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Abstract: Soil cadmium (Cd) contamination has become a serious problem in China. In this study, 

the goals of the field experiments were to understand how the application of nitrogen fertilizer at 

the full heading stage and filling stage reduced the uptake of Cd in rice by affecting the distribution 

of Cd in iron plaques on the root surfaces and subcellular in the root and flag leaf. The hydroponic 

culture experiments aimed to explore the effect of interaction or deficiency of nitrogen and cadmium 

on cadmium accumulation in rice at the late growth stage. The results showed that under the 

condition of having enough nitrogen supply during the early growth stage, applying nitrogen 

fertilizer during the full heading stage and filling stage resulted in a significant increase in the 

concentration of Fe and Cd on the root plaques at the milk stage and mature stage. Additionally, it 

increased the concentration and proportion of Cd in the soluble fraction of subcellular in the flag 

leaves at the milk stage. On the other hand, when there was a deficiency of nitrogen, the 

concentration of Fe in the root plaques increased significantly, while the concentration of Cd in the 

root plaques decreased significantly. Moreover, the proportion of Cd in the flag leaf cell walls 

increased significantly. Regardless of whether there was sufficient or deficient nitrogen supply 

during the early growth stage, applying nitrogen at the full heading stage reduced the Cd 

concentration in brown rice by 35.11% and 57.25%, respectively. Under hydroponic culture 

conditions with both Cd exposure and later-stage nitrogen supply significantly increased the Cd 

concentration in brown rice. However, in the absence of Cd, nitrogen supply significantly reduced 

the Cd concentration in brown rice. The accumulation of Cd in brown rice was significantly 

correlated with the accumulation of Fe and Mn at the late growth stage. Our findings indicate that 

when there is sufficient nitrogen nutrition during the early growth stage of rice, topdressing 

nitrogen fertilizer at the full heading stage combined with lime with mineral element fertilizers such 

as Fe and Mn is an effective approach to reduce the presence of cadmium in rice grains. 

Keywords: rice cadmium; nitrogen fertilizer; Fe plaque; cell wall; available Cd 

 

1. Introduction 

Rice (Oryza sativa L.) is a major grain crop that provides food for more than half of the world's 

population [1]. It is worth mentioning that rice is more susceptible to cadmium (Cd) absorption than 

other crops, resulting in a higher dietary Cd intake for populations with a rice-based diet through the 

food chain [2]. The issue of Cd-contaminated soils in China is particularly serious in the acidic paddy 

soil of Southern China. Soil acidification worsens the movement and accessibility of Cd in the soil, 

resulting in more severe rice Cd pollution compared to other regions in China [3]. Long-term rice 

consumption with excess Cd harms human health; thus, feasible strategies are urgently required to 

mitigate Cd risk in rice. Several strategies have been utilized, involving soil remediation, water and 

nutrient management, and planting uses with low Cd accumulation to minimize Cd accumulation in 

rice [3–5]. Fertilizer is basic required for normal growth in rice cultivation and application of 

fertilizers has also been tried as a strategy for reducing metal bioavailability to the plants [6–8]. 
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Nitrogen management is typically seen as the most affordable, convenient, and effective process for 

minimizing Cd deposition in crops [9]. 

Nitrogen fertilizer is the most widely used fertilizer in agricultural production, and nitrogen 

plays an important role in plant growth and development. As a result, enough nitrogen fertilizer has 

been applied to the soil around the world to ensure crop yields [10]. However, nitrogen has been 

proven to be the most effective element involved in regulating the absorption and transport of Cd. 

After nitrogen application, the soil electrical conductivity increased, and the soil components of Cd 

were replaced by cations such as Fe2+, Ca2+, Zn2+, and so on, thus increasing the soluble Cd2+ in the soil 

[9,11]. Jalloh [12] discovered that there is a synergistic effect between NO3- and Cd, while there is an 

antagonistic effect between NH4+ and Cd. Hassan [13] further confirmed that rice grains treated with 

NO3- had a 35.7% higher Cd content compared to rice grains treated with NH4+. Wu [14] reported that 

increasing ammonium nutrition contributes to the inhibition of Cd uptake, xylem transport, and 

subsequent accumulation in rice, but not affect roots-to-shoots Cd transport. Several studies 

investigated the effect of urea on cadmium accumulation in rice. Some reports claim that the 

application of urea significantly decreased the Cd accumulation of rice grain [15]. Deng [16] reported 

that the use of urea instead of compound fertilizer has clearly resulted in a decrease in the 

concentration of Cd in brown rice, applying Mn fertilizer as a topdressing has further reduced the 

accumulation of Cd in the grain. Previous studies have shown that the absorption and accumulation 

of Cd by rice is closely related to the dose of nitrogen fertilizer. Increasing NH4+ ratios, rather than 

NO3-, has a greater ability to reduce the gene expression related to Cd transport by roots [14]. Other 

report also found that excessive NO3- enhanced Cd uptake by up-regulating the gene expression of 

OsIRT1 and OsNramp1 in rice under Cd stress. N can regulate the absorption and transport of Cd by 

regulating the non-specific gene expression of Cd and divalent cation transporter in plants. In 

addition, the application of N fertilizers enhances the antioxidant enzyme systems of rice and 

increases pectin and hemicellulose content in cell walls, which restricts Cd transport and helps 

control brown rice concentration [17].  

