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ABSTRACT
Iron toxicity, predominantly stemming from excessive levels of ferrous iron (Fe2+) in acidic soils, poses a considerable challenge 
for crop production. Hypoxic conditions induced by waterlogging can exacerbate Fe2+ availability, which significantly impacts the 
cultivation and productivity of rice (Oryza sativa), a staple food for millions worldwide. In several regions across South America, 
Africa, and Asia, the prevalence of acidic soils results in elevated Fe2+ levels leading to iron toxicity, thereby hindering rice yield. 
Some regional rice varieties demonstrate a notable adaptation to high iron conditions, offering insights into the tolerance mech-
anisms through comparative physiology and transcriptomic studies. This review synthesizes the various strategies employed by 
rice plants to mitigate iron toxicity stress, with a focus on the regulation of essential genes and genetic pathways associated with 
iron transport and homeostasis. We place particular emphasis on the co-expression networks and predicted subcellular localiza-
tion of the proteins encoded by these genes. A meta-analysis of differential gene expression data gathered from studies involving 
six distinct rice lines—either tolerant or sensitive—reveals significant influences of plant genotype, developmental stage, and 
treatment type on the expression patterns, leading to the identification of robust marker genes associated with the iron excess re-
sponse. Our comprehensive literature review uncovers several critical knowledge gaps, establishing a framework for developing 
novel approaches aimed at elucidating the molecular mechanisms underpinning iron stress tolerance. These insights are vital for 
enhancing rice yield in iron-rich, acidic soils, ultimately contributing to improved food security in affected regions.

1   |   Introduction

Various soil properties and environmental factors significantly 
influence iron (Fe) availability to plant roots, with soil pH play-
ing a key role (Figure 1A; Box 1). Well-aerated soils maintain 
iron in its ferric form (Fe3+), promoting iron homeostasis under 
optimal conditions (Wairich, Aung, et al. 2024). However, at low 
pH, iron shifts to its more soluble ferrous form (Fe2+), which 

can become toxic and cause irreversible damage to the growth 
of non-adapted plants (Becker and Asch 2005; Aung et al. 2018; 
Wairich, Aung, et al. 2024), a condition encountered primarily 
in regions of Southeast Asia, Sub-Saharan Africa, and South 
America (Figure 1B).

In these regions, iron toxicity in rice (Oryza sativa) is a signifi-
cant ecological and agricultural challenge that affects millions 
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FIGURE 1    |     Legend on next page.
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of smallholder farmers. This staple food for over half the global 
population is predominantly cultivated in regions where water-
logged conditions are common—either due to environmental 
factors or as a deliberate cultivation choice—and its consump-
tion has steadily increased over the years (Figure  1B). As a 
semi-aquatic plant, rice is predominantly cultivated in flooded 
or waterlogged conditions, making it highly susceptible to soil 
and water-related constraints, including nutrient imbalances 
and metal toxicities. Unlike deep-rooting upland rice varieties 
grown in dry fields, lowland rice varieties are generally grown 
in a paddy system, thus more exposed to Fe excess. The thresh-
old for Fe toxicity in rice varies widely, with concentrations 
ranging from 10 to over 2000 mg L−1 in the soil solution, which 
is roughly 4 to 700 times more Fe than is present in a standard 
hydroponic growth medium. This variation is influenced by soil 
geochemistry, nutrient dynamics, and rice varietal differences 
(Becker and Asch 2005). With climate change altering rainfall 
patterns, the frequency of waterlogging and associated iron tox-
icity is expected to rise, emphasizing the urgent need for stress-
tolerant rice varieties. Understanding the natural mechanisms 
of iron stress responses in rice varieties that are tolerant to iron 
excess is crucial for developing effective mitigation strategies.

