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Sustainable production of selenium-rich and
cadmium-safe rice by nZVI–melatonin synergy via
coordinated plant–microbe regulation

Saiqa Menhas,abc Minjie Chen,ac Hui Jin,ac Jiang Xu,ac Saiyong Zhu, b

Muhammad Iqbal Zaman,d Jie Hou *ac and Daohui Lin abc

Developing environmental regulation strategies to reduce cadmium (Cd) accumulation in rice while

promoting selenium (Se) enrichment is crucial for global food safety and remains a significant challenge.

Here, we evaluated a stage-specific co-application approach involving nanoscale zero-valent iron (nZVI)

amendment to soil and foliar spraying of melatonin (MT), which decreased grain Cd concentrations by up

to 64% while elevating grain Se content by up to 74% in pot experiments. It also enhanced the Se

bioconcentration factor (≈63%) and the leaf-to-grain translocation factor (≈77%), indicating improved

uptake and redistribution under Cd stress. Mechanistic analyses revealed synergistic metabolic

reprogramming: antioxidant defenses were strengthened by elevated ascorbate peroxidase activity, which

reduced hydrogen peroxide and restored redox homeostasis. Transcriptomic profiling revealed suppression

of Cd influx transporters and activation of genes involved in vacuolar sequestration, antioxidant

metabolism, and Se transport, thereby restricting Cd translocation while promoting Se accumulation.

Rhizosphere microbiomes were enriched with beneficial taxa, including Pseudomonadota, Acidobacteriota,

and Bacillota, which contributed to Cd stabilization and Se bioavailability. This nZVI–MT combined strategy

offers a viable strategy for producing safe and nutritious rice.

1. Introduction

Rice (Oryza sativa) is a primary staple for more than half of
the global population, but its quality and nutritional value
are increasingly threatened by cadmium (Cd) contamination
in paddy soils.1,2 In affected rice-growing regions, soil Cd
concentrations can range from 0.1 to 42.9 mg kg−1, posing
serious health risks, including carcinogenicity and

nephrotoxicity, as well as cardiovascular and neurological
disorders, underscoring the need to minimize Cd
accumulation in rice. Concurrently, selenium (Se), an
essential micronutrient integral to antioxidant enzyme
systems, confers significant protection against chronic and
infectious diseases.3 While Se-biofortified rice enhances both
nutritional and economic value, an estimated 0.5–1 billion
individuals worldwide suffer from Se deficiency due to
inherently low soil Se bioavailability.4 In China, some Se-rich
regions face the dual problem of Se enrichment and Cd co-
contamination, with 24–56% of Se-rich rice exceeding the Cd
safety limit of 0.2 mg kg−1.5 Cd and Se frequently co-occur in
paddy soils, especially near mining areas, and show positively
correlated accumulation in rice due to co-enrichment in soil
deposits and weathering products.6 Selectively reducing Cd
while promoting Se uptake is therefore a key agricultural
challenge, complicated by the fact that their bioavailability
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Environmental significance

Achieving Cd detoxification and Se biofortification in rice grown on Cd-contaminated soils is a critical but unresolved challenge. This study demonstrates
that co-application of nanoscale zero-valent iron (nZVI) and melatonin (MT) at the tillering stage reduced grain Cd by up to 64% while enhancing Se by up
to 74% in pot experiments. The combined treatment also increased Se bioconcentration and leaf-to-grain translocation, reflecting improved uptake and
redistribution. Mechanistic evidence indicated suppressed Cd influx, enhanced vacuolar sequestration, upregulated Se transporters, and enriched beneficial
microbial taxa, collectively enabling dual outcomes. This approach provides a viable strategy for safe and nutritious rice production.
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and mobility in plants vary across growth stages, affecting
redox homeostasis and defense signaling.

Nanotechnology offers promising tools for heavy metal
management in agriculture.7–10 Nanoscale zero-valent iron
(nZVI) is among the most effective amendments for reducing
soil Cd bioavailability through adsorption, co-precipitation,
and redox transformation.11 In flooded soils, nZVI oxidizes
rapidly to magnetite and goethite, which bind labile Cd and
promote iron plaque formation on root surfaces, creating a
physical barrier to Cd entry.5,12,13 Molecular studies have
shown that nZVI modulates Cd transporters (OsZIP,
OsNRAMP, and OsHMA), enhances Cd tolerance (via OsCDT
and OsMTP), and influences the transcription of vacuolar
sequestration genes (OsPCS, OsLCT, OsABCC, and OsMT),
resulting in more than 50% inhibition of Cd translocation to
grains in certain instances.13–15 However, nZVI strongly sorbs
selenite (SeO3

2−), potentially reducing Se bioavailability by
20–40% under conditions favorable for Fe oxide
complexation.5,11,16–21 This inherent trade-off between Cd
detoxification and Se biofortification necessitates
complementary approaches.

Melatonin (MT) is a potent redox regulator and plant
growth promoter that can enhance Se uptake while reducing
Cd accumulation.22–26 Foliar MT application can boost Se
content by improving antioxidant capacity, modulating
nutrient transport, and regulating stress responses.25 Under
Cd stress, MT enhances root vigor, chlorophyll content, and
photosynthetic efficiency, while reducing oxidative damage
indicators including hydrogen peroxide and
malondialdehyde.27,28 It also promotes glutathione and
phytochelatin synthesis for vacuolar Cd sequestration, limits
Cd mobility, and improves grain Se by enhancing root uptake
and translocation.24,29 Se supplementation and MT
biosynthesis interact synergistically, activating antioxidant
enzymes and alleviating Cd toxicity.23,30 MT also modulates
phosphorus, sulfate, and silicon transporters, supporting Se
uptake and maintaining Fe homeostasis under Cd stress.31–34

Evidence further suggests that combining MT with
nanomaterials such as zinc oxide nanoparticles or nZVI can
yield synergistic benefits, reducing Cd concentration while
enhancing micronutrient enrichment.11,35,36 Therefore,
further exploration of the detailed biochemical and
molecular mechanisms involved is warranted.

