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ARTICLE INFO ABSTRACT

Handling Editor: Dr K Kees Venema Iron (Fe) acquisition from soil is necessary for the normal growth and development of plants. OsIRT1 and OsIRT2
are induced by Fe deficiency; however, it remains unknown if they are required for Fe acquisition due to lack of
their loss-of-function mutants. Here, we characterized the function of OsIRT1 and OsIRT2. We found that both
Rice OsIRT1 and OsIRT2 could rescue the deficiency symptoms of Arabidopsis Atirtl when they were driven by the

Iron homeostasis CaMV35S promoter. The CRISPR-Cas9 technology was employed to generate various mutants, Osirtl, Osirt2, and

Keywords:
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O:IRTz Osirt1/Osirt2. Under hydroponic growth conditions with various Fe status, including Fe-free (-Fe), Fe(Il), and Fe
OsPRI1 (IID), no visible phenotypic differences were observed between mutants and wild type. Expression of the Strategy
OsPRI2 II genes was activated in the mutants under Fe-deficient conditions. Fe measurement showed that Fe concen-

trations were lower in mutants than in wild type under Fe(II) conditions, but not under -Fe and Fe(III) conditions.
When grown in paddy field, the seed Fe concentration was lower in mutants than in wild type. Expression
analysis indicated that the OsbHLH IVc member, OsPRI1, was required for the upregulation of OsIRT1 and
OsIRT2 in response to Fe deficiency. Furthermore, OsPRI1 and OsPRI2 associate with and activate the promoters
of OsIRT1 and OsIRT2. This study characterizes the functions of OsIRT1 and OsIRT2 in the Fe(Il) uptake,

providing insights into the molecular mechanism of Fe homeostasis maintenance in rice.

1. Introduction

Iron (Fe) is an essential nutrient for plants, as it serves as a vital
cofactor for a multitude of enzymes that participate in photosynthesis,
chlorophyll biosynthesis, and respiration (Rai et al., 2021; Mahawar
et al., 2023). However, the limited bioavailability of Fe, especially in
alkaline soils, poses a major threat to plant growth and development.
Plants growing under Fe-deficient conditions develop a chlorotic
phenotype, shrunken leaves, and dwarf growth, leading to significant
loss of crop yield (Gautam et al., 2021; Ning et al., 2023). In humans, Fe
deficiency can cause severe anemia, particularly affecting young chil-
dren and pregnant women, due to the reduced Fe content of staple food
crops like cereals (Divte et al., 2021; Pasricha et al., 2021). Although rice
(Oryza sativa) is one of the staple foods for more than half of the world’s
population, its Fe content is insufficient to meet human demand (Huang
et al., 2020; Pradhan et al., 2020). Therefore, increasing Fe content of
rice through biofortification is considered an effective strategy to

combat widespread Fe deficiency.

Plants employ two different strategies to absorb Fe in a starved
environment. Non-grass use the Fe uptake strategy I, which requires the
reduction of ferric Fe [Fe(III)] to ferrous Fe [Fe(II)] prior to the transport
of Fe(Il) by IRT1 (Robinson et al., 1999; Vert et al., 2002). In contrast,
grass plants use the strategy II, which involves the secretion of mugineic
acids that chelate insoluble Fe(Ill) and facilitate its transport into the
roots (Takagi, 1976; Takagi et al., 1984). As a special grass plant, rice
also directly utilizes Fe(II) since it can grow in waterlogged fields, where
most Fe elements exist as Fe(I) due to the low redox potential (Ishimaru
et al., 2006). This dual ability enables rice plants to benefit from the
advantages of each strategy, thus enhancing their chances of growth and
survival in fluctuating Fe environments.

IRT1, a member of the zinc-regulated transporter/iron-regulated
transporter-like proteins (ZIP) family, has been extensively studied in
Arabidopsis thaliana for its pivotal role in Fe uptake (Soviguidi et al.,
2025). Beyond its role in Fe transport, IRT1 also contributes to the
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uptake of non Fe-metals such as zinc (Zn), cadmium (Cd), cobalt (Co),
and manganese (Mn) (Korshunova et al., 1999; Rogers et al., 2000; Vert
et al., 2002). Numerous studies have revealed the involvement of IRT1
in regulating Fe absorption in Arabidopsis (Eide et al., 1996; Vert et al.,
2001, 2002; Connolly et al., 2002; Henriques et al., 2002; Varotto et al.,
2002). In grass plants, HVIRT1 was required for Mn uptake but not Fe
uptake although it has the ability to transport Fe in yeast, which raises
the possibility that IRT1 may be not involved in Fe uptake in grass. In
rice, both OsIRT1 and OsIRT2 are upregulated in response to Fe defi-
ciency (Bughio et al., 2002; Bashir et al., 2014). The expression of
OsIRT1 and OsIRT2 in yeast cells lacking the endogenous Fe(II) trans-
porters FET3 and FET4 reversed the growth defect of the fet3/fet4 double
mutant (Ishimaru et al., 2006). Furthermore, transgenic rice plants
overexpressing OsIRT1 exhibited higher Fe accumulation than wild type
plants when grown in Fe depleted media (Lee and An, 2009). However,
it is still unknown if OsIRT1 and OsIRT2 are required for the Fe uptake in
rice.

