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Abstract

Iron (Fe) homeostasis in rice (Oryza sativa) requires coordinated uptake and root-to-shoot distribution and can be per-
turbed by competing transition metals such as cobalt (Co) and nickel (Ni). This study investigated the roles of the metal
transporter OsFPN1 in Fe, Co, and Ni transport. OsFPN1-sGFP localized predominantly to the Golgi apparatus. In yeast,
OsFPN1 conferred phenotypes consistent with Fe/Co/Ni transport activity. Seedlings carrying CRISPR/Cas9-induced
knockout mutations in OsFPNI were hypersensitive to iron deficiency (—Fe) and Co/Ni stress; under —Fe supplemented
with 100 uM Ni, seedlings exhibited severe growth inhibition and loss of viability by day 10. Mutant plants accumulated
less Fe in shoots but more in roots under —Fe, while Co and Ni treatments resulted in reduced root accumulation and
increased shoot translocation. This implies impaired root retention and enhanced long-distance transport of Co and Ni in
the mutants. Yeast two-hybrid (Y2H) screening identified 58 non-redundant candidates as OsFPN1-interacting proteins,
with interactions of OsPAR1 (a PRA1-family vesicle trafficking factor) and Os12g0168900 (a vacuolar V-ATPase subunit)
validated by Y2H and bimolecular fluorescence complementation (BiFC). Reverse transcription quantitative PCR (RT-
gPCR) analysis revealed elevated expression of OsIMA1, OsIMA2, OsPARI, and Os12g0168900 in mutant shoots, and
stronger induction of OsIMAI, OsIMA2, OsNAS2, OsPARI, and Os12g0168900 in roots specifically under —Fe. These
results show that Golgi-localized OsFPNI1 is required for proper root-to-shoot Fe allocation and contributes to limiting
Co/Ni translocation under metal stress, while the identified protein associations provide candidate links to endomembrane/
vacuolar pathways for future functional investigation.

Key Message
Golgi-localized OsFPNI1 is essential for root-to-shoot Fe allocation and restricts Co/Ni translocation under metal stress
in rice.
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Introduction 2019; Kobayashi 2019; Riaz and Guerinot 2021). In plants,

Fe deficiency leads to interveinal chlorosis, impaired pho-

Iron (Fe) is an essential micronutrient that is required
by all living organisms. It serves as a cofactor in numer-
ous enzymes and participates in critical processes such as
chlorophyll biosynthesis, photosynthesis, respiration, and
DNA synthesis (Briat et al. 2015; Connorton and Balk
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tosynthesis, stunted growth, and yield loss. Rice (Oryza
sativa), one of the world’s most important staple crops, is
particularly sensitive to Fe deficiency during early devel-
opmental stages (Chen et al. 2018a, b; Sakariyawo et al.
2020; Mori et al. 1991). In humans, Fe deficiency is the
most widespread nutritional disorder, affecting more than
30% of the global population and contributing to anemia,
especially among children and pregnant women (Krishna et
al. 2023; World Health Organization 2001). Given that rice
is a major dietary source of Fe in many regions, understand-
ing its mechanisms of Fe acquisition and homeostasis holds
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both agricultural and nutritional significance (Hanikenne et
al. 2021).

Despite its biological importance, Fe availability in soils
is often limited due to its predominance as insoluble ferric
oxides and hydroxides under aerobic and alkaline condi-
tions (Marschner 1995; Briat et al. 2015). To overcome this,
plants have evolved two distinct strategies for Fe uptake.
Nongraminaceous species utilize the reduction-based Strat-
egy I, whereas graminaceous plants such as rice employ the
chelation-based Strategy II. This involves the biosynthesis
and secretion of mugineic acid family phytosiderophores
(MAs), which chelate Fe(IIl) and facilitate its uptake via
YSL transporters (Takagi 1976; Curie et al. 2009; Inoue
et al. 2009; Nozoye et al. 2011). Rice also possesses the
ability to absorb Fe(II) directly through the Fe-regulated
transporter OsIRT1 (Ishimaru et al. 2006). These uptake
mechanisms, along with nicotianamine (NA)-mediated
long-distance transport, are tightly regulated to maintain
Fe homeostasis under variable soil conditions (Kobayashi
and Nishizawa 2012; Spielmann and Vert 2021). Beyond
their role in Fe acquisition, MAs contribute to internal Fe
translocation, while their precursor NA supports the mobil-
ity of Fe and other divalent metals such as zinc (Zn), cop-
per (Cu), and manganese (Mn) in both graminaceous and
nongraminaceous species (Curie et al. 2009; Kobayashi et
al. 2019a, b). These findings highlight the interconnected
nature of plant metal transport systems and underscore the
importance of studying Fe transporters within the broader
context of multi-metal homeostasis.

Among transition metals, cobalt (Co) and nickel (Ni) are
particularly noteworthy due to their competition with Fe for
uptake and transport pathways (Salnikow et al. 2004; Mor-
rissey et al. 2009; Meier et al. 2018). Co is a bioactive trace
element with low natural abundance that plays physiologi-
cal roles in plants (Brengi et al. 2024), such as promoting
legume growth (Hu et al. 2021; Gad et al. 2025). However,
excessive Co levels can be phytotoxic, disrupting pig-
ment biosynthesis and impairing photosynthetic efficiency
(Akeel and Jahan 2020), as observed in tomato (Kamran et
al. 2021). At the molecular level, Co serves as a cofactor
in enzymes and transcription factors (Banerjee and Bhat-
tacharya 2021; Wang et al. 2020a, b), but high concentra-
tions may lead to nonspecific binding that interferes with
essential metal functions (Wang et al. 2018). Ni is an essen-
tial micronutrient required at ultratrace levels, functioning
as a cofactor for urease and other metalloenzymes, with
species-specific roles in certain plants (Amjad et al. 2020;
Gonzalez et al. 2024). Nevertheless, elevated Ni concentra-
tions can negatively affect plant morphology and metabo-
lism (Kovacik et al. 2019; Ul Khair et al. 2020; Naheed et al.
2022). Although generally considered less toxic than other
heavy metals (Kovacik et al. 2009 a), Ni has been shown to

@ Springer

be more damaging than cadmium (Cd) at equivalent con-
centrations in 7araxacum (dandelion) (Kovacik et al. 2019).

Plants sense and adapt to fluctuations in heavy metal type
and concentration through a coordinated membrane trans-
port network that regulates uptake, long-distance transloca-
tion, and subcellular compartmentalization. This network
sustains cellular metabolism and mitigates heavy metal
stress (Das et al. 2022; Bashir et al. 2021). Within it, fer-
roportins (FPNs), also known as IREGs, comprise a con-
served family of divalent-metal exporters first identified in
mammals for their roles in duodenal Fe absorption and mac-
rophage-mediated Fe recycling (McKie et al. 2000; Muck-
enthaler et al. 2008). Across eukaryotes, FPNs function to
extrude Fe from the cytosol, either into the apoplast or into
organelles, thereby maintaining intracellular Fe homeosta-
sis (Morrissey et al. 2009; Drakesmith et al. 2015).