1.1   |   Properties of Acidic Soils

Excess Fe is commonly associated with waterlogged soils but 
can also occur across various soil types, including Ferralsols (Fe-
rich, acidic tropical soils), Gleysols (Waterlogged Soils), Acrisols 
(Red and Lateritic Soils), Podzols (Leached Soils), and Fluvisols 
(Alluvial Soils) (Vose 1982), followed by some other factors, such 
as deforestation and excessive use of fertilizers (Figure  1A). 
Deforestation accelerates soil acidification, waterlogging, and 
nutrient imbalances, all of which contribute to increased iron 
toxicity in agricultural lands, while excessive fertilizer appli-
cation can indirectly increase iron toxicity risk by acidifying 
soil and altering nutrient balance. Globally, the distribution 
of acidic soils varies across regions, with America having the 
highest proportion at 40.9%, followed by Asia at 26.4%, Africa at 
16.7%, Europe at 9.9%, and Australia and New Zealand at 6.1% 
(Figure 1B) of the total 4.5% of the acidic soil that is distributed 
in arable lands (Ngoune Tandzi et al. 2018). Acidic soils in India 
are predominantly found in the humid southwestern, northeast-
ern, and Himalayan regions. In the Northeast, approximately 
95% of soils are acidic, with nearly 65% having a pH below 5.5, 
indicating strong acidity (Mishra et al. 2020). In tropical South 
America, 85% of the soils are acidic. Across all soils, only 0.1% 
have a pH of 7.3, while 75% of the subsoil has a pH of 5.3 (Fageria 
and Nascente  2014). In Africa, Acrisols and Ferralsols collec-
tively cover a substantial portion of the continent's land area, 
accounting for 2.9% and 10.3% of the total surface, respectively. 
Soil acidity is increasingly becoming a widespread issue, both in 
terms of geographic expansion and severity, particularly in sub-
Saharan regions. For instance, in Ethiopia, approximately 43% 
of cultivated land is affected by soil acidity. Of this, nearly 28% is 

classified as strongly acidic, with a pH ranging between 4.1 and 
5.5, posing significant challenges to agricultural productivity 
and soil fertility (Agegnehu et al. 2021).

1.2   |   Numbers on Rice Cultivation

In the 2023/24 crop year, worldwide rice consumption reached 
approximately 523.8 million metric tons, marking a rise from 
437.18 million metric tons in the 2008/09 crop year (Statista 
2024–25). According to the U.S. Department of Agriculture 
(USDA)-Foreign Agriculture Service (2024–25), India is the 
world's second-largest rice producer, accounting for 27.2% of 
global production, following China, the leading producer. Brazil 
ranks 10th, contributing 1.5%, while Nigeria holds the 14th 
position, producing 1% of the world's rice supply.

2   |   Fe Toxicity Effects and Symptoms

Fe is a crucial micronutrient involved in numerous biochemical 
and physiological processes essential for plant growth and devel-
opment. The importance of Fe lies in its ability as a redox cata-
lyst, and as such, it is used as a cofactor in the form of heme-Fe, 
Fe-sulfur clusters, or free Fe oxide for enzymatic redox and 
electron transfer reactions. Thereby, it plays a vital role in basic 
cellular processes such as metabolism, for example nucleotide 
metabolism, and chlorophyll biosynthesis. Fe is integral to en-
ergy production through respiration and photosynthesis, facili-
tating the electron transfer in the mitochondrial and chloroplast 
electron transport chains (Rout and Sahoo 2015). Chloroplasts 
are typically rich in iron (Fe), and ferritin-Fe complexes—struc-
tures where iron is safely stored within the ferritin protein—are 
also found within the chloroplasts themselves (López-Millán 
et al. 2016). The reactive properties of Fe render it toxic at high 
concentrations since free Fe catalyzes non-enzymatically the 
generation of hydroxyl and lipid alkoxyl radicals through the 
Haber–Weiss and Fenton reactions (Le et al. 2019; Figure 1A). 
These radicals are the most potent reactive oxygen species (ROS) 
and cause severe oxidative stress, membrane damage, macro-
molecule deterioration, and ion leakage (Hossain et  al.  2012). 
Most importantly, plants do not have a specific detoxification 
for these radicals, and the regular antioxidant system is insuf-
ficient. Iron toxicity in rice manifests through a range of symp-
toms, primarily affecting the leaves, roots, and overall plant 
growth (Figure  1C). Initially, tiny brown spots appear on the 
lower leaves, starting from the tips and gradually spreading to-
ward the leaf base. As the condition worsens, these spots merge 
along the intervein, turning the leaves orange-yellow to brown 
and eventually leading to leaf death. This symptom is known 
as “leaf bronzing”. In some varieties, the leaf tips dry up after 
turning orange-yellow, while in severe cases, leaves may appear 
purple-brown. Leaves also roll and bend towards the inside, 
which resembles a drought symptom (Kar et al. 2021). Affected 
plants exhibit stunted growth, poor tillering, and narrow leaves, 

FIGURE 1    |    Overview of iron (Fe) toxicity stress in rice. (A) Top, Factors affecting soil pH and Fe toxicity, caused by, bottom, Haber-Weiss, and 
Fenton reactions. (B) World map representing soil pH conditions worldwide, with indicated origins of different studied rice varieties exposed to Fe 
excess and respective references. (C) Effects of Fe as micronutrient and toxic heavy metal on plant growth and development.
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which often remain green. Root systems are coarse, sparse, and 
damaged, with a dark brown to black coating and many dead 
roots, termed “root blackening” (Dobermann 2000).

