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Abstract: Rhizosphere organic chemicals response and its role on Cr/Se adsorption is of great 27 

importance to understand Cr/Se bioavailability in Cr contaminated soil with the application of Se. In the 28 

current work, the processes were carried out using rhizobox experiment (Brassica campestris L. ssp. 29 

Chinensis Makino). The results showed that in soil contaminated by 200 mg kg-1 Cr(III), Se(Ⅳ) 30 

complexed with Cr(Ⅲ) and carboxylic acid (cis-9,10-Epoxystearic acid, hexadecanedioic acid) reduced 31 

Cr(Ⅵ) to Cr(Ⅲ), thus increasing of Cr adsorption, furtherly, decreasing Cr bioavailability. While, in 32 

soil contaminated by 120 mg kg-1 Cr(Ⅵ), Se(Ⅵ) competed for adsorption sites with Cr(Ⅵ) and 33 

salicylic acid activated insoluble Cr(III), thus decreasing Cr adsorption, finally, increasing Cr 34 

bioavailability. Moreover, with Cr contamination, Se bioavailability in soil was enhanced by the 35 

secretion of carboxylic acid, which can reduce Se to lower valent state, compete the adsorption sites and 36 

complex with Se oxyanion. These results yielded a better understanding of rhizosphere dynamics 37 

regulating by Se application in Cr contaminated soil. Moreover, the current study supplemented the 38 

theoretical basis for beneficial elements application as an environment-friendly resource to facilitate 39 

cleaner production in heavy metal contaminated soil. 40 

 41 
Keywords: chromium, selenium, metabolites, rhizosphere, absorption 42 
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 61 

1. Introduction 62 

Chromium (Cr), a major inorganic pollutant in the environment, occurs in two stable forms: Cr(III) 63 

and Cr(VI), with diverse mobility and bioavailability in the soil (Shahid et al., 2017). Excessive Cr in the 64 

growth medium raise various adverse effects on plant physiological metabolism (Qing et al., 2015; 65 

Handa et al., 2018a, b). Furtherly, the accumulation of heavy metals in ecological system cause 66 

hazardous effects on the entire food chain (Yang et al., 2019). To facilitate cleaner production in Cr 67 

contaminated soil environment, environment-friendly measures are necessary to be developed. But the 68 

hazardous effects are not determined by the total Cr in soil. In fact, available Cr plays a more important 69 

role in regulating the plant growth, Cr accumulation and soil health. Additionally, Cr bioavailability is 70 

affected by soil pH, Eh, root exudates, microbe activities and so on (Shahid et al., 2017). Rhizosphere 71 

is a highly dynamic micro-environment and is the most closely related to Cr transfer from soil to plant. 72 

Importantly, the organic chemicals, including microbial products and root exudates (Bais et al., 2006; 73 

Pétriacq et al., 2017), are the intermediates to regulate the chemical behavior of Cr in rhizosphere. 74 

Generally, the functional group of organic chemicals, such as carboxyl, hydroxyl and carbonyl, 75 

complex with Cr to affect Cr adsorption and activate Cr mobility (Wen et al., 2018). And the organic 76 

chemicals act as electron donor for Cr(VI) reduction (Chen et al., 2017; Choppala et al., 2018). Therefore, 77 

the changes of organic chemicals are important for Cr bioavailability in rhizosphere soil.  78 

Selenium (Se) is necessary for animal and human beings. It is of great benefit for plant growth and 79 

development under heavy metal stress (Ismael et al., 2019). Se alleviated the inhibitory effects on heavy 80 

metal induced phytotoxicity to plant by moderating the physiological metabolism, such as enhancing of 81 

antioxidative enzyme activity and photosynthesis efficiency, modulating of secondary metabolites 82 

content, separating element in vacuole and fixing it on cell wall, and regulating carbohydrate and 83 

nitrogen metabolism (Qing et al., 2015; Handa et al., 2018a, b; Zhao et al., 2019a, b). Moreover, Se 84 

application in soil increased the pH and transfer heavy metals from soluble form to combined form, thus 85 

decreased the mobility of heavy metals in soil and also fixed heavy metals in roots (Wang et al., 2016; 86 

