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Abstract
Iron (Fe) is an essential nutrient element for plant growth and development,
whereas cadmium (Cd) is a detrimental element to plants, and antagonistic in-
teractions exist in the absorption of Fe and Cd by plants. OsIMA represents
a class of small peptides that positively regulate Fe uptake in rice, and their
overexpression can promote Fe accumulation. To investigate whether OsIMA
participates in rice adaptation to Cd stress, this study employed rice as the
experimental material, analyzed the expression levels of OsIMA genes via quan-
titative real-time PCR, constructed OsIMA1-overexpressing plants and ima1
mutant plants through genetic transformation and CRISPR/Cas9 gene editing
technology, evaluated the plant height of OsIMA1-overexpressing and mutant
plants under Cd stress conditions, and measured Fe and Cd contents in roots
and shoots using inductively coupled plasma mass spectrometry. The results
demonstrated that: (1) Following Cd treatment, the transcription levels of Os-
IMA1 and OsIMA2 were upregulated; (2) OsIMA1-overexpressing plants exhib-
ited enhanced tolerance to Cd stress compared with wild-type plants; (3) ima1
loss-of-function mutants displayed increased sensitivity to Cd stress relative to
wild-type plants; (4) Cd content analysis revealed that Cd accumulation was
elevated in the roots of OsIMA1-overexpressing plants, whereas Cd accumula-
tion was higher in the shoots of ima1 mutant plants. In conclusion, OsIMA1
enhances rice adaptation to Cd adversity by restricting Cd transport from roots
to shoots, thereby providing a theoretical foundation for the directional breeding
of Cd-tolerant crops.
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Abstract: Iron (Fe) is an essential nutrient for plant growth and development,
whereas cadmium (Cd) is a toxic element. Plant uptake of Fe and Cd exhibits
antagonistic interactions. OsIMAs are a class of small peptides that positively
regulate Fe uptake in rice, and their overexpression promotes Fe accumulation.
To investigate whether OsIMA participates in rice adaptation to Cd stress, we
analyzed OsIMA gene expression levels using quantitative real-time PCR, con-
structed OsIMA1-overexpressing and ima1 mutant plants via genetic transfor-
mation and CRISPR/Cas9 gene editing, evaluated plant height under Cd stress
conditions, and measured Fe and Cd contents in roots and shoots using induc-
tively coupled plasma mass spectrometry. The results showed that: (1) Cd
treatment upregulated the transcription levels of both OsIMA1 and OsIMA2;
(2) OsIMA1-overexpressing plants exhibited greater tolerance to Cd stress than
wild-type plants; (3) ima1 loss-of-function mutants were more sensitive to Cd
stress than wild-type plants; and (4) Cd content analysis revealed that OsIMA1-
overexpressing plants accumulated higher Cd levels in roots, whereas ima1 mu-
tants accumulated more Cd in shoots. In summary, OsIMA1 enhances rice
adaptation to Cd stress by restricting Cd translocation from roots to shoots,
providing a theoretical basis for the targeted breeding of Cd-tolerant crops.
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Introduction
Cadmium (Cd) is a toxic heavy metal element harmful to all living organisms
that readily competes with other divalent metal ions (such as Fe and Zn) during
root uptake from soil. Cd can accumulate in the human body through the
food chain, and long-term accumulation can lead to osteoporosis, cancer, and
kidney dysfunction. With rapid industrialization and excessive use of fertilizers
and pesticides, increasing Cd contamination in soils has seriously threatened
food security, posing potential risks to human health and causing substantial
economic losses (Kirkham, 2006; Wei & Yang, 2010). Therefore, investigating
the molecular mechanisms of Cd uptake in plants and screening or breeding
crops with Cd stress tolerance or low Cd accumulation benefits both human
health and ecological protection.

