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Abstract 18 

The mechanism of carboxymethylammonium chloride (CC) regulating cadmium 19 

(Cd) accumulation in rice was studied in field and hydroponic experiments. Field 20 

experiments showed that 0.2-1.2 mmol L
−1

 CC spraying effectively reduced Cd 21 

accumulation by 44%-77% in early rice grains and 39%-78% in late rice grains, 22 

significantly increased calcium (Ca) content and amino acids content in grains, as 23 
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well as alleviated Cd-induced oxidative damage in leaves. Hydroponic experiments 24 

further verified the inhibition effect of CC on Cd accumulation. 1.2 mmol L
−1

 CC 25 

made the highest decrease of Cd content in shoots and roots of hydroponic seedlings 26 

by 45% and 53%, respectively. Exogenous CC significantly increased glutamate (Glu), 27 

glycine (Gly) and glutathione (GSH) content, and improved the activities of catalase 28 

(CAT) and superoxide dismutase (SOD) by 41-131% and 11-121% in shoots of 29 

hydroponic seedlings, respectively. Exogenous CC also increased the relative 30 

expression of OsGLR3.1-3.5 in the shoots and roots of hydroponic seedlings. The 31 

quantum computational chemistry was used to clarify that the Gly radical provided by 32 

CC could form various complexes with Cd through carboxyl oxygen atoms. These 33 

results showed that exogenous application of CC improved the tolerance to Cd by 34 

enhancing the antioxidant capacity; inhibited the absorption, transport and 35 

accumulation of Cd in rice by (1) promoting chelation, (2) increasing the GLRs 36 

activity through upregulating the content of Glu, Gly, as well as the expression of 37 

OsGLR3.1-3.5. 38 

Keywords: Rice; Cadmium; Carboxymethylammonium chloride; Foliar resistance 39 

control  40 

1. Introduction 41 

As a non-essential toxic element, cadmium (Cd) is easily absorbed and enriched 42 

in rice grains, posing a potential threat to human health as it accumulates in the food 43 

chain (Wang et al., 2019; Zou et al., 2021). The absorption and transport of Cd in rice 44 

is the key process affecting the accumulation of Cd in grains, which is regulated by 45 
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chelating substances, transporters and non-selective cation channels (NSCCs) (Jing et 46 

al., 2023; Kulsum et al., 2023; Wang et al., 2021; Han et al., 2019).  47 

There are many chelating substances in rice cells that can chelate with Cd 48 

(Zhang et al., 2009). For example, the cell wall is rich in various chelating Cd 49 

functional groups such as carboxyl, carbonyl, and hydroxyl groups, so most Cd could 50 

be trapped in the cell wall to prevent them from being transported across cell 51 

membranes (Yu et al., 2020a; Yu et a., 2020b). But there is still a portion of Cd with 52 

high activity that transmembrane transport into the cytoplasm. During the perennial 53 

evolution of rice, various substances like small molecule acids such as citrate, amino 54 

acids such as glutamate (Glu) and glycine (Gly), glutathione (GSH), and Cd-induced 55 

phytochelatins (PCs) are formed in the cytoplasm to chelate with Cd, trapping Cd in 56 

vacuoles and reducing Cd activity to inhibit Cd transport (Li et al., 2014; Xue et al., 57 

2022; Yuan et al., 2020; Xue et al., 2023). Most of the Cd in rice grains comes from 58 

the re-transformation during the flowering to grain filling period of Cd stored in rice 59 

leaves and stems before flowering (Xue et al., 2019; Zhou et al., 2018). Research has 60 

shown that the ability of vegetative organs in low Cd accumulation (LCA) rice to 61 

inhibit Cd transport to grains is higher than that of high Cd accumulation (HCA) rice 62 

because LCA rice has a higher ability to synthesize chelating substances (Yuan et al., 63 

2020). These indicated that increasing chelating substances content in vegetative 64 

organs is one of the important measures of reducing Cd content in rice. Glu and Gly 65 

are precursors for the synthesis of GSH and PCs (Cao et al., 2018; Pál et al., 2018). 66 

Gly could generate Glu by transferring amino groups to α-Ketoglutaric acid. However, 67 
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further exploration is needed to determine whether exogenous supplementation of Gly 68 

regulates chelating substances content in rice.  69 

As is well known, Cd does not have specialized transporters in plants, and the 70 

transport of Cd in rice mainly relies on the transporters of essential divalent cations 71 

(Li et al., 2017). The functions of most well-known genes mediating Cd uptake, 72 

transport, and accumulation in rice have been widely identified (Kulsum et al., 2023; 73 

Feng et al., 2017; Tan et al., 2020). For example, OsNramp1, 5 and OsIRT1, 2 74 

mediates the absorption of Cd
2+

, Mn
2+

 and Fe
2+

 by rice roots (Sasaki et al., 2012; 75 

Chen et al., 2019; Chen et al., 2020). OsHMA3, located on the vacuolar membrane of 76 

rice roots, mediates the compartmentalization effect of vacuoles on Cd (Yan et al., 77 