Huang et al., 2018; Ismael et al., 2019). This was ascribed to the shifting of soil micro-environment 87 

induced by Se addition, especially rhizosphere organic chemicals and microbe activities, which can 88 

change heavy metals beheavior in soil. Within a certain range, the higher Se content in soil contained 89 
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the higher microbial diversity (Lei et al., 2011; Liu et al., 2019a). Furtherly, our previous study showed 90 

that bacterial community shifting induced by Se application regulated Cr bioavailability in Cr 91 

contaminated soil and acted as maintainer of soil micro-environment (Cai et al., 2019). In summary, Se 92 

in soil performed direct and indirect effects on rhizosphere organic chemicals. For the direct effects, the 93 

transfer of Se from the soil to plant altered the root exudates through affecting physiological 94 

metabolism. For the indirect effects, Se in soil affected the microorganism development and thus 95 

modified the microbial products in rhizosphere (Huang et al., 2009; Rosenfeld et al., 2018; Cai et al., 96 

2019). That was to say that Se has great potential to be exploited as an environment-friendly antidote for 97 

plants and a regulator for soil micro-environment under Cr stress. However, it is not clear how Se 98 

regulated Cr adsorption and thus bioavailability through influencing rhizosphere organic chemicals 99 

components and their functional groups in Cr contaminated soil with plant growth. 100 

Generally, when Se was applied in soil contaminated with heavy metal, the detoxification effects 101 

caused by Se were considered as the main subject, and the enhance of Se accumulation in plant was 102 

regarded as physiological drive to cope with heavy metal stress (Qing et al., 2015; Handa et al., 2018a, 103 

b; Zhao et al., 2019a, b). However, the changes of Se bioavailability in soil, which was ascribed to the 104 

changes of soil biochemical properties in heavy metal contaminated soil, was rarely noticed. In 105 

rhizosphere soil, heavy metal contamination changed the amounts and species of root exudates, the 106 

rhizosphere pH and microbial activities significantly (Zeng et al., 2008; Kılıç et al., 2008; del Real et al., 107 

2017). Additionally, in our previous study, the increase of Se bioavailability in soil was resulted from the 108 

decrease of Se reductase relative abundance and increase of soil pH induced by Cr contamination (Cai et 109 

al., 2019). That was to say the fluctuation of Se bioavailability induced by heavy metals should be 110 

considered as a factor for Se biofortification in heavy metal contaminated soil. 111 

Yet, most studies of root exudates analysis were based on sterile cultivation systems, which could 112 

not reflect the rhizosphere organic chemicals actually in the soil environment (Pétriacq et al., 2017; 113 

Zhalnina et al., 2018; Zwetsloot et al., 2018). In the current study, rhizobox experiment (Brassica 114 

campestris L. ssp. Chinensis Makino) was conducted, and the concrete objectives were (1) investigating 115 

the changes of rhizosphere organic chemicals in Cr contaminated soil with Se application, (2) revealing 116 

the mechanisms of Cr adsorption influenced by Se and (3) systematically clarifying how the rhizosphere 117 
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processes affected the Cr/Se bioavailability in soil. This study has the implication on the benefit role of 118 

Se application in ecological and environmental safety. 119 

2. Materials and Methods  120 

2.1. Experiment preparation and designation. 121 

Soils (0-20 cm) for the present study were collected from Huazhong Agricultural University 122 

experimental base (30°28′35″N, 114°21′54″E), Wuhan, China. The collected soils were air-dried and 123 

ground (2 mm mesh). The soil properties were displayed in Cai et al. (2019). 124 

The prepared soils were contaminated with Cr(III) (0, 100, 200 mg kg-1 soil) or Cr(VI) (60, 120 mg 125 

kg-1 soil) for more than 30 d in ambient temperature. Chromium (III) trichloride (CrCl3 3H2O) and 126 

potassium dichromate (VI) (K2Cr2O7) was selected as Cr(III) and Cr(VI) resource, respectively. Se (0, 5 127 

mg kg-1) was mixed in soils using sodium selenite (Na2SeO3) with basal fertilizers. Thus, eleven 128 

treatments were established as follows with four replications: CK (no plant and no exogenous Cr/Se 129 

addition), Cr0Se0, Cr0Se5, Cr(III)100Se0, Cr(III)100Se5, Cr(III)200Se0, Cr(III)200Se5, Cr(VI)60Se0, 130 

Cr(VI)60Se5, Cr(VI)120Se0, Cr(VI)120Se5 (the number represents the concentration of the elements, 131 

i.e. 120 mg kg-1 Cr(VI) + 5 mg kg-1 Se). 132 

Pak choi (Brassica campestris L. ssp. Chinensis Makino) was used in the current study. Before 133 

sowing, the seeds were sterilized using 0.5% NaClO solution for 30 min. Each box was sown with three 134 

seedlings finally. The rhizoboxes were put under a shed to avoid rain and irrigated as required using 135 

deionized water. After 50 d, the plants were harvested. 136 

The designation of the experiment and details of rhizobox were displayed in the previous work of Cai 137 

et al. (2019). The soil in the root zone was regarded as rhizosphere soil (RS) and the others in the 138 

non-root zone was regarded as bulk soil (BS). 139 

2.2. Root exudates extraction and untargeted metabolic profiling of rhizosphere soils by UPLC-Q-TOF 140 

mass spectrometry. 141 

The rhizosphere soils (25 g), stored at -20 °C, were mixed with 20 mL mixture extracting solution 142 

