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Iron (Fe) is an essential nutrient for almost all organisms. However, free Fe within
cells can lead to damage to macromolecules and oxidative stress, making Fe
concentrations tightly controlled. In plants, Fe deficiency is a common problem,
especially in well-aerated, calcareous soils. Rice (Oryza sativa L.) is commonly
cultivated in waterlogged soils, which are hypoxic and can cause Fe reduction
from Fe>* to Fe2*, especially in low pH acidic soils, leading to high Fe availability
and accumulation. Therefore, Fe excess decreases rice growth and productivity.
Despite the widespread occurrence of Fe excess toxicity, we still know little
about the genetic basis of how rice plants respond to Fe overload and what genes
are involved in variation when comparing genotypes with different tolerance
levels. Here, we review the current knowledge about physiological and molecular
data on Fe excess in rice, providing a comprehensive summary of the field.
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1 Introduction

Iron (Fe) is a transition metal that is essential for almost all living organisms. In plants,
Fe is required for plant growth and development (Marschner, 1995). Because of its redox-
active nature, Fe plays a crucial role in metabolic processes such as photosynthesis,
respiration, nitrogen fixation, and assimilation (Evans and Russel, 1971; Balk and
Schaedler, 2014; Connorton et al,, 2017). Although Fe is the fourth most abundant
element on the Earth’s crust, accounting for over 5% of the mass, Fe is usually found as
low solubility ferric (Fe**) oxides in the soil, which limits Fe supply for plant uptake. The
problem is particularly common in calcareous soils, which cover approximately one-third
of the Earth’s surface, making plants prone to Fe deficiency. The main symptoms associated
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with Fe deficiency are chlorosis, reducing the biomass, yield, and
nutritional value of grains (Guerinot and Yi, 1994). Therefore, Fe
deficiency is a problem for agricultural crops.

Fe uptake strategies in plants were characterized years ago, in
which reduction strategy (or Strategy I) was associated with non-
graminaceous plants and chelation strategy (or Strategy IT) was linked
to graminaceous (Poaceae family) species (Kobayashi and Nishizawa,
2012; Brumbarova et al,, 2015). Strategy I relies on lowering soil pH
through the extrusion of H" ions to enhance the solubility of Fe**,
reducing Fe** to ferrous (Fe*") at the root surface and absorption of
Fe** into root cells by the Fe high-affinity transporter IRT1 (iron-
regulated transporter) (Eide et al., 1996; Robinson et al., 1999; Santi
and Schmidt, 2009). In contrast, Strategy II relies on the release of
phytosiderophores (PS) into the rhizosphere, which forms a complex,
Fe(III)-PS, which is transported into root cells through specific
transmembrane proteins of the Yellow Stripe (YS) family (Inoue
et al., 2009). Recent work on the secretion of phenolic compounds
upon Fe deficiency and transcriptional regulation of Fe uptake has
blurred this clear division, suggesting that these groups may share
aspects of Fe uptake mechanisms (Grillet and Schmidt, 2019).
Furthermore, work on wild rice showed that the combined strategy
described in cultivated Asian rice, including a full chelation strategy
as found in other Poaceae species (Wairich et al., 2019) as well as the
transporter involved in the reduction strategy (Ishimaru et al., 2006),
is shared by closely related wild Oryza species.

In contrast to Fe deficiency, Fe excess tolerance mechanisms are
not well understood. In anaerobic or waterlogged conditions, ferric
Fe is reduced to ferrous (Fe*") ions, which are more soluble and may
be excessively taken up by roots. In this scenario, Fe can be cytotoxic,
disrupting several plant metabolic and physiological processes such
as carbon metabolism, respiration, photosynthetic efficiency, and
enzyme activities. When it exists as a free form in the cytosol, excess
Fe*" can cause the toxic reaction with «OH by the Fenton reaction
(Fenton, 1894), leading to cellular toxicity (Becker and Asch, 2005;
Sperotto et al., 2012; Wairich et al., 2021), and causes oxidative stress,
mainly due to reactive oxygen species (ROS) formation since Fe
participates in Fenton chemistry, which leads to overproduction of
ROS, particularly hydroxyl radical «OH (Becana et al., 1998).

Rice is one of the most important cultivated cereals in the world,
and it is widely cultivated in lowland, flooded areas, which can lead
to Fe excess. Fe toxicity is one of the most serious abiotic stresses in
wetland cultivation conditions in Asia, Africa, and South America
(Audebert and Sahrawat, 2000) and can reduce yield from 12% to
100% depending on the Fe toxicity intensity and cultivar tolerance
(Sahrawat, 2004). Fe also precipitates in the root apoplast, forming a
typical orange/brown Fe plaque, which can decrease uptake or other
essential nutrients, further hampering plant growth and
development (Sahrawat, 2004). Therefore, rice plants need to
tightly control Fe uptake and concentration to avoid excess while
providing sufficient Fe for normal physiological functions.

Generally, it is proposed that Fe toxicity tolerance can be achieved
by (Defense I) Fe exclusion by roots, which involves Fe exclusion from
entering root cells by the formation of the Fe plaque in the apoplast,
consisting mostly of precipitated Fe (Deng et al,, 2010), (Defense II)
Fe retention in roots, and suppression of Fe translocation to shoots by
manipulating root apoplastic barriers such as lignification (Stein et al.,
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2019), or by restricting root-to-shoot Fe movement (Wairich et al.,
2021); (Defense IIT) Fe compartmentalization in shoots, based on the
Fe compartmentalization in organelles such as the vacuoles or Fe
storing proteins such as ferritins (Stein et al.,, 2009); or (Defense IV)
detoxification of ROS, which rely on increasing protection against the
deleterious effects of Fe overload, such as accumulation of
antioxidants (Wu et al., 2014; Wu et al,, 2017). In addition to the
proposed mechanisms and the eventual identification of genotypes
that tolerate Fe overload based on them, the key genes involved in
such mechanisms are poorly characterized. Here, we summarize the
current knowledge on how rice plants respond to Fe excess and which
genes have their function related to Fe excess tolerance.

2 Fe dynamics in soil and rhizosphere

Fe solubility is a critical factor, often even more than Fe content in
the soils. Also, water condition (soil redox state) significantly affects the
Fe solubility in the soil. Since rice is commonly grown under flooded
conditions, rice plants are easily exposed to Fe toxicity. Soils with good
aeration typically contain elevated levels of ferric iron (Fe**), which has
limited solubility. However, waterlogging creates an oxygen-deprived
environment that converts Fe** to the more soluble ferrous iron (Fe*"),
leading to high solubilities of Fe in the soil solution and higher uptake
by rice roots (Becker and Asch, 2005). Soluble Fe concentrations are
approximately 50-100 ppm in flooded soil but approximately 0.1 ppm
in non-flooded soil (Ponnamperuma, 1978). Waterlogged soils,
particularly on a range of soil types including fluvisols, gleysols,
podzols, acrisols, and ferralsols, may lead to Fe toxicity (Cherif et al,
2009; Yang et al., 2018). Poor drainage or poor water management
leads to the deterioration of soil properties and promotes Fe**
increased concentration in the soil solution; thereby, Fe?t is readily
absorbed by plants, causing Fe toxicity (Audebert and Fofana, 2009).

The soil pH greatly influences Fe solubility in soil solution. Plant Fe
deficiency occurs due to low Fe availability in aerobic soils particularly
in high pH and/or calcareous soils since the increase of the pH by one
unit decreases by 1,000-fold the availability of Fe due to the formation
of insoluble Fe(II)-hydroxide. In contrast, plant Fe toxicity mainly
occurs because of high Fe availability in anaerobic soils and high Fe
soluble in low pH acidic soils (Figure 1). In such types of soils, an
increase in H' concentrations in soil solution leads to a decrease in
cation exchange capacity (CEC). In addition to naturally acidic soils,
intensive farming and overuse of nitrogen (N) fertilizer and industrial
activities contribute to soil acidification. Low pH elevates the solubility
of heavy metal elements, such as Fe, copper (Cu), manganese (Mn),
zinc (Zn), and aluminum (Al) (Bian et al., 2013), and decreases the
plants’ absorption of other minerals such as phosphorus (P),
magnesium (Mg), and calcium (Ca) due to competition of excessive
H" ions in low pH (Poschenrieder et al,, 1995).

3 Morpho-physiological effects of Fe
toxicity on plant growth

Fe toxicity disrupts several morpho-physiological processes.
Symptoms of Fe excess toxicity are identifiable in both roots and
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Effects of Fe toxicity on rice plants in flooded low pH soils and possible defense mechanisms of rice against excess Fe. In flooded soils with
anaerobic and low pH conditions, ferric ion (Fe**) is reduced to the more soluble ferrous ion (Fe?*), followed by loss of rice yield. Fe**, sparingly
soluble ferric ion; Fe2*, soluble ferrous ion; ROS, reactive oxygen species; red arrows, Fe uptake and transport by rice; DC, discrimination center.

This figure is modified from Aung and Masuda (2020).

leaves. The initial visual symptom of plant growth under Fe excess is
the reduction or stunting in root growth. Treatments with different
levels of Fe excess [x10, x20, x30, x50, x70, x100, and x150 of Fe
excess compared to x1 of Fe (35.7uM)] under acid pH (4.0) during
rice seedling stages revealed that root growth inhibition was strongly
associated with the severity of Fe excess toxicity (Aung et al., 2018b).
Root tips contact external Fe, which impairs primary root growth by
decreasing cell division and elongation as well as the growth of lateral
roots (Zhang et al., 2012a; Li et al., 2015). Moreover, the higher the Fe
excess levels, the lower the other nutrients in roots, including Zn, Cu,
Mn, and Ca (Aung et al., 2018b). The symptom occurrences on old
leaves are more severe at higher Fe concentrations, and when Fe
excess reaches x100 or x150 the concentration of the control
condition, even new leaves are strongly affected by Fe toxicity
(Aung et al,, 2018b). Excess Fe also limits roots’ ability to scavenge
for nutrients, causing a poorly developed root system, secondary
nutrient deficiencies in plants, Fe overload in shoots and significant
reduction in leaf development, and lowered grain yields.

Massive amounts of Fe are transported from roots to shoots via
the xylem by transpiration stream, causing cellular Fe overload and
damage in plant aerial tissues (Briat and Lobreaux, 1997). Reddish
brown spots or bronzing on leaves are visible symptoms of Fe excess
in plants. The bronzing symptom on leaves is due to the
accumulation of oxidized polyphenols (Peng and Yamauchi, 1993).
Leaf bronzing is strongly related to yield loss. Leaf bronzing
symptoms are visually determined on a scale of 10 levels, ranging
from 0 (no symptoms) to 10 (complete damage with leaves dead)
(IRRI, 1996). A study correlating yield data and leaf bronzing
symptom formation showed that a unit increase in bronzing score
symptoms resulted in approximately 400 kg/ha yield loss (Audebert
and Fofana, 2009). Although root growth has stopped, the shoot still
can grow under Fe excess and maintain other minerals such as Zn,
Cu, and Ca in leaves similar to control plants (Aung et al., 2018b).
Interestingly, the greater the Fe excess, the more Fe was translocated
preferentially to the old or mature leaves compared to young leaves
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(Aung et al., 2018b), suggesting a mechanism to partition excess Fe
to the mature leaves to avoid damage to new leaves.

Fe can exist in cells as Fe** and Fe** ions. Recently, a regulated
cell death named ferroptosis was identified in mammals and later
shown to occur in plants (Distefano et al., 2017; Dangol et al., 2019).
Ferroptosis is an Fe-dependent regulated cell death: Fe causes ROS
accumulation, which leads to peroxidation of membrane-localized
phospholipid containing polyunsaturated fatty acids and glutathione
and ascorbic acid depletion (Distefano et al., 2017). Interestingly,
ferroptosis was linked to heat stress in Arabidopsis thaliana
(Distefano et al, 2017) and to hypersensitive response upon
Magnaporthe oryzae infection in rice (Dangol et al., 2019). Another
report suggested that Fe supplementation increases ferroptotic cell
death when plants are infected with a virulent tobacco mosaic virus
(Macharia et al., 2020). However, it is not known whether ferroptosis
is involved in Fe excess-caused morphological and anatomical
changes in rice plants and whether proteins involved in ferroptotic
cell death may regulate tolerance to excessive Fe.