N regulates the isolation and chelating ability of cell walls physiologically, thus regulating the 

adaptation of plants to Cd [9]. Cell walls isolation is the first contact and retention mechanism of Cd 

uptake by plant roots. Rice cell wall adsorption and vacuole interception had significant effects on 

grain Cd content. Due to the partition of the cell walls and vacuole, the retention of Cd in plant roots 

could limit the transport of Cd through the xylem to the aboveground part. Plant cell walls and 

vacuole partition could reduce the content of Cd entering organelles and reduce the damage of Cd to 

organelles and membrane structure, thus alleviating the toxicity of Cd to normal cell metabolism [18]. 

According to a recent study, under low Cd conditions, NH4+ supply promoted the transfer of Cd from 

the root cell walls to the cell and increased the pectin and protein binding form of intracellular Cd. 

However, at higher Cd levels, NH4+ promoted the deposition of Cd in the root cell wall and the 

accumulation of Cd in the root [19].  

The late growth stage of rice is the critical period of Cd accumulation in grains, and the Cd 

absorbed by roots can be quickly transferred to grains. In addition, Cd accumulated in vegetative 

organs in the early stage of growth is also transported to grains with photosynthetic matter after grain 

filling. It was found that taking appropriate measures during the critical period of Cd accumulation 

in rice grains could effectively reduce Cd accumulation in rice grains [20–22]. Keeping a certain 

nitrogen level in the later growth stage of rice can maintain a high level of photosynthetic capacity of 

leaves, prolong grain filling time, delay leaf senescence, and inhibit the redistribution of elements in 

old leaves [23]. However, the effect of nitrogen application during the late growth stage on Cd 

accumulation in rice grains is still not clear. In this study, urea was used as a nitrogen source to study 

the effects of nitrogen application at the full heading stage and filling stage on iron and Cd 

concentrations on root plaque, Cd distribution in subcellular in roots and flag leaves, and Cd 

accumulation in rice grains. In addition, the effects of nitrogen, and Cd interaction or deficiency on 

grain Cd accumulation of rice after the full heading, and the relationship between mineral element 

accumulation in plants and Cd accumulation in grain under hydroponic culture were studied. 
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Furthermore, the underlying mechanisms were clarified by studying the Cd accumulation effect by 

the application of nitrogen fertilizer during the late growth stage of rice. 

2. Materials and methods 

2.1. Field experimental site and soils 

The paddy field of this research was in the village of Liuyang (28°.18′20′′ N, 113.49′26′′ E), Hunan 

Province, China. This area is in a subtropical monsoon humid climate zone, with a mean annual 

precipitation of 1400 mm and a mean temperature of 16.8–17.2 °C. The main soil type is loam soil. 

The present study conducted field experiments in the same field in 2018 and 2019. The basic 

physicochemical properties of the paddy soils were as follows: organic matter (OM) 33.17 g kg-1; pH 

(H2O) 5.22; cation exchange capacity (CEC) 11.98 cmol kg-1; total N 1.91 g kg-1; total P 0.64 g kg-1; total 

K 7.26 g kg-1; total Cd 0.72 mg kg-1; CaCl2-extracted Cd 0.34 mg kg-1.  

2.2. Fertilizers and rice materials 

The main fertilizers used in this experiment were urea (total nitrogen content ≥46%), calcium 

superphosphate (P2O5 content ≥12%), and potassium chloride (K20 content ≥60%) were purchased 

from a local agricultural shop in Liuyang, China. The conventional rice cultivar Yuzhenxiang was 

used for this experiment, which is the most commonly used rice variety in Hunan Province, China. 

2.3. Experimental design 

2.3.1. Experiment 1 

The following treatments were applied to the field in 2018: application of nitrogen fertilizer 144 

kg ha-1 and 36 kg ha-1 before transplanting and during panicle differentiation, respectively, as a 

Control treatment (CK), application of nitrogen fertilizer 108 kg ha-1, 36 kg ha-1 and 36 kg ha-1 before 

transplanting, during panicle differentiation and at the full heading stage, respectively (T1), 

application of nitrogen fertilizer 108 kg ha-1, 36 kg ha-1 and 36 kg ha-1 before transplanting, during 

panicle differentiation and at the filling stage (T2, 9 days after the full heading stage), respectively. 