(methanol (CH3OH): acetonitrile (C2H3N): distilled water (H2O) = 2: 2: 1). Then, the soil samples were 143 

vortexed for 1 min, ultrasonic extracted for 30 min, revortexed for 1 min and stored at -20 °C for 1 h to 144 

precipitate the protein. Next, the mixed samples were centrifuged at 7000 r min-1 and 4 °C for 15 min. 145 
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The supernatants were filtered through 0.45 μm organic filters. The freeze-dried samples were put in 146 

the refrigerator at -80 °C for UPLC-Q-TOF/MS analysis. 147 

For LC-MS analysis, samples were redissolved in 100 μL acetonitrile and water (1: 1, v/v) mixture. 148 

To evaluate the repeatability and stability of instrument analysis, quality control (QC) samples were 149 

obtained by pooling 5 μL of each sample and analyzed together with the other samples. Analyses were 150 

carried out using an UHPLC (1290 Infinity LC, Agilent Technologies) with a quadrupole 151 

time‒of‒flight (AB Sciex TripleTOF 6600). Separation was performed on 2.1 mm × 100 mm ACQUIY 152 

UPLC BEH 1.7 µm column (waters, Ireland) with mobile phase containing 25 mM ammonium acetate 153 

and 25 mM ammonium hydroxide in water (A) and acetonitrile (B). Then, the ESI source conditions 154 

were set according to the previous study (Wen et al., 2019). The ion products were obtained using 155 

information dependent acquisition (IDA) with high sensitivity mode. The details were: the collision 156 

energy (CE): 35 V with ± 15 eV; declustering potential (DP): ±60 V; exclude isotopes within 4 Da, 157 

candidate ions to monitor per cycle: 6. The raw MS data (wiff.scan files) were converted to mzXML 158 

files using ProteoWizard MSConvert and processed using XCMS online software. Compounds 159 

identification of metabolites were performed by comparing of accuracy m/z value (< 25 ppm) and 160 

MS/MS spectra with a laboratory standards database (Shanghai Applied Protein Technology Co., Ltd). 161 

2.3. Qualitative and quantitive analysis of soil organic matter. 162 

The organic matter content of soil samples were determined by wet digestion with potassium 163 

dichromate (Bao et al. 2000). The FTIR spectra of soil samples were analyzed with a spectrometer 164 

(VERTEX 70). The soil samples (2 mg) from rhizobox experiment and KBr (200 mg) were mixed with 165 

the ratio 1: 100 (m/m) and finely ground in an agate mortar. 200 mg mixtures were pressed into a slice 166 

for FTIR analysis with four replicates per treatments. The spectras in the range of 4000-400 cm-1 with 167 

64 scans per sample and resolution of 4 cm-1 were recorded. The spectra data were processed using 168 

OMNIC 8.2 (Thermo Scientic, Waltham, MA) with smooth and baseline correction. 169 

2.4. Sorption experiment. 170 

To evaluate adsorption isotherms of Cr in soils (Cr0Se0 (RS, BS), Cr0Se5 (RS, BS)), 2.0 g soil were 171 

shaken for 24 h with 20 mL 0.01 mol L-1 KNO3 solutions containing 0, 20, 100, 200, 500, 1000, 1500 mg 172 

L-1 Cr. Cr(NO3)3 9H2O and K2Cr2O7 were used as Cr(III) and Cr(VI) resource respectively. Then, the 173 

suspensions were centrifuged at 25 °C and the supernatants were filtered through 0.45 μm filters. The 174 
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samples were digested with acid mixtures (HNO3: HClO4 = 9:1(v/v)). The concentrations of Cr were 175 

determined using flame atomic-absorption spectrometry (AAS, Z-2000; HITACHI, Kyoto, Japan). 176 

To evaluate adsorption isotherms of Se in soils (Cr0Se0 (RS, BS), Cr(Ⅲ)200Se0 (RS, BS), 177 