Here, we hypothesize that co-application of nZVI to soil
and MT to foliage can synergistically reduce Cd uptake and
translocation to rice grains while enhancing Se enrichment
in grains, through coordinated regulation of ion transport,
antioxidant defense, and the rhizosphere microbial
community. To test this hypothesis, we conducted pot
experiments using a rice cultivar (O. sativa L. subsp. japonica
Kato) grown in Cd-contaminated paddy soils. Treatments
included single and combined applications of nZVI (soil) and
MT (foliar) at specific growth stages, with systematic
evaluation of plant growth and yields, grain and tissue Cd
and Se contents, oxidative stress and antioxidant responses,
transcriptomic profiles, and microbial community dynamics.

The results are expected to elucidate how nZVI–MT synergy
reprograms plant and microbial pathways to enable selective
Cd detoxification and Se biofortification, providing
mechanistic insights into a sustainable strategy for producing
safer, nutrient-rich rice in heavy metal-contaminated
agroecosystems.

2. Materials and methods
2.1. Sample collection and soil preparation

The conventional japonica rice cultivar Jia58 was selected for
this study. MT (purity >98%) and all analytical-grade reagents
were purchased from Aladdin Chemical Reagent Company
(Shanghai, China). Commercial nZVI (average particle size
∼100 nm) was obtained from Guangzhou Hongwu New
Material Technology Co., China. Contaminated paddy soil was
collected from a field in northwestern Zhejiang Province,
historically affected by coal mining tailings. The air-dried soil
was passed through a 2 mm sieve, with a texture of 18% silt,
62% sand, and 19% clay. Previous studies7,37,38 reported
enrichment of both Cd and Se at this site, with mean
background levels of 23.21 mg kg−1 for Cd and 3.73 mg kg−1 for
Se, exceeding Chinese agricultural thresholds (>0.6 mg kg−1

for Cd and >0.4 mg kg−1 for Se).21 The key physicochemical
properties of the soil and nZVI, along with the initial
background concentrations of Cd and Se, are presented in
Table S1 and Fig. S1 (Appendix A). The data reported in this
study correspond to post-harvest soil Cd and Semeasurements.

For nZVI treatments, a subsample of soil was amended at
100 mg kg−1 and homogenized by shaking at 180 rpm for 2 h
at 25 °C.7,8 The amended soil was then blended with the
remaining bulk soil for each pot and further mixed for 2 h to
ensure uniform dispersion.39 Soils were pre-incubated for
one week to stabilize amendment reactions prior to planting.
The selected dose of 100 mg kg−1 (equivalent to 200 mg nZVI
pot−1) was based on our previous experimental findings,7,8

which demonstrated that an application rate of 100 mg kg−1

nZVI effectively reduced Cd accumulation in rice, thereby
supporting both comparability across studies and the efficacy
of Cd immobilization in the current investigation.

2.2. Experimental design

Rice seeds were sterilized with 10% hydrogen peroxide
(H2O2) for 15 min and rinsed three times with ultrapure
water. The seeds were then germinated in a growth chamber
under controlled conditions: 14 hour (h) light and 10 h dark,
25 ± 5 °C, 300–500 μmol m−2 s−1 light intensity, and 70–80%
relative humidity. After 28 days (d) of initial growth, two
uniform rice seedlings were transplanted into individual
polyethylene pots containing 2 kg of either untreated or
nZVI-amended soil. A one-week acclimation period was
provided to allow the plants to stabilize under the new
growth conditions. Subsequently, MT was applied as a foliar
spray at a concentration of 200 μM, with a total volume of 30
mL (approximately 1.4 mg of MT) per pot per day.38 The
spray was evenly distributed over both the adaxial and abaxial
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leaf surfaces. This treatment was administered once daily for
seven consecutive days during two critical growth stages:
tillering (T) and flowering (F). The T stage commenced one
week after transplantation, while the F stage began
approximately two months after transplantation (∼80 days
after sowing). MT application at the T stage in combination
with nZVI delayed flowering, whereas MT application alone
resulted in the earliest flowering, indicating treatment-
specific effects on developmental timing. The concentration
of 200 μM melatonin was selected based on established
evidence from our previous work,38 demonstrating its
effectiveness in enhancing Cd detoxification, activating plant
defense systems, and improving stress tolerance. Untreated
plants in Cd-contaminated soil (TF-Cd) served as controls.
The experimental design included MT and/or nZVI
treatments at both stages to assess their temporal effects.
The MT (200 μM) and nZVI (100 mg kg−1) concentrations
were selected based on prior validation and preliminary
studies,7,8,38 demonstrating optimal, non-toxic, and
synergistic mitigation of Cd stress.

The experiment employed a completely randomized
design with six treatment groups, each with four biological
replicates (n = 4), yielding a total of 24 experimental pots.
Treatments were structured to evaluate the individual and
stage-specific combinatorial effects of nZVI (100 mg kg−1 soil-
applied) and MT (200 μM foliar-applied) under Cd stress, as
follows: (1) TF-Cd: Cd-exposed control (no nZVI or MT); (2)
TF-Cd + nZVI: soil treated with 100 mg kg−1 nZVI; (3) T-Cd +
MT: 200 μM MT applied only at the T stage; (4) F-Cd + MT:
200 μM MT applied only at the F stage; (5) T-Cd + MT + nZVI:
100 mg kg−1 nZVI + 200 μM MT (at the T stage); (6) F-Cd +
MT + nZVI: 100 mg kg−1 nZVI + 200 μM MT (at the F stage).
The label ‘TF’ refers to treatment groups that did not receive
stage-specific MT application, and thus serve as baseline
controls. These groups enable us to assess and isolate the
specific effects of MT application during the T and F stages,
both in the presence and absence of nZVI amendment. All
treatments were performed in a glasshouse at Zhejiang
Ecological Civilization Academy (Huzhou City, China). The
environmental conditions were maintained at 25 °C, 70–75%
relative humidity, a 14 h light and 10 h dark cycle, and a light
intensity of 300–500 μmol m−2 s−1. Water was replenished
daily to maintain a 2.0 ± 1.0 cm water layer above the soil
surface. Fertilizer was applied once at the 60th d after
sowing, including 30 mg kg−1 nitrogen (NH4NO3), 30 mg kg−1

potassium (KNO3), and 10 mg kg−1 phosphorus (KH2PO4).
Plants were harvested 140 d after sowing (112 days after
transplantation; DAT) to assess growth, yields and
physiological and biochemical traits. Tissues were either used
fresh, stored at −80 °C, or oven-dried at 68 °C for 48 h until
constant weight.