According to local fertilizer practices, 750 kg ha-1 calcium superphosphate and 120 kg ha-1 potassium 

chloride were applied to each plot as base fertilizer, and 120 kg ha-1 potassium chloride was applied 

at the full heading stage. Base fertilizers were applied to the soil plough horizon (0-20 cm) 2 days 

before rice transplanting. Each treatment had three replications. Each plot area was 42 m2 with 7 m 

long and 6 m wide, including 50 cm paths between plots, each of the treatment plots was irrigated 

separately to avoid cross-contamination among different treatments. 25 days after germination, 

healthy and uniform seedlings were transplanted into the plots at a planting density of 20 cm by 20 

cm on July 18, 2018. The plots were flooded (2-3 cm above the soil surface) from the full heading stage 

and continued until 7 days before maturity. All crop management was conducted in the field, with 

pests and diseases immediately prevented and controlled. 

The seedlings were transplanted to the same field on July 20, 2019. No application of nitrogen 

fertilizer during the whole growth period as Control treatment (CK); application of nitrogen fertilizer 

36 kg ha-1 at the full heading stage (F1); application of nitrogen fertilizer 36 kg ha-1 at filling stage (T2). 

Each treatment had three replications. Other measures are in line with 2018. 

2.3.2. Experiment 2 

The 25 days seedlings were transplanted to a Cd-contaminated field to the full heading stage, 

healthy and growing rice plants at the full heading stage were selected and returned to Hunan 

Agricultural University's rice research institute. The soil of rice root was carefully cleaned, then 

cultured in deionized water for 12 hours, and then divided into 4 groups. The plants were 

transplanted into individual tall pots (28.1 cm high, 22 cm wide) with a 5 L hydroponic solution. The 

initial composition of chemicals used in-stock solutions in preparation for making nutrients solutions 
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was: 2.9 mM N L-1(Urea), 0.32 mM P L-1 (NaH2PO4·2H2O), 1 mM K L-1 (K2SO4), 1mM Ca L-1 (CaCl2)、

1.7 mM Mg L-1 (MgSO4·7H2O), 9.1×10-3 mM Mn L-1 (MnCl2·4H2O), 5.2×10-4 mM Mo L-1 

Na2MoO4·2H2O2, 1.8×10-2 mM B L-1 (H3BO3), 1.5×10-4 mM Zn L-1 (ZnSO4·7H2O), 1.6×10-4 mM Cu L-1 

(CuSO4·5H2O), 3.6×10-2 mM Fe L-1 (FeCl3·6H2O, Citric acid (monohydrate)). Two groups of rice plants 

were allowed to grow in a nutrient solution with nitrogen (+N), with the remaining grown in a -N 

solution accordingly. Then plants with and without N treatments were separated into two subgroups, 

and their growth continued to mature in the corresponding nutrient solution with 50×10-2 mM Cd L-

1 (CdCl2·5H2O) and without Cd, allotted to each group individually. There were four treatments: 

(treatment A, +N +Cd), (treatment B, –N +Cd), (treatment C, +N -Cd), and (treatment D, –N -Cd), all 

of which were replicated in six pots for a total of 24 experimental units. There was also one plant 

placed into each container. At maturity, two plants from each treatment were used as one sample, 

resulting in a total of 12 plant samples for lab analysis. The nutrient solution was completely renewed 

once every 5 days. Adding deionized water every 2 days to 5 L to supplement the loss of rice 

transpiration, the solution pH adjustment to the value of 5.5 was made with the addition of 0.1 M 

HCl or NaOH to the media.  

2.4. Rice and soil sampling 

In experiment 1, the rice plants collected were collected at the milky stage and mature stage, and 

plant samples were rinsed with deionized water and separated into roots, shoots, panicles (milky 

stage), and brown rice. The fresh roots and flag leaves were selected for further analysis at the milky 

stage in 2019. Then, they were collected and placed in a − 80 ◦C freezer after being transported back 

to the laboratory. Soil samples were collected using the "five-points" sampling method at 0, 5, 7, 10, 

and 15 days after application of nitrogen fertilizer as well as at maturity in 2019. All soil samples were 

air-dried, ground, and passed through a 2.00 mm and a 0.15 mm nylon sieve, respectively. The rice 

yield of each plot was measured after threshing and sun-drying the seed. 

Plant samples for the hydroponic experiment were collected at the mature stage in experiment 

2, and rice plants were separated into brown rice (BR), husks (H), rachises (R), flag leaf (FL), 

internodes I (I-1), sheath I (S-1), node I (N-1, leaf II (L-2), internodes II (I-2), sheath II (S-2), node II (N-2), 

leaf III (L-3), internodes III (I-3), sheath III (S-3), node III (N-3), and old tissues (OT). There were sixteen 

parts to the hydroponic experiment.  