Cr(Ⅵ)120Se0 (RS, BS)), 2.0 g soil were shaken for 24 h with 20 mL 0.01 mol L-1 KNO3 solutions 178 

containing 0, 1, 2, 4, 6, 8, 10 mg L-1 Se. Na2SeO3 was used as selenite resource. Then, the suspensions 179 

were centrifuged at 25 °C and the supernatants were filtered through 0.45 μm filters. The samples were 180 

digested with acid mixtures (HNO3: HClO4 = 9:1(v/v)). The concentration of Se were measured using 181 

atomic fluorescence spectrometry (AFS, Jitian, Beijing, China). 182 

The amount of Cr/Se adsorbed was calculated using the following equation: 183 

𝑆 = (𝐶0 − 𝐶𝑒)𝑉𝑊                                                     (1) 184 

Where S represents the amount sorbed (mg kg-1), C0 represents the initial concentration of the 185 

elements (mg L-1), Ce represents the equilibrium concentration (mg L-1), V represents the solution 186 

volume (mL), and W represents the weight of the soil sample (g). 187 

Langmuir isotherm model (Eq. (2)) and Freundlich (Eq. (3)) were used as equation fitting for the 188 

isotherm data (Fernández-Pazos et al., 2013; Choppala et al., 2018). 189 

𝑆 = 𝑏𝑞𝑚𝐶𝑒(1 + 𝑏𝐶𝑒)                                                        (2) 190 

𝑆 = 𝐾𝐶𝑒(1/𝑛)                                                            (3) 191 

Where S represents the amount sorbed (mg kg-1), Ce represents the equilibrium concentration (mg 192 

L-1), b represents the binding constant that indicates the relative rates of sorption at equilibrium, qm 193 

represents the maximum soil sorption capacity (mg kg-1), K represents the sorption coefficient (L kg-1), 194 

and 1/n represents the empirical parameters related to adsorption capacity. 195 

2.5. Statistical analysis. 196 

All the experiments were conducted with four replicates. The non‒linear fitting of adsorption 197 

experimental data to the different models were performed using OriginPro 2017 (OriginLab, 198 

Northampton, Massachusetts, USA). 199 
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For rhizosphere chemicals analysis, after normalized to total peak intensity, an orthogonal partial 200 

least-squares discriminant analysis (OPLS‒DA) was performed using SIMCA‒P (version 14.1, 201 

Umetrics, Umea, Sweden). To evaluate the robustness of the model, the 7-fold cross-validation and 202 

response permutation testing was used in the data analysis. In the OPLS‒DA model, the variable 203 

importance in the projection (VIP) value of each variable was used to represent its importance for the 204 

classification. Metabolites with the VIP value >1 were further used in Student’s T-test (p < 0.05) at an 205 

univariate level to indicate the statistical difference among the two treatments. 206 

3. Results 207 

3.1. Rhizosphere organic chemicals components in Cr contaminated soil with Se application. 208 

To investigate the changes of organic profiles in the rhizosphere, UPLC-Q-TOF/MS technology 209 

was used in the present work. In the metabolic profiling of the soils, the total number of peaks picked 210 

by XCMS was 1896 and 1703 in the positive and negative ion modes, respectively. 211 

To show the difference of rhizosphere organic chemicals after Se application, the criteria in 212 

OPLS-DA model, VIP > 1 and p-value < 0.05, was used to identify the different biomarkers between 213 

Cr0Se0 and Cr0Se5, Cr(Ⅲ)200Se0 and Cr(Ⅲ)200Se5, Cr(Ⅵ)120Se0 and Cr(Ⅵ)120Se0. Totally, 2 214 

upregulated metabolites in Cr0Se5 vs. Cr0Se0 group (Table S1), 1 downregulated and 5 upregulated 215 

metabolites in Cr(Ⅲ)200Se5 vs. Cr(Ⅲ)200Se0 group, and 2 downregulated and 1 upregulated 216 

metabolites in Cr(Ⅵ)120Se5 vs. Cr(Ⅵ)120Se0 group showed significant diference (Table 1). 217 

Table 1. Differential metabolites in rhizosphere soil in Cr(Ⅲ)200Se5 vs Cr(Ⅲ)200Se0 treatments, 218 

Cr(Ⅵ)120Se5 vs Cr(Ⅵ)120Se0 treatments. 219 

Systems Ionization 
mode 

RT(s) m/z Metabolites VIP Fold 
change 

p-value 

Cr(Ⅲ) ESI(+) 86.93 114.09 Epsilon-Caprolactam 1.79 0.19 0.007** 
ESI(+) 205.68 179.07 4-Hydroxy-3-methoxyci

nnamaldehyde 
1.03 2.05 0.005** 

ESI(-) 
111.20 297.24 Cis-9,10-Epoxystearic 

acid 

1.29 2.18 0.016* 

ESI(-) 
770.54 179.06 Myo-Inositol 1.50 1.81 0.044* 

ESI(-) 
77.50 285.21 Hexadecanedioic acid 1.22 3.83 0.049* 

ESI(-) 
304.13 339.07 Aesculin 1.15 1.77 0.025* 

Cr(Ⅵ) ESI(+) 113.52 135.12 Perillyl alcohol 1.03 0.51 0.007** 
ESI(+) 328.92 236.11 Caffeine 1.21 0.30 0.024* 
ESI(-) 101.49 137.02 Salicylic acid 1.32 1.59 0.010* 
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* and ** represent that p < 0.05 and p < 0.01.  220 

