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Abstract

Zinc (Zn) is an essential micronutrient for plants and is often considered antagonistic to 
cadmium (Cd) because the two metals have similar chemical properties and partially over-
lapping transport pathways. However, Zn does not uniformly suppress Cd accumulation in 
rice. Depending on soil conditions, Zn nutritional status, application strategy, and genotype, 
Zn can decrease, exert little effect on, or promote Cd transfer to aboveground tissues and 
grain. This review examines the mechanistic basis of these contrasting responses across the 
soil–root–shoot–grain continuum through four control steps: (i) soil Cd supply, (ii) root 
uptake and sequestration, (iii) root-to-shoot transport, and (iv) grain-directed allocation. 
Competitive sorption, redox-dependent mineral transformations, and sulfide formation and 
oxidation modify soil Cd availability. In plants, Zn can restrict Cd entry through partially 
shared uptake pathways, while Cd entry through comparatively Zn-insensitive pathways 
can persist and increased Zn supply can facilitate root-to-shoot transport. Root sequestration 
and vascular redistribution further regulate Cd delivery to grain. Uptake antagonism can 
therefore coexist with transport facilitation, and the final grain Cd response reflects the net 
balance among these control steps. Soil pH and redox history, relative Zn/Cd availability, 
Zn dose and nutritional status, application route and timing, and genotype influence which 
step dominates. Controlled mechanistic evidence and field responses are distinguished 
when assessing agronomic applicability. This synthesis provides a basis for evaluating Zn 
management while recognizing potential trade-offs among grain Zn enrichment, grain Cd 
reduction, and yield maintenance.

Keywords: zinc; cadmium; rice; Zn–Cd interaction; root-to-shoot translocation; grain safety

1. Introduction
Cadmium (Cd) accumulation in rice (Oryza sativa L.) grain remains an important 

food-safety concern, whereas increasing grain zinc (Zn) is an important objective for im-
proving rice nutritional quality [1–3]. Management of the two metals is closely linked 
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because Zn2+  and Cd2+  have similar chemical properties and partially overlapping trans-
port pathways [4,5]. This similarity has supported the conventional view that increasing Zn 
supply may competitively restrict Cd uptake [6]. However, growing evidence indicates that 
Zn–Cd interactions are context-dependent, varying with soil conditions, developmental 
stage, genotype, and Zn application strategy. Experiments with four indica cultivars grown 
in chelator-buffered nutrient solutions illustrate this distinction [6]. Increasing Zn activity 
reduced root and shoot Cd concentrations but increased the root-to-shoot Cd transfer ratio; 
uptake competition and biomass dilution were proposed to explain the concentration de-
creases [6]. These contrasting responses indicate that Zn concentration alone cannot predict 
grain Cd accumulation. Tissue concentrations and translocation ratios describe different 
aspects of the response, and the net outcome depends on the balance among processes 
operating along the soil-to-grain pathway.

Field evidence further illustrates this context dependence. In a regional survey of 
rice and wheat, a soil Cd:Zn ratio ≤ 0.0083 was associated with reduced Cd uptake and 
translocation in wheat, but no corresponding threshold was established for rice [7]. In 
rice fields, soil Zn showed no overall association with grain Cd at pH < 5.9, with site-
dependent relationships at higher pH [7]. Accordingly, the wheat-derived threshold should 
not be applied to rice without independent validation. Functional studies in nutrient 
solutions showed that increasing Zn could enhance Cd root-to-shoot transport under defined 
conditions [8]. Complementary rice-pot experiments under contrasting water regimes, 
combining stable-isotope analyses with transporter-expression measurements, suggested 
that Zn and Cd use partially overlapping uptake and transport pathways, with Cd retaining 
access to comparatively Zn-insensitive routes [5]. Thus, root-uptake antagonism may coexist 
with facilitation of internal Cd transport.

This context dependence also originates in paddy-soil redox processes. Flooding and 
drainage alter pH, iron (Fe) and manganese (Mn) mineral phases, and sulfide formation and 
oxidation, redistributing Cd among dissolved, sorbed, and mineral-associated pools [9,10]. 
These changes alter Cd availability and the concentrations of Zn and Cd encountered by 
roots. Under reducing conditions, coexisting zinc sulfide (ZnS) and cadmium sulfide 
(CdS) introduce another mechanism: during subsequent oxidation, ZnS can suppress CdS 
dissolution through sulfide voltaic coupling, limiting Cd remobilization independently of 
direct Zn2+ –Cd2+  competition [11]. Thus, Zn may influence Cd accumulation through both 
soil geochemical processes and plant transport, with the final grain response depending on 
their combined effects.

The central question is therefore what determines the direction of Zn regulation of Cd 
accumulation in rice. Advances in paddy-soil biogeochemistry, functional studies of metal 
transport, and stable-isotope tracing provide a basis for interpreting apparently conflicting 
responses within a common mechanistic framework. Recent reviews have synthesized Cd 
uptake, translocation, and tissue distribution in rice together with its crosstalk with essential 
micronutrients such as Zn, Fe, and Mn [12]. Building on this work, the present review 
focuses specifically on the conditions governing directional changes in the Zn response. We 
integrate soil redox chemistry with plant uptake, sequestration, and transport mechanisms 
through four control steps: (i) soil Cd supply, (ii) root uptake and sequestration, (iii) root-
to-shoot transport, and (iv) grain-directed allocation. We examine how soil conditions, 
relative Zn/Cd availability, Zn nutritional status and application strategy, and genotype 
shift the dominant control step and thereby alter the final grain Cd response. Mechanistic 
support and agronomic applicability are evaluated separately, with controlled experiments 
and field evidence interpreted in their respective contexts. This synthesis provides a basis 
for explaining divergent experimental outcomes and evaluating Zn-management strategies 
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while recognizing potential trade-offs among grain Zn enrichment, Cd reduction, and 
yield maintenance.

Details of the literature search and evidence selection are provided in Text S1 of the 
Supporting Information.

2. Soil Cd Supply: Geochemical Controls on Zn–Cd Interactions
Soil Cd supply is the first control step in the soil–root–shoot–grain pathway. Before 

Zn and Cd enter plant transport pathways, soil processes determine the size and chemical 
form of the metal pools available to roots. Zn and Cd can compete for sorption sites, 
and occupation of these sites by Zn may decrease Cd retention and increase the fraction 
remaining in soil solution [13]. In paddy soils, flooding and drainage can reorganize Zn 
and Cd among dissolved, sorbed, and mineral-associated pools through changes in pH, 
Fe and Mn mineral phases, sulfate reduction, and sulfide oxidation [9–11]. The extent to 
which Zn participates in these processes depends on its chemical form and reactivity; a 
substantial proportion can remain in relatively stable mineral-associated pools, so total soil 
Zn alone does not indicate the amount available for interaction with Cd [14]. Soil processes 
therefore determine the concentrations and chemical forms of Zn and Cd encountered by 
roots and can reinforce or counteract subsequent interactions within the plant.

2.1. Zn–Cd Competition at Soil Interfaces: Roles of pH and Relative Availability
Because Zn2+  and Cd2+  have the same charge and similar coordination properties, they 

can compete for a finite number of reactive sites on soil minerals and organic surfaces [13]. 
Such competition does not necessarily decrease Cd availability; occupation of sorption sites 
by Zn may instead increase the fraction of Cd remaining in soil solution [13]. Soil pH 
modifies these interactions because protonation of variable-charge surfaces under acidic 
conditions can weaken the retention of divalent metals [13]. Ming et al. (2016) compared 
single- and dual-metal sorption in acidic and alkaline soils and observed stronger sorption 
in the alkaline soil, with Zn showing a higher modeled sorption affinity than Cd in both 
soils [13]. Zn–Cd competition occurred mainly at higher metal concentrations in the alkaline 
soil but was evident at relatively low concentrations in the acidic soil [13]. Moreover, 
combined Zn and Cd retention in the dual-metal treatments remained comparable to that in 
the corresponding single-metal treatments over the tested range, consistent with competition 
for a limited sorption capacity [13]. These laboratory observations identify a mechanism by 
which Zn can increase Cd mobility, but do not directly establish the direction of the grain 
Cd response in rice.

The consequence of Zn–Cd competition therefore depends on the interface at which 
it occurs. At the soil solid–solution interface, Zn may occupy sites that would otherwise 
retain Cd and thereby increase Cd mobility [13]. At the soil–root interface, however, higher 
Zn activity may restrict Cd entry through partially shared uptake pathways [6]. The 
interpretation of nutrient-solution results must nevertheless account for biomass dilution 
as well as proposed uptake competition, because lower tissue Cd concentrations do not by 
themselves quantify Cd entry [6]. Field observations further show that the relationship 
between soil Zn and rice Cd depends on soil conditions. In a regional investigation, Yang et al. 
(2020) found no detectable overall association between soil Zn and rice Cd accumulation in 
the more acidic soils, whereas Zn–Cd relationships differed among sites in the higher-pH 
group [7]. The same study identified an inhibitory Zn–Cd relationship in wheat within a 
study-specific soil Cd range, but did not establish a universal threshold for rice [7]. That 
wheat threshold should not be transferred to rice management without validation. In acidic 
paddy soils in southern China, Wang et al. (2018) found that higher grain Cd was associated 
with higher soil Zn and lower soil Mn, whereas the relationship between pH and grain Cd 
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was not significant within the relatively narrow acidic range examined [15]. These Zn and 
Mn associations do not establish that Zn fertilization itself caused the increase in grain Cd.

These observations indicate that total soil Zn alone is a poor predictor of Zn regulation 
of Cd in rice. More relevant are the relative soluble or labile pools of Zn and Cd under the 
prevailing soil conditions. Porewater concentrations, free-ion activities, and method-defined 
extractable pools describe different aspects of metal availability and should not be treated as 
interchangeable measures of the Zn/Cd balance. In acidic soils with weak metal retention, 
a large available Cd pool can sustain root uptake even when Zn competes for some uptake 
pathways. At higher pH, stronger sorption can decrease dissolved Cd, but the resulting 
Zn effect still depends on relative Zn/Cd availability and other soil properties. Thus, pH 
acts as a boundary condition that shifts the balance between soil-phase mobilization and 
root-level competition, rather than determining a universally antagonistic or promotional 
Zn effect. Key study comparisons are summarized in Table 1, and detailed experimental 
conditions and quantitative results are provided in Table S1.

Table 1. Key study comparisons illustrating context-dependent Zn–Cd interactions across soil pro-
cesses, plant transport, and grain outcomes.