2016); OsHMA2, located on the cell membrane of vascular bundle in rice roots, 78 

mediates the transport of Cd
2+

 and Zn
2+

 from the roots to the aboveground tissues 79 

(Ismael et al., 2019). OsLCT1 and OsLCD mediate the transport of Cd
2+

 from the 80 

phloem to the grains (Uraguchi et al., 2011; Shimo et al., 2011). OsCd1 is a plasma 81 

membrane protein involved in the absorption and accumulation of Cd in rice (Yan et 82 

al., 2019). Studies have shown that any measure to increase endogenous Glu content 83 

have the potential to regulate the expression levels of genes related to Cd uptake and 84 

transport (Jiang et al., 2020). In addition to transporters, NSCCs are also an important 85 

pathway for Cd uptake and transport in rice (Han et al., 2019). However, it is not clear 86 

whether Gly could increase endogenous Glu content and thus affect the NSCCs for 87 

Cd transmembrane transport. 88 
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NSCCs can simultaneously transport multiple cations with different valence 89 

states, including Cd
2+ 

(Demidchik et al., 2007; Han et al., 2019). Glutamate receptors 90 

(GLRs) is the most widely distributed NSCCs in the roots and vegetative organs of 91 

plant cell protoplasmic membrane (Ortiz-Ramírez et al., 2017). The activity of GLRs 92 

channels is closely related to the absorption and transport of essential mineral ions 93 

such as Fe
2+

, Mn
2+

 and Ca
2+

, as well as heavy metal ions such as Cd
2+

 and Cr
2+ 94 

(Zhang et al., 2023a; Li et al., 2019). The permeability of rice GLRs to essential metal 95 

ions is higher than that of Cd ions, and the activity of GLRs in HCA rice is lower than 96 

that in LCA rice, high Cd stress leads to the loss of GLRs selectivity, resulting in 97 

excessive accumulation of Cd in rice (Zhang et al., 2023a). OsGLR3 is involved in the 98 

regulation of GLRs activity, and then affecting the absorption and transport of metal 99 

ions in rice (Li et al., 2019; Ni et al., 2016; Chen et al., 2018). Signal molecules such 100 

as Gly, Glu, and GSH can act as ligands to activate GLRs, Ca
2+

 influx is an important 101 

manifestation of GLRs activation (Qi et al., 2006; Vatsa et al., 2011; Shao et al., 102 

2020). While, it is unclear whether exogenous Gly can regulate the expression level of 103 

OsGLR3 gene and increase GLRs activity, affecting the absorption and transport of 104 

Cd in rice. 105 

In addition, the phenomenon of excessive production of oxygen free radicals 106 

(ROS) induced by Cd in rice is widespread (Gallego et al., 2012; Tripathi et al., 2012). 107 

Studies have found that increasing the content of endogenous Glu significantly 108 

increased the activity of antioxidant enzymes such as catalase (CAT) and superoxide 109 

dismutase (SOD) in Cd stressed rice, significantly reduced the content of hydrogen 110 
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peroxide (H2O2) and superoxide anions (O2
·−

) in rice, and avoided oxidative damage 111 

caused by membrane lipid peroxidation (Xue et al., 2023). Further exploration is 112 

needed to determine whether Gly could enhance the antioxidant capacity of rice by 113 

increasing endogenous Glu in rice. 114 

With the rapid development of drones, foliar Cd reducing agents have been 115 

widely used (Cui et al., 2023; Gao et al., 2020). Although Gly is soluble in water, its 116 

dissolution rate is slow, so it often occurs that Gly cannot be completely dissolved 117 

when sprayed with drones. Carboxymethylammonium chloride (CC) is an amino acid 118 

ionic liquid with good water solubility, strong stability and green environmental 119 

protection and rich in Gly ions (see Scheme 1). It has been reported that CC play a 120 

role in Cd-contaminated soil leaching by chelating with Cd (Deng et al., 2023). And 121 

the previous study has shown that exogenous application of CC effectively reduced 122 

the accumulation of Cd in the rice seedlings (Liu et al., 2023). However, the 123 

mechanism by which CC inhibits Cd uptake and transport in rice is not yet clear. 124 

Therefore, hydroponic and field experiments in this study were conducted to learn the 125 

effects of exogenous CC on Cd accumulation, chelating substances synthesis, 126 

antioxidant capacity, amino acid synthesis and OsGLR3 expression in rice under Cd 127 

stress. Results showed that exogenous application of CC improved the tolerance to Cd 128 

by enhancing the antioxidant capacity; inhibited the absorption, transport and 129 

accumulation of Cd in rice by (1) promoting chelation, (2) increasing the GLRs 130 

activity through upregulating the content of Glu, Gly, as well as the expression of 131 

