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Abstract Iron (Fe) and Zinc (Zn) are vital micronutrients

for plants and their deficiency causes severe impairments in

physiological and biochemical responses of plants. In

response to stress emerging due to their deficiency, plants

evolve different strategies to regulate the homeostasis

network to ensure optimum Fe and Zn uptake. Fe and Zn

biofortification of food crops offer a promising approach to

alleviate the malnutrition caused due to their deficiency.

However, the complex mechanism underlying the fine-

tuned processes of mineral uptake, transport and accumu-

lation in seeds involve a multitude of regulatory insights

including alteration in root morphology, nutrient parti-

tioning and subsequent accumulation in seeds mediated by

different transporters, chelators, transcription factors and

post transcriptional regulation which act in a coordinated

manner to elicit responses in plants regulating Fe and Zn

acquisition. These insights into the regulatory mechanisms

will provide a better understanding for improving the Fe-

and Zn- use efficiencies, maximization of Fe and Zn

bioavailability in edible parts, the deficiency tolerance

attributes and subsequent Fe and Zn- biofortification in

plants.
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Introduction

A balanced human nutrition implies an optimum supply of

all the essential nutrients required for overall growth and

development. The alarming population demand for food

security compromises with the nutritional security. This is

due to greater emphasis on cereal production which are

inherently low in Iron (Fe) and Zinc (Zn) content as well as

bioavailability (Kumar et al., 2017, 2019, 2021; Singh &

Mann, 2012; Singh et al., 2017; White & Broadley, 2009).

Fe and Zn are the vital micronutrients required for human

nutrition, the deficiency of which result in ‘‘hidden hunger’’

having adverse impacts on human health, particularly with

severe impairments on the growth and development of

children and pregnant and lactating women (Lal et al.,

2020; Stein, 2010). Malnutrition due to Fe and Zn defi-

ciency affects more than 2 billion people across the globe

and is the major cause of deaths of children below 5 years

of age (WHO, 2017). Fe and Zn are equally vital for plant

growth and development. Zn plays the role of catalytic and

structural cofactors for numerous enzymes (Hambidge

et al., 2000). Zn also assists plants in withstanding salinity

(Tolay, 2021) through reduction of Na accumulation and

improving K/Na ratio and drought (Hassan et al., 2020) by

improving cell membrane stability, osmolyte accumula-

tion, stomatal regulation, photosynthesis and water use

efficiency (Karim et al., 2012; Singh et al., 2018). On the

other hand, Fe is the key component of electron transport

chain and chlorophyll synthesis. Fe plays vital roles in most

of the metabolic processes namely DNA synthesis,
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respiration, photosynthesis and nitrogen fixation (Rout &

Sahoo, 2015; Singh et al., 2003).

The problem of Fe and Zn deficiency is ascribed to a

number of factors including soil properties (Alloway, 2009;

Singh et al., 2003, 2004), rhizosphere biological activities

(Moreno-Lora et al., 2019), solubility and mobility of

micronutrients in the soil for plant uptake (Bariya et al.,

2015; Rengel, 2015) and nutrient interactions within the

soil (Alloway, 2009; Singh, 1999, 2004). The plants exhibit

different physiological and biochemical manifestations to

cope with such nutritional stress like alteration in root

architecture, release of root exudates in the rhizosphere,

antioxidant defense activation, rhizospheric acidification,

symbiotic associations with microbes in the soil, mobi-

lization of stored nutrient pools, and enhanced nutrient

uptake for translocation to the shoot (Sinclair & Kramer,

2012; Singh & Mann, 2012; Theocharis, 2014). The per-

meability of the root endodermis is also altered in response

to nutrient stress, facilitating the uptake of specific nutrient

ions through the vasculature (Barberon et al., 2016). The

physiological and molecular mechanisms by which plants

sense and respond to Fe and Zn deficiency is essential for

cultivation of crops with better nutrient use efficiency

(Zhang et al., 2019). This review, emphasize on the

physiological and molecular insights of sensing, respond-

ing and signalling of Fe and Zn deficiencies and their

regulations for improving the Fe and Zn homeostasis in

plant system.