Study and System Key Experimental or Survey 
Conditions Measured Response Evidence and Applicability

A. Soil processes and Cd supply

Ming et al. 
(2016) [13]
Soil sorption 
experiments

Acidic and alkaline soils (pH 
5.34 and 8.44); single- and 

dual-metal solutions, 
5–200 μM

Zn had greater modeled sorption 
affinity than Cd. Competition 

occurred at lower metal 
concentrations in the acidic soil

Laboratory soil mechanism; no 
rice endpoint. Soil properties also 

differed beyond pH

Yang et al. (2020) [7]
Rice field survey

358 rice fields over three years; 
soil Zn/Cd variation; pH 

groups below and above 5.9

No overall soil-Zn association with 
rice Cd at pH < 5.9; relationships 
were site-dependent at pH > 5.9

Observational evidence; no 
universal rice threshold or causal 

Zn-treatment effect

Yang et al. (2020) [7]
Wheat field survey

206 wheat fields over three 
years; study-specific soil 

Cd:Zn ratio ≤ 0.0083

Zn-associated suppression of Cd 
uptake and translocation within the 

reported ratio range

Wheat-specific association; 
requires validation before 

application to rice

Huang et al. 
(2021) [11]
Microcosms and 
electrochemistry

CdS reoxygenation with 
coexisting ZnS or CuS

ZnS suppressed CdS oxidation and 
Cd release; CuS promoted them

Mechanistic evidence for sulfide 
voltaic coupling; no grain 

endpoint

Huang et al. 
(2022) [16]
Rice field trials

One-time 75 kg elemental 
Zn·ha−1  as ZnSO4 ; second 
season without further Zn

Brown-rice Cd ↓ 60–72%; 
CaCl2 -extractable soil Cd ↓ 16–30%; 

no significant yield effect

Field protection at an 
experimental remediation dose; 

two seasons do not establish 
long-term safety

B. Root uptake and vascular redistribution

Cai et al. (2019) [6]
Four indica cultivars

EGTA-buffered nutrient 
solutions; Zn2+  activity 

ranged from deficiency to 
phytotoxicity

Root Cd concentrations ↓; shoot Cd 
generally ↓; shoot-to-root Cd 
concentration ratio ↑ with Zn 

supply

Controlled physiology; 
concentration, biomass dilution, 

and redistribution must be 
distinguished. No mature-grain 

endpoint

Chang et al. 
(2023) [8]
Hydroponic wild 
types and mutants

0.5 μM Cd; key comparisons 
of 0 versus 2.5 μM Zn; 3 or 

7 days of exposure

Zn promoted root-to-shoot Cd 
transfer in wild types, but not 

oshma2 mutants

Functional evidence under 
defined seedling conditions; no 
field or mature-grain endpoint

Zheng et al. 
(2023) [17]
Rice-pot foliar 
experiment

Early grain filling; ZnSO4 
sprays reported as 0.2% and 

0.4% Zn treatments

Grain Cd ↓ 24% and ↓ 31%, 
respectively; lower grain Cd 

accompanied greater retention in 
other tissues

Pot evidence for altered allocation; 
expression changes do not 

establish transporter-specific 
causation
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Table 1. Cont.

Study and System Key Experimental or Survey 
Conditions Measured Response Evidence and Applicability

C . Grain responses and Zn management

Tavarez et al. 
(2022) [18]
Three rice lines

Nutrient solution, 1 μM Cd; 
Zn increased from 2 to 10 μM; 

growth to grain maturity

Grain Cd ↑ 348% in line 546 and ↑
102% in line 428; no significant 

change in line 667

Genotype-dependent response in 
nutrient solution; magnitudes 

cannot be transferred directly to 
fields

Liu et al. (2026) [19]
Two consecutive field 
trials

2023–2024; soil ZnSO4 ·H2 O, 
0–180 kg fertilizer·ha−1 ; 
separate Mn treatments

Grain Cd ↓ 51.9–78.8%; root and 
root-to-straw responses were 
unchanged, with restricted 

allocation toward grain

Field evidence for downstream 
control; rates denote fertilizer 

mass, not elemental Zn

Zhao et al. 
(2023) [20]
Published 
meta-analysis

137 publications and 1062 
observations across eight 

mineral elements; Zn was one 
subgroup

Mean grain-Cd reduction in the Zn 
subgroup: 25.95%

Aggregate evidence across 
heterogeneous conditions; pooled 

mean does not predict a 
site-specific response

Zhen et al. 
(2021) [21]
Five-cultivar field 
trial

0.4% ZnSO4  foliar treatment; 
five late-rice cultivars

Grain Cd ↓ and grain Zn ↑ in all five 
cultivars; yield ↓ significantly in 

three

Field evidence for 
cultivar-dependent trade-offs 

among Zn enrichment, Cd 
reduction, and yield

Notes: ↑ and ↓ indicate increases and decreases relative to the study controls or comparison groups. 
Percent changes are reported study results, not estimates calculated in this review. Concentrations, 
transfer ratios, and grain allocation are distinct endpoints and do not necessarily quantify transport 
flux. Doses retain their reported basis; elemental Zn, fertilizer mass, and foliar percentages are 
not interchangeable. Survey pH groups and the wheat Cd:Zn ratio are study-specific. Detailed 
conditions, additional comparisons, and evidence limitations are provided in Table S1. Brown rice 
refers to dehulled grain retaining the bran layers and embryo. EGTA, ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N’,N’-tetraacetic acid.

2.2. Flooding–Drainage Redox Cycling Reorganizes the Zn–Cd Pools in Paddy Soils
2.2.1. Redox History, Fe Cycling, and Cd Remobilization

Flooding–drainage cycles make Zn–Cd interactions particularly dynamic in paddy 
soils. Zinc and cadmium occur predominantly as divalent cations (Zn2+  and Cd2+ ), but 
their availability responds to changes in pH, transformations of Fe-bearing and Mn-bearing 
minerals, sulfate reduction, and sulfide stability [9,22–24]. Reductive dissolution of Fe-
bearing and Mn-bearing minerals can release associated Cd and Zn, whereas increasing 
pH in acidic soils, formation of secondary Fe phases, and sulfide precipitation can favor Cd 
retention [9,23,24]. During drainage, oxygen intrusion and oxidation of reduced phases 
can promote Cd remobilization, while newly formed Fe oxides and Mn oxides can provide 
additional sorption sites [9,22,24]. These competing processes help explain the temporal 
variability of soil Cd supply. Water-management experiments have shown that flooding 
around heading and grain filling can decrease grain Cd, whereas aerobic management 
during the same period can increase it [25]. The timing of these transitions therefore matters 
when evaluating root exposure to Zn and Cd.

The dominant mechanism of Cd immobilization can change as soil reduction pro-
gresses. Wang et al. (2022) monitored three contaminated paddy soils during 40 days of 
flooding followed by 20 days of oxidation [9]. The decline in labile Cd was closely associated 
with Fe(II) dynamics and transformations of Fe-bearing minerals, while Cd remobilization 
during oxidation was attributed mainly to declining pH and release from secondary miner-
als [9]. Complementary experiments indicate that Cd association with amorphous Fe oxides 
can dominate earlier in reduction, with sulfide precipitation becoming more important 
under increasingly reducing conditions [23]. Spectroscopic and release-kinetic analyses 
also show that Cd immobilization during prolonged flooding can be rapidly reversed after 
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drainage [10]. Together, these findings identify redox history and the accompanying pH 
trajectory as controls on the Cd supplied to roots; they do not imply that sulfide precipitation 
dominates in every flooded soil. Recent evidence further connects Fe cycling with sulfide 
oxidation during drainage. Using soil-slope incubations of three contaminated paddy soils, 
Zhang et al. (2025) resolved transient near-surface oxidation fronts where oxygen gradients 
and rapid Fe(II) oxidation generated hydroxyl radical (•OH) hotspots [26]. These hotspots 
accelerated CdS oxidation and increased Cd solubility, with pH, oxygen penetration, and 
mineral-bound Fe(II) speciation identified as important controls on radical production [26]. 
This soil-incubation evidence adds spatially uneven oxidation and Fe(II) speciation to 
the conditions governing drainage-associated Cd remobilization. Its relevance to Zn–Cd 
interactions must be evaluated alongside the composition and reactivity of the sulfides 
formed during the preceding flooded period.

2.2.2. Sulfur Availability and Competitive Sulfide Formation
Sulfur (S) cycling also changes the relative availability of Cd and Zn without necessarily 

changing their dissolved concentrations in parallel. de Livera et al. (2011) simulated pre-
harvest drainage in soil-suspension reaction cells, applying 30 days of anaerobic incubation 
to laboratory-spiked soil and 42 days to field-contaminated soil, followed in both cases by 
14 days of aerobic oxidation [27]. Without added sulfur, dissolved Cd remained essentially 
unchanged during oxidation, whereas dissolved Fe and Zn concentrations declined; accord-
ingly, the dissolved Cd:Fe and Cd:Zn concentration ratios increased [27]. Sulfate addition 
decreased dissolved Cd while leaving dissolved Fe and Zn largely unchanged, so both ratios 
were lower than in treatments without added sulfur [27]. With additional Zn, the dissolved 
Cd:Zn ratio was lower during oxidation because dissolved Zn remained higher [27]. Thus, 
a change in the Cd:Zn ratio may reflect a change in dissolved Cd, dissolved Zn, or both; the 
ratio alone cannot identify Cd mobilization. These soil-suspension results do not establish 
a change in root Cd uptake or grain Cd accumulation.

The extent of sulfide-mediated Cd immobilization depends on the supply of reducible 
sulfur relative to sulfide-forming metals. Fulda et al. (2013) varied sulfate and copper (Cu) 
in a Cd-contaminated paddy soil during 40 days of reduction and 28 days of reoxidation [28]. 
Sufficient sulfate relative to Cd and Cu favored Cd-sulfide precipitation, whereas decreasing 
sulfate or increasing Cu limited this process; reoxidation transformed the Cd-sulfide pool 
back into more soluble species [28]. This establishes sulfur availability and competition 
from coexisting metals as boundary conditions for Cd immobilization. Spectroscopic 
studies provide complementary evidence. Sulfur-rich zerovalent Fe amendments enhanced 
CdS formation at selected microsites [29]. In soils with contrasting sulfur contents, bulk 
CdS proportions and the relationship between redox potential (Eh) and Cd solubility 
during reoxidation differed between soils [30]. The microscale and bulk-soil results should 
therefore be interpreted at their respective scales, with detailed conditions and quantitative 
comparisons retained in Table S1.

2.2.3. Microbial Sulfide Formation and Zn Speciation
Zn participation in these sulfur reactions also depends on microbial activity. Huang 

et al. (2023) used sulfate-reducing bacterial enrichment cultures from paddy soil and 
observed CdS formation under reducing conditions [31]. Adding Zn(II) and/or Fe(II) 
promoted the production of reduced sulfur species and formation of polymetallic sul-
fides, further decreasing Cd solubility; little dissolved Cd reappeared during subsequent 
reoxidation in the tested cultures [31]. These findings indicate that Zn can influence Cd 
immobilization through changes in microbial sulfur transformations and sulfide formation. 
The net effect of Zn therefore depends on its influence on sulfide production as well as 
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incorporation into sulfide minerals. This culture-based mechanism requires evaluation 
under soil and field conditions before it can support a Zn-management recommendation.

Conversely, not all soil Zn is sufficiently reactive to participate strongly in flooding–
drainage processes. Khaokaew et al. (2012) examined Cd–Zn co-contaminated paddy 
soils under contrasting pH and water conditions and found relatively little change in Zn 
speciation or release kinetics [14]. X-ray absorption fine structure analysis identified Zn-
layered double hydroxides and Zn-phyllosilicates as the predominant Zn phases, and 
desorption experiments indicated limited Zn release across the tested conditions [14]. 
These results show that substantial amounts of Zn can persist in relatively stable mineral-
associated forms. Soils with similar total Zn concentrations may consequently provide very 
different dissolved or labile Zn pools for root-level competition and sulfur reactions.