Due to their similar hydrated ionic radii, Cd can readily enter plants by com-
peting with Fe through Fe ion channels or transporters (Nightingale, 1959; Eide
et al., 1996; Schutzendubel & Polle, 2002; Clemens, 2006). Cd accumulation
in plants causes obvious chlorosis and necrosis in young leaves, growth inhi-
bition, and even death—symptoms similar to typical Fe deficiency (Das et al.,
1997; Cohen et al., 1998; Yoshihara et al., 2006). Studies have shown that Cd
stress alters cell wall composition, enhances cell wall binding capacity for Fe,
and results in Fe retention in root apoplasts while inhibiting Fe translocation

chinarxiv.org/items/chinaxiv-202206.00189 Machine Translation

https://chinarxiv.org/items/chinaxiv-202206.00189


from roots to shoots (Xu et al., 2015). These symptoms can be alleviated by
Fe supplementation (Bao et al., 2010; He et al., 2017; Huang et al., 2020). Re-
search indicates that the Fe transporter IRT1 (Iron-Regulated Transporter 1)
participates in Cd uptake (Cohen et al., 1998; Korshunova et al., 1999; Vert et
al., 2002; Fan et al., 2014; Mao et al., 2014; Guan et al., 2019; Zhu et al., 2020).
In Arabidopsis, IRT1 expression is directly regulated by the transcription factor
FIT (FER-like Iron deficiency-induced Transcription factor) and members of
the bHLH Ib subfamily (bHLH38, bHLH39, bHLH100, and bHLH101) (Yuan
et al., 2008). Co-expression of FIT with bHLH38 or bHLH39 enhances plant
tolerance to Cd stress by increasing Cd sequestration in roots and reducing Cd
accumulation in shoots (Wu et al., 2012). The transcription factor bHLH104 pos-
itively regulates Fe homeostasis in Arabidopsis, and its overexpression improves
plant tolerance to Cd (Zhang et al., 2015; Li et al., 2016; Yao et al., 2018). BTS
(BRUTUS) negatively regulates Fe homeostasis, and BTS knockout significantly
enhances Arabidopsis tolerance to Cd stress while increasing Fe and Cd accu-
mulation (Kobayashi et al., 2013; Hindt et al., 2017; Zhu et al., 2020). In rice,
two Fe transporters, OsNRAMP1 (Natural Resistance-Associated Macrophage
Protein 1) and OsIRT1, can mediate Cd uptake from soil, and overexpression
of OsNRAMP1 and OsIRT1 increases rice Cd content (Lee & An, 2009; Taka-
hashi et al., 2019). Due to the antagonistic relationship between Fe and Cd, Fe
deficiency in rice significantly increases root Cd uptake, while exogenous Fe ap-
plication reduces rice Cd content and alleviates Cd toxicity (Shao et al., 2007).
In summary, improving Fe accumulation and distribution can significantly mit-
igate Cd toxicity in plants. Therefore, a comprehensive understanding of Fe-Cd
antagonism can guide agricultural production to reduce Cd toxicity.

Small peptides, generally defined as proteins with fewer than 100 amino acids,
contain short conserved amino acid motifs and participate in plant development
and responses to abiotic stresses (Czyzewicz et al., 2013; Matsubayashi, 2014).
IMA (IRON MAN) family peptides contain a 17-amino-acid conserved motif at
their C-terminus that is highly conserved in angiosperms, and these 17 amino
acids alone are sufficient to function in place of the full-length protein (Grillet
et al., 2018; Li et al., 2021). Recently, small peptides have received widespread
attention as hormone-like signaling molecules involved in organ communication,
plant development, and stress responses (Takahashi et al., 2019; Tavormina et
al., 2015). IMA may mediate long-distance signaling of Fe from shoots to roots,
participating in Fe uptake, translocation, and intracellular homeostasis (Grillet
et al., 2018; Li et al., 2021). Recent studies have shown that IMA overexpression
can improve Cd stress tolerance in Arabidopsis (Meng et al., 2022). However,
whether IMA can enhance Cd stress tolerance in crops remains unclear. This
study investigated the role of rice OsIMA1 in regulating Cd stress to provide a
theoretical basis for future molecular breeding to improve rice tolerance to Cd
stress.
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1. Materials and Methods
1.1 Plant Materials

