
1

Sustainable Production of Selenium-Rich and Cadmium-Safe Rice by nZVI-

Melatonin Synergy via Coordinated Plant-Microbe Regulation

Saiqa Menhas1, 2, 3, Minjie Chen1, 3, Hui Jin1, 3, Jiang Xu1, 3, Saiyong Zhu2, Muhammad Iqbal 

Zaman4, Jie Hou1, 3 *, Daohui Lin1, 2, 3

1State Key Laboratory of Soil Pollution Control and Safety, College of Environmental and Resource 

Sciences, Zhejiang University, Hangzhou 310058, China.

2Zhejiang Ecological Civilization Academy, Anji 313300, P.R. China

3Zhejiang Provincial Key Laboratory of Organic Pollution Process and Control, College of 

Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058, P.R. China 

4Department of Chemistry, University of science and Technology, Bannu 28100, KP Pakistan

Correspondences *

Jie Hou (hou-jie@zju.edu.cn)

Supplementary Information (SI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2026



2

Table S1: The physio-chemical properties of contaminated paddy soil

Soil properties Contaminated paddy soil

pH 5.42±0.08

N, g kg-1 3.08±0.12

P, g kg-1 2.15±0.13

K, g kg-1 12.39±1.17

Na, g kg-1 1.99±0.63

Ca, g kg-1 10.30±0.10

Mg, g kg-1 0.98±0.14

Mn, mg kg-1 181.42±27.13

TOC, % 2.32±0.27

Cd, mg kg-1 23.21±0.57

Cr, mg kg-1 127.02±3.40

Se, mg kg-1 3.73±0.16

Fe, g kg-1 20.90±0.35

sand, % 62

silt, % 18

clay, % 19

soil type Sandy loam

Mean±SE. Note: TOC means total organic carbon content. Adapted from our previous studies 1.
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Figure S1 Characterizations of nZVI. (a) Scanning electron microscopy (SEM) showed that the nZVI 

was relatively spherical, with particle sizes ≤ 100 nm. (b) Energy dispersive X-ray spectroscopy 

(EDS) showed that oxygen and iron accounted for 3.95% and 96.05%, respectively, and (c) the two 

elements were uniformly distributed in the material. (d) The crystal structures of nZVI analyzed with 

X-ray diffraction (XRD). Adapted from our previous studies 2.
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Figure S2: Effects of nZVI and MT on cadmium in (a) Soil, (b) Roots and (c) Stem across T and F 

developmental stages.

(a) (b)

(c)
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Figure S3: Effects of nZVI and MT on selenium in (a) Soil, (b) Roots and (c) Stem across T and F 

developmental stages.

(a) (b)

(c)
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Figure S4: Functional annotation of all genes across six databases.

Figure S5: Distinct differentially expressed genes clusters across four treatments.

(a) (b)



7

Figure S6: Venn diagrams of MT, nZVI, and their combinatorial treated groups.

Figure S7: Effects of nZVI on (a) Up and (b) down Gene Ontology in the Cd vs. Cd-nZVI group.

(a)

(b)
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Figure S8: Effects of nZVI on (a) Up and (b) down Kyoto Encyclopedia of Genes and Genomes 

enrichment analyses in the Cd vs. Cd-nZVI group.

(a)

(b)
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Figure S9: Effects of nZVI and MT on (a) Up and (b) down Kyoto Encyclopedia of Genes and 

Genomes enrichment analyses in the Cd vs. Cd-MT-nZVI group.

(a)

(b)
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Figure S10: Microbial analysis. Alpha diversity (a) Simpson index, (b) Ace index, (c) Sobs index, 

and (d) Chao index on the species level across all treatments.

(a) (b)

(c) (d)
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Figure S11: Effects of nZVI and MT on microbial community analysis in the (a) Cd, (b) Cd-nZVI, 

and (c) Cd-MT-nZVI groups on the phylum level.

(a)

(b)

(c)
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Figure S12: Effects of nZVI and MT on microbial community analysis, Wilcoxon rank-sum test in 

the (a) Cd, and Cd-nZVI, (b) Cd and Cd-MT-nZVI, (c) Cd-nZVI and Cd-MT-nZVI groups on genus 

level.

(a)

(b)

(c)
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Results and discussion:

Supplementary Text S1:

Top 20 GOs and KEGG pathways in Cd vs Cd-nZVI group:

Comparative transcriptomic profiling of rice between Cd and Cd-nZVI treatments revealed a 

profound reprogramming of plant cellular processes, indicative of a strategic metabolic reallocation 

from primary productivity toward stress adaptation and defense mechanisms (Fig. S7 and S8). In the 

Cd-nZVI treatment group, differentially expressed genes (DEGs) were significantly enriched in 

biological processes associated with protein phosphorylation, phosphorus metabolic pathways, and 

jasmonic acid-mediated signaling pathways. These functional enrichments, coupled with dominant 

molecular functions linked to kinase and phosphotransferase activities, suggest the activation of 

intricate signal transduction networks. The pronounced representation of plasma membrane-

associated components underscores the importance of early stress perception and membrane-

associated signaling events in the nZVI-mediated response. 