Fe toxicity rarely occurs in isolation and is often compounded 
by other abiotic stresses, including phosphorus deficiency, salin-
ity, and drought. Alternating dry and flooded conditions desta-
bilize the redox balance in the soil, causing fluctuations in Fe 
forms and amplifying stress (Becker and Asch 2005; Aung and 
Masuda 2020). Excess Fe also disrupts the uptake of essential 
nutrients like phosphorus, potassium, and zinc, further impair-
ing plant growth. In saline environments, waterlogging exacer-
bates ionic toxicity, worsening oxidative damage. A widespread 
issue in acidic soils is aluminum (Al) toxicity, resulting from 
the increased solubility of Al3+ ions under low pH conditions 
(Bojórquez-Quintal et al. 2017). In many affected regions, such 
as South Asia and Sub-Saharan Africa, Al toxicity frequently 
co-occurs with iron (Fe) toxicity, compounding stress on rice 
plants (Kar et al. 2021). While both stresses lead to root growth 
inhibition and oxidative damage, they operate through dis-
tinct physiological mechanisms: Fe toxicity is primarily linked 
to redox cycling and the generation of reactive oxygen species 
(ROS), whereas Al toxicity disrupts cell wall structure, inter-
feres with nutrient uptake, and impairs root tip function (Kar 
et al. 2021; Rahman et al. 2024). Despite their differences, both 
stress responses share common elements such as activation 
of antioxidant defenses and altered metal transporter activity. 
Understanding these converging and diverging mechanisms is 
critical for developing rice varieties with enhanced tolerance to 
multiple soil constraints in acidic environments.

3   |   Rice Genetic Variation in Acidic Soils

Genetic variation studies are powerful tools to uncover the ge-
netically encoded adaptive mechanisms in plants. Such genetic 
variation studies have been conducted with rice varieties from 
different areas to reveal genetic mechanisms for explaining sen-
sitivity or adaptation to acidic soil cultivation (Table 1). Certain 
rice germplasms have been used in physiological and transcrip-
tomic experiments to uncover molecular responses to excess Fe 
(Kar et al. 2021). This includes the Indian lowland rice varieties 
Hacha (sensitive) and Lachit (tolerant). These two varieties were 
selected from the extremities of a test panel of 16 varieties with 
differing abilities to thrive in excess Fe in an experimental hy-
droponic environment (Kar et al. 2021). Aromatic rice is a pop-
ular short grain lowland rice variety generally cultivated in the 
northeastern region of India. The aromatic rice variety Keteki 
Joha is sensitive to Fe excess, and the motivation to study it was 
with the ultimate goal of genetic improvement through methods 
such as gene editing (Regon et al. 2022). Two studied Brazilian 
lowland rice varieties are EPAGRI 108 (tolerant) and BR-IRGA 
409 (susceptible; Stein et al. 2019). IR29 (susceptible) and FL483 
(tolerant) rice varieties from the International Rice Research 
Institute (IRRI), Los Baños, Philippines, were studied under Fe 
(Wu et al. 2017). Additionally, the Japanese variety Nipponbare 
was examined at different growth stages under varying Fe 
concentrations (Bashir et  al.  2014; Finatto et  al.  2015). The 
studies on Fe stress in rice were conducted under varying pH 
conditions (4.0–5.5), different types and concentrations of Fe 
sources (FeSO4, FeCl2, Fe-EDTA), and differing stress durations 

(Table  1). Thus, the experimental setups differed in multiple 
aspects, indicating that presumably these experimental varia-
tions, in addition to the different used germplasms, also uncov-
ered a variety of responses. This diversity may render it difficult 
to recognise basic Fe tolerance mechanisms.

4   |   Genetic Basis for Tolerance to Fe Toxicity

It is crucial to understand the nature of Fe excess tolerance 
for breeding new resilient rice varieties. The defense strate-
gies of rice towards delimiting Fe toxicity have been recently 
reviewed (Aung and Masuda 2020), and it was suggested that 
four distinct mechanisms may primarily account for tolerance, 
distinguished as four categories of responses (Figure  2, Aung 
and Masuda 2020). Categories 1, 2, and 3 work under mild to 
moderate iron excess conditions, as they mediate Fe exclusion 
by roots, Fe retention and sequestration in roots to prevent long-
distance transport towards shoots, as well as sequestration in 
leaves. Category 4, instead, works to mitigate the consequences 
of severe Fe stress and is ROS detoxification (Figure 2). A list of 
encoded protein functions is provided in Table S1.