OsGLR3.1-3.5. 132 
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Scheme 1. Synthetic form of CC 133 

2. Materials and methods 134 

2.1 Culture and treatment methods  135 

2.1.1 Field experiment 136 

A random block with the double cropping rice paddy field (with each area of 2.5 137 

m×4 m=10 m
2
, 0.53 mg kg

−1
 Cd, 5.5 pH and 40.3 g kg

−1
 organic matter) experiment 138 

was conducted in Xiangtan City, Hunan Province of China (N: 28°41´, E: 112° 52´). 139 

Rice seeds from indica conventional early rice (Oryza sativa L.) cultivar Z35 and 140 

indica conventional late rice cultivar Huazhan (widely cultivated rice varieties in 141 

Hunan province, high-Cd-accumulation rice) were selected.  142 

Most of the Cd in rice grains comes from the re-transformation during the 143 

flowering to grain filling period of Cd stored in rice leaves and stems before flowering 144 

(Xue et al., 2019; Zhou et al., 2018). Spraying foliar regulators during flowering is an 145 

effective and environmentally friendly method to inhibit the transfer of Cd into grains. 146 

In the present study, at the flowering stage of rice, CC solution with different 147 

concentration (T0, T1, T2, T3 and T4 = 0, 0.20, 0.50, 0.80 and 1.20 mmol L
−1

 CC) 148 

was sprayed, the volume of each treatment solution was 300 mL. The spray treatment 149 

was performed once a day for two consecutive days. Each treatment was triplicated. 150 

Field management was consistent with that of high-yield rice fields in Hunan (the 151 

details were described in Supplementary Material 1.1.1). After 5 days of spraying, 152 

fresh flag leaves were collected for ROS content determination. Mature grains were 153 
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collected for measuring the content of Cd, K, Mg, Ca, Fe, Mn, Zn and amino acids. 154 

2.1.2 Hydroponic experiment 155 

Hydroponic experiments are easy to control for a single variable. Adding CC to 156 

hydroponic nutrient solution ensures that rice could absorb different levels of CC to 157 

further explore the mechanism of CC levels regulating Cd migration and transport in 158 

rice seedlings. To avoid the impact of different growth seasons and cycles on the 159 

experiment, Z35 (HCA rice) and another indica conventional early rice cultivar X24 160 

(LCA rice) were selected. Pre experiment found that CC (0, 0.20, 0.50, 0.80 and 1.20 161 

mmol L
−1

) had no significant effect on the growth status, Ca content, Glu content, and 162 

CAT activity of Z35 rice seedlings under non-Cd conductions, so this experiment 163 

mainly focused on the mechanism of CC regulating Cd migration and transport in rice 164 

under Cd stress. Uniform seedlings with three leaves were selected and placed into 165 

1/10 Hoagland nutrient solution (detailed formulation was described in 166 

Supplementary Material 1.1.2) containing 2.7 umol L
−1

 Cd and diff erent levels of CC 167 

(T0, T1, T2, T3 and T4 = 0, 0.20, 0.50, 0.80 and 1.20 mmol L
−1

 CC) with 5.6-6.5 pH 168 

for 7 days. Each treatment was triplicated. The treatment solution was changed every 169 

2 days. The hydroponic experiment was conducted in the artificial climate room. The 170 

conditions of the artificial climate room were as follows: 16 hours of day and 8 hours 171 

of night, 105 μmol m
−2

 s
−1

 light intensity, 28 ℃ and 25 ℃ day and night temperature, 172 

respectively, and 60% relative humidity. 173 

After 7 days, the rice seedlings were soaked with 5 mmol·L
−1

 CaCl2 for 30 174 

minutes to remove ions from the root surface, then the roots were repeatedly rinsed 175 
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with deionized water. The samples of rice seedlings were collected and divided into 176 

shoots and roots (fresh and dry samples), some samples were wrapped in tin foil and 177 

immediately stored in liquid nitrogen for RNA extraction. Dry samples were used to 178 

determine Cd and amino acids content, fresh samples were used to determine 179 

sulfhydryl compound content, reactive oxygen species levels, enzyme activities, and 180 

gene expression. 181 

2.2 Determination index and method 182 

2.2.1 Determination of Cd, K, Ca, Mg, Fe, Mn, and Zn content 183 

The Cd, K, Ca, Mg, Fe, Mn and Zn content was determined based on previous 184 

studies (Xue et al., 2019; Yang et al., 2021). The digestion procedure was completed 185 

on ED54 (LabTech, Beijing, China) using HNO3-H2O2 wet-digestion. The 186 

concentrations of Cd, K, Ca, Mg, Fe, Mn, and Zn in plant samples were determined 187 

by inductively coupled plasma interfaced with mass spectrometry (ICP-MS, Agilent 188 