4 Plant defense mechanisms to Fe
excess toxicity

In general, rice plants employ four defense mechanisms: Defense
I (Fe exclusion by roots), Defense II (Fe retention in roots and
suppression of Fe translocation to shoots), Defense III (Fe
compartmentalization in shoots), and Defense IV (detoxification of
ROS) (Aung and Masuda, 2020, Aung and Masuda, 2023). We have
proposed the model shown in Figure 1.

4.1 Defense I: Fe exclusion by roots

When Fe excess occurs, rice plants apply Defense I mechanism
where the root system prevents excessive Fe uptake. Fe excess-
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tolerant rice genotypes that use these mechanisms possess high Fe
exclusion ability by roots. These genotypes employ the oxygen
release or enzymatic oxidation for the oxidization and precipitation
of Fe’* to Fe’*, on the root surface, and avoid excess Fe** from
uptake into rice shoots. The precipitation of Fe on the root surface
forms the Fe plaque, which acts as a physical barrier to further
uptake of Fe*" ions into root tissues (Becker and Asch, 2005).
Mahender et al. (2019) reported that tolerant genotypes with
extensive Fe plaque have high Fe exclusion ability. In addition,
high root oxidation in Fe-exclusion genotypes had wider pith cavity
diameters in shoots, increased root aerenchyma volume, and greater
numbers of lateral roots, all favoring internal oxygen movement
(Wu et al, 2014). Furthermore, silicon application has a dual
benefit: directly reducing Fe uptake in rice (Ma and Takahashi,
1990) and strengthening Casparian bands in the root endodermis,
which acts as a diffusion barrier to prevent excessive Fe uptake
(Hinrichs et al., 2017; Becker et al., 2020), therefore alleviating Fe
excess toxicity. Moreover, high lignification in the roots can
enhance Fe overload tolerance, as increased lignification was
found in the cortex and the vascular bundle of one tolerant
genotype in comparison to a susceptible genotype (Stein et al,
2019). Therefore, Fe exclusion can be based on changing Fe access
to root symplast entry points. However, the molecular regulators of
such mechanisms are not known.

4.2 Defense Il: Fe retention in roots and
suppression of Fe translocation to shoots

Though under Fe excess conditions, plants need to absorb other
essential metals such as Zn, Cu, and Mn. Therefore, the metal
transporters in roots take up Fe while absorbing other essential
metals (Aung and Masuda, 2020). Thus, Defense I Fe exclusion may
be insufficient (Aung and Masuda, 2020). In such conditions, plants
may employ Defense II, retaining excess Fe in roots and preventing
its translocation to shoots (Tadano, 1975), thereby limiting Fe
accumulation in leaves (Becker and Asch, 2005; Silveira et al,
2007). When the tolerant genotype EPAGRI 108 was grown in
the field with Fe toxicity (pH ranging from 4.8 to 5.2 and Fe
concentration in the soil solution reaching 284 mg/L), a higher Fe
concentration was observed in root symplast cells (7 mg/g dry
weight) than that of the sensitive genotype BR IRGA 409 (1.93 mg/g
dry weight) (Stein et al., 2014). They reported that approximately
94% of the Fe was allocated in root apoplasts and the lower Fe
concentration in the leaves of the tolerant genotypes, showing the
inhibition of root-to-shoot Fe translocation and the employment of
Defense I mechanisms. Moreover, protecting new leaves from Fe
overload is important for the survival of the plants. The region
named discrimination center (DC) located at the basal part of the
shoot of graminaceous plants is where metals absorbed by roots
primarily accumulate and is an important tissue regulating Fe
partitioning to the aerial parts of plants that may also act as a
barrier for root-to-shoot transport of excessive Fe (Aung and
Masuda, 2020).

Frontiers in Plant Science

10.3389/fpls.2024.1381856

4.3 Defense lll: Fe compartmentalization
in shoots

When the Defense II mechanism is inadequate to sequester
excess Fe in root tissues, plants may transport Fe from roots to
shoots (Aung and Masuda, 2020). When Fe over-accumulates in
shoots, plants employ Defense III, which consists of chelation,
isolation, or sequestration of excess Fe to mature leaves or other
less photosynthetically relevant tissues to store Fe in a safe form.
Better shoot growth and a higher shoot Fe concentration were
found in some tolerant rice genotypes (Onaga et al, 2013). For
example, rice genotypes, namely, Siam Saba, Mahsuri, Margasari,
and Pokkalli, have shown lower leaf bronzing, higher grain yields,
and higher shoot Fe concentrations, representing shoot-based
tolerance (Nugraha et al, 2016). When plants were grown in
hydroponic culture, shoot Fe concentrations proportionately
increased with an increase in Fe excess levels in culture (Aung
et al., 2018b). However, a ninefold increase in root Fe
concentrations was observed under 20 times Fe excess treatment;
thereafter, root Fe concentrations became constant throughout in
higher Fe treatment levels. Therefore, the capacity to retain excess
Fe in root tissues is often limited in rice plants. Once Fe levels are
enhanced and cannot be avoided by Defense II, plants translocate
excess Fe from roots to shoots. Old or mature leaves usually show
bronzing symptoms earlier than new leaves, demonstrating earlier
and greater Fe translocation to old leaves in association with Fe
overload levels in plants. Thus, through the regulation function of
the DC, Fe is preferentially transported and allocated to old leaves
rather than new leaves, avoiding Fe excess damage in new leaves
(Aung et al., 2018b; Aung and Masuda, 2023).

4.4 Defense IV: detoxification of ROS

In plants, abiotic stresses like salinity and Fe toxicity often
produce ROS including O, ", OH", and H,0, (Galaris et al., 2019).
In plant tissues, Fe*" ions exist in a highly soluble and reactive form.
Fe excess may prevent free divalent Fe from being sequestered
safely, causing excessive Fe accumulation in the cytosol and toxic
reactions such as the Fenton reaction (Aung and Masuda, 2020).
The Fenton reaction induces ROS overproduction particularly the
cytotoxic hydroxyl radical (¢OH) (Becana et al., 1998; Thongbai and
Goodman, 2000). The ROS production in plants leads to oxidative
damage to plant membranes (Miller et al., 2008) and subsequent
programmed cell death (de Pinto et al, 2012). In particular, Fe
overload in chloroplasts causes ROS-driven oxidative damage (Balk
and Schaedler, 2014). Cellular oxidative damage caused by Fe excess
leads to several changes in morpho-physiological and yield traits of
rice (Hell and Stephan, 2003; Sikirou et al., 2015).

However, plants employ a defense mechanism categorized as
Defense IV, detoxification of ROS. Plants usually cope with
oxidative stress caused by any abiotic stress/ROS damage by a
unique antioxidative defense system that includes various
antioxidant enzymes like superoxide dismutase (SOD), catalase
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(CAT), peroxidase (POD) (Bode et al., 1995; Fang and Kao, 2000),
and also non-enzymatic antioxidants like ascorbate and glutathione
(Fang et al, 2001; Gallie, 2013). In addition, comprehensive
microarray analyses of the rice grown with different Fe excess
intensities revealed that the genes contribute to Defense IV work
at the molecular level in severe Fe excess conditions, which causes a
significant reduction in plant growth (Aung et al., 2018b). For
example, superoxide dismutase (Os08g0561700) was induced two
to three times in Fe excess newest leaves; peroxidase
(0s07g0531400) was induced 30-100 times in Fe excess roots;
haem peroxidase family protein (Os01g0327100) induced 20-150
times in Fe excess newest and old leaves (Aung et al., 2018b). Thus,
these genes involved in ROS metabolism may play an important
role in Fe excess defense. Furthermore, plants also induce the
expression of genes related to oxidative stress, oxygen, and
electron transfer and those encoding cytochrome P450 family
proteins in response to severe Fe excess (Quinet et al., 2012;
Aung et al,, 2018b). Moreover, transcription factors that are
related to cell death and stress responses (OsNAC4, OsNAC5, and
OsNAC6) were also highly induced in response to Fe excess (Finatto
et al,, 2015; Aung et al,, 2018b). These ROS-related genes may be
critical to mitigate Fe excess stress and tolerant mechanisms
in plants.

5 Possible approaches to overcome
iron excess toxicity

Some agronomic practices to cope with Fe toxicity have been
reported. Lime addition to soil has been the most common practice
for increasing soil pH for several years. The lime application
increases root cell growth, lowers absorption of Fe, and enhances
the protective ability of the cells (Bian et al, 2013). Silicon
application has also been reported to alleviate Fe toxicity (Ma and
Takahashi, 1990). Magnesium application was recently shown to
reduce Fe toxicity (Rajonandraina et al., 2023). Application of
sodium bentonite (NaB) improved highly acid sulfate soils from
low pH (~3.5) to normal pH (~6.5), reducing aluminum and Fe
toxicity in soils. The extractable Fe concentration was remarkably
reduced in the plots after applications of NaB by enhancing higher
pH conditions (Tawornpruek et al., 2023). Moreover, field drainage
practices may mitigate Fe toxicity. Two cycles of water suppression
or drainage in the field result in higher grain yields in both sensitive
and resistant rice cultivars than continuous irrigated control field
(de Campos Carmona et al., 2021).

Fe excess problem occurs because low pH soil causes Fe** ions
to be readily solubilized. Lime application is one of the efficient
agricultural methods to increase soil pH. However, a large amount
of lime is required, and it needs to be applied almost every year to
maintain soil pH at a low level. Thus, this practice may be difficult
for farmers. Once Fe excess-tolerant rice varieties are produced by
breeding, it would be cost-efficient and sustainable to overcome the
Fe excess problem in rice cultivation. Although there are also several
other approaches, they are costly and ecologically unsound.
Furthermore, Fe uptake, Fe translocation, and Fe allocation must
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be strictly regulated in plants (Kobayashi and Nishizawa, 2012).
Plants vary significantly in Fe excess tolerance (Nugraha et al., 2016;
Sikirou et al.,, 2016; Kar et al,, 2021). This diversity or variation in
acid soil tolerance makes it possible to breed tolerant cultivars. The
success of breeding programs depends on an understanding of the
physiology, genetics, and gene regulation mechanism of Fe toxicity
tolerance. There were works that screened Fe excess-tolerant
varieties or produced Fe excess tolerance by breeding approaches
(Sikirou et al., 2016; Kar et al., 2021). Therefore, breeding and use of
tolerant rice cultivars are a possible alternative and the most
efficient way for rice production on Fe-toxic soils.

6 Transcriptional responses of rice
plants exposed to iron excess

Several studies have analyzed transcriptional responses in root
and/or shoots to Fe excess using different Fe sources, Fe
concentrations, treatment duration, and analysis methods. We
summarize these studies in Table 1 to facilitate comparisons
between studies. Despite the large differences in experimental
design, some commonalities were observed (Table 1). For
example, FeSO, is the main source of Fe used for Fe excess
treatments, with FeCl, and Fe-EDTA as other sources used.
There are studies covering a wide range of concentrations and
treatment times, and the threshold toxic concentration is likely to
vary depending on the experimental system, but concentrations
above 4.47 mM are used in shorter treatments (up to 7 days), while
lower concentrations such as 2.5 mM allow longer treatments (14
days; Table 1).