All samples were dried at 105 ℃ for 30 min and then brought to a constant weight at 70 ℃, and 

dry matter was weighed and ground to pass through a 0.15 mm sieve for chemical analysis. 

2.5. Chemical analysis of samples 

The Fe/Mn plaques on fresh roots were extracted according to the dithionite-citrate-bicarbonate 

method (DCB) as described in detail by Zhou [24]. The powdered plant tissues were digested in a 4:1 

solution of HNO3 and HClO4; a 1:2.5 soil-to-water ratio was used to determine the pH of the soil; soil 

available Cd was extracted with a 0.01M CaCl2 (pH 7.3) solution [25], and the extracts were analyzed 

by ICP-MS within two days. Cd contents in all samples were evaluated using an inductively coupled 

plasma optical emission spectrometry (ICP-MS, Agilent, USA). All samples were examined with 

certified reference materials (GBW07428-GSS-14 (soil) and GBW07603-GSV-2 (plant) from the 

Chinese Academy of Geological Sciences, Beijing) and sample blanks. 

The Cd subcellular distributions in the roots and flag leaves were discovered using a differential 

centrifugation technique [26]. Using a chilled extraction buffer [1 mM DTT (dithiothreitol), 250 mM 

sucrose, and 50 mM Tris-HCl, pH 7.5] to homogenize samples of frozen flag leaf samples is a quick 

process. The homogenate was centrifuged at 3000 rpm for 15 minutes, and the precipitate—which 

mostly consisted of cell wall and cell wall debris was filtered through an 80-μm nylon fabric. At 4 °C, 

the filtrate was centrifuged for 30 minutes at 12,000 rpm. The resulting supernatant and residue were 

referred to as the soluble fraction and the cell organelle fraction, respectively. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 October 2023                   doi:10.20944/preprints202310.2062.v1

https://doi.org/10.20944/preprints202310.2062.v1


 5 

 

2.6. Data and statistical analyses 

The translocation factor (TF) was used to evaluate each plant tissue transport capacity was 

calculated using the following equations:  

TFa-b= Cd concentrations of b / Cd concentrations of a. 

All results were analyzed by one-way ANOVA with Duncan’s New Multiple Range Test to 

detect any significant difference between treatments (p＜ 0.05). The correlation analysis was 

conducted using a Pearson’s correlation test with p＜0.05 (two-tailed) significance level. All statistical 

analyses were performed using the SPSS 24.0 and all figures were produced using Origin 2021 

software. 

3. Results 

3.1. Rice yields 

The treatments decreased the yield from 6.82% to 11.93% compared to CK in 2018. The T2 

treatment produced the lowest grain, and a significant difference was observed with CK (Figure 1). 

Compared with the control, the rice yields were boosted after topdressing of urea at the full heading 

and the filling stage, increasing 26.26% and 19.20%, respectively, as shown in Figure 1 in 2019. 

 

Figure 1. Rice yield. Small letters indicate that there are significant differences among different 

treatments (p < 0.05). 

3.2. Cd concentrations in rice different parts 

The concentrations of Cd in different rice plant parts at the milky stage were all significantly 

affected by the application of nitrogen fertilizer at the full heading stage or filling stage in 2018 (Figure 

2A). Compared with the CK, the T1 and T2 treatments decreased the Cd concentrations in roots and 

shoots by 39.65-51.95%, and 11.02-35.99%, respectively. T1 treatment decreased the Cd concentrations 

in panicles by 66.68%, and T2 treatment increased the Cd concentrations in panicles by 25.06%. At 

the mature stage, the T1 treatment decreased the concentrations in roots, shoots, and brown rice by 

16.98%, 11.52%, and 35.11% compared with CK. The T2 treatment increased the Cd concentrations in 

roots and brown rice by 129.69% and 14.17%, respectively, and significantly decreased the Cd 

concentrations in shoots by 25.52% (Figure 2C). Compared with CK, the T1 and T2 treatments 

significantly increased the TFR-S by 35.84-225.67%, decreasing the TFS-B by 55.96-77.44% (Figure 2E). 

Compared with CK, the F1 and F2 treatments markedly decreased the Cd concentration in roots, 

shoots, and panicles at the milky stage by 34.69-51.27%, 21.93-77.54%, and 82.94-83.31%, respectively 

(Figure 2B), significantly decreasing the Cd concentration in roots, shoot at the mature stage by 40.10-

56.69%, 37.21-49.16%, respectively. There was a sharp decrease in brown rice Cd concentration of 

57.25% in the F1 treatment, whereas no remarkable change was found in the Cd concentration of 

brown rice in the F2 treatment (Figure 2D). The risation of TFRS in the F1 and F2 treatments (14.45%, 
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2.52%), and the reduction of TFSB in the F1 treatment (15.26%) were small, however, the F2 treatment 

significantly increased TFSB by 59.59% (Figure 2F). 