Plants perceive fluctuation of Fe status and modulate Fe signaling to
maintain Fe homeostasis. HEMERYTHRIN MOTIF-CONTAINING PRO-
TEIN 1 (OsHRZ1) and OsHRZ2 are the putative iron-binding sensors
(Kobayashi et al., 2013), which interact with and may degrade OsbHLH
IVc subgroup proteins including OsPRI1/0sbHLH60,
OsPRI2/0OsbHLH58, OsPRI3/OsbHLH59, and OsPRI4/OsbHLH057
(Zhang et al., 2017, 2020; Peng et al., 2022). OsPRI1, OsPRI2 and
OsPRI3 activate the expression of Os[RO2 and OsIRO3. OsIRO3,
OsbHLHO061 and OsbHLHO062 belong to OsbHLH IVb subgroup, which
recruit TOPLESS/TOPLESS-RELATED corepressors to negatively regu-
late iron homeostasis (Li et al., 2022; Wang et al., 2022; Li et al., 2025).
FER-LIKE FE DEFICIENCY-INDUCED TRANSCRIPTION FACTOR(OsFI-
T/OsbHLH156) and OsIRO2 form a transcriptional complex to induce
the expression of Strategy II genes, such as OsNAS1, OsNAS2, and
OsYL15 (Liang et al., 2020; Wang et al., 2020). OsIRT1 expression was
reduced with the mutation of OsFIT and OsIRO2, indicating that
OsIRO2 and OsFIT positively regulate the expression of OsIRT1 under
Fe-deficient conditions (Liang et al., 2020). In contrast, OsIRT2
expression remained similar in wild type and Osfit mutants, sug-
gesting that the upregulation of OsIRT2 by Fe deficiency is likely
independent of the OSFIT-OsIRO2 module (Wang et al., 2020).
Loss-of-function of OsPRI1 resulted in a significant downregulation of
OsIRT1 and OsIRT2, demonstrating that OsPRI1 is required for the in-
duction of both genes (Zhang et al., 2017; Wang et al., 2022). However,
it remains unclear if OsPRI1 directly regulates their expression
under Fe deficiency.

Due to lack of analysis of OsIRT1 and OsIRT2 loss-of-function mu-
tants, there remains a significant gap in our understanding of their
biological roles in rice. In the present study, we generated loss-of-
function mutants of OsIRT1 and OsIRT2 and compared their Fe defi-
ciency responses with wild type. We found that both OsIRT1 and OsIRT2
contributed to Fe(Il) uptake, and the Strategy II pathway was activated
with the mutation of OsIRT1 and OsIRT2. Moreover, the OsIRT1 and
OsIRT2 based Strategy I pathway is controlled by bHLH IVc proteins.

2. Results

2.1. OsIRT1 and OsIRT2 are able to rescue the Arabidopsis thaliana irt1
mutant

AtIRT1 is a necessary Fe transporter in Arabidopsis, since its muta-
tion causes reduced Fe uptake and Fe deficiency symptoms (Vert et al.,
2002). In contrast, plants with a mutation of AtIRT2 were similar to wild
type plants and overexpression of AtIRT2 could not rescue Atirt] mutant
(Varotto et al., 2002; Vert et al., 2009). When expressed transiently in
Arabidopsis protoplasts, AtIRT1 was found on the plasma membrane,
whereas AtIRT2 was labeled to the intracellular vesicles (Vert et al.,
2009). However, both OsIRT1 and OsIRT2 were reported to localize to
the plasma membrane when transiently expressed in the onion
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epidermal cells (Ishimaru et al., 2006). To further confirm their sub-
cellular localization, Green fluorescent protein (GFP) was fused to the
C-terminal of OsIRT1 and OsIRT2, and the corresponding recombinant
OsIRT1-GFP and OsIRT2-GFP proteins were transiently expressed in
tobacco (Nicotiana benthamiana) leaves under the control of the
CaMV35S promoter. We observed that both OsIRT1 and OsIRT2 were
localized to the plasma membrane (Fig. S1). Next, we asked whether
OsIRT1 and OsIRT2 would be able to complement the Fe-deficient
phenotype of the Atirt] mutant. In this regard, OsIRT1 and OsIRT2
under the control of the CaMV35S promoter were genetically introduced
into Atirt1-3 mutant plants by the deep floral immersion method. The
complementary lines Atirt1-3/OsIRT1-OE and Atirt1-3/OsIRT2-OE were
generated and the expression of OsIRT1 and OsIRT2 was confirmed by
gRT-PCR (Fig. S2). When grown in soil, these lines developed better than
Atirt1-3 mutants that had chlorotic leaves (Fig. 1A). When grown on
Fe-sufficient media, no visible differences were observed between
complementation lines and Atirt1-3. However, on Fe-deficient media
Atirt1-3 displayed the typical Fe deficiency symptoms, and the
complementation lines were similar to the wild type (Fig. 1B). These
results indicated that overexpression of OsIRTI and OsIRTZ2 is able to
recover the Fe deficiency symptoms of the Atirt]1-3 mutant.