2.3. Evaluation of plant growth and grain yields

Plants were carefully washed with tap water followed by
ultrapure water 3 times. Shoot length and root length were

measured using a ruler. Fresh weight and dry weight were
recorded using an electronic balance (Sartorius BSA623S).38

The number of panicles was recorded per pot, and the grain
yield was determined with and without husk.

2.4. Estimation of stress biomarkers and antioxidant
activities

Following the final MT application at the F stage, leaf samples
were collected (90 DAT) for estimation of stress biomarkers
and antioxidant activities. For each replicate, 0.1 g fresh flag
leaf tissue was homogenized in 2 mL ice-cold phosphate
buffer (0.1 M, pH 7.4) and centrifuged at 12 000g for 20 min at
4 °C. The supernatant was used for further biochemical
assays.40 H2O2, malondialdehyde (MDA), proline (Pro), and
total soluble protein (TSP) were determined using assay kits
(A064-1-1, A003-3-1, A107-1-1, and A045-2-2, respectively) from
Nanjing Jiancheng Bioengineering Institute, China. TSP was
quantified by the Coomassie brilliant blue method and
expressed as g protein per L. Antioxidant enzymes, including
superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX), and glutathione reductase (GR)
were measured using corresponding kits (A001-1, A084-3-1,
A007-1-1, A123-1-1, and A062-1, respectively), with results
reported as U g−1 FW or U mg−1 protein, depending on the
assay.

2.5. Determination of Cd and Se in soil and plant samples

For metal quantification, 0.2 g of dried plant tissue (shoots,
roots, and grains) was digested with 10 mL concentrated
HNO3 and 5 mL H2O2 using a microwave digestion system
(MARS6, CEM, USA). Soil samples (0.2 g) were digested with a
mixed acid solution (HCl, HNO3, HF, and HClO4) as
previously described.7,8,38 Cd and Se concentrations were
determined using inductively coupled plasma mass
spectrometry (ICP-MS, Optima 8000, PerkinElmer, USA).
Standard reference materials (GBW10045a for rice and
GBW07401a for soil) were used to ensure analytical accuracy.
The bioaccumulation coefficient (BAC), bioconcentration
factor (BCF), and translocation factor (TF) were calculated.
The BAC is defined as the ratio of tissue to soil metal
concentrations, the BCF as the grain-to-soil ratio, and the TF
as the grain-to-leaf ratio.40,41

2.6. RNA sequencing and transcriptomic analysis

Following the final MT application at the F stage, leaf
samples in each group were collected (75 DAT) from the plant
and rinsed. Total RNA of the samples was extracted using an
EasyPure® plant RNA kit (ER301-01, TransGen Biotech). The
quality of RNA was assessed using 1% agarose gel, a 2100
bioanalyzer (Agilent Technologies), and a NanoDrop2000
spectrophotometer (Thermo Fisher Scientific, USA). The
quantified RNA was used to construct the sequencing library
and sequenced by Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China). Raw reads were
filtered using FASTP (https://github.com/OpenGene/fastp)
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while HISAT2 (https://ccb.jhu.edu/software/hisat2/index.
shtml) was used to map the clean reads to the reference
genome. StringTie (https://ccb.jhu.edu/software/stringtie/) was
used to assemble the mapped reads for each sample. The RNA-
seq experiments were replicated 3 times for each treatment.
Gene expression levels were quantified using the transcripts
per million reads method and analyzed for differentially
expressed genes (DEGs) using DESeq2/DEGseq/edgeR/Limma/
NOIseq tools (P-adjust ≤ 0.05, |log 2 (fold change)| ≥ 1). Gene
Ontology (GO) (https://github.com/tanghaibao/Goatools) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://
kobas.cbi.pku.edu.cn/home.do) enrichment analyses were
performed to elucidate the most important biochemical
function terms and metabolic pathways associated with the
DEGs, respectively.

2.7. Soil microbial diversity analysis

The rhizosphere soil samples from mature rice roots in TF-
Cd (control), TF-Cd + nZVI (nZVI treatment), and T-Cd + MT
+ nZVI (MT application at the T stage combined with nZVI)
were used (112 DAT) to evaluate the effect of nZVI alone and
combined with MT at the T stage on soil microbial
communities. Soil microbiome analysis was limited to
T-stage treatments, as this stage exhibited the most
pronounced responses and directly aligned with the study's
objective of evaluating stage-specific MT–nZVI synergistic
effects; therefore, the F-Cd + MT + nZVI treatment was
excluded. Homogenized soil samples were stored at −80 °C
prior to DNA extraction. About 0.5 g of soil from each
biological replicate was used for DNA extraction using a soil
DNA isolation kit (MOBIO, USA). The concentration and
purity of DNA (OD260/OD280 and OD260/OD230) after
extraction were determined with an ultra-micro ultraviolet
spectrophotometer (Nanodrop X210, America). The V3–V4
hypervariable regions of bacterial 16 S rRNA genes were
amplified using the primers 338 F (5′-ACTCCTACGGGAGGCA
GCAG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′).
Principal coordinate analysis (PCoA) was run to compare the
microbial community structures across all soil samples.