Consistent with gene ontology (GO) annotations, KEGG pathway analysis revealed significant 

upregulation of glycerophospholipid metabolism, MAPK signaling, plant hormone signal 

transduction, and plant-pathogen interaction pathways. These pathways are well-established 

mediators of abiotic stress tolerance, contributing to membrane integrity, hormonal cross-talk, and 

priming of defense responses. Conversely, downregulated DEGs in the Cd-nZVI comparison were 

predominantly associated with photosystem I and II components, thylakoid and plastid membranes, 

and chlorophyll-binding proteins. KEGG enrichment analysis further confirmed the suppression of 

photosynthesis, porphyrin metabolism, carbon fixation, and other light-harvesting processes in rice. 

This coordinated downregulation reflects a metabolic trade-off: energy and resources are redirected 

from photosynthetic apparatus maintenance toward stress mitigation and cellular protection. The 

concurrent repression of genes involved in circadian rhythm regulation supports a systemic 

reconfiguration of physiological timing, prioritizing survival over growth under combined Cd and 

nZVI exposure. These transcriptional dynamics support the dual hypothetical role of nZVI: (1) 

enhancing Cd immobilization and bioavailability reduction in the rhizosphere, and (2) potentiating 

intracellular stress signaling cascades while simultaneously reducing photosynthetic investment. 

Specifically, upregulation of glycerophospholipid metabolism likely contributes to membrane 

stabilization under heavy metal-induced oxidative stress, while activation of MAPK and 

phytohormone signaling pathways orchestrates downstream defense gene expression. In contrast, the 

downregulation of chlorophyll biosynthesis and thylakoid-related functions may minimize 

photooxidative damage by reducing light absorption and electron transport under suboptimal 

conditions, thereby conserving metabolic energy. While this resource reallocation enhances Cd 

tolerance and may facilitate improved Se uptake through altered ion homeostasis, it may also partially 
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explain the observed reduction in panicle number under nZVI treatment alone. This phenotype aligns 

with the well-documented phenomenon in which reproductive development is often sacrificed when 

defense pathways dominate metabolic allocation. These findings are consistent with prior studies 

demonstrating that nZVI influences root iron plaque formation, modulates nutrient dynamics, and 

elicits systemic stress responses in plants 3-7. 

Top 20 GOs and KEGG pathways Cd vs Cd-MT-nZVI group:

Transcriptomic analysis of the Cd vs. Cd-MT-nZVI treatment comparison revealed that the 

combined amendment induces a coordinated and dynamic reprogramming of plant metabolism, 

simultaneously sustaining robust stress defense activation while restoring essential primary metabolic 

functions, most notably photosynthesis (Fig. 4f, g, and S9). DEGs upregulated under the co-treatment 

were significantly enriched in biological processes, including protein phosphorylation, cell surface 

receptor signaling, phosphorus-containing compound metabolism, and diterpenoid and terpenoid 

metabolic processes. The associated molecular functions, dominated by protein kinase, 

phosphotransferase, and carbohydrate/polysaccharide binding activities, suggest intensified signal 

transduction at the plasma membrane and subsequent activation of downstream regulatory and 

metabolic networks, particularly those governing secondary metabolism. 

KEGG pathway enrichment analysis highlighted the induction of diterpenoid biosynthesis, a 

pathway known to produce phytoalexins and structurally diverse specialized metabolites implicated 

in heavy metal chelation and reactive oxygen species (ROS) scavenging 8-10. This supports the 

hypothesis that MT-nZVI co-treatment maintains a sustained, defense-oriented metabolic state. 

Furthermore, the concurrent upregulation of phenylpropanoid biosynthesis, glutathione metabolism, 

and glycerophospholipid metabolism indicates a multifaceted defense strategy integrating antioxidant 

biosynthesis, redox homeostasis, and membrane stabilization, thereby enhancing the cellular 

resilience of rice under Cd stress.

The co-treatment enhanced core metabolic pathways essential for energy and precursor supply. 

Upregulation of the citrate (TCA) cycle, cysteine and methionine metabolism, and 

alanine/aspartate/glutamate metabolism reflects a strategic reactivation of central carbon and amino 

acid metabolism. This metabolic reinforcement ensures a continuous flux of adenosine triphosphate 

(ATP), reducing equivalents, and biosynthetic intermediates, thereby supporting the energetic 

demands of prolonged stress responses. Additionally, activating plant-pathogen interaction and motor 

protein pathways implies engagement of biotic stress signaling modules and enhanced intracellular 

trafficking, potentially contributing to efficient allocation of defense components. 