 221 

To show the shifts of rhizosphere organic chemicals components induced by Cr contamination, the 222 

one-way ANOVA (p-value < 0.05) of Cr(Ⅲ)0Se0, Cr(Ⅲ)100Se0, Cr(Ⅲ)200Se0 were conducted. The 223 

result showed that 14 and 28 metabolites with a significant difference were identified in negative and 224 

positive ion mode, respectively (Fig. S1 and Fig. S2). There were 8 carboxylic acids and 4 225 

carbohydrates downregulated in Cr(Ⅲ) contaminated soil. In the group of Cr(Ⅵ)0Se0, Cr(Ⅵ)60Se0, 226 

Cr(Ⅵ)120Se0, 21 and 37 significantly different metabolites were obtained with p-value < 0.05 (Fig. S3 227 

and Fig. S4) in negative and positive ion mode, respectively. There were 13 carboxylic acids 228 

upregulated and 10 carbohydrates downregulated in Cr(Ⅵ) contaminated soil. In the group of 229 

Cr(Ⅲ)0Se5, Cr(Ⅲ)100Se5, Cr(Ⅲ)200Se5, 25 and 17 metabolites were identified to be significant 230 

different metabolites in negative and positive ion mode, respectively (Fig. S5 and Fig. S6). There were 231 

7 carboxylic acids and 6 carbohydrates downregulated in Cr(Ⅲ) contaminated soil with Se application. 232 

In the group of Cr(Ⅵ)0Se5, Cr(Ⅵ)60Se5, Cr(Ⅵ)120Se5, 37 and 38 metabolites were identified as 233 

significantly different metabolites in negative and positive ion mode, respectively (Fig. 1 and Fig. 2). 234 

There were 15 carboxylic acids upregulated and 16 carbohydrates downregulated in Cr(Ⅵ) 235 

contaminated soil with Se application. 236 
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 237 

 238 
Fig. 1. Heatmap plot identifying significant difference (p < 0.05, negative model) between relative 239 

abundance of metabolites in Cr(Ⅵ) contaminated rhizosphere soils with Se application (5 mg kg-1). 240 

Different color of metabolites means different categories. * and ** represent that p < 0.05 and p < 0.01. 241 
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 242 

 243 

Fig. 2. Heatmap plot identifying significant difference (p < 0.05, positive model) between relative 244 

abundance of metabolites in Cr(Ⅵ) contaminated rhizosphere soils with Se application (5 mg kg-1). 245 

Different color of metabolites means different categories. * and ** represent that p < 0.05 and p < 0.01. 246 

 247 
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3.2.Organic matter contents and its functional groups in Cr contaminated soil with Se application. 248 

As shown in Fig. S7, the organic matter in RS and BS were significantly higher than that in CK 249 

without plant. But the quantities of organic matter showed no significant diference among diferent 250 

treatments. 251 

Based on the FTIR spectra, the functional groups of the soil organic matter were presented. This 252 

supplement diferent insight into the composition of soil organic chemicals. Typical FTIR spectra of 253 

soils are presented in Fig. 3. According to literature, the absorption bands at 3433 cm-1 were assigned 254 

to -O-H and -N-H stretching vibration (Wen et al., 2018). A broad absorption mode in the 3000-2800 255 

cm-1 region was the result of aliphatic C-H stretching vibration (Iqbal et al., 2009; Jia et al., 2018). The 256 

peaks at 1890 cm-1 and 1633 cm-1 attributed to N-O stretching vibration (Mihaylov et al., 2006) and 257 

C=O stretching vibration (Zhou et al., 2018; Liu et al. 2019b), respectively. The peak at 1385 cm-1 and 258 

1033 cm-1 represented the result of COO- symmetric stretching of carboxylic acids (Amir et al., 2010) 259 

and C-O symmetric stretching of polysaccharose (Senesi et al., 2003; Yan et al., 2018) respectively. 260 