Overall, flooding–drainage cycling reorganizes the dissolved, oxide-associated,
carbonate-associated, and sulfide-associated Cd pools together with the reactive fraction 
of soil Zn. Cd-isotope and sequential-extraction evidence shows that exchangeable Cd 
can become associated with carbonates as pH increases during flooding and be released 
when pH decreases after drainage [32]. This additional pathway reinforces the need to 
consider pH trajectory together with redox history, reducible sulfur, coexisting metals, and 
Zn speciation. These conditions determine the relative Cd and Zn supply reaching roots, 
whose consequences for grain Cd also depend on subsequent plant transport. When CdS 
and ZnS coexist in reactive contact, their oxidation during drainage can be electrochemically 
coupled, providing a further mechanism by which Zn modifies Cd remobilization [11].

2.3. Sulfide Voltaic Coupling as a Distinct Zn-Mediated Control of Cd Remobilization
Formation of metal sulfides during flooding creates a Zn–Cd interaction mediated 

by solid-phase electrochemical processes. Using soil microcosms, electrochemical experi-
ments, isotope labeling, and microscopic and spectroscopic analyses, Huang et al. (2021) 
demonstrated that coexisting sulfide phases can interact through microscopic voltaic cells 
during drainage [11]. When sulfides with different electrochemical potentials are electri-
cally connected, the lower-potential phase serves as the anode and undergoes preferential 
oxidation, while the higher-potential phase is cathodically protected [11]. ZnS can therefore 
protect CdS by oxidizing preferentially, whereas CuS promotes Cd-sulfide oxidation because 
CdS becomes the anodic partner [11]. The opposite effects of ZnS and CuS indicate that 
the identity and electrochemical relationship of the coexisting phases, together with their 
reactive contact, determine the direction of this interaction.

This mechanism gives Zn a delayed protective role that is not apparent from dissolved 
Zn2+  concentrations alone. When dissolved Zn is incorporated into ZnS during flooding, 
it becomes less available for immediate ionic competition, while the resulting sulfide can 
protect CdS during subsequent drainage [11]. Huang et al. (2022) tested a one-time ZnSO4 
amendment equivalent to 75 kg elemental Zn·ha−1  in rice-pot experiments and field tri-
als [16]. The amendment decreased CaCl2 -extractable soil Cd during drainage and Cd 
concentrations in brown rice (dehulled grain retaining the bran layers and embryo), with 
the suppressive effect persisting into a second growing season without additional Zn appli-
cation [16]. Sulfate controls indicated that the effect was not attributable to sulfate alone; no 
significant effect on grain yield was reported, and MnSO4  amendments produced similar 
Cd-reduction responses [16]. These results provide field evidence that Zn amendments 
can reduce soil Cd availability and grain Cd under the tested conditions, consistent with 
the proposed sulfide-protection mechanism. Table S1 retains the quantitative pot and field 
results, and Table 1 summarizes the field comparison.

The amendment rate requires consideration alongside these benefits. For dose context, 
field experiments examining nutritional Zn supply across contrasting soils used 15 kg elemental 
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Zn·ha−1  [33], substantially below the 75 kg Zn·ha−1  treatment evaluated for Cd mitigation [16]. 
The latter should therefore be interpreted as a targeted Cd-mitigation amendment supported 
by experimental and field evidence, with its effective rate to be optimized for individual sites. 
Although the amendment study reported only a marginal increase in soil Zn and no significant 
yield effect after a single application [16], two-season persistence does not establish the safety 
or cost-effectiveness of repeated use. Wider application requires assessment of cumulative 
total and available soil Zn, possible Zn toxicity or micronutrient imbalance, fertilizer cost, and 
potential Zn losses, together with grain Cd, grain Zn, and yield.

The effectiveness of voltaic protection also depends on the preceding flooded conditions 
and subsequent oxidation. Formation of a reactive ZnS pool requires available Zn and 
reducible sulfur; coexisting sulfide-forming metals, including Cu, can compete for sulfur, 
while Zn and Fe can also influence microbial sulfide production [11,28,31]. Zn retained 
in relatively stable layered double hydroxides or phyllosilicates may contribute little to 
this reactive pool [14]. Protection should consequently depend on sulfide formation and 
contact, sulfur availability, the composition of the sulfide assemblage, and the duration 
and intensity of oxidation. Its contribution must also be considered alongside other Cd-
remobilization processes, including declining pH and Fe(II)-linked oxidant formation 
during drainage [9,26]. More broadly, soil Zn can influence Cd in different directions: 
competition for sorption sites can increase dissolved Cd, relative Zn availability can modify 
potential competition at the root interface, and ZnS can suppress Cd remobilization during 
drainage [11,13,27]. Soil processes thus establish the amount, relative availability, and 
chemical history of Cd delivered to roots, while the final grain response also depends on 
root uptake, sequestration, and subsequent transport and allocation.

3. Zn–Cd Crosstalk During Root Uptake and Sequestration
Once Cd reaches the rhizosphere, Zn–Cd interactions become increasingly dependent 

on plant metal homeostasis. Root uptake controls Cd entry, while intracellular sequestration 
regulates its retention within root cells. Zn nutritional status denotes whether Zn supply is 
insufficient, sufficient, or excessive relative to the plant’s physiological requirements and is 
assessed through plant nutritional responses. Cd entry involves Zn-associated pathways 
such as Oryza sativa zinc-regulated transporter/iron-regulated transporter-like protein 5 
(OsZIP5) and OsZIP9, the Mn/Cd transporter Oryza sativa natural resistance-associated 
macrophage protein 5 (OsNRAMP5), and Fe-homeostasis-associated transporters such as 
Oryza sativa iron-regulated transporter 1 (OsIRT1), OsIRT2, and OsNRAMP1 [34–37]. The 
relative contributions of these pathways change with nutrient availability and transporter 
regulation [34–37]. After entry, intracellular sequestration, particularly Oryza sativa heavy 
metal ATPase 3 (OsHMA3)-mediated retention in root vacuoles, determines how much 
absorbed Cd remains available for subsequent root-to-shoot transport [38,39]. Root entry 
and retention are therefore distinct processes that jointly regulate the Cd available for 
transport to aboveground tissues. This distinction is essential because lower root and shoot 
Cd concentrations can coexist with a higher root-to-shoot translocation factor in nutrient-
solution experiments [6]. Tissue concentrations and indicators of internal redistribution 
must therefore be considered separately when interpreting Zn effects on Cd accumulation.

3.1. Zn Nutritional Status and the Pathways of Cd Entry into Rice Roots
3.1.1. ZIP-Mediated Zn/Cd Uptake and Functional Diversity

Rice adjusts its Zn acquisition machinery according to Zn nutritional status, creating 
one route through which Zn supply can alter Cd uptake. Several members of the ZIP 
family respond to Zn deficiency, but their substrate specificity and physiological roles differ. 
OsZIP9 and OsZIP4 are both induced by Zn deficiency and encode plasma-membrane Zn 
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transporters [40,41]. OsZIP9 is expressed predominantly in roots, including the exodermis 
and endodermis of mature root regions, whereas OsZIP4 is induced in both roots and shoots 
and is expressed in vascular and meristematic tissues [40,41]. In a 17-day nutrient-solution 
experiment, oszip9 mutants showed chlorotic areas in new leaves and approximately 35% 
lower shoot fresh weight than wild-type plants at 0.02 μM Zn [40]. Growth differences 
were no longer significant at 0.2 or 2 μM Zn, although comparable root and shoot Zn 
concentrations were restored only at 2 μM Zn [40]. These results identify a contribution to 
Zn acquisition under the tested Zn-limited conditions. The localization, expression patterns, 
substrate evidence, and physiological roles of the transporters discussed in this review are 
compared in Table 2.

The connection between Zn acquisition and Cd entry is supported more directly by 
functional analysis of OsZIP5 and OsZIP9. Both genes are expressed in roots and respond to 
local Zn availability, while OsZIP9 also responds to systemic signals of shoot Zn status [37]. 
The encoded plasma-membrane proteins show Zn and Cd influx activity in yeast and rice-
protoplast assays [37]. In intact plants, effects of single mutations on Cd accumulation 
were smaller than their effects on Zn, while the double mutant showed reduced total Cd 
accumulation and a more severe Zn-deficiency phenotype [37]. Under field conditions, 
oszip9 and oszip5 oszip9 plants had lower Cd concentrations in several aboveground tissues, 
with brown-rice Cd approximately 30–70% below that of the wild type [37]. These com-
plementary transport assays, mutant comparisons, and field observations support shared 
Zn/Cd entry pathways, while also showing that disrupting them can impair Zn uptake.

OsZIP4 is a Zn transporter characterized through heterologous assays and expression 
analysis [41]. More recent work by Qu et al. (2026) found that OsZIP4 knockout decreased 
shoot Cd concentration by approximately 45% and lowered the translocation factor in short-
term hydroponic assays with seedlings exposed to 5 μM Cd [42]. This supports involvement 
in Cd redistribution under the tested conditions, but does not independently establish direct 
Cd transport by OsZIP4 or a mature-grain response. It therefore complements, rather than 
duplicates, the evidence for OsZIP5/OsZIP9-mediated Cd entry.

ZIP-family responses are also functionally diverse, as illustrated by contrasting in-
terpretations of OsZIP1. Liu et al. (2019) reported root expression induced by excess 
Zn, Cu, and Cd, plasma-membrane and endoplasmic-reticulum localization, decreased 
metal accumulation in overexpressing rice, and increased root accumulation in knockout or 
RNA interference (RNAi) lines [43]. These results were interpreted as evidence for metal 
efflux under excess-metal conditions [43]. In contrast, Tan et al. (2026) characterized the 
OsZIP1 protein as a low-affinity Zn importer and reported that OsZIP1 expression was 
induced by both Zn depletion and excess [44]. Zn depletion activated its expression through 
unfolded-protein-response signaling, whereas excess Zn acted through Fe-deficiency sig-
naling involving Oryza sativa positive regulator of iron homeostasis 2 (OsPRI2) and Oryza 
sativa abscisic acid-insensitive 5 (OsABI5) [44]. Differences in assays and growth conditions 
may contribute to these interpretations, but a conditional reversal of transport direction has 
not been demonstrated. OsZIP1 should therefore be considered a component of Zn home-
ostasis with reported Cd-related phenotypes, while its transport direction and Cd-specific 
function require further clarification. This newer evidence also links excessive Zn supply to 
Fe-nutritional signaling, extending the interaction beyond direct Zn–Cd competition.

3.1.2. Mn- and Fe-Associated Pathways of Cd Entry
Shared ZIP-mediated transport does not imply that increasing Zn progressively sup-

presses all Cd entry into rice roots. Cd also enters through a major Mn-associated pathway 
mediated by OsNRAMP5, which is polarly localized at the distal side of root exodermal and 
endodermal cells and transports Mn and Cd [35]. Under controlled hydroponic conditions, 
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CRISPR/Cas9-derived osnramp5 knockout lines accumulated 3.7- to 13-fold less Cd than wild-
type plants [45]. Field trials likewise found grain Cd concentrations below 0.05 mg·kg−1  in 
these mutants, compared with 0.33–2.90 mg·kg−1  in wild-type plants, without significant 
changes in grain Zn [45]. Independently, ion-beam-derived OsNRAMP5 mutants showed 
similarly low grain Cd concentrations, supporting their use in breeding low-Cd rice [46]. 
Protein-function assays, controlled cultivation, and field evaluations thus establish the impor-
tance of this Mn/Cd pathway; they do not identify OsNRAMP5 as a Zn transporter.