We also provide a list of Fe excess-regulated genes in these studies,
which can be used as markers for the breeding of Fe excess-tolerant rice
(Table 2). As expected, genes encoding proteins involved in Fe uptake
and/or induced by Fe deficiency were downregulated in roots. These
include the genes encoding enzymes from the PS synthesis pathway,
such as OsDMASI (deoxymugineic acid synthase), OsNAATI
(nicotianamine aminotransferase 1), OsSAMSI (S-adenosyl-L-
methionine synthetase 1), and NAS (nicotianamine synthase) genes;
the PS efflux transporter OsTOM1/OsZIFL4 (Transporter of Mugineic
acid family/ZINC INDUCED FACILITATOR-like 4) (Nozoye et al.,
2011; Ricachenevsky et al, 2011); the Fe(III)-PS complex uptake
transporter OsYSLI5 (YELLOW STRIPE-LIKE 15) (Inoue et al,
2009; Lee et al, 2009), Fe(Il) NA transporter OsYSL2 (YELLOW
STRIPE-LIKE 2) (Koike et al., 2004), and OsYSLI6 (YELLOW
STRIPE-LIKE 16), which play a role in the allocation of Fe(IIl)-
DMA via the vascular bundles (Kakei et al., 2012). Given that PS is
synthesized, effluxed, and acquired by rice roots under Fe deficiency, it
is clear that the chelation strategy is shut down upon Fe excess.
Conversely, OsFERI (Ferritin 1) and OsFER2 (Ferritin 2) genes,
encoding the two ferritin proteins in the rice genome, suggested to
buffer rice plants against Fe overload (Stein et al, 2009), and the
vacuolar Fe transporter 2 (OsVIT2) (Zhang et al., 2012b; Bashir et al,
2013; Che et al,, 2021), which may protect cells against excessive Fe
accumulation by vacuolar Fe detoxification (although its clear
demonstration is still lacking—see section “Genes encoding proteins
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TABLE 1 Comparison of different transcriptomic studies of Fe excess responses in rice (Oryza sativa L.).

Fe source

FeSO,

FeSO4

FeSO,

FeSO,4

FeSO,4

FeCl,

Fe2+b

Concentration®

(2.24 mM) 125 mg/L

(4.47 mM) 250 mg/L

(8.95 mM) 500 mg/L

15 mM

(17.9 mM) 1,000 mg/L

0.36, 0.71, 1.79, 2.50 mM

(6.98 mM) 390 mg/L

Duration of stress

3 days, 3 weeks

7 days

3 days

2 days

4 days

14 days

18 days

Genotype

O. sativa, cv. T Kong
Pao’ (IKP)—tolerant to
Fe toxicity

O. sativa, cv. Curinga
Oryza meridionalis
Introgression line (O.
sativa x O. meridionalis)

O. sativa, cv. BR-IRGA
409 (sensitive)

O. sativa, EPAGRI

108 (tolerant)

O. sativa Lachit (tolerant)
O. sativa
Hacha (sensitive)

O. sativa, cv. IR29
(sensitive)

O. sativa,

FL483 (tolerant)

O. sativa
cv Tsukinohikari

O. sativa, cv.

Tissue

Shoot, root

Shoot

Root

Shoot, root

Shoot

Root, DC, stems, old and
new leaves

Shoot

10.3389/fpls.2024.1381856

References

(Quinet et al., 2012)

(Wairich et al., 2021)

(Stein et al., 2019)

(Kar et al., 2021)

(Wu et al,, 2017)

(Aung et al., 2018b)

(Finatto et al., 2015)

Nipponbare (sensitive)

Fe-EDTA 2.5 mM 3 days and 2 weeks

Fe-EDTA 0.5 mM* 1 week

Tolerant or sensitive means tolerant or sensitive to Fe toxicity.

DG, discrimination center.

*Concentrations are given as reported by authors and converted to molarity for comparison.
PFe source for Fe excess treatments not provided.

O. sativa ssp. aromatic Shoot, root

Keteki Joha

(Regon et al., 2022)

O. sativa, cv. Nipponbare = Shoot, root (Bashir et al., 2014)

(sensitive to Fe toxicity)

“Fe excess at this concentration is typically not toxic to rice. We kept the paper in order to be comprehensive.

involved in Fe excess response in rice”) were upregulated in both roots
and shoots (Quinet et al., 2012; Bashir et al., 2013, Bashir et al., 2014;
Finatto et al., 2015; Aung et al., 2018b; Kar et al., 2021; Wairich et al.,
2021). Genes characterizing an inclusion strategy such as OsVIT2 and
ferritin may play an important role in the detoxification of excess Fe in
shoot tissues (Aung et al, 2018b). Taken together, these can be
considered consistent markers for Fe excess in roots and shoots
(Table 2). A few studies focused on identifying genes up- and
downregulated by Fe excess, whereas others focused on comparing
genotypes that contrast in tolerance/sensitivity. One early work showed
that Fe excess induces very different transcriptomic responses when
early (3 days) and late (3 weeks) stresses are compared, with early stress
changing the expression of a larger gene subset (Quinet et al,, 2012).
Another one compared Fe excess and deficiency transcriptomic
responses in both roots and shoots (Bashir et al., 2014), showing that
few genes are oppositely regulated, while most of the responses seem
unrelated. An analysis of Fe excess transcriptional responses in leaves
suggested that long-term repeat retrotransposons play an important
role in transcription response to Fe toxicity stress (Finatto et al,, 2015).
A more recent one analyzed Fe excess responses in an aromatic variety,
proposing that ROS homeostasis is an essential defense mechanism
under severe Fe** toxicity (Regon et al., 2022).
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Employing physiological and transcriptomic analysis to evaluate
the response to five different levels of Fe excess in roots, DC, stems, old
leaves, and new leaves, Aung et al. (2018b) identified that higher levels
of Fe in the solution lead to higher accumulation of Fe in old leaves, a
possible mechanism employed to avoid the damage caused by Fe
toxicity to the new leaves. The authors proposed three zones of Fe
excess levels: 1) the non-affected zone, 2) the affected zone, and 3) the
dead zone. Considering each zone, the study showed that an exclusion
strategy was observed for root tissue (Defense I) based on the
suppression of genes involved in Fe uptake and transport. In the
affected zone, a major change in the expression level of genes involved
with the avoidance of ROS was observed. The authors suggested that
plants may employ similar mechanisms in the non-affected and
affected zones when considering the new leaves and roots; however,
in old leaves, DC, and stem tissues, possibly a different mechanism is
employed (Aung et al., 2018b).

Another set of studies explored transcriptional differences
between genotypes with contrasting Fe tolerance in order to
identify mechanisms and genes associated with higher capacity to
withstand Fe excess (Table 1). In a pioneering study, two genotypes
were physiologically and molecularly characterized with that intent
(Wu et al., 2017). The authors hypothesized whether tolerance
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TABLE 2 Comparison of up- and downregulated marker genes across transcriptomic studies of Fe excess responses in rice (Oryza sativa L.).

Gene

Regulation

10.3389/fpls.2024.1381856

OsNAATI Downregulated Root Shoot ! Shoot for O. Root for Shoot * Root (all Fe levels Root
0s02g0306401 sativa and BR 409 tested)
Oryza DC (0.36, 0.71 mM)
meridionalis Stem (2.50 mM) '°
4
OsNASI Downregulated Root Root Root for Root/ Root, DC (all Fe levels) | Root,
0s03g0307300 BR 409 shoot Stem (2.50 mM) shoot
OsNAS2 Downregulated | Root Root Shoot for O. Root for Root/ Root, DC (all Fe levels) = Root,
0s03g0307200 meridionalis BR 409 shoot Newest leaf (2.50 mM) | shoot
4 Old leaf (2.50 mM)'° (except
14 for
shoots
of
Lachit)
OsDMAS1 Downregulated Root Root Root (all Fe levels) Root
0503g0237100 Stem (2.50 mM) '°
OsYSL2 Downregulated Root Shoot for O. Root for Shoot Root, DC (except DC Root,
050280649900 sativa and O. = BR 409 1.79 mM) shoot
meridionalis Old leaf (all Fe levels,
s except 0.36 mM)
OsYSL15 Downregulated | Root Root Root for Root (all Fe levels) Root,
050280650300 BR 409 DC (0.71 mM) shoot
OsYSL16 Downregulated | Root Shoot for O. Root for Shoot Root (2.50 mM) Root
05040542800 sativa * BR 409 Stem (0.36 mM)
OsIRT1 Downregulated Root Root for = Root Root, DC (all Fe levels) = Root,
0s03g0667500 BR 409 Stem (1.79 mM)*® shoot
Root for Old leaf (0.36, (except
EPAGRI 0.71 mM)"° shoot
108 7 of
Lachit)
OsIRT2 Downregulated Root Root/ Root (all Fe levels) Root,
0s03g0667300 shoot Stem (0.71, 1.79 mM) Shoot
DC (0.71 mM)*° of
Hacha
OsNRAMP1 Downregulated | Root Root Shoot for Root for Root/ Root (all Fe levels) Root,
0s07g0258400 O. sativa BR 409 shoot Stem (0.36, 1.79 mM) Shoot
DC (0.36 mM)
Old leaf (0.71, 1.79,
2.50 mM)"°
OsTOM1 Downregulated Root Root for Root Root (all Fe levels) Root
Os11g0134900 BR 409 DC (0.71 mM)
OsIRO2 Downregulated Root Shoot for Root/ Root (all Fe levels) Root,
0s01g0952800 all genotypes shoot DC (0.36, 0.71, 2.50 shoot
mM)
Old leaf (1.79 mM),
Newest leaf (0.36,
0.71 mM)
OsIRO3 Downregulated Shoot Shoot for Root for Root (all Fe levels) Root,
05030379300 0. BR 409 Shoot
meridionalis
OsMIR Downregulated Root Root for Root/
0s12g0282000 BR 409 shoot
OsFRO2 Downregulated Shoot Shoot" Shoot for O. Shoot DC and Stem Shoot
0s04g0578600 sativa and
(Continued)
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TABLE 2 Continued

Regulation

10.3389/fpls.2024.1381856

O.
meridionalis
OsHRZ2 Downregulated Shoot Shoot
0s05g0551000 of
Hacha
OsNAS3 Upregulated Root for  Root/ Root (1.79 and 2.50 Root/2
BR 409 shoots ' mM), DC (0.71 mM), days
old leaf (0.36, 0.71, Shoots
1.79, 2.50 mM), newest = (Hacha)
leaf (1.79, 2.50 mM) B
OsSAMSI Upregulated Shoot Shoot
0s05g0135700 of Lachit
OsNRAMP5 Upregulated Root Shoot for O. Root?/ DC (2.50 mM)"! Root,
0s07g0257200 sativa and O. shoot? Old leaf (1.79, shoot *
meridionalis 2.50 mM)'! (except
© shoot
of
Lachit)
OsVIT2 Upregulated Shoot Shoot for Root for Root, DC, stems, old & | Root,
0s09g0396900 O. sativa BR 409 new leaves (all Shoot
Fe levels)
Vacuolar iron | Upregulated Shoot Shoot Shoot Shoot for O. Root Shoot Root
transporter and Root sativa and (BR 409) and
homolog introgression = Root for Shoot
2 line EPAGRI
050480538400 108 ®
OsFERI Upregulated Root Shoot for O. Root for = Root/ Root, old & new leaves = Root,
Os11g0106700 sativa and BR 409 shoot (all Fe levels) Shoot
introgression DC (0.32, 1.79, 2.50
line mM)
Stem (2.50 mM)
OsFER2 Upregulated Root Shoot for O. Root for  Root/ Shoot Root, old & new leaves = Root,
0s12g0106000 sativa and BR 409 shoot (all Fe levels) Shoot
introgression DC (0.32, 1.79, 2.50
line mM)
Stem (2.50 mM)

! Finatto et al. (2015) identified these genes as upregulated.

2 Regon et al. (2022) identified these genes as downregulated.
? Regon et al. (2022) identified these genes as upregulated.

* Wairich et al. (2021) identified these genes as upregulated.
® For O. meridionalis, the gene was upregulated.

© For O. sativa and O. meridionalis, the gene was downregulated.
7 For O. sativa cv EPAGRI 108, the gene was upregulated.

8 For O. sativa cv EPAGRI 108, the gene was downregulated.
° The gene was downregulated.

1% The gene was upregulated.

! The gene was downregulated.

'2 This gene was found as upregulated in roots but downregulated in shoots by Regon et al. (2022).