4.1   |   Four Strategies for Tolerance to Fe Toxicity 
in Rice

Category 1-Iron exclusion from roots: This strategy consists in 
avoiding uptake of Fe from the soil by repressing and down-
regulating Fe mobilization and acquisition (Figure 2, Table S1). 
In rice, this is achieved by down-regulating the import of Fe2+ 
through divalent metal ion importers and down-regulating the 
import of Fe3+ through phytosiderophores with the involvement 
of transporters for phytosiderophore export and import and en-
zymes for phytosiderophore biosynthesis.

Categories 2 and 3 -Fe retention in roots and Fe compartmen-
talization in shoots: These strategies serve to sequester Fe in-
side cells in compartments that keep Fe in a less reactive state 
(Figure  2, Table  S1). It may include vacuolar sequestration 
through upregulating the vacuolar Fe import and downregu-
lating vacuolar export (Morrissey and Guerinot  2009; Zhang 
et al. 2012), chelation by nicotianamine by upregulating the bio-
synthesis of this chelator (Inoue et al. 2003; Aung et al. 2018), 
and the Fe-ferritin complexation in plastids through upregulat-
ing ferritin. Mitochondrial Fe and Fe-S cluster homeostasis is 
also adjusted with the participation of mitochondrial proteins 
(Bencze et al. 2006; Kushnir et al. 2001; Chen et al. 2007; Bashir 
et al. 2011). Sequestration in roots prevents the entry of Fe into 
the xylem stream and its long-distance transport towards leaves.

Category 4-Reactive oxygen species (ROS) detoxification: This 
last strategy is limiting the effects of ROS produced upon iron 
toxicity (Figure  2, Table  S1). This is achieved through rebal-
ancing the redox potential for eliminating ROS species, such as 
through the pools of antioxidants like ascorbic acid, glutathione, 
and α-tocopherol through the biosynthesis of these compounds, 
as well as antioxidant enzymes such as superoxide dismutase, 
peroxidases, dehydroascorbate reductase, ascorbate oxidase, and 
catalases (Bode et al. 1995; Fang and Kao 2000; Wairich, Wang, 
et  al.  2024). In a recent study, S-nitrosoglutathione reductase 
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(GSNOR) was reported to induce Fe toxicity tolerance in the root 
(Li et  al.  2019). Like many abiotic and biotic stress regulators, 
WRKY transcription factors play a crucial role in ROS defence 
and Fe excess tolerance (Aung and Masuda  2020). Notably, 
OsWRKY76 acts as a negative regulator by suppressing Fe uptake 
genes and disrupting Fe homeostasis in rice (Mirza et al. 2023).

5   |   Coexpression of Molecular Components for Fe 
Homeostasis Regulation Under Fe Excess

Fe deficiency-regulated genes involved in steering Fe homeosta-
sis responses are largely co-expressed with each other, which is 
due to their regulation by a common transcription factor cascade 
(Kobayashi et al. 2014; Schwarz and Bauer 2020). Lists of key regu-
latory genes involved in iron uptake, translocation, retention, and 
storage have been used in custom enrichment analyses using tran-
scriptomic and proteomic studies, as well as microRNA analysis. 
Using the Fe homeostasis gene lists reported by Mai et al. (2023) 
and Wu et  al.  (2017) we generated a comprehensive list of Fe-
responsive genes in rice, providing a curated dataset for further 
functional characterization (Table  S2). Refined co-expression 
analysis within a group of Fe stress-responsive genes, based on 
combined scores for all potential interactions, is a way to dis-
sect the regulatory pathways and cross-talks. Four sub-groups of 
genes represent remarkable co-expression subclusters (Figures 3 
and S1, Table S3). Co-expression subcluster I consists of genes en-
coding the DETOXIFICATION EFFLUX CARRIER (DTX) fam-
ily proteins, which belong to the multidrug-resistant transporter 
(MDRT) superfamily. DTX proteins play crucial roles in cellular 
protection by facilitating detoxification mechanisms, safeguard-
ing cells and membrane-bound organelles. The homologous rice 
gene OsFRDL1 (Ferric Reductase Defective Like) has been char-
acterized as a citrate transporter essential for the efficient trans-
location of Fe (Yokosho et al. 2009). Most DTX-encoding genes 
and proteins have not yet been studied in rice. Fe excess-regulated 
DTX genes may act in the transport of stress plant hormones like 