The absorption bands at 792 and 778 cm-1 were assigned to Si-O symmetric stretching in quartz (Chen 261 

et al., 2012). The peaks determined in the present study were similar. However, the peaks at 1385 cm-1 262 

shifted to 1398-1400 cm-1 in Cr120Se0 and Cr120Se5 treatment soils (RS and BS). Similarly, the peaks 263 

at 1385 cm-1 shifted to 1387-1388 cm-1 in BS and shifted to 1398 cm-1 in RS with Cr200Se0 and 264 

Cr200Se5. The results indicated that COO-Cr complexes emerged in Cr contaminated soil. But the 265 

difference of the functional groups induced by Se application was not significant. 266 
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 267 

 268 
Fig. 3. FTIR spectra of Cr(Ⅲ) contaminated soils (A: RS; B: BS) and Cr(Ⅵ) contaminated soils (C: RS; 269 

D: BS) with and without Se application (5 mg kg-1). RS: rhizosphere soils, BS: bulk soils.270 



25 

 

3.3. Cr adsorption in soils with Se application and Se adsorption in Cr contaminated soil.  271 

To evaluate the adsorption capacity of Cr/Se in soils, both Langmuir and Freundlich isotherm model 272 

(Dhillon and Dhillon, 1999; Fernández-Pazos et al., 2013; Choppala et al., 2018) were adopted in the present 273 

study. 274 

To reveal the character of Cr absorption in soil with Se application, soil pretreated with Se (Cr0Se0, 275 

Cr0Se5) were used for Cr adsorption experiment. For Cr adsorption (Fig. 4), Freundlich isotherm model (R2
adj 276 

> 0.982) was better fitted than Langmuir isotherm model (R2
adj > 0.922). Moreover, the qm of Langmuir 277 

isotherm model showed the elevated standard errors, indicating that the qm was difficult to predict. Generally, 278 

according to the parameters in the Freundlich isotherm model, the higher k and n means the higher adsorption 279 

capacity. As a result, the adsorption capacity of RS was greater than the BS among all treatments. 280 

Furthermore, Se application (5 mg kg-1) enhanced the adsorption capacity of Cr(Ⅲ), however, it decreased 281 

that of Cr(Ⅵ) in RS. 282 
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 283 

Fig. 4. Adsorption isotherm curves of Cr(Ⅲ) and Cr(Ⅵ) in RS (rhizosphere soils, blue symbols and curves) and 284 
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BS (bulk soils, red symbols and curves), with or without Se application (5 mg kg-1). Symbols represents 285 

experimental results, the error bars indicate the standard deviation; solid lines: fitting curves by Langmuir 286 

equation (A1, B1, C1, D1) and Freundlich equation (A2, B2, C2, D2). 287 

To reveal the character of Se absorption in Cr contaminated soil, Cr contaminated soil (Cr0Se0, 288 

Cr(Ⅲ)100Se0, Cr(Ⅵ)120Se0) were used for Se adsorption experiment. For Se adsorption (Fig. 5), both of 289 

Freundlich isotherm model (R2
adj > 0.992) and Langmuir isotherm model (R2

adj > 0.984) showed the good 290 

fitting. According to the Langmuir isotherm model, compared with no Cr contaminated soil, maximum 291 

sorption capacity of the soil (qm) was lower and binding constant (b) was higher in Cr(Ⅲ) contaminated soil 292 

(200 mg kg-1), however, they were opposite in Cr(Ⅵ) contaminated soil (120 mg kg-1). According to the 293 

Freundlich isotherm model, RS showed the higher k, indicating that the adsorption capacity of RS was greater 294 

than BS among all treatments. Furthermore, compared with no Cr contaminated soil, the parameter k, 295 

representing the adsorption capacity, in Cr(Ⅲ) contaminated soil was greater, and it decreased in Cr(Ⅵ) 296 

contaminated soil.  297 
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 298 

Fig. 5. Adsorption isotherm curves of Se in RS (rhizosphere soils, blue symbols and curves) and BS (bulk 299 

soils, red symbols and curves), without or with Cr contamination (Cr(Ⅲ): 200 mg kg-1; Cr(Ⅵ): 120 mg kg-1). 300 

Symbols represents experimental results, the error bars indicate the standard deviation; solid lines: fitting 301 

curves by Langmuir equation (A1, B1, C1) and Freundlich equation (A2, B2, C2). 302 