The experimental material was the japonica rice variety“Nipponbare,”cultivated
at the Crop Protection and Breeding Base of Xishuangbanna Tropical Botan-
ical Garden, Chinese Academy of Sciences, located in Menglun Town, Mengla
County, Xishuangbanna Dai Autonomous Prefecture, Yunnan Province (101°19�
E, 21°52� N). Rice seeds were soaked in double-distilled water (ddH2O) for 24
h, then evenly spread on absorbent filter paper and placed in darkness at 28°C
for 3 days. Germinated seeds were transferred to 1/2 MS nutrient solution for 7
days, then moved to 1/2 MS hydroponic solution without Cd or containing 25
�M cadmium chloride (CdCl2) for an additional 7 days. The hydroponic solution
was replaced every 2 days. The growth light cycle was 16 h light/8 h dark.

1.2 Generation of Transgenic Plants

CRISPR-GE (http://skl.scau.edu.cn/) was used to design editing targets for Os-
IMA1. Overlapping PCR was employed to construct sgRNA containing the tar-
get sequence, which was fused downstream of the OsU6a promoter. The OsU6a-
sgRNA cassette was then cloned into the pMH-SA vector carrying Cas9 (Liang
et al., 2016). The expression vector was transformed into Agrobacterium tume-
faciens strain EHA105 for rice transformation, and transgenic positive seedlings
were identified by PCR sequencing. Homozygous plants were propagated, and
T3 generation plants were further verified by PCR sequencing to obtain homozy-
gous mutant lines.

For OsIMA1 overexpression, the full-length CDS of OsIMA1 was driven by
the maize ubiquitin promoter. The constructed plasmid was transformed into
Agrobacterium tumefaciens strain EHA105 for rice transformation. Transgenic
plants with hygromycin resistance were selected for gene expression analysis,
and T3 generation transgenic plants were used for experimental analysis.

1.3 Quantitative Real-Time PCR (qRT-PCR)

Total RNA from rice roots or shoots was extracted using the water-saturated
phenol method. RNA was reverse-transcribed into cDNA using RT Primer Mix
(oligo dT) and PrimeScript RT Enzyme Mix for qPCR (Takara, Japan). qRT-
PCR was subsequently performed using the PrimeScript™ RT reagent (Perfect
Real Time) Kit (Takara, Japan) on a LightCycler 480 real-time PCR system
(Roche, Switzerland). Each gene quantification included at least three biological
replicates. OsACTIN1 and OsOBP were used as internal reference controls for
sample normalization.

1.4 Fe and Cd Content Determination

Different rice genotypes were germinated in 1/2 MS nutrient solution for 7 days,
then transferred to 1/2 MS hydroponic solution without Cd or containing 25
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�M CdCl2 for 7 days. Roots and leaves were harvested separately and dried in a
65°C oven for 7 days. Samples were ground into powder using a high-throughput
tissue grinder. For each sample, 500 mg of powder was digested with 5 mL nitric
acid at 185°C for 3 h, followed by oxidation with 2 mL perchloric acid at 220°C
for 30 min. Elemental contents were determined using an inductively coupled
plasma mass spectrometer (ICP-MS iCAP6300, Thermo SCIENTIFIC, USA).

1.5 Statistical Analysis

All experimental data are presented as mean ± standard deviation (SD). Each
experiment included at least three biological replicates. One-way analysis of
variance (ANOVA) was performed using SPSS 17.0 software (P < 0.05).