7500a, USA). Detailed determination procedures were described in Supplementary 189 

Material 1.2.1.  190 

Quality assurance and quality control (QA/QC) are respectively expressed by 191 

standard rice flour reference material (GBW(E)100350, Academy of State 192 

Administration of Grain, SAAG) and blank digestion sample. The recovery rate was 193 

90%-105% to ensure the accuracy and trustworthiness of data. Standard solutions 194 

with K, Ca Mg and Fe (Cd, Mn and Zn) of 0~10000 (0~100) μg L
−1

 were prepared 195 

from the environmental calibration standard solution (Agilent technologies, Part # 196 

5183-4688) to plot standard curves and to detect elements in digested liquor of 197 
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samples. 198 

2.2.2 Determination of sulfhydryl compounds content 199 

The extraction and determination of sulfhydryl compounds were completed as 200 

previously reported (Han et al., 2019). The sulfhydryl compounds in shoots and roots 201 

of fresh rice seedling samples were extracted by 0.1% TFA (Trifluoroacetic acid) 202 

extraction buffer. The obtained samples were analyzed by High Performance Liquid 203 

Chromatography (Agilent Technologies, 1200 series, USA). Detailed determination 204 

procedures were described in Supplementary Material 1.2.2. 205 

The content of Cys, GSH and PC2-4 in samples was calculated by external 206 

standard method. Cys, GSH and PC2-4 could exhibit different absorption peaks at 207 

different times as the mobile phase flows. Standard solutions (Cys, GSH and PC2-4) 208 

with different concentrations using standard samples were prepared. Under the same 209 

chromatographic conditions, the peak time and peak area of the standard solution 210 

were recorded, and the standard curve was drawn according to the peak area and 211 

corresponding concentration. The content was calculated by comparing the peak area 212 

of the measured sample and the standard sample. 213 

2.2.3 Determination of total amino acid content 214 

The total amino acid content in rice grains was determined according to previous 215 

study (Yuan et al., 2020). According to the national food safety standards of China 216 

(GB5009.124-2016), total amino acids analysis was carried out by High Performance 217 

Liquid Chromatography (Agilent Technologies, 1200 series, USA). Detailed 218 

determination procedures were described in Supplementary Material 1.2.3. 219 
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The content of total amino acids was calculated by comparing the peak area of 220 

the measured sample and the standard sample.  221 

2.2.4 Determination of ROS and enzyme activities 222 

For enzyme activity determination, shoots and roots of fresh rice samples were 223 

separately ground with liquid nitrogen. The contents of H2O2 and O2
·−

 and the 224 

activities of catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR), 225 

and glutathione synthetase (GSS) in shoots and roots of rice seedlings were 226 

determined by kit method. All kits were purchased from Solarbio Science & 227 

Technology Co., Ltd. 228 

2.2.5 Computational quantum chemical analysis of complexes 229 

The molecular model of the complex of Cd and CC was realized by Gaussian 16 230 

and Gaussview 6.1 software package.  231 

2.2.6 Determination of transporter OsGLR3.1-3.5 expression 232 

RNA was extracted from the collected shoots and roots of fresh rice seedling 233 

samples by OMEGA plant total RNA extraction kit. Complementary DNA (cDNA) 234 

was prepared by reverse transcription using HiScript II Q RT SuperMix for qPCR 235 

(+gDNA wiper) R223 kit. In the BioRad CFX96 management system, real-time 236 

quantitative polymerase chain reaction (qRT-PCR) was used in ChamQ Universal 237 

SYBR qPCR Master Mix (Vazyme Q711) to detect the expression level of the 238 

OsGLR3. The relative expression level of OsGLR3 gene was calculated by 2
−ΔΔCt

 239 

method (Livak et al., 2001). The amplification primer sequence is shown in Table S1. 240 

2.3 Statistical analysis 241 
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All experimental data were mean values obtained from the results of three 242 

repeated tests, and they were expressed as mean  standard deviation. To evaluate 243 

differences between treatments, the used statistical tests were one-way analysis of 244 

variance (ANOVA) and Duncan’s test for multiple comparisons, at p<0.05 245 

significance level. Person’s correlation analysis was used for correlation analysis. 246 

Origin 2021 and Microsoft Excel 2021 were used to process the data and complete the 247 

chart drawing. SPSS 26 software was used for statistical significance analysis of the 248 

data. 249 

3. Results 250 

3.1 Effects of spraying CC in field on Cd accumulation in rice grains and oxidative 251 

damage in rice leaves 252 

Cd content in early rice grains and late rice grains was determined to investigate 253 

the effect of spraying CC on Cd accumulation in rice grains in the field. As shown in 254 