Fe-homeostasis-associated pathways provide additional routes for Cd entry. Fe defi-
ciency induces OsIRT1 and OsIRT2 expression and enhances Cd uptake and translocation 
in rice, while yeast assays demonstrate Cd transport by both proteins [34]. Recent loss-of-
function and complementation experiments further established their roles in Fe(II) acquisi-
tion: mutants had lower Fe concentrations under Fe(II) supply in hydroponics and lower 
seed Fe concentrations in a paddy field [47]. This newer study strengthens the physiological 
basis for their Fe-uptake role without, by itself, demonstrating a Zn-treatment effect on 
grain Cd. OsNRAMP1 provides another connection between Fe-responsive regulation and 
Cd accumulation. OsNRAMP1 expression is induced by Fe deficiency and is higher in roots 
of the high-Cd cultivar Habataki than in Sasanishiki [36]. The encoded protein is localized 
to the plasma membrane and transports Cd in yeast [36]. Overexpression of OsNRAMP1 
increased shoot Cd concentrations in rice [36]. These results support nutrient-dependent 
contributions of Fe-associated pathways, whose effects should be considered alongside Zn 
status and Mn/Cd uptake rather than attributed solely to Zn-responsive transporters.

3.1.3. Zn Supply and Shifts in Cd Uptake Pathway Contributions
The relative contributions of Cd-entry pathways can also change with Zn supply. 

Chang et al. (2023) exposed wild-type rice and three independent osnramp5 mutants to 
0 or 2.5 μM Zn with 0.5 μM Cd for 7 days [8]. Compared with the wild type, disruption 
of OsNRAMP5 decreased root Cd concentrations by 34.5–48.5% without added Zn but 
by 89.9–94.1% at 2.5 μM Zn [8]. Zn addition increased root and shoot Cd concentrations 
in the wild type but decreased them in the mutants [8]. These genotype comparisons 
are consistent with a greater dependence of root Cd accumulation on OsNRAMP5 under 
the higher-Zn treatment. However, differences in root Cd concentrations do not directly 
quantify transporter-specific Cd influx, and this interpretation remains conditional on the 
tested genotypes, exposure duration, and nutrient-solution composition.

Stable-isotope analysis provides complementary evidence from soil-grown plants. Zhong 
et al. (2024) compared Zn and Cd isotope fractionation among soil solution, roots, and shoots 
under contrasting water regimes and Zn addition [5]. Zn isotope patterns and transporter 
expression responded to these treatments, while the Cd patterns supported only partial 
overlap between Zn and Cd uptake and transport routes [5]. Isotope fractionation describes 
preferential transfer of lighter or heavier isotopes between compartments, rather than the 
rate of metal transport. Combined isotope and expression evidence can therefore support 
pathway interpretation, including a contribution of OsNRAMP5 to Cd acquisition, but cannot 
independently establish transporter-specific causation or quantify its contribution.

The transition toward antagonistic, neutral, or promotional Zn effects is therefore better 
interpreted through changes in pathway contributions than through a universal Zn-dose 
threshold. Correcting Zn deficiency means restoring plant Zn nutrition sufficiently to relieve 
deficiency-related growth impairment. This can increase Zn competition at shared entry 
pathways and reduce deficiency-induced expression of Zn-acquisition genes [37,40,48]. 
However, Cd entry can persist through Mn- and Fe-associated routes, and excessive Zn 
can disturb the nutritional balance. In a 28-day ethylene glycol-bis(β-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA)-buffered nutrient-solution experiment, Cai et al. (2019) 
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compared two early-indica cultivars, Zhongjiaozao17 (YK17) and 14ZFan-15 (14Z), and 
two late-indica cultivars, Xianwanxian12 (XWX12) and XZY [6]. Increasing Zn activity de-
creased root Cd concentrations and generally decreased shoot Cd concentrations, although 
shoot Cd in YK17 did not change significantly; the shoot-to-root Cd concentration ratio 
increased across the four cultivars [6]. The authors discussed Zn–Cd competition, biomass 
dilution, declining shoot Fe and Mn concentrations, and genotypic differences as factors 
relevant to these contrasting responses [6]. Lower tissue Cd concentrations can therefore 
coexist with a higher shoot-to-root concentration ratio, requiring separate evaluation of Cd 
acquisition, root retention, and subsequent transport.

Table 2. Localization, expression, and Zn/Cd functional evidence for rice transporters discussed in 
this review.

Transporter 
and References

Localization and 
Principal Expression Zn Substrate Evidence Cd Substrate Evidence Physiological Role

A. Root acquisition and nutrient-responsive pathways

OsIRT1 [34,47]
PM; Fe-deficiency-

responsive root 
expression

Not established by the 
Zn/Cd evidence 

summarized here

Cd transport 
demonstrated in yeast; 

Fe-deficiency-associated 
Cd uptake in rice

Fe(II) acquisition validated 
by recent rice mutants; 

Cd-permeable 
Fe-associated entry route

OsIRT2 [34,47]
PM; Fe-deficiency-

responsive root 
expression

Not established by the 
Zn/Cd evidence 

summarized here

Cd transport 
demonstrated in yeast; 

Fe-deficiency-associated 
Cd uptake in rice

Fe(II) acquisition; 
complements OsIRT1 and 

provides another 
Cd-permeable 

Fe-associated route

OsNRAMP1 
[36]

PM; roots; induced by 
Fe deficiency; 

cultivar-dependent 
expression

Not established in the 
cited Cd study

Cd transport 
demonstrated in yeast; 

overexpression increased 
shoot Cd

Fe-responsive contribution 
to Cd 

acquisition/accumulation; 
expression differs between 
Habataki and Sasanishiki

OsNRAMP5 
[35,45,46]

PM, distal side of root 
exodermis and 

endodermis

Primary Zn-substrate 
role not established; 

grain Zn unchanged in 
tested field mutants

Mn/Cd transport 
demonstrated; strong Cd 
reduction in rice mutants

Major root uptake pathway 
for Mn and Cd; mutant 

field validation

OsZIP1 [43,44]

PM and ER a ; 
predominantly root 

expression a ; induced 
by Zn depletion and 

excess b 

Low-affinity Zn import b ; 
earlier metal-efflux 

interpretation a 

Cd-related rice 
phenotypes a ; 
physiological 

contribution to Cd efflux 
remains unresolved

Zn homeostasis and 
metal-stress responses; 
contrasting transport 

interpretations a,b 

OsZIP4 [41,42]

PM; roots and shoots, 
especially vascular and 

meristematic tissues; 
induced by Zn 

deficiency

Zn transport supported 
by yeast 

complementation

Seedling 
Cd-translocation 
phenotype; direct 

Cd-substrate transport 
not established by this 

evidence

Zn homeostasis; knockout 
reduced shoot Cd and 

transfer factor under 5 μM 
Cd in hydroponics

OsZIP5 [37]

PM; root epidermis and 
stele, also nodal vascular 

tissues; responds to 
local Zn status

Zn influx demonstrated 
in yeast and protoplasts

Cd influx demonstrated 
in yeast and protoplasts

Partly redundant with 
OsZIP9 in Zn/Cd 

acquisition; stronger 
double-mutant deficiency

OsZIP9 [37,40]

PM; root epidermis c 
and exodermis and 

endodermis of mature 
roots d ; induced by Zn 

deficiency c,d 

Zn influx demonstrated 
in yeast, protoplasts, and 

rice uptake assays

Cd influx demonstrated 
in yeast and protoplasts; 

rice mutant evidence

Root Zn/Cd acquisition; 
mutant field grain 

responses and Zn-nutrition 
effects
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Table 2. Cont.

Transporter 
and References

Localization and 
Principal Expression Zn Substrate Evidence Cd Substrate Evidence Physiological Role

B. Vacuolar sequestration and nutritional buffering

OsHMA3 
[38,39,49–54]

Tonoplast; roots, with 
allelic variation in 

activity

Root vacuolar Zn 
retention supported in 
rice; heterologous Zn 

validation is more limited

Cd transport into 
vacuoles demonstrated; 

strong allelic and 
transgenic evidence

Restricts transportable root 
Cd; contributes to Zn 

storage and remobilization. 
Root/nodal targeting 

reduces grain Cd

OsMTP1 [55,56]

Tonoplast; roots, seed 
aleurone, and embryo; 

largely constitutive 
expression

Zn sequestration 
supported by rice 
mutants and yeast 

Zn-tolerance assays

Cd-tolerance 
complementation in yeast 
Δycf1 e ; no Cd-tolerance 

effect in wild-type 
BY4741 f ; rice Cd effects 
interpreted as indirect f 

Vacuolar Zn storage; 
knockout increased 

polished-rice Zn and 
reduced Cd without a yield 

penalty in tested pots

C. Vascular redistribution and grain delivery

OsHMA2 
[4,8,57,58]

PM; root pericycle and 
nodal phloem regions 

of EVBs/DVBs

Zn transport supported 
by heterologous assays, 
mutants, and isotope 

tracing

Cd transport supported 
by heterologous assays 

and rice mutants

Root-to-shoot transfer and 
delivery to developing 

tissues; mediates 
Zn-promoted Cd transfer 

under specified conditions

OsLCT1 [59]
PM; leaf blades and 

nodes, especially 
during reproduction

Tested in yeast; no 
significant change in Zn 

accumulation

Cd efflux supported in 
yeast; rice RNAi reduces 

phloem Cd

Cd redistribution toward 
grain; RNAi lowered grain 

Cd without comparable 
suppression of other grain 

minerals

OsZIP2 [60]
PM; root xylem 

parenchyma and nodal 
EVBs

No Zn transport detected 
in the reported yeast 

assays

Cd2+  transport 
demonstrated in yeast

Root Cd retention and 
nodal intervascular transfer; 

knockout increased 
root-to-shoot transfer but 
reduced grain allocation

OsZIP7 [61]
PM; vascular 

parenchyma in roots 
and nodes

Zn influx demonstrated 
in heterologous assays

Cd influx demonstrated 
in heterologous assays

Root xylem loading and 
nodal intervascular transfer; 

mutants retain Zn/Cd in 
roots and basal nodes and 

reduce grain delivery

Notes: (1) PM, plasma membrane; ER, endoplasmic reticulum; EVBs, enlarged vascular bundles; 
DVBs, diffuse vascular bundles; RNAi, RNA interference; OsMTP1, Oryza sativa metal tolerance 
protein 1; OsLCT1, Oryza sativa low-affinity cation transporter 1. Transporter names refer to proteins; 
expression refers to the corresponding genes. References in the first column identify the sources used 
across the row; superscripts link selected findings to individual studies. (2) Zn and Cd evidence is 
reported separately. A rice accumulation phenotype or a yeast tolerance response does not by itself 
establish direct transport of that metal. “Not established” denotes the limits of the cited evidence, 
rather than proof that transport is impossible. Transport direction in a heterologous system need 
not establish the direction at every membrane interface in rice. (3) Expression domains can differ 
with developmental stage, nutrient status, cultivar, and reporter method. The differing root domains 
reported for OsZIP9 are retained. OsZIP4 Cd evidence is from short-term seedlings; OsZIP1 interpre-
tations remain divergent; OsMTP1 Cd effects are interpreted through altered Zn homeostasis. The 
table covers the transporters discussed in the review, rather than every rice transporter for all mineral 
elements. (4) a  Liu et al. (2019) [43]; b  Tan et al. (2026) [44]; c  Tan et al. (2020) [37]; d  Huang et al. 
(2020) [40]; e  Menguer et al. (2013) [56]; f  Ning et al. (2023) [55].

