their transport mechanism and role in mitochondrial Fe metabolism needs to be explored.

Conclusion and future prospects

In order to develop an effective foliar-applied molecule to correct Fe deficiency, or to improve
translocation of Fe to sink from biofortification perspective, it is important to know the path-
ways of different Fe complexes and the transporters involved in its movement from leaf surface
to the cell. Based on available reports, we have proposed possible pathways of Fe movement
and its storage in various organelles once it is applied to the foliage (Figures 2 and 3). After
physical entry, once the Fe reaches leaf apoplastic environment in Fe(III) form (as Fe-citrate or
Fe-DMA), it undergoes reduction by plasma membrane FRO, light, ascorbic acid or phenolic
compounds (Figure 2). The reduced Fe in the form of Fe(II)NA or RS-Fe-NO could enter the
cytoplasm and be transported symplastically to adjacent cells, ultimately reaching the phloem.
However, apoplastic Fe(II)NA can also directly enter phloem through OPT family proteins,
including YSL and OPT3 suggesting that there is possibility to apply Fe in the Fe(II) form thus
bypassing the plasma membrane reduction step. Therefore, compounds such as FeSO4, Fe(II)
humic acid and Fe chelated with bacteriosiderophore can be used for foliar application for
better results. The chelation of Fe(II) with the chemical analogue of phytosiderophore (NA) used
as foliar spray might increase the efficiency of Fe translocation within the phloem and its
partitioning to other plant parts.

Once the phloem loading of Fe occurs, the Fe(II)NA is re-oxidized by unknown oxido-reductase
complex to Fe(III) which then chelates with proteins helping in long-distance Fe transporter inside
the phloem (Figure 2). The identification and characterization of this oxido-reductase complex
which dissociates NA and Fe and re-oxidizes the latter needs further studies. Fe(III)DMA can also
directly enter into phloem cells through YSL and assist in Fe movement inside phloem. Before
phloem unloading, the Fe-protein complex dissociates and Fe is reduced. The phloem unloading at
sink cells occurs as Fe(II)NA that ultimately reaches the cellular organelles for metabolic reactions
and storage (Figure 3). Higher concentrations of Fe in the phloem can result in the suppression of
root Fe-deficiency responses. Thus, it is possible to improve the absorption of foliar-applied Fe by
choosing the right Fe formulation or developing new Fe chelating agent and enhance its translo-
cation efficiency from source to sink tissue. Molecular biofortification can be achieved by manip-
ulating genes involved in Fe transport into different cellular compartments of sink tissue to
increase the concentration of Fe in storage.
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