Fig.1, the Cd content in rice grains decreased significantly after the application of CC 255 

at the flowering stage. Cd content in early rice grains was decreased by 44%-77% 256 

upon application of 0.2-1.2 mmol L
−1

 CC (Fig. 1 a). In the late rice grains Cd content 257 

was decreased by 39%-78% with application of 0.2-1.2 mmol L
−1

 of CC (Fig. 1 b). In 258 

conclusion, the best spraying concentration to effectively reduce Cd accumulation in 259 

rice grains was 1.2 mmol L
−1 

under all conditions. 260 
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Fig. 1 Effects of CC spraying on Cd content in filed early rice grains (a) and in filed late rice 261 

grains (b). Effects of CC spraying on H2O2 (c) and O2
·−

 (d) content in filed rice leaves. Different 262 

lowercase letters (a, b, c, d, e) indicate significant differences between treatments (p<0.05). 263 

Fig. 1c and Fig. 1d showed the content of H2O2 and O2
·−

 in field rice leaves after 264 

spraying CC on the leaf surface at the flowering stage. Compared with T0, the content 265 

of H2O2 and O2
·−

 decreased significantly after CC treatment. Upon addition of 1.2 266 

mmol·L
−1

 CC, the content of H2O2 and O2
·−

 in rice leaves were decreased by 72% and 267 

31%, respectively. 268 

3.2 Effects of spraying CC in field on essential elements content in rice grains  269 

The content of essential elements (K, Mg, Ca, Fe, Mn, and Zn) in early rice 270 

grains was determined after spraying CC at the flowering stage, as shown in Table S2. 271 

The content of K in rice grains was the highest, followed by Mg and Ca, while the 272 
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content of Zn was the lowest. Compared with T0, the content of Mg, Fe, and Zn was 273 

not modified significantly by CC. In contrast, 1.2 mmol L
−1

 CC reduced Mn content 274 

by 35% and increased K and Ca contents by 12% and 21%, respectively. 275 

As can be seen from Table S2, the content of essential elements in late rice grains 276 

followed the decreasing order: K > Mg > Ca > Zn. The content of Mg, Fe, Mn, and 277 

Zn in late rice grains had no significant change upon application of CC. Compared 278 

with T0, the K content in rice was decreased by 9% and the Ca content was increased 279 

by 12% by spraying 1.2 mmol L
−1

 CC.  280 

The effect of leaf-spraying CC on the linear correlation coefficient and 281 

significance of essential elements and in early rice grains and late rice grains was 282 

shown in Fig 2. In early rice grains, Cd content had a significant negative correlation 283 

with K (R = −0.90) and Mg (R = −0.92) and a significant positive correlation with Mn 284 

(R = 0.95). In late rice grains, Cd content was negatively correlated with Mg (R = 285 

−0.93) and positively correlated with Mn (R = 0.90). 286 

 

Fig. 2 Pearson’s correlation analysis of Cd content and essential elements in filed early rice grains 287 

(a) and in filed late rice grains (b). The upper part of the table showed the correlation coefficient 288 

between different elements, and the lower part showed the p-value of significant correlation 289 
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between different elements (p<0.05).   290 

3.3 Effects of spraying CC in field on total amino acid content of rice grains 291 

Under Cd stress, the content of amino acids in rice grains was generally 292 

increased by spraying CC at the flowering stage. The content of glutamate in early 293 

rice grains was the highest with 10.89 g·kg
−1

 after the application of CC. Valine and 294 

aspartic acid followed, while histidine content was the lowest. Compared with T0, 295 

leaf spraying with 0.8 mmol·L
−1

 CC significantly increased the content of aspartic 296 

acid (11%), glutamate (15%), threonine (68%), arginine (33%), alanine (27%), 297 

tyrosine (25%), valine (20%), phenylalanine (18%), leucine (50%), and lysine (37%). 298 

While the content of serine, histidine, and isoleucine had no significant change (Fig. 299 

S1a and Fig. S1b). 300 

The highest content of valine was 9.99 g·kg
−1

 in late rice grains, followed by 301 

glutamate and aspartic acid, and the lowest content of histidine. Compared with T0, 302 

leaf spraying with 1.2 mmol L
−1

 CC significantly increased the content of aspartic 303 

acid (18%), glutamate (30%), threonine (103%), arginine (33%), alanine (81%), 304 

valine (9%), phenylalanine (35%), isoleucine (91%), and lysine (39%). In particular, 305 

the content of serine, histidine, and tyrosine did not change significantly (Fig. S1c and 306 

Fig. S1d). 307 

The correlation between different amino acids and Cd was different after 308 

spraying CC (Fig. 3). Pearson’s correlation analysis showed that Cd content in rice 309 

grains was negatively correlated with amino acids content. In early rice grains, the 310 

content of leucine, valine, alanine, arginine, phenylalanine and threonine was 311 
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significantly correlated with the content of Cd. Besides alanine, threonine and valine, 312 

glutamate, isoleucine and aspartic acid content in late rice was also significantly 313 

correlated with Cd content. The results suggested that amino acid synthesis might 314 

play a vital role in the reduction by CC of Cd accumulation in rice grains. 315 

 