2.8. Quality control and statistical analysis

All results were subjected to quality assurance procedures,
utilizing standard solutions from Merck. Standard reference
materials (rice GBW10045a and soil GBW07401a) were
employed for quality control during elemental analyses. Data
from treated and control plants (n = 4) were statistically
analyzed using the Statistical Package for the Social Sciences
(SPSS) software version 23.0 (Chicago, IL, USA). Analysis of
variance (ANOVA), followed by Duncan's multiple range test
(DMRT), was performed to identify significant differences
between the mean values (n = 4; p < 0.05). For each
treatment, the RNA-Seq assay and 16 S rRNA seq were
repeated three times. Graphs were generated using Origin
software version 9.1 (Origin Lab, Berkeley, CA, USA) and
Majorbio Cloud (https://www.majorbio.com/).

3. Results and discussion
3.1. Stage-dependent synergy of nZVI and MT in mitigating
Cd stress and promoting Se enrichment in rice

Cd contamination impairs rice growth, with stage-dependent
effects driven by shifting physiological priorities: during the
T stage, the plant prioritizes vegetative expansion and
photosynthetic capacity building (source development),
whereas during the F stage, resources are redirected toward
reproductive structure formation and grain filling (sink
dominance).3,11,42–44 To capture these stage-specific
responses, we evaluated the effects of MT, nZVI, and their
combined application at the T and F stages. From the
perspective of overall appearance, no obvious visual
differences were observed among the treatment groups
(Fig. 1a and b); however, the fresh weights of root and shoot
tissues as well as rice grain yields exhibited clear variations.
At the T stage, foliar MT treatment alone (T-Cd + MT)
increased the root length and shoot length by 19.4% and
5.5% (both p < 0.05 versus the TF-Cd control), while the
addition of nZVI (T-Cd + MT + nZVI) further improved the
shoot length by 3.4% (p < 0.05). Biomass peaked under the
T-stage combined treatment, with root and shoot fresh
weights increasing by 53.4% and 35.3%, respectively (both p
< 0.05) (Fig. 1c). Yield responses showed stage dependence:
F-Cd + MT achieved the greatest increases, raising the grain
yield with husk by 32.8% and without husk by 38.5% (both p
< 0.05), whereas T-Cd + MT improved the husked yield by
19.95% ( p < 0.05). Both MT and nZVI single treatments
reduced the panicle number, with a 22.1% decrease under
F-Cd + MT (p < 0.05). The higher grain yield despite the
lower panicle number in F-Cd + MT likely reflects MT's
stronger effect on grain filling, mediated by improved
elemental regulation and redox homeostasis, rather than on
panicle initiation. Moreover, this phenomenon can be
attributed to the fact that both nZVI and MT exert
concentration-dependent effects on plants, characterized by
growth stimulation at low concentrations but inhibition at
elevated levels, e.g., the threshold for MT-induced growth
inhibition can be as low as 100 μM,45,46 whereas growth
suppression by nZVI typically occurs only at approaching
1000 mg kg−1.39 Importantly, our research first reported that
nZVI–MT co-application maintained or slightly increased the
panicle number (Fig. 1d and e), highlighting the synergistic
benefit of MT and nZVI co-application in sustaining higher
rice yields.

Cd and Se partitioning provided mechanistic explanations
for these stage-dependent effects. Compared with the TF-Cd
control, nZVI alone reduced Cd by 33.3% in roots, 55.0% in
leaves, and 64.3% in grains, achieving the lowest grain Cd
bioconcentration factor (BCF) (p < 0.05) (Fig. 2a and b and
S2, Appendix A). The T-stage co-application of nZVI and MT
produced comparable Cd reductions, 34.6% in roots, 65.2%
in stems, 67.6% in leaves, and 52.1% in grains, with a 41.9%
decrease in grain Cd BCF (all p < 0.05), while avoiding yield
penalties. The Cd translocation factor from leaves to grains
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Fig. 1 Effects of nZVI and MT on rice growth and productivity at the T and F stages. (a) Plant morphology; (b) root and shoot lengths; (c) root and
shoot fresh weights; (d) grain yield with husk and without husk; (e) panicle number. Bars annotated with different superscript letters indicate
significant differences among treatments (p < 0.05).
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remained unchanged, suggesting restriction at uptake and
long-distance transport (Fig. 2c). In the soil, Cd availability
showed only nonsignificant shifts across treatments,
supporting that observed changes mainly arose from plant-
level processes (Fig. S2). In contrast, Se dynamics revealed
clear advantages of the combined treatment (Fig. 2 and S3).
Although Se in the leaves exhibited no significance between
the control and treatment groups (Fig. 2d), grain Se increased
by 73.9% under T-Cd + MT + nZVI (Fig. 2e), compared with
53.8% under nZVI alone and 56.6% under F-Cd + MT + nZVI,
with the highest Se translocation factor (77.4%) occurring at
the T stage (Fig. 2f). Given that selenite strongly adsorbs onto
iron (hydr)oxides,5 the single application of Fe-based
materials such as iron monosulfide (100 mg L−1) reduced Cd
accumulation in grains while concurrently diminishing Se
uptake. Numerous studies demonstrate the efficacy of
nanomaterials in mitigating both Se and Cd
contamination.11,16–19 For example, 1.3 mM selenite was
completely removed within 3 min using 5 g L−1 nZVI.16