Conversely, downregulated DEGs were enriched in protein folding and refolding processes, 

isoprenoid biosynthesis, and chloroplast/plastid-localized functions. The suppression of chaperone-

mediated folding and ATP-dependent protein folding machinery indicates a reduction in proteotoxic 
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stress, consistent with effective mitigation of Cd-induced protein damage. KEGG analysis further 

revealed significant downregulation of terpenoid backbone biosynthesis, carotenoid biosynthesis, and 

multiple alkaloid and steroid biosynthetic pathways. The apparent paradox, suppression of upstream 

terpenoid precursor synthesis alongside activation of downstream diterpenoid biosynthesis, likely 

reflects a feedback-driven attenuation mechanism, triggered upon sufficient accumulation of 

defensive end-products and the initiation of cellular homeostasis recovery 10-12.

A particularly salient feature of the MT-nZVI co-treatment is the reversal of photosynthetic 

suppression typically observed with nZVI application alone. The upregulation of photosynthesis-

related pathways and the downregulation of chloroplast-localized protein misfolding and stress-

related chaperones suggest that MT supplementation effectively restores chloroplast functionality. 

This alleviation of photosynthetic inhibition mitigates the energetic trade-offs imposed by nZVI-

mediated stress prioritization, allowing for reallocating resources back toward growth and 

development. Given the central role of photosynthesis in biomass accumulation and yield formation, 

this restoration is critical for maintaining plant productivity under metal stress 8-10. Taken together, 

these transcriptional dynamics indicate that the MT-nZVI co-treatment orchestrates a dual metabolic 

strategy: (1) the sustained activation of defense pathways via diterpenoid and phenylpropanoid 

biosynthesis, antioxidant systems, and stress-responsive signaling; and (2) the reactivation of primary 

metabolism, particularly photosynthesis and energy metabolism, to support physiological recovery 

and growth. This integrative molecular reconfiguration provides a mechanistic basis for the improved 

physiological performance, enhanced stress tolerance, reduced oxidative damage, and higher yield 

potential observed in plants exposed to Cd-contaminated environments when treated with the 

combined MT-nZVI amendment.

Supplementary Text S2:

Transcriptomic analyses of nZVI and nZVI+MT treatments reveal a convergent metabolic 

reprogramming that channels plant physiology toward specialized defense deployment, enhanced 

redox regulation, and recalibrated growth, providing a coherent molecular framework for the dual 

modulation of Cd tolerance and Se acquisition (Table S4, S6, and S8 in Appendix B). A core 

conserved response across both treatment centers on the plastidial methylerythritol phosphate (MEP)-

derived diterpenoid biosynthesis pathway, with coordinated upregulation of key biosynthetic genes: 

OsDXS, OsCPS2/4, OsKSL10, Oscyp71Z6, and OsSDR110C-MS2. These enzymes direct isoprenoid 

precursors through cyclization and oxidative tailoring to generate phytoalexins such as momilactones, 

which are well-documented for their metal-chelating properties and ROS-scavenging capacity. This 

transcriptional signature reflects a sustained state of chemical immunity under heavy metal stress. It 

is reinforced by concurrent enrichment in kinase- and receptor-mediated signaling pathways, 

indicating membrane-proximal stress perception that directly activates secondary metabolic circuits, 
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particularly the diterpenoid defense axis 9, 13, 14.

Concomitant upregulation of OsPAL2, a pivotal gene in phenylpropanoid metabolism, diverts 

flux toward synthesizing phenolics and flavonoids, reinforcing cell wall integrity and mitigating 

oxidative damage. This complements diterpenoid-based defenses, collectively expanding the plant’s 

antioxidant reservoir and fortifying structural barriers. Additionally, induction of the auxin-

responsive OsSAUR11 suggests hormonal crosstalk that recalibrates growth under stress, potentially 

through modulation of root architecture, exudate composition, and rhizosphere interactions. These 

adjustments may promote Cd immobilization in the rhizosphere while enhancing Se bioavailability 

at the soil-root interface 9, 15-17, reflecting not a passive growth penalty but an active optimization of 

defense-growth trade-offs. 

Beyond secondary metabolism, primary metabolic and membrane biophysical adaptations 

further stabilize stress resilience. Upregulation of GPAT (glycerol-3-phosphate acyltransferase) 

implies cutin and membrane lipid remodeling, reinforcing apoplastic and plasma membrane integrity 

while modulating fluidity to preserve signaling fidelity. Concurrently, induction of pckA 

(phosphoenolpyruvate carboxykinase) indicates flexible carbon routing, balancing gluconeogenic 

flux and anaplerotic replenishment of TCA cycle intermediates to sustain defense biosynthesis 

without depleting energy reserves 9, 18. The peroxisomal glycolate oxidase GLO6 is also induced, 

enhancing H2O2 catabolism in coordination with plastidic and cytosolic antioxidant systems (e.g., 

glutathione and ascorbate pathways), thereby tightening redox homeostasis during Cd exposure 15.