2.2. Loss-of-function of OsIRT1 and OsIRT2 causes reduced Fe(II) uptake

To investigate the biological functions of OsIRT1 and OsIRT2 in Fe
deficiency response, the CRISPR/Cas9 editing system was used to
generate their mutants. The target sites were designed and integrated
into the editing vector, which were further introduced into the wild type
via Agrobacterium tumefaciens-mediated transformation. Osirtl, Osirt2,
and Osirtl/Osirt2 mutant plants were generated and homozygous lines
were identified by sequencing analysis. The Osirt1-2 and Osirt2-5 single
mutants have a 1-bp insertion of G and C in their exon 1, respectively,
which causes a frame-shift mutation (Fig. 2A and B). In the Osirt1/Osirt2
double mutant, there is a 1-bp and 15-bp deletion in exon 1 of OsIRT1
and OsIRT2, respectively, with the former causing a frame-shift muta-
tion and the latter resulting in a deletion of 5 residues in the protein
(Fig. 2C; Fig. S3).

To further clarify the functions of OsIRT1 and OsIRT2 in response to
Fe deficiency, we performed hydroponic experiments. Wild type and
mutant plants were exposed to nutrient solutions with different Fe
contents: Fe free (-Fe), Fe(II) [0.05 mM EDTA-Fe(I)], and Fe(II) [0.05
mM EDTA-Fe(III)]. Hydroxylamine (0.1 mM) was added to the EDTA-Fe
(II) solution to prevent Fe(II) oxidation. Regardless of the presence of Fe
(I) or Fe(Ill), wild type and mutant plants developed similarly.
Although the plants exhibited leaf chlorosis under Fe deficiency, no
significant phenotypic differences were observed between wild type and
mutants (Fig. 2D). Plant height and SPAD values also remained un-
changed in both groups under all growth conditions (Fig. 2E and F).

Subsequently, we determined the Fe concentration in plants grown
in hydroponic media. Under Fe-deficient and Fe(IIl) conditions, there
were no difference in Fe concentration between mutants and wild type.
In contrast, the Fe concentration in mutants was lower than that in wild
type under Fe(II) conditions (Fig. 3A). We further assessed their growth
in paddy field where both Fe(II) and Fe(III) were present. There were no
differences in plant weight and grain yield. Although Osirt1-2, Osirt2-5,
and Osirtl/Osirt2 mutants did not exhibit obvious morphological
changes, the Fe concentrations in their seeds were significantly reduced
compared with the wild type (Fig. 3B). Taken together, these data sug-
gest that OsIRT1 and OsIRT2 are required for Fe(II) uptake when Fe(II) is
present.

2.3. Strategy II genes are increased in mutants
It was reported that the Strategy I pathway was activated when

Strategy II pathway was blocked in the naatl mutant (Cheng et al.,
2007). This implies that rice integrates both strategies to the



D.R. Judesse Soviguidi et al.

Atirt1-3

Atirt1-3

Atirt1-3/0sIRT1-OE-1

Plant Physiology and Biochemistry 226 (2025) 110059

Atirt1-3/0sIRT1-OE-12  Atirt1-3/0OsIRT1-OE-13

Fig. 1. Complementation of Atirt1-3 (A)Phenotypes of plants. Three-week-old plants grown in soil are shown. (B)Phenotypes of seedlings. One-week-old seedlings

grown on Fe-sufficient and Fe-deficient media.

maintenance of Fe homeostasis. Given that the Strategy I pathway was
compromised in the mutants, we wanted to know if the Strategy II
pathway was activated. To test this, we analyzed the expression of
several Strategy II genes, such as OsIRO2, OsNAS1, OsNAS2, and
OsYSL15, which have been shown to be upregulated under Fe-deficient
conditions (Ishimaru et al., 2008). We found that under Fe-free condi-
tions, the expression of OsIRO2, OsNAS1, OsNAS2, and OsYSL15 was
considerably enhanced in all mutants compared with wild type plants
(Fig. 4A-D). Under Fe(Il) conditions, OsNAS1, OsNAS2, and OsYSL15
were upregulated in Osirt2-5 and Osirt1/Osirt2. Under Fe(III) conditions,
OsIRO2 was increased in Osirtl-2 and OsNAS1 was increased in all
mutants. These data suggest that the Strategy II pathway is activated,
especially under Fe-deficient conditions, when the Strategy I pathway is
disrupted.