3.2. Root Sequestration Defines the Cd Pool Available for Long-Distance Transport
3.2.1. OsHMA3-Mediated Cd Sequestration and Zn Buffering

Cd entering root cells is not automatically available for transport to the shoot because a 
substantial fraction can be retained within the root, particularly through vacuolar sequestra-
tion. Root-expressed OsHMA3 encodes a tonoplast-localized transporter that sequesters Cd 
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into vacuoles and thereby restricts the Cd pool available for xylem loading [38,39]. Natural 
loss-of-function or weak alleles are associated with increased root-to-shoot Cd translocation 
and high grain Cd, whereas functional alleles enhance root retention and reduce Cd accu-
mulation in aboveground tissues [38,39,54]. This allelic effect extends beyond the initially 
characterized high-Cd indica accessions. Analysis of 529 diverse rice cultivars identified 
a new weak OsHMA3 allele associated with high shoot-to-root Cd concentration ratios, 
confirming that variation in this sequestration step contributes to genotypic differences in 
Cd accumulation [53].

Beyond Cd sequestration, OsHMA3 also contributes to Zn storage and remobilization. 
Cai et al. (2019) compared rice accessions carrying functional OsHMA3 alleles (Nipponbare 
and Taichung 65) with those carrying loss-of-function alleles (Jarjan and Anjana Dhan) [49]. 
Under 0.4 and 4 μM external Zn, accessions with functional alleles had more than twofold 
higher root-cell-sap Zn concentrations and showed greater tolerance to elevated Zn [49]. 
After transfer to Zn-free medium, root-cell-sap Zn declined more rapidly in these accessions, 
while stable-isotope tracing indicated greater redistribution of root Zn to the shoots [49]. 
These findings support a role for OsHMA3 in Zn storage and subsequent remobilization, 
without demonstrating that OsHMA3 itself mediates Zn export from vacuoles.

Overexpression of OsHMA3 supports this buffering role: transgenic rice accumulated 
more Cd in roots and less in shoots, while root Zn concentrations increased [51]. Shoot 
Zn remained similar to the control, accompanied by constitutive upregulation of several 
ZIP-family genes involved in Zn acquisition and distribution, consistent with compensation 
for additional root Zn retention [51]. In the elite indica cultivar Zhongjiazao17, constitutive 
OsHMA3 overexpression decreased brown-rice Cd concentrations by 94–98% when plants 
were grown in two Cd-contaminated paddy soils; field trials generally showed no significant 
effects on grain yield or grain Zn, Fe, Cu, and Mn concentrations [50]. Tissue targeting 
provides a complementary approach. Shao et al. (2018) expressed OsHMA3 under the 
OsHMA2 promoter, increasing Cd sequestration in roots and nodal vascular tissues and 
decreasing shoot and xylem-sap Cd [52]. In a glasshouse pot experiment, brown-rice Cd 
was reduced to less than one-tenth of the non-transgenic level without comparable decreases 
in essential mineral concentrations [52]. However, grain yield was unchanged in line B9 
but lower in line B17 [52]. Thus, the nutritional and yield consequences of strengthening 
sequestration require evaluation for the specific construct and genetic background.

3.2.2. OsMTP1 and the Limits of Vacuolar Zn–Cd Competition
OsHMA3 is not the only vacuolar transporter relevant to Zn–Cd responses. Oryza 

sativa metal tolerance protein 1 (OsMTP1) is a tonoplast-localized transporter whose gene 
is preferentially expressed in roots, the seed aleurone layer, and embryo [55]. Ning et al. 
(2023) found that OsMTP1 knockout decreased root-cell-sap and root Zn while increasing 
shoot Zn [55]. Mutant Cd accumulation and root-to-shoot partitioning decreased after 
Zn-containing pretreatment but not after pretreatment without Zn [55]. In Cd-containing 
soil pots, knockout increased polished-rice Zn and decreased Cd without a detected yield 
penalty [55]. These results connect vacuolar Zn storage with Cd responses elsewhere in the 
plant; the localization, substrate evidence, and physiological roles of OsMTP1 and OsHMA3 
are compared in Table 2.

Direct Cd transport by OsMTP1 requires more cautious interpretation. Menguer et al. 
(2013) reported that OsMTP1 expression restored growth of the Cd-hypersensitive yeast 
Δycf1 mutant at low Cd concentrations, providing indirect evidence of a possible Cd-related 
function in this heterologous system [56]. By contrast, Ning et al. (2023) found enhanced 
Zn tolerance but unchanged Cd tolerance in wild-type yeast BY4741 and interpreted the rice 
Cd response as an indirect consequence of altered Zn homeostasis [55]. Differences in host 
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strain and assay design limit direct comparison. The evidence supports a Zn-storage role 
in rice, while the physiological contribution of direct OsMTP1-mediated Cd sequestration 
remains unresolved.

The involvement of OsHMA3 in both Zn and Cd sequestration raises the possibility 
that Zn promotes Cd translocation by competing for vacuolar storage. However, available 
genetic evidence suggests that competition for OsHMA3-mediated storage is not the sole 
or dominant mechanism under the tested conditions. Chang et al. (2023) compared 
Huajingxian74 (W0), carrying a functional OsHMA3 allele, with BG367 (W4), carrying 
a loss-of-function allele [8]. After 7 days in nutrient solutions containing 0.5 μM Cd, 
increasing Zn from 0 to 2.5 μM increased the shoot fraction of total plant Cd by 115% in W0 
and 148% in W4, relative to their respective 0 μM Zn controls [8]. Constitutive OsHMA3 
overexpression in Zhongjiazao17 strengthened root Cd retention but did not abolish the 
Zn-induced increase in shoot Cd partitioning [8]. These results distinguish the effect of 
sequestration capacity on baseline Cd distribution from the direction of the response to Zn 
supply; they do not establish that vacuolar competition is absent under all conditions.

Root sequestration therefore modifies the Cd pool available for long-distance transport 
without fixing the direction of the Zn–Cd interaction. Functional OsHMA3 can restrict Cd 
escape from roots, while vacuolar Zn storage, remobilization, and compensatory acquisition 
help maintain nutrient balance. OsMTP1 further shows that modifying Zn storage can 
alter Cd accumulation indirectly. Root uptake and sequestration jointly determine how 
much Cd remains available for subsequent transport. Whether uptake-level antagonism 
is maintained or shifts toward translocation facilitation must then be interpreted together 
with root export and vascular redistribution.

4. Zn Regulation of Cd Translocation and Grain Accumulation
Cd entry into roots does not directly determine grain Cd accumulation. This chapter 

considers the third control step, root-to-shoot transport, and the fourth, grain-directed al-
location. Once Cd escapes root sequestration, its subsequent export into vascular tissues, 
xylem-mediated transport to shoots, redistribution at stem nodes, and phloem delivery to 
developing grains become increasingly important. These processes are particularly relevant to 
Zn–Cd interactions because OsHMA2 and OsZIP7 participate in vascular transport of both 
metals [4,61]. By comparison, Oryza sativa low-affinity cation transporter 1 (OsLCT1) con-
tributes to phloem Cd transport, and OsLCT1 knockdown lowers grain Cd without decreasing 
grain Zn, illustrating that Zn and Cd are not obligatorily coupled during grain-directed allo-
cation [59]. Consequently, Zn effects on root entry and retention can differ from its effects 
on subsequent export and redistribution. Nutrient-solution experiments demonstrate Zn-
promoted root-to-shoot Cd translocation under specific exposure conditions, whereas the final 
grain response also depends on nodal partitioning and phloem delivery [8,59]. Uptake-level 
antagonism therefore does not guarantee suppression at later transport steps, and enhanced 
Cd transfer to shoots does not by itself establish increased grain Cd.

4.1. OsHMA2 and the Switch from Uptake Antagonism to Translocation Facilitation
4.1.1. Vascular Transport Pathways and Incomplete Zn–Cd Competition

OsHMA2 is a Zn transporter that also mediates Cd translocation from roots to 
shoots [4,57]. The importance of this transport step was recognized before its major molec-
ular components were resolved. A comparison between the high-Cd cultivar Habataki and 
the low-Cd cultivar Sasanishiki showed that greater root Cd uptake did not explain the 
higher Cd accumulation in Habataki [62]. Analysis of 69 accessions from the rice world core 
collection further revealed strong correlations between xylem-sap Cd concentrations and 
Cd accumulation in shoots and grains [62]. Real-time imaging with positron-emitting 107 Cd 
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provided complementary whole-plant evidence: in the cultivars examined, high-Cd indica 
accessions transferred Cd from roots to shoots more rapidly and abundantly than low-Cd 
japonica accessions, with faster subsequent transport to the panicle and greater panicle ac-
cumulation [63]. Genetic studies established the involvement of OsHMA2 in long-distance 
transport of both metals. Three independent oshma2 insertion mutants showed lower Zn 
and Cd translocation ratios than the wild type [57]. Suppression of OsHMA2 decreased 
leaf Zn and Cd concentrations and increased root Zn retention [4]. These findings identify 
vascular transport as a distinct control step rather than a passive consequence of root uptake.

OsHMA2 is part of a broader vascular transport network. OsZIP7 is expressed in 
vascular parenchyma cells of roots and nodes and encodes a plasma membrane protein 
that transports both Zn and Cd [61]. Its disruption retains both metals in roots and basal 
nodes and restricts their upward delivery [61]. OsZIP2 is strongly expressed in root xylem 
parenchyma and nodal vascular tissues and encodes a plasma membrane protein with Cd 
transport activity in yeast [60]. In contrast to OsZIP7 disruption, OsZIP2 knockout increases 
root-to-shoot Cd translocation, whereas overexpression decreases it [60]. This contrasting 
response is consistent with Cd retrieval into xylem parenchyma contributing to retention, 
illustrating why vascular transporters cannot all be interpreted as promoting Cd export 
from roots. Their localization, substrate evidence, and physiological effects are compared 
in Table 2.

Incomplete Zn–Cd competition during long-distance transport was evident before the 
direct genetic demonstration of Zn-promoted Cd translocation. Fontanili et al. (2016) found 
that increasing Cd progressively inhibited shoot Zn accumulation, whereas increasing Zn 
only partially inhibited shoot Cd accumulation [64]. Xylem-sap measurements relative to 
mobile root metal pools, together with short-term 107 Cd tracing, suggested at least two com-
ponents of Cd root-to-shoot transport: a Zn-sensitive component for which OsHMA2 was 
proposed as a candidate, and a comparatively Zn-insensitive component whose molecular 
identity remained unresolved [64]. This kinetic interpretation indicates that antagonism 
during vascular transfer can be incomplete; it does not directly establish the identity or 
contribution of each transporter.