'3 This gene was found as down in these tissues/genotypes by Kar et al. (2021).

could be derived from 1) Fe uptake and storage, 2) antioxidant
biosynthesis to scavenge ROS, and 3) increased enzymatic activity
to counteract ROS and antioxidant turnover. Using transcriptional
differences when comparing the two genotypes in both roots and
shoots, authors found a shoot-based mechanism associated with the
third hypothesis: Fe sensitivity was caused by in planta reduced
ascorbate pro-oxidant activity together with Fe excess. In agreement
with that, the tolerant genotype showed increased ascorbate oxidase
and lower dehydroascorbate reductase activities. Interestingly, there
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was no difference in Fe accumulation in shoot tissues, showing that
controlling Fe uptake and root-to-shoot translocation is not
important for tolerance for this particular genotype. The
work established an ascorbate redox state as a shoot-based Fe
tolerance mechanism (Wu et al., 2017). This is an example of a
Defense IV type.

In contrast, another genotype comparison showed that Fe
exclusion can also lead to tolerance. Comparing Fe-sensitive and
Fe-tolerant genotypes that were typically cultivated in southern
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Brazil, authors observed very distinct transcriptional responses to
Fe excess in roots (Stein et al., 2019). While the sensitive genotype
responded as expected, decreasing the expression of Fe uptake
genes, the tolerant one upregulated cell wall biosynthesis and
lignification genes. Interestingly, the tolerant genotype was able to
avoid Fe accumulation in both roots and shoots, suggesting that cell
wall modifications upon Fe excess can decrease Fe uptake. Such Fe
exclusion mechanisms were further supported by a clear increase in
ectopic root lignin deposition close to exodermis and endodermis,
which could restrict Fe radial transport, as observed in A. thaliana
(Reyt et al., 2021). Therefore, this work suggested that Fe exclusion
by cell wall modifications could be a mechanism for Fe tolerance
(Stein et al., 2019).

Analysis of 16 lowland rice varieties found two clearly
contrasting cultivars of Fe excess tolerance, Lachit (Fe-tolerant
cultivar) and Hacha (Fe-sensitive cultivar) (Kar et al., 2021).
Lachit accumulated less Fe in leaves compared to Hacha, pointing
to a shoot exclusion mechanism. Hacha showed higher Fe
accumulation in shoots, leading to increased lipid peroxidation
and leaf rolling. Transcriptomic analyses suggested that the
sensitive genotype undergoes larger ferroptosis, while it also had
more Gene Ontology terms associated with oxidative stress. The Fe-
tolerant genotype (Lachit) also showed higher gene expression of
OsFER2, OsNodulin-like2, and OsNRAMP4 and lower expression of
OsNRAMPI, OsNAATI1, OsHMA2, OsHMAY, and OsTOM?2, as well
as OsYSL2 and its regulator OsIDEF2, compared to the Fe-sensitive
one (Hacha) (Kar et al,, 2021). Altogether, the results suggest that
the tolerance genotype is likely to reduce Fe uptake as well as restrict
Fe root-to-shoot translocation (Kar et al., 2021).

7 Iron excess tolerance in rice
wild relatives

Asian rice Oryza sativa L., which was domesticated from Oryza
rufipogon and Oryza nivara, is the most consumed rice species
(Huang et al., 2012; Stein et al, 2018). The African rice Oryza
glaberrima was independently domesticated from another wild
progenitor, Oryza barthii (Wang et al., 2014), and is a staple food
in West Africa. In addition to these two cultivated species, the Oryza
genus has another 22 species, which altogether are excellent sources
for gene and allele discovery and can contribute with a variety of
traits to improve domesticated rice (Ricachenevsky and Sperotto,
2016; Menguer et al., 2017; Bierschenk et al., 2020; de Oliveira et al.,
2020; Wairich et al., 2021). The evolutionary history of the Oryza
genus spans approximately 15 million years, a period that has
allowed for diversity among species (Vaughan et al., 2003; Menguer
etal, 2017). A total of 11 different genome types occur in this genus,
with a variation of up to 3.6 times in size (Jacquemin et al., 2013;
Menguer et al, 2017; Stein et al,, 2018). The genomic types
are diploid n =12 (AA, BB, CC, EE, FF, and GG) and
allotetraploid n = 24 (BBCC, CCDD, KKLL, HHJJ, and HHKK)
(Chen et al., 2019).

Although some successful cases of introgression have already
been reported (Menguer et al., 2017), the potential use of such wild
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relatives is still untapped. To overcome limitations, several species
from the Oryza genus, particularly the ones from the O. sativa
complex (i.e., diploid, closely related to O. sativa and having an AA
genome) already have reference genomes sequenced, and resources
such as introgression lines, and seed banks for trait and gene
discovery, are available (Arbelacz et al, 2015; Menguer et al,
2017; Stein et al., 2018; Wairich et al., 2021; Zhang et al., 2022).

In the first effort to identify Fe tolerance trait among Oryza
genus species, 75 accessions from 21 species were screened,
including 58 wild relatives and 16 domesticated species
(Bierschenk et al., 2020). The authors tested both acute and
chronic Fe excess stress. In acute stress, Oryza wild accessions
were both among the most sensitive and the most tolerant, with two
genotypes from Oryza meridionalis ranking among the most
tolerant to Fe excess. In chronic stress, O. sativa genotypes were
the most tolerant, although the two O. meridionalis were also
tolerant. Still, O. sativa genotypes were also among the most
tolerant genotypes in both treatments, indicating that wide
variation in Fe tolerance is found in both domesticated and wild
species. As authors found differences in Fe accumulation, the work
also suggested that in wild species, distinct mechanisms may be
found (Bierschenk et al., 2020). Importantly, O. meridionalis was
suggested as a possible donor of tolerance traits.

Interestingly, analyses of introgression lines of O. meridionalis
into O. sativa (Arbelaez et al., 2015) resulted in the identification of
one introgression line with shoot-based tolerance (Wairich et al.,
2021). O. meridionalis is endemic to Northern Australia, growing in
temporary lagoons and swamps with Fe-rich soils (Cogle et al,
2011), and is part of the AA genome Oryza complex. O.
meridionalis was shown to accumulate similar Fe concentrations
in roots but lower concentrations in aerial tissues, suggesting that it
excludes Fe from shoots but retains it in roots (Defense II) (Wairich
et al,, 2021). Interestingly, the most Fe-tolerant introgression line
showed a distinct mechanism, with a shoot-based mechanism in
which plants were able to sequester Fe in the leaf sheath while
avoiding Fe accumulation in the photosynthetically most active
tissue, the leaf blade. Transcriptional analyses suggested several
candidate genes that are located in the introgression region,
although no clear candidate gene was found yet (Wairich et al,
2021). Still, the work showed that exploring rice wild relatives using
introgression lines may result in new mechanisms for Fe toxicity
tolerance. The identification of the mechanism of Fe tolerance in an
introgression line genotype resulting from a cross between one Fe-
sensitive species and a Defense II species demonstrates that O.
meridionalis may have other mechanisms for Fe excess tolerance
that are not observed when Fe exclusion from shoots is employed.

8 Genes encoding proteins involved in
Fe excess response in rice

In comparison to Fe deficiency response, Fe excess response in
rice is less well understood mechanistically. Few characterized genes
were linked to Fe overload responses, which may be derived from
the fact that Fe excess is a particular problem for rice that is not
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shared with A. thaliana and other model species. Grass species such
as Paspalum urvillei, Setaria parviflora, and Imperata cylindrica
show tolerance to Fe excess and may even hyperaccumulate it
(Fuente et al., 2016; de Oliveira et al.,, 2020). Still, work on rice is
uncovering how this crop can respond to Fe overload and which
genes are important in dealing with Fe stress.

Ferritins are proteins that form nanocages made of 24 subunits
and store several Fe atoms in the central cavity (Briat et al., 2010).
However, these proteins are also associated with processes related to
plant development and resistance to damage due to oxidative stress.
In some species, ferritin genes are associated with higher tolerance
to biotic (Deak et al., 1999; Garcia-Mata et al., 2001; Dellagi et al.,
2005; Nguyen et al., 2022) and abiotic stresses, such as drought and
salinity (Zhang et al., 2023). In A. thaliana, there are four ferritin
genes, AfFERI to AtFER4, which were characterized and shown to
encode proteins involved in protecting plants from Fe excess-
induced oxidative stress (Ravet et al., 2009; Reyt et al., 2015). The
four proteins are localized to the chloroplast, while AtFER4 is dual-
targeted to chloroplasts and mitochondria (Zancani et al., 2004;
Ravet et al.,, 2009). In rice, however, there are two ferritin genes,
OsFERI and OsFER2 (Gross et al., 2003). Based mainly on
expression patterns, the proposed roles of these two proteins
involve defense against Fe-inducing oxidative stress (Silveira et al.,
2009; Stein et al., 2009; Quinet et al., 2012; Wu et al,, 2017; Aung
et al., 2018b; Stein et al., 2019; Kar et al., 2021; Wairich et al., 2021;
Regon et al., 2022). OsFER2 also increases expression when rice
plants are exposed to Paraquat, copper, and sodium nitroprusside
(Stein et al., 2009). In contrast, the downregulation of expression of
OsFER2 in plants submitted to sulfate deficiency was also observed,
suggesting a cross-talk between sulfate and Fe metabolism, as well
as regulation of ferritin genes by sulfur nutrition in rice (Ohkama-
Ohtsu et al, 2004). Recently, OsFER2 was shown to positively
regulate ferroptotic cell death in rice plants infected with M.
oryzae (Nguyen et al, 2022), suggesting an important cross-talk
between Fe homeostasis and biotic stress.

The Ferric Reductase Oxidase (FRO) proteins are associated
with Fe uptake in roots, reducing Fe(III) to Fe(II) under Fe
deficiency, making Fe(II) readily available for Fe(II) transporters
such as IRT1 (Brumbarova et al., 2015). However, grasses do not use
membrane-bound reductases for Fe uptake, and until recently, the
role of FROs in this group of plants was not yet described. While A.
thaliana has eight FRO genes in its genome, rice has only two.
OsFROLI is clustered with AtFRO7, which was characterized as a
reductase bound to the chloroplast envelope, involved in Fe
reduction prior to chloroplast uptake (Jeong et al., 2008). The
second gene, OsFRO2, is truncated, lacking domains found in
other FROs (Li et al., 2019), suggesting that it could be a
pseudogene. OsFROI was shown to be expressed mainly in leaves
and to be downregulated upon Fe excess (Li et al., 2019). OsFRO1
protein was also shown to be localized to the vacuole. Plants
silenced for OsFROI showed increased Fe excess tolerance, while
plants overexpressing OsFROI showed slightly higher sensitivity.
Silencing OsFROI also decreased Fe concentration in shoots and
decreased leaf ROS formation. The data suggest a role for OsFRO1
in vacuolar Fe reduction, which would make it more available for
the cytoplasm (Li et al., 2019). In agreement with that, a forward
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screening using 4,500 fast-neutron mutagenized rice lines found
that lines tolerant to Fe excess were mutated for OsFROI as well
(Ruengphayak et al., 2015), establishing OsFROI as an important
gene involved in Fe homeostasis and tolerance. Still, the precise role
of the protein is unclear, as reductase activity was not detected
(likely due to the vacuolar localization, making it harder to detect
compared to plasma membrane bound reductases; Li et al., 2019).

OsAKTI1 (potassium ion channel gene) encodes an inward
potassium ion channel that localizes to the plasma membrane and
plays a critical role in potassium uptake in rice roots (Li et al., 2014).
A genome-wide association study has linked OsAKT1I to genotypic
differences related to the shoot Fe concentration (Matthus et al,
2015). Knockout lines for OsAKT1 were more sensitive to Fe
toxicity, showing increased leaf bronzing symptoms, H,O,
detection in leaves, and higher levels of Fe translocation to the
xylem and reduced photosynthesis efficiency, compared to null-
segregating wild type. These results suggest that OsAKTI may play a
role in Fe toxicity tolerance in rice, which could involve potassium
homeostasis affecting Fe translocation from root-to-shoot tissue
(Wu et al., 2019).