Morpho-anatomical responses of plants during Fe
and Zn deficiency

Fe is an essential component for cellular redox homeostasis

of the cell mediating light reaction of photosynthesis,

electron transport system of mitochondria, nitrogen

assimilation and chlorophyll biosynthesis. Fe deficiency

leads to decline in chlorophyll content resulting in chlorotic

leaves, lower photosynthetic rate and subsequent yield

reduction (Ramirez et al., 2011; Singh et al., 2003). The

anatomical responses of plants to Fe deficiency include

development of transfer cells in the root, subapical root

hair from epidermal cells, swollen root tips and cluster

formation in roots (Schikora & Schmidt, 2002; Schmidt

et al., 2000). Zn is a crucial micronutrient involved in

carbohydrate metabolism, cell proliferation and forms an

integral component of vital enzymes including carbonic

anhydrases (CA) and alcohol dehydrogenase (Adh) (Reh-

man et al., 2012; Rengel, 2015) and enhances photosyn-

thesis and productivity (Singh et al., 2017). The exposure

of plants to Zn deficiency results in declined plant growth,

enhanced ROS accumulation and impaired photosynthetic

electron transport (Bae et al., 2011).

Physiological responses to Fe and Zn deficiency

Fe deficiency responses in Strategy I and II plants

Strategy I and Strategy II plants: There are two distinct

strategies for Fe acquisition in plants namely Strategy I,

represented by non-graminaceous monocots and dicot

plants involving reduction strategy and Strategy II plants,

comprising of chelation strategy in graminaceous plants.

Root exudations

The solubility of Fe is greatly influenced by soil pH with an

increase by 1000 times upon a unit reduction in soil pH

(Grotz & Guerinotz, 2006). Strategy I plants including

dicots and non-graminaceous monocots respond to Fe

deficiency by extruding H? in the rhizosphere as the first

step to lower the soil pH, increasing Fe (III) solubility in

the soil and its availability for plant uptake (Bienfait, 1988;

Jolley et al., 1996; Kumar et al., 2021). The Fe deficient

plants have been found to have higher H?-ATPases than

that during Fe-sufficient conditions (Colangelo & Guerinot,

2004). In case of strategy II plants, mainly represented by

grasses, the phytosiderophores (PS) secretion is enhanced

in the rhizosphere (Lopez-Millan et al., 2012), resulting in

Fe (III)-PS complex formation which can readily move

across the membranes of roots as mediated by specific

transmembrane proteins. However, some studies reveal the

presence of strategy I- like mechanism in grasses (Ishi-

maru, 2006; Zanin et al., 2017). Some characteristic fea-

tures of strategy I plants like elevated levels of H?-ATPase

and Fe3? reductase activities during Fe deficiency in maize

(Li et al., 2016) and increased phenolic efflux in rice

(Bashir et al., 2011) have been reported to improve Fe

acquisition in plants. Figure 1 represent the mechanism of

Fe acquisition in Strategy I and II plants.

Hormonal crosstalk

A number of hormones act through intricate signalling

pathways to modulate the gene expression and root system

architecture with an aim to improve Fe acquisition in

plants. Each hormone has specific roles in plant system and

perception of Fe deficiency induces a cross talk mechanism

whereby they regulate the alterations mediating plant’s

survival during Fe-limited conditions. Auxin, ethylene and

nitric oxide (NO) have been suggested as positive regula-

tors of Fe acquisition (Garnica et al., 2018) while cytoki-

nins and jasmonates as the negative regulators (Hindt &

Guerinot, 2012). Increased auxin synthesis during Fe

deficiency is linked to regulate lateral root growth by

affecting AUX-1 transporter in strategy I plants (Giehl
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et al., 2012) while the strategy II plants are suggested to

involve an auxin response factor like, OsARF12 (in rice)

(Qi et al., 2011). Ethylene, in response to Fe deficiency, is

reported to act by affecting the interaction of ETHYLENE

INSENSITIVE3 and ETHYLENE INSENSITIVE3-LIKE1

(EIN3/EIL1) directly interacting with FIT, wherein they are

suggested to aid Fe acquisition by regulating FIT stabi-

lization (Lingam et al., 2011). NO is a signalling molecule

mediating reversion of chlorotic effects in maize (Graziano

& lamattina, 2005) and inducing the FRO1, IRT1, and FER

expression in tomato roots (Graziano & lamattina, 2007). A

model suggestive of the concerted roles of positive regu-

lators entails that Fe deficiency induces elevated auxin

levels that acts upstream, increasing NO levels which acts

to upregulate the genes responsible for higher Fe acquisi-

tion (Chen et al., 2010). Ethylene production is elevated by

NO in roots, and NO and ethylene together act by aiding

transcription of genes responsible for Fe acquisition (Gar-

cia et al., 2011).