4.1.2. OsHMA2-Dependent Facilitation Under Defined Zn/Cd Conditions
Chang et al. (2023) subsequently provided direct genetic evidence for OsHMA2-

dependent Zn promotion of Cd translocation [8]. Increasing Zn enhanced root-to-shoot Cd 
partitioning in wild-type plants of several rice cultivars; in Nipponbare, this response was 
abolished in independent oshma2 mutants [8]. In a 7-day seedling experiment with 0 or 
2.5 μM added Zn and 0.5 μM Cd, the estimated OsHMA2-dependent contribution increased 
from approximately 43% to 81% [8]. This estimate was based on differences between wild-
type and mutant Cd partitioning, rather than a directly measured transporter-specific 
flux. The higher Zn treatment also increased root OsHMA2 expression while decreasing 
expression of several Zn-uptake genes [8]. Disruption of OsIRT1, OsIRT2, or OsZIP9 
did not abolish the promotional response; disrupting OsNRAMP5 or altering OsHMA3 
function changed Cd accumulation or retention without eliminating this response [8]. These 
comparisons identify OsHMA2 as a major mediator under the tested Zn/Cd conditions. The 
seedling results do not establish a field Zn-application threshold or a mature-grain response.

Regulation of this pathway nevertheless remains context-dependent. Yamaji et al. 
(2013) found that OsHMA2 expression was not substantially altered by Zn deficiency or Zn 
excess under their experimental conditions [58]. By contrast, Chang et al. (2023) observed 
increased OsHMA2 expression under higher Zn supply in the presence of Cd [8]. Differences 
in nutritional status, exposure duration, and coexisting Cd therefore need to be considered 
when comparing expression responses. In soil-grown rice, Zhong et al. (2024) found that 
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water regime and Zn addition altered Zn redistribution and were associated with changes 
in root OsHMA2 and ZIP-family gene expression, while Cd isotope fractionation responded 
less strongly [5]. These observations support partially overlapping Zn and Cd transport 
networks, but expression and isotope patterns alone do not establish transporter-specific 
Cd transfer rates [5].

Thus, increased Cd transport mediated by OsHMA2 under higher Zn supply can 
counteract uptake-level antagonism [8]. OsHMA2 provides a demonstrated example under 
defined nutrient-solution conditions, while loading, retrieval, and sequestration elsewhere 
in the vascular network modify the amount of Cd delivered to shoots. The root-to-shoot 
response depends on both the Cd pool escaping root retention and the capacity for its 
onward transport; subsequent allocation toward grain is regulated separately. Key Zn-
treatment comparisons are summarized in Table 1, with detailed experimental conditions 
and results in Table S1.

4.2. Nodes and Phloem Redistribution Determine Whether Transported Cd Reaches the Grain
4.2.1. Nodal Retention and Anatomical Barriers to Grain Cd Accumulation

Greater root-to-shoot Cd transport does not necessarily result in greater grain Cd 
because metals arriving in the shoot undergo nodal redistribution before entering the 
panicle. Rice nodes, particularly the uppermost node (node I), connect enlarged vascular 
bundles (EVBs) with diffuse vascular bundles (DVBs) supplying developing reproductive 
tissues [58,65]. Noninvasive 107 Cd imaging showed substantial Cd accumulation at nodes 
during vegetative growth and grain filling, with root-supplied Cd reaching the panicle 
within hours under hydroponic conditions [66]. Spatial analysis of soil-grown Koshihikari 
one week after heading further revealed contrasting Zn and Cd distributions [65]. Cd accu-
mulated mainly in the EVB xylem and surrounding parenchyma, whereas Zn accumulated 
in parenchyma bridges connecting the vascular bundles, consistent with different patterns 
of retention and transfer toward the DVBs [65]. Cd was predominantly sulfur-coordinated 
in the EVB xylem, whereas both sulfur and oxygen coordination contributed in the EVB 
phloem and surrounding parenchyma [65]. These observations identify node I as a selec-
tive redistribution barrier; the tissue concentrations and local coordination proportions are 
provided in Table S1.

Nodal restriction also contributes to genotypic variation in grain Cd. Across 12 Chinese 
rice cultivars, Cd distribution indicated restriction at nodes, particularly node I, and differ-
ences in the area of DVBs at the flag-leaf–node I junction were associated with variation in 
this restriction [67]. Analysis of 21 additional rice genotypes identified roots and nodes 
as major barriers to Cd movement toward brown rice, with node I showing the greatest 
Cd accumulation among the examined nodes [68]. These anatomical and distributional 
comparisons support a role for nodal retention, although high node Cd alone does not 
quantify the rate of onward transfer or establish a response to Zn application.

4.2.2. Phloem Delivery and Transporter-Dependent Redistribution
Phloem delivery provides the final vascular route to developing grains. Tanaka et al. 

(2007) supplied 109 Cd to cut uppermost internodes, flag-leaf surfaces, and roots and esti-
mated that approximately 91–100% of grain-deposited Cd arrived through the phloem [69]. 
This estimate identifies the delivery route in controlled tracer-feeding experiments rather 
than a Zn-treatment effect. Comparative Cd, Zn, and Fe measurements in xylem and phloem 
saps of rice grown in continuously flooded Cd-contaminated soil further supported xylem-
to-phloem transfer of root-derived Cd at stem and spikelet nodes [70]. Zn delivery also 
involved phloem transport and remobilization from vegetative tissues [70]. Thus, Cd reach-
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ing the shoot must gain access to grain-directed phloem transport, and its concentration in 
aboveground tissues cannot by itself predict its allocation to grain.

Several transporters with different substrate selectivities contribute to nodal redistri-
bution. At the reproductive stage, OsHMA2 is expressed in nodes, and OsHMA2 protein 
is localized in the phloem regions of both EVBs and DVBs [58]. Mutation reduces Zn 
and Cd concentrations in upper nodes and reproductive organs; short-term 67 Zn labeling 
additionally showed reduced Zn delivery to the panicle and node I with greater retention 
in lower nodes [58]. OsZIP7 also participates in nodal intervascular transport of Zn and 
Cd, with disruption retaining both metals in roots and basal nodes and reducing their 
upward delivery to brown rice [61]. OsZIP2 further illustrates the distinction between shoot 
transport and grain allocation: its knockout increases root-to-shoot Cd translocation but 
redirects more Cd toward the flag leaf and less toward the panicle and grain [60]. These 
contrasting effects show why enhanced transport to shoots need not increase grain Cd.

OsLCT1 provides an additional phloem Cd transport pathway [59]. OsLCT1 is strongly 
expressed in leaf blades and nodes during the reproductive stage and encodes a plasma 
membrane transporter with Cd efflux activity [59]. RNA interference-mediated suppression 
reduced Cd in phloem exudates without significantly changing xylem-sap Cd, and grain 
Cd declined to approximately half the control level without consistent reductions in grain 
yield or other grain mineral concentrations [59]. Yeast assays showed Cd transport but 
no significant change in Zn accumulation, although activity toward other cations prevents 
classification of OsLCT1 as Cd-exclusive [59]. This evidence supports a Cd-delivery route 
that differs from Zn and Cd redistribution mediated by OsHMA2 and OsZIP7. Transporter 
localization, substrate evidence, and physiological effects are compared in Table 2.

4.2.3. Zn Application Routes and Cd Source-Dependent Grain Allocation
Soil-applied Zn can also reduce grain Cd through effects beyond initial root entry. In two 

consecutive field trials, Liu et al. (2026) compared separate Zn and Mn amendments using 
plant Cd accumulation and translocation indicators [19]. Zn decreased grain Cd primarily 
through restricted straw-to-grain redistribution, without significant changes in the reported 
indicators of root Cd uptake or root-to-straw transfer, whereas Mn affected both root Cd uptake 
and subsequent transport [19]. In a separate pot experiment with two rice genotypes, Zhang 
et al. (2026) found that ZnSO4  decreased grain Cd despite an increased root-to-shoot Cd 
translocation factor at the lower Zn dose [71]. Soil-available Cd was unchanged, and the 
study also reported reduced Cd entry and greater root retention, indicating that a higher 
translocation factor did not imply a larger Cd pool reaching grain [71]. Together, these studies 
show that soil Zn application can influence plant partitioning as well as soil exposure, and 
that root-to-shoot ratios alone cannot establish the direction of the final grain response.

Foliar Zn experiments provide intervention evidence for altered Cd accumulation after 
Zn is supplied to the shoot. In a field trial on Cd-contaminated acidic soil, application of 
0.3% or 0.5% (w/v) ZnSO4 ·7H2 O at early grain filling increased tissue Zn and decreased 
Cd concentrations in roots, straw, husks, and brown rice without significantly affecting 
grain yield [72]. In a separate pot experiment, Zheng et al. (2023) applied treatments 
reported as 0.2% and 0.4% Zn supplied as ZnSO4  during early grain filling [17]. Mature-
grain Cd decreased by 24% and 31%, respectively; the higher treatment also reduced xylem 
Cd by up to 26% while increasing Cd retention in roots, the first internode, rachises, and 
husks [17]. These results are consistent with altered internal retention and redistribution 
following foliar supply, but do not isolate a single transporter mechanism or exclude effects 
on continued root acquisition. The field and pot interventions should be distinguished from 
direct tissue-feeding tracer experiments, which identify the fate of an introduced Cd pool. 
Their conditions and quantitative responses are summarized in Tables 1 and S1.
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Cd applied to leaf surfaces can be redistributed differently from Cd absorbed by 
roots. Liu et al. (2025) applied a constant concentration of 111 Cd to flag-leaf surfaces 
together with different Zn concentrations [73]. Higher ionic Zn promoted Cd release 
from the treated leaves and its allocation to grain, accompanied by reduced symplastic 
sequestration and increased Cd desorption from leaf cell walls [73]. Expression of OsLCT1 
and OsZIP7 in flag leaves and OsHMA2 and OsZIP7 in the uppermost node also increased, 
whereas nonionic ZnO nanoparticles mitigated the allocation response [73]. The expression 
changes are consistent with altered transport regulation but do not independently establish 
transporter-specific causality. This manipulation traces an artificially introduced leaf Cd 
pool; it complements the soil-grown foliar-fertilization experiments by identifying a Cd-
source-dependent response, while its applicability to atmospheric deposition requires 
validation under realistic field exposures.

Grain-directed Cd allocation depends on nodal retention, intervascular transfer, and 
phloem delivery. OsHMA2 and OsZIP7 transport both Zn and Cd [58,61]. Retrieval, 
local sequestration, and other phloem transport routes can modify Zn and Cd allocation 
differently. The final grain response therefore integrates root-derived Cd supply with 
subsequent vascular transport and nodal redistribution. An antagonistic Zn effect at one 
stage does not guarantee lower grain Cd if a later transfer step becomes more permissive; 
conversely, increased root-to-shoot transport can coexist with restricted delivery to grain. 
Figure 1 summarizes the soil and plant processes underlying these opposing effects.