Fig. 3 Pearson’s correlation analysis of Cd content and amino acids content in filed early rice 316 

grains (a) and in filed late rice grains (b). 317 

3.4 Effects of CC application on Cd, Glu, Gly and sulfhydryl compounds content in 318 

hydroponic seedlings 319 

The effects of CC on Cd concentration in shoots and roots of hydroponic 320 

seedlings were shown in Fig. 4 a-b. The results showed that the application of 0.2-1.2 321 

mmol L
−1

 CC significantly reduced the content of Cd in shoots and roots of 322 

hydroponic seedlings. The accumulation of Cd in shoots was much lower than that in 323 

roots. The highest inhibition efficiency on Cd accumulation in X24 and Z35 was 324 

observed upon addition of 1.2 mmol L
−1

 of CC. By so doing, Cd content in shoots of 325 

X24 and Z35 hydroponic seedlings reduced by 45% and 44%, respectively. 326 

Correspondingly, the content of Cd in hydroponic seedling roots underwent 327 
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reductions by 53% (X24) and 46% (Z35). 328 

 

Fig. 4 Effects of CC on Cd content in shoots (a) and roots (b) of hydroponic seedlings, and Glu (c), 329 

Gly (d) content in hydroponic seedlings. Effects of CC on sulfhydryl compounds content in shoots 330 

(e) and roots (f) of X24 hydroponic seedlings and in shoots (g) and roots (h) of Z35 hydroponic 331 
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seedlings. 332 

The content of Glu, Gly, Cys, GSH, and PCs (PC2, PC3, PC4, where PCn = (Glu-333 

Cys)n-Gly) in the shoots and roots of hydroponic seedlings under Cd stress was 334 

investigated (Fig. 4 c-h). Compared with the control, CC significantly increased the 335 

content of Glu, Gly, Cys and GSH in X24 and Z35 hydroponic seedlings, while the 336 

content of PC2, PC3, and PC4 decreased. The content of PC3 was higher than that of 337 

PC2 and PC4. The highest modification in sulfhydryl compounds was observed upon 338 

application of 1.2 mmol·L
−1

 CC. In X24 hydroponic seedlings, the content of Glu, 339 

Gly, GSH increased by 35%, 56%, 17% in shoots and by 67%, 44%, 43% in roots, 340 

while PC4 decreased by 27% in shoots and PC3 decreased by 50% in roots. In Z35 341 

hydroponic seedlings, the content of Glu, Gly, GSH increased by 38%, 51%, 17% in 342 

shoots and by 47%, 41%, 43% in roots, while PC4 decreased by 72% in roots and PC3 343 

by 38% in roots. 344 

3.5 Molecular model of carboxymethylammonium and Cd complex  345 

The carboxyl group in CC may provide a site for the chelation of Cd. The 346 

molecular models of carboxymethylammonium and Cd chelate were established and 347 

optimized by Gaussian 16. The results showed that carboxymethylammonium can 348 

form a complex through different chelation of O atom on the carboxylic group with 349 

Cd (Fig. 5). The distance between the O atom of carboxymethylammonium and Cd 350 

was shown in Table S3. When the complex was [Gly]
+

3-Cd, the distances between O 351 

and Cd were the shortest, which were 2.01 Å, 2.00 Å and 2.01 Å respectively. The 352 
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distance between O and Cd in [Gly]
+

2-Cd and [Gly]
+

4-Cd was 2.07 Å, while the 353 

distance in [Gly]
+
-Cd was 2.03 Å. 354 

 

Fig. 5 Different molecular geometric of carboxymethylammonium and Cd complexes, [Gly]
+
-Cd 355 

(a), [Gly]
+

2-Cd (b), [Gly]
+

3-Cd (c), [Gly]
+

4-Cd (d). 356 

3.6 Effects of CC application on antioxidant system in hydroponic seedlings 357 

The change of Cd, Glu, Gly and sulfhydryl compounds content was similar in 358 

X24 and Z35 hydroponic seedlings after CC application. Therefore, the Z35 was 359 

selected (consistent with field trials) for further determination of antioxidant system 360 

indicators. Exposure of plants to Cd can induce generation of ROS, which might 361 

cause oxidative stress. Fig. 6 a and Fig. 6 b showed the H2O2 and O2
·−

 content in 362 

shoots and roots of hydroponic seedlings under Cd stress. In the presence of 2.7 μmol 363 

L
−1

 Cd, the content of H2O2 and O2
·−

 in shoots and roots of hydroponic seedlings was 364 
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the highest but they decreased upon application of CC. In the presence of 1.2 mmol 365 

L
−1

 of CC, H2O2 in hydroponic seedlings decreased by 51% (shoots) and 13% (roots), 366 

while O2
·−

 decreased by 66% (shoots) and 15% (roots). 367 

 