2.4. OsPRI1 and OsPRI2 directly activate the expression of OsIRT1 and
OsIRT2

Both OsIRT1 and OsIRTZ2 are induced considerably in response to Fe
deficiency (Bughio et al., 2002; Bashir et al., 2014). Under Fe-deficient
conditions, the expression of OsIRT1 is slightly lower in Osiro2 and Osfit
than in wild type, whereas that of OsIRT2 is higher in Osiro2 and Osfit
than in wild type (Liang et al., 2020). It implies that there are other

transcription factors that activate the expression of OsIRT1 and OsIRT2
under Fe-deficient conditions. In addition to OsIRO2 and OSsFIT,
OsbHLH IVc subgroup are positive regulators of the Fe deficiency re-
sponses in rice. To investigate if OsbHLH IVc proteins are involved in the
upregulation of OsIRT1 and OsIRT2, we determined their expression in
the four mutants of OsbHLH IVc members. Under Fe-deficient condi-
tions, the expression of OsIRT1 and OsIRT2 was dramatically down-
regulated in the Ospril (Fig. 5A and B). These results suggest that OsPRI1
positively regulates the expression of OsIRT1 and OsIRT2.

Generally, bHLH family transcription factors specifically bind to E-
box motif (CANNTG) or G-box (CACGTG, ACGTG, or CACGT) within
their target DNA (Liu et al., 2015). Both E-box and G-box were found in
the promoters of OsIRT1 and OsIRT2 (Fig. S4A). To determine whether
OsbHLH IVc proteins bind to these G-boxes, yeast one-hybrid (Y1H)
assays were performed with two representative OsbHLH IVc members,
OsPRI1 and OsPRI2. OsPRI1 and OsPRI2 were fused to the pGAD vector
as prey, while the OsIRT1 and OsIRT2 promoters were fused to the pAbAi
vector as bait. Cells co-transformed with bait and prey were grown on
SD/—Leu and SD/—Leu/AbA-resistant media. All combinations were
able to grow normally on the SD/—Leu media. However, the various
OsPRI/ProOsIRT combinations grew better than the control combina-
tions (Fig. 6A and B). To further verify these results, EMSA was per-
formed. The full length of OsPRII and OsPRI2 were fused with
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OsIRT2  GGCAGCGGCGACGTCGA--GGCCGG
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Fig. 2. Identification of various mutants. (A)Genotypes of Osirt1-2. (B)Genotypes of Osirt2-5. (C)Genotypes of Osirtl/Osirt2. (A-C) The arrows indicate the positions
of target sequences. (D) Phenotypes of plants grown in different Fe solutions. Three-week-old plants are shown. The third leaves of seedlings are shown. Fe free (-Fe),
Fe(II) [0.05 mM EDTA-Fe(II)], and Fe(III) [0.05 mM EDTA-Fe(IIl)]. (E) SPAD value. The third leaves were measured. (F) Plant height.

glutathione (GST), and the recombinant GST-OsPRI1 and GST-OsPRI2
proteins were expressed and purified from Escherichia coli cells.
SDS-PAGE analysis was further performed to confirm protein integrity
(Fig. S4B). When GST-OsPRI1 and GST-OsPRI2 were incubated with the
biotin-labeled OsIRT1 and OsIRT2 probes, prominent protein-DNA
complexes were detected. The binding capacity was inhibited by the
addition of increasing amounts of unlabeled probe (Cold-Probe), but not
mutated probe (Cold-mProbe) (Fig. 6C and D). These data suggest that
OsPRI1 and OsPRI2 directly bind to the promoters of OsIRT1 and
OsIRT2.

Subsequently, transient expression assays were performed in tobacco
leaves. The reporter plasmids with a fused nuclear localization signal
GFP (ProOsIRT1:nGFP and ProOsIRT2:nGFP) were driven by the 1 kb

DNA region upstream the translation start site of OsIRT1 and OsIRT2.
For effector plasmids, MYC-tagged OsPRI1 (MYC-OsPRI1) and mCherry-
tagged OsPRI2 (mCherry-OsPRI2) were driven by the 35S promoter,
respectively (Fig. 7A). Pro35S:MYC and Pro35S:mCherry vectors were
used as negative effector controls. Each reporter was co-expressed with
each of the effectors, respectively. The expression level of GFP was
examined. The results indicated that OsPRI1 and OsPRI2 significantly
increased the expression of GFP compared with the controls (Fig. 7B-E).
Taken together, these results suggest that OsPRI1 and OsPRI2 directly
bind to and activate the promoters of OsIRT1 and OsIRT2.
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Fig. 3. Fe concentration in leaves and seeds. (A) Fe concentration in leaves.
Plants were grown in different Fe solutions: Fe free (-Fe), Fe(Il) [0.05 mM
EDTA-Fe(II)], and Fe(III) [0.05 mM EDTA-Fe(IlI)]. One-month-old leaves were
harvested for Fe quantification. (B) Fe concentration in seeds. Seeds were
harvested from plants grown in paddy field. (A) and (B) Data represent means
+ SD of three biological replicates (n = 3). Different letters above each bar
indicate statistically significant differences as determined by one-way ANOVA
followed by Tukey’s multiple comparison test (P < 0.05).

