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Summary
Excessive cadmium (Cd) in rice, caused by Cd pollution of farmlands, 
poses a serious threat to human health. In this study, a pot experiment 
was conducted to investigate the effects of two doses of CaCO3 (Ca1: 
2 g kg-1, Ca2: 10g kg-1), two types of Fe(II) (EDTA-Fe(II) and FeSO4; 
0.14 g Fe kg-1), and their combined application on the uptake and ac-
cumulation of Cd in rice plants grown in Cd-contaminated acidic soil. 
The results revealed that FeSO4 significantly increased rice grain bio-
mass, whereas the other treatments had no significant effects. Further, 
the addition of EDTA-Fe(II) or FeSO4 significantly enhanced iron 
plaque formation on the root surface and increased the Fe content in 
the rice plants and porewater. Compared to the control, CaCO3 addi-
tion weakened the formation of iron plaque and reduced the Fe con-
centration in the porewater and root tissue, stems and leaves, whereas 
the Fe concentration in brown rice and the husks remained unaffect-
ed. Combined application of CaCO3 and Fe(II) significantly promoted 
the formation of iron plaque and increased the Fe concentration in 
brown rice. However, the Cd concentration in the iron plaque was re-
duced by CaCO3 addition but increased by Fe(II) treatment. Notably, 
all treatments reduced the Cd concentration in all rice plant tissues. 
The application of Ca1, Ca2, EDTA-Fe(II), FeSO4, Ca1+EDTA-Fe(II), 
Ca1+FeSO4, Ca2+EDTA-Fe(II) and Ca2+FeSO4 significantly reduced 
the Cd concentration in brown rice by 69%, 63%, 51%, 60%, 46%, 
39%, 38%, and 29%, respectively. These results indicate that the ap-
plication of CaCO3, EDTA-Fe(II)/FeSO4, or their combination can 
effectively reduce Cd accumulation and translocation in rice plants.
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Introduction
Rapid industrial progress has exacerbated the frequent occurrence of 
environmental problems. The results of the 2014 China Soil Pollution 
Survey Bulletin showed that the heavy metal Cd pollution of culti-
vated soils is relatively serious (Duan et al., 2016). Cd is an element 
not required by plants and highly toxic to crops and humans. It affects 
crop growth and yield and, can be ingested by humans through the 
food chain (Chen et al., 2018); the health problems caused by Cd 
pollution are of widespread concern (Clemens et al., 2013).
As the main crop in China, rice cultivation has been facing heavy  
metal pollution, particularly Cd contamination, which has caused  
significant food safety and public health concerns, especially in its 
southern region (Hu et al., 2016). Therefore, there is an urgent need to 
explore effective methods to reduce the migration and accumulation 
of Cd in rice. Iron plaque, a reddish-brown iron oxide adhesive plaque, 