Another hormone with auxin like activity is melatonin

(N-acetyl-5-methoxytryptamine), which modulates the

gene expression of a number of receptors and hormone

signalling pathways to impart growth promoting attributes

in plants (Tiwari et al., 2020). Melatonin, acts by elevating

the remobilization of Fe, bound to pectin and hemicellu-

losic components of cell wall, through polyamine- medi-

ated NO accumulation (Zhou et al., 2016). Abscisic acid

(ABA) alleviates Fe deficiency induced chlorosis in Ara-

bidopsis by reducing the root apoplastic Fe and elevating

the level of shoot Fe content, which is suggestive of

improved reutilization and transport of Fe from root to

shoot under Fe deficiency (Lei et al., 2014). Gibberellins

(GAs) cause reduction in Fe transport and translocation

from root to shoots thereby negatively modulating Fe uti-

lization in rice seedlings (Wang et al., 2017). Furthermore,

cytokinins (CTK), jasmonic acid (JA) and brassinosteroids

(BRs) inhibit the expression of genes regulating Fe

acquisition namely IRT, FRO2 and FIT (Hindt & Guerinot,

2012; Maurer et al., 2011; Seguela et al., 2008).

ROS (Reactive oxygen species) scavenging

As the plants perceive any stressful conditions including

nutrient stress (like Fe and/or Zn deficiency), generation of

reactive oxygen species (ROS) is a common consequence

wherein there occurs enhanced production of hydroxyl

(•OH), superoxide (O2
-) radicals and hydrogen peroxide

(H2O2) (Del Rio., 2015). A normal metabolic functioning

involves a balanced generation and quenching of ROS,

thereby preventing the lipid membranes. An increased

accumulation of ROS generates enzymatic ROS scaveng-

ing mechanism in plants (Singh et al., 2021). However,

severe exposure to stressful conditions like nutritional

deficiencies causes enhanced ROS production exceeding

the quenching capacity of enzymatic and non-enzymatic

ROS scavenging mechanisms (Del Rio., 2015). These

extremely reactive ROS species, particularly •OH, cause
severe damage to lipid membranes, protein and nucleic

acids. As a part of electron transport chain in chloroplasts

and mitochondria, the cellular redox balance is disturbed

during Fe deficiency in plants which eventually generates

the ROS elevation. The role of ROS scavenging enzymes,

particularly Glutathione (GSH) and ascorbate (ASC), are

crucial to improve Fe availability and maintaining cellular

Fe homeostasis in Arabidopsis (Ramirez et al., 2013) and

sugar beet (Zaharieva & Abadı̀a, 2003). The induction of

ROS signalling has also been demonstrated in sunflower

and maize during Fe deficiency. The iron deficiency caused

a significant increase in ROS production mainly hydrogen

peroxide and superoxide radicals in leaves of maize and

sunflower plants (Ranieri et al., 2001; Sun et al., 2007) and

peroxides in peanut (Singh & Chaudhari, 1992). The Fe

deficiency is also suggested to be regulated by ethylene and

NO which is linked to ROS mediated signalling (Xia et al.,

2015).

Thus, the Fe deficiency responses in plants comprise of

an intricate network of events which includes a number of

physiological and biochemical alterations in terms of root
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exudations, hormones signalling and their crosstalk and

ROS scavenging to preserve the cellular redox balance.