3. Discussion

Higher plants employ two different strategies to absorb Fe from soil.
Non-graminaceous plants use the reduction-based Strategy I and gra-
minaceous plants utilize the chelation-based Strategy II. As a special
graminaceous species, rice employs Strategy II and partial Strategy I to
acquire Fe due to the abundant Fe(I) in the paddy field. OsIRT1 and
OsIRT2 are considered two key components of the Strategy I Fe uptake
system in rice; however, the functional roles of these two genes have not

Plant Physiology and Biochemistry 226 (2025) 110059

been comprehensively characterized. In this study, we provide evidence
that OsIRT1 and OsIRT2 are involved in Fe(II) uptake in rice.

OsIRT1 and OsIRT2 are homologs of Arabidopsis AtIRT1 and AtIRT2,
respectively. Although AtIRT1 and AtIRT2 have similar amino acid se-
quences, they play different roles in Fe uptake. While AtIRT1 is localized
in plasma membrane (Vert et al., 2002), AtIRT2 is in the intracellular
vesicles and can not rescue the Fe-deficient phenotypes caused by
AtIRT1 loss-of-function (Vert et al., 2009). AtIRT1 is responsible for Fe
uptake from soil to roots as well as Fe translocation from root to shoot,
whereas AtIRT2 might be involved in Fe compartmentalization in cells
(Vert et al., 2002, 2009). A previous report revealed no significant dif-
ferences between wild type and Atirt2 mutant plants, suggesting that
AtIRT2 is not a key gene of the Strategy I system in Arabidopsis (Varotto
et al., 2002). Unlike AtIRT2, OsIRT2 is a plasma membrane protein
(Ishimaru et al., 2006). In this study, we found that both OsIRT1 and
OsIRT2 were able to complement the Fe deficiency phenotypes of Atirt1
mutant (Fig. 1A and B), probably due to their abilities in plasma mem-
brane localization.

We observed no visible phenotype differences among Osirt1, Osirt2,
OsIRT1/Osirt2, and wild type regardless of the Fe status (Fig. 2B and C).
Thus, loss-of-function of OsIRT1 or OsIRT2 does not significantly
enhance the Fe deficiency symptoms of plants grown under Fe-deficient
conditions. However, the Fe concentration in leaves and seeds was lower
in mutants than in wild type when Fe(Il) is available in the rhizosphere
(Fig. 3A and B), suggesting that OsIRT1 and OsIRT2 are required for Fe
(II) uptake in rice. We noted that the Fe concentration in the Osirtl/
Osirt2 double mutant was not lower than that in the single mutants. In
fact, there was a deletion of 5 residues in the OsIRT2 protein in the
double mutant. The 5 residues contains three histidine (H) residues in
the H-rich region of the cytosolic region in OsIRT2 (Fig. S3). It has been
confirmed that the H residues in the cytosolic region of AtIRT1 are not
required for Fe transport, but for sensing non-Fe metals (Dubeaux et al.,
2018). This may explain why the double mutant acted like the Osirt1
mutant regarding the Fe transport. On the other hand, there are other
metal transporters which can take up Fe(Il) in rice, such as NRAMP1
(Ishimaru et al., 2012). This may explain why mutation of OsIRTI1 or
OsIRT2 did not change the Fe deficiency symptoms of plants under
Fe-deficient conditions. Further investigation with high order of mutants
will establish contribution of the Strategy I to Fe homeostasis in rice.

This combined Strategy (Strategy II and partial Strategy I) is not
specific to O. sativa. The orthologs of Strategy I genes, IRT1, IRT2, and
NRAMPI1, were also identified in nine species from the Oryza genus,
maize and sorghum, and their responses to Fe deficiency are conserved
in species of the Oryza genus closely related to domesticated rice, but not
in maize or sorghum (Wairich et al., 2019). Thus, the adaptation to Fe
(II) acquisition via IRT1 in flooded soils precedes O. sativa domestica-
tion. It is notable that HVIRT1 was characterized to mediate Mn uptake,
but not Fe uptake, in barley (Long et al., 2018), although it is able to
transport Fe in yeast and also induced by Fe deficiency in barley (Pedas
et al., 2008). It is likely that the Oryza genus plants in Poaceae maintain
this Fe(II) acquisition strategy. Rice plants accumulated more Fe in
leaves under Fe(II) conditions than under Fe(III) conditions (Fig. 5AB),
suggesting that Fe(II) uptake is more efficient than Fe(III) uptake. It may
explain why rice plants possess Strategy 1.

The Fe concentration in leaves and seeds decreased in mutants,
which may be caused by the reduced root Fe(II) uptake. AtIRT1 was
reported to mediate Fe transport from roots to shoots in Arabidopsis
(Vert et al., 2002). Unlike AtIRT1 that is specifically expressed in roots,
OsIRT1 is expressed both in roots and shoots, and its expression levels
are higher in shoots than in roots under Fe-sufficient conditions. In
response to Fe deficiency, OsIRTI is also induced in shoots. Thus,
OsIRT1 might contribute to Fe translocation from roots to shoot as well
as within shoots.