Figure 1. Context-dependent regulation of Cd accumulation in rice by Zn at four control steps: (1) soil 
Cd supply, (2) root uptake and sequestration, (3) root-to-shoot transport, and (4) grain-directed 
allocation. All 14 transporters summarized in Table 2 are depicted individually, with a distinct color 
assigned to each transporter and used consistently across panels. Blue and red arrows and ion symbols 
indicate Zn and Cd, respectively. Black process arrows denote transformations or reactions; green 
T-ended bars indicate restriction; and the gray dashed arrow denotes an indirect Cd effect associated 
with OsMTP1-mediated Zn storage. The pink vascular conduit represents phloem delivery to grain.
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Functional uncertainties concerning OsZIP1, OsZIP4, and OsMTP1 are discussed in the text and Table 2. 
Zn-promoted OsHMA2-dependent Cd transfer refers to defined nutrient-solution experiments. EVB, 
enlarged vascular bundle; DVB, diffuse vascular bundle.

5. From Antagonism to Facilitation: Integrating the Directional Switches
The preceding evidence shows that the response of grain Cd to Zn cannot be assigned 

to any single Zn–Cd interaction. Zn acts at four sequential control steps: (i) soil Cd 
supply, (ii) root uptake and sequestration, (iii) root-to-shoot transport, and (iv) grain-
directed allocation. Effects at these steps may differ in direction, so the final grain response 
reflects their combined influence on Cd availability, retention, and onward transfer along 
the soil–root–shoot–grain continuum. Context dependence arises when environmental or 
physiological conditions alter the relative importance of these steps. From this perspective, 
the transition from antagonism to facilitation is interpreted as a shift in the dominant control 
step governing Cd transfer. The following sections integrate the conditions underlying 
these shifts and their implications for Zn management.

5.1. What Determines the Direction of Zn–Cd Interaction?
Within the four-step framework, Zn can restrict Cd transfer at one step while facilitat-

ing transfer at another. ZnS-associated protection during drainage can decrease soil Cd 
release [11], and competition at shared uptake pathways can reduce root entry [37]. Under 
defined nutrient-solution conditions, however, increased Zn can also enhance OsHMA2-
dependent Cd export from roots [8]. Greater root-to-shoot transfer need not increase grain 
Cd when nodal retention or grain-directed redistribution becomes more restrictive. The 
response observed at harvest therefore depends on the combined strength and timing of 
these effects across the soil–root–shoot–grain continuum.

Soil conditions establish the Zn and Cd exposure on which these plant processes 
operate. Soil pH, competitive sorption, Fe/Mn transformations, and sulfide formation 
and oxidation determine the available pools presented to roots, so total soil Zn alone 
cannot describe the relevant exposure [11,13,23]. Flooding can favor Cd immobilization, 
whereas drainage can remobilize Cd during grain filling; Zn effects must therefore be 
interpreted against the sequence of redox changes and the period of plant demand. The 
field and pot amendments discussed in Section 4.2 further show that grain Cd can decline 
through changes in plant partitioning even when root-to-shoot indicators change little or 
increase [19,71]. Soil supply, root retention, and grain allocation must consequently be 
evaluated together.

Zn dose and plant nutritional status influence this balance, but deficiency correction, 
agronomic Zn supply, and excessive exposure should be distinguished. Correcting Zn 
deficiency can relieve the induction of Zn-acquisition genes and strengthen competition 
at shared entry pathways, while Cd uptake through Mn-associated OsNRAMP5 can per-
sist [35,37,40]. OsHMA3 and OsMTP1 sequester Zn in root vacuoles, and Zn stored through 
OsHMA3-mediated sequestration can be remobilized when Zn supply declines [49,55]. By 
contrast, under defined nutrient-solution conditions, increased Zn can enhance OsHMA2-
dependent Cd export from roots [8]. Increasing Zn therefore need not produce a progres-
sively stronger reduction in grain Cd. The significance of a dose depends on available Zn, 
plant Zn status, application route, and the physiological capacity of the genotype; a higher 
experimental concentration alone does not define a field management threshold.

Fe and Mn nutrition can modify the response of Cd uptake to Zn supply. OsNRAMP5 
provides a major Mn/Cd uptake route [35], whereas Fe deficiency can induce OsIRT1 and 
OsIRT2 expression and enhance Cd uptake [34]. Here, Fe nutritional status refers to whether 
the plant has sufficient Fe to meet its physiological requirements. Excess Zn can also activate 
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Fe-deficiency signaling [44]. Mn supply and plant Fe sufficiency can therefore influence Cd 
entry through Mn- and Fe-associated uptake pathways; correcting Zn deficiency alone does 
not eliminate these routes. Assessing these nutrient interactions requires consideration of 
Zn, Fe, and Mn concentrations in plant tissues, deficiency or toxicity symptoms, and soil or 
nutrient-solution conditions.

Genotypic differences in transporter function and nutrient-responsive gene expression 
can alter the effects of Zn supply on Cd uptake, translocation, and grain accumulation. In 
aerated nutrient solutions containing 1 μM Cd, increasing Zn from 2 to 10 μM increased 
mature-grain Cd concentrations in rice lines 546 and 428 but did not significantly affect 
line 667 [18]. Contrasting expression patterns of OsNRAMP5, OsHMA2, and OsHMA3, 
together with genes involved in glutathione and phytochelatin synthesis, were associated 
with different mineral-partitioning responses [18]. These associations suggest multiple 
regulatory contributions, although transcript abundance alone does not establish which 
pathway caused the grain response. The exposure conditions and percentage changes are 
presented in Table 1 and Table S1. These magnitudes describe sustained nutrient-solution 
exposure and require independent validation in paddy fields with fluctuating Zn and 
Cd availability.

Genotypic differences in Zn acquisition and allocation provide additional physiological 
context. Across five rice genotypes grown at four field sites, native soil Zn status was 
the strongest determinant of grain Zn, followed by genotype and Zn fertilization [33]. 
Fertilizer application did not fully compensate for low native Zn availability [33]. In two 
pot experiments comparing the high-grain-Zn rice genotypes IR69428 and IR68144, IR69428 
maintained stronger root Zn acquisition during grain filling, whereas IR68144 depended 
more on redistribution from vegetative tissues [74]. Their responses to Zn fertilization and 
water management consequently differed [74]. These Zn-loading studies help explain why 
identical fertilizer inputs can expose different acquisition and allocation constraints. Their 
contribution to the Zn–Cd framework is physiological; the direction of grain Cd response 
must still be assessed using Cd measurements.

Application route, timing, and Cd source determine which pools and processes are 
exposed to Zn regulation. Foliar Zn during grain filling can alter internal retention and 
the delivery of soil-derived Cd to grain, whereas a Cd pool artificially introduced to flag 
leaves can become more readily remobilized under higher ionic Zn [17,72,73]. The leaf-
label experiment identifies the fate of that introduced pool and should be interpreted 
separately from agronomic foliar-fertilization trials. Developmental stage matters because 
continued root uptake and remobilization from vegetative tissues contribute differently 
during grain filling. Interpreting foliar responses therefore requires information on both 
the Zn intervention and the origin and location of Cd.

These modifiers act across connected control steps. Soil pH and redox history shape 
reactive Zn and Cd pools; nutritional status, genotype, and gene expression influence 
uptake, sequestration, and export; and application route, developmental stage, and Cd 
source influence redistribution toward grain. Antagonism is favored when Zn strengthens 
the restriction that most strongly limits Cd accumulation, whereas facilitation can emerge 
when enhanced transfer at another step outweighs that restriction. Figure 1 summarizes 
the underlying soil and plant mechanisms, while Figure 2 integrates the conditions that 
shift their relative importance. These relationships help explain measured Cd accumulation 
and partitioning under specified conditions and provide a basis for the Zn-management 
considerations discussed below.
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Figure 2. Conditions governing the direction of Zn effects on Cd accumulation in rice across four 
steps: (1) soil Cd supply, (2) root uptake and sequestration, (3) root-to-shoot transport, and (4) grain-
directed allocation. The upper boxes summarize environmental, nutritional, genetic, and application-
related modifiers; gray dashed links indicate their potential influence across multiple steps. Green 
and red process boxes show conditions restricting or permitting Cd transfer, respectively. Blue, red, 
and yellow ion symbols represent Zn2+ , Cd2+ , and S2− ; gray/brown particles represent soil solids. 
ZnS and CdS denote zinc sulfide and cadmium sulfide. Purple, green, and gray membrane icons 
represent transporters, with colors distinguishing schematic pathways. Within the mechanistic panels, 
blue and red ion arrows indicate Zn and Cd transport, purple arrows indicate phloem redistribution, 
black arrows denote processes or connections, and green T-ended bars indicate restriction. The lower 
green, gray, and orange columns summarize net antagonism, no net change, and net facilitation, 
corresponding to lower, unchanged, and higher grain Cd. Blue connectors link these outcomes 
to the joint management targets of higher grain Zn, lower grain Cd, and maintained yield. Eh, 
redox potential.

5.2. Implications for Zn Management and Cd-Safe Rice Production
The context-dependent framework does not diminish the agronomic potential of Zn for 

Cd-safe rice production, but it changes how that potential should be evaluated. A published 
meta-analysis included 137 studies and 1062 observations across eight mineral elements 
collectively, considering soil applications in pot and field experiments while excluding foliar 
and hydroponic studies [20]. Its Zn-specific grain-Cd estimate was based on 53 pairwise 
comparisons and indicated a mean reduction of 25.95%, with the graphically reported 95% 
confidence interval lying entirely below zero. However, Zn responses varied with water 
regime, application amount, and soil texture. Grain Cd decreased by 52.74% under flooding 
throughout cultivation (16 comparisons), whereas the highest reported application category 
(>0.2 t·ha−1 ; 10 comparisons) showed a 35.99% increase. Exact numerical confidence-
interval endpoints and Zn-specific I2  statistics were not reported [20]. These pooled rate 
categories should not be treated as a universal Zn-dose threshold without verifying the 
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elemental or compound basis of application amounts and the relevant site conditions. The 
pooled mean therefore supports conditional mitigation potential rather than a predictable 
reduction at an individual site.

Soil Zn application is most likely to be effective when it acts on a dominant limita-
tion to Cd transfer rather than merely increasing total soil Zn. In flooded paddy soils, 
available Zn and reducible sulfur can support ZnS formation and subsequent protection 
of CdS during drainage [11,16]. A one-time ZnSO4  amendment equivalent to 75 kg el-
emental Zn·ha−1  reduced brown-rice Cd by 60–72% in field trials without a significant 
yield penalty under the tested conditions [16]. This is a remediation treatment, rather 
than a general recommendation for nutritional Zn fertilization. High soil Cd availability 
or Zn retention in stable mineral phases can limit the protection expected from additional 
Zn [7,14]. Practical diagnosis should combine porewater Zn and Cd concentrations, free-ion 
activities where available, locally appropriate extractable or labile pools, soil pH, Eh and 
flooding–drainage history, and sulfur status. CaCl2 -extractable Cd can help track Cd mobi-
lization during drainage [16,22]. Diethylenetriaminepentaacetic acid (DTPA)-extractable 
Zn estimates potentially plant-available soil Zn [33,75]. To assess whether Zn supply is 
deficient, adequate, or excessive, this soil measurement should be interpreted alongside 
plant tissue Zn concentrations, growth responses, and deficiency or toxicity symptoms. 
These extraction methods characterize different operational pools and should not be treated 
as interchangeable measures of mineral reactivity.