forms on the root surfaces of wetland plants, a strategy wetland plants 
have evolved to adapt to unfavorable anaerobic environments (Fu  
et al., 2016). The formation of iron plaque not only maintains the 
normal growth of rice plants in anaerobic environments, but to some 
extent also aids the adsorption and migration reduction of heavy  
metals into rice (Zandi et al., 2023). Iron plaque, an amphoteric col-
loidal iron oxide, can adsorb anions and cations from the environment 
(Tai et al., 2018). It can immobilize Cd on the root surfaces, thereby 
reducing the migration of Cd to the aboveground parts of rice plants 
(Fu et al., 2018; Liu et al., 2008; Siddique et al., 2021a; Siddique  
et al., 2021b; Zhang et al., 2019). Numerous studies investigating 
this mechanism were based on solution or soil culture experiments 
conducted during the rice seedling stage. However, little is known 
about the effect of an enhanced the formation of iron plaque on the ac-
cumulation of Cd in rice grains. Examining rice planted on farmlands 
with mild to moderate Cd pollution is of great practical significance 
for effectively reducing the accumulation of Cd in grains, maintain-
ing it below the national standard limit. Many previous studies have 
used FeSO4 to induce the formation of iron plaque to investigate its 
influence on the absorption and migration of heavy metals. Moreover, 
recent research has shown that EDTA-Fe(II) also has the potential to 
limit Cd migration into rice through the formation of EDTA-Cd and 
the promotion of root cell wall chelation (Xu et al., 2010; Zhang 
et al., 2022). However, its effect on iron plaque formation and Cd 
enrichment in rice grains remains unclear, especially compared to the 
application of FeSO4. 
CaCO3, an acidic soil conditioner, is widely used in agriculture. Its 
application can reduce the bioavailability of heavy metals in the soil 
and decrease the Cd content in rice to some extent (He et al., 2021). 
However, the use of CaCO3 can also cause problems such as a dete-
rioration of the soil properties and a temporally decreasing effective-
ness in suppressing the bioavailability of heavy metals (Huang et al.,  
2019). Application of exogenous Fe combined with CaCO3 may  
inhibit Cd while avoiding these issues. An appropriate increase in 
acidic soil pH with an exogenous Fe(II) supply can promote the for-
mation of iron plaque (Zhang et al., 2019). However, the effects of 
combined use of Fe(II) and CaCO3 on Cd translocation and accumu-
lation in rice under Cd stress remain unclear. After the application of 
Fe(II) to soil, a small amount of Fe(II) is absorbed and utilized by 
plants, and other Fe(II) ions can form iron plaque on the root surface 
or crystalline/amorphous iron oxides in the soil (Liu et al., 2006). 
These iron oxides can play a pivotal role in limiting soil-available Cd, 
even after the rice harvest or when planting rice in the next season, 
overcoming the disadvantages CaCO3 has when applied alone.
Based on the above considerations, we aimed to investigate the fol-
lowing: (1) the influence of two types of Fe(II) (FeSO4 and EDTA-
Fe(II)) on iron plaque formation and Cd uptake and accumulation in 
rice, and (2) the combined effects of CaCO3 and Fe(II) on Cd translo-
cation and enrichment in rice.
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Materials and methods 
Soil preparation and experimental design
The test soil was obtained from a paddy field in Jian’ou City, Fujian 
Province, China. After the soil was removed, it was dried, ground, 
crushed with a mallet, and mixed evenly using a 1 cm sieve. The soil 
pH and organic matter content were 6.4 and 11.2 g kg-1, respectively. 
The Cd content of the soil was 0.41 mg kg-1. The percentages of sand, 
loam, and clay type soils were 45.2%, 48.2%, and 6.3%, respectively. 
3.5 kg of screened soil was placed in a plastic bucket (height: 21 cm; 
bottom diameter: 18 cm; top diameter: 22.5 cm) and 2 g kg-1 (Ca1) 
or 10 g kg-1 (Ca2) of CaCO3 were added to the soil as the CaCO3 
treatments. The soil was mixed to maintain a 3 cm flooded layer for  
30 days. 1 mL Cd(NO3)2·4H2O (3.5 mg Cd mL-1) solution was added 
to the bucket to stably maintain the equilibrium for 60 days. The uni-
form rice seedlings were then transferred to a bucket. For EDTA-
Fe (II) or FeSO4 treatment, 300 mL EDTA-Fe (II) or FeSO4 solution 
(0.49 g Fe ) were added to the bucket to achieve an added Fe content 
of 0.0025 mol kg-1 (0.14 g Fe kg-1) in soil once the rice plant had 
grown for 4 weeks. Based on our previous research, this amount of 
exogenous Fe addition will not have a negative impact on rice growth 
(Yu et al., 2021). Equal amounts of CaCO3 (Ca1 or Ca2) and Fe(II) 
(EDTA-Fe (II) or FeSO4) were used for the combined CaCO3 and 
Fe(II) treatment. 
Rice seeds (Yongyou 9) were soaked in 30% H2O2 for 15 min and 
washed thoroughly with deionized water. Subsequently, the seeds 
were germinated in clean quartz sand. After 10 days, uniform rice 
seedlings were grown in a 1/5 strength Hoagland nutrient solution, 
which was changed every three days. The pH was adjusted to 5.5. 
After 14 days, uniformly growing rice seedlings were transplanted 
into plastic buckets for growth. There were a total of nine treat-
ments: (1) control, (2) Ca1, (3) Ca2, (4) EDTA-Fe(II), (5) FeSO4, (6) 
Ca1+EDTA-Fe(II), (7) Ca1+FeSO4, (8) Ca2+EDTA-Fe(II), and (9) 
Ca2+FeSO4. Each treatment was repeated three times. Rhizon sam-
plers were inserted into the potting soil from one side at a depth of  
15 cm and an angle of 45° (one sampler per pot) prior to rice trans-
planting. Subsequently, pore water samples (20 mL) were collected 
from the rhizosphere soil at various time points: 0 day (before rice 
transplanting), and then 30, 60, 90, and 120 days after rice transplant-
ing. Immediately upon collection, each sample was transferred to 
a plastic tube containing 0.4 mL of superior grade pure HNO3 and 
stored for further analysis.