Similarly, biochar–ZVI exhibited high sorption capacities for
Se(IV) (62.52 mg g−1) and Se(VI) (35.39 mg g−1),47 while FeO-
NPs and Se-NPs (15–30 mg L−1) alleviated Cd toxicity in
plants grown in soils with 50 mg kg−1 Cd.17 Furthermore, 100
mg L−1 FeS removed 93.2% of Se(IV) through reduction to
Se(0), concomitant with the oxidation of FeS to goethite
(78.9%), lepidocrocite (21.1%), and elemental sulfur (91.5%),
as confirmed by X-ray absorption fine structure (XAFS)
spectroscopy.18 In parallel, nZVI has been reported to reduce

grain Cd concentration by >80% in contaminated soils11 and
to remove 20–52% of aqueous Cd (100 μM) at doses of 50–
200 mg L−1, primarily via adsorption and surface
complexation. Additionally, nZVI promotes the formation of
iron plaque on roots, increasing their biomass by up to
267%, which act as effective barriers against Cd uptake.19 In
contrast, the T-stage nZVI–MT combination in this study
preserved the strong Cd-limiting capacity of nZVI while
simultaneously improving Se delivery to grains and
maintaining biomass and yields. Collectively, this stage-aware
framework indicates that F-stage MT is optimal for yield
improvement, nZVI alone ensures strong Cd restriction but
risks Se loss, and T-stage nZVI–MT co-application uniquely
balances both outcomes to achieve high agronomic benefit.

The observed Cd declines in this study are consistent with
the established role of nZVI in decreasing the bioavailability of
free Cd2+ species in the rhizosphere, thereby restricting their
uptake into rice roots and subsequent translocation via the
xylem.13 Concurrently, nZVI at a concentration of 100 mg L−1

has been shown to alleviate Cd (10 μM) stress in rice by
enhancing antioxidant defenses, modulating metal
transporter gene expression, reducing Cd uptake/
translocation, immobilizing Cd in soil, and improving the
grain yield under metal stress.13 The unchanged translocation
factors across treatments further suggest that regulation
occurs primarily at the points of uptake and systemic
movement rather than during leaf-to-grain partitioning. Under
Cd stress, rice is known to enhance high-affinity Cd influx

Fig. 2 Effects of nZVI and MT on the Cd accumulation in (a) leaves and (b) grains, (c) the Cd grain bioconcentration and translocation factor, the
Se accumulation in (d) leaves and (e) grains, and (f) the Se grain bioconcentration and translocation factor. All the means sharing different letters
significantly differ at the p < 0.05 level.
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systems while attenuating detoxification pathways, which
normally favors root-to-shoot transfer.14,48,49 By counteracting
these responses, nZVI can effectively suppress Cd flux within
the plant. For Se, prior studies highlight a frequent trade-off,
where nZVI strongly restricts Cd but can decrease Se uptake by
∼20–40% due to selenite interactions with Fe oxides, even as it
strongly lowers grain Cd by >50–85%.5,20,21 Our present
findings demonstrate a way to circumvent this limitation.
When combined with MT at the appropriate developmental
stage, the system retained the Cd-limiting benefits of nZVI
while simultaneously enhancing Se allocation to grains. This
outcome highlights a shift from the conventional “Cd–Se
trade-off” paradigm. MT likely strengthens antioxidant
capacity, engages phosphate and sulfur transporter networks,
and thus facilitates Se mobilization and long-distance
translocation.11,17,50,51 Overall, this stage-dependent synergy
underscores an agronomic strategy by aligning the
physiological timing of MT with the Cd-restricting function of
nZVI to achieve a dual goal of Cd mitigation and Se
biofortification.

3.2. Redox homeostasis modulation by nZVI–MT lowers ROS
burden and attenuates Cd toxicity

Across both T and F stages, Cd elevated ROS and lipid
peroxidation, whereas the treatments rebalanced the redox

status in distinct ways. nZVI alone lowered H2O2 and MDA by
76.4% and 36.4%, respectively (p < 0.05 vs. Cd control)
(Fig. 3a). MT-containing treatments produced the largest
H2O2 decreases, with F-Cd + MT, T-Cd + MT, T-Cd + MT +
nZVI, and F-Cd + MT + nZVI reducing H2O2 by 95.2%, 94.5%,
92.7%, and 89.2%, respectively (all p < 0.05). Total protein
increased under every treatment (by 92.6% for F-Cd + MT),
and proline rose at the T stage with MT and nZVI + MT (by
31.35% and 32.6%, respectively) (Fig. 3b). At the enzyme level
(Fig. 3c and d), the nZVI + MT treatment reduced SOD activity
at the T and F stages by 59.9% and 58.1%, respectively, while
APX rose with MT-containing treatments (59.0% by F-Cd +
MT + nZVI and 40.7% by T-Cd + MT + nZVI). GR decreased
under the combined treatments (58.0% at the F stage and
43.2% at the T stage), and CAT and POD were largely
unchanged ( p > 0.05).

These patterns map onto a coherent ROS-network model
with H2O2 as the central node (Fig. 3e). First, nZVI acts
upstream by limiting Cd entry at the root interface, which
suppresses superoxide generation and the need for high SOD
throughput; the observed drop in SOD and MDA with nZVI is
consistent with “source control” of ROS formation via Fe
(hydr)oxide-mediated Cd interception.12,13,52 Because less
superoxide is formed, the glutathione cycle is under lower
flux demand, which explains the reduced GR despite lower
H2O2 and unchanged CAT/POD. Second, MT tunes the detox

Fig. 3 Effects of nZVI and MT on redox homeostasis at the T and F stages. (a) H2O2 and malondialdehyde (MDA); (b) proline (Pro) and total soluble
protein (TSP); (c) antioxidant enzymes: superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT); (d) ascorbate peroxidase (APX) and
glutathione reductase (GR); (e) schematic representation of nZVI–MT-mediated antioxidant mechanisms under Cd stress. EPS; exopolysaccharide
production. Values with different superscript letters are significantly different (p < 0.05).
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arm of the network. MT-containing treatments consistently
upregulated APX, the key H2O2 sink in the ascorbate–
glutathione pathway, and increased compatible solutes
(proline) and soluble protein, which stabilize membranes
and enzymes under stress.22,53 The large H2O2 reductions
with MT or nZVI + MT therefore reflect both diminished ROS

input (nZVI) and enhanced H2O2 clearance (MT-driven APX).
The modest rise in MDA with MT at both stages (29.6% to
41.2%) likely represents a controlled peroxidation signal
associated with remodeling and nutrient redistribution rather
than uncompensated damage, as yields were maintained or
improved.28,54