2. Results and Analysis
2.1 Cd Stress Induces Upregulation of OsIMA Genes in Rice

The rice genome contains two OsIMA genes (OsIMA1 and OsIMA2). Recent
studies have shown that OsIMA1 and OsIMA2 are induced by Fe deficiency. Cd
stress severely limits plant growth and development, causing plants to exhibit
Fe deficiency symptoms. To investigate whether Cd stress could affect OsIMA1
and OsIMA2 expression, we examined their expression patterns in wild-type
rice after Cd treatment. Seedlings grown in normal nutrient solution for 7 days
were transferred to solution without Cd or containing 25 �M CdCl2 for 7 days.
RNA was extracted from roots and shoots, and expression levels of OsIMA1
and OsIMA2 were detected by qRT-PCR. The results showed that under Cd
stress conditions, the expression of both OsIMA1 and OsIMA2 was significantly
upregulated in both roots and shoots [Figure 1: see original paper].

2.2 OsIMA1-Overexpressing Plants Exhibit Higher Cd Tolerance

OsIMA1 and OsIMA2 are homologous proteins with similar functions in Fe
homeostasis. Considering that the transcription levels of both genes were in-
duced by Cd treatment, this study focused on OsIMA1 as a representative. We
used the maize Ubiquitin promoter to drive OsIMA1 expression and transformed
the wild-type rice variety“Nipponbare”[Figure 2: see original paper]A. OsIMA1-
overexpressing transgenic rice lines were screened by quantitative PCR. We then
evaluated the Cd stress adaptation of these overexpression plants. Seedlings
grown in normal hydroponic solution for one week were transferred to solution
without Cd (Cd0) or containing 25 �M CdCl2 (Cd25) for another week, after
which phenotypes were observed and analyzed. The results showed that under
Cd0 conditions, OsIMA1-overexpressing plants showed no obvious difference
from wild-type plants. However, under Cd25 treatment, overexpression plants
were significantly taller than wild-type plants [Figure 2: see original paper]B
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and C. These results indicate that OsIMA1 overexpression enhances plant adap-
tation to Cd stress.

2.3 OsIMA1 Loss-of-Function Mutants Are More Sensitive to Cd
Stress

To further investigate the role of OsIMA1 in Cd stress adaptation, we used
CRISPR-Cas9 gene editing technology to edit the OsIMA1 gene and obtained
two ima1 mutant lines. We designed a specific target in the OsIMA1 coding re-
gion, used the OsU6a promoter to drive sgRNA expression, and constructed the
corresponding expression vector. Transgenic plants were obtained by transform-
ing wild-type rice callus. Through PCR identification and subsequent segrega-
tion, two homozygous mutant lines, ima1-1 and ima1-2, were obtained. Both
lines contained a single-base insertion in the coding region, causing frameshift
mutations [Figure 3: see original paper]A. We then performed Cd treatment
experiments on wild-type and the two loss-of-function mutants. The results
showed that under normal hydroponic conditions, both mutant lines showed no
obvious difference from wild-type plants [Figure 3: see original paper]B and
C. Under Cd treatment, however, mutant plants exhibited symptoms such as
chlorosis and even wilting of young leaves [Figure 3: see original paper]B. These
results demonstrate that loss of OsIMA1 function increases plant sensitivity to
Cd.

2.4 OsIMA1 Negatively Regulates Cd Translocation from Roots to
Shoots

Our results showed that OsIMA1-overexpressing plants were more tolerant to Cd
stress than wild-type, whereas ima1 mutants showed the opposite phenotype. To
further analyze the molecular mechanism by which OsIMA1 positively regulates
Cd tolerance, we determined Cd and Fe contents in roots and leaves of wild-
type, OsIMA1-overexpressing, and ima1 mutant plants. Seedlings grown in
normal nutrient solution for 7 days were transferred to solution without Cd or
containing 25 �M CdCl2 for 7 days, after which roots and leaves were harvested to
measure Fe and Cd contents. Fe concentration analysis showed that compared
with wild-type, OsIMA1-overexpressing plants accumulated more Fe in both
roots and shoots, whereas ima1 mutants accumulated less Fe [Figure 4: see
original paper]. Cd concentration analysis revealed that OsIMA1-overexpressing
plants accumulated more Cd in roots, while ima1 mutants accumulated more
Cd in shoots [Figure 4: see original paper]. These results indicate that OsIMA1
negatively regulates Cd transport from roots to shoots.