Plant IREG/FPNs are classified into two clades (Schaaf et
al. 2006; Garcia de la Torre et al. 2021). Group 1, exemplified
by Arabidopsis thaliana AHHREG3/MARI, encodes plastid-
targeted transporters involved in chloroplast and mitochon-
drial Fe regulation (Kim et al. 2021). Group 2 includes
AtIREG1/FPN1 and AtIREG2/FPN2, which localize to the
plasma membrane and tonoplast, respectively (Schaaf et al.
2006; Morrissey et al. 2009). AtFPNI is expressed in the
pericycle plasma membrane and facilitates xylem loading of
Co and Fe for shoot delivery, with expression largely inde-
pendent of Fe status (Morrissey et al. 2009). This process is
coupled to FRD3-mediated citrate efflux, which maintains
Fe solubility as Fe—citrate complexes (Lopez-Millan et al.
2000; Durrett et al. 2007). In contrast, AtFPN2 localizes
to the vacuolar membrane, is induced under Fe starvation,
and sequesters Co and Ni into root vacuoles. Accordingly,
ireg2 mutants exhibit Ni hypersensitivity, whereas At/REG2
overexpression enhances Ni tolerance (Schaaf et al. 2006;
Morrissey et al. 2009). AtFPN3/MARI, dual-targeted to
chloroplasts and mitochondria, functions as an Fe exporter
that is essential for organellar Fe balance and also mediates
antibiotic entry into chloroplasts (Conte et al. 2010; Conte
and Lloyd 2010; Kim et al. 2021).

Comparative studies across species reinforce these
functional roles. In the Ni hyperaccumulator Psychotria
gabriellae, PgFPNI is highly expressed, and its transgenic
expression in Arabidopsis confers increased Ni tolerance
(Merlot et al. 2014). In buckwheat (Fagopyrum esculen-
tum), FeFPNI is root-expressed, strongly induced by AI**
(but not Fe), and enhances Al tolerance when overexpressed
in Arabidopsis, implying a role in internal Al detoxification
(Yokosho et al. 2016). In legumes, the group-2, nodule-spe-
cific Medicago truncatula Ferroportin2 (MtFPN2) encodes
an Fe-exporter localized to vascular and symbiosome mem-
branes; its loss-of-function disrupts nodule Fe homeostasis,
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reduces nitrogenase activity, and lowers biomass (Escudero
et al. 2020).

Although plant FPNs (IREGs) exhibit functional spe-
cialization across membranes and tissues, their roles in
rice remain poorly characterized. OsFPN1 was previously
reported to be a Golgi-localized transporter mediating Co
and Ni detoxification (Kan et al. 2022), but unresolved
inconsistencies persist. In yeast, OsFPNI expression
reduced intracellular Co and Ni levels while paradoxically
increasing Co hypersensitivity, contrary to expectations that
metal efflux should enhance tolerance, as seen with COT1.
To clarify these discrepancies, the involvement of OsFPN1
in Fe homeostasis and its role in Co/Ni transport in rice were
re-examined in detail.

Materials and methods
Phylogenetic and expression analysis

To investigate the evolutionary relationships of OsFPN1,
protein sequences of the FPN/IREG family were retrieved
from Phytozome v13, EnsemblPlants, NCBI, and Uni-
Prot databases. Representative sequences spanning
major plant lineages including monocots, dicots, bryo-
phytes, and algae were selected to ensure broad phyloge-
netic coverage. Redundant entries were removed prior to
analysis. Multiple sequence alignment and phylogenetic
tree construction were performed using TBtools v2.127
(Chen et al. 2023). A maximum-likelihood approach was
applied to generate the phylogenetic tree, with branch
support evaluated through 1,000 bootstrap replicates.
Conserved motifs were identified using the MEME suite
integrated within TBtools and visualized accordingly.

Tissue-specific expression of OsFPNI was assessed
using organ and tissue microarray data from the Ric-
eXPro database (Sato et al. 2011, 2013; http://ricexpro.
dna.affrc.go.jp). The locus Os06g0560000 (MSU LOC
Os06g36450; ferroportin family) was queried, and probe
IDs 25,429 and 30,263 were examined within dataset
RXP_0001 (organs and tissues). Cy3 signal intensity val-
ues were directly adopted, and bar charts exported from
the RiceXPro web interface were presented without fur-
ther modification (representative plot shown for probe
30263).

To evaluate stress-responsive expression, two published
oligonucleotide microarray datasets were reanalyzed. The
Fe-deficiency time-course dataset (0—7 days) for the osiro3
mutant was obtained from Wang et al. (2020a, b), and the
multi-metal treatment dataset (+Zn, —Zn, —Fe, ++Cd, —Mn,
++Mn) was obtained from Ogo et al. (2008). Normalized
signal intensities were extracted from the original datasets.

For the Fe-deficiency time course, fold-change thresholds
of KO/NT>2 (upregulated) and <0.5 (downregulated) were
applied to guide color scaling. For the multi-metal dataset,
log,-normalized values were used. All expression matrices
were row-standardized (Z-score) and visualized as heatmaps
using the Heatmap Illustrator module in TBtools v2.127.

Subcellular localization in rice protoplasts

To determine the subcellular localization of OsFPNI in a
homologous system, rice protoplasts were isolated from
stems and leaf sheaths of 7- to 15-day-old etiolated seed-
lings using an enzymatic digestion method. Tissues were
cut into fine strips (<0.5 mm) and digested in an enzyme
solution containing 1.5% (w/v) Cellulase R10 (Yakult,
Japan), 0.75% (w/v) pectinase (Sangon, China), 0.6 M man-
nitol, 10 mM CaCl,, 10 mM MES (pH 5.7), and 0.1% (w/v)
BSA. Digestion was carried out at 28 °C with gentle shak-
ing (20 rpm) for 4-5 h. Released protoplasts were filtered
through a 40-um nylon mesh and collected by centrifuga-
tion at 600 rpm for 5 min. The pellet was washed twice
with W5 solution (154 mM NacCl, 125 mM CaClz, 2 mM
KH:PO4, 2 mM MES, 5 mM glucose, pH 5.7) and resus-
pended in MMG solution (0.4 M mannitol, 15 mM MgCl,,
4 mM MES, pH 5.7) to a final concentration of 2 x 10° cells
mL™".

The OsFPN1-sGFP fusion construct used for rice pro-
toplast transfection was generated by PCR amplification of
the OsFPNI coding sequence without the stop codon and
cloned in-frame with sGFP; the primers used for construct
generation are listed in Table S1.