OsNAS3 is a gene involved in nicotianamine synthesis (Higuchi
etal, 2001). In rice, there are three NAS genes, and while OsNASI and
OsNAS2 are induced under Fe deficiency and repressed by Fe excess,
OsNAS3 shows the opposite expression pattern, being induced by Fe
excess in roots, DC, stems, and old and new leaves (Aung et al., 2018b;
Wairich et al, 2019). The osnas3 knockout plants showed growth
defects compared to wild type (WT) when cultivated under Fe excess
conditions. In addition, higher leaf bronzing symptoms and higher Fe
accumulation in the shoot were observed in knockout plants when
compared to WT plants due to enhanced Fe translocation from roots
to shoots, reinforcing the contribution of OsNAS3 to Fe detoxification
in rice (Aung et al., 2019).

The vacuolar iron transporter (VIT) genes have the potential to
contribute to Fe excess response since VIT proteins are able to
transport Fe into vacuoles. The first protein characterized in the
family was A. thaliana AtVIT1, which has a role in the proper
localization of Fe in the seeds (Kim et al., 2006). However, AtVIT1
does not seem to have a function in protecting A. thaliana plants
from high Fe concentrations. In rice, there are two VIT proteins,
namely, OsVIT1 and OsVIT2. Mutations in OsVIT2 and OsVITI
result in increased Fe accumulation in seeds, making this gene
family a promising candidate for biofortification (Zhang et al,
2012b; Bashir et al., 2013; Che et al., 2021; Kandwal et al., 2022;
Wairich et al, 2022). OsVIT2 is consistently upregulated when
plants are exposed to high Fe (Table 2; Zhang et al, 2012b).
Considering that rice plants are prone to Fe overload, a possible
role for VIT transporters in Fe detoxification is possible. However,
single OsVIT1 and OsVIT2 mutants showed no difference in Fe
excess sensitivity (Zhang et al., 2012b; Che et al., 2021). Therefore, it
is possible that OsVIT1 and OsVIT?2 play partially redundant roles
under Fe excess.

Early work suggested that OsWRKY80 was a possible Fe excess-
induced transcription factor (Ricachenevsky et al, 2010). Later
work suggested that other WRKY transcription factors could be
involved in Fe excess regulation (Aung and Masuda, 2020). Recent
efforts in using machine learning uncovered several potential cis-
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elements that could regulate Fe excess-responsive genes, as well as
candidate genes involved in their transcriptional control (Kakei
et al., 2021).

At the post-transcriptional level, rice HRZ (Hemerythrin motif-
containing Really interesting new gene- and Zinc-finger) proteins
OsHRZ1 and OsHRZ2 are E3 ubiquitin ligases that can bind Fe and
function as Fe sensors. Both proteins downregulated key Fe uptake
proteins by proteolysis, therefore functioning as negative feedback
to limit the Fe deficiency response (Kobayashi et al., 2013).
Interestingly, OsHRZ1 and OsHRZ2 were also shown to be
important for protecting rice plants from excessive Fe uptake,
presumably by sensing Fe and decreasing Fe uptake when supply
is available (Aung et al., 2018a). Once the plant receives an Fe excess
signal, Defense I may work to inhibit root Fe uptake by the
suppression of Fe uptake- and transport-related genes where
HRZs are crucial to suppressing these genes (Aung and Masuda,
2020). Taken together, these data provide information on how to
control Fe excess responses, an important step toward developing
Fe-tolerant rice genotypes.

9 Conclusion

Rice is a major staple food for humans. Fe excess affects
waterlogged rice worldwide, decreasing productivity and affecting
farmers and consumers. There are proportionally more studies on
the Fe deficiency responses of this crop. This is likely a consequence
of Fe deficiency occurrence in several other plants in field
conditions and of a large body of accumulated knowledge in the
model species A. thaliana (Brumbarova et al., 2015), which aids
comparisons for Fe deficiency studies as well as other aspects of Fe
homeostasis in rice (Kobayashi and Nishizawa, 2012;
Ricachenevsky et al.,, 2018; Whitt et al., 2020). However,
understanding Fe excess responses and the genetic bases of Fe
excess tolerance in rice would have a major impact and should be a
focus of the community. We propose the following three key points
that should be addressed in future research: 1) cloning causative
genes associated with QTL for Fe excess tolerance, within rice
natural variation as well as among wild rice species; 2)
comprehensively characterizing genes encoding proteins that may
be important for Fe excess responses, such as those frequently
identified as upregulated in multiple papers; and 3) combining
genes that may be overexpressed, expressed under control of
specific promoters, or edited using CRISPR-Cas9 to generate Fe
excess-tolerant genotypes that can withstand stress in field

References

Arbelaez, J. D., Moreno, L. T, Singh, N,, Tung, C. W., Maron, L. G., Ospina, Y., et al.
(2015). Development and GBS-genotyping of introgression lines (ILs) using two wild
species of rice, O. meridionalis and O. rufipogon, in a common recurrent parent, O.
sativa cv. Curinga. Mol. Breed 35, 1-18. doi: 10.1007/s11032-015-0276-7

Audebert, A., and Fofana, M. (2009). Rice yield gap due to iron toxicity in West
Africa. J. Agron. Crop Sci. 195, 66-76. doi: 10.1111/j.1439-037X.2008.00339.x

Audebert, A., and Sahrawat, K. L. (2000). Mechanisms for iron toxicity tolerance in
lowland rice. J. Plant Nutr. 23, 1877-1885. doi: 10.1080/01904160009382150

Frontiers in Plant Science

11

10.3389/fpls.2024.1381856

conditions. With that, we should be able to provide solutions to
farmers where Fe excess is affecting rice production.

Author contributions

AW: Conceptualization, Writing - original draft, Writing —
review & editing. MSA: Conceptualization, Writing - original
draft, Writing — review & editing. FR: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing — original
draft, Writing - review & editing. HM: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing — original
draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by a Japan Society for the Promotion of Science
(JSPS) KAKENHI grant (no. 21K14759 to MSA) and the Science
and Technology Research Partnership for Sustainable Development
(SATREPS) Project, JST, Japan (No. JPMJSA2107 to HM). The
authors also would like to thank CNPq (Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico) for fellowship to FR and
FAPERGS (Fundagdo de Amparo a Pesquisa do Estado do Rio
Grande do Sul). This study was financed in part by the Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) -
Finance Code 001. This study was also funded by the Alexander von
Humboldt Foundation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Aung, M. S., Kobayashi, T., Masuda, H., and Nishizawa, N. K. (2018a). Rice HRZ
ubiquitin ligases are crucial for the response to excess iron. Physiol. Plant 163, 282-296.
doi: 10.1111/ppl.12698

Aung, M. S., and Masuda, H. (2020). How does rice defend against excess iron ?:
Physiological and molecular mechanisms. Front. Plant Sci. 11. doi: 10.3389/
pls.2020.01102

Aung, M. S., and Masuda, H. (2023). “Iron excess toxicity and tolerance in crop
plants: Insights from omics studies,” in Heavy metal toxicity and tolerance in plants: A

frontiersin.org


https://doi.org/10.1007/s11032-015-0276-7
https://doi.org/10.1111/j.1439-037X.2008.00339.x
https://doi.org/10.1080/01904160009382150
https://doi.org/10.1111/ppl.12698
https://doi.org/10.3389/fpls.2020.01102
https://doi.org/10.3389/fpls.2020.01102
https://doi.org/10.3389/fpls.2024.1381856
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wairich et al.

biological, omics, and genetic engineering approach. Eds. M. A. Hossain, A. Z. Hossain,
S. Bourgerie, et al (New Jersey, U.S: Wiley), pp 169-pp 190.

Aung, M. S., Masuda, H., Kobayashi, T., and Nishizawa, N. K. (2018b). Physiological
and transcriptomic analysis of responses to different levels of iron excess stress in
various rice tissues. Soil Sci. Plant Nutr. 64, 370-385. doi: 10.1080/
00380768.2018.1443754

Aung, M. S., Masuda, H., Nozoye, T., Kobayashi, T, Jeon, J. S., An, G,, et al. (2019).
Nicotianamine synthesis by OsNAS3 is important for mitigating iron excess stress in
rice. Front. Plant Sci. 10:1-16. doi: 10.3389/fpls.2019.00660

Balk, J., and Schaedler, T. A. (2014). Iron cofactor assembly in plants. Annu. Rev.
Plant Biol. 65, 125-153. doi: 10.1146/annurev-arplant-050213-035759

Bashir, K., Hanada, K., Shimizu, M., Seki, M., Nakanishi, H., and Nishizawa, N. K.
(2014). Transcriptomic analysis of rice in response to iron deficiency and excess. Rice 7,
1-15. doi: 10.1186/s12284-014-0018-1

Bashir, K., Takahashi, R., Akhtar, S., Ishimaru, Y., Nakanishi, H., and Nishizawa, N.
K. (2013). The knockdown of OsVIT2 and MIT affects iron localization in rice seed.
Rice 6, 1-6. doi: 10.1186/1939-8433-6-31

Becana, M., Moran, J. F., and Iturbe- Ormaetxe, I. (1998). Iron dependent oxygen
free radical generation in plants subjected to environmental stress: toxicity and
antioxidant protection. Plant Soil 201, 137-147. doi: 10.1023/A:1004375732137

Becker, M., and Asch, F. (2005). Iron toxicity in rice - Conditions and management
concepts. J. Plant Nutr. Soil Sci. 168, 558-573. doi: 10.1002/jpln.200520504

Becker, M., Ngo, N. S., and Schenk, M. K. A. (2020). Silicon reduces the iron uptake
in rice and induces iron homeostasis related genes. Sci. Rep. 10, 1-10. doi: 10.1038/
541598-020-61718-4

Bian, M., Zhou, M., Sun, D., and Li, C. (2013). Molecular approaches unravel the
mechanism of acid soil tolerance in plants. Crop J. 1, 91-104. doi: 10.1016/
1.6j.2013.08.002

Bierschenk, B., Tagele, M. T., Ali, B., Ashrafuzzaman, M., Wu, L.-B., Becker, M., et al.
(2020). Evaluation of rice wild relatives as a source of traits for adaptation to iron
toxicity and enhanced grain quality. PLoS One 15, 1-17. doi: 10.1371/
journal.pone.0223086

Bode, K., Dérin, O, Liithje, S., Neue, H.-U., and Bottger, M. (1995). The role of active
oxygen in iron tolerance of rice (Oryza sativa L.). Protoplasma 184, 249-255.
doi: 10.1007/BF01276928

Briat, J. F., Duc, C,, Ravet, K., and Gaymard, F. (2010). Ferritins and iron storage in
plants. Biochim. Biophys. Acta 1800, 806-814. doi: 10.1016/j.bbagen.2009.12.003

Briat, J.-F., and Lobreaux, S. (1997). Iron transport and storage in plants. Trends
Plant Sci. 2, 187-193. doi: 10.1016/S1360-1385(97)85225-9

Brumbarova, T., Bauer, P., and Ivanov, R. (2015). Molecular mechanisms governing
Arabidopsis iron uptake. Trends Plant Sci. 20, 124-133. doi: 10.1016/
j.tplants.2014.11.004

Che, J., Yamaji, N., and Ma, J. F. (2021). Role of a vacuolar iron transporter OsVIT2
in the distribution of iron to rice grains. New Phytol. 230, 1049-1062. doi: 10.1111/
nph.17219

Chen, E., Huang, X,, Tian, Z., Wing, R. A,, and Han, B. (2019). The genomics of
Oryza species provides insights into rice domestication and heterosis. Annu. Rev. Plant
Biol. 70, 639-665. doi: 10.1146/annurev-arplant-050718-100320

Cherif, M., Audebert, A., Fofana, M., and Zouzou, M. (2009). Evaluation of iron
toxicity on lowland Irrigated rice in West Africa. Tropicultura 27, 88-92.