Fig. 4 Transcriptomic effects of nZVI and MT at the T stage. (a–c) Volcano plots of differentially expressed genes (DEGs) for three comparisons:
Cd + MT vs. Cd, Cd + nZVI vs. Cd, and Cd + MT + nZVI vs. Cd; (d) principal component analysis (PCA); (e) correlation matrix; (f) upregulated and
(g) downregulated gene ontology (GO) terms in the Cd vs. Cd + MT + nZVI comparison. “Cd” = TF-Cd (Cd-only control); “Cd + MT” = T-Cd + MT
(MT applied at the T stage); “Cd + MT + nZVI” = T-Cd + MT + nZVI (MT at the T stage + nZVI soil amendment).
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Stage specificity further clarifies roles. At the T stage, nZVI
+ MT produced strong H2O2 suppression while lowering SOD
and GR and elevating APX, together with higher proline and
protein, indicating a low-ROS steady state sustained by
upstream Cd exclusion plus APX-centered detox. At the F
stage, MT's APX stimulation and protein accrual were most
pronounced and aligned with the largest yield gains,
suggesting effective peroxide control within reproductive
sinks.23,43,55–62 Overall, the data support a division of labor:
nZVI curtails ROS generation by restricting Cd flux, and MT
reinforces enzymatic and osmotic defenses to clear residual
ROS. The net effect is a lower H2O2/MDA burden, stabilized
redox homeostasis, and attenuation of Cd toxicity across
development.

3.3. Transcriptomic evidence for coupled transport and redox
pathways achieving grain Cd restriction and Se enrichment

Transcriptomic profiling further reveals DEGs under nZVI
and MT treatments (Tables S1–S3 in Appendix B; Fig. S4
and S5 in Appendix A). Differential expression was minimal
with MT alone (22 genes), extensive with nZVI alone (2283
genes), and intermediate with the co-application (613 genes)
(Fig. 4a–c), suggesting that the MT combined treatment may
alleviate the stress caused by the sole application of nZVI at
transcriptional levels. Across nZVI vs. Cd and nZVI + MT vs.
Cd, 244 DEGs overlapped; 158 of these (95 up, 63 down)
formed the core T stage response (Fig. S6). Clustering and
PCA analyses separated the treatment groups with high
reproducibility (r = 0.8–1.0), indicating clear transcriptional
distinctions among treatments and strong consistency
across biological replicates (Fig. 4d and e).

GO enrichment provides a mechanistic bridge from
transcripts to phenotypes (Fig. 4f and g). In this study,
upregulated biological processes included responses to
oxidative stress, glutathione metabolism, phenylpropanoid
metabolism, secondary-metabolite biosynthesis, and
transmembrane transport; molecular functions centered on
oxidoreductase, peroxidase, and glutathione transferase
activities; cellular components were enriched at the plasma
membrane, apoplast/cell wall, peroxisome, and vacuolar
membrane. Representative genes mapping to these terms
were CARP/pepA (glutathione pathway), OsPAL02
(phenylpropanoid), GLO6 (peroxisomal glyoxylate cycle), GPAT
(membrane remodeling), OsSAUR11 (hormone signaling), and
OsDXS (cofactor/precursor supply), along with diterpenoid-
biosynthesis genes, such as OsCPS2/4, OsKSL10, Oscyp71Z6,
and OsSDR110C-MS2, indicating enhanced production of
specialized metabolites with potential roles in defense and
signaling. This GO profile supports enhanced ligand
production and vacuolar or apoplastic sequestration that
restricts Cd mobility, together with strengthened peroxisomal
and glutathione-linked detoxification that lowers the H2O2

accumulation.40,63,64 For instance, the induction of
phenylpropanoid and unique diterpenoid biosynthetic
pathways promoted lignin deposition, which likely reinforced

the apoplastic barrier in roots, impeding Cd influx, limiting
radial transport, and reducing Cd translocation to aerial
tissues. Key contributors to this process include OsPAL6 and
OsPAL8, along with GA-biosynthesis genes such as OsCPS2,
OsCPS4, OsKSL4, and OsKSL7, and multiple members of the
cytochrome P450 (CYP) superfamily.63 Furthermore,
4-hydroxycinnamic acid (4-HCA), synthesized via OsPAL02 in
the phenylpropanoid pathway, was found to enrich metal-
tolerant Pseudomonadales, suggesting that a lignin
biosynthesis intermediate can modulate leaf microbiome
composition and promote microbial homeostasis under
metal stress.64 Moreover, MT upregulated the auxin-
responsive protein 21 (SAU21) gene, implicating auxin
signaling in the regulation of growth-defense balance, while
activation of the ascorbate–glutathione cycle further
enhanced Cd chelation and contributed to H2O2 scavenging,
reinforcing redox homeostasis.40 These molecular responses
align with observed physiological outcomes: at the T stage,
co-application reduced grain Cd by 52.1% and grain BCF by
41.9% (by 64.3% with nZVI alone), while grain Se increased
by 73.9% and soil-to-grain Se transport rose by 62.7%.
Downregulated terms clustered in photosynthesis, light-
harvesting complex, chlorophyll binding, starch biosynthesis,
protein folding/chaperone-mediated folding, and RNA
processing. This attenuation indicates a resource shift away
from antenna investment, bulk carbon storage, and protein-
folding stress toward redox control and defense metabolism,
consistent with the observed reductions in H2O2 and the
prominence of ascorbate peroxidase activity. These findings
resonate with previous reports demonstrating that under
conditions of nutrient homeostasis, plants reorient carbon
and energy allocation from primary metabolism (e.g.,
photosynthesis and protein synthesis) toward antioxidant
production, resulting in robust growth with reduced
physiological stress.65