Zn deficiency responses

Root exudations

The plants respond to limited Zn availability in soil by

release of various root exudates like amino acids, sugars

and phenolics (Rasouli-Sadaghiani et al., 2011). These root

exudates indicate a strong plant-soil interaction affecting

the overall metabolite composition in the rhizosphere. The

root exudates constitute low molecular weight organics

released as a consequence of their excessive accumulation

in the roots during Zn deficient status. This is mainly

attributed to the leaky membranes of Zn-deficient plants

having higher permeability of root plasma membrane due

to K? leakage (Cakmak & Marschner, 1988). The elevated

exudation of amino acid may be attributed to inhibition of

protein synthesis accompanied with increased accumula-

tion of amino acids in roots during Zn deficiency (Cakmak

et al., 1989; Shahsavari et al., 2019). The graminaceous

plants release phytosiderophores which mobilizes both Fe

and Zn and shows similar attributes for both the Fe and Zn

deficiencies in the rhizosphere (Kabir et al., 2017; Treeby

et al., 1989).

Hormonal regulations

Plants respond to Zn deficiency by eliciting a signalling

cascade that traverses between roots and shoots to maintain

nutrient homeostasis (Kabir et al., 2017). Hormone sig-

nalling regulates the mineral acquisition by plants during

Zn deficit status. Indole-3-acetic acid, the major auxin in

plants play critical role in plant development and the Zn

status greatly influences the auxin-mediated responses

while auxin signalling triggers Zn acquisition efficiency in

plants. The Zn transporter genes in rice including OsIRT1,

OsZIP4 and OsZIP1 were expressed upon exposure to

auxin inhibitor in roots under Zn deficiency while the

absence of auxin inhibitor imparts zinc efficiency attributes

in rice (Begum et al., 2016). The auxin signalling is,

therefore, crucial for Zn- efficiency in plants under Zn-

limited environments. Cakmak et al. (1989) speculated that

the low levels of IAA under Zn-deficiency in Phaseolus

vulgaris L. can be attributed to increased oxidative

degradation of IAA due to decline in SOD (Zn-SOD) rather

than impaired IAA biosynthesis. The level of gibberellic

acid in Zea mays L. was also recorded low in Zn -deficient

plants with variable responses shown by GA1 and GA20.

The concentration of GA20, a precursor of GA1, showed a

lesser reduction while GA1 recorded 2.6–6.3 folds lower

levels in Zn-deficient plants. Thus, Zn is suggested to affect

the conversion of GA20 to GA1 by interfering with tran-

scription or translation steps (Sekimoto et al., 1997).

A weaker ethylene response was demonstrated in B.

oleracea plants which can be attributed to slower activation

of senescence, since Zn is a component of the receptor for

ethylene response and its deficiency may reduce the plant’s

sensitivity to ethylene (Navarro-Leon et al., 2016).

ROS scavenging

The Zn-deficient plants experience restrictions in CO2

uptake and its subsequent fixation as the stomatal con-

ductance is greatly impaired. This leads to reduced uti-

lization of NADPH and a distortion in the NADP: NADPH

ratio generates O2
- through electron transfer to O2 (Cak-

mak, 2000). The oxidative stress in plants during Zn-

deficiency has been reported in many plants including

mulberry (Tewari et al., 2008), wheat (Sharma e-

t al., 2004) and legumes (Gupta et al., 2011; Michael &

Krishnaswamy, 2011) and can be attributed to a decline in

Cu–Zn SOD (Saibi & Brini, 2018). The Zn- deficiency

elevates the response of a number of antioxidant enzymes

like catalase, ascorbate peroxidase and glutathione reduc-

tase (Sharma et al., 2004). The non- enzymatic scavenging

response including total ascorbic acid (AA), Dehy-

droascorbate (DHA), reduced glutathione (GSH) and oxi-

dized glutathione (GSSG) were greatly elevated in Zn-

deficient maize plants suggesting the activation of ascor-

bate–glutathione cycle to control ROS levels (Potters et al.,

2002).

Molecular regulation of Fe and Zn homeostasis

The plants have a tightly regulated process for uptake,

transport and accumulation of Fe and Zn as they are

required in very small amount but are crucial for mainte-

nance of their growth and development. The involvement

of Zinc- regulated transporter (ZRT) and iron-regulated

transporter (IRT)- like protein (ZIP) family have ubiquitous

roles in their uptake and transport (Grotz & Guerinot,

2006). A number of ZIP proteins have been characterized

in Arabidopsis (Maser et al., 2001), rice (Ishimaru et al.,

2007; Li et al., 2013), barley (Tiong et al., 2015), wheat

(Evens et al., 2017), maize (Li et al., 2013; Xu et al., 2010),

soybean (Moreau et al., 2002) and common bean (Astudillo

et al., 2013) which are known to maintain the cytosolic

homeostasis of Fe and Zn. The ZIP and IRT transporters

regulate the uptake of divalent cations like Fe2? and Zn2?