Cogle, A. L., Keating, M. A,, Langford, P. A, Gunton, J., and Webb, 1. S. (2011).
Runoff, soil loss, and nutrient transport from cropping systems on Red Ferrosols in
tropical northern Australia. Soil Res. 49, 87-97. doi: 10.1071/SR10069

Connorton, J. M., Balk, J., and Rodriguez-Celma, J. (2017). Iron homeostasis in
plants-a brief overview. Metallomics 9, 813-823. doi: 10.1039/C7MT00136C

Dangol, S., Chen, Y., Hwang, B. K., and Jwa, N.-S. (2019). Iron- and reactive oxygen
species-dependent ferroptotic cell death in rice- Magnaporthe oryzae interactions.
Plant Cell 31, 189-209. doi: 10.1105/tpc.18.00535

Deak, M., Horvath, G. V., Davletova, S., Térok, K., Sass, L., Vass, L, et al. (1999).
Plants ectopically expressing the iron- binding protein, ferritin, are tolerant to oxidative
damage and pathogens. Nat. Biotechnol. 17, 192-196.

de Campos Carmona, F., Adamski, J. M., Wairich, A., de Carvalho, J. B., Lima, G. G.,
Anghinoni, I, et al. (2021). Tolerance mechanisms and irrigation management to
reduce iron stress in irrigated rice. Plant Soil 469, 173-191. doi: 10.1007/s11104-021-
05156-9

Dellagi, A., Rigault, M., Segond, D., Roux, C., and Kraepiel, Y. (2005). Siderophore-
mediated upregulation of Arabidopsis ferritin expression in response to Erwinia
chrysanthemi infection. Plant J. 43, 262-272. doi: 10.1111/j.1365-313X.2005.02451.x

Deng, D., Wy, S.-C., Wu, F.-Y,, Deng, H., and Wong, M.-H. (2010). Effects of root
anatomy and Fe plaque on arsenic uptake by rice seedlings grown in solution culture.
Environ. pollut. 158, 2589-2595. doi: 10.1016/j.envpol.2010.05.015

de Oliveira, B. H. N., Wairich, A., Turchetto-Zolet, A. C., Fett, J. P., and
Ricachenevsky, F. K. (2020). The Mitochondrial Iron — Regulated ( MIR ) gene is
Oryza genus specific and evolved before speciation within the Oryza sativa complex.
Planta 251, 1-21. doi: 10.1007/s00425-020-03386-2

Frontiers in Plant Science

12

10.3389/fpls.2024.1381856

de Pinto, M. C., Locato, V., and de Gara, L. (2012). Redox regulation in plant
programmed cell death. Plant Cell Environ. 35, 234-244. doi: 10.1111/j.1365-
3040.2011.02387.x

Distéfano, A. M., Martin, M. V., Cordoba, J. P., Bellido, A. M., D'Ippolito, S.,
Colman, S. L, et al. (2017). Heat stress induces ferroptosis-like cell death in plants. J.
Cell Biol. 216, 463-476. doi: 10.1083/jcb.201605110

Eide, D., Broderius, M., Fett, J. P., and Guerinot, M. L. (1996). A novel iron-regulated
metal transporter from plants identified by functional expression in yeast. Proc. Natl.
Acad. Sci. 93, 5624-5628. doi: 10.1073/pnas.93.11.5624

Evans, H. J., and Russel, S. A. (1971). “Physiological chemistry of symbiotic nitrogen
fixation by legumes,” in The Chemistry and Biochemistry of Nitrogen Fixation
(Springer, Boston, MA), pp 191-pp 244.

Fang, W.-C., and Kao, C. H. (2000). Enhanced peroxidase activity in rice leaves in
response to excess iron, copper and zinc. Plant Sci. 158, 71-76. doi: 10.1016/S0168-
9452(00)00307-1

Fang, W.-C., Wang, ].-W., Lin, C. C,, and Kao, C. H. (2001). Iron induction of lipid
peroxidation and effects on antioxidative enzyme activities in rice leaves. Plant Growth
Regul. 35, 75-80. doi: 10.1023/A:1013879019368

Fenton, H. J. J. (1894). Oxidation of tartaric acid in presence of iron. J. Chem. Soc.
Trans. 65. doi: 10.1039/CT8946500899

Finatto, T., de Oliveira, A. C., Chaparro, C., da Maia, L. C,, Farias, D. R,, Woyann, L.
G., et al. (2015). Abiotic stress and genome dynamics: specific genes and transposable
elements response to iron excess in rice. Rice 8, 1-18. doi: 10.1186/512284-015-0045-6

Fuente, V., Rufo, L., Juarez, B. H., Menéndez, N., Garcia-Hernandez, M., Salas-
Colera, E., et al. (2016). Formation of biomineral iron oxides compounds in a Fe
hyperaccumulator plant: Imperata cylindrica (L.) P. Beauv. J. Struct. Biol. 193, 23-32.
doi: 10.1016/j.jsb.2015.11.005

Galaris, D., Barbouti, A., and Pantopoulos, K. (2019). Iron homeostasis and oxidative
stress: An intimate relationship. Biochim. Biophys. Acta - Mol. Cell Res. 1866, 118535.
doi: 10.1016/j.bbamcr.2019.118535

Gallie, D. R. (2013). The role of l-ascorbic acid recycling in responding to
environmental stress and in promoting plant growth. J. Exp. Bot. 64, 433-443.
doi: 10.1093/jxb/ers330

Garcia-Mata, C., Lamattina, L., and Cassia, R. O. (2001). Involvement of iron and
ferritin in the potato - Phytophthora infestans interaction. Eur. J. Plant Pathol. 107,
557-562.

Grillet, L., and Schmidt, W. (2019). Iron acquisition strategies in land plants: not so
different after all. New Phytol. 224, 11-18. doi: 10.1111/nph.16005

Gross, J., Stein, R. ., Fett-Neto, A. G., and Fett, J. P. (2003). Iron homeostasis related
genes in rice. Genet. Mol. Biol. 26, 477-497. doi: 10.1590/S1415-47572003000400012

Guerinot, M., and Yi, Y. (1994). Iron: nutritious, noxious, and not readily available.
Plant Physiol. 104, 815-820. doi: 10.1104/pp.104.3.815

Hell, R,, and Stephan, U. W. (2003). Iron uptake, trafficking and homeostasis in
plants. Planta 216, 541-551. doi: 10.1007/s00425-002-0920-4

Higuchi, K., Watanabe, S., Takahashi, M., Kawasaki, S., Nakanishi, H., Nishizawa, N.
K., et al. (2001). Nicotianamine synthase gene expression differs in barley and rice
under Fe-deficient conditions. Plant J. 25, 159-167.

Hinrichs, M., Fleck, A. T., Biedermann, E., Ngo, N. S., Schreiber, L., and Schenk, M.
K. (2017). An ABC transporter is involved in the silicon-induced formation of
casparian bands in the exodermis of rice. Front. Plant Sci. 8. doi: 10.3389/
fpls.2017.00671

Huang, X, Kurata, N., Wei, X., Wang, Z. X., Wang, A., Zhao, Q,, et al. (2012). A map
of rice genome variation reveals the origin of cultivated rice. Nature 490, 497-501.
doi: 10.1038/naturel 1532

Inoue, H., Kobayashi, T., Nozoye, T., Takahashi, M., Kakei, Y., Suzuki, K., et al.
(2009). Rice OsYSL15 is an iron-regulated iron(III)-deoxymugineic acid transporter
expressed in the roots and is essential for iron uptake in early growth of the seedlings.
J. Biol. Chem. 284, 3470-3479. doi: 10.1074/jbc.M806042200

IRRL (1996). Standard evaluation system for rice. 4th ed. (Manila, Philippines:
International Rice Research Institute).

Ishimaru, Y., Suzuki, M., Tsukamoto, T., Suzuki, K., Nakazono, M., Kobayashi, T.,
et al. (2006). Rice plants take up iron as an Fe3+ -phytosiderophore and as Fe2+. Plant
J. 45, 335-346. doi: 10.1111/j.1365-313X.2005.02624.x

Jacquemin, J., Bhatia, D., Singh, K., and Wing, R. A. (2013). The international Oryza
map alignment project: development of a genus-wide comparative genomics platform
to help solve the 9 billion-people question. Curr. Opin. Plant Biol. 16, 147-156.
doi: 10.1016/j.pbi.2013.02.014

Jeong, J., Cohu, C., Kerkeb, L., Pilon, M., Connolly, E. L., and Guerinot, M. L. (2008).
Chloroplast Fe(III) chelate reductase activity is essential for seedling viability under
iron limiting conditions. Proc. Natl. Acad. Sci. U.S.A. 105, 10619-10624. doi: 10.1073/
pnas.0708367105

Kakei, Y., Ishimaru, Y., Kobayashi, T., Yamakawa, T., Nakanishi, H., and Nishizawa,
N. K. (2012). OsYSL16 plays a role in the allocation of iron. Plant Mol. Biol. 79, 583—
594. doi: 10.1007/s11103-012-9930-1

Kakei, Y., Masuda, H., Nishizawa, N. K., et al. (2021). Elucidation of novel cis
-regulatory elements and promoter structures involved in iron excess response

frontiersin.org


https://doi.org/10.1080/00380768.2018.1443754
https://doi.org/10.1080/00380768.2018.1443754
https://doi.org/10.3389/fpls.2019.00660
https://doi.org/10.1146/annurev-arplant-050213-035759
https://doi.org/10.1186/s12284-014-0018-1
https://doi.org/10.1186/1939-8433-6-31
https://doi.org/10.1023/A:1004375732137
https://doi.org/10.1002/jpln.200520504
https://doi.org/10.1038/s41598-020-61718-4
https://doi.org/10.1038/s41598-020-61718-4
https://doi.org/10.1016/j.cj.2013.08.002
https://doi.org/10.1016/j.cj.2013.08.002
https://doi.org/10.1371/journal.pone.0223086
https://doi.org/10.1371/journal.pone.0223086
https://doi.org/10.1007/BF01276928
https://doi.org/10.1016/j.bbagen.2009.12.003
https://doi.org/10.1016/S1360-1385(97)85225-9
https://doi.org/10.1016/j.tplants.2014.11.004
https://doi.org/10.1016/j.tplants.2014.11.004
https://doi.org/10.1111/nph.17219
https://doi.org/10.1111/nph.17219
https://doi.org/10.1146/annurev-arplant-050718-100320
https://doi.org/10.1071/SR10069
https://doi.org/10.1039/C7MT00136C
https://doi.org/10.1105/tpc.18.00535
https://doi.org/10.1007/s11104-021-05156-9
https://doi.org/10.1007/s11104-021-05156-9
https://doi.org/10.1111/j.1365-313X.2005.02451.x
https://doi.org/10.1016/j.envpol.2010.05.015
https://doi.org/10.1007/s00425-020-03386-2
https://doi.org/10.1111/j.1365-3040.2011.02387.x
https://doi.org/10.1111/j.1365-3040.2011.02387.x
https://doi.org/10.1083/jcb.201605110
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1016/S0168-9452(00)00307-1
https://doi.org/10.1016/S0168-9452(00)00307-1
https://doi.org/10.1023/A:1013879019368
https://doi.org/10.1039/CT8946500899
https://doi.org/10.1186/s12284-015-0045-6
https://doi.org/10.1016/j.jsb.2015.11.005
https://doi.org/10.1016/j.bbamcr.2019.118535
https://doi.org/10.1093/jxb/ers330
https://doi.org/10.1111/nph.16005
https://doi.org/10.1590/S1415-47572003000400012
https://doi.org/10.1104/pp.104.3.815
https://doi.org/10.1007/s00425-002-0920-4
https://doi.org/10.3389/fpls.2017.00671
https://doi.org/10.3389/fpls.2017.00671
https://doi.org/10.1038/nature11532
https://doi.org/10.1074/jbc.M806042200
https://doi.org/10.1111/j.1365-313X.2005.02624.x
https://doi.org/10.1016/j.pbi.2013.02.014
https://doi.org/10.1073/pnas.0708367105
https://doi.org/10.1073/pnas.0708367105
https://doi.org/10.1007/s11103-012-9930-1
https://doi.org/10.3389/fpls.2024.1381856
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wairich et al.