4. Discussion 303 

In our previous study, it was found that Cr bioavailability decreased in Cr(III) contaminated soil and 304 

increased in Cr(VI) contaminated soil with Se application, and which were ascribed to the bacterial community 305 
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fluctuation (Cai et al., 2019). However, rhizosphere is a dynamic and highly complex ecosystem, including 306 

microbes, organic components and inorganic components. While, the rhizosphere organic chemicals mainly 307 

include root exudates, their breakdown products, and microbe products. In the present study, we focused on 308 

the rhizosphere organic components, its functional groups and the character of Cr adsorption. Totally, 79 309 

metabolites in negative model and 85 metabolites in positive model were identified using UPLC-Q-TOF/MS 310 

analysis. In soils without Cr contamination, the increase of cellobiose release with Se application might be 311 

induced by carbohydrate metabolism in plant (Malik et al., 2011; Owusu-Sekyere et al., 2013). Moreover, 312 

based on the findings that polycarboxylates acted as electron transfer between Cr(Ⅵ) and weak electron donors 313 

to accelerate Cr(Ⅵ) reduction reported by Jiang et al. (2018), therefore, the enhance of cis-9,10-Epoxystearic 314 

acid and hexadecanedioic acid might act as electron transfer to reduce Cr(Ⅵ) to Cr(Ⅲ), and then result in a 315 

decrease of Cr bioavailability with Se application in soil contaminated with 200 mg kg-1 Cr(Ⅲ). When soil 316 

contaminated with 120 mg kg-1 Cr(Ⅵ), the increase of salicylic acid was observed with Se application. 317 

Salicylic acid was regarded as the antidote for plants under Cr stress (Huda, et al., 2016; Sihag et al., 2019), 318 

and it could complex with Cr(Ⅲ) to increase Cr(Ⅲ) mobility, thus enhancing Cr bioavailability in soil (Sun et 319 

al., 2000; Feijóo et al., 2010). However, according to the FTIR spectra, with or without Se application, the 320 

peaks at 1385 cm-1 (COO- symmetric stretching of carboxylic acids) shifted to 1396-1400 cm-1 with 321 

Cr(Ⅲ)/(Ⅵ) contamination, and the results might be ascribed to the formation of metal complexation (Wen et 322 

al., 2018). 323 

To reveal the character of Cr adsorption in soil with Se application, soil pretreated with Se (Cr0Se0, 324 

Cr0Se5) were used for Cr adsorption experiment. Based on the results of Cr adsorption, the adsorption 325 

capacity of RS was greater than that of BS. These results might be ascribed to the enriched organic matter. 326 

Findings of the current study were in line with the results reported by Jardine et al. (2013) that the sorption of 327 

Cr(Ⅵ) increased with the increasing total organic carbon in soil. Basically, Cr(Ⅲ) existed as Cr(OH)2
+ and 328 

Cr3+, Cr(Ⅵ) existed as HCrO4
-, Cr2O7

2- (Shahid et al., 2017), and Se existed as HSeO3
-, SeO4

2- (Dinh et al., 329 

2017) in the current soil pH range (4-6). Because of the formation of Se(Ⅳ)-Cr(Ⅲ)-humic acid ternary 330 

complexes (Martin et al., 2017) and Cr(Ⅲ)2(SeO3)3 complexes (Srivastava et al., 1998), we inferred that Se(Ⅳ) 331 

complexed with Cr(Ⅲ), therefore, Se addition decreased Cr bioavailability in Cr(Ⅲ) contaminated soil. 332 

Moreover, because phosphate was identified as a strong competitor for Cr(Ⅵ) adsorption (Gu et al., 2017) 333 

and Se(Ⅳ) adsorption (Nakamaru et al., 2006), it could be inferred that Cr(Ⅵ) and Se(Ⅳ) competed for 334 

adsorption sites with each other and thus increased the Cr bioavailability in Cr(Ⅵ) contaminated soil. 335 
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Moreover, when Se was supplied, both Se accumulation in plant tissues and Se bioavailability in soil 336 

increased in soil with Cr contamination (Cai et al., 2019). In the present study, to explore factors regulated Se 337 

bioavailability is one of the subjects. The results of metabolomics showed that the relative abundance of 338 

carbohydrate decreased significantly, this might be mainly ascribed to the adverse effects on plant 339 

photosynthesis induced by Cr stress (Ali et al., 2013; Ma et al., 2016). The decrease of carbohydrate, which is 340 

the main food for microbe in soil, might decreased the microbe activities. Moreover, the carboxylic acids 341 

decreased in Cr(Ⅲ) contaminated soil and increased in Cr(Ⅵ) contaminated soil. Udin et al. (2015) reported 342 

that the secretion of citric acid, malic acid and glutamic acid by Solanum nigrum L. and Parthenium 343 

hysterophorus L. plants increased significantly under Cr(Ⅵ) stress (500-1000 μmol L-1). Zeng et al. (2008) 344 

reported that oxalic and malic acid were secreted by rice increased significantly under Cr(Ⅵ) stress (10-100 345 