For transfection, 20 pg plasmid DNA (10 pg OsFPN1-
sGFP and 10 pg organelle marker construct) was mixed
with 200 pL of protoplast suspension and 220 pL of PEG
solution (40% PEG4000, 0.2 M mannitol, 100 mM CaCls,
pH 5.8). The mixture was incubated at room temperature for
10—15 min, after which the reaction was terminated by add-
ing 1 mL of W5 solution. Protoplasts were collected by cen-
trifugation, washed twice, and resuspended in 1 mL of W5
solution. After incubation at 28 °C in the dark for 18-24 h,
fluorescence signals were observed using a confocal laser
scanning microscope (Nikon C2-ER, Japan).

For co-localization analysis, OsFPN1-sGFP was co-
expressed with organelle markers. Plasma membrane
localization was marked using Arabidopsis NAA60 fused
with mKate (Linster et al. 2020), and Golgi localization
was marked using a Golgi-targeting signal peptide fused
with mCherry (Vildanova et al. 2014). Excitation/emission
wavelengths were set to 488/510 nm for GFP and 561/580
nm for mKate and mCherry.
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Heterologous localization in onion epidermal cells

To examine the subcellular distribution of OsFPN1 in a het-
erologous expression system, a modified green fluorescent
protein (sGFP, S65T) was used as a reporter. The pUC18
vector containing the cauliflower mosaic virus (CaMV)
35 S promoter—sGFP (S65T)-NOS3’ cassette was kindly
provided by Dr. Yasuo Niwa (University of Shizuoka). The
open reading frame of OsFPN1, excluding the stop codon,
was amplified by PCR using gene-specific primers introduc-
ing Kpnl and Sacl restriction sites, respectively; the primer
sequences are listed in Table S1. The amplified fragment
was digested and ligated in-frame into the pUCI18-sGFP
(S65T)-NOS3’ vector. The resulting construct was verified
by Sanger sequencing.

Transient transformation of onion (Allium cepa) epi-
dermal cells was performed using the Biolistic PDS-1000/
He particle delivery system (Bio-Rad, Tokyo, Japan). GFP
fluorescence was observed using a confocal laser scanning
microscope (LSMS5 Pascal, Carl Zeiss, Tokyo, Japan) fol-
lowing the protocol described by Mizuno et al. (2003).

Yeast complementation assays

The full-length coding sequence of OsFPNI was cloned
into the yeast expression vector pDR195. The recombinant
plasmid and the empty vector (VC) were introduced into
several Saccharomyces cerevisiae mutants, including the
Co/Ni-sensitive strain Acot! (MATa, trp1-63, leu2-3, gcn4-
101, his3-609, ura3-52, YOR316c/cotl::LEU2) (Conk-
lin et al. 1992), the Fe uptake-defective double mutant
Afet3fetd (MATo, his3A1, leu2A0, metl5A0, ura3A40,
YMRO58w/fet3: :kanMX4; YMR319c/fet4: -kanMX4) (Ishi-
maru et al. 2012), the Mn uptake-defective mutant Asmf1
(MAToa, his3Al, leu240, metl5A0, ura340, YOLI122c/
smfl::kanMX4) (Ishimaru et al. 2012), and the Zn uptake-
defective mutant Azapl/Azhr6 (Mata, ade6, canl, his3,
leu2, trpl, ura3, YJLO56¢c/zapl::TRPI) (Zhao and Eide
1997). Yeast transformation was performed using the lith-
ium acetate/PEG method, and two independent colonies
were selected for each construct.

For spot assays, yeast cells were precultured overnight in
synthetic defined (SD) medium lacking uracil, adjusted to
an ODy, of 1.0, and serially diluted tenfold (10°-10~%). Ali-
quots (5 pL) of each dilution were spotted onto SD-uracil-
free agar plates supplemented with 1 mM CoCl, 6H,0, 1
mM NiCl,-6H,0, 50 uM bathophenanthroline disulfonate
(BPDS, —Fe), 50 mM EGTA (-Mn), or 0.1 mM EDTA (-
Zn). Control plates without added metals were included.
Plates were incubated at 30 °C for 2-3 d, and growth differ-
ences between strains harboring OsFPNI and the VC were
documented.
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For growth curve assays, Afet3fet4 transformants carry-
ing OsFPNI or VC were inoculated into SD-uracil-free lig-
uid medium containing either 0 or 5 uM BPDS (-Fe), with
an initial ODy, of 0.05. Cultures were incubated at 30 °C
with shaking, and OD,, was measured every 10 h up to
40 h to assess growth dynamics.

For intracellular metal accumulation assays, yeast cells
expressing OsFPNI or VC were cultured in SD-uracil-
free liquid medium to an ODyg, of 0.4, then exposed to 50
uM CoCl,-6H,0 or 50 uM NiCl,-6H,0 for 1 h at 30 °C.
Cells were harvested by centrifugation (8000 x g, 5 min),
washed twice with 50 mL of cold ultrapure water, dried at
70 °C for 48 h, and weighed. Dried pellets were wet-ashed
in 2% HNO;, and intracellular Co and Ni concentrations
were quantified using inductively coupled plasma optical
emission spectrometry (ICP-OES; ISPS-3500, Seiko Instru-
ments Inc., Chiba, Japan).

Yeast two-hybrid (Y2H) screening and validation

A membrane-based split-ubiquitin ' Y2H system was
employed using yeast strain NMYS51. The OsFPNI bait
(Os06g0560000) was cloned in-frame into pBT3-STE, and
rice cDNA prey library plasmids were prepared using the
vector pPR3-N. Prior to large-scale screening, bait toxic-
ity and auto-activation were assessed by co-transforming
pBT3-STE-OsFPNI with empty pPR3-N onto selective
plates: double dropout (DDO, —Leu/~Trp), triple dropout
with 3-AT (TDO/3-AT, —Leu/-Trp/—His+3-AT), and qua-
druple dropout (QDO, —Leu/-Trp/~His/~Ade). Functional
competence of the system was verified by co-transforming
pOst1-Nubl with the bait.

Library transformation was then performed, and primary
positives were selected on TDO/X medium. Positive colo-
nies were re-streaked and spotted onto QDO/X to reduce
false positives. Prey plasmids from confirmed interactors
were rescued, PCR-amplified using CYCI1 primers, and
sequenced by the Sanger method to identify candidate
interactors.

Identified candidates were mapped to rice gene identi-
fiers and subjected to over-representation analysis for Gene
Ontology categories (biological process, cellular compo-
nent, and molecular function) and KEGG pathways in R.
P-values were adjusted using the Benjamini—Hochberg
method to control the false discovery rate.