ions across cellular membranes into the cytoplasm (Eide,

2005; Krishna et al., 2017). In Arabidopsis, the functional

complementation of a yeast mutant defective in iron uptake

resulted in identification of AtIRT1 (Iron-regulated
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transporter 1), encoding a major Fe transporter at the root

surface (Eide et al., 1996; Henriques et al., 2002; Varotto

et al., 2002; Vert et al., 2002). The mutant irt1 exhibited

lethal chlorosis indicating the role of AtIRT1 in Fe

translocation in Arabidopsis (Nishida et al., 2011). Fur-

thermore, the overexpression of AtIRT3 caused an elevated

accumulation of Zn and Fe in shoots and roots respectively.

The overexpression of OsIRT1 in rice increased Fe and Zn

accumulations in shoots, roots and mature seeds, indicating

the role of OsIRT1 as a functional metal transporter

(Bughio et al., 2002; Ishimaru et al., 2006; Lee et al.,

2009).

Fe deficiency sensing and signaling in plants

Regulation of Fe- reduction mechanism in Strategy I plants

The Fe reduction mechanism responds to Fe limitation by

proton release through H? ATPases located on plasma

membrane (Santi et al., 2005). The acidification in the soil

effected by proton release increases Fe solubility causing

reduction of Fe3? to Fe2? by ferric chelate reductase

enzyme, ferric reduction oxidase (FRO2). This reduced Fe

form (Fe2?) is further transported into root system by the

transporter IRT1 (Bariya et al., 2015; Eckhardt et al.,

2001). Such responses are accompanied with modified root

architecture like more root hair formation, increased lateral

root formation and swelling of tips of root (Muller &

Schmidt, 2004) enhancing surface area for Fe acquisition.

There are a number of genes regulating the transport of Fe

from leaf to the root like FIT1 (FER-Like Fe Deficiency

Induced Transcription factor), IRT1, OPT3, and bZIP23 in

peanut (AhIRT1; Xiong et al., 2012), Medicago truncatula

(MtNRAMP1; Tejada-Jiménez et al., 2015), soybean

(NRAMP genes; Qin et al., 2017), lentil (Ferritin-1, BHLH-

1, and FER-like transcription factor protein and IRT1), and

chickpea (CaFer1; Parveen et al., 2016). The transcrip-

tomic studies in Arabidopsis reveals two major regulatory

networks aiming for Fe homeostasis in strategy I plants:

FIT network and POPEYE network (Stein & Waters,

2011).

FIT (FER-like iron-deficiency-induced transcription

factor) transcription factors, are also induced in root epi-

dermis during Fe limitation, and regulates the deficiency

response in plants (Colangelo & Guerinot, 2004; Yuan

et al., 2005). It regulates FRO2 at transcriptional level

while IRT1 is regulated both transcriptionally and post

transcriptionally (Jakoby et al., 2004). Recent studies on

FIT regulation suggests that at transcriptional level there

occurs accumulation of FIT during Fe limited conditions

which is turned over by 26S proteasomal degradation to

ensure that gene expression is prevented when Fe supply

increases (Hindt & Guerinot, 2012).

In addition to the root epidermal tissues wherein FIT is

the regulatory network, another transcriptional network is

represented in the vasculature with two major transcription

factors namely bHLH TFs (bHLH047) called as POPEYE

(PYE) and BRUTUS (BTS), an E3- ubiquitin ligase. These

TFs show a higher level of expression in pericycle during

Fe deficiency (Long et al., 2010). PYE targets a number of

genes required for metal homeostasis like FRO6 and ZIF1

(Curie et al., 2009). pye-1 mutants show reduced root

growth with chlorosis indicating the regulatory role of PYE

in Fe deficiency response. Through a long term studies a

number of Fe-efficient peanut genotypes, showing toler-

ance of lime induced iron deficiency chlorosis in calcare-

ous soil, have been identified (Samdur et al., 1999, 2000;

Singh and Chaudhari, 1991, 1993; Singh et al., 2003)

which need to be studied in details for their Fe homeostasis

regulation and their mechanism.