Transcriptomic and GO enrichment analyses jointly
indicate that nZVI and MT act on complementary biochemical
pathways that together reprogram rice metabolism to limit
Cd mobility and enhance Se allocation. nZVI primarily
modulates stress perception, antioxidant defenses, and
physical/chemical barriers. It triggers early stress signaling
and activates oxidoreductase and peroxidase activities that
mitigate Cd-induced ROS, while promoting metal-binding
proteins and siderophore biosynthesis to chelate Cd and
maintain essential ion homeostasis. nZVI also strengthens
cell wall and apoplastic barriers through phenylpropanoid
metabolism and lignin deposition, and facilitates vacuolar
and organelle sequestration of Cd complexes, thereby
restricting Cd entry and long-distance transport.10,66,67 In
parallel, the downregulation of high-affinity Cd uptake
transporters (OsNRAMPs, OsZIPs, and OsHMAs) reduced root-
to-shoot translocation, whereas detoxification and
compartmentalization genes, such as OsPCS, OsABCCs,
OsMTPs, OsLCTs, and OsMTs, were upregulated, together
minimizing Cd loading into the phloem and restricting its
distribution to edible parts (Table S10 in Appendix B). These
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actions explain the consistent 50–85% reductions in grain Cd
frequently reported for nZVI. By contrast, MT acts as an
amplifier of detoxification and developmental regulation. It
enhances the ascorbate–glutathione cycle, narrows the
transcriptional stress footprint, and drives proline and
protein accumulation for osmoprotection.40,68,69 MT also
supports chloroplast performance and energy balance,
counteracting the photosynthetic downregulation typically
observed under nZVI.29,70 Moreover, MT promotes hormone
and secondary metabolism (e.g., diterpenoid and
momilactone biosynthesis), linking stress adaptation with
growth and yields. These effects reinforce source–sink
relationships and favor the long-distance allocation of
nutrients.

The synergy emerges because nZVI acts as a supplement
that initiates stress-responsive and Cd-exclusion pathways,
while MT amplifies and stabilizes these signals through
targeted redox reinforcement and metabolic support.
Importantly, co-application enriched transport and
membrane terms consistent with phosphate- and sulfur-
linked carriers that facilitate Se flux.50,51,71 At the same
time, transcriptomic evidence indicates broad upregulation
of OsSultrs, OsPTs, OsNIPs, Lsi1/2, NRT1, and OsAAPs,
suggesting that Se uptake is enhanced by exploiting shared
transport systems with sulfate, phosphate, and nitrogen
channels (Table S10 in Appendix B). This was further
supported by increased ATP availability and Mg2+-dependent
cofactors generated through enhanced energy metabolism,
enabling efficient assimilation of Se into organic forms
such as selenocysteine and selenomethionine. Crucially,
suppression of vacuolar Se sequestration genes (e.g.,
OsSPX-MFS and OsVPEs) reduced Se retention in vegetative
tissues and promoted phloem remobilization toward
developing grains. Collectively, these results demonstrate
that the nZVI–MT co-application does not merely mitigate
Cd toxicity but also actively reprograms molecular and
physiological networks to favor the uptake and allocation of
beneficial micronutrients such as Se. By integrating
nanotechnology-based Cd exclusion with MT-enhanced
signaling and nutrient translocation, this dual strategy
simultaneously reduces grain Cd levels and biofortifies Se,
highlighting its promise for sustainable phytomanagement
of contaminated agroecosystems.

3.4. Rhizosphere microbial reconfiguration under nZVI–MT
at the T stage supports Cd restriction and Se enrichment

The co-application of nZVI and MT at the T stage induced
significant restructuring of the rice rhizosphere microbiome,
contributing mechanistically to reduced Cd accumulation
and enhanced Se biofortification. While alpha-diversity
indices (Shannon) were comparable, Chao1, ACE, Simpson,
and Sobs values were higher in the Cd + nZVI treatment
compared to the Cd + nZVI + MT treatment, indicating a
modest reduction in taxonomic richness under the combined
application (Fig. 5a and S10 in Appendix A). However, this

modest decrease in richness coincided with fewer
differentially regulated plant genes, suggesting functional
streamlining rather than a loss of ecological resilience,
consistent with the selection of a more specialized,
metabolically efficient microbial community. PCoA separated
communities by treatment, accounting for 89.09% of the
variance in abundance and structure (Fig. 5b), underscoring
the strong treatment-specific structuring of the rhizobiome.

At the phylum level, Cd stress alone favored the
dominance of Pseudomonadota and Actinomycetota, taxa
commonly associated with metal tolerance (Fig. S11 in
Appendix A). The addition of nZVI increased the relative
abundance of Acidobacteriota, Bacillota, and Bacteroidota,
groups linked to nutrient cycling, exopolysaccharide (EPS)
production, and iron redox transformations.7,11,72–77 Notably,
Bacillota may promote the formation of iron (hydr)oxide
plaque on root surfaces, which serve as effective sorption
sites for Cd, thereby limiting root uptake and
translocation.7,11,72–77 In contrast, the nZVI + MT co-
treatment further amplified the dominance of
Pseudomonadota and enriched Chloroflexota, while reducing
the abundance of Actinomycetota, Euryarchaeota, and
Acidobacteriota, and modestly increasing Cyanobacteriota and
Bacteroidota. This shift reflects a transition toward a
microbiome with greater metabolic flexibility and
responsiveness to chemical and hormonal cues, favoring
plant-growth-promoting and stress-mitigating functions.