Plant harvest and treatments
When the rice was harvested, the roots and aerial parts were washed 
with deionized water, and the roots, stems, leaves, and grains were 
separated using clean scissors. Rice roots with the reddish brown 
iron plaque were placed in a beaker and extracted with a dithionite-
citrate-bicarbonate (DCB) extraction solution at 25 °C for 1 h ac-
cording to Yu et al. (2021). In detail, roots washed with deionized 
water were soaked in an 80 mL DCB mixture including 0.03 mol L-1 
sodium citrate (Na3C6H5O7·2H2O), 0.125 mol L-1 sodium bicarbon-
ate (NaHCO3), and 1.2 g sodium dithionite (Na2S2O4). After 1 h, the 
rice roots were then washed three times with deionized water, and 
the DCB extract solution was transferred to a volumetric flask and 
brought to a volume of 200 mL. The rice root, stem, leaf, and grain 
samples were placed in a 60 °C oven for 72 h. Then, the rice grains 
were divided into brown rice and husks using a sheller, and the dry 
weight of each part of the rice plant was measured. All plant samples 
were digested after crushing according to our previously described 
method (Yu et al., 2021). In detail, 0.2 g of powdered sample was 
accurately measured and placed into a Teflon vessel. Subsequently,  
8 mL superior grade pure HNO3 was added into the vessel. After 12 h, 
1 mL superior grade pure H2O2 (30%, v/v) was added into the vessel 
for digestion using a microwave digestion system (MARS6; CEM, 

USA),  following a specific protocol: raising the temperature to 110 °C  
in 15 min, holding it for 30 min, and then allowing it to cool for  
20 min until it reached room temperature. The digested liquid was 
then transferred to a volumetric flask and brought to a volume of  
100 mL. All liquid samples were filtered with a 0.45 μM aqueous  
phase membrane filter and stored in plastic bottles for subse- 
quent analysis. The Cd, Fe, Mn, Cu and Zn concentrations in these  
liquid samples were determined using inductively coupled plasma  
mass spectrometry (ICP-MS, NexION 300 ×; Perkin Elmer, NY). 
Furthermore, following the harvest, the soil pH was measured in a 5:1 
water/soil suspension using a pH meter (Mettler Toledo, Switzerland). 
The Cd translocation factor (TF) in rice plant at the mature stage was 
calculated as follows:
TFgrain/husk = Cd concentration in grain/ Cd concentration in husk; 
TFhusk/leaf = Cd concentration in husk/ Cd concentration in leaf; TFleaf/

stem = Cd concentration in leaf/ Cd concentration in stem; TFstem/root = 
Cd concentration in stem/ Cd concentration in root; TFroot/iron plaque = 
Cd concentration in root/ Cd concentration in iron plaque.

Statistical analysis
Data are presented as the mean ± SD (n = 3) and were analyzed us-
ing the least significant difference (LSD) at the 5% level. One-way 
analysis of variance (ANOVA) was performed using SPSS (19.0, 
SPSS, Inc., Chicago, IL, USA) to detect significant (p < 0.05) effects 
of CaCO3, FeSO4, EDTA-Fe(II), and CaCO3+ FeSO4/EDTA-Fe(II) 
treatment on rice plant biomass, soil pH, and the Cd, Fe, Mn, Cu, and 
Zn concentrations in the brown rice, husks, leaves, stems, roots, iron 
plaque, and pore water samples.

Results
Rice plant growth under CaCO3 or Fe(II) addition
At the tillering stage, all treatments increased the leaf biomass by 15-
60% (Fig. S1). Further, the application of Ca1 and FeSO4 significantly 
increased stem biomass by 21.7% and 26.8%, respectively (Fig. S1), 

 
Fig. 1: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 

and FeSO4: 0.14 g Fe kg-1) and their combinations on biomass of 
grain, straw and root of rice plant grown in Cd-contaminated acidic  
soil at the mature stage. Error bars represent the standard error  
(n = 3). Different letters indicate the mean difference is significant 
among treatments at the 0.05 level. 
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and the combination of Ca2 and FeSO4 increased the biomass of the 
rice roots by 67.4% (Fig. S1). At the mature stage, the biomass of the 
rice grains and roots was significantly increased after FeSO4 treat-
ment, but unaffected by the other treatments (Fig. 1). FeSO4 increased 
the grain and root biomass by 70.6% (p = 0.001) and 47.8% (p = 
0.014), respectively (Fig. 1). The application of Ca1, EDTA-Fe(II), 
and the combination of EDTA-Fe(II) and CaCO3 (Ca1 and Ca2) sig-
nificantly increased straw biomass by 18.3-33.1% (Fig. 1). 