For targeted validation, the open reading frames of
OsPARI (0Os05g0474400) and OsI2g0168900 were
cloned into pPR3-N and co-transformed with pBT3-STE-
OsFPNI into NMY51. Transformants were selected on
DDO and evaluated on TDO/3-AT and QDO plates. X-a-
Gal was included where indicated. Positive (pTSU2-APP/
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pNubG-Fe65) and negative (pTSU2-APP/pPR3-N) controls
were tested in parallel.

Bimolecular fluorescence complementation (BiFC)
assay

To examine protein—protein interactions in planta, BiFC
assays were performed in Nicotiana benthamiana leaves.
The full-length coding sequences of OsFPNI, OsPARI
(0s05g0474400), and Os12g0168900 were amplified by
PCR using gene-specific primers (listed in Table S1) and
cloned into the pSPYCE-35 S and pSPYNE-35 S vectors
to generate C-terminal YFP (cYFP) and N-terminal YFP
(nYFP) fusion constructs, respectively (Walter et al. 2004).
All constructs were verified by sequencing and introduced
into Agrobacterium tumefaciens strain GV3101 carrying the
p19 suppressor.

Agrobacterium cultures were grown in YEB medium,
harvested by centrifugation, and resuspended in infiltration
buffer containing 10 mM MgCl. and 120 uM acetosyrin-
gone to an ODeoo of 0.6. Equal volumes of Agrobacterium
suspensions carrying OsFPN1-cYFP and the respective
candidate-nYFP constructs were mixed and infiltrated into
the abaxial surface of leaves of 4-week-old N. benthamiana
plants using a needleless syringe. After infiltration, plants
were maintained under low-light conditions for 48 h.

Reconstituted YFP fluorescence was detected using a
confocal laser scanning microscope (Olympus FV3000,
Japan). Negative controls included co-expression of
OsFPN1-cYFP with the empty nYFP vector, as well as
co-expression of each candidate-nYFP construct with the
empty cYFP vector.

CRISPR/Cas9 mutant construction and genotyping

Single-guide RNA (sgRNA) target sites (20 nt upstream
of the NGG PAM) within the OsFPNI coding sequence
were selected using CRISPR-P 2.0 (http://crispr.hzau.edu.
cn/CRISPR2/) (Liu et al. 2017). Candidate sequences were
evaluated for specificity against the rice reference genome.
Annealed oligonucleotides were cloned into the pU6gRNA
expression cassette (Mikami et al. 2015), which was sub-
sequently inserted into the binary vector pZH gYSA
MMCas9 (Endo et al. 2015). The recombinant construct was
introduced into Agrobacterium tumefaciens strain EHA105
by electroporation.

Agrobacterium-mediated transformation of Oryza
sativa L. cv. Nipponbare was performed following estab-
lished protocols (Hiei et al. 1994; Ozawa 2012). Embryo-
genic calli were infected with Agrobacterium harboring the
CRISPR/Cas9 construct, co-cultivated on AAM medium
in the dark at 25 °C for 3 d, and then washed with sterile

water containing 250 mg/L cefotaxime. Resistant calli were
selected on 2N6 medium supplemented with hygromycin
B, with stepwise increases in concentrations (10 mg/L for
1 week, 30 mg/L for 1 week, and 50 mg/L for 2 weeks).
Hygromycin-resistant calli were transferred to MS regener-
ation medium under 28 °C and light conditions until shoots
developed. Rooted plantlets were acclimatized in soil under
greenhouse conditions.

Genomic DNA was extracted from fresh leaves of T1
plants using an NA-2000 automated DNA isolator (Kurabo,
Japan). PCR amplification of regions flanking the sgRNA
target sites was carried out with gene-specific primers, and
purified amplicons were sequenced directly to detect indels.
In the T2 generation, plants were further screened to iden-
tify homozygous mutants and to select transgene-free indi-
viduals segregated from the Cas9 construct.

Plant materials, growth conditions, and hydroponic
phenotyping assays

Seeds of Oryza sativa L. cv. Nipponbare (wild type) and
CRISPR/Cas9-derived mutant lines were used. Dormancy
was broken at 37 °C for 5 d, and seeds were surface-ster-
ilized sequentially with 70% (v/v) ethanol for 2 min and
2.5% (w/v) sodium hypochlorite for 30 min with gentle
shaking, followed by five rinses with sterile distilled water.
Sterilized seeds were germinated on Murashige and Skoog
(MS) medium (Murashige and Skoog 1962) supplemented
with 50 mg L™! hygromycin B for transformant selection or
without hygromycin for wild type. Seedlings were grown
at 28 °C under a 14 h light/10-h dark cycle for 2 weeks,
acclimatized for 3 d, and then transferred to a hydroponic
system.

The nutrient solution contained 0.70 mM K,SO,, 0.10
mM KCI, 0.10 mM KH,PO,, 2.0 mM Ca(NO,), 4H,0, 0.50
mM MgSO,-7H,0, 10 uM H;BO;, 0.50 uM MnSO,-H,0,
0.50 uM ZnSO,-7H,0, 0.20 pM CuSO,-5H,0, and 0.01 uM
(NH,)¢Mo,0,,-4H,0. For +Fe treatments, 100 uM Fe(I1I)-
EDTA was added (Kobayashi et al. 2019a, b b). Seedlings
were pre-cultured for 3—5 d until the four-leaf stage and then
subjected to the following treatments: (i) + Fe, no additional
Co/Ni; (ii) —Fe, no additional Co/Ni; (iii) + Fe + CoCl,-6H,0
(10 or 100 pM); (iv)+Fe+NiCl,-6H,0 (10 or 100
uM); (v) —Fe+CoCl,-6H,O (10 or 100 uM); and (vi) —
Fe+NiCl,-6H,0 (10 or 100 uM). Nutrient solutions were
renewed on day 4 of treatment, and pH was adjusted daily
to 5.3-5.5 with 2 M HCI. Plants were cultivated in a green-
house under natural light at 30 °C (day)/25°C (night).

For phenotypic evaluation, shoot height and the SPAD
values of the youngest fully expanded leaf were measured
before treatment (day 0) and after 10 d of treatment using
a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo,
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Japan). Root length was recorded after 10 d of treatment.
For subsequent analyses, leaves and roots from three bio-
logical replicates were harvested, either flash-frozen in lig-
uid nitrogen for gene expression analysis or oven-dried for
determination of metal concentrations.

ICP-OES analysis of metal concentrations

Shoots and roots were harvested separately, rinsed three
times with ultrapure water, and dried at 70 °C for 2—3 d until
constant weight was achieved. Approximately 50-100 mg
dried tissue was weighed into Teflon digestion vessels and
digested with 1.5 mL concentrated HNO; (13.4 M) and
1.5 mL H,0, (8.8 M) using a microwave digestion system
(MarsXpress, CEM, Matthews, NC, USA) at 220 °C for
20 min. The digested samples were diluted to a final vol-
ume of 7 mL with ultrapure water. Elemental concentrations
of Fe, Co, Ni, Mn, Zn, and Cu were quantified using ICP-
OES (ISPS-3500, Seiko Instruments Inc., Chiba, Japan).
Calibration curves were generated using standard solu-
tions of known concentrations, and internal standards were
employed to correct for instrumental drift.