Regulation of Chelation in Strategy II plants

During Fe deficiency, the graminaceous plants respond by

secreting phytosiderophores (PS) in the rhizosphere which

form Fe (III)-PS complex to be available for plant uptake

(Takagi et al., 1984). The PS are released in the rhizo-

sphere through PS- efflux transporter TOM1 (Nozoye et al.,

2011). Nicotianamine (NA) gets converted to phy-

tosiderophores which associates with Fe (III) form and this

aids in Fe transport into roots through yellow stripe- like

(YSL) family transporters (Table 1). Different transporters

belonging to YSL family like YS1 for maize (Curie et al.,

2001), OsYSL15 in rice (Lee et al., 2009) have been

identified.

The transcription factor upregulated in response to Fe

deficiency is a bHLH protein IRO2 which is expressed both

in root and shoot (Ogo et al., 2006). In rice, the overex-

pression of OsIRO2 TFs helps the plants withstand Fe

deficiency with elevated PS synthesis and transport. It is

expressed to regulate uptake and transport of Fe during the

vital processes like development of seeds and germination

(Ogo et al., 2011). The other positive regulators of

responding to Fe deficiency are OsIDEF1 and 2 (Iron

deficiency responsive elements 1 & 2) (Kobayashil et al.,

2003).

Zn deficiency sensing and signalling in plants

The optimum level of Zn is required to ensure nutritional

quality of seeds which requires efficient uptake and trans-

port of Zn (Astudillo et al., 2013). The ZIP transporters are

the most studied forms mediating Zn uptake and transport

in a number of plant species including Soybean, Rice,

Medicago and common bean (Astudillo et al., 2013;

Palmgren et al., 2008). The Zn transporters mediate the
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uptake and transport of Zn2? through low affinity and high

affinity membrane transporter systems, depending upon the

Zn status of the soil (Kumar et al., 2016). The transport of

Zn into the cytoplasm is mostly mediated by ZIP and IRT

transporters (Krishna et al., 2017), which subsequently gets

loaded to the xylem (Krishna et al., 2020). The xylem

loading from xylem parenchyma is assisted by heavy metal

ATPase 2 and 4 (HMA 2 & HMA 4) (Hanikenne et al.,

2008). The other transporters involved in Zn transport to

the vacuoles are zinc induced facilitator (ZIF) and metal

tolerance protein (MTP) (Hussain et al., 2004) and

NRAMPs (Natural resistance associated macrophage pro-

tein) mediate Zn mobilization from the vacuole (Haydon &

Cobbett, 2007). The influx of Zn2? to leaf and phloem is

primarily mediated by ZIP family while phloem loading of

Zn and Zn-NA complex unloading to the seeds is actively

facilitated by YSL (Waters & Grusak, 2008) (Table 1).

In Arabidopsis, two TFs were found to be vital to induce

adaptation response in plants during Zn deficiency. These

TFs, namely bZIP 19 and 23, members of the F group of

the basic- region leucine zipper (bZIP) family, showing

histidine rich motifs at basic N-terminal region (Assunção

et al., 2010), are key regulators of genes including ZIPs

under deficient Zn status. These proteins exist as monomers

under normal conditions while upon Zn deficiency per-

ception, they dimerize leading to ZIP genes expression

(Lilay et al., 2018). The conserved histidine-rich motif in

TFs belonging to F bZIP family, are probable Zn sensors

(Henriques et al., 2017).

Conclusion

A lot of progress has been made in understanding the

physiological and biochemical mechanisms causing alter-

ations both in plant and in the rhizosphere to facilitate Fe

and Zn uptake during their deficiency in the soil. Root

exudations, ROS scavenging and hormonal regulations are

the main physiological responses, while number of trans-

porters and transcription factors coordinate at molecular

level to improve the acquisition of Fe and Zn. However, the

cascade of events taking place within the plants is very

complex and are interconnected through crosstalk of

diverse pathways which require detail studies focussing on

signal perception and its subsequent transduction and how

these signals are integrated to impart tolerance and to

maintain homeostasis of Fe and Zn in plants. The hormonal

regulations especially roles of phytohormones like ABA,

JA, BRs and SA in Zn acquisition need a revisit.
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