ABA, secondary metabolites produced under excess Fe or excess 
Fe-binding compounds (Yokosho et al. 2009; Zhang et al. 2014; 
Ma et al. 2023; Figures 3 and S1, Table S4). Co-expression sub-
cluster II consists of vacuolar-type (V-type) H+-ATPases (VHAs), 
localized in the vacuolar membrane and endomembrane com-
partments such as the trans-Golgi network/early endosome 
(TGN/EE), which generate the electrochemical gradient for active 
transport, which may include transport processes relevant to Fe 
sequestration, metal ion transport, and DTX-mediated transport 
(Figures 3 and S1, Table S4). Co-expression subcluster III consists 
of ATP-binding cassette (ABC) transporters, one of the largest and 
most evolutionarily conserved families of transporter proteins 
that use energy from ATP hydrolysis to move a wide range of mol-
ecules across membranes, including xenobiotics, hormones, sug-
ars, amino acids, and metal ions (Figures 3 and S1, Table S4). In 
Arabidopsis thaliana, key ABCG (ATP-binding cassette subfamily 
G) transporters such as ABCG36 and ABCG40 have been impli-
cated in heavy metal resistance and cellular detoxification, high-
lighting their crucial role in protecting plants from metal toxicity 
(Dhara and Raichaudhuri 2021). The largest group, co-expression 
subcluster IV, includes the components that play a crucial role in 
the various aspects of iron homeostasis as explained above for the 
Fe excess stress mitigation strategies according to categories I, II, 
and III (Figures 3 and S1, Table S4).

The co-expression clusters of Fe excess-regulated genes suggest 
the involvement of common cis- and trans-regulatory factors in 
the iron excess response. A recent study by Kakei et al. (2021) 
employed bioinformatics and machine learning approaches to 
identify novel cis-regulatory elements (CREs) associated with 
the Fe excess response in rice. They discovered 560 CRE can-
didates and 42 conserved sequences directly related to the Fe 
excess response across various rice tissues. Furthermore, the 
relationship between Fe toxicity and deficiency signaling is yet 
unclear. To maintain iron (Fe) homeostasis, plants must tightly 

FIGURE 2    |    Four strategies for tolerance to iron (Fe) toxicity in rice 
grown in acidic soils. These four distinct strategies have been proposed 
by Aung and Masuda  (2020). The indicated proteins are regulated at 
transcriptional level, and their functions depicted in Table S1. Created 
with Biorender.

FIGURE 3    |    Summary of coexpression clusters of iron (Fe)-excess-
responsive genes encoding indicated proteins. The indicated proteins 
are regulated at transcriptional level, and their functions depicted in 
Table S1. Genes of the four subclusters I to IV are shown in Figure S1 
and Table S4.
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regulate the transcriptional cascade that promotes Fe acquisi-
tion, especially under Fe excess conditions. This repression is 
mediated by Fe-responsive E3 ubiquitin ligases such as HRZ1 
(Hemerythrin E3 Ligases 1) and HRZ2, which target key tran-
scription factors for degradation to suppress the Fe deficiency 
response (Long et al. 2010; Kobayashi et al. 2013; Li et al. 2021; 
Lichtblau et  al.  2022). Recent advances have further under-
scored the role of bHLH subgroup IVc transcription factors, 
such as OsbHLH058, OsbHLH059, OsbHLH57, and OsbHLH60 
in rice (Gao and Dubos  2021). These bHLH IVc transcription 
factors may interact with subgroup IVb member IRO3 (Basic 
Helix–Loop–Helix-Type Transcription Factor; OsbHLH63) and 
OsbHLH62 (Wang et al. 2025), coordinating Fe uptake regula-
tion and the fine-tuning of Fe homeostasis gene expression, as 
seen in studies by Lichtblau et al. (2022) and Long et al. (2010). 
IRON MAN (IMA), also referred to as Fe-uptake inducing pep-
tides (FEPs), serves as short signaling molecules that mediate 
plant responses to Fe deficiency by counteracting HRZ and 
thereby enhancing the expression of Fe transport and regulatory 
genes, thereby facilitating Fe absorption and redistribution ef-
fectively (Li et al. 2021; Grillet et al. 2018; Lichtblau et al. 2022). 
In rice, the genes OsIMA1 and OsIMA2, which encode IMA pep-
tides, are strongly upregulated under Fe-deficient conditions, 
reinforcing the iron uptake pathway and positively influencing 
overall Fe homeostasis (Grillet et al. 2018; Kobayashi et al. 2021; 
Li et al. 2021).