RT-qPCR expression analysis

Total RNA was extracted separately from rice shoots and
roots using a RNeasy Plant Mini Kit (Qiagen, Valencia, CA,
USA) following the manufacturer’s instructions. First-strand
cDNA was synthesized from 1 pg total RNA using Rever-
Tra Ace® qPCR RT Master Mix containing gDNA Remover
(Toyobo, Osaka, Japan). Quantitative PCR was performed
on a LightCycler® 480 II Real-Time PCR System (Roche,
Basel, Switzerland) using GoTaq® gPCR Master Mix (Pro-
mega, Madison, WI, USA). Gene-specific primers are listed
in Table S1. Transcript levels were normalized to the rice
reference gene OsTUBI (tubulinl), and relative expression
levels were calculated using the 2 24 method.

Results

Phylogenetic relationships and expression profiles
of OsFPN1

A maximum-likelihood phylogenetic tree of FPN/IREG
proteins from multiple plant species identified four paral-
ogous members in rice (OsFPNI-4) (Fig. 1A). OsFPNI
clustered within the monocot branch, showing the clos-
est relationship to sorghum Sbh10g022120 and clear sepa-
ration from dicot members such as AtFPN1/2. Conserved
motif analysis detected 12 motifs across the dataset. All
rice members shared similar motif compositions, although
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OsFPN4 exhibited a slightly distinct arrangement and
length (Fig. 1B).

In the time-course dataset of the knockout mutant of
OsIRO3, a repressor of Fe homeostasis genes, OsIMA1/2
(key peptides involved in the Fe deficiency response in rice)
were rapidly induced under both Fe-sufficient and early
Fe-deficient conditions (days 1-2), followed by a decline
after day 3. Comparative clustering identified 21 genes with
similar dynamic patterns, including OsFPN1 in shoot (Fig.
S1A). In the metal excess/deficiency treatment dataset,
OsFPNI was strongly induced under Cd excess and Fe defi-
ciency conditions in shoot, with weaker responses to other
treatments (Fig. S1B).

RiceXPro microarray data further revealed spatially het-
erogencous expression of OsFPNI across tissues and devel-
opmental stages (Fig. S2). Strong expression was observed
in inflorescences, anthers, pistils, and early seed devel-
opment, with detectable levels in roots and leaf sheaths.
Expression was relatively low in vegetative leaves and late
endosperm. Collectively, these findings imply that OsFPN1
belongs to the rice FPN family and its expression is regu-
lated by Fe availability and developmental stage.

Subcellular localization of OsFPN1

To elucidate the subcellular localization of OsFPNI in
a homologous system, OsFPN1-sGFP was transiently
expressed in rice protoplasts. Confocal microscopy revealed
a punctate intracellular distribution pattern. Co-localiza-
tion analysis showed that OsFPN1-sGFP fluorescence
overlapped extensively with the Golgi marker (Fig. 2A),
whereas minimal overlap was detected with the plasma
membrane marker NAA60 (Fig. 2B). These results indicate
that OsFPN1 preferentially localizes to the Golgi appara-
tus in rice protoplasts. In contrast, heterologous expression
in onion epidermal cells showed peripheral fluorescence
enrichment at the plasma membrane (Fig. S3).

OsFPN1 exhibits Co, Ni, and Fe transport activity in
yeast cells

Yeast assays were conducted to characterize the transport
function of OsFPNI1. In the Co/Ni-sensitive mutant Acotl,
yeast cells expressing OsFPNI exhibited reduced growth on
SD-uracil-free medium containing 1 mM Co or Ni com-
pared to the vector control (VC), while no difference was
observed under control conditions (Fig. 3A). In the Fe-
uptake-defective mutant Afet3Afet4, OsFPNI significantly
improved colony growth on —Fe medium supplemented
with 50 uM BPDS relative to VC (Fig. 3B, left). In con-
trast, OsFPNI did not restore growth in the Mn-deficient
mutant Asmf]1 in the presence of 50 mM EGTA, whereas
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Fig. 1 Phylogenetic relationships and conserved motifs of ferroportin
(FPN) family proteins in representative plant species. A Phylogenetic
tree constructed using the maximum-likelihood method based on full-
length amino acid sequences of FPN/IREG family members from
Oryza sativa (Os), Sorghum bicolor (Sb), Arabidopsis thaliana (At),
Vitis vinifera (Vv), Fagopyrum esculentum (Fe), Psychotria gabriel-

the positive control OsNRAMPS5 complemented the defect
(Fig. 3B, middle). Similarly, OsFPNI failed to comple-
ment the Zn-deficient mutant (4zapl/Azhr6) under —Zn
conditions (Fig. 3B, right). Yeast cells expressing OsFPNI
accumulated significantly higher levels of Co and Ni than
VC (Fig. 3C). In liquid growth assays, OsFPNI expres-
sion enhanced proliferation of Afet3Afet4 cells under Fe
deficiency, particularly in the presence of 5 uM BPDS
(Fig. 3D). These results imply that OsFPN1 functions as a
transporter involved in Fe, Co, and Ni homeostasis.

lae (Pg), Selaginella moellendorffii (Sm), Physcomitrella patens (Pp),
Chlamydomonas reinhardtii (Cr), and Cyanidioschyzon merolae (Cm).
The phylogenetic tree was generated using TBtools v2.127 with 1000
bootstrap replicates. B Conserved motif analysis performed using the
MEME suite integrated in TBtools. Twelve conserved motifs (Motif
1-12) were identified, each represented by a distinct color

Y2H screening and validation of OsFPN1 interactors

To identify protein partners potentially associated with
OsFPNI function, a split-ubiquitin membrane Y2H screen
was performed to identify potential protein partners. Bait
quality control confirmed that OsFPN1 exhibited no auto-
activation or toxicity, and system competence was vali-
dated using the positive control (Fig. S4). Screening of a
rice cDNA library yielded blue colonies on TDO/X, which
remained positive on QDO/X (Fig. S5). Colony PCR of res-
cued prey plasmids produced expected-size inserts (lanes
1-78; Fig. S6). After removing redundancies, 58 non-redun-
dant candidate interactors were retained (Table S2).
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(A) GFP-OsFPN1

mCherry (Golgi )

GFP-OsFPN1 mKate (PM)

Fig. 2 Subcellular localization of GFP—OsFPNI1 in rice protoplasts. A
Confocal fluorescence images of GFP—OsFPNI1 co-expressed with a
Golgi marker fused to mCherry in rice protoplasts. B Confocal fluores-
cence images of GFP—OsFPN1 co-expressed with a plasma membrane

Gene Ontology classification of the 58 selected genes
revealed enrichment in biological processes related to cellu-
lar activity, localization, and regulation. Cellular component
terms were dominated by protein complexes, while molecu-
lar function categories were enriched for binding, with addi-
tional contributions from transporter and ATP-dependent
activity (Fig. S7). KEGG pathway mapping assigned can-
didates primarily to folding, sorting, and degradation, and
translation within Genetic Information Processing, with
additional assignments to transport, catabolism, membrane
transport, and energy metabolism (Fig. S8).