 

Figure 2. Cadmium concentration in different parts of rice at the milky stage (a, b) and mature stage 

(c, d) and Cd transport coefficient at the mature stage (e, f). Small letters indicate that there are 

significant differences among different treatments (p < 0.05). 

3.3. Soil pH values and CaCl2-Cd concentrations in soil 

Compared with CK, F1, and F2 treatments had no significant effect on soil pH, but F2 treatment 

decreased significantly compared with F1 treatment 3 days after nitrogen fertilizer application. In 

general, F1 and F2 treatments slightly affected soil pH, reaching the maximum at 15 days after 

fertilization (Figure 3A). As shown in Figure 3C, compared with CK, F1 significantly increased the 

concentration of CaCl2 extracted Cd in the soil at 7 and 15 days after nitrogen application. From 7 

days after treatments to the mature stage, the concentration of CaCl2-extracted Cd in soil was F1 > CK 

> F2. The concentration of CaCl2-extractable Cd in soil treated with F2 decreased gradually 3-15 days 

after nitrogen application. 

3.4. Concentrations of Fe and Cd on roots plaque 

Generally, the Fe concentrations in roots plaque at the milky stage and mature stage were 

significantly increased by all nitrogen treatments compared with CK (Figure 3B), and the Fe 

concentrations in roots plaque at the mature stage were higher than that at the milky stage, which 

indicated that Fe in roots plaque accumulated with the progress of growth stage, meanwhile, applied 

of nitrogen fertilizer at the late growth stage of rice could promote the accumulation of Fe in the roots 

plaque. The Cd concentrations in roots plaque in 2018 were significantly increased by all of the 

nitrogen treatments, whereas the Cd concentrations in roots plaque showed the opposite trend in 
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2019 (Figure 3D). There was a significantly positively correlation between the Fe concentrations in 

root plaque at the milky stage, and the Cd concentrations in root plaque at mature stage and brown 

rice Cd concentrations (p＜0.05, Figure 5). 

 

Figure 3. Soil pH vaules (a), CaCl2-extractable Cd concentration (c), Fe concentration on roots plaque 

(b), Fe concentration on roots plaque (d). Small letters indicate that there are significant differences 

among different treatments (p < 0.05). 

3.5. Cd concentration of subcellular in roots and leaves  

As evinced by Figure 4, compared with CK, the Cd concentrations and proportion of Cd in the 

cell walls in roots under T2 treatment were significantly decreased by 61.29% and 50%, respectively 

(Figure 4A); whereas the Cd concentrations and Cd distribution in soluble fraction were significantly 

increased by 351.83%, 44.13%. Under the T1 and T2 treatments, the Cd concentrations and Cd 

distribution in organelle were significantly increased by 215.84-362.23%, and 5.81-7.92%, respectively 

(Figure 4C). For the control, the Cd concentrations and Cd distribution of the flag leaf of the CK were 

ranked as follows: cell walls > soluble fraction > organelle, however, under the T1 and T2 conditions 

as follows: soluble fraction > cell walls > organelle, the T1 and T2 treatments respectively had 

signification 11.63% and 8.25% decreases in the Cd concentrations in the cell wall and significantly 

increased the Cd concentrations in the soluble fraction by 411.36-707.99%. Similar results were found 

on the effect of T1 and T2 treatments on the Cd distribution in the flag leaf. 

Compared with CK, the Cd concentrations in the cell walls of roots were significantly decreased 

by 58.86% and 30.72% under the F1 and F2 treatments (Figure 4B), and the F1 treatment significantly 

increased the Cd concentrations in the organelle by 219.81%. F1 treatment significantly reduced the 

proportion of the cell walls distribution of Cd and significantly boosted the Cd distribution in the 

organelle. For the Cd concentrations in the flag leaf, F1 and F2 treatments boosted the Cd 

concentrations in the cell walls, and the F2 treatment significantly differed from CK. There was a 

significant negative correlation between the Cd concentration (p < 0.01), and the Cd distribution 

proportion (p < 0.05) of the cell walls and the Cd concentrations in brown rice (Figure 5). Moreover, 

the Cd concentrations in the soluble fraction and organelle were significantly decreased by 74.22-
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78.10%, and 52.43-62.45%, respectively. Similar results were found on the Cd distribution in the flag 

leaf (Figure 4D). 

 

Figure 4. Cd concentration (a, b) and proportion (c, d) of subcellular components in rice roots and flag 

leaves. Small letters indicate that there are significant differences among different treatments (p < 

0.05). 

 
Figure 5. Spearman’s correlation analysis of the relative abundances of brown rice Cd concentration, 

Fe and Cd concentration in the root plaque, Cd concentration and proportion of subcellular 
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components in rice roots and flag leaves. Blue and red represent negative and positive correlations, 

respectively, with darker colors rep-resenting higher correlations. *, p < 0.05, **, p < 0.05, ***, p < 0.01. 