However, on the contrary, activation of Fe deficiency-inducible 
genes was reported under Fe sufficiency in E3 ligase knock-down 
rice varieties (Kobayashi et  al.  2013; Hindt et  al. 2017). These 
findings underscore the complex regulatory networks governing 
Fe uptake and distribution in rice, highlighting the importance 
of E3 ligases and transcription factors in balancing Fe homeo-
stasis (Liang 2022). The functionality of HRZ1/2 E3 ligases in 
Fe excess in rice has clearly to be studied in more depth. These 
E3 ligases can bind Fe via their hemerythrin domains, which 
appears to influence their protein stability (Selote et al. 2015). 
Perhaps HRZ1/2 are Fe sensors to induce an immediate re-
sponse after Fe supply (Hindt et al. 2017; Aung et al. 2018; Aung 
and Masuda  2020), a condition that has been experimentally 
applied in multiple Fe excess rice studies (Table S1).

6   |   Subcellular Localization of Key Regulatory 
Proteins for Controlling Fe Excess

The activities of encoded proteins can be themselves controlled 
at post-translational and protein level. An effective regulatory 
mechanism to control Fe homeostasis proteins under excess Fe 
is acting at subcellular localization to confer protein degrada-
tion. Hence, visual representation of the subcellular localization 
of proteins helps predict the molecular mechanisms that may 
govern protein abundance (Tables S3 and S5). Regulators such 
as the transcription factors and E3 ligases are expected to reside 
mostly in the nucleus or else the cytoplasm. Another group of 
proteins related to nicotianamine and phytosiderophore syn-
thesis, like NAS1 (Nicotianamine Synthase), NAS2, NAAT1, 
DMAS1 as well as regulators like small protein or peptide IMA1, 
involved in categories I, II, and III are predicted to be localized 
in the cytoplasm. GSNOR is likewise reported to be localized in 
the cytoplasm. Other proteins are localized in plastids, such as 

FER proteins. Strategy III regulatory proteins were predicted to 
be localized at the mitochondrial membranes, such as MIT and 
ATM3. Very interestingly, based on their predicted subcellular 
location, many encoded proteins function in a membrane as 
transmembrane proteins, particularly of the plasma membrane, 
such as IRT1, YSL2 (Yellow Stripe1-Like), YSL15, NRAMP1 
(Natural Resistance-Associated Macrophage Proteins), TOM1 
(Transporter of Mugineic Acid Family Phytosiderophores), 
and FRO2 (Ferric-Chelate Reductase Gene), the vacuolar to-
noplast membrane, such as NRAMP3/4, VIT2 (Vacuolar Iron 
Transporter), VTL2, all involved in defense categories I and II 
(Figure 4). Upon shifts to excess Fe, protein degradation may be 
initiated to down-regulate the abundance of proteins involved in 
Fe uptake from soil and the release of Fe from storage compart-
ments. For plasma membrane proteins, this may involve phos-
phorylation and ubiquitination of intracellular protein portions, 
assembly of protein complexes, followed by endocytosis and vac-
uolar degradation, as reported for Arabidopsis IRT1, FRO2, and 
NRAMP1 proteins (Connolly et al. 2002; Connolly et al. 2003; 
Ivanov et  al.  2014; Agorio et  al.  2017; Dubeaux et  al.  2018; 
Martín-Barranco et al. 2020). Lipid peroxidation stress elicited 
through Fe2+ import across the plasma membrane may be re-
duced by lipophilic antioxidants like a-tocopherol through 
the action of iron transporter-binding lipid transfer proteins 
(Hornbergs et  al. 2023). Hence, protein control in membrane 
compartments like the plasma membrane proteins, tonoplast, 
or other places is crucial for adjustments upon shifts to excess 
Fe, and specific proteolytic and vacuolar degradation pathways 
may be in place (Rodriguez-Furlan et al. 2019). To date, there is 
no evidence whether any of these mechanisms play a role in the 
genetic adaptation of rice to Fe toxicity in acidic soils.