From these candidates, two proteins were prioritized for
validation: OsPAR1 (Os05g0474400), a PRA1-family fac-
tor involved in Rab-dependent vacuolar trafficking (Rho et
al. 2009; Heo et al. 2010), and Os12g0168900, a V-ATPase
subunit required for vacuolar acidification and linked to
metal homeostasis (Zhang et al. 2012; Luo et al. 2015; Liang
et al. 2021). Serial-dilution assays showed that yeast co-
expressing OsFPNI with either OsPARI or Os12g0168900
grew on TDO and QDO, whereas auto-activation and nega-
tive controls did not (Fig. 4).

To further assess these interactions in plant cells, BiFC
assays were performed in N. benthamiana leaves. Recon-
stituted YFP fluorescence was detected when OsFPNI1-—
cYFP was co-expressed with OsPAR1-nYFP or with
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Bright field

(PM) marker fused to mKate in rice protoplasts. From left to right:
GFP-OsFPNI signal (green), organelle marker signal (red), bright-
field image, and merged image. Scale bars=10 pm

Os12g0168900-nYFP (Figs. S9, S10). These results dem-
onstrate that OsFPN1 forms protein complexes with both
OsPAR1 and Os12g0168900 in plant cells, supporting their
physical association in planta.

These results support physical associations of OsFPN1
with OsPAR1 and Os12g0168900 in heterologous plant
cells, and provide candidate leads for exploring whether
endomembrane/vacuolar processes contribute to OsFPN1-
dependent metal homeostasis in rice.

osfpn1 mutants are hypersensitive to Fe deficiency
and Co/Ni stress

Two CRISPR/Cas9 mutants, osfpnl-1 (+1 bp insertion)
and osfpni-2 (=21 bp deletion), were generated and con-
firmed (Fig. 5A). Wild type (WT) and osfpnl seedlings
were compared under hydroponic conditions with Fe suf-
ficiency (+Fe), Fe deficiency (-Fe), and graded Co or Ni
supplementation. Under +Fe without Co/Ni, the WT and
mutants showed no significant differences in shoot height,
SPAD values, or root length (Fig. 5B-D). Under —Fe, all
genotypes developed chlorosis, but SPAD decline was sig-
nificantly greater in osfpnl by days 8-10 (Fig. 5B-D). With
Co treatment, mutants were hypersensitive. At 10 uM Co,
the osfpnl lines exhibited reduced shoot height, aggravated
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Fig. 3 Functional characterization of OsFPN1 transport activity in
yeast. Yeast wild-type and mutant strains were transformed with an
empty vector (VC), OsFPNI1, or OsNRAMPS, and were analyzed
for metal tolerance and transport activity. A Spot assays of the Co/
Ni-sensitive mutant Acot] carrying VC or OsFPN1 were performed
on SD-uracil-free plates containing 0 or 1 mM Co or Ni (10-fold
serial dilutions, 10°~107%). B Spot assays of Afet3fet4 (—Fe), Asmfl
(—Mn), and Azapl/Azhr6 (—Zn) mutants carrying VC, OsFPN1, or
OsNRAMPS were performed on SD-uracil-free plates supplemented

chlorosis, and shorter roots compared to the WT (Figs.
S11A, S12A, S13A, S15). At 100 uM Co, inhibition inten-
sified, particularly under —Fe, when mutants showed pro-
nounced chlorosis and strong root suppression (Figs. S11B,
S13C, S15). With Ni treatment, mutants displayed more
severe phenotypes. At 10 uM Ni, the osfpnl lines showed
moderate growth inhibition (Figs. S11C, S12B, S13B, S15).

OSFPN1 + 0 uM BPDS -Fe vector ¢+ 5 uM BPDS -Fe vector
o0 uM BPDS -Fe OsFPN1 o5 uM BPDS -Fe OsFPN1

with 50 uM BPDS, 50 mM EGTA, or 0.1 mM EDTA, respectively. C
Intracellular Co and Ni contents were measured by ICP-OES (n=3)
after cells expressing VC or OsFPN1 had been exposed to 50 uM Co
or Ni for 1 h. D Growth curves of Afet3fet4 transformants harboring
VC or OsFPN1 were recorded in —Fe medium containing 0 or 5 uM
BPDS. Data represent the mean+SD (n=3). Different letters indicate
significant differences relative to VC (one-way ANOVA with post hoc
Dunnett’s test, p<0.05). VC, empty vector; OsFPN1, recombinant
OsFPN1 vector

At 100 pM Ni, severe chlorosis and root stunting occurred
even under +Fe (Figs. S11D, S13D, S14, S15). Under —Fe
with 100 pM Ni, growth declined rapidly after day 5, and
mutants were largely non-viable by day 10, whereas the
WT remained alive despite growth inhibition (Figs. S11D,
S12D, S13D, S14, S15). These results indicate that OsFPN1
is indispensable for maintaining chlorophyll content and
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Fig. 4 Y2H point-to-point verification of the interactions between
OsFPN1 and OsPAR1/0s12g0168900. Pairwise Y2H assays were car-
ried out in yeast strain NMY51. Yeast cells co-transformed with the
indicated bait and prey constructs were serially diluted (10~'-107*) and
spotted onto DDO (—Leu/~Trp), TDO (-Leu/-Trp/~His), and QDO
(-Leu/~Trp/-His/~Ade) plates. (1) OsFPNI1-pBT3-STE+pPR3-N

(A)

WT 5'-GGCGAGTGATGGCCACCTCGCGG-3'
osfpnl-1 ~ 5-GGCGAGTGATGGCCACCCTCGCGG-3' +1 bp
osfpnl-2 5'-GGCG ------//------ CCGCTCCTCGAC-3' -21 bp