μmol L-1), furtherly, the rhizosphere pH increased in this study. Similarly, the metabolites of microbe, such as 346 

exopolysaccharide and galacturonic acid, alginic acid, were affected by the Cr stress (Kılıç and Dönmez, 347 

2008). As a supplementary, except for the bacterial community and soil pH (Cai et al., 2019), Se 348 

bioavailability were enhanced by the secretion of carboxylic acid. That might be ascribed to the synthesis 349 

effects of carboxylic acid on Se, including (i) reducing Se(VI) and Se(IV) to lower valent state, (ii) competing 350 

for the adsorption sites, (iii) formation of carboxylic acid-Se complex (Dinh et al., 2017). 351 

To reveal the character of Se adsorption in Cr contaminated soil, Cr contaminated soil (Cr0Se0, 352 

Cr(Ⅲ)100Se0, Cr(Ⅵ)120Se0) were used for Se adsorption experiment. Based on the results of Se adsorption, 353 

the adsorption capacity of RS was greater than that of BS. These results might be ascribed to the enriched 354 

organic matter. Similarly, Se(Ⅳ) sorption in soil positively correlated with organic matter content (Dhillon 355 

and Dhillon, 1999). Basically, Cr(Ⅲ) existed as Cr(OH)2
+ and Cr3+, Cr(Ⅵ) existed as HCrO4

-, Cr2O7
2- (Shahid 356 

et al., 2017), and Se existed as HSeO3
-, SeO4

2- (Dinh et al., 2017) in the current soil pH range (4-6). Moreover, 357 

because phosphate was identified as a strong competitor for Cr(Ⅵ) adsorption (Gu et al., 2017) and Se(Ⅳ) 358 

adsorption (Nakamaru et al., 2006), it could be inferred that Cr(Ⅵ) and Se(Ⅳ) competed for adsorption sites 359 

with each other, and thus increased the Se bioavailability in soil. 360 

5. Conclusions 361 

In the current study, the rhizosphere organic chemicals regulated by Se/Cr contributed to the Cr/Se 362 

absorption character and bioavailability in soil. Moreover, the Cr/Se bioavailability and the adsorption 363 

capacity of soil were not only regulated by the quantity of the organic matter, but also by the categories and 364 

https://fanyi.so.com/?src=onebox#carboxylic%20acid
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functional groups of the organic profiles. Because the organic profiles can act as electron carriers, activators 365 

for the insoluble element and competitor for the adsorption site to regulate Cr/Se adsorption and 366 

bioavailability in soil. These results bettered our understanding of the rhizosphere processes related to the 367 

regulation of Cr/Se bioavailability in Cr contaminated soil. In the future, studying the response of 368 

rhizosphere dynamics in different types of soil with various plant species, is of great importance for 369 

exploring the potential role of Se accelerate cleaner production in soil contaminated by heavy metal. 370 
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Figures

Figure 1

Heatmap plot identifying signi�cant difference (p < 0.05, negative model) between relative abundance of
metabolites in Cr() contaminated rhizosphere soils with Se application (5 mg kg-1). Different color of
metabolites means different categories. * and ** represent that p < 0.05 and p < 0.01.



Figure 2

Heatmap plot identifying signi�cant difference (p < 0.05, positive model) between relative abundance of
metabolites in Cr() contaminated rhizosphere soils with Se application (5 mg kg-1). Different color of
metabolites means different categories. * and ** represent that p < 0.05 and p < 0.01.



Figure 3

FTIR spectra of Cr() contaminated soils (A: RS; B: BS) and Cr() contaminated soils (C: RS; D: BS) with
and without Se application (5 mg kg-1). RS: rhizosphere soils, BS: bulk soils.



Figure 4

Adsorption isotherm curves of Cr() and Cr() in RS (rhizosphere soils, blue symbols and curves) and BS
(bulk soils, red symbols and curves), with or without Se application (5 mg kg-1). Symbols represents
experimental results, the error bars indicate the standard deviation; solid lines: �tting curves by Langmuir
equation (A1, B1, C1, D1) and Freundlich equation (A2, B2, C2, D2).



Figure 5

Adsorption isotherm curves of Se in RS (rhizosphere soils, blue symbols and curves) and BS (bulk soils,
red symbols and curves), without or with Cr contamination (Cr(): 200 mg kg-1; Cr(): 120 mg kg-1).
Symbols represents experimental results, the error bars indicate the standard deviation; solid lines: �tting
curves by Langmuir equation (A1, B1, C1) and Freundlich equation (A2, B2, C2).
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