Discussion
Cd is detrimental to the growth and development of animals and plants, and
rice contamination by Cd has occurred frequently in recent years. Therefore, re-
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ducing Cd uptake in plants or improving plant adaptation to Cd stress benefits
food security. Fe is an essential nutrient for plant growth and development, and
Fe deficiency is a major cause of anemia in humans. As a staple food crop, rice
is a primary source of dietary Fe for humans, making Fe-enriched rice beneficial
for human health. Due to the antagonistic relationship between Fe and Cd,
Fe supplementation can reduce plant Cd uptake (Wu et al., 2012; Sebastian &
Prasad, 2016). Thus, exploiting the Fe-Cd antagonistic mechanism can improve
plant adaptation to Cd stress. Rice contains two OsIMA genes, OsIMA1 and Os-
IMA2, whose overexpression activates Fe deficiency-induced genes and increases
Fe accumulation (Kobayashi et al., 2021). This study found that Cd stress sig-
nificantly upregulated the expression of both OsIMA1 and OsIMA2 [Figure 1:
see original paper]. Cd treatment experiments revealed that loss-of-function mu-
tants of OsIMA1 increased rice sensitivity to Cd, primarily manifested as leaf
chlorosis and wilting [Figure 3: see original paper]. OsIMA1 overexpression not
only increased Fe accumulation but also inhibited Cd translocation from roots
to shoots [Figure 4: see original paper], which may account for the enhanced
Cd tolerance in overexpression plants. Therefore, increasing OsIMA1 expression
levels represents an effective strategy for alleviating Cd toxicity in plants.

A recent study demonstrated that IMA overexpression improves Cd stress adap-
tation in Arabidopsis (Meng et al., 2022). This study found that OsIMA1
overexpression enhances Cd stress tolerance in rice [Figure 3: see original pa-
per]. Fe and Cd taken up by rice roots are transported to shoots and ultimately
to grains. OsIMA1 overexpression promotes Fe accumulation in roots while
simultaneously promoting Cd accumulation in roots. However, while OsIMA1
overexpression enhances Fe accumulation in shoots, it inhibits Cd transloca-
tion from roots to shoots. This suggests that OsIMA1 can specifically inhibit
Cd transport from roots to shoots, thereby improving plant adaptation to Cd
stress. Both Fe and Cd are divalent ions that may be recognized by similar
transporters in vivo. The Fe accumulated in roots of OsIMA1-overexpressing
plants may competitively inhibit Cd binding to these transporters. The ability
of OsIMA1 to restrict Cd translocation from roots to shoots may help reduce
Cd accumulation in rice grains. Future studies should test whether OsIMA over-
expression can reduce Cd content in rice grains. The fact that IMA increases Fe
uptake and enhances Cd tolerance in both Arabidopsis and rice suggests that
IMA function is conserved across species. The high conservation of IMA may
help overcome species-specific limitations of gene function (Grillet et al., 2018).
Therefore, future research should test whether IMA can improve Cd tolerance
in other crops.

Studies have shown that the 17 amino acids at the C-terminus of the IMA
peptide are sufficient for its molecular function (Grillet et al., 2018; Li et al.,
2021). Currently, artificial synthesis of small peptide technology has become
well-established. Therefore, IMA could potentially be developed as a commercial
peptide to improve plant Cd stress tolerance through fertilization. In summary,
IMA represents a potential small molecule for alleviating Cd toxicity in plants.
Further investigation of the mechanisms by which IMA regulates Cd stress will
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provide a theoretical basis for genetically engineering plants or breeding Cd-
tolerant crops.
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