Fig. 6 Effects of CC on H2O2 (a), O2
·−

 (b) content and CAT (c), SOD (d), GR (e), GSS (f) 368 

activities in Z35 hydroponic seedlings and the biological processes involved in these enzymes (g). 369 

Different lowercase letters (a, b, c, d, e) indicate significant differences between treatments 370 

(p<0.05). 371 

The effects of different concentrations of CC on the activities of SOD, CAT, GR, 372 

and GSS in hydroponic seedlings under Cd stress were also studied (Fig. 6 c-f). 373 

Compared with T0, CAT activity was increased by 41-131%, SOD activity was 374 

increased by 11-121%, GR activity was decreased by 4.5-73%, and GSS activity was 375 

increased by 25-32% in shoots of hydroponic seedlings after CC application. At the 376 

same time, the GR activity in roots of hydroponic seedling decreased by 32-88%, and 377 

the GSS activity increased by 4.3-27%. In all previous cases the highest increase or 378 
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decrease was observed upon application of 1.2 mmol L
−1

 CC, but the application of 379 

this compound did not modify significantly the activities of SOD and CAT in the roots 380 

of hydroponic seedling (p>0.05). 381 

In conclusion, the application of CC obviously inhibited the generation of 382 

reactive oxygen species and promoted the activities of antioxidant enzymes, thereby 383 

alleviating the oxidative stress in hydroponic seedlings under Cd stress. 384 

3.7 Effects of CC application on expression of OsGLR3.1-3.5 in shoots and roots of 385 

hydroponic seedlings 386 

The effects of CC on the expression of OsGLR3.1-3.5 in Z35 hydroponic 387 

seedlings were shown in Fig. 7. With the application of different concentrations of CC, 388 

the relative expression levels of OsGLR3.1-3.5 isogenies were significantly increased. 389 

In particular, with 1.2 mmol·L
−1

 CC, the relative expression level of OsGLR3.1-3.5 in 390 

shoots increased by, respectively, 222%, 192%, 103%, 137%, and 214%. The 391 

expression level in roots system increased by 435%, 194%, 150%, 189%, and 189%, 392 

respectively. 393 

 

Fig. 7 Effects of CC on the relative expression of OsGLR3.1-3.5 in shoots (a) and roots (b) of Z35 394 

hydroponic seedlings. Different lowercase letters (a, b, c, d) indicate significant differences 395 
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between treatments (p<0.05). 396 

4. Discussion 397 

4.1 Exogenous CC promoted the chelation to reduce Cd bioactivity in rice by 398 

increasing chelates such as Gly, Glu and GSH 399 

Rice cytoplasm contains abundant organic ligands that can chelate Cd to reduce 400 

the bioactivity of Cd (Zhang et al., 2009; Ricachenevsky et al., 2018; Hazama et al., 401 

2015). Among them, Glu could form stable chelates with Cd through carboxyl oxygen 402 

atoms (Xue et al., 2022). Gly could generate Glu by transferring amino groups to α- 403 

Ketoglutaric acid. Glu and Gly are precursors for the synthesis of GSH and PCs 404 

(Zhang et al., 2008; Hasan et al., 2016). GSH and PC2 form chelates or complexes 405 

with Cd through the S atom on sulfhydryl group and fix Cd in vacuoles (Xue et al., 406 

2023; Hasanuzzaman et al., 2017; Noctor et al., 2012). In the present study, CC 407 

significantly increased the content of Gly, Glu and GSH in rice, which was conducive 408 

to Cd chelation and decreased Cd activity. CC significantly decreased PCs content in 409 

rice, indicating that CC alleviated the induction effect of high Cd stress on the 410 

synthesis of PCs. The quantum computational chemistry was used to clarify that the 411 

Gly radical provided by CC could form various complexes with Cd through carboxyl 412 

oxygen atoms. These indicated that exogenous CC promoted the chelation to reduce 413 

Cd bioactivity in rice by increasing chelates such as Gly, Glu and GSH. 414 

4.2 Exogenous CC improved the tolerance of rice to Cd by enhancing the 415 

antioxidant capacity 416 

As biological functional macromolecular proteins, CAT and SOD are key 417 



 23 

enzymes in rice for clearing ROS such as H2O2 and O2
·− 

(Pandey et al., 2016). Amino 418 

acids are the basic unit of protein composition (Yang et al., 2022). Cd stress 419 

significantly reduced the amino acid content in rice, thereby interfering with protein 420 

synthesis (Yuan et al., 2020; Zhao et al., 2020); It also attacked the amino acid 421 

residues of antioxidant enzymes to destroy their structure and reduce enzyme activity 422 