An earlier study showed that knockout of the Strategy II gene NAAT1
affects the growth and development of naatl mutants under Fe(III)-
supply conditions. Moreover, the expression of OsIRT1 and OsIRT2



D.R. Judesse Soviguidi et al.

Plant Physiology and Biochemistry 226 (2025) 110059

A 1200 Roots
o =wT B Osirt2-5
2 10001 0sirt1-2 [ Osirt1/Osirt2
% 800—
- A
5 60— A
S 400— 5
2 200-c Irl
2 b
o /
2 4 A
k] A
E: “ B[|g B
0 I
-Fe +Fe(ll)  +Fe(lll)
C
40000 —R20ts
mawT WOsit2-5
& 30000 OS2 EROsint1/Osirt2
2 A
© 20000 [T,
o
c
S 10000 B ”
8 L
53 /
o 2 A
2
g 1
(v
0

I
-Fe

+Fe(ll)

+Fe(lll)

= Roots
120000
awT B Osirt2-5
% 100000 {[osit1-2 [ Osirt1/Osirt2
S 80000~ ,
S_; 60000— HAA
§ 40000—
§ 200008
S /
[0}
2 44 ™
B A
< — A
¢ N st a0
: as 00 |
-Fe +Fe(ll)  +Fe(lll)
D
Roots
40000
=wT B Osirt2-5
2 30000 —Osit1-2 ESIOsirt1/Osirt2
% )
S 20000 & A
5 A
& 10000
B
S /
kS 1 — AA
& B B
e I
-Fe +Fe(ll)  +Fe(lll)

Fig. 4. Expression of Fe deficiency-inducible genes (A)Expression of OsIRO2 (B)Expression of OsNASI (C) Expression of OsNAS2 (D)Expression of OsYSL15 (A-D)
One-week-old seedlings grown in Fe-sufficient media were shifted to various Fe solutions for 7 days. Fe free (-Fe), Fe(II) [0.05 mM EDTA-Fe(I)], and Fe(III) [0.05 mM
EDTA-Fe(IlI)]. Data represent means + SD of three biological replicates (n = 3). Different letters above each bar indicate statistically significant differences as
determined by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05).

A
1.0 -
=BwT EOspri2 1 Ospri4
- 0'5_|:IOspn1 B Ospri3
x A
3 &
kS
=
ke
ﬁ B
= AB
o
& 0.02—
2 B
©
kol
2 ol .
AB B AB
0.00 - Ill I = |T|i_=_
-Fe +Fe

B
1.0
EWT [EOspri2  1Osprid
N [ Ospri1  EMOspri3
~ —
g 05
%}
s A MmAA
£ s Lo
‘0
8 0.010
&
()
[
-
% o005 [ B &
: |l| iB F[IB
i B
0.000 — I B T
-Fe +Fe

Fig. 5. Expression of OsIRT1 and OsIRT2 in the OsbHLH IVc mutants. (A)Expression of OsIRT1. (B)Expression of OsIRT2. One-week-old seedlings grown in Fe-
sufficient media were shifted to Fe-sufficient or Fe-deficient media for 7 days. RNA was extracted from roots. Data represent means + SD of three biological rep-
licates (n = 3). Different letters above each bar indicate statistically significant differences as determined by one-way ANOVA followed by Tukey’s multiple com-

parison test (P < 0.05).

was significantly upregulated in naat]l mutants than in wild type plants
when Fe(III) or Fe(II) was supplied as the sole Fe source. Additionally,
under Fe(II) treatment, naat] mutants grew normally and accumulated
significantly higher amounts of Fe in leaves and roots than wild type
plants. These results suggest that the disruption of the Strategy II results
in the activation of Strategy I in rice (Cheng et al., 2007). We found that
the Strategy II genes OsIRO2, OsNAS1, OsNAS2, and OsYSL15 were
upregulated in all mutants under Fe-deficient conditions (Fig. 4A-D),
implying that the disruption of Strategy I causes the activation of the
Strategy II in rice. Since both strategies are required for Fe uptake and
promoted by Fe deficiency, disruption of one strategy reduces Fe uptake

and then leads to Fe deficiency, which in turn promotes the expression of
the other Strategy genes. A similar phenomenon was observed in Ara-
bidopsis that Fe deficiency inducible genes are constitutively activated
in the Atirt] mutants with reduced Fe uptake (Wang et al., 2007).

Rice and Arabidopsis share remarkably similar Fe signaling path-
ways, although they possess different Fe uptake strategies (Liang, 2022).
In Arabidopsis, the AtFIT-AtbHLH Ib complex controls the Strategy I Fe
uptake system (Yuan et al., 2008). In rice, OsFIT interacts with OsIRO2
to positively regulate the Strategy II Fe uptake system. Except for OsIRT1
that is slightly decreased in Osfit mutants, OsIRT2 are not affected (Liang
et al., 2020). Our results showed that the expression of both OsIRT1 and



D.R. Judesse Soviguidi et al. Plant Physiology and Biochemistry 226 (2025) 110059