© +Fe -Fe

Fig. 5 CRISPR/Cas9-mediated mutagenesis of osfpni and phenotypic
analysis of rice plants under different iron conditions. A Gene struc-
ture of OsFPNI showing untranslated regions (gray boxes), exons
(black boxes), and introns (lines). The CRISPR/Cas9 target site and
mutation types identified in the mutants (osfpni-1, +1 bp insertion;
osfpnl-2, —21 bp deletion) are indicated. B Time-course analysis of
SPAD values in wild type (WT) and osfpn! mutants grown under Fe-
sufficient (+Fe) and Fe-deficient (—Fe) hydroponic conditions. Data
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(autoactivation control); (2) OsFPN1-pBT3-STE +pOst1-Nubl (posi-
tive functional control); (3) OsFPN1-pBT3-STE+pPR3-N-OsPARI1
(experimental); (4) OsFPN1-pBT3-STE+pPR3-N-Os12g0168900
(experimental); (+) PTSU2-APP+pNubG-Fe65 (positive interaction
control); (=) PTSU2-APP+pPR3-N (negative interaction control)
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were recorded at 0, 1, 3, 5, 8, and 10 days. C Representative images
of WT and mutant plants grown hydroponically under +Fe and —Fe
conditions for 10 days. D Growth parameters of WT and mutant plants
under +Fe and —Fe conditions. Upper panels: shoot height measured
at 0, 1, 3, 5, 8, and 10 days. Lower panels: root length measured at
day 10. Data represent the mean+ SD (n=3). Different letters indicate
significant differences among genotypes (one-way ANOVA followed
by Tukey’s HSD, p<0.05)
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Fig. 6 Metal accumulation and expression analyses in WT and osfpn/
mutants under Fe-sufficient (+Fe) and Fe-deficient (—Fe) conditions.
A, B ICP-OES measurements of Fe, Mn, Zn, and Cu concentrations
in shoots (A) and roots B of WT, osfpni-1, and osfpni-2. C, D RT-
qPCR of Fe-deficiency marker genes (OsIMAI, OsIMA2, OsIRO3,
and OsNAS2) and Y2H candidate interactors (OsI2g0168900 and

root development under Fe limitation, and plays a critical
role in protecting rice seedlings against Co and Ni toxicity.

osfpn1 mutants show altered metal accumulation
depending on Fe status and Co/Ni exposure

To evaluate the role of OsFPNI in metal homeostasis, con-
centrations of Fe, Mn, Zn, Cu, Co, and Ni were measured
in shoots and roots of the WT and the osfpn/ mutants under
+Fe and —Fe conditions, with or without Co/Ni supple-
mentation. In the absence of Co or Ni supplementation,
mutant shoots accumulated significantly less Fe under —Fe
compared to the WT, while Zn and Cu tended to increase
under +Fe (Fig. 6A). The roots of mutants exhibited ele-
vated Fe, Mn, Zn, and Cu under both +Fe and —Fe condi-
tions (Fig. 6B). Under Co treatment, distinct changes were
observed. At 10 uM Co, mutant shoots showed reduced Fe
and elevated Co, along with modest increases in Zn and Cu
(Fig. S16A), whereas roots accumulated more Mn, Zn, and
Cu but less Co (Fig. S16B). At 100 uM Co, shoots again
contained lower Fe and higher Co, especially under —Fe
(Fig. S16C), while roots accumulated more Fe, Zn, and Cu

OsPARI) in shoots (C) and roots (D). Transcript levels were normal-
ized to OsTUBI and calculated by the 2 **“* method. Data represent
the mean+SD (n=3). Different letters indicate significant differences
among genotypes (one-way ANOVA followed by Tukey’s HSD,
p<0.05)

but less Co (Fig. S16D). Under Ni treatment, similar altera-
tions were evident. At 10 uM Ni, mutant shoots exhibited
significantly reduced Fe and increased Ni (Fig. S16E),
while roots accumulated more Zn and Cu but less Ni (Fig.
S16F). At 100 uM Ni, shoots showed marked Fe reduction
and Ni elevation under both +Fe and —Fe conditions (Fig.
S16G), whereas roots displayed strong Fe enrichment but
reduced Ni (Fig. SI6H). These findings demonstrate that
disruption of OsFPNI perturbs Fe partitioning between
shoots and roots, alters Mn/Zn/Cu balance, and impairs Co/
Ni sequestration in roots, thereby enhancing their relative
accumulation in shoots under stress conditions.

OsFPN1 interacts with OsPAR1 and 0s12g0168900
and modulates Fe-deficiency signaling

To assess whether OsFPNI disruption influences the
expression of Fe-deficiency marker genes and its identified
interactors, qRT-PCR was conducted in shoots and roots of
the WT and osfpnl under +Fe and —Fe conditions. Under
+Fe, no significant differences were detected between
the WT and mutants. Under —Fe, mutant shoots showed
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significantly elevated expression of OsIMAI, OsIMA2,
OsPARI, and Os12g0168900 compared to the WT (Fig. 6C).
In roots, mutants displayed enhanced induction of OsIMAI,
OsIMA2, OsNAS2, OsPARI, and Os12g0168900 under —Fe
(Fig. 6D). These results indicate that loss of OsFPNI leads
to enhanced induction of Fe-deficiency—responsive genes in
both shoots and roots, including those encoding the protein
interactors OsPAR1 and Os12g0168900, under Fe-deficient
conditions.

Discussion

Ferroportin/IREG proteins constitute an evolutionarily con-
served family of divalent-metal transporters that are broadly
present across eukaryotic lineages. In animals, FPNs medi-
ate duodenal Fe absorption and macrophage Fe recycling,
thereby maintaining systemic Fe homeostasis (McKie et al.
2000; Muckenthaler et al. 2008). Homologous transporters
have also been identified in plants, where they share con-
served transmembrane structures and metal-binding motifs
with their animal counterparts but have diversified in sub-
cellular localization, substrate preference, and physiological
function (Schaaf et al. 2006; Morrissey et al. 2009; Garcia
de la Torre et al. 2021). In this study, phylogenetic analysis
identified four rice paralogs (OsFPNI—4), consistent with
previous reconstructions of the soybean IREG family that
included the same four rice sequences (Cai et al. 2020). The
conservation of the FPN/IREG family across eukaryotes,
together with its diversification within plant lineages, indi-
cates that these transporters retain a common evolutionary
framework for transition-metal regulation, while exhibiting
species-specific adaptations in localization and physiologi-
cal function.