3.6. Concentrations of Cd in the aerial parts and brown rice in the Hydroponic culture 

With the Cd condition provided, treatment A greatly increased the quantities of OT, I-3, N-1, I-1, 

S-1, FL, H, and BR Cd contents compared to treatment B, and it significantly decreased the amounts 

of Cd concentrations in N-2, L-2, S-2 (Figure 6A). There was a significant positive correlation between 

the Cd concentrations of I-3, N-1, I-1, S-1, H and brown rice Cd concentrations, and a significant negative 

correlation between the Cd concentrations of N-2, L-2, S-2 and brown rice Cd concentrations (Figure 

6F). As depicted in Figure 6 B-F, compared with treatment B, it was observed that treatment A led to 

a significant decrease in the concentrations of Cu, Fe, Mn and Zn in N-3 and L-2, Fe, Mn, and Zn in I-2, 

and Cu, Fe, and Zn in S-2. Furthermore, all of these exhibited a negative correlation with the Cd 

content in brown rice. 

The Cd contents of S-3, N-2, L-2, FL, I-1, and S-1 considerably increased in the absence of the Cd 

condition compared to the C and D treatments, whereas the content of S-1, R and H Cd greatly 

decreased (Figure 6A). There was a significant positive correlation between the Cd concentrations of 

I-1, N-1, R, H and brown rice Cd concentrations, and a significant negative correlation between the Cd 

concentrations of OT, I-3, N-2, L-2 and brown rice Cd concentrations (Fig. 6G). Compared to treatment 

D, treatment C decreased the content of Cu, Fe, Mn, and Zn in N-2, I-2, L-2, S-2, and H, as well as Fe, 

Mn, and Zn in FL and S-3, and Cu, Fe, and Zn in R. However, it increased the concentration of Cu, Fe, 

Mn, and Zn in I-3, L-3, and N-1 (Figure 6B-E). There was a positive correlation and significant positive 

correlation between the levels of Cu, Fe, Mn, and Zn in N-2, I-2, L-2, S-2, and H, as well as Mn in S-3, Cu, 

Fe, and Mn in R, with the content of Cd in brown rice. Conversely, there was a negative correlation 

and significant negative correlation between the levels of Cu, Fe, Mn, Zn in L-3 and N-1, Cu, Fe, Mn in 

I-3, and Zn in R, with the content of Cd in brown rice (Figure 6G). 

 
Figure 6. a, b, c, d, and e represent the content of Cd, Cu, Fe, Mn, and Zn in rice (mg kg-1), respectively. 

f, and g represent the correlation coefficient between the element content and Cd content of brown 

rice under the A and B, C and D treatment, respectively. *, p < 0.05, **, p < 0.05, ***, p < 0.01. 
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4. Discussion 

4.1. The effect of late nitrogen application on Cd of brown rice was not caused by soil 

Cd accumulation in brown rice is a complex process in agroecosystems and is affected by various 

factors, including climate, soil characteristics, and nutrient transport. Of these factors, soil 

characteristics, particularly pH, have a significant impact on Cd solubility, mobility, and speciation 

in soil, as well as play a crucial role in determining Cd accumulation in rice plants [27]. Previous 

research has demonstrated that the presence of NO3- in rice plants stimulates the secretion of organic 

acids into the rhizosphere. This leads to an increase in soil CEC and the concentration of H+. 

Furthermore, it stimulates the augmentation of water-soluble Cd concentrations in the soil and the 

accumulation of Cd in rice crops [13]. On the other hand, when plants absorb NH4+, it results in the 

release of H+ into the soil, leading to soil acidification. This acidification, in turn, enhances the 

bioavailability of Cd in the soil [28]. After urea application, the hydrolysis of urea produces large 

amounts of ammonium, causing a short-term increase in pH. However, after NH4+ nitrification 

occurs, the soil pH decreases [29]. All the evidence supports the conclusion that irrespective of 

whether it is NO3-, NH4+, or urea, all of these substances pose a potential threat of decreasing soil 

acidity and enhancing the bioavailability of Cd. In the present study, the effects of nitrogen 

application at different stages of growth were examined. It was found that applying nitrogen at the 

full heading stage (F1) did not significantly affect soil pH (Figure 3A). However, it did result in 

significantly higher levels of CaCl2-Cd on the 7th and 15th day after treatment. There was no 

significant difference in soil pH or CaCl2-Cd in the treatment where nitrogen was applied at the filling 

stage (F2). Furthermore, we observed that applying nitrogen at the full heading stage led to a 

significant decrease in brown rice Cd concentrations, with reductions of 35.11% in 2018 and 57.25% 

in 2019 compared to the CK (Figure 2C-D). On the other hand, applying nitrogen at the filling stage 

resulted in a 14.17% increase in brown rice concentrations in 2018 compared to the control, with no 

obvious change in 2019. According to this study, it can be concluded that brown rice Cd 

concentrations varied opposite when nitrogen was applied during the full heading and filling stages. 