Fe distribution in iron plaque and plant tissues
At the tillering stage, the Fe concentration in the iron plaque on the 
root surfaces was enhanced by the application of Fe(II) (EDTA-Fe(II) 
and FeSO4) (Fig. S2). The addition of Ca2 and EDTA-Fe(II) markedly 
reduced and increased the Fe concentrations in the root tissue, respec-
tively (Fig. S2). The Fe concentrations in the stems and leaves were 
reduced by CaCO3 (Ca1 and Ca2) and Ca2+Fe(II) (Fig. S2). At the 
mature stage, the application of Fe(II) and the combination of CaCO3 
and Fe(II) significantly increased the Fe concentration in iron plaque 

by 32.5-67.6% (Fig. 2). The Fe concentrations in the root tissues, 
stems, and leaves were significantly reduced by CaCO3 treatment 
(Fig. 2), and the application of Ca1+FeSO4 and Ca2+Fe(II) decreased 
the Fe concentration in the root tissue (Fig. 2). The Fe concentration 
in the husks and brown rice was enhanced by Fe(II) treatment and the 
combination of CaCO3 and Fe(II), but unaffected by CaCO3 treatment 
(Fig. 2). 

Concentrations and translocation of Cd in rice plants
Compared with the control, the Cd concentration at the tillering stage 
was significantly increased in the iron plaque and decreased in the 
root tissue after EDTA-Fe(II) treatment (Fig. S3). However, the Cd 
concentration in the stems was significantly reduced by CaCO3 (Ca1 
and Ca2), Fe(II) (EDTA-Fe(II), and FeSO4), and their combinations 
(except Ca1+EDTA-Fe(II) and Ca2+FeSO4) (Fig. S3). The applica-
tion of CaCO3 and the combination of CaCO3 and Fe(II) (except for 

  Fig. 2: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Fe concen-
tration in brown rice, husk, leaf, stem, root and iron plaque of rice 
plant grown in Cd-contaminated acidic soil at the mature stage. Error 
bars represent the standard error (n = 3). Different letters indicate the 
mean difference is significant among treatments at the 0.05 level.

Fig. 3: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Cd concen-
tration in brown rice, husk, leaf, stem, root and iron plaque of rice 
plant grown in Cd-contaminated acidic soil at the mature stage. Error 
bars represent the standard error (n = 3). Different letters indicate the 
mean difference is significant among treatments at the 0.05 level.
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Ca1+EDTA-Fe(II)) significantly reduced the Cd concentration in the 
leaves (Fig. S3). At the mature stage, the Cd concentration in the 
iron plaque was significantly decreased after CaCO3 and Ca2+EDTA-
Fe(II) but increased after EDTA-Fe(II) or FeSO4 (Fig. 3) treatment. 
Compared with the control, all treatments markedly decreased the 
Cd concentrations in the root tissues, leaves, husks, and brown rice  
(Fig. 3). Specifically, the Cd concentrations in the brown rice were 
reduced by 69%, 63%, 51%, 60%, 46%, 39%, 38%, and 29% af-
ter Ca1, Ca2, EDTA-Fe(II), FeSO4, Ca1+EDTA-Fe(II), Ca1+FeSO4, 
Ca2+EDTA-Fe(II), and Ca2+FeSO4 treatment, respectively (Fig. 3).  
The TFgrain/husk after the application of Ca1, EDTA-Fe(II), and 
Ca1+EDTA-Fe(II)/FeSO4 was significantly lower than that of the 
control (Fig.4). Moreover, compared to the control, the TFroot/iron plaque 
after EDTA-Fe(II), FeSO4, Ca1+EDTA-Fe(II)/FeSO4 treatment was 
significantly lower (Fig. 4). 

the pH of the pore water gradually decreased (Fig. S4). On day 120, 
the pH of the pore water in all treatments was higher than that of the 
control treatment (Fig. S4). After the rice harvest, all treatments had 
significantly increased the soil pH compared to the control (Fig. 5). 
The concentrations of Cd and Fe in the pore water exhibited a gradual 
downward trend from day 0 to 120 (Fig. 6 and 7). The application 
of CaCO3 and the combination of CaCO3 and Fe(II) significantly 
decreased the pore water Cd concentration after 90 and 120 days, 
respectively (Fig. 6). Additionally, compared with the control, the ap-
plication of CaCO3 decreased the Fe concentration in the pore water 
(Fig. 7). Notably, EDTA-Fe(II) treatment maintained the highest Fe 
concentration in the pore water from days 30 to 120 (Fig. 7). 