A defining feature of the nZVI+MT co-treatment is the preservation and recovery of 

photosynthetic capacity, even amid sustained defense activation. This is evidenced by the attenuation 

of chloroplast protein misfolding signatures (reduced chaperone/folding demand) alongside the 

reactivation of photosynthesis-related pathways. This transcriptional profile supports the restoration 

of chloroplast function and explains the maintenance of growth and yield potential under stress, 

consistent with MT-mediated alleviation of proteotoxic stress and protection of photosynthetic 

apparatus integrity 8-10. Notably, the apparent paradox of downregulated terpenoid backbone 

biosynthesis genes alongside upregulated downstream diterpenoid branches is congruent with a 

feedback attenuation mechanism. Once defensive end-products accumulate and cellular homeostasis 

begins to recover, upstream precursor synthesis is downregulated to prevent metabolic 

overcommitment and futile cycling, while branch-specific enzymes continue to sustain targeted 

phytoalexin production 10-12.

The shared set of 158 DEGs regulated by both nZVI and nZVI+MT delineates a conserved core 

regulatory module encompassing: (i) diterpenoids and phenylpropanoids biosynthesis, (ii) 

receptor/kinase signaling, (iii) lipid and membrane remodeling, (iv) carbon and energy flexibility, 

and (v) peroxisomal ROS control. This transcriptional network constitutes a molecular scaffold that 
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integrates Cd detoxification, via chelation, sequestration, and transporter-mediated 

compartmentalization, with enhanced Se uptake and micronutrient acquisition 9, 13, 14. The co-

treatment thus enables the coexistence of high defense readiness and preserved photosynthetic 

function, a critical balance for sustaining productivity in contaminated environments 8, 10.

Convergent downregulation further clarifies a strategic metabolic reprioritization under 

combined Cd stress and remediation (Table S5, S7, and S9 in Appendix B). Suppression of CAB1R, 

a chlorophyll a/b-binding protein in photosystem I (PSI), suggests a deliberate reduction in light-

harvesting antenna size, minimizing excess excitation and photodamage under stress while 

redirecting resources to defense biosynthesis. Reduced expression of HSP90B and other chaperones 

indicates reduced proteotoxic burden, consistent with effective mitigation of Cd-induced protein 

misfolding. Diminished SSIIIB (starch synthase IIIb) redirects carbon flux from starch storage toward 

more labile energy pools and defense metabolites. Similarly, suppression of FDPS, IPI, and OsHDR 

throttles isoprenoid precursor generation, aligning flux with downstream demand. Reduced 

expression of SRD5A3 and OsSTA246 indicates selective deprioritization of lipid and polysaccharide 

processing, while downregulation of MDH2 (malate dehydrogenase) and splicing factors 

(SRSF10/FUSIP1) suggests a temporary scaling back of TCA cycle throughput and mRNA 

processing, energy-intensive processes curtailed during adaptive restructuring 19.

These transcriptomic shifts align with observed physiological outcomes of reduced oxidative 

damage, improved growth performance, and higher yield stability in nZVI+MT-treated plants. 

Critically, the effects are not merely additive but synergistic, integrating stress signaling, antioxidant 

biosynthesis, ion transport, hormonal regulation, and systemic metabolic reconfiguration into a 

cohesive, self-reinforcing defense strategy 20-23. This synergy enables: (i) detoxification via chelation 

and vacuolar sequestration, (ii) tolerance through stress-protective proteins and osmoprotectants, and 

(iii) improved nutritional status via enhanced uptake of Se and other beneficial elements; all while 

preserving sufficient photosynthetic capacity to sustain growth and yield 22-26. Furthermore, dynamic 

interactions with the rhizosphere microbiome likely amplify this response. Altered root exudation 

patterns and immune signaling under nZVI+MT may foster beneficial microbial consortia that 

enhance nutrient mobilization (particularly Se), suppress phytopathogens, and prime systemic 

acquired resistance, reinforcing plant resilience through plant-microbe feedback loops.

Collectively, these findings support a systems-level model in which nZVI establishes a defense-

centric metabolic state anchored in diterpenoid and phenylpropanoid pathways, membrane 

remodeling, and redox tightening, while MT co-treatment restores chloroplast functionality and 

rebalances energy allocation. The conserved core of 158 integrates Cd detoxification and Se 

acquisition, stabilizing growth under stress. Thus, nZVI+MT catalyzes a resilient, self-reinforcing 

plant-microbe alliance, optimized for productivity in heavy metal-impacted environments.
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