mechanisms in rice using a bioinformatics approach. Front. Plant Sci. 12. doi: 10.3389/
fpls.2021.660303

Kandwal, P., Fujiwara, T., and Kamiya, T. (2022). OsVIT2 mutation increases Fe and
Zn of grain without compromising the growth in paddy field. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.868661

Kar, S., Mai, H. J., Khalouf, H., Ben Abdallah, H., Flachbart, S., Fink-Straube, C., et al.
(2021). Comparative transcriptomics of lowland rice varieties uncovers novel candidate genes
for adaptive iron excess tolerance. Plant Cell Physiol. 62, 624-640. doi: 10.1093/pcp/pcab018

Kim, S. A., Punshon, T., Lanzirotti, A., Li, A., Alonso, J. M., Ecker, J. R,, et al. (2006).
Localization of iron in Arabidopsis seed requires the vacuolar membrane transporter
VIT1. Sci. (80- ) 314, 1295-1298. doi: 10.1126/science.1132563

Kobayashi, T., Nagasaka, S., Senoura, T, Itai, R. N., Nakanishi, H., and Nishizawa, N.
K. (2013). Iron-binding haemerythrin RING ubiquitin ligases regulate plant iron
responses and accumulation. Nat. Commun. 4, 1-12. doi: 10.1038/ncomms3792

Kobayashi, T., and Nishizawa, N. K. (2012). Iron uptake, translocation, and
regulation in higher plants. Annu. Rev. Plant Biol. 63, 131-152. doi: 10.1146/
annurev-arplant-042811-105522

Koike, S., Inoue, H., Mizuno, D., et al. (2004). OsYSL2 is a rice metal-nicotianamine
transporter that is regulated by iron and expressed in the phloem. Plant J. 39, 415-424.
doi: 10.1111/j.1365-313X.2004.02146.x

Lee, S., Chiecko, J. C., Kim, S. A., Walker, E. L., Lee, Y., Guerinot, M. L., et al. (2009).
Disruption of OsYSLI15 leads to iron inefficiency in rice plants. Plant Physiol. 150, 786
800. doi: 10.1104/pp.109.135418

Li, G, Song, H,, Li, B., Kronzucker, H. J., and Shi, W. (2015). Auxin Resistantl and
PIN-FORMED?2 protect lateral root formation in Arabidopsis under iron stress. Plant
Physiol. 169, 2608-2623. doi: 10.1104/pp.15.00904

Li, J., Yu, L., Qi, G.N,, Li, J., Xu, Z. J., Wu, W. H,, et al. (2014). The Os-AKT1 channel
is critical for K+ uptake in rice roots and is modulated by the rice CBL1-CIPK23
complex. Plant Cell 26, 3387-3402. doi: 10.1105/tpc.114.123455

Li, L., Ye, L., Kong, Q., and Shou, H. (2019). A vacuolar membrane ferric-chelate
reductase, OsFROI, alleviates Fe toxicity in rice (Oryza sativa L.). Front. Plant Sci. 10.
doi: 10.3389/fpls.2019.00700

Ma, J., and Takahashi, E. (1990). Effect of silicon on the growth and phosphorus
uptake of rice. Plant Soil 126, 115-119. doi: 10.1007/BF00041376

Macharia, M., Das, P. P, Naqvi, N. I, and Wong, S. (2020). iTRAQ-based
quantitative proteomics reveals a ferroptosis-like programmed cell death in plants
infected by a highly virulent tobacco mosaic virus mutant 24A+UPD. Phytopatology
Res. 2, 1-13. doi: 10.1186/s42483-019-0043-5

Mahender, A., Swamy, B. P. M., Anandan, A., and Alj, J. (2019). Tolerance of iron-
deficient and -toxic soil conditions in rice. Plants 8. doi: 10.3390/plants8020031

Marschner, H. (1995). Mineral nutrition of higher plants. 2nd edn (London:
Academic Press).

Matthus, E., Wu, L. B,, Ueda, Y., Holler, S., Becker, M., and Frei, M. (2015). Loci,
genes, and mechanisms associated with tolerance to ferrous iron toxicity in rice (Oryza
sativa L.). Theor. Appl. Genet. 128, 2085-2098. doi: 10.1007/s00122-015-2569-y

Menguer, P. K., Sperotto, R. A., and Ricachenevsky, F. K. (2017). A walk on the wild
side: Oryza species as source for rice abiotic stress tolerance. Genet. Mol. Biol. 40, 238
252. doi: 10.1590/1678-4685-gmb-2016-0093

Miller, G., Shulaev, V., and Mittler, R. (2008). Reactive oxygen signaling and abiotic
stress. Physiol. Plant 133, 481-489. doi: 10.1111/§.1399-3054.2008.01090.x

Nguyen, N. K., Wang, J., Liu, D., Hwang, B. K,, and Jwa, N. (2022). Rice iron storage
protein ferritin 2 ( OsFER2 ) positively regulates ferroptotic cell death and defense
responses against Magnaporthe oryzae. Front. Plant Sci. 10, 1-24. doi: 10.3389/
{pls.2022.1019669

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Sato, Y., et al.
(2011). Phytosiderophore efflux transporters are crucial for iron acquisition in
graminaceous plants. J. Biol. Chem. 286, 5446-5454. doi: 10.1074/jbc.M110.180026

Nugraha, Y., Utami, D. W., Rosdianti, I, Ardie, S. W., Ghulammahdi, M., Suwarno, ,
et al. (2016). Markers-traits association for iron toxicity tolerance in selected
Indonesian rice varieties. Biodiversitas 17, 753-763. doi: 10.13057/biodiv/d170251

Ohkama-Ohtsu, N., Kishimoto, N., Yazaki, J., Fujii, F., Shimatani, Z., Nagata, Y., et al.
(2004). Upregulation of the genes for ferritin, RNase, and DnaJ in leaves of rice plants
in response to sulfur deficiency. Soil Sci. Plant Nutr. 50, 771-775. doi: 10.1080/
00380768.2004.10408534

Onaga, G., Edema, R, and Asea, G. (2013). Tolerance of rice germplasm to iron
toxicity stress and the relationship between tolerance, Fe2+, P and K content in the
leaves and roots. Arch. Agron. Soil Sci. 59, 213-229. doi: 10.1080/03650340.2011.622751

Peng, X. X,, and Yamauchi, M. (1993). Ethylene production in rice bronzing leaves
induced by ferrous iron. Plant Soil 149, 227-234. doi: 10.1007/BF00016613

Ponnamperuma, F. N. (1978). Electrochemical changes in submerged soils and the
growth of rice. Soils Rice, 421-441.

Poschenrieder, C., Llugany, M., and Barcelo, J. (1995). Short-term effects of pH and
aluminium on mineral nutrition in maize varieties differing in proton and aluminium
tolerance. J. Plant Nutr. 18, 1495-1507. doi: 10.1080/01904169509364998

Quinet, M., Vromman, D., Clippe, A., Bertin, P., Lequeux, H., Dufey, I, et al. (2012).
Combined transcriptomic and physiological approaches reveal strong differences

Frontiers in Plant Science

13

10.3389/fpls.2024.1381856

between short- and long-term response of rice (Oryza sativa) to iron toxicity. Plant
Cell Environ. 35, 1837-1859. doi: 10.1111/j.1365-3040.2012.02521.x

Rajonandraina, T., Ueda, Y., Wissuwa, M., Kirk, G. ].D., Rakotoson, T., Manwaring,
H., etal. (2023). Magnesium supply alleviates iron toxicity-induced leaf bronzing in rice
through exclusion and tissue-tolerance mechanisms. Front. Plant Sci. 14. doi: 10.3389/
1pls.2023.1213456

Ravet, K., Touraine, B., Boucherez, J., Briat, J. F., Gaymard, F., and Cellier, F. (2009).
Ferritins control interaction between iron homeostasis and oxidative stress in
Arabidopsis. Plant J. 57, 400-412. doi: 10.1111/§.1365-313X.2008.03698.x

Regon, P., Dey, S., Rehman, M., Pradhan, A. K., Chowra, U., Tanti, B., et al. (2022).
Transcriptomic analysis revealed reactive oxygen species scavenging mechanisms
associated with ferrous iron toxicity in aromatic Keteki Joha rice. Front. Plant Sci.
13, 1-18. doi: 10.3389/fpls.2022.798580

Reyt, G., Boudouf, S., Boucherez, J., Gaymard, F., and Briat, J. F. (2015). Iron- and
ferritin-dependent reactive oxygen species distribution: Impact on arabidopsis root
system architecture. Mol. Plant 8, 439-453. doi: 10.1016/j.molp.2014.11.014

Reyt, G., Ramakrishna, P., Salas-Gonzalez, 1., Fujita, S., Love, A., Tiemessen, D., et al.
(2021). Two chemically distinct root lignin barriers control solute and water balance.
Nat. Commun. 12, 1-15. doi: 10.1038/s41467-021-22550-0

Ricachenevsky, F. K., de Aratjo Junior, A. T., Fett, J. P., and Sperotto, R. A. (2018).
You shall not pass: root vacuoles as a symplastic checkpoint for metal translocation to
shoots and possible application to grain nutritional quality. Front. Plant Sci. 9, 1-6.
doi: 10.3389/fpls.2018.00412

Ricachenevsky, F. K., and Sperotto, R. A. (2016). Into the wild: Oryza species as
sources for enhanced nutrient accumulation and metal tolerance in rice. Front. Plant
Sci. 7. doi: 10.3389/fpls.2016.00974

Ricachenevsky, F. K., Sperotto, R. A., Menguer, P. K., Sperb, E. R, Lopes, K. L., and
Fett, J. P. (2011). ZINC-INDUCED FACILITATOR-LIKE family in plants: lineage-
specific expansion in monocotyledons and conserved genomic and expression features
among rice (Oryza sativa) paralogs. BMC Plant Biol. 11, 1-22. doi: 10.1186/1471-2229-
11-20

Ricachenevsky, F. K., Sperotto, R. A., Menguer, P. K., and Fett, J. P. (2010).
Identification of Fe-excess-induced genes in rice shoots reveals a WRKY
transcription factor responsive to Fe, drought and senescence. Mol. Biol. Rep. 37,
3735-3745. doi: 10.1007/s11033-010-0027-0

Robinson, N. J., Procter, C. M., Connolly, E. L., and Guerinot, M. L. (1999). A ferric-
chelate reductase for iron uptake from soils. Nature 397, 694-697. doi: 10.1038/17800

Ruengphayak, S., Ruanjaichon, V., Saensuk, C., Phromphan, S., and Tragoonrung, S.
(2015). Forward screening for seedling tolerance to Fe toxicity reveals a polymorphic
mutation in ferric chelate reductase in rice. Rice 8, 10. doi: 10.1186/512284-014-0036-z

Sahrawat, K. L. (2004). Iron toxicity in wetland rice and the role of other nutrients. J. Plant
Nutr. 27, 1471-1504. doi: 10.1081/PLN-200025869

Santi, S., and Schmidt, W. (2009). Dissecting iron deficiency-induced proton
extrusion in Arabidopsis roots. New Phytol. 183, 1072-1084. doi: 10.1111/j.1469-
8137.2009.02908.x

Sikirou, M., Saito, K., Achigan- Dako, E. G., Dramé¢, K. N., Ahanchéde, A., and
Venuprasad, R. (2015). Genetic improvement of iron toxicity tolerance in rice:
progress, challenges and prospects in West Africa. Plant Prod. Sci. 18, 423-434.
doi: 10.1626/pps.18.423

Sikirou, M., Saito, K., Drame, K. N, et al. (2016). Soil- based screening for iron
toxicity tolerance in rice using pots. Plant Prod. Sci. 19, 489-496. doi: 10.1080/
1343943X.2016.1186496