Mn, Cu and Zn and their correlation with Cd in rice plants
The Mn concentrations in the iron plaque and root tissue were re-
duced by the application of CaCO3 and Fe(II). However, Ca2 and 
Ca2+Fe(II) (EDTA-Fe(II) and FeSO4) treatment promoted the Mn 
concentrations in the stems and leaves (Fig. S5). All treatments 
(CaCO3, Fe(II), and their combinations) significantly increased the 
Mn concentration in the brown rice compared to the control. The Cu 
concentrations in the iron plaque and root tissues were reduced by 
CaCO3 and Fe(II) application (Fig. S6), and those in the stems and 
leaves were reduced by EDTA-Fe(II) and increased by Ca2+EDTA-
Fe(II) treatment. Compared to the control, the Cu concentration in 
the brown rice was increased by Ca2 and Ca2+Fe(II) and decreased by 
Fe(II) and Ca1+Fe(II) treatment. Lastly, all treatments significantly 
decreased the Zn concentration in the iron plaque but did not affect 
that in the brown rice (Fig. S7).
The Cd concentration in the brown rice was significantly negatively 
correlated with that of Mn in the brown rice and leaves after CaCO3 
treatment (Tab. S1). However, that in brown rice was significantly 
positively correlated with the concentrations of Fe in the leaves and 
stems; Fe, Mn, Cu, and Zn in the root tissue; and Cu and Zn in the 
iron plaque (Tab. S1). After treatment with EDTA-Fe(II) and FeSO4, 
a significant negative correlation was found between the Cd concen-
tration in the brown rice, that of Fe in the brown rice and stems, and 
that of Mn in the husks (Tab. S1).

Discussion 
Influence of Ca or Fe addition on rice biomass and Fe content
Our findings are similar to those of Huang et al. (2018), who re-

 

 
Fig. 4: 	 Cd translocation factor from iron plaque to root, root to stem, stem 

to leaf, leaf to husk, and husk to grain of rice plant grown in Cd-
contaminated acidic soil at the mature stage. Error bars represent the 
standard error (n = 3). Different letters indicate the mean difference 
is significant among treatments at the 0.05 level.

Change of soil pH and Cd/Fe concentration in pore water
Soil pH decreased after rice harvest compared to before rice planting 
(Fig. 5). All treatments significantly increased soil pH by 0.71-1.65 
in comparison with the control group (Fig. 5). From 0 to 120 days, 

Fig. 5: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on soil pH after 
rice harvest. Error bars represent the standard error (n = 3). Different 
letters indicate the mean difference is significant among treatments at 
the 0.05 level. 
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ported FeSO4 (112 kg ha-1 Fe) significantly increased the rice yield 
by 6.3%. Li et al. (2022) also found that the application of FeSO4 as 
a basal fertilizer markedly increased the grain yield by 9.2%. Further, 
the application of EDTA-Fe(II) at 26, 53, and 80 mg kg-1 significantly 
increased maize yield by 20.34%, 30.45%, and 20.84%, respectively 
(Zhang et al., 2021). However, the application of high Fe concen-
trations reduces the biomass of rice plants exposed to heavy metals 
because of Fe toxicity (Liu et al., 2008; Xu et al., 2018). Therefore, 
an appropriate amount of Fe should be applied to the soil according 
to actual needs. For acidic soil with light or moderate Cd pollution, 
the recommended amount of lime is 75-250 kg mu-1 year-1 (approxi-
mately 0.5-1.667 g kg-1 year-1) (Tang et al., 2019). In the present 
study, the application of Ca1 and Ca2 had no significant effect on rice 
grain yield. These results are consistent with a study by Chen et al. 
(2018), who found that the yield of rice plants under 0.67 mg kg-1 Cd 
at a soil pH of 5.5 was not significantly affected by limestone treat-
ment (1, 2 and 3.33 g kg-1). However, Rehman et al. (2017) showed 
that 1 g kg-1 limestone increased the rice yield at a soil pH of 7.23-
7.54. These differences may be related to factors such as heavy metal 
exposure and soil pH.
The formation of iron plaque is primarily affected by two factors: 
radial oxygen loss and the Fe2+content in the rhizosphere microenvi-