Plant Zn status should also be assessed to distinguish deficiency, adequacy, and excess. 
Correcting deficiency is an agronomic requirement, whereas increasing Zn above an ade-
quate level does not ensure further Cd exclusion. Controlled studies show that increasing 
Zn can decrease tissue Cd concentrations while increasing the root-to-shoot transfer ratio, 
and excessive Zn can activate Fe-deficiency signaling [6,44]. Fe and Mn status should 
consequently accompany Zn diagnosis because Fe-responsive Cd uptake pathways and the 
Mn/Cd transporter OsNRAMP5 can sustain Cd entry despite competition at Zn-associated 
pathways [34–36]. Cultivars with different root sequestration and grain allocation capacities 
should be compared under the intended water and fertilizer regime, rather than ranked 
from Zn enrichment alone.

Foliar Zn offers a different opportunity because it largely bypasses soil reactions and 
supplies Zn during reproductive development. In 17 multi-country field trials, brown-rice 
Zn increased on average by 25% following foliar application, 2.4% following soil application, 
and 32% following combined application; postflowering foliar treatments were generally 
more effective [75]. These trials covered soil pH values of 4.8–8.8 and DTPA-extractable Zn 
concentrations of 0.5–6.5 mg·kg−1 , providing evidence for Zn biofortification across contrast-
ing environments, rather than demonstrating Cd reduction across those environments [75]. 
Genotype and timing remain important: heading-stage foliar Zn increased grain Zn by 
approximately 1–10 mg·kg−1  among biofortification breeding lines, but foliar treatment did 
not overcome agronomic Zn deficiency in deficient soils [76]. Foliar enrichment should 
therefore complement correction of an underlying nutritional limitation [76].

The Cd-reduction benefit of foliar Zn must be evaluated separately from its biofor-
tification benefit and possible yield costs. Field evidence supports decreased grain Cd 
accompanied by greater flag-leaf cell-wall retention, with Zn-only effects distinguished 
from combined Zn–Se treatment [77]. However, 0.4% ZnSO4  increased grain Zn and de-
creased grain Cd across five late-rice cultivars while significantly reducing yield in three of 
them [21]. Similarly, 0.5% (w/v) Zn-EDTA during early grain filling increased grain Zn and 
Fe and decreased grain Cd, but significantly reduced yield [78]. These outcomes depend on 
formulation, dose, cultivar, and treatment schedule; successful grain enrichment therefore 
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does not establish an agronomically acceptable treatment. Cd-source-dependent differences 
discussed in Section 4.2 also require consideration when assessing foliar treatments.

Repeated Zn fertilization also requires a longer assessment period. The soil-amendment 
effect persisted into a second growing season without further Zn application [16], but this 
does not establish the safety or benefit of repeated inputs over many seasons. Evaluation 
should track cumulative Zn inputs and crop removal, changes in total and extractable or 
labile soil Zn, drainage-stage Cd availability, and plant Zn, Fe, and Mn status. Residual 
Zn may reduce the need for further application, whereas continued inputs could accumu-
late Zn or disturb micronutrient balance. These possibilities should be assessed through 
measurements rather than inferred from a single-season Cd response.

The practical objective is therefore a site-specific Zn-management window in which 
grain Zn enrichment, grain Cd reduction, and yield maintenance are evaluated as potentially 
competing objectives. Table 3 links site and crop diagnosis to the four control steps, man-
agement options, and evidence type. It remains a conceptual guide rather than a validated 
dose-selection tool. Application in other rice-growing regions requires local comparisons 
across seasons, supported by grain outcomes and measurements of soil availability, root 
retention, and tissue partitioning. Neither total soil Zn nor a universal application dose can 
define this window.

Table 3. Conditional Zn-management matrix linking site and crop diagnosis to the four control steps 
and the likely grain-Cd response.

Site or Crop 
Condition Indicators to Check

Control Step and 
Evidence-Supported Grain-Cd 

Direction

Management 
Implication

Evidence and 
References

Soil pH and 
texture affecting 

Cd supply

pH; texture; porewater 
or CaCl2 -extractable 
Cd; available Zn/Cd

Step 1: High Cd supply can 
outweigh competition; pooled 

Zn effects differed between clay 
and loamy soils

Assess acidity, texture, 
and Cd availability; 
confirm grain-Cd 
response before 
increasing Zn

A + M + S 
[7,9,10,20,22,23,25]

Water regime 
and sulfide 
formation

Eh/redox history; 
sulfur status; Zn/Cd 

availability before and 
after drainage

Step 1: Lower grain Cd was 
observed after a one-time Zn 
amendment under the tested 
flooding–drainage conditions; 
ZnS-associated protection is a 

plausible mechanism, not a 
universal field response

Test soil Zn with the 
intended 

flooding–drainage 
regime; monitor 

drainage-stage Cd 
rather than total Zn 

alone

F + M + S 
[11,16,20,26,31]

High total Zn 
but poor Zn 
availability

Extractable/labile Zn; 
plant Zn status; mineral 

speciation where 
available

Steps 1–2: Total Zn does not 
establish nutritional adequacy or 

Cd protection

Diagnose the available 
pool and crop response 
before adding more Zn 

or changing the 
application route

M + F–Zn [14,33]

Zn deficiency

Locally calibrated soil 
and plant Zn tests; 

deficiency symptoms; 
yield response

Step 2: Correcting deficiency 
may restrict Zn-associated Cd 

entry; grain-Cd response 
remains conditional

Restore adequate Zn 
nutrition; foliar 

enrichment alone may 
not correct severe 

agronomic deficiency

M + F–Zn 
[37,40,48,76]

Adequate or 
excessive Zn 

supply

Plant Zn, Fe, and Mn; 
growth response; 

root/shoot Cd and 
partitioning

Steps 1–4: The response can be 
neutral or higher; a high-rate 

subgroup showed higher grain 
Cd, but its rate categories do not 
establish a universal threshold

Compare lower doses 
and check 

micronutrient balance; 
pooled rate categories 

do not define a 
universal threshold

M + S [5,6,8,18,20,44]
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Table 3. Cont.

Site or Crop 
Condition Indicators to Check

Control Step and 
Evidence-Supported 
Grain-Cd Direction

Management 
Implication

Evidence and 
References

Low or 
imbalanced 

Fe/Mn status

Soil and tissue Fe/Mn; 
Zn status; root Cd

Step 2: Fe/Mn-associated Cd 
uptake may persist

Correct diagnosed 
deficiencies; Cd uptake 
may persist despite Zn

M [34–36,44]

Cultivars 
differing in 

sequestration or 
grain allocation

Known cultivar Cd 
phenotype; OsHMA3 

allele if available; 
root/shoot and 
grain/straw Cd

Steps 2–4: The direction varies 
with genotype; higher grain 

Cd was observed in two lines 
under defined 

nutrient-solution exposure, 
whereas field direction 

remains to be tested

Select locally tested 
low-Cd cultivars; 

compare Zn treatments 
under the target water 

regime

M + F 
[8,18,38,39,49–54,60]

Foliar Zn near 
heading or grain 

filling in 
soil-grown rice

Application stage and 
formulation; genotype; 
grain Zn/Cd and yield

Step 4, with possible upstream 
effects: Lower grain Cd was 

observed in selected field 
foliar-Zn trials; grain Zn 

enrichment alone does not 
establish Cd reduction

Use locally tested 
timing and dose; 

distinguish Zn-only 
effects from mixed 

formulations

F–Zn + F [72,75–77]

Foliar treatments 
associated with 
yield penalties

Spray concentration 
and volume; 

formulation; cultivar; 
yield components

Steps 2–4: Lower Cd can 
coexist with lower yield

Evaluate lower doses or 
alternative schedules; 
the tested 0.4% ZnSO4 

and 0.5% Zn-EDTA 
treatments do not 

define universal limits

F [21,78]

Cd supplied to 
leaf surfaces

Cd exposure source; 
deposited Cd where 

relevant; ionic Zn 
versus other 
formulations

Step 4: Ionic Zn promoted 
grain allocation in an artificial 

leaf-Cd exposure system

Require field validation 
under realistic 

deposition; do not 
equate this response 

with ordinary foliar-Zn 
fertilization

M [73]

Residual Zn and 
repeated 

applications

Zn inputs and crop 
removal; total/labile 

Zn; drainage-stage Cd; 
tissue Fe/Mn

Steps 1–4: Residual protection 
is possible; the direction under 
repeated inputs is unresolved

Reassess residual Zn 
before reapplication; 

monitor soil pools and 
nutrient balance across 

seasons

F, two seasons [16]; 
repeated-input 

outcome untested

Notes: (1) Step 1, soil Cd supply; Step 2, root uptake and sequestration; Step 3, root-to-shoot transport; 
Step 4, grain-directed allocation. Conditions can coexist, so no row independently predicts the 
final grain response. (2) A, field association; F, field intervention measuring Cd outcomes; F–Zn, 
field evidence for Zn nutrition or biofortification without a Cd endpoint; M, controlled mechanistic, 
pot, or tracer evidence; S, published meta-analysis of soil applications in pot and field experiments. 
These labels identify evidence type rather than a formal certainty score. Pooled outcomes do not 
independently establish the assigned mechanisms; field findings apply to the tested conditions. 
(3) The matrix is conceptual and provides no universal pH threshold, Zn/Cd ratio, or Zn dose. 
Extraction methods assess different operational pools; tissue ratios indicate partitioning rather than 
measured transfer rates. Formulation concentration and elemental Zn dose should be distinguished 
when comparing treatments.

6. Conclusions and Perspectives
Zn regulation of Cd uptake, translocation, and accumulation in rice is context-

dependent rather than uniformly antagonistic. The final grain-Cd response reflects four 
successive control steps: (i) soil Cd supply, (ii) root uptake and sequestration, (iii) root-to-
shoot transport, and (iv) grain-directed allocation. Zn can influence these steps in opposite 
directions. Soil processes may decrease the Cd pool available to roots, while competition 
and sequestration can restrict Cd entry or escape from roots; conversely, Zn-responsive 
transport and redistribution can increase the fraction of Cd delivered to aboveground tissues. 
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Zn–Cd interactions should therefore be understood as a continuum from antagonism to 
net facilitation, with the observed outcome depending on the relative importance of these 
control steps in determining net Cd transfer to grain.

Future work should identify where contrasting Cd responses to Zn originate. Exper-
iments that track soil porewater and labile Zn and Cd pools, root uptake and retention, 
root-to-shoot translocation, and grain partitioning across flooding–drainage cycles and 
grain filling would help distinguish uptake-level antagonism from downstream facilitation. 
Such designs should distinguish correction of Zn deficiency from adequate and excessive 
Zn supply, while accounting for soil pH and redox history, Mn and Fe availability, genotype, 
application route, and Cd source. Integrating these measurements would help test whether 
contrasting responses arise from changes in the dominant control step.

From an agronomic perspective, the objective should be to identify a context-specific 
Zn-management window rather than maximize Zn input or assume that Zn biofortification 
will automatically restrict Cd accumulation. This window remains conceptual, and the 
available evidence does not support a universal Zn dose or threshold across heterogeneous 
soils, genotypes, application routes, and experimental systems. Multi-site, multi-season 
field trials are needed to test its transferability across rice-growing regions and assess 
soil Zn accumulation and micronutrient imbalance under repeated application. Such 
validation is essential for translating the proposed framework into locally appropriate 
Zn-management strategies.
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