7   |   Meta-Analysis of Differential Regulation Using 
Transcriptome Data for Fe Excess

We conducted an integrative meta-analysis that consolidates 
RNA-seq and microarray datasets from multiple indepen-
dent studies to unravel the complexities of Fe homeostasis in 
rice under excess Fe conditions. By integrating differentially 
expressed genes from Finatto et  al.  (2015), Kar et  al.  (2021), 
Regon et al. (2022), and Wu et al. (2017), we established a com-
prehensive comparative framework that spans diverse genetic 
backgrounds, iron concentrations, treatment durations, and 
developmental stages (Table 1). This integrative approach over-
comes the limitations of single-variety studies, enhancing the 
robustness of Fe-responsive gene identification and revealing 
fundamental mechanisms of Fe excess tolerance.

Our analysis identified key regulatory patterns across mul-
tiple datasets, reinforcing the critical roles of conserved Fe-
responsive genes. Wu et al. (2017) highlighted genes coding for 
FER2 and VIT2 as major contributors to Fe sequestration, while 
Kar et al. (2021) demonstrated a root–shoot coordination strat-
egy, where shoots upregulate detoxification genes (encoding 
HMA7, ATPases, ABCG), and roots modulate Fe influx (coding 
for MTP8, FER2, PDR12). Regon et al. (2022) revealed a devel-
opmental shift in Fe homeostasis, with seedlings prioritizing Fe 
uptake and detoxification, whereas mature plants emphasize 
sequestration through genes encoding MATE, ZIFL1 (Zinc-
Induced Facilitator Like 1), and ABCG. Finatto et  al.  (2015) 
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further emphasized the role of genes coding for ABC transport-
ers and PDR in stress adaptation, revealing trade-offs between 
Fe regulation and plant growth.

A systematic cross-study analysis enabled the identification of a 
core set of Fe-regulated genes in both roots and shoots (Figures 5 
and 6, Table S2). Notably, genes such as those encoding HRZ1, 
NRAMP6, PDR12, and NAS1 were consistently downregulated 
across all datasets by Fe excess, suggesting a conserved func-
tion in limiting Fe uptake and facilitating exclusion from leaves. 
Conversely, genes encoding VIT2, FER2, and ABCG43 were 

consistently upregulated under Fe toxicity, underscoring their es-
sential roles in Fe sequestration, storage, and detoxification. The 
upregulation of VIT2 aligns with functional evidence showing 
that the double knockout of OsVIT1 and OsVIT2 compromises Fe 
tolerance, revealing a trade-off between iron biofortification and 
excess Fe detoxification (Benato et  al.  2025). These conserved 
regulatory mechanisms highlight potential conserved molecular 
markers for Fe toxicity stress, paving the way for future research 
into their transcriptional regulation.

Our findings underscore a development- and tissue-specific reg-
ulatory network governing Fe homeostasis in rice. While seed-
lings rely on root-driven Fe uptake control and shoot-mediated 
sequestration, mature plants transition toward a regulated stor-
age strategy to mitigate Fe toxicity. A root-shoot coordination 
mechanism fine-tunes Fe acquisition, detoxification, and oxi-
dative stress responses, ensuring optimal Fe homeostasis under 
excess Fe conditions. These insights offer a valuable founda-
tion for future genetic and biotechnological strategies aimed at 
enhancing Fe toxicity tolerance in rice.

8   |   Discussion and Future Prospectives

This review serves as a critical bridge between existing studies on 
Fe excess in rice by synthesizing transcriptomic data from mul-
tiple independent research efforts, exploiting different types of 
lowland rice germplasm. The meta-analysis approach specifically 
bridges gaps by: (1) Consolidating gene expression data across dif-
ferent experimental conditions and rice varieties. (2) Identifying 
common molecular pathways and regulatory networks that tran-
scend individual studies. (3) Highlighting consistent patterns of 
differential gene expression that may represent core adaptive re-
sponses. (4) Connecting phenotypic observations with underlying 
molecular mechanisms. (5) Providing a framework for under-
standing how various environmental factors interact with genetic 
components. This integrative approach validates findings across 
multiple studies while also revealing novel insights that would not 
be apparent from any single investigation, thereby establishing a 
more comprehensive understanding of Fe excess responses in rice.