Silveira, V. C., De Oliveira, A. P., Sperotto, R. A,, Stein, R. J., Basso, L. A., Santos, D.
S., et al. (2007). Influence of iron on mineral status of two rice (Oryza sativa L.)
cultivars. Braz. J. Plant Physiol. 19, 127-139. doi: 10.1590/51677-04202007000200005

Silveira, V. C., Fadanelli, C., Sperotto, R. A, Stein, R. J., Basso, L. A., Santos, D. S.,
et al. (2009). Role of ferritin in the rice tolerance to iron overload. Sci. Agric. 66, 549—
555. doi: 10.1590/S0103-90162009000400019

Sperotto, R. A, Ricachenevsky, F. K., Waldow V de, A., and Fett, J. P. (2012). Iron
biofortification in rice: it’s a long way to the top. Plant Sci. 190, 24-39. doi: 10.1016/
j.plantsci.2012.03.004

Stein, J. C., Yu, Y., Copetti, D., et al. (2018). Genomes of 13 domesticated and wild
rice relatives highlight genetic conservation, turnover and innovation across the genus
Oryza. Nat. Genet. 50, 285-296. doi: 10.1038/s41588-018-0040-0

Stein, R. J., Duarte, G. L., Scheunemann, L., Spohr, M. G., de Aratjo Junior, A. T.,
Ricachenevsky, F. K., et al. (2019). Genotype variation in rice (Oryza sativa l.) tolerance
to fe toxicity might be linked to root cell wall lignification. Front. Plant Sci. 10, 1-20.
doi: 10.3389/fpls.2019.00746

Stein, R. J., Lopes, S. I. G., and Fett, J. P. (2014). Iron toxicity in field-cultivated rice:
Contrasting tolerance mechanisms in distinct cultivars. Theor. Exp. Plant Physiol. 26,
135-146. doi: 10.1007/s40626-014-0013-3

Stein, R. J., Ricachenevsky, F. K., and Fett, J. P. (2009). Differential regulation of the
two rice ferritin genes (OsFER1 and OsFER2). Plant Sci. 177, 563-569. doi: 10.1016/
j.plantsci.2009.08.001

Tadano, T. (1975). Devices of rice roots to tolerate high iron concentration in growth
media. Japan Agric. Res. 9, 34-39.

Tawornpruek, S., Ketrot, D., Chittamart, N., Aramrak, S., Wongleecharoen, C.,
Sattapun, R, et al. (2023). Utilization of drilling sodium bentonite to improve acidity

frontiersin.org


https://doi.org/10.3389/fpls.2021.660303
https://doi.org/10.3389/fpls.2021.660303
https://doi.org/10.3389/fpls.2022.868661
https://doi.org/10.1093/pcp/pcab018
https://doi.org/10.1126/science.1132563
https://doi.org/10.1038/ncomms3792
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1111/j.1365-313X.2004.02146.x
https://doi.org/10.1104/pp.109.135418
https://doi.org/10.1104/pp.15.00904
https://doi.org/10.1105/tpc.114.123455
https://doi.org/10.3389/fpls.2019.00700
https://doi.org/10.1007/BF00041376
https://doi.org/10.1186/s42483-019-0043-5
https://doi.org/10.3390/plants8020031
https://doi.org/10.1007/s00122-015-2569-y
https://doi.org/10.1590/1678-4685-gmb-2016-0093
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.3389/fpls.2022.1019669
https://doi.org/10.3389/fpls.2022.1019669
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.13057/biodiv/d170251
https://doi.org/10.1080/00380768.2004.10408534
https://doi.org/10.1080/00380768.2004.10408534
https://doi.org/10.1080/03650340.2011.622751
https://doi.org/10.1007/BF00016613
https://doi.org/10.1080/01904169509364998
https://doi.org/10.1111/j.1365-3040.2012.02521.x
https://doi.org/10.3389/fpls.2023.1213456
https://doi.org/10.3389/fpls.2023.1213456
https://doi.org/10.1111/j.1365-313X.2008.03698.x
https://doi.org/10.3389/fpls.2022.798580
https://doi.org/10.1016/j.molp.2014.11.014
https://doi.org/10.1038/s41467-021-22550-0
https://doi.org/10.3389/fpls.2018.00412
https://doi.org/10.3389/fpls.2016.00974
https://doi.org/10.1186/1471-2229-11-20
https://doi.org/10.1186/1471-2229-11-20
https://doi.org/10.1007/s11033-010-0027-0
https://doi.org/10.1038/17800
https://doi.org/10.1186/s12284-014-0036-z
https://doi.org/10.1081/PLN-200025869
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1626/pps.18.423
https://doi.org/10.1080/1343943X.2016.1186496
https://doi.org/10.1080/1343943X.2016.1186496
https://doi.org/10.1590/S1677-04202007000200005
https://doi.org/10.1590/S0103-90162009000400019
https://doi.org/10.1016/j.plantsci.2012.03.004
https://doi.org/10.1016/j.plantsci.2012.03.004
https://doi.org/10.1038/s41588-018-0040-0
https://doi.org/10.3389/fpls.2019.00746
https://doi.org/10.1007/s40626-014-0013-3
https://doi.org/10.1016/j.plantsci.2009.08.001
https://doi.org/10.1016/j.plantsci.2009.08.001
https://doi.org/10.3389/fpls.2024.1381856
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wairich et al.

and aluminum-iron toxicity in acid sulfate soil beneath water storage pond base.
Results Eng. 17, 100881. doi: 10.1016/j.rineng.2023.100881

Thongbai, P., and Goodman, B. A. (2000). Free radical generation and post anoxic injury
in an iron toxic soil. J. Plant Physiol. 23, 1887-1990. doi: 10.1080/01904160009382151

Vaughan, D. A., Morishima, H., and Kadowaki, K. (2003). Diversity in the oryza
genus. Curr. Opin. Plant Biol. 6, 139-146. doi: 10.1016/51369-5266(03)00009-8

Wairich, A., de Oliveira, B. H. N., Arend, E. B., Duarte, G. L., Ponte, L. R,, Sperotto, R.
A., et al. (2019). The Combined Strategy for iron uptake is not exclusive to
domesticated rice (Oryza sativa). Sci. Rep. 9, 1-17. doi: 10.1038/s41598-019-52502-0

Wairich, A., De Oliveira, B. H. N., Wu, L. B,, Murugaiyan, V., Margis-Pinheiro, M.,
Fett, J. P., et al. (2021). Chromosomal introgressions from Oryza meridionalis into
domesticated rice Oryza sativa result in iron tolerance. J. Exp. Bot. 72, 2242-2259.
doi: 10.1093/jxb/eraa461

Wairich, A., Ricachenevsky, F. K., and Lee, S. (2022). A tale of two metals:
Biofortification of rice grains with iron and zinc. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.944624

Wang, M., Yu, Y., Haberer, G., Marri, P. R,, Fan, C., Goicoechea, J. L., et al. (2014).
The genome sequence of African rice (Oryza glaberrima) and evidence for independent
domestication. Nat. Genet. 46, 982-991. doi: 10.1038/ng.3044

Whitt, L., Ricachenevsky, F. K., Ziegler, G. Z., Clemens, S., Walker, E., Maathuis,
F.J. M,, et al. (2020). A curated list of genes that affect the plant ionome. Plant Direct 4,
1-15. doi: 10.1002/pld3.272

Wu, L.B., Holtkamp, F., Wairich, A., and Frei, M. (2019). Potassium ion channel
gene OsAKT1 affects iron translocation in rice plants exposed to iron toxicity. Front.
Plant Sci. 10. doi: 10.3389/fpls.2019.00579

Frontiers in Plant Science

14

10.3389/fpls.2024.1381856

Wu, L. B., Shhadi, M. Y., Gregorio, G., Matthus, E., Becker, M., and Frei, M. (2014).
Genetic and physiological analysis of tolerance to acute iron toxicity in rice. Rice 7, 1-
12. doi: 10.1186/s12284-014-0008-3

Wu, L. B, Ueda, Y., Lai, S. K., and Frei, M. (2017). Shoot tolerance mechanisms to
iron toxicity in rice (Oryza sativa L.). Plant Cell Environ. 40, 570-584. doi: 10.1111/
pce.12733

Yang, W, Zhao, F., Ding, Z., Wang, Y., Zhang, X., Zhu, Z., et al. (2018). Variation of
tolerance and accumulation to excess iron in 24 willow clones: Implications for
phytoextraction. Int. J. Phytoremediation 20, 1284-1291. doi: 10.1080/15226514.
2014.922927

Zancani, M., Peresson, C., Biroccio, A., Federici, G., Urbani, A., Murgia, I, et al.
(2004). Evidence for the presence of ferritin in plant mitochondria. Eur. J. Biochem.
3664, 3657-3664. doi: 10.1111/j.1432-1033.2004.04300.x

Zhang, H., Song, J., Dong, F,, Li, Y., Ge, S., Wei, B,, et al. (2023). Multiple roles of
wheat ferritin genes during stress treatment and TaFER5D-1 as a positive regulator in
response to drought and salt tolerance. Plant Physiol. Biochem. 202, 107921.
doi: 10.1016/j.plaphy.2023.107921

Zhang, Y., Wang, Y. P,, Liu, P., Song, J. M., Xu, G. D., and Zheng, G. H. (2012a).
Effect of toxic Fe2+ levels on the biological characteristics of rice root border cells. Russ
J. Plant Physiol. 59, 766-771. doi: 10.1134/S1021443712060209

Zhang, Y., Xu, Y. H,, Yi, H. Y., and Gong, J. M. (2012b). Vacuolar
membrane transporters OsVIT1 and OsVIT2 modulate iron translocation between flag
leaves and seeds in rice. Plant J. 72, 400-410. doi: 10.1111/j.1365-313X.2012.05088.x

Zhang, Y., Zhou, J., Xu, P., Li, J., Deng, X., Deng, W., et al. (2022). A genetic resource
for rice improvement: introgression library of agronomic traits for all AA genome
Oryza species. Front. Plant Sci. 13, 1-13. doi: 10.3389/fpls.2022.856514

frontiersin.org


https://doi.org/10.1016/j.rineng.2023.100881
https://doi.org/10.1080/01904160009382151
https://doi.org/10.1016/S1369-5266(03)00009-8
https://doi.org/10.1038/s41598-019-52502-0
https://doi.org/10.1093/jxb/eraa461
https://doi.org/10.3389/fpls.2022.944624
https://doi.org/10.3389/fpls.2022.944624
https://doi.org/10.1038/ng.3044
https://doi.org/10.1002/pld3.272
https://doi.org/10.3389/fpls.2019.00579
https://doi.org/10.1186/s12284-014-0008-3
https://doi.org/10.1111/pce.12733
https://doi.org/10.1111/pce.12733
https://doi.org/10.1080/15226514.2014.922927
https://doi.org/10.1080/15226514.2014.922927
https://doi.org/10.1111/j.1432&ndash;1033.2004.04300.x
https://doi.org/10.1016/j.plaphy.2023.107921
https://doi.org/10.1134/S1021443712060209
https://doi.org/10.1111/j.1365-313X.2012.05088.x
https://doi.org/10.3389/fpls.2022.856514
https://doi.org/10.3389/fpls.2024.1381856
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	You can’t always get as much iron as you want: how rice plants deal with excess of an essential nutrient
	1 Introduction
	2 Fe dynamics in soil and rhizosphere
	3 Morpho-physiological effects of Fe toxicity on plant growth
	4 Plant defense mechanisms to Fe excess toxicity
	4.1 Defense I: Fe exclusion by roots
	4.2 Defense II: Fe retention in roots and suppression of Fe translocation to shoots
	4.3 Defense III: Fe compartmentalization in shoots
	4.4 Defense IV: detoxification of ROS

	5 Possible approaches to overcome iron excess toxicity
	6 Transcriptional responses of rice plants exposed to iron excess
	7 Iron excess tolerance in rice wild relatives
	8 Genes encoding proteins involved in Fe excess response in rice
	9 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