A SD/-Leu SD/-Leu + AbA300

10+ 102 109 1 101 102 10°

GAD
pABAI-ProOsIRT1

GAD-OsPRI1
pABAI-ProOsIRT1

GAD-OsPRI2
pABAI-ProOsIRT1

SD/-Leu SD/-Leu + AbA300
101 102 103 1 101 102 103

GAD
pABAI-ProOsIRT2

GAD-OsPRI1
pABAI-ProOsIRT2

GAD-OsPRI2
pABAI-ProOsIRT2

C
ProOsIRT1 ProOsIRT2
GST-OsPRI1 - + + + + = + + + "
Biotin-Probe + + + + + + + + + +
Cold-Probe - - 10x 100x - - - 10x 100x -
Cold-mProbe - - " - 100X - " _ 100x
Protein-DNA
Free Probe
D
ProOsIRT1 ProOsIRT2
GST-OsPRI2 - + + + + & i " ” "
Biotin-Probe + + + + + + + + 4 .
Cold-Probe = - 10x  100x - - - 10x  100x -
Cold-mProbe - - - - 100x - . - - 100x
Protein-DNA
Free Probe

Fig. 6. OsPRI1 and OsPR2 bind to the promoters of OsIRT1 and OsIRT2. (A) Y1H assays showing that OsPRI1 and OsPRI2 bind to the promoter of OsIRT1. (B) Y1H
assays showing that OsPRI1 and OsPRI2 bind to the promoter of OsIRT2. (C) EMSA showing that OsPRI1 binds to the promoters of OsIRT1 and OsIRT2. (D) EMSA
showing that OsPRI2 binds to the promoters of OsIRT1 and OsIRT2.

and (D) Biotin-Probe (biotin-labeled probe), Cold-Probe (unlabeled probe), Cold-mProbe (unlabeled probe with mutated G-box).

OsIRT2 was decreased in the Ospril mutants (Fig. 5A and B). In Arabi- we further confirmed that OsPRI1 and OsPRI2 could directly bind to and
dopsis, the four bHLH IVc members have strong functional redundancy activate the promoters of OsIRTI and OsIRT2 (Fig. 6; Fig. 7). Finally, we
(Lietal., 2016; Liang et al., 2017). Therefore, it is possible that the other draw a conclusion that OsbHLH IVc, at least OsPRI1, controls both
three members also positively regulate OsIRT1 and OsIRT2. Moreover, Strategy I and Strategy II in rice.
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Fig. 7. OsPRI1 and OsPRI2 activate the promoters of OsIRT1 and OsIRT2. (A) Schematic representation of the effector and reporter constructs used for transient
expression assays. (B) OsPRI1 activates the promoter of OsIRT1. (C) OsPRI1 activates the promoter of OsIRT2. (D) OsPRI2 activates the promoter of OsIRT1. (E)
OsPRI2 activates the promoter of OsIRT2. (B-E) GFP transcript abundance in infiltrated tobacco leaves. The tobacco leaves were harvested 48 h after infiltration for
RNA extraction and qRT-PCR. GFP abundance was normalized to that of NPTIIL. Each bar represents the mean =+ SD of three biological replicates (n = 3). Different
letters above each bar indicate statistically significant differences as determined by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05).

4. Materials and methods
4.1. Plant materials and growth conditions

Oryza sativa L. cv. Nipponbare was used in this study. Rice seeds were
germinated for 7 days and then transferred to hydroponic solutions
containing half-strength Murashige and Skoog (MS) medium (pH
5.6-5.8) with 0.05 mM EDTA-Fe(II) or 0.05 mM EDTA-Fe(IIl) (+Fe), or
without Fe (-Fe). Hydroxylamine (0.1 mM) was added to the EDTA-Fe
(II) solution to prevent Fe(II) oxidation. The nutrient solution was
changed every 3 days. Plants were grown in a growth chamber with a
photoperiod of 14 h light at 25 °C and 10 h dark at 20 °C in the
greenhouse.

4.2. Generation of transgenic plants

The CRISPR/Cas9 editing method described by Liang et al. (2016)
was used to generate mutant plants. Briefly, two guide RNAs were
designed to target the second exon of OsIRTI and OsIRT2 genes. These
guide RNAs, which were driven by the OsU6a promoter, were respec-
tively cloned into the pMH-SA binary vector carrying Cas9 and digested
with the restriction enzymes Ascl and Spel. The resulting recombinant
plasmids were further introduced into wild type genome via
Agrobacterium-mediated gene transformation system using Agro-
bacterium tumefaciens strain EHA105. Positive transgenic plants were
selected on half strength MS medium containing 50 pg/ml hygromycin,
and homozygous mutants were confirmed by sequencing analysis.
OsIRT1 and OsIRT2 were cloned downstream of the CaMV35 promoter
in the pOCA30 binary vector and introduced in the Arabidopsis irt1-3
mutant plant to generate the complementation lines Atirt1-3/0sIRT1-OE
and Atirt1-3/0sIRT2-OE.