This review has uncovered substantial gaps in our understand-
ing and management of Fe excess tolerance mechanisms, which, 
if addressed, could significantly enhance our ability to improve 
crop productivity and sustainability in iron-toxic environments 
through plant biotechnological interventions. Key knowledge 
gaps in Fe toxicity research include the lack of comparative 
studies between tolerant and susceptible rice lines, limited ge-
netic diversity in current panels, and insufficient control of ex-
perimental conditions across developmental stages. Moreover, 
protein-level regulation and functional validation of candidate 
genes remain underexplored, highlighting the need for integra-
tive, cell-biological, and genetic approaches to better understand 
and improve Fe excess tolerance in rice.

With such knowledge in hand, future plant breeding studies 
can be pinpointed at enhancing the performance of susceptible 
rice lines, particularly for growth in acidic soils. Future research 
should consider advanced genome-editing strategies, such as 
knock-in and knock-out approaches, to directly modify genetic 
traits in these varieties. Tailoring such interventions to improve 

FIGURE 4    |    Subcellular location of transport proteins involved in 
iron (Fe) excess. (A) Schematic illustration of a cell with locations of 
trans-membrane proteins in various compartment membranes regulat-
ed under Fe excess (Created with Biorender). (B) Heat map to illustrate 
predicted subcellular location of proteins encoded by the Fe excess-
responsive genes. Annotation for rice genes in heat map was done by 
referring to Arabidopsis as a reference. Plasma membrane components 
are boxed. The indicated protein functions are depicted in Table S1.
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substrate tolerance will ultimately pave the way for rice variet-
ies that are not only more resilient to Fe toxicity but also better 
adapted to a range of soil conditions. Thus, an integrative, multi-
disciplinary approach can help bridge the identified knowledge 
gaps for a transformative understanding of Fe excess tolerance 
in rice and potentially other crops cultivated for thriving in iron-
toxic and acidic soils, which is imperative for ensuring global 
food security amidst ever-changing environmental conditions.

9   |   Open Questions and Knowledge Gaps

One major shortcoming is the lack of a direct comparative study 
between identified tolerant and susceptible rice lines. This gap 

underlines the need for comprehensive genome-wide association 
studies (GWAS) that focus on Fe excess adaptation.

Future work should push beyond conventional panels by incor-
porating a greater biodiversity of genetic material such as African 
and South American rice lines, as well as wild rice species, which 
are to date understudied. For example, Wairich et al. (2021) in-
cluded Oryza meridionalis, a wild Australian rice species, to 
explore transcriptional responses to Fe excess. Expanding the 
panel in this manner may unearth novel alleles responsible for 
Fe tolerance that have been overlooked in traditional studies.

Current studies generally suffer from a lack of systematic com-
parisons of responses to Fe excess under varying experimental 

FIGURE 5    |    Hierarchical clustering and heat maps of differentially regulated genes under excess Fe identified in different Fe excess studies 
(Finatto et al. 2015; Wu et al. 2017; Kar et al. 2021; Regon et al. 2022). The analysis was conducted separately for (A) shoots and (B) roots. The genes 
are listed in Table S1; the genes within each cluster 1–6 are listed in Table S2.
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FIGURE 6    |     Legend on next page.
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11 of 13

conditions. A carefully controlled study, examining different 
plant developmental stages, varying Fe supply concentrations, 
and distinct durations of exposure, would provide a more nu-
anced understanding of the physiological and developmental 
dynamics under stress. Such an approach would help isolate 
the specific responses attributable to developmental stage ver-
sus environmental stimuli, thereby refining both experimental 
methods and data interpretation.

A further notable deficiency in the field is the scarcity of stud-
ies addressing protein-level regulation during Fe excess. The in-
corporation of cell biological techniques—including subcellular 
localization analyses, quantitative immunoblotting, and protein 
interaction and protein degradation studies—is urgently needed. 
This should focus particularly on understanding the control of 
plasma membrane proteins via the vesicular trafficking system 
under conditions of excess Fe. Addressing this gap will signifi-
cantly enhance our understanding of post-translational modifica-
tions and the dynamic regulation of key stress response proteins.

There is a critical shortfall in the functional validation of in-
dividual genes and proteins implicated in Fe excess tolerance. 
Future efforts should catalyse genetic studies that manipulate 
the activity of these genes to confirm their roles. Integrating 
these insights with the known regulators of the Fe acquisition 
response under excess Fe conditions will allow for a more ro-
bust and comprehensive model of Fe homeostasis. For a start, 
the identified conserved marker genes may be functionally 
investigated in the first place.
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excess iron (Fe)-responsive genes to predict their interaction with others 
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responsive genes involved in different strategies as plant's defence sys-
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functions grouped in gene coexpression network. Table S5: Subcellular 
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