ronment of plants (Zandi et al., 2023). Our tillering stage experiment 
showed that treatment with CaCO3 alone did not significantly affect 
the amount of iron plaque on the root surfaces of the rice plants but 
reduced it during the mature stage. On one hand, this may be related 
to the radial oxygen loss rates in rice plants at different growth stages. 
Mei et al. (2020) showed that the radial oxygen loss rate in rice roots 
during the booting stage was higher than that during the seedling and 
tillering stages, which likely led to varying amounts of iron plaque 
formation. On the other hand, the reason for this difference may be 
related to the decrease in Fe2+ content in higher-pH environments. 
Addition of CaCO3 increased the soil pH and thus decreased the avail-
able Fe by inducing Fe2+ precipitation (Cravotta Iii and Trahan, 
1999), which led to a decrease in the Fe content in the pore water. Our 
results are consistent with those of Zeng et al. (2022) and Guo et al. 
(2018), who found that the application of oyster shell powder and Ca 
passivators can reduce the Fe content in pore water by increasing the 
soil pH. The increased content of Fe in the pore water and root sur-
faces suggested that Fe(II) or CaCO3+Fe(II) enhanced the formation 
of iron plaque on the rice plants (Fig. 2 and 3). In fact, the increase in 
soil pH caused by the Ca passivator was inhibited over time (Wang  
et al., 2015), and an exogenous Fe(II) supply provides a potential 
source for promoting the formation of iron plaque.

 

 
Fig. 7: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) and FeSO4: 0.14 g Fe kg-1) and their combinations on Fe concentration in rhizo-

sphere soil pore water. Error bars represent the standard error (n = 3). Different letters indicate the mean difference is significant among treatments at 
the 0.05 level.

Fig. 6: 	 Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) and FeSO4: 0.14 g Fe kg-1) and their combinations on Cd concentration in rhizo-
sphere soil pore water. Error bars represent the standard error (n = 3). Different letters indicate the mean difference is significant among treatments at 
the 0.05 level. 
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Coupling effects of Ca and Fe on Cd in rice
Our results showed that the significant increase in soil pH induced 
by CaCO3 addition and the Fe concentration in rice plants induced 
by exogenous Fe(II) addition were the two main factors that reduced 
the Cd concentration in brown rice (Fig. 2, 4, and 6). Ca passivators 
have a long history of improving acidic soils by increasing soil pH 
and improving plant growth conditions (Chintala et al., 2014). The 
application of Ca-activating agents to increase soil pH leads to a de-
crease in available Cd, which is mainly attributed to the formation of 
CdCO3 (Ali et al., 2022). After removing organic matter, soil con-
taining CaCO3 has a higher adsorption capacity and lower Cd resolu-
tion than soil without (Zhao et al., 2014). Sun et al. (2022) showed 
that FeSO4 addition reduced soil pH at the rice seedling stage but in-
creased it during the rice harvest period. Further, soil pH significantly 
increased with the addition of EDTA-Fe (II) (26 and 53 mg kg-1 Fe) 
(Zhang et al., 2021). 
The decrease in the Cd content of the pore water may be attributed to 
its conversion to CdCO3 and the adsorption of Cd by limestone (Lee 
et al., 2018; Lim et al., 2013). The application of EDTA-Fe(II) induced 
the formation of EDTA-Cd, with plant roots absorbing less EDTA-Cd 
than free Cd (Chen et al., 2017). However, the opposite result was 
found by Zhang et al. (2021), who found that EDTA could increase 
the Cd content in maize. This may be because the Cd availability 
in arid and flooded soils differs. Furthermore, iron plaque formation  
can immobilize Cd on the surface of rice plants but not maize, an 
upland crop that cannot form iron plaques. In addition, EDTA-Fe(II)-
treated root cell walls provide more Cd-binding sites and reduce the 
mobility of Cd in the xylem (Zhang et al., 2022). Further, EDTA-
Fe(II) and FeSO4 restrict the migration of Cd into rice plants through 
ion channel competition, thus reducing the Cd content in rice plants 
(Zhang et al., 2022). The application of EDTA-Fe(II) and FeSO4 also 
promotes the formation of iron plaque, thus trapping more Cd on the 
root surface and reducing the migration of Cd into rice plants (Chen 
et al., 2017; Huang et al., 2018; Irshad et al., 2020). 
Our experiments showed that the combined application of CaCO3 and 
Fe(II) did not yield the best Cd reduction effect compared to the ad-
dition of only CaCO3 or Fe(II). This may be attributed to the fact that 
the CaCO3 dosage was not optimal in this study. Dong et al. (2016) 
showed that five different concentrations of lime treatment could sig-
nificantly reduce the Pb content in rice grains; however, only treatment 
with 32 g kg-1 lime significantly reduced the Cd. Furthermore, the 
rice genotype may be another influencing factor. Khaliq et al. (2019) 
found no significant difference in Cd reduction of rice (Taigeng8) 
after the application of 1.5 and 3 g kg-1 limestone. However, the Cd 
content in the grains of three other genotypes (Huyou2, Hanyou737, 
Yixiang2292) showed a significant decreasing trend with increasing 
limestone dosage (Khaliq et al., 2019). Notably, the combined ap-
plication of exogenous Fe(II) and low-dose CaCO3 (2 g kg-1) reduced 
the husk-to-grain translocation of Cd in rice, indicating the potential 
of the combined application of CaCO3 and Fe(II) in inhibiting soil Cd 
availability and Cd migration into rice. The effect of the combined ap-
plication of CaCO3 and Fe(II) on limiting Cd enrichment in rice plants 
should be confirmed by further long-term experiments. Wu et al.  
(2016) showed that the application of a Ca passivator significantly re-
duced the Pb content in brown rice in the first season but significantly 
increased it in the second and third seasons. Moreover, the effect of 
CaCO3 alone on reducing Cd in brown rice in the first season was 
better than that under a CaCO3+Mn treatment, but the opposite effect 
was observed in the second season (Fang et al., 2021).