(Xue et al., 2023). Therefore, ensuring the normal metabolism of amino acids is a 423 

prerequisite for increasing the quantity and activity of antioxidant enzymes, and is the 424 

key to enhancing the antioxidant capacity of rice. In the present study, CC 425 

significantly alleviated the interference of Cd stress on amino acid metabolism and 426 

significantly increased the synthesis of amino acids, thereby increasing the bioactivity 427 

of CAT and SOD, and clearing Cd-induced excess H2O2 and O2
·−

. 428 

The antioxidant defense system not only includes enzymatic systems, but also 429 

non-enzymatic systems (Li et al., 2014; Gill et al., 2010). As an important indicator in 430 

non-enzymatic systems, GSH is a ubiquitous Cys-containing tripeptide (γ-Glu-Cys-431 

Gly) that functions as an antioxidant in redox control in plants (Teng et al., 2024). Glu, 432 

Cys and Gly are the precursors for the synthesis of GSH (Cao et al., 2018). In the 433 

present study, the increase of Glu, Cys and Gly significantly promoted the increase of 434 

GSH, which further promoted the reduction of ROS. 435 

4.3 Exogenous CC inhibited the absorption and transport of Cd in rice by 436 

increasing GLRs activity through upregulating the synthesis of Glu, Gly and the 437 

expression of OsGLR3.1-3.5 438 

As the most widely distributed NSCCs in the plant cell protoplasmic membrane, 439 
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GLRs play an important role in mineral elements uptake and transport, for example, 440 

essential elements such as Ca
2+

, Mg
2+

, K
+
, NH4

+
, Zn

2+
 and Mn

2+
, and heavy metal 441 

such as Cd
2+

 (Gangwar et al., 2021; Zhang et al., 2023a). The transport rate of 442 

beneficial elements by GLRs is significantly higher than that of harmful elements, and 443 

the recognition and screening ability of GLRs for beneficial and harmful elements 444 

depends on its activity (Zhang et al., 2023a; Zhang et al., 2023b). Reports have shown 445 

that the ratio of Cd transported by GLRs to essential mineral elements transported by 446 

GLRs in LCA rice with high activity of GLRs is much lower than that in HCA rice 447 

with low activity of GLRs. GLRs for permeation of Ca
2+

/Mn
2+

/Fe
2+

/Zn
2+

 over Cd
2+

 in 448 

LCA rice is much higher than that in HCA rice. High Cd stress leads to the loss of 449 

GLRs selectivity, resulting in excessive accumulation of Cd in rice (Zhang et al., 450 

2023a; Zhang et al., 2023b). These indicated that increasing the activity of GLRs can 451 

promote beneficial elements but inhibit Cd uptake and transport in rice. 452 

Signal molecules such as Gly, Glu, and GSH can act as ligands to activate GLRs, 453 

and triggers long-distance calcium-based plant defense signals during injury defense, 454 

Ca
2+

 influx is an important manifestation of GLRs activation (Simon et al., 2023; 455 

Toyota et al., 2018). OsGLR3 is also involved in the regulation of GLRs activity, 456 

studies have shown that the expression level of OsGLR3 family genes (OsGLR3.1-3.5) 457 

is negatively correlated with Cd content and positively correlated with the activity of 458 

GLRs in plants (Zhou et al., 2023; Zhang et al., 2023a; Zhang et al., 2023b). In this 459 

study, CC significantly increased the content of Gly, Glu, GSH, Ca, and the relative 460 

expression level of OsGLR3.1-3.5 in rice, all of which were induced to be 461 
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downregulated by Cd under single Cd treatment. These results indicate that CC not 462 

only increased the competitive effect of Ca on Cd, but also increased the activity of 463 

GLRs in rice. It was further proved that exogenous CC inhibited the absorption, 464 

transport and accumulation of Cd in rice by increasing GLRs activity through 465 

upregulating the synthesis of Glu, Gly and the expression of OsGLR3.1-3.5 (Fig. 8). 466 

 

Fig. 8 Effects of CC on glutamate receptors selectivity in rice cell membrane. 467 

5. Conclusion 468 

Field experiments showed that CC spraying could effectively reduce Cd content 469 

in rice grains, significantly increase Ca content and amino acids content in rice grains, 470 

and reduce the oxidative damage of Cd in rice leaves. Hydroponic experiments further 471 

verified the inhibitory effect of CC on Cd accumulation in rice seedlings. Exogenous 472 

application of CC significantly increased the content of Glu, Gly and GSH, the 473 

activities of CAT and POD, and the expression levels of OsGLR3.1-3.5 in hydroponic 474 

seedlings. CC also provided Gly radicals that can be chelated with Cd through 475 

carboxyl oxygen atoms. In summary exogenous application of CC can improve the 476 

tolerance of rice to Cd by enhancing antioxidant capacity. Moreover, by promoting 477 
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chelation and up-regulating Glu, Gly content and OsGLR3.1-3.5 expression, GLRs 478 

activity was increased, and Cd absorption, transport and accumulation were inhibited.  479 
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