Interestingly, these changes were observed to be not directly caused by the effects of nitrogen 

fertilizer on soil pH and CaCl2-Cd. 

The vegetative organs of rice possess the capability to impede the transportation of Cd. This 

ability allows them to accumulate a substantial quantity of Cd in the cell wall or store it in the vacuole. 

Deposition of Cd in the cell wall is an important mechanism that restricts the accumulation and 

movement of Cd in plants [30]. The study by Deng [26] suggests that pectin, polysaccharide 

components, hemicellulose 1, and functional groups, which are all constituents of the plant cell wall, 

are responsible for the majority of the Cd deposition in the cell wall of rice flag leaves and inhibit its 

transfer into the rice grain, they exhibit a significant positive correlation with the concentration of Cd 

in brown rice. 70-90% of Cd is bound to the cell walls due to the presence of functional groups like 

carboxyl (COO-), hydroxy (-OH), and thiol (-SH) [18]. The cell walls can bind with heavy metal 

cations, such as Cd, and prevent their transport into the cells [31]. Similar results were observed in 

our experiment, in that a significant increase in the proportion of Cd in the cell wall of the flag leaf, 

while the proportion of Cd in the organelles declined noticeably after applying N at the full heading 

stage and filling stage (Figure 4D). There was a significant positive correlation between the Cd 

proportion in the cell wall of the flag leaf and brown rice Cd concentrations (Figure 5). Interestingly, 

under the condition of nitrogen supply in the early stage of rice growth, regardless of whether the 

nitrogen fertilizer was topdressing at the full heading stage or filling stage, the content and 

proportion of cadmium in the cell wall of flag leaves did not decrease. Surprisingly, the content and 

proportion of Cd in the soluble fraction increased significantly (Figure 4A, C). Recent research has 

shown that the presence of nitrate ions increases the number of functional groups, including -OH, 

C‗O, and -COOH, in the root cell walls of rice, as well as the amount of pectin and hemicellulose. On 

the other hand, the presence of ammonium ions decreases the amount of pectin, hemicellulose, and 

functional groups in the cell walls [32,33]. The assimilates required for grain filling in rice come from 

post-flowering photosynthesis and non-structural carbohydrates (NSC) stored in the leaf sheath and 
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other organs before flowering. The latter contributes to about 1/6 to 1/3 of grain yield and its quantity 

depends on the growth conditions and nitrogen supply level. In addition, the pre-flowering stored 

substances are also important for initiating grain filling, and the transport rate and quantity of these 

substances play a crucial role in the early stage of grain filling [34,35]. We suspect that without N 

supply during the early stage of rice development, the application of nitrogen fertilizer at the full 

heading stage and filling stages, to meet the NSC needed for grain filling, a significant amount of 

nitrogen was absorbed and transported to compensate for the insufficient amount of photosynthetic 

products caused by the lack of nitrogen supply during the early stage. This, in turn, promotes the 

accumulation of Cd in the cell walls of the flag leaf. However, under conditions where there is N 

supply during the early stage, the rice plants are not sensitive to N when nitrogen fertilizer is applied 

at the full heading stage and filling stages, this can be observed from the rice grain yield (Figure 1). 

Rice roots absorb Cd and quickly transport it to the grain at the filling stage, in addition, Cd 

stored in shoots before heading made a great contribution to the accumulation of Cd in grains [22,24]. 

In some recent studies, the focus has been on the processes of Cd transport in rice, including Cd 

uptake by the root, xylem loading, root-to-shoot translocation, phloem transfer at the stem, and 

transportation via the phloem to the grain [14,17]. In the current study, under the circumstance of 

nitrogen supply during the initial growth stage, there was a significant increase in TFR-S and a 

significant decrease in TFS-B at the full heading stage and filling stage (Figure 2E). Furthermore, the 

range of variation in the F1 treatment was greater than that in the F2 treatment. On the other hand, 

when there was no nitrogen supply during the early growth stage, there was a slight increase in TFR-

S and a significant increase in TFS-BR in the F2 treatment (Figure 2F). Low nitrogen can promote the 

transport of carbon and nitrogen assimilates in stem sheaths, during the heading stage, the root 

system has stronger vitality compared to the grain-filling stage, allowing it to absorb more nutrients 

from the soil. This indicates that its leaves have stronger physiological activity (photosynthetic 

capacity). The photosynthetic products produced by functional leaves can meet most of the grain 

filling needs, reducing relatively the proportion of assimilates transported from old leaves and stems 

to rice grains. As a result, the entry of Cd into rice grains is reduced through nutrient transport 

pathways. That was the possible reason for the Cd concentration in brown rice of T1 and F1 were 

lower than others. 