Competition between micronutrients and Cd in rice
Our results indicated that a decrease in Cd content in rice grains was 
significantly negatively correlated with the Mn content in grains 
when treated only with CaCO3 and the Fe content in grains treated 

only with Fe(II). Studies have shown that plants can resist Cd toxicity 
and reduce their Cd content by improving the absorption of nutrient 
elements. Cd enters plants through nutrient transport channels, result-
ing in ion competition between Cd and Fe, Mn, Cu, or Zn (Qin et al., 
2020). Exogenous Fe addition can reduce Cd uptake by Arabidopsis, 
while Fe deficiency promotes the enrichment of Cd in peanuts (He  
et al., 2017; Su et al., 2014). Both Mn and Zn are antagonists of Cd 
and can prevent it from entering plants (Sarwar et al., 2015; Wang 
et al., 2018). Chang et al. (2020b) showed that OsNRAMP1 and 
Nramp5 are transporters of both Cd and Mn in root tissue, suggest-
ing competition between Cd and Mn during the transport process. 
Appropriately increasing the intake of Mn into rice can thus limit 
the absorption and enrichment of Cd. Chang et al. (2020a) pointed 
out that overexpression of OsNRAMP5 increased Cd and Mn uptake 
into the roots and resulted in a 49-94% decrease in Cd content in rice 
grains. These studies provide a guide for appropriate trace element 
supplementation of rice during the critical heading period through 
exogenous foliar or basal application to limit the translocation and ac-
cumulation of Cd in rice. The concentration of Cd markedly declines 
with the addition of Cu to rice shoots and roots (Cui et al., 2008). 
However, elevated Cd levels in the soil will in turn inhibit the uptake 
of these micronutrients by the plants; a balance between Cd and these 
mineral elements exists. Through this competitive relationship, re-
searchers are attempting to determine ways to ensure the availability 
of mineral nutrients required by plants while effectively reducing Cd 
uptake. Going forward, we aim to assess the effects of this composite 
treatment on soil Cd availability and uptake by rice by increasing the 
micronutrient content in the rice via application of Ca or Fe(II).

Conclusion
Our study revealed that EDTA-Fe(II) or FeSO4 treatment both en-
hanced the formation of iron plaque on the root surfaces, and that 
the two types of Fe(II) did not lead to significant differences in the 
amount of iron plaque formed. Further, the application of EDTA-
Fe(II) and FeSO4 significantly reduced the uptake and accumulation 
of Cd into the rice plants. Both doses of CaCO3 (Ca1: 2 g kg-1, Ca2: 
10 g kg-1) significantly reduced the Cd content in the brown rice to 
below the national standard limit (0.2 mg kg-1) (GB, 2762–2017, 
China). Notably, application of only CaCO3 weakened the forma-
tion of iron plaque and reduced the adsorption of Cd by the plaque. 
Compared with only Fe(II) treatment, the combined application of 
Fe(II) and CaCO3 did not significantly affect iron plaque formation, 
but reduced its Cd content. Further, combined application of CaCO3 
and Fe(II) markedly reduced the Cd content of the rice plants, and 
Fe(II) and low-dose CaCO3 (2 g kg-1) treatment reduced the husk-to-
grain translocation of Cd in rice. Further investigation is needed to 
test the long-term effects of the combined application of CaCO3 and 
Fe(II) with or without a micronutrient supply on Cd interception and 
uptake by rice plants.
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Fig. S1: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on biomass of 
leaf, stem and root of rice plant grown in Cd-contaminated acidic 
soil at the tillering stage. Error bars represent the standard error  
(n = 3). Different letters indicate the mean difference is significant 
among treatments at the 0.05 level.