At the genus level, distinct microbial assemblages
emerged under each treatment (Fig. 5c and d; Fig. S12 in
Appendix A). The nZVI + MT combination enriched beneficial
genera such as Massilia, Bradyrhizobium, and
Noviherbaspirillum, while suppressing potential opportunists
or less mutualistic taxa, including Defluviicoccus,
Mycobacterium, Arthrobacter, Gaiella, Methyloceanibacter,
Pseudolabrys, and Conexibacter. By contrast, nZVI alone
promoted Defluviicoccus, Mycobacterium, Gaiella,
Methyloceanibacter, Noviherbaspirillum, Conexibacter, and
Pseudolabrys, while reducing Massilia, Arthrobacter, and
Bradyrhizobium. The consistent enrichment of
Noviherbaspirillum under both treatments highlights its
adaptation to iron redox cycling and potential role in plant–
microbe hormonal crosstalk. Massilia, a well-documented
plant growth-promoting rhizobacterium with high metal
tolerance, contributes to Cd immobilization via EPS-
mediated extracellular sequestration.76,78,79 Bradyrhizobium
enhances nitrogen fixation and supports plant antioxidant
systems, thereby stabilizing redox homeostasis under
stress.76,78,79

Functional profiling further elucidated the mechanisms
underlying Cd immobilization and Se enrichment (Fig. 5d).
In nZVI-amended soils, the Fe(III)-reducing genus Candidatus
Acidoferrum (Fig. S12) dominated the microbial community,
indicating active iron cycling that drives iron (hydr)oxide
plaque on roots and releases inorganic phosphate, both
favoring Cd immobilization and plant growth.11,77 Under the
nZVI + MT treatment, Sphingomonas emerged as a key player,
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known for its capacity for Cd biosorption, indole-3-acetic acid
production, and phosphate solubilization, linking metal
detoxification with phytohormone signaling and nutrient
mobilization.12,76,80 Together, the nZVI–MT co-treatment
reconfigured the rhizosphere microbiome into a streamlined,
functionally optimized consortium that directly supports host
metal(loid) homeostasis (Fig. 5e). This engineered microbial
community was enriched in key plant growth-promoting
genera such as Massilia, Bradyrhizobium, and Sphingomonas,
which collectively perform a suite of complementary and
synergistic functions. These include the production of EPS
and direct biosorption of Cd, thereby immobilizing the metal
at the root–soil interface and reducing its bioavailability.
Concurrently, nitrogen fixation and microbial-mediated
antioxidants contribute to the stabilization of the plant's
redox status, while phosphate solubilization and
phytohormone signaling enhance nutrient acquisition and
systemic allocation, processes critical for Se uptake and long-
distance translocation to grains. These findings are
consistent with prior research demonstrating that the fungal
endophyte Beauveria bassiana strain FE14 promotes growth of
Miscanthus floridulus by reducing soil Cd bioavailability,
modulating antioxidant enzyme activities, and reshaping root

endophytic bacterial networks, particularly enriching
Sphingomonas, Massilia, and Bradyrhizobium.81 The
recurrence of these taxa across diverse plant–microbe–metal
systems underscores their functional resilience and central
role in integrated stress mitigation and growth promotion. In
the present study, the enrichment of these beneficial genera
aligns with observed plant-level outcomes, including reduced
grain Cd BCF, elevated Se BCF and TF (section 3.2), and
reduced ROS burden (section 3.3). In summary, by coupling
nZVI-driven iron redox cycling and plaque formation with
MT-mediated signaling that selectively enriched plant-
growth-promoting rhizobacteria, the co-application
established a microbiome that simultaneously achieve Cd
restriction and Se enrichment, providing a robust microbial
basis for the dual agronomic benefits.

4. Conclusion

Our findings demonstrate that stage-specific co-application
of nZVI and MT effectively restricts Cd accumulation while
enhancing Se enrichment in rice grown on contaminated
soils. Evidence from physiological traits, redox homeostasis,
transcriptomic profiles, and rhizosphere microbial analyses

Fig. 5 Effects of nZVI and MT on rhizosphere microbial dynamics. (a) Alpha-diversity (Simpson index), (b) principal coordinate analysis (PCoA), (c)
genus-level community composition in Cd, Cd + nZVI, and Cd + MT + nZVI treatments, (d) Kruskal–Wallis H test bar plot comparing relative
abundances among treatments, and (e) schematic model illustrating how nZVI and MT synergistically restructure the rhizosphere microbiome to
reinforce Cd immobilization and enhance Se uptake and allocation. “Cd” = TF-Cd (Cd-only control); “Cd_nZVI” = TF-Cd + nZVI (soil treated with
100 mg kg−1 nZVI); “Cd_MT_nZVI” = T-Cd + MT + nZVI (MT at the T stage + nZVI soil amendment). EPS, exopolysaccharide production; BCF,
bioconcentration factor; TF, translocation factor; SOD, superoxide dismutase; MDA, malondialdehyde.
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indicates that this dual benefit arises from coordinated
regulation at multiple biological levels. At the plant level, the
treatment reduced Cd uptake and long-distance transport
while reinforcing detoxification capacity and maintaining
metabolic stability under stress. In parallel, Se acquisition
and translocation were improved, thereby avoiding the
micronutrient trade-offs typically associated with nZVI alone.
At the rhizosphere level, microbial communities were
restructured toward taxa that promote Cd immobilization,
nutrient cycling, and stress alleviation, further supporting Se
biofortification. Compared with single-agent applications,
the stage-specific integration of nZVI and MT preserved the
Cd-mitigating efficacy of nZVI while stabilizing redox balance
and sustaining nutrient remobilization. These findings
establish a mechanistically informed and agronomically
viable strategy that synergistically integrates nanomaterial-
enabled remediation with targeted phytohormonal
regulation. This dual-pronged approach offers a sustainable
pathway to cultivate rice with significantly reduced
accumulation of toxic metals while simultaneously
enhancing essential micronutrient profiles, thereby
advancing both food safety and nutritional security in
regions affected by heavy metal contamination. The stage-
specific co-application of nZVI and MT is compatible with
standard rice agronomy, demonstrates economic viability,
and exhibits favorable environmental safety profiles, though
scalability requires validation under diverse field conditions
and advancement of regulatory frameworks for
nanomaterials in agriculture.
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