4.2. Fe and Mn accumulation in rice significantly affected Cd accumulation in brown rice. 

We conducted a solution culture experiment to investigate how the supply of N affects the 

accumulation of Cd in rice grains during the late growth stage. The purpose was to eliminate any 

influence from soil factors. Our findings indicate that the presence of Cd, and N supply resulted in a 

57.69% increase in the concentration of Cd in brown rice, compared to N deficiency (Figure 6A). This 

outcome aligns with previous research, which has demonstrated that N promotes the accumulation 

of cadmium in brown rice. However, when Cd is not present, the supply of N significantly reduces 

the Cd content in brown rice. Further analysis found that the addition of Cd or did not, N supply 

decreased the contents of Cu, Fe, Mn, and Zn in N-2, I-2 L-2, and S-2 (except for Fe in N-2 and Mn in S-2 

under A treatment, Fig. 6 B-E). Cd has the ability to enter plant cells using the same uptake systems 

as essential mineral elements like Fe2+, Mn2+, and Zn2+ due to their similar physiochemical properties 

[2,17]. Cd has the ability to compete with Fe for transporters like OsIRT1/2, which are responsible for 

transporting Fe2+ and are sensitive to Cd. Cd can also compete with Mn for transporters like 

OsNRAMP5, which are involved in the uptake of both Cd and Mn. This competition among Fe, Mn, 

and Cd for the same uptake pathway in plants is a contributing factor to the reduction of Cd uptake 

in plants [36]. Our results show that the condition of the addition of Cd, most of these elements in N-

2, I-2 L-2, and S-2, especially Fe and Mn were significantly negatively correlated with Cd content in 

brown rice (Figure 6F), while they were positively correlated with brown rice Cd content without the 

condition of Cd (Figure 6G). In other words, the application of N can regulate the distribution of Fe, 

Mn and other elements in rice plants, and then accumulate Cd in brown rice.  

Another reason for Fe can reduce Cd uptake in plants is Fe absorbed into root tissue could 

compete with Cd for adsorption sites, while Cd without adsorption sites was excluded from the cell 
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wall of the rice root surface [36]. Iron plaque that forms on the root surfaces of rice could adsorb Cd 

without adsorption sites on the root surface, which can affect the chemical behavior and 

bioavailability of heavy metals in the soil through adsorption and coprecipitation and plays an 

important role in the absorption of heavy metals by roots and internal transport within plants [4,6,16]. 

Zhang [37] reported that low Fe or excess Fe facilitated the uptake of Cd in rice roots, as low Fe up-

regulated the expression of Cd-transport related genes and excess Fe enhanced Cd enrichment on the 

root by ion plaque, and soil fertilization with Fe at the mature stage strongly reduced the grain Cd 

concentration. Recent research reported that the application of basal alkaline fertilizers [16], microbial 

organic fertilizer [6], and Fe fertilizer [38] could increase the adsorption and fixation of Cd by iron 

plaque, and more Cd could not be absorbed directly into the rice. In the present study, we found that 

applying nitrogen during the late growth stage significantly increased the Fe content on the root 

plaque of rice at the milky stage and mature stage, and significantly increased the Cd content on root 

plaque when N was supplied during the early growth stage and decreased significantly under the 

condition of N deficiency in the early growth stage. The analysis of Figure 5 revealed that there is no 

strong correlation between the Fe content and Cd content on the root plaque, this finding aligns with 

previous studies, suggesting that iron plaque does not affect the adsorption of Cd [39]. However, it 

was negatively correlated with shoots Cd content at the mature stage, the content and proportion of 

Cd in the root cell walls, and the content of Cd in the soluble fraction of the flag leaf at the milky 

stage. Thus, the application of N increased the Fe concentration on the roots plaque and reduced Cd 

entering the cell walls of roots, also limiting the distribution of Cd from roots to shoots. 

5. Conclusion 

Our findings show that: (1) The application of nitrogen fertilizer at the full heading stage 

increased the distribution of Cd in the cell walls and soluble fraction of flag leaves at the milk stage, 

increased Fe plaque on the root surfaces, decreased the transport of Cd from shoots to brown rice, 

and significantly decreased the Cd concentration of brown rice. (2) The effect of N supply on Cd 

accumulation of brown rice during the late growth stage depends on whether there is available Cd 

in the growth medium. It promotes Cd accumulation in brown rice when there is the presence of Cd, 

but it is the opposite when there is Cd deficiency. The accumulation of Cd in brown rice was 

significantly correlated with that of Fe and Mn in rice. Accordingly, on the premise of ensuring the 

normal growth of rice in the early stage, topdressing nitrogen fertilizer at the full heading stage 

combined with lime and micro-fertilizer containing mineral elements such as Fe and Mn can be used 

as a feasible way to reduce rice cadmium. 
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