Fig. S2: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Fe concentra-
tion in leaf, stem, root and iron plaque of rice plant grown in Cd-
contaminated acidic soil at the tillering stage. Error bars represent the 
standard error (n = 3). Different letters indicate the mean difference 
is significant among treatments at the 0.05 level.

Tab. S1: 	Pearson correlation coefficient between the concentrations of Fe, 
Mn, Cu, and Zn and Cd in different rice plant tissues.

	 grain-Cda	 grain-Cdb	 grain-Cdc

grain-Mn	 -0.809	**	 -0.637		 -0.357
grain-Cu	 -0.346		 0.436		 0.085
grain-Zn	 -0.377		 0.139		 -0.071
grain-Fe	 -0.641		 -0.777	*	 -0.166

husk-Mn	 -0.224		 -0.692	*	 0.140
husk-Cu	 -0.662		 -0.609		 0.072
husk-Zn	 0.229		 0.466		 0.411
husk-Fe	 0.132		 -0.467		 -0.570	*

leaf-Mn	 -0.748	*	 -0.464		 -0.261
leaf-Cu	 -0.461		 0.360		 -0.526	*
leaf-Zn	 0.285		 0.161		 -0.769	***
leaf-Fe	 0.817	**	 -0.466		 -0.186

stem-Mn	 -0.577		 -0.581		 -0.351
stem-Cu	 0.498		 0.906	***	 -0.074
stem-Zn	 0.155		 -0.027		 -0.468
stem-Fe	 0.753	*	 -0.675	*	 0.352

root-Mn	 0.947	***	 0.576		 0.695	**
root-Cu	 0.825	**	 0.778	*	 0.526	*
root-Zn	 0.909	***	 0.698	*	 0.512
root-Fe	 0.915	***	 0.154		 0.097

plaque-Mn	 0.321		 0.201		 0.111
plaque-Cu	 0.815	**	 -0.069		 -0.189
plaque-Zn	 0.717	*	 0.743	*	 0.510
plaque-Fe	 0.035		 -0.486		 -0.535	*

*Signifcant correlation at p < 0.05, **Signifcant correlation at  p< 0.01, *** 
Signifcant correlation at p < 0.001. a means the application of single CaCO3 
(control, Ca1 and Ca2). b means the application of single Fe(II) (control, EDTA-
Fe(II) and FeSO4). c means the combinations of CaCO3 and Fe(II) (control, 
Ca1+EDTA-Fe(II), Ca1+FeSO4, Ca2+EDTA-Fe(II), Ca2+FeSO4).
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 Fig. S3: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Cd concentra-
tion in leaf, stem, root and iron plaque of rice plant grown in Cd-
contaminated acidic soil at the tillering stage. Error bars represent the 
standard error (n = 3). Different letters indicate the mean difference 
is significant among treatments at the 0.05 level.

Fig. S4: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) and FeSO4: 0.14 g Fe kg-1) and their combinations on the pH in rhizosphere soil 
porewater. Error bars represent the standard error (n = 3). Different letters indicate the mean difference is significant among treatments at the 0.05 level.
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Fig. S5: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 

and FeSO4: 0.14 g Fe kg-1) and their combinations on Mn concen-
tration in brown rice, husk, leaf, stem, root and iron plaque of rice 
plant grown in Cd-contaminated acidic soil at the mature stage. Error 
bars represent the standard error (n = 3). Different letters indicate the 
mean difference is significant among treatments at the 0.05 level.

Fig. S6: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Cu concen-
tration in brown rice, husk, leaf, stem, root and iron plaque of rice 
plant grown in Cd-contaminated acidic soil at the mature stage. Error 
bars represent the standard error (n = 3). Different letters indicate the 
mean difference is significant among treatments at the 0.05 level.
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 Fig. S7: 	Effects of CaCO3 (Ca1: 2 g kg-1, Ca2: 10g kg-1), Fe(II) (EDTA-Fe(II) 
and FeSO4: 0.14 g Fe kg-1) and their combinations on Zn concen-
tration in brown rice, husk, leaf, stem, root and iron plaque of rice 
plant grown in Cd-contaminated acidic soil at the mature stage. Error 
bars represent the standard error (n = 3). Different letters indicate the 
mean difference is significant among treatments at the 0.05 level.
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