4.3. Fe content measurement

Seeds were collected from paddy fields and subjected to Fe content
analysis. One-month-old seedlings grown in different hydroponic Fe
solutions were used for Fe measurement. Leaves were collected and
oven-dried at 65 °C for one week. Each sample was ground into powder,
and approximately 500 mg dry weight was digested with 10 mL of 11 M
HNOj3 and 2 mL of 12 M HCIO4 for 2 h at 185 °C. Samples were cooled for
about 30 min, then 3 mL of 1:4 HCl was added and the final volume was
adjusted to 50 mL with double-distilled water. Fe concentration was
measured using inductively coupled plasma mass spectrometry (ICP-
MS).

4.4. Reverse transcription and gene expression analysis

Total RNA from roots was reverse transcribed using the Prime-
Script™ RT reagent Kit with gDNA Eraser according to the reverse
transcription protocol (Takara, Dalian, China). Quantitative real-time
PCR (qRT-PCR) was then performed using an AceQ Universal SYBR
qPCR Master Mix (Vazyme, China) on a Light-Cycler 480 real-time PCR
machine (Roche, Switzerland), according to the manufacturer’s in-
structions. All PCR amplifications were performed in three biological
replicates with OsACTIN1 as an internal control. The qRT-PCR primers
are listed in Table S1.

4.5. Transient expression assays

The 1k bp promoter regions from the translation start site of OsIRT1
and OsIRT2 were amplified and cloned into the binary vector pOCA28
harboring the nuclear localization signal of GFP (p28-nGFP) to generate
ProOsIRT1:nGFP and ProOsIRT2:nGFP reporters. MYC-tagged OsPRI1
(MYC-OsPRI1) and mCherry-tagged OsPRI2 (mCherry-OsPRI2) were
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cloned downstream of the CaMV35S promoter in the pOCA30 vector,
respectively, and used as effectors. Pro35S:MYC and Pro35S:mCherry
were used as negative effector controls. Cells were transformed in
EHA105 strains and resuspended in infiltration buffer (10 mM MgCly,
10 mM MES, pH 5.6) at a final OD600 of 1.0. Acetosyringone was added
and the solution was incubated at room temperature for 2 h without
shaking. For co-infiltration, agrobacterium strains carrying different
effector and reporter constructs were mixed and infiltrated into 3-week-
old Nicotiana benthamiana leaves. The plants were incubated in dark for
48 h before fluorescence observation and RNA extraction. The transcript
abundance of GFP was normalized to NPTII. Primer sequences are shown
in Table S2.

4.6. Electrophoretic mobility shift assay (EMSA)

The full-length OsPRI1 and OsPRI2 were cloned into the pGEX vector,
and the resulting plasmids were introduced into Escherichia coli BL21
(DE3) strains for protein expression. Cultures were incubated with 0.5 M
isopropyl B-D-1-thiogalactopyranoside (IPTG) at 16 °C for 16 h, and
proteins were extracted and purified using the GST-tag Protein Purifi-
cation Kit (Beyotime, Shanghai, China) following the manufacturer’s
protocol. EMSA was performed with OsIRT1 and OsIRT2 promoter
probes using the Chemiluminescent EMSA Kit (Beyotime) according to
the manufacturer’s instructions. Briefly, two complementary single-
stranded DNA primers were synthesized with a biotin label at the 5'
end. The two primers were mixed and annealed to form the biotin probe.
Biotin-unlabeled fragments of the same sequences or mutated sequences
were used as competitors. The probe sequences are shown in Table S3.

4.7. Yeast-one-hybrid (Y1H) assay

Y1H assay was performed according to the user manual of the
MatchMaker One-Hybrid System (Clontech, CA, USA). First, the coding
sequences of OsPRI1 and OsPRI2 were fused to the yeast GAL4 activa-
tion domain (GAL4 AD) of pGADT7-Rec to generate the prey vectors.
Next, the promoter sequences of OsIRT1 and OsIRT2 were inserted into
the pAbAi vector upstream of the AUR1-C gene to generate the bait
vectors. Each bait vector was linearized with BstbI (ThermoFisher Sci-
entific, USA) and then transformed into the genome of Saccharomyces
cerevisiae Y1H Gold. The cultures were grown on synthetic dextrose agar
medium lacking uracil (SD/-Ura) at 30 °C for 3 days. Then, the prey
vectors were co-expressed with the bait vectors harboring Y1H accord-
ing to the MatchMaker One-Hybrid system user manual. One positive
clone from each combination bait/prey was suspended in 0.9 % NaCl
and the OD600 was adjusted to 1. The solution was then diluted to 1/10,
1/100, and 1/1000, and the cells were cultured on SD/-Leu + Aur-
eobasidin A (AbA: 300 ng/ml) agar plates to examine protein-DNA in-
teractions. Prey proteins that specifically interact with the bait sequence
activated the AbA resistance. All primers used are listed in Table S4.

4.8. Statistical analysis

All data were presented as means + SD of three biological replicates.
Statistical analyses were performed using the SPSS23.0 (SPSS, IBM,
USA) software running one-way ANOVA according to Tukey’s multiple
comparison test, taking P < 0.05 as statistically significant.
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