The functional role of OsFPNI has remained unclear.
Kan et al. (2022) reported predominant Golgi localization
in rice protoplasts and proposed a role in Co/Ni transport,
while plasma membrane signals were also detected in yeast.
In this study, OsFPN1-sGFP exhibited a predominantly
punctate pattern in rice protoplasts and showed extensive
co-localization with a Golgi marker (Fig. 2A), whereas
overlap with the plasma membrane marker NAA60 was
limited and only occasionally observed (Fig. 2B). In a het-
erologous system, transient expression in onion epidermal
cells resulted in peripheral fluorescence enrichment at the
plasma membrane (Fig. S3). These observations suggest
that OsFPNI1 is primarily associated with the Golgi in a
homologous rice system, while a minor plasma membrane
pool can be detected depending on cellular context and
expression system, potentially reflecting trafficking through
the secretory pathway or altered sorting under heterologous
expression conditions. Dynamic relocalization between
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the plasma membrane and internal membranes has been
reported for other plant metal transporters. In Arabidopsis,
the Fe** transporter IRT1 cycles between the plasma mem-
brane and endosomal/vacuolar compartments via monou-
biquitin-dependent endocytosis (Barberon et al. 2011). IRT1
also functions as a metal sensor, detecting cytosolic Zn**
and Mn?" via a histidine-rich loop, which triggers CIPK23-
dependent phosphorylation and IDF1-mediated ubiquiti-
nation, leading to internalization and vacuolar targeting
(Dubeaux et al. 2018; Spielmann et al. 2023). Similarly,
the Mn?* transporter NRAMP1 undergoes phosphorylation-
dependent, clathrin-mediated endocytosis upon Mn resup-
ply, cycling between the plasma membrane and endosomes
to prevent toxicity (Castaings et al. 2021). These findings
indicate that regulated trafficking is a common post-transla-
tional mechanism for metal transporters and provide a bio-
logical context to interpret the varying localization patterns
observed for OsFPN1 across different expression systems.

A possible link between OsFPN1 and endomembrane/
vacuolar processes is suggested by protein—protein interac-
tion assays. Y2H assays supported interactions of OsFPN1
with OsPAR1, a PRA1-family factor involved in Rab-depen-
dent trafficking (Rho et al. 2009; Heo et al. 2010), and with
051220168900, a V-ATPase subunit required for vacuolar
acidification and linked to metal-related processes (Zhang et
al. 2012; Luo et al. 2015; Liang et al. 2021) (Fig. 4). Impor-
tantly, these associations were further supported in plant
cells by BiFC assays in N. benthamiana, where reconstituted
YFP fluorescence was detected for OsFPN1 with OsPAR1
and with Os12g0168900 (Figs. S9, S10). These interaction
data are consistent with the involvement of OsFPN1 in ves-
icle- and vacuole-related pathways and are compatible with
the possibility that endomembrane-associated processes
contribute to intracellular metal distribution.

Multiple independent lines of evidence imply that
OsFPNI contributes to Fe homeostasis. Transcriptome
reanalysis in osiro3 mutants placed OsFPNI in the same
dynamic cluster as the early Fe-deficiency markers OsIMA 1
and OsIMA2, showing rapid induction at days 1-2 of
Fe starvation followed by decline (Fig. S1A) (Wang et
al. 2020a, b). Previous datasets likewise showed strong
OsFPNI induction under Fe deficiency and Cd excess
(Fig. S1B) (Ogo et al. 2008). Functionally, osfpn! mutants
retained more Fe in roots but showed reduced Fe accumula-
tion in shoots under Fe deficiency (Fig. 6A, B). Consistent
with enhanced Fe-deficiency signaling, mutants exhibited
elevated transcript levels in shoots for OsIMAI, OsIMA?2,
OsPARI, and OsI2g0168900 (Fig. 6C), and in roots for
OsIMAL, OsIMA2, OsNAS2, OsPAR1, and Os12g0168900
(Fig. 6D), while OsIRO3 expression remained unchanged.
No significant differences were detected under Fe-sufficient
conditions. These results indicate that OsFPNI facilitates
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Fe partitioning between roots and shoots, implying that
metal loading into the endomembrane system may contrib-
ute to efficient root-to-shoot translocation. Although the
precise trafficking route linking Golgi-localized OsFPNI1 to
xylem loading remains unresolved, the central role of the
Golgi in secretory trafficking provides a plausible cellular
framework through which intracellular metal partitioning
can influence long-distance transport. Loss of OsFPN1 thus
enhances Fe-deficiency-responsive transcription, contrast-
ing with previous conclusions that OsFPNI1 is dispensable
for Fe nutrition (Kan et al. 2022). Earlier reviews have also
reported Fe-deficiency-responsive changes in OsFPNI
expression (Ricachenevsky et al. 2018), supporting the view
that OsFPN1 transcriptionally responds to Fe status.

The results further demonstrate that OsFPNI is essen-
tial for coping with Co and Ni exposure by supporting root
sequestration and retention, thereby limiting long-distance
translocation. Even under +Fe, Co or Ni supplementation
caused strong chlorosis in osfpn ! seedlings (Figs. S11, S12).
ICP-OES profiling revealed consistent redistribution under
Co/Ni treatment: mutants accumulated less Co/Ni in roots
but more in shoots compared to the WT (Fig. S16), reflect-
ing impaired root sequestration and enhanced shoot loading.
This suggests that OsFPN1 may normally sequesters excess
Co/Ni into the endomembrane system to limit their entry
into the transpiration stream. Such patterns are consistent
with competition between Co/Ni and Fe for transport path-
ways (Salnikow et al. 2004; Morrissey et al. 2009; Meier
et al. 2018). In mung bean, Co toxicity is largely attribut-
able to inhibition of Fe translocation to shoots (Liu et al.
2000), consistent with the Co-induced Fe enrichment in rice
roots observed here (Fig. S16A-D). Overlapping specifici-
ties among transporters (for instance, OsMTP1 handles Fe/
Co/Ni) likely intensify competitive interactions (Menguer et
al. 2013; Shirazi et al. 2019; Gao et al. 2020). Because Co
stress often produces Fe-deficiency-like symptoms (Roy-
choudhury and Chakraborty 2022), additive effects of Co
exposure and Fe deficiency in osfpnl are expected.

Ni produced particularly severe effects. Under —Fe plus
100 uM Ni, osfpn! seedlings collapsed after day 5 and were
largely non-viable by day 10 (Figs. S11D, S12D, S13D).
Although Ni is an essential micronutrient required only in
trace amounts (Amjad et al. 2020; Gonzalez et al. 2024),
its toxicity increases rapidly above the physiological range
and can even exceed that of Cd in some species (Kovacik et
al. 2019). The observed lethality under combined —Fe and
high Ni highlight the vulnerability of rice metabolism to Ni
overload when Fe delivery to shoots is impaired.

In summary, OsFPN1 functions as a regulator of Fe par-
titioning between roots and shoots in rice. Loss of OsFPNI
caused Fe accumulation in roots, reduced Fe levels in
shoots, and enhanced activation of Fe-deficiency signaling

pathways. In addition, osfpn/ mutants showed increased
sensitivity to Co and Ni stress, indicating impaired buft-
ering capacity and stronger competition between Fe and
these metals. While preliminary protein—protein interaction
data hint at potential links to vesicle and vacuolar traffick-
ing, these results primarily refine the functional model of
OsFPNI as an essential metal transporter and identify it as
a potential molecular target for improving Fe use efficiency
and enhancing tolerance to Co and Ni stress in crops.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s11103